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Michelle Supper

Abstract

This thesis uses the data fr om tw enty R OSA T and XMM obser vations to in v estigate

the structur es that generate the soft X-ra y backgr ound of the Milky W a y . T en of these

obser vations lie in the dir ection of the Loop 1 Superbubble , speci�call y , within the Nor th

P olar Spur , the Nor thern Bulge , and immediatel y south of the Galactic Plane . The others

ar e located in the Anti-centr e dir ection, wher e the X-ra y backgr ound is less complex.

Using a no v el pr ocessing technique , point sour ces and enhancements w er e successiv el y

r emo v ed fr om the obser vations until onl y the Diffuse X-ra y Backgr ound (DXRB) r e-

mained. By modelling the spectra of this clean data, and separatel y anal ysing the O VII

and O VIII emission lines, the various structur es in the DXRB w er e identi�ed, and their

pr oper ties determined.

The r esulting models str ongl y indicate the existence of thr ee pr e viousl y unidenti�ed

components: a 14 pc thick, 0.1 k eV shell sur r ounding Loop 1, an inhomogeneous 0.25 k eV

Galactic Halo , and a non-thermal component pr esent in the Galactic Centr e dir ection. In

contrast with pr e vious w ork, no e vidence was f ound f or a cool Galactic Halo . The centr e

of Loop 1 was placed 290 pc a wa y , 80 pc far ther than pr e viousl y belie v ed. Ad ditionall y ,

an ong oing interaction was disco v er ed betw een the Local Hot Bubble and Loop 1.
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1
Intr oduction

In this opening cha pter , the characteristics of X-radiation, the ph ysical pr ocesses b y which

it is pr oduced, and the techniques used to detect it will be described. The interstellar

medium and soft X-ra y backgr ound of the Milky W a y will then be intr oduced, and �nall y ,

the objectiv es of this r esear ch will be outlined.

1.1 The Disco v er y of X-ra ys

Wilhelm K onrad Röntgen accidentall y disco v er ed X-ra ys on the 8th of No v ember 1895.

Whilst experimenting with a cathode ra y tube , he noticed that a barium platinocyanide

co v er ed scr een l ying on a bench nearb y had star ted to glo w . This eff ect could not ha v e

been pr oduced b y ultra-violet radiation, since none had been pr oduced b y the experiment;

nor could it ha v e been caused b y the cathode ra ys, because an y stra y electr ons within

the tube w ould ha v e been block ed b y both the glass and the sur r ounding air . Röntgen

r easoned that the �uor escence m ust ha v e arisen thr ough an interaction betw een the

scr een and radiation of an unkno wn natur e , which he named `X-ra ys'. F ollo wing se v en

w eeks of intensiv e r esear ch, he published his gr oundbr eaking �ndings in what is no w

consider ed a classic pa per in experimental science (Röntgen 1896), f or which he was

later a war ded the �rst Nobel Prize f or Ph ysics.

After publication, Röntgen' s disco v er y was r epor ted in the Vienna Pr esse (Jan uar y 5th,
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1896 a ), and thence br ought to the attention of the general public thr ough the popular

media. At �rst, so man y people pr esumed it to be a hoax that the London Standar d

(Jan uar y 7th, 1896 b ) f elt it necessar y to con�rm that �. . . ther e is no jok e or humbug in

the matter . It is a serious disco v er y b y a serious German pr of essor . �

When the truth was e v entuall y accepted, it caused sensation and scandal. As Schedel

(1995) explains, the ability of X-ra ys to pass thr ough walls deepl y concerned the general

public , who f ear ed f or their privacy . In F ebruar y 1896, a pr e-emptiv e la w was passed

banning the use of X-ra ys in opera glasses in American theatr es, and in Mar ch of the same

y ear , a compan y in London star ted to pr oduce anti-X-ra y underw ear . Ridiculous claims

abounded f or the Ne w Ra ys: e v en the r espected journal Science (Mar ch 3r d, 1896 c )

r epor ted that medical students w er e able to r etain mor e inf ormation fr om their lectur es

when �Röntgen ra ys w er e used to r e�ect anatomic diagrams dir ectl y into their brains. �

By the turn of the centur y , the initial �ur r y of excitement and pseudoscience sur r ounding

the study of X-ra ys had died a wa y . A mor e thor ough in v estigation was made of X-

radiation, and its r eal pr oper ties w er e quickl y determined. Ho w e v er , despite ra pid earl y

pr ogr ess in Ear th-bound laboratories, the attempts of ph ysicists to obser v e X-ra ys of

extra-ter r estrial origin w er e hamper ed b y the Ear th' s atmospher e . The ozone la y er , a

substratum of the stratospher e located a ppr o ximatel y 14 km fr om the Ear th' s surface

and extending upwar ds f or a fur ther 40 km, is opaque to ultra-violet, X- and gamma

radiation (Gleason 2006).

It was not until 1949 that a team led b y Herber t Friedman et al. (1951) was able to

measur e , fr om a position abo v e the ozone la y er , the X-ra y emission fr om the solar

cor ona. The detection itself came as a surprise: no-one had pr edicted that the extr emel y

high temperatur es r equir ed f or X-ra y emission w ould exist within the solar en vir onment.

The team' s achie v ement is e v en mor e r emarkable when one considers their experimental

a pparatus: a collection of small Geiger counters tuck ed inside German V2 r ock ets which

had been ca ptur ed during the Second W orld W ar .

X-ra ys of cosmic origin w er e �nall y obser v ed b y Riccar do Giacconi et al. (1962) using tw o

uncollimated Geiger counters car ried on boar d an Aer obee r ock et. Most of the X-ra y

�ux the y detected, at energies of se v eral tens of MeV , originated in a m ysterious, diffuse ,

anisotr opic signal of considerable �ux that was pr esent acr oss the entir e sky . Giacconi' s
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team deduced that this signal was electr omagnetic in natur e , rather than par ticulate , and

that it m ust lie in the soft X-ra y band, betw een 0.1 k eV and 10 k eV . The y also r easoned

that since the obser vation was made at a lo w point in the solar cycle , when the Sun' s

activity was at a minim um, solar X-radiation could not account f or the signal' s obser v ed

intensity . Ther ef or e , it had to originate outside the Solar System, f orming a diffuse X-ra y

backgr ound of undetermined sour ce .

Of the detected X-ra y �ux, r elativ el y little came fr om within o wn Galaxy . Ho w e v er ,

fur ther obser vations car ried out b y the same team (Giacconi et al. 1964) disco v er ed the

brightest sour ce of Galactic X-ra ys in the night sky . Later named Sco-X1, and classi�ed

as a lo w-mass X-ra y binar y system, its pr odigious X-ra y emission is ten thousand times

gr eater than its optical emission, and its energ y output in X-ra ys is one hundr ed thousand

times gr eater than the total emission of the Sun acr oss all wa v elengths.

The disco v er y of Sco-X1 helped to secur e the Nobel Prize f or Riccar do Giaconni; he

shar ed the prize in 2002, along with Masatoshi K oshiba and Ra ymond Da vis, Jr ., �f or

pioneering contributions to astr oph ysics, which ha v e led to the disco v er y of cosmic X-

ra y sour ces, � and his ser endipitous disco v er y of the diffuse X-ra y backgr ound laid the

f oundation f or this thesis.

1.2 The Basic Pr oper ties of X-ra ys

X-ra ys lie at the high-energ y end of the electr omagnetic spectrum, possessing photon

energies in the range 0.1 k eV � 100 k eV , cor r esponding to a wa v elength range of a p-

pr o ximatel y 10 � 0.01 nm. In X-ra y astr onom y , this range is split arbitraril y into tw o

r egimes. `Soft' X-ra ys, with which this thesis is primaril y concerned, ha v e wa v elengths

longer than 0.1 nm, equivalent to a photon energ y less than � 10 k eV. `Har d' X-ra ys

possess wa v elengths shor ter than 0.1 nm, and photon energ y gr eater than � 10 k eV.

Ther e ar e se v eral mechanisms b y which X-ra ys ar e pr oduced in natur e . These ma y

be divided into tw o gr oups of pr ocesses, thermal and non-thermal, depending on the

thermodynamical state of the emitting plasma.

3



1.2. THE BASIC PR OPER TIES OF X-RA Y S

1.2.1 Thermal Pr ocesses

Thermal pr ocesses arise in r elax ed par ticle systems which ha v e had suf�cient time to

r each thermal equilibrium. The a v erage temperatur e of a system at thermal equilibrium

ma y be r egar ded as unif orm and unchanging with time o v er an extended v olume of space .

Par ticles within the system collide fr equentl y , and mo v e at v elocities characteristic of their

temperatur e . Consequentl y , the energ y spectrum of such a system ma y be described

using the Maxw ell distribution, fr om which the temperatur e of the emitting material can

be determined dir ectl y .

Thermal Br emsstrahlung

Thermal Br emsstrahlung is the primar y emission pr ocess that occurs in both extended

sour ces and opticall y thin plasmas, such as superno va r emnants and galaxy clusters.

Br emsstrahlung radiation is pr oduced when a fast mo ving electr on is attracted to a

positiv el y charged n ucleus. Although the attraction is often not str ong enough to stop

the electr on, it will slo w it do wn, causing the electr on to div er t fr om its original path and

to cur v e ar ound the n ucleus. Sim ultaneousl y , the electr on emits a photon, to account f or

its r educed energ y (Figur e 1.1). This photon is the Br emsstr ahlung , or `braking radiation',

and its wa v elength is determined b y the amount of energ y lost b y the pr ogenitor electr on

as it mo v ed ar ound the n ucleus. If the electr on is suf�cientl y decelerated, an X-ra y

photon ma y be pr oduced.

Br emsstrahlung photons ar e pr oduced o v er a contin uous range of energies. Ther e is no

upper wa v elength boundar y but, since an emitted photon ma y not be mor e energetic than

the pr ogenitor electr on, ther e is a lo w er limit. Thus, the characteristic Br emsstrahlung

spectrum pr o�le is described b y a smooth cur v e that r educes graduall y to war ds zer o at

high wa v elengths, but has a sharp energ y cut-off at the wa v elength minim um.

Discr ete Line Emission

Line emission occurs when a bound electr on within an atom is excited to a higher le v el,

or r emo v ed altogether , b y an input of energ y thr ough bombar dment fr om an ion or a
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high-energ y photon.

If the bound electr on is mer el y excited to a higher energ y le v el, the enhancement is shor t-

liv ed. The excited state deca ys spontaneousl y when the electr on quickl y falls back to the

lo w er energ y le v el, emitting a photon on the wa y (Figur e 1.1). The energ y spectrum of a

population of identical atoms underg oing this type of transition consists of a single peak,

centr ed on the characteristic photon energ y of the transition.

If, ho w e v er , the fr ee electr on has suf�cient energ y to penetrate the atom and knock a

bound electr on fr om one of the inner electr on shells (inner shell ionisation), a vacancy will

be cr eated. In or der to maintain stability and decr ease electrical potential, an electr on

fr om a higher shell will dr op do wn to �ll the empty space , emitting a photon as it

does so . This transition cr eates a ne w vacancy , which is subsequentl y �lled b y another

electr on fr om an e v en higher shell. The pr ocess contin ues as a cascade , with each

transiting electr on pr oducing a fur ther photon, ultimatel y generating an energ y spectrum

containing a series of peaks, one f or each of the electr on transitions.

The energ y of each emitted photon will be equal to the energ y lost b y the bound electr on

as it dr opped fr om the higher energ y shell to a lo w er one . High energ y X-ra y photons ar e

ther ef or e pr oduced b y outer shell electr ons falling into the le v el closest to the n ucleus,

the K-shell.

Classicall y , the emission lines pr oduced b y this pr ocess should r esemble delta functions.

In practice , ho w e v er , the y br oaden as a consequence of the Heisenberg Uncer tainty

Principle . This insists that ther e m ust be uncer tainty in the photon energ y as a r esult of

the �nite lif etime of the excited state , giving the lines a Lor entzian pr o�le . Other factors

that can incr ease the width of an emission line include `impact pr essur e br oadening' caused

when the emission pr ocess is inter rupted b y other par ticles colliding with the emitting

par ticle , which is also described b y a Lor entzian pr o�le , and Doppler br oadening, in which

diff er ent thermal v elocities betw een the emitting atoms cause the photons to a ppear

Doppler shifted in the obser v er' s r ef er ence frame , pr oducing a Doppler pr o�le . The

ultimate sha pe of an emission line obser v ed in the spectrum will r epr esent a con v olution

of the line pr o�les that pr oduced it. A combination of both Lor entzian and Doppler

pr o�les, f or example , w ould yield a V oigt pr o�le .

Discr ete line emission is a po w erful tool in X-ra y astr onom y . Since the positions of the

5
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Figur e 1.1: Thermal Pr ocesses: a) Br emsstrahlung: the fr ee electr on cur v es ar ound

a positiv el y charged ion or n ucleus, and r eleases an X-ra y photon as it decelerates.

b) Discr ete line emission: a bound electr on is r emo v ed fr om the inner shell of an atom.

Each electr on then emits a photon as it falls to �ll a space in a lo w er shell.

peaks ar e determined b y the orbital energies of the electr ons in each atom, each atomic

species pr oduces a unique pattern of emitted lines. Consequentl y , when emission fr om a

mixtur e of hot gases is obser v ed, the lines can be used to identify speci�c transitions within

the various atomic species, and hence to determine their r elativ e abundances. Also , since

some ionic species exist in signi�cant quantity onl y within cer tain en vir onments, these can

be used to trace cer tain astr oph ysical phenomena and to mak e pr ecise determinations

of plasma temperatur e .

Br emsstrahlung and discr ete line emission both occur in plasmas at all temperatur es,

ho w e v er , the ratio of their contributions alters: At high temperatur es, the Br emsstrahlung

pr ocess dominates, but in lo w er temperatur e plasmas, discr ete line emission is mor e

pr ominent. Consequentl y , X-ra y spectra fr om thermal plasmas generall y sho w a series

of emission lines standing abo v e a Br emsstrahlung contin uum.

6



1.2. THE BASIC PR OPER TIES OF X-RA Y S

1.2.2 Non-Thermal X-ra y Pr oduction Mechanisms

Non-thermal pr ocesses occur in y oung, energetic gases and plasmas that ha v e not y et

r eached thermal equilibrium. The constituent par ticles of these r egions mo v e at high

v elocity , and rar el y transf er thermal energ y betw een one another . Such unsettled con-

ditions ma y be f ound in the r emnants of ne wl y-exploded stars, ar ound cosmic jets, and

within the en vir ons of activ e galactic n uclei. T ypicall y , the energ y spectrum of non-thermal

radiation a ppears as a smooth, gentl y-sloping contin uum that can be modelled b y a po w er

la w . Non-thermal X-ra ys ar e most commonl y pr oduced thr ough synchr otr on radiation

and in v erse Compton scattering.

Synchr otr on Radiation

Magnetic �elds ex er t a f or ce perpendicular to the dir ection of tra v el of mo ving electr ons

in their vicinity , cur ving their path, and causing them to accelerate .

In the vacuum of space , fast mo ving fr ee electr ons spiral along str ong magnetic �eld

lines at near r elativistic v elocities. When this occurs, photons ar e emitted in a tightl y-

beamed nar r o w cone in the f orwar d dir ection of tra v el, at a tangent to the orbit of the

electr on (Figur e 1.2). These `synchr otr on' photons can be pr oduced o v er a contin uum

of wa v elengths ranging fr om radio , thr ough X-ra y and gamma-ra y bands.

In v erse Compton Scattering

In v erse Compton scattering occurs when fr ee electr ons `collide' with photons. In cases

wher e the electr on initiall y has mor e energ y than the photon, energ y a ppears to be

`transf er r ed' to the photon upon collision. In fact, the lo w-energ y photon excites the

electr on, which subsequentl y r e-radiates the energ y fr om the photon plus a little of its

o wn, in the f orm of a higher -energ y photon (Figur e 1.2). In this wa y , lo w-energ y photons

ma y generate higher -energ y X-ra y photons. This eff ect is par ticularl y impor tant in black

hole en vir onments and y oung superno va r emnants wher e both r elativistic par ticles and

seed photons ar e pr esent.

7
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Figur e 1.2: Non-Thermal Pr ocesses: a) Synchr otr on Radiation: a fr ee electr on spirals

ar ound a magnetic �eld line , emitting photons at it tra v els. b) In v erse Compton Scattering:

a lo w-energ y photon collides with a fr ee electr on. The electr on subsequentl y de-excites,

and emits a higher -energ y photon.

1.3 Instrumentation: F ocusing on the Pr ob lem

In the earl y da ys of X-ra y astr onom y , simple X-ra y detectors w er e car ried to the outer

edges of the Ear th' s atmospher e using sounding r ock ets and high-altitude balloons. Al-

though highl y inf ormativ e , the angular r esolution of the data acquir ed in these obser va-

tions was se v er el y limited and so off er ed onl y a tantalizing hint of the richness of the

X-ra y sky . In r ecent y ears, se v eral X-ra y obser vatories ha v e been placed in Ear th orbit.

The optimal positioning of these space telescopes, together with impr o v ements in X-ra y

f ocusing and imaging technolog y , ha v e allo w ed a mor e dir ect insight into some of the

most energetic structur es in the Univ erse .

1.3.1 Pr opor tional Counters

The �rst X-ra y detectors w er e `pr opor tional counters'. These w er e similar in design and

principle to the Geiger -Müller (GM) tubes used to detect radioactiv e par ticles, but w er e

ada pted to accommodate the r equir ements of X-ra y detection as illustrated in Figur e 1.3.

8
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Figur e 1.3: The structur e of a simple pr opor tional counter .

As in a GM tube , radiation enters thr ough a thin, r ound windo w and passes into a

mixtur e of detecting gases. The incident photons ionise the gas, cr eating a cloud of

electr on-ion pairs. The ne wl y liberated electr ons accelerate to war d a positiv el y-charged

central wir e , the anode . As the y a ppr oach the anode , the y interact with the electric

�eld sur r ounding it, and trigger fur ther ionisation thr ough `T o wnsend A valanching'. This

pr ocess gr eatl y incr eases the n umber of fr ee electr ons, and so magni�es the str ength of

the initial detection. The pulse of electr ons collected b y the anode is then conducted to

the associated electr onics, wher e it is r egister ed as an e vent or count .

Aside fr om obvious structural enhancements that w er e needed to mak e the fragile GM

tubes space-w or th y , such as r eplacing the brittle ber yllium windo w with a str onger one

made of plastic , tw o major modi�cations w er e r equir ed to cr eate an X-ra y detector : the

a valanching eff ect had to be r educed, and an extra anode had to be ad ded.

The factor b y which the electr on population is m ultiplied b y a valanching is par tl y de-

pendent on the pr oper ties of the detecting gas, but r elies mainl y on the electric �eld

str ength, which is itself determined b y both the v oltage and diameter of the anode . In

a GM tube , the operating v oltage is v er y high, causing the m ultiplication factor to tend

to war d a maxim um value . As a r esult, all measur ed pulses fr om the tube ha v e similar

9
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amplitude . This system is useful when determining the r ough intensity of an ionising

sour ce but, since it does not diff er entiate betw een the individual detections, it has limited

diagnostic value .

T o cr eate a pr opor tional counter , the m ultiplication factor had to be set belo w the

maxim um le v el. Thinner wir es pr oduce str onger electric �elds f or a giv en a pplied v oltage ,

and so pr opor tional counters w er e designed to use the thinnest wir e a vailable with

suf�cient mechanical str ength (P ounds 2007). The lo w est v oltage r equir ed to giv e a

r easonable signal was then a pplied, ensuring that the output signal w ould be a ppr o ximatel y

pr opor tional to the energ y of the incident X-ra y photons, and so enabling the energ y

spectrum of X-ra y sour ces to be measur ed.

An inesca pable constituent of the space en vir onment, cosmic ra ys ar e high-energ y par -

ticles of uncer tain origin. Their pr odigious energ y allo ws them to pass dir ectl y thr ough

the metal casing of a pr opor tional counter and into the detecting gas. Once ther e ,

the y tra v el straight thr ough, lea ving a hea vil y ionised trail in their wak e . The electr ons

r eleased b y the ionisation ar e detected together with those deriv ed fr om the detected

X-ra y sour ce , causing signal contamination. In or der to scr een the collected data f or

cosmic ra ys an extra anode , located belo w the main detecting chamber in a sealed metal

container , was included in pr opor tional counters. Because metal is opaque to X-ra ys,

onl y the cosmic ra ys r each the second anode , or `Guar d Counter'. Electr on pulses

detected onl y b y the �rst anode ar e r egister ed as gen uine X-ra y e v ents, wher eas pulses

measur ed sim ultaneousl y b y both anodes ar e discounted as cosmic ra ys.

The earliest pr opor tional counters w er e able to detect incident X-ra ys but could not

accuratel y pinpoint their origin. F or example , the detector used b y Giacconi et al. (1962)

to obser v e the X-ra y emission fr om Sco-X1 had a �eld of vie w co v ering 100

�
, an ar ea of

the sky so large that it encompassed se v eral entir e constellations. In subsequent missions,

hone ycomb �lters w er e installed in fr ont of pr opor tional counters to limit their �eld of

vie w to a f e w squar e degr ees. These r estricted the X-ra y �ux to the detectors, and so

pr o vided a higher degr ee of dir ectionality .

Thr oughout the 1960s, r ock et-based obser vations with pr opor tional counters r e v ealed

ar ound �fty X-ra y sour ces, including se v eral objects in the Galactic Plane , the activ e

galaxies M87 and NGC 5128, and quasar 3C 273. The era of r ock et-borne X-ra y

10



1.3. INSTR UMENT A TION: FOCUSING ON THE PR OBLEM

astr onom y culminated in 1970 with the launch of the Uhuru satellite (Giacconi et al.

1971) which, using standar d pr opor tional counters in conjunction with a hone ycomb

collimator , was able to complete the �rst all-sky X-ra y sur v e y .

The Uhuru sur v e y r e v ealed a population of thr ee hundr ed and thir ty-nine sour ces, includ-

ing some that w er e ten times fainter than an ything obser v ed b y the earlier r ock et �ights.

Although intriguing, the data could sho w onl y the r elativ e intensities of the sour ces and

their a ppr o ximate positions. In or der to understand the origin of cosmic X-ra y sour ces,

to cr eate images of them, and examine their spectra in detail, it was necessar y to de v elop

a method to f ocus X-ra ys.

1.3.2 W olter Mir r ors

It is simple to f ocus visible light: a normal incidence r e�ecting mir r or can be used to

cr eate a sharp image of a chosen target. Unf or tunatel y , this is not the case with X-ra ys.

Because the wa v elength of X-radiation is similar to the atomic spacing of solid materials,

X-ra y photons ar e scatter ed when the y strik e a surface at normal incidence , making it

v er y dif�cult to bring them to a f ocal point. In 1952, Hans W olter (1952) disco v er ed

a method to f ocus X-ra ys based on the principle that X-ra ys will r e�ect pr o vided that

the y ar e incident at a grazing angle that is almost parallel with their dir ection of tra v el.

His method was later adopted in the cr eation of the epon ymous `W olter type-1' mir r or

assemblies (Figur e 1.4), car ried on-boar d modern X-ra y obser vatories.

A W olter type-1 mir r or is cir cular in cr oss-section, but gentl y cur v ed along its pr o�le so

that the incoming photons ar e incident �rst on a parabolic surface and then a h yperbolic

surface . In or der to incr ease the eff ectiv e collecting ar ea, W olter mir r ors ar e nested

and aligned concentricall y about the optical axis, so that the photons ar e sent to a single

f ocal point at which an X-ra y detector is positioned. This r e�ecting technique is energ y-

limited, and is most sensitiv e at photon energies of 15 k eV or less. Consequentl y , most

X-ra y imaging telescopes that use this technolog y ha v e concentrated on the soft X-ra y

band.

W olter type-1 mir r ors w er e used on both R OSA T (Röntgensatellit) and XMM-Ne wton

(X-ra y Multiple Mir r or) obser vatories to pr o vide an unpr ecedented vie w of the X-ra y

11
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Figur e 1.4: The ra y paths thr ough a W olter type-1 mir r or assembl y: X-ra y photons enter

in the ga p betw een the concentric mir r or shells and strik e the paraboloid-h yperboloid

mir r or surface at a grazing angle . The photons ar e then guided to a detector , positioned

at the conf ocal point.

sky . Obser vations made b y both of these instruments w er e used in the course of this

r esear ch.

1.3.3 R OSA T

The R OSA T obser vator y (T rümper (1983), Figur e 1.5) was launched on J une 1st 1990 and

decommissioned on F ebruar y 12th 1999. It was designed to detect lo w-energ y X-ra ys,

speci�call y betw een 0.1 and 2.4 k eV . Lik e XMM, R OSA T was equipped with a W olter

type mir r or , which allo w ed X-ra y photons to be gather ed and f ocussed onto a detector .

In R OSA T' s case , the primar y X-ra y detector was the P osition-Sensitiv e Pr opor tional

Counter (PSPC , Pf eff ermann et al. (1987)), a technologicall y advanced v ersion of the

basic pr opor tional counter described abo v e . Instead of a single wir e anode , the PSPC

used an `anode grid' comprising tw o la y ers of g old-coated tungsten �laments, each 10

micr ometr es thick, and secur ed at 1.5 mm inter vals on a glass ceramic frame . During

operation the wir es w er e k ept at an electric potential of 3 kV . Despite this high v oltage ,
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Figur e 1.5: Ar tist' s impr essions of the R OSA T Space Obser vator y (left) and the XMM-

Ne wton telescope (right). (Images cour tesy of ESA, (VILSP A 2006))

the lo w ionisation potential of the detecting gas mixtur e (65% arg on, 20% x enon, 15%

methane (Aschenbach et al. 1985)) ensur ed that the charge m ultiplication factor was

k ept belo w its maxim um value , and allo w ed the pulse size of the measur ed signal to be

pr opor tional to that of the incident radiation.

A second anode grid, with a wir e separation of 2 mm, was used as a guar d counter . By

w orking in anti-coincidence with the main detector , it successfull y attained a backgr ound

r ejection ef�ciency of 99.8% (Briel et al. 1996).

P osition sensitivity was achie v ed using tw o m utuall y perpendicular cathode ar ra ys, each

made using a large n umber of parallel 50 micr ometr es diameter platin um-iridium wir es

separated b y 0.5 mm. The ar ra ys w er e placed close to the main detector , so that a

cur r ent w ould be induced within them whene v er an a valanche of electr ons impacted the

anode . This signal was then used b y the on boar d electr onics to estimate the location of

the detection: a pr ocess that was able to yield a spatial r esolution of 30

00
.
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1.3.4 XMM-Ne wton

Launched on 9th December 1999, the X-ra y Multiple Mir r or (XMM) telescope (Figur e 1.5)

is to date the largest scienti�c obser vator y de v eloped b y the Eur opean Space Agency . It is

in a highl y elliptical orbit about the Ear th, and so off ers contin uous, targeted obser vation

visibility of up to f or ty hours (144 ks).

XMM car ries se v eral instruments, including a 30 cm optical and ultra violet monitoring

telescope and the Eur opean Photon and Imaging Camera (EPIC). EPIC contains thr ee

separate charge coupled de vice (CCD) X-ra y detectors: MOS1, MOS2 (T urner et al.

2001) and pn (Strüder et al. 2001). Each detector lies at the f ocus of a W olter type-1

nested mir r or module , comprising �fty-eight concentric , conf ocal r e�ectiv e shells. The

shells ar e 0.6 m in length, and var y in diameter betw een 0.3 and 0.7 m. The thr ee mir r or

modules each pr o vide an eff ectiv e ar ea of 1550 cm

2

at 1.5 k eV: a combined ar ea of

4650 cm

2

. (These and other details of the XMM telescopes ar e sour ced fr om Ehle et al.

(2003).)

The complex geometr y of the mir r ors, and the enormous size of their eff ectiv e collecting

ar ea, allo w on-axis point spr ead functions (PSF) of 6

00
at full-width half-maxim um (FWHM)

to be consistentl y achie v ed f or all thr ee EPIC instruments, yielding a moderate angular

r esolution of � 15

00
at half-energ y width. The lo w PSF value ensur es that point sour ces ar e

clearl y r esolv ed b y XMM, allo wing them to accuratel y located, isolated, and subsequentl y

studied or r emo v ed fr om a data set.

All of the tw enty EPIC obser vations used in this r esear ch w er e obtained with the cameras

operating in `full frame' mode . This ensur ed that data was obtained fr om the full CCD

ar ra y , so that the entir e �eld of vie w was co v er ed.

EPIC: The MOS Cameras

The tw o MOS (metal o xide semiconductor) cameras ar e ca pable of detecting X-ra ys in

the energ y range 0.1 � 12.0 k eV . Each camera contains an ar ra y of se v en fr ont-illuminated

metal o xide CCD chips which co v er the 30

0
�eld of vie w of a mir r or module . The squar e

chips each ha v e a 62 mm diameter and a detecting ar ea of 600 b y 600 pix els. The central

14
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Figur e 1.6: The EPIC Cameras: Photogra phs sho wing the MOS CCD ar ra y (left) and

the pn CCD ar ra y (right), in their mountings. (Images cour tesy of Leicester Univ ersity ,

Univ ersity of Birmingham, CEA Ser vice d'Astr oph ysique Sacla y and ESA, VILSP A (2006)).

chip is positioned at the f ocal point of the mir r or assembl y on the optical axis of the

telescope . Ar ound it lie the six outer chips, which ar e stepped to war d the central chip

b y 4.5 mm, f ollo wing the cur vatur e of the f ocal plane , and so impr o ving the f ocus f or

off-axis sour ces, as sho wn in Figur e 1.6.

The MOS cameras ar e par ticularl y sensitiv e to photon energies in the range 0.4 � 1.0 k eV

in which man y emission lines lie , including the o xygen lines O VII and O VIII .

EPIC: The pn Camera

The pn camera comprises tw elv e back-illuminated CCDs ar ranged in a single 60 mm

diameter squar e ar ra y (Figur e 1.6). The pn cameras ar e sensitiv e to photon energies

up to 15.0 k eV , and tend to ha v e a higher photon thr oughput than the MOS cameras.

Although the use of pn semiconductor technolog y r esults in r elativ el y high quantum

ef�ciency ar ound and belo w 0.5 k eV , the MOS cameras ha v e better spectral r esolution in

this range (Ehle et al. 2003).
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1.4 The Interstellar Medium of the Milky W a y

The interstellar medium (ISM) is a div erse mixtur e of ionised plasmas, neutral gas and

dust par ticles that lies betw een the m yriad stars of the Milky W a y Galaxy . It amounts

to onl y a f e w per cent of the Galactic mass (about 10

9 M � ), and is so ten uous (a v erage

density � 10

� 21

kg m

� 3

) that on Ear th it w ould be consider ed a near -perf ect vacuum

(Tielens 2005). Ne v er theless, the structur es contained within it ar e r emarkabl y complex.

Neutral, ionised and molecular h ydr ogen mak e up about 70% of the mass of the ISM. The

r emainder is mostl y helium, together with a ppr o ximatel y solar abundances of hea vier

elements, such as carbon, nitr ogen and o xygen.

The ISM emits and absorbs radiation o v er se v eral wa v elength r egimes. The dust pr esent

near the Galactic Plane scatters visible light, which hinders optical astr onom y , but r e-

radiates heat, allo wing star -f orming r egions to be located thr ough infra-r ed obser vations.

Radio astr onom y can be used to detect thermal emission, which can trace the concen-

trations of diff er ent chemicals b y using the radio photons fr om a variety of atomic and

molecular emission lines, in par ticular the 21 cm line emitted b y neutral h ydr ogen. It

can also detect non-thermal radio synchr otr on radiation, which is emitted b y charged

par ticles mo ving at r elativistic speeds thr ough magnetic �elds.

Karl Jansky (1933) was the �rst to obser v e synchr otr on radio sour ces within the Milky

W a y , but the signi�cance of his disco v er y was not full y a ppr eciated until the 1950s, mor e

than a decade later . The signal he measur ed was coming not onl y fr om energetic objects

near the Galactic Centr e , but fr om the ISM itself.

The �eld of radio astr onom y �ourished in the 1960s, a b y-pr oduct of the major advances

in electr onics and radar technolog y that had been achie v ed during the Second W orld

W ar . When the radio contin uum of the ISM was ma pped, it was noticed that ridges

of enhanced emission w er e pr esent, r eaching fr om the Galactic Plane into the higher

latitudes. Quigle y and Haslam (1965) sho w ed that it was possible to �t ar cs of small

cir cles to the thr ee most pr ominent ridges, the centr es of which la y at intermediate

latitudes either side of the Galactic Plane . This idea was de v eloped fur ther b y Large

et al. (1966), who pr oposed that a series of ar cs on either side of the Galactic Plane

could be connected into one complete cir cular f ormation, which the y named Loop 1.

16



1.4. THE INTERSTELLAR MEDIUM OF THE MILKY W A Y

Radio measur ements b y Y ates (1968) determined the Galactic co-or dinates of the centr e

of Loop 1 to be 329 � 1.5

�
, +17.5 � 3

�
, and f ound its pr ojected diameter on the sky

to be 116 � 4

�
. Other pr ominent f eatur es that w er e identi�ed include the Cetus Ar c

(commonl y named Loop 2) and a bright contin uum ridge ar ching up fr om the Galactic

Plane to � 30

�
latitude , which was named the Nor th P olar Spur (NPS).

Se v eral theories w er e pr oposed as to the origin of the radio loops and ar cs. Roug oor

(1966) suggested that the y might f orm a helical structur e which cr osses the Galactic

Plane . Others belie v ed, on the basis of optical polarization measur ements (Mathe wson

1966), that the y w er e radio tracers of the local Galactic magnetic �eld, while Bingham

(1967) suggested that the y w er e bubbles cr eated in the local magnetic �eld as a r esult of

its instability to cosmic ra y pr essur e .

The �rst tw o ideas, of Roug oor and Mathe wson, r equir ed the loops to describe a helical

structur e as the y tra v ersed the plane , wher eas Bingham' s bubble theor y r equir ed each

loop to pr oject fr om onl y one side of the plane , and not contin ue acr oss it. Upon the

completion of a series of radio scans of the Galactic Plane , all of these h ypotheses w er e

r ejected, because the loops a ppear ed to pass straight thr ough the Galactic Plane without

f orming a helical structur e . F or tunatel y , the data suppor ted a f our th h ypothesis (Br o wn

et al. 1960, Berkhuijsen et al. 1971), which pr oposed that the loops ar e the r emnants

superno va explosions: an idea which is no w widel y accepted.

In spite of their har d w ork, ingenious experiments and brilliant deduction, the earl y

pioneers of X-ra y and radio astr onom y had access to onl y par t of the pictur e . It w ould

tak e another thr ee decades, until the launch of R OSA T , f or the soft X-ra y sky to be

�nall y r e v ealed. The R OSA T PSPC had a wide �eld of vie w , nearl y 2

�
in diameter , and

its lo w spatial r esolution pr e v ented it fr om imaging discr ete sour ces in an y detail, but it

was optimall y designed to pr oduce large-scale sur v e ys in the soft X-ra y band, and soon

after its launch, the PSPC was used to complete the R OSA T All Sky Sur v e y (RASS) which

r e v ealed the pr esence of structur es in the soft X-ra y backgr ound.
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1.5 Thesis Objectiv es

An y exploration of the soft X-ra y structur es pr esents a variety of technical and intellectual

dif�culties. The �ux of the soft X-ra y backgr ound is r elativ el y w eak compar ed to that of

Galactic sour ces, and is easil y dr o wned out b y the internal noise pr esent in most X-ra y

detectors. It is ther ef or e necessar y to use a detector with a large photon thr oughput

and a v er y high signal-to-noise ratio o v er a pr otracted obser vation time to extract its

signal. In ad dition, because the emissions fr om se v eral structur es ar e included within

each data set, sophisticated spectral anal ysis and modelling ar e r equir ed to identify the

various X-ra y sour ces. It is onl y in r ecent y ears that these r equir ements ha v e been met.

Since the launch and calibration of XMM, high r esolution X-ra y spectr oscop y has become

possible , and b y using and modifying softwar e de v eloped b y Willingale et al. (2003), point

sour ces, cosmic ra ys and �ar es can be r emo v ed fr om the ra w XMM data, allo wing the

w eak signal of the soft X-ra y backgr ound to be extracted.

Although it is no w a ppar ent that the interstellar medium is the sour ce of the diffuse

backgr ound X-ra y and radio emission, the origin of the emissions and the topolog y ,

chemical composition and heating mechanisms of the Local Interstellar Medium (LISM)

r emain uncer tain. The r esear ch pr esented her ein in v estigates the spectral characteristics

of the soft X-ra y emission obser v ed in tw enty locations.

By �tting the X-ra y spectra deriv ed fr om these obser vations with a combination of

plasma and absorption codes, the temperatur e and chemical composition of the emissiv e

structur es will be measur ed. The best-�t parameters and �ux es of the models will then

be used to determine the contribution of each of the emissiv e structur es to the total

r eceiv ed o xygen signal. Finall y , the parameters will be pr ojected onto a geometric model

in or der to calculate the ph ysical pr oper ties of Loop 1 and other nearb y interstellar

structur es.

The r esults of these in v estigations will be pr esented in this thesis, together with other

ne w insights into the natur e of Loop 1 and other X-ra y emissiv e structur es that pr oduce

the soft X-ra y backgr ound of our Galaxy .
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2
The Diffuse X-ra y Backgr ound

After f our decades of in v estigation, using the most advanced radio and X-ra y obser vato-

ries, man y topics within the �eld r emain contentious and uncer tain. Competing theories

ha v e been pr oposed in the attempt to explain each aspect of the X-ra y backgr ound, fr om

its origin and a ppearance to the individual structur es it contains and the interactions

betw een them.

In or der that the r esults pr esented in this thesis ma y be tak en in context, the literatur e

published in r elation to the diffuse X-ra y backgr ound will be r e vie w ed in this cha pter .

The major structur es pr esent in the interstellar medium will be intr oduced, and the

various theories which r elate to them outlined and consider ed. Bef or e that, ho w e v er ,

the primar y r eason behind the dela y in understanding will be described: absorption of

the X-ra y signal b y the neutral atomic h ydr ogen which permeates the Milky W a y .

2.1 Neutral Atomic Hydr o g en

Neutral atomic h ydr ogen (commonl y designated HI) is ubiquitous thr oughout the Milky

W a y . Although not visible opticall y , its pr esence ma y be inf er r ed thr ough radio ma pping

of the 21 cm emission line , which was �rst detected b y Ew en & Pur cell (1951).

The 21 cm line , with fr equency 1420.4058 MHz, is the str ongest thermal line in radio
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Figur e 2.1: The Hyper�ne States of Atomic Hydr ogen: a) Parallel spins: the higher energ y

state during which both the electr on and pr oton ha v e the same spin. b) Anti-parallel

spins: the lo w er energ y state in which the pr oton and electr on ha v e opposite spins.

astr onom y . It is emitted b y `warm'

1

clouds of HI, betw een 50 and 100 K, and is the onl y

radio transition of gr ound state neutral h ydr ogen. Both components of HI, a pr oton

and an electr on, ha v e a spin value of

1

2

, meaning that each par ticle can hold one of tw o

possible quantum states: spin-up or spin-do wn. In an HI atom, the electr on ma y spin

in the same dir ection as the pr oton (a parallel-spin state) or in the opposite dir ection,

so that the spins ar e anti-parallel. These tw o states ar e kno wn as the h yper�ne energ y

le v els of gr ound state atomic h ydr ogen (see Figur e 2.1).

An interstellar h ydr ogen atom is in the higher -energ y state when both spins ar e parallel.

Either a spontaneous transition or a random collision with another atom ma y cause the

electr on to r e v erse its spin. F or an atom originall y in the parallel state , this `spin-�ip'

mak es the spins anti-parallel: a pr ocess which minimises the potential energ y of the atom,

and mak es it mor e energeticall y stable . As the electr on spin-�ips fr om the higher to the

lo w er energ y state , it emits a photon with energ y equal to the diff er ence betw een the

energies of the tw o states, cor r esponding to a radio wa v elength of 21 cm.

The 21 cm line h yper�ne transition possesses a spontaneous radiativ e transition pr oba-

bility of onl y 2.9 � 10

� 15

s

� 1

(Tielens 2005), making it highl y f orbid den. Since a single ,

isolated atom of HI w ould be lik el y to underg o this transition once in ten million y ears, it

w ould be vir tuall y undetectable under test conditions. F or tunatel y , the vast population of

HI atoms in the Milky W a y mor e than compensates f or the lo w transition pr obability , and

1

W arm is a r elativ e term. 100 K is consider ed hot in radio astr onom y , warm in infra-r ed, and extr emel y

cold in X-ra y .
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2.1. NEUTRAL A T OMIC HYDR OGEN

allo ws the 21 cm emission line to be easil y obser v ed and measur ed b y radio telescopes.

2.1.1 The Eff ects of Absorption

F or extrater r estrial soft X-ra ys, the dominant interaction with matter is photoelectric

absorption (McCammon & Sanders 1990), in which atoms absorb X-ra y photons. The

ability of an y giv en atom to absorb X-ra ys will steadil y decr ease as the energ y of the

incident photons incr eases. Ho w e v er , this general tr end is inter rupted b y a sharp rise in

absorption when the photon energ y equals the binding energ y of an electr on shell (K, L

or M f or example). This is the minim um energ y at which an electr on can be r emo v ed

fr om the atom, cr eating a vacancy in a shell, and is r ef er r ed to as an `edge' or `critical

excitation' energ y .

Characteristic X-ra y lines ar e generated when an `initial' vacancy in an inner shell, cr eated

b y X-ra y or electr on excitation, is �lled b y transf er of an electr on fr om another shell,

lea ving a `�nal' vacancy in that shell; the energ y of the line is equal to the diff er ence in

binding energies of the shells with the `initial' and `�nal' vacancies.

The total photoelectric absorption along a line of sight arises as a r esult of the combined

absorption cr oss-section of all the atomic species in the ISM, the value of which incr eases

in r egions with higher densities of atomic material. The photoelectric cr oss-section is

also a function of energ y , scaling a ppr o ximatel y as E

� 8

3

(Sno wden et al. 1997).

Although photoelectric absorption of X-ra ys is unaff ected b y the molecular state of a

gaseous medium, it is changed b y its ionisation state . Ionisation of atomic h ydr ogen

r educes its cr oss-section to zer o , and single ionisation of helium and molecular h ydr ogen

can r educe their absorption cr oss-sections b y a factor of � 2.

F or this r eason, when the photoabsorption cr oss-section of an element is calculated, it

assumed that the element is in the f orm of a neutral atomised gas at solar abundance .

If the atoms ar e clumped into grains, the atten uation of radiation is r educed because

atoms within the grain ar e blank eted. This eff ect is par ticularl y noticeable in the soft X-

ra y band (Fir eman 1974). The W ABS absorption code , which will be used in Cha pter 4 to
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2.1. NEUTRAL A T OMIC HYDR OGEN

Figur e 2.2: Figur e tak en fr om Mor rison & McCammon (1983) sho wing the net photo-

electic absorption cr oss-section per h ydr ogen atom as a function of energ y , scaled b y

(E =1k eV)

3

f or clarity of pr esentation. The solid line is f or solar abundances (as de�ned in

their pa per), with all elements in the gas phase and in neutral atomic f orm. The dotted line

sho ws the eff ect of condensing the fraction of each element into 0.3 micr ometr e grains.

The contributions of h ydr ogen, and h ydr ogen plus helium to the total cr oss-section ar e

also sho wn.
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2.1. NEUTRAL A T OMIC HYDR OGEN

�t spectra of the SXRB, does not contain an y inf ormation about grains. Consequentl y , the

absorption values it pr oduces r epr esent lo w er limits to the actual amount of absorbing

material pr esent.

Both the column density and energ y dependency of the photoelectric cr oss-section

impose an ar ti�ciall y close horizon on obser vations of the SXRB, but this can be used

to the astr onomer' s advantage . By obser ving at diff er ent photon energies, it is possible

to pr obe to diff er ent distances in the Galaxy , and so inf er inf ormation that w ould not

otherwise be a ppar ent. F or example , Sno wden et al. (1997) calculated that f or an a v erage

Galactic Disk space density of 0.5 atoms cm

� 3

, unity optical depth in the

1

4

k eV band

(0.1 � 0.4 k eV), w ould be attained when the total column density of HI is 1 � 10

20

H cm

� 2

,

giving a mean fr ee path of 65 pc . F ollo wing the disco v er y b y Frisch & Y ork (1983) of

an opticall y thick wall of HI onl y 50 pc a wa y in the Galactic Centr e dir ection (the W all,

see Section 2.7), Sno wden et al. (1997) r easoned that most of the soft

1

4

k eV emission

obser v ed in that dir ection m ust be of local origin. Sanders (2001) w ent fur ther , and

asser ted that the ISM is opaque to

1

4

k eV emission at Galactic latitudes less than 30

�
fr om

the Plane: hence , the X-ra y backgr ound at lo w latitudes m ust be Galactic in origin, and

m ust originate r elativ el y near to the Sun.

The h ydr ogen column can also be used to estimate depth in the otherwise tw o-

dimensional X-ra y sky . Most of the earl y studies of the X-ra y backgr ound w er e concerned

with shado wing experiments (f or example Frisch & Y ork (1983), or the de�nitiv e cata-

logue b y Sno wden et al. (2000)) which w er e under tak en to determine if kno wn objects

�� the Moon, stars and galaxies �� la y in fr ont or behind X-ra y emissiv e r egions. These

obser vations w er e used to deduce the r elativ e positions of X-ra y emissiv e structur es in

the Galaxy along the line of sight but, due to the une v en distribution of HI, the y could

not determine the pr ecise distance of X-ra y sour ces fr om the Ear th. The actual column

depth r equir ed to pr oduce a measur ed N

H

can var y signi�cantl y . F or example , an N

H

of 10

19

H atoms cm

� 2

could be pr oduced b y a column depth of � 30 pc in the dense

medium near the Galactic Plane , but w ould r equir e � 200 pc near the Nor th Galactic

P ole (Co x & Re ynolds 1987).

Despite its diagnostic a pplications, absorption signi�cantl y hampers the study of the X-ra y

backgr ound. Since an y detected X-ra y �ux will ha v e been at least par tiall y absorbed b y

HI, obser v ers ne v er ha v e a complete pictur e of the emissiv e structur es in the Galaxy ,
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2.1. NEUTRAL A T OMIC HYDR OGEN

and ha v e to accept that some f eatur es will r emain in visible r egar dless of technological

advancement. Also , since soft X-ra ys ar e pr ef er entiall y atten uated, absorption can cause

the �ux fr om a distant sour ce to a ppear ar ti�ciall y har d, which can adv ersel y in�uence the

interpr etation of deriv ed spectra. Fur thermor e , absorption ma y mak e the �ux fr om v er y

diff er ent r egions a ppear similar ; f or example , the spectrum of a nearb y , w eak, har d X-ra y

sour ce ma y look identical to a m uch str onger , but mor e absorbed, distant sour ce . In such

situations, it is v er y dif�cult to split the spectrum into the individual sour ce components,

and e v en detailed modelling ma y not succeed.

2.1.2 Structur e in the HI Distribution

Obser vation of the 21 cm line has unlock ed a w ealth of inf ormation about the interstellar

medium. It enabled the gas dynamics of the interstellar medium to be deriv ed, as the

full width at half-maxim um of the line is equivalent to the v elocity (measur ed r elativ e

to the Ear th, and along the line of sight) of the emissiv e cloud r esponsible f or it. The

density and temperatur e distribution of HI w er e also determined, since the height of the

emission line indicates the kinetic temperatur e of the gas, and its intensity depends on

the amount of atomic h ydr ogen l ying along the line of sight. So , f or the opticall y thin

clouds of the ISM mo ving at a giv en v elocity , the brightness temperatur e integrated o v er

the whole emission line pr o vides a measur e of n

H

, the column density of the neutral

atomic h ydr ogen at that v elocity along the line of sight (Dick e y & Lockman 1990, Burk e

& Graham-Smith 2002). The total n umber density of neutral h ydr ogen atoms, measur ed

along an unhinder ed line of sight fr om Ear th thr ough the Galaxy is called the `Galactic

N

H

', or `Galactic Column'.

The Lockman Hole (Lockman et al. 1986), which lies in the constellation of Ursa Major

at (l, b) = (152

�
,+62

�
), has the distinction of ha ving the lo w est measur ed N

H

(4.4 � 0.5 �

10

19

cm

� 2

) in the Milky W a y . The column density in this dir ection is so lo w that soft

X-ra ys can pass thr ough unhinder ed, allo wing �ux fr om the most distant sour ces to be

seen. Another notable location at which one ma y obser v e out to a f e w hundr ed parsecs

is the extra vagantl y named `Region of Bizar r e Emptiness' which, considering its position

near the Galactic Plane at 230

�
latitude (Co x 1997), contains surprisingl y little HI.

The co-or dinates of the highest N

H

concentration cannot be con�rmed due to the eff ects
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2.2. SHELLS, LOOPS AND B UBBLES

of opacity , since the 21 cm radiation fr om the emissiv e HI clouds is atten uated b y self-

shielding (Co x & Re ynolds 1987), but the highest value measur ed within the Galaxy so

far is � 2.6 � 10

22

cm

� 2

, at a position on the Galactic Plane (Dick e y & Lockman 1990).

Soft X-ra ys emitted behind a column of this density w ould be vir tuall y undetectable fr om

the Ear th (Henr y et al. 1968).

Se v eral radio sur v e ys of the HI sky ha v e been under tak en (f or a r e vie w , see Bur ton

(1988)), but to date , onl y the r egions near the Galactic Plane ha v e been ma pped to an

angular r esolution of � 10

0
. Ev en so , structur e ma y be per ceiv ed in the distribution of

the HI gas. Generall y , the neutral h ydr ogen lies in an a ppr o ximatel y unif orm disk centr ed

on the Galactic Plane , with the highest concentration of HI pr esent at lo w latitudes, and

pr ogr essiv el y lo w er concentrations located to war d the Galactic poles wher e the Galactic

N

H

is r educed to � 10

20

cm

� 2

(Dick e y & Lockman 1990). On smaller scales, ther e is

substantial variation in N

H

at all latitudes, and structur e can clearl y be obser v ed. The

most pr ominent atomic h ydr ogen structur es ar e the interstellar clouds, planar sheets, and

ar cs, which ar e sometimes ar ranged in cir cular shells. Filamentar y r egions of enhanced

N

H

, which ar e often detected as ar ching ridges of radio emission, ha v e been associated

with kno wn structur es such as the Nor th P olar Spur and Loop 1, which will be discussed

in detail belo w . The pr e valence of HI structur es within the ISM led Dick e y & Lockman

(1990) to suggest that the general N

H

distribution ma y be mor e akin to a �lamentar y

construct, or to a series of gas sheets, than the hazy cloud that is often assumed.

2.2 Shells, Loops and Bub b les

The terms `loop', `ridge' and `ar c' w er e coined b y astr onomers in or der to describe

f eatur es pr esent in their radio ma ps. These f eatur es ar e of course the tw o-dimensional

pr ojections of thr ee-dimensional structur es; what a ppears to be a `loop' on a ma p is

r eall y spherical, and the `ridges' and `ar cs' ar e the brightened limbs of these structur es:

superno va r emnants (SNRs) and wind-blo wn bubbles.

In the simplest case , a SNR is f ormed when a star r eaches the end of its time on the main

sequence , and explodes in a superno va e v ent. Huge quantities of energ y ar e r eleased,

blo wing the star' s outer la y ers a wa y , and cr eating a dense shell of hot plasma. This
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2.2. SHELLS, LOOPS AND B UBBLES

expands ra pidl y , s w eeping up the cool interstellar material ahead of it. Shock fr onts f orm

at the leading edge of the shell, transf er ring the energ y of the explosion to the ISM.

This not onl y heats it to se v eral million K elvin, triggering X-ra y and radio contin uum

emission (Dick e y & Lockman 1990), but also ser v es to slo w the expansion of the shell

thr ough friction. Often the situation ma y be mor e complex, with a shell being f ormed b y

the combined eff ect of m ultiple superno vae acting in concer t (Dick e y & Lockman 1990).

In either case , with no fur ther energ y input the shell will e v entuall y cool to ambient

temperatur e and dissipate back into the ISM, but as long as it persists, it is described as a

superno va r emnant. Examples of kno wn SNRs include the Lupus Loop (330

�
,+15

�
), the

Cygn us Loop (71

�
, � 9

�
) and the V ela-Puppis r emnant at (265

�
, � 5

�
) (Garmir e et al. 1992).

Alternativ el y , a bubble of X-ra y emitting plasma, similar to the shell cr eated b y a super -

no va, ma y be f ormed b y the energ y and accum ulated momentum of stellar winds (W ea v er

et al. 1977). Bubbles var y in diameter fr om 50 � 150 pc , o v erla pping the size range of

the SNRs, and usuall y ha v e O-B associations near their centr e . The winds link ed with

these y oung stellar gr oups pr o vide the energ y r equir ed to pr oduce the bubble , some

10 � 100 � 10

51

ergs (McCra y & Kafatos 1987). Ther e ar e man y examples of wind-blo wn

bubbles within the Milky W a y , including the Gemini-Monocer os Ring (200

�
,10

�
; Nousek

et al. (1981)) and the Eridan us Enhancement (200

�
, � 40

�
; Bur r o ws et al. (1991)). Ex-

amples of a SNR and a planetar y nebula ar e sho wn in Figur e 2.3. The planetar y nebula

is included her e to illustrate the a ppearance of a shock ed bubble of plasma; assuming

symmetr y , material w ould ha v e been thr o wn in all dir ections fr om the surface of the

pr ogenitor star , pr oducing a shock ed shell of bright material of a ppr o ximatel y e v en thick-

ness. Ho w e v er , due to the lo w density of this material, it is can onl y be clearl y seen when

vie w ed at the limb , giving the a ppearance of a ring. When vie w ed face-on, thr ough the

centr e of the structur e , this material can onl y just be discerned.

Ov er se v eral million y ears, the shock-fr onts of a shell or bubble w ould contin ue expand to

a radius of ar ound 100 pc (Egger & Aschenbach 1995), making it an e v er mor e signi�cant

and extensiv e par t of the X-ra y emissiv e ISM. Doppler measur ements sho w that the

expansion v elocity of such a bubble w ould be � 25 km s

� 1

, although this value does

decr ease as the size of the bubble incr eases. The oldest shells, which ha v e had time to

expand to se v eral hundr ed parsecs, ha v e expansion v elocities closer to 3 km s

� 1

(Dick e y

& Lockman 1990).
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2.3. THE DIFFUSE X-RA Y BA CKGR OUND

Figur e 2.3: A superno va r emnant and a planetar y nebula, both displa ying limb-brightened

shells and diffuse , gaseous interiors. Left: A composite image of K epler' s SNR, tak en

b y the Hubble Space T elescope , the Spitzer Space T elescope , and the Chandra X-ra y

Obser vator y . Right: The Ring Nebula, a planetar y nebula, imaged b y the Hubble Space

T elescope . A planetar y nebula is cr eated when a medium or lo w mass star exhausts its

r eser v es of h ydr ogen. When this occurs, the star e v olv es into a r ed giant; its inner la y ers

contract under gra vity , incr easing the density of the cor e and enabling fusion to contin ue ,

while its cooler outer la y ers expand. Fur ther internal temperatur e instabilities, arising

fr om the fusion r eactions, cause the outer atmospher e to be expelled b y hot stellar

winds either contin uousl y or in se v eral energetic pulses. This expanding gaseous shell

f orms the spherical nebula, brightl y illuminated b y ultra violet energ y fr om the central star .

(Photocr edits: STSci)

Occasionall y , both mechanisms come into pla y: a SNR shell ma y be r eheated and in�ated

b y stellar winds, or a wind-blo wn bubble could be shock ed and energized fr om within b y

m ultiple superno va e v ents. In such cir cumstances a superbubble , larger than the pr oduct

of an y single e v ent, ma y be pr oduced.

2.3 The Diffuse X-Ra y Backgr ound

The diffuse X-ra y backgr ound was disco v er ed ser endipitousl y: e vidence f or it emerged

fr om the same data that r e v ealed the X-ra y sour ce Sco X-1, gather ed b y Ricar do Giaconni
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and others in 1962 using r ock et-borne instruments (Section 1.1). Hid den in the lo w-

r esolution data, and almost mask ed b y the brighter point sour ces, la y a f e w bright

Galactic sour ces superposed upon a f eatur eless, high-energ y X-ra y backgr ound. The

detection caused m uch excitement within the X-ra y comm unity . Man y hoped that, lik e

the micr o wa v e backgr ound f ound later b y P enzias and Wilson (1965), it could pr o vide

inf ormation about the earl y Univ erse . Although this was not to be , b y r e v ealing the

mechanisms thr ough which the ISM is r ecycled fr om one generation of stars to the next,

the diffuse X-ra y backgr ound w ould e v entuall y pr o vide vital clues to the e v olution and

de v elopment of our o wn Galaxy .

2.3.1 The Extra galactic Backgr ound (XRB)

The R OSA T All-Sky Sur v e y (Sno wden et al. 1995) has, to date , pr o vided the best image

of Giaconni' s signal: the 1.5 k eV band ma p clearl y sho ws an isotr opic backgr ound with

discr ete Galactic enhancements superposed, together with a distribution of discr ete

sour ces in the Galactic Plane and at high Galactic latitudes (Figur e 2.4). The backgr ound

was sho wn to be isotr opic and diffuse to within a 10% tolerance (Sanders et al. 1977). The

lo w end of the high-energ y XRB has been detected in spectr oscopic studies betw een

2 � 6 k eV, an energ y range at which the Galaxy is almost entir el y transpar ent to X-

radiation (McCammon et al. 1983).

Both the wide distribution of the backgr ound and its high energ y w er e suggestiv e of an

extragalactic origin, leading Henr y et al. (1968) and others to surmise that it was the

integrated sum of man y unr esolv ed X-ra y sour ces l ying at cosmological distances. Man y

of the distant sour ces in the 1.5 k eV ma p of the R OSA T All Sky Sur v e y ha v e been r esolv ed,

and identi�ed as quasars and other activ e galactic n uclei. This non-thermal, `har d' X-ra y

signal, which originates be y ond the limits of the Milky W a y , will her eafter be r ef er r ed to

as the Extragalactic Backgr ound, or XRB.

When extra polated to the lo w energies of the

1

4

k eV band, the expected intensity of the

diffuse XRB is signi�cantl y lo w er than that of the total diffuse backgr ound in all dir ections,

lea ving a soft excess. This was �rst r ecognised b y Henr y et al. (1968), who r easoned that

it m ust be a `Soft X-Ra y Backgr ound' (SXRB), independent of the XRB.
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Figur e 2.4: The 1.5k eV RASS (R OSA T All-Sky Sur v e y) Ma p b y Sno wden et al. (1995). The

ma p has been false-colour ed with r espect to X-ra y photon energ y . Highest energies ar e

white , purple and blue; lo w est ar e r ed and black.

2.4 The SXRB and the Local

1

4

k eV Emission

The �rst obser vations of the SXRB w er e made with r ock et-borne mechanicall y-collimated

pr opor tional counters, each of which had a v er y wide �eld of vie w , co v ering 10 � 50 squar e

degr ees

2

. Because the exposur e times w er e r estricted to the f e w min utes at the peak

of the r ock et' s trajector y , these earl y missions pr oduced poorl y r esolv ed, photon limited

data. Despite this, sur v e y ma ps pr oduced fr om this data r e v ealed the vast complexity

of the SXRB. Contributions fr om some identi�able objects, such as diffuse superno va

r emnants and isolated and discr ete Galactic Plane sour ces w er e plainl y a ppar ent (T anaka

& Bleek er 1977), but these w er e superposed on a m ysterious

1

4

k eV X-ra y haze of

unkno wn origin which co v er ed the entir e sky .

On the basis of r ock et data gather ed in 1968, Henr y et al. (1968) tentativ el y suggested

that the SXRB could be the thermal emission fr om a pr e viousl y unseen hot intergalactic

gas, at a temperatur e of 3 � 8 � 10

8

K (Henr y et al. 1968).

2

F or comparison, the full Moon has an a ppar ent angular diameter of

1

2

�
.
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T o generate the amount of �ux seen fr om the SXRB thr ough thermal emission, extended

r egions of hot, dissociated gas at a kinetic temperatur e of T > 10

6

K (McCammon &

Sanders 1990) ar e r equir ed. The energ y needed to cr eate these conditions is generated

b y stars, and r eleased thr ough localised superno va outbursts, stellar winds and ultra-

violet radiation. This energ y is then transf er r ed to the ISM b y heated par ticles of dust

and gas molecules, which ha v e a mean fr ee path of the or der 10

13

m ( � 10

� 3

light y ears.)

Because this distance is a little less than the typical extent of interstellar clouds and

superno va r emnants, it is possible to achie v e thermal equilibrium within large v olumes of

the ISM (Tielens 2005). Consequentl y , when fr ee electr ons collide with the ions in the

ISM, the y can pr oduce X-radiation b y the thermal pr ocesses described in Section 1.2.1.

The thermal origin of SXRB �ux was e v entuall y put be y ond doubt b y Burstein et al. (1977)

and McCammon et al. (1983), who w er e able to obser v e collisionall y excited emission

lines in its energ y spectrum, but the natur e of the medium was still uncer tain: did the

�ux arise fr om a superposition of point sour ces, or was it trul y diffuse?

Le vine et al. (1977) argued that the SXRB was diffuse , and calculated that if it w er e not,

then discr ete Galactic sour ces with a space density akin to that of the most common

stars w ould be r equir ed to pr oduce it. This pr emise was suppor ted b y Rosner et al.

(1981), Helfand & Caillault (1982) and Caillault et al. (1986) who pr edicted that normal

stars of all types should contribute onl y a small fraction of the obser v ed SXRB �ux in

the

1

4

k eV band, and no mor e than 20% of the har der 0.5 � 1 k eV �ux. On the str ength

of their e vidence , the diffuse natur e of the SXRB was �nall y accepted (McCammon &

Sanders 1990).

2.4.1 Distribution of the

1

4

k eV Emission

Unlik e the XRB, the distribution of the

1

4

k eV emission was f ound to be highl y anisotr opic ,

with an X-ra y intensity f our times gr eater at the Galactic P oles than at the Plane (Sanders

et al. 1977). Ther e was also a distinct negativ e spatial cor r elation (her eafter called

the `anti-cor r elation', see Figur e 2.5) betw een ar eas of X-ra y emission and r egions of

high absorption which could not be explained b y simple photoelectric absorption. This

r elationship was �rst r ecognised b y Bo wy er et al. (1968), and later con�rmed b y Marshall

& Clark (1984), who used the SAS3 X-ra y obser vator y to ma p the sky in the C-band
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( � 0.13 � 0.28 k eV , Sanders et al. (1977)) at 3

�
angular r esolution, and detected the

anti-cor r elation on all angular scales.

Bunner et al. (1969), Henr y et al. (1968) and Bo wy er et al. (1968) w er e among the

�rst to study the soft haze . At �rst, the y belie v ed that it could be an extension of the

extragalactic backgr ound, or that it could be caused b y cor onal emission. A series of

models w er e pr oposed to explain the origin of the supposed extragalactic sour ce . A

suggested interaction betw een cosmic ra ys and the micr o wa v e backgr ound, that could

pr oduce in v erse Compton emission, was quickl y r ejected because it w ould pr oduce

a higher 100 MeV gamma ra y �ux than is obser v ed (Kraushaar 2000). Non-thermal

X-ra y pr oduction mechanisms w er e also ruled out, as the electr on �ux r equir ed f or

in v erse Compton scattering of starlight, w ould pr oduce too m uch ionisation (Ha yaka wa

1973). Synchr otr on radiation was also dismissed, because electr ons with enough energ y

to pr oduce soft X-ra ys thr ough this pr ocess w ould lose half their energ y within �v e

thousand y ears, and with no obvious synchr otr on sour ce to r eplenish the emission, it

w ould ha v e faded a wa y long ag o (Williamson et al. 1974).

Ev entuall y , a viable solution was pr oposed which could both accommodate the assumption

that the �ux originated be y ond the Milky W a y , and explain the anti-cor r elation: the

`absorbed-extragalactic model'.

2.4.2 The Absorbed-Extra galactic Model

The absorbed-extragalactic model was built on the pr emise that the

1

4

k eV emissions

w er e an extension of the XRB signal to lo w energies. Absorption of this extragalactic

radiation b y the inter v ening Galactic HI was pr oposed as the primar y cause of the anti-

cor r elation (Bo wy er et al. (1968), Henr y et al. (1968) and others), while the small-scale

intensity �uctuations in surface brightness w er e attributed to variations in the degr ee of

absorption, caused b y diff ering column densities of HI along the line of sight (McCammon

& Sanders 1990).

Ther e ar e se v eral pr oblems with this model, some of which w er e highlighted b y McCam-

mon et al. (1983). Firstl y , ar ound � 30% of the �ux fr om the dir ection of the Plane

a ppears to suff er little or no absorption. Indeed, the opacity of the HI to soft X-ra ys is so
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Figur e 2.5: The Anti-cor r elation betw een the HI distribution and the

1

4

k eV emission.

T op: The

1

4

k eV RASS ma p b y Sno wden et al. (1995) sho wing the distribution of the soft

X-ra y emission in the 0.1 � 0.4 k eV energ y band. The ma p has been false-colour ed with

r espect to X-ra y intensity . Lo w est intensities ar e blue; highest ar e r ed. Bottom: The

distribution of HI, ma pped b y Dick e y & Lockman (1990)
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high near the Galactic Plane that some variants of the model, which depended mainl y on

an extragalactic sour ce , had to in v ok e an ad ditional local component to pr o vide the �ux

that is obser v ed ther e (McCammon & Sanders 1990). Secondl y , it was not possible to �t

the measur ed spectra of the

1

4

k eV emissions with simple absorption models, suggesting

that it was anisotr opic , wher eas a distant extragalactic sour ce w ould be expected to

pr oduce unif orm emission acr oss the sky . Finall y , obser vations of X-ra ys fr om the extra-

galactic Magellanic Clouds sho w ed no e vidence of absorption b y Galactic HI (McCammon

et al. 1976).

McCammon & Sanders (1990) ad d that although the extragalactic-absorption model did

pr oduce an anti-cor r elation, it was not the right anti-cor r elation: the pr edicted fall-off

of soft X-ra y intensity with incr easing absorption was m uch steeper than that obser v ed,

and it pr edicted an energ y dependence of the fall-off wher e none was seen. Nor could

the model explain the large scatter in the cor r elation that was obser v ed to war d some

Galactic absorption f eatur es (McCammon & Sanders 1990). In or der to o v er come these

pr oblems, the suppor ters of extragalactic absorption postulated that the ISM should be

`clump y'.

If the Galactic HI w er e e v enl y distributed, then the absorption optical depth w ould be the

theor etical cr oss-section m ultiplied b y the obser v ed column density . If, ho w e v er , the ISM

w er e `clumped' into unr esolv ed, par tiall y opticall y-thick clouds (n

H

� 2.5 � 10

20

cm

� 2

,

McCammon et al. (1983)), then its ability to absorb diffuse X-ra y �ux w ould be r educed

(Sno wden 2000). This is because the HI clouds w ould co v er v er y little of the sky ,

absorbing incident X-ra ys, but lea ving most of the �ux unaff ected

3

.

The eff ects of clumping w er e tested b y Griesen (1973), who successfull y demonstrated

that it could, in theor y , explain the anti-cor r elation near the Plane wher e the HI column

density is high. The clumped model was ultimatel y r ejected, ho w e v er , after f ollo w-up

measur ements b y Dick e y et al. (1977) f ound that it did not w ork at high latitudes, wher e

e v en the high r esolution Ar ecibo radio dish failed to detect the small cloudlets r equir ed.

3

Sno wden (2000) notes that once such a cloud is opticall y thick, it w ould not absorb mor e X-ra ys if

mor e material w er e ad ded to it. Ho w e v er , since this w ould r emo v e mor e material fr om the ISM, it w ould

allo w mor e X-ra ys to pass betw een the clouds. Ther ef or e , the eff ectiv e absorption w ould become energ y

independent once the clouds ar e opticall y thick.
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2.4.3 The Intermix ed Model

The second attempt to explain the obser v ed anti-cor r elation was the `intermix ed'

4

model,

initiall y pr oposed b y Da vidsen et al. (1972), which r equir ed X-ra y emitting plasma and

absorbing material to be combined ha phazar dl y within the Galactic Disk. The model

was later giv en a theor etical underpinning b y McKee & Ostrik er (1977), who stated

that the spatial structur e of the primor dial, diffuse HI in the disk w ould be str ongl y

modi�ed thr ough interaction with superno vae . The y w ent on to suggest that the energ y

input of the SNRs w ould pr ocess the ISM into a hot inter -cloud medium, compr essing

the embed ded cool, neutral material into clouds with r elativ el y dense cor es and diffuse

en v elopes.

The intermix ed model managed to explain the anti-cor r elation thr ough a complex ar -

rangement of scale heights and mid-plane densities of HI, but it could not r epr oduce it

at high angular r esolution (Sno wden et al. 1998). It also r equir ed signi�cant clumping

within the ISM, and a gr eater scale height f or the emitting X-ra y plasma than that of the

absorbing gas (Jak obsen & Kahn 1986), neither of which was obser v ed b y Bur r o ws (1989)

in his measur ements of the SXRB.

Although the intermix ed model was not perf ect, its basic pr emise , that the

1

4

k eV emis-

sions had a Galactic sour ce , was con�rmed in the late 1970s b y a series of shado wing

experiments. These had been designed to detect blocking of the SXRB b y extragalactic

objects, but v er y f e w instances w er e f ound, indicating that most of the measur ed

1

4

k eV

�ux ( � 75% McCammon et al. (1976), � 90% Long et al. (1976)) had a local (Galactic)

origin.

Ev en though the intermix ed model was not ultimatel y accepted, its suggestion of a

Galactic sour ce f or the

1

4

k eV emission laid the f oundation f or the thir d, and most

successful, attempt to explain the soft X-ra y haze: the displacement model.

4

Sometimes called `Interspersed'
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2.4.4 The Displacement Model

As Co x & Re ynolds (1987) noted in their excellent r e vie w , �Although it has alw ays been

dif�cult to detect inter stellar matter , the absence of detection w as star ed at f or quite a long time

bef or e it in ver ted, into the detection of an absence . �

The `in v ersion' occur r ed in 1977 when X-ra y obser vations, conducted b y Sanders et al.,

r e v ealed that ther e was little neutral h ydr ogen, less than 1 � 10

20

atoms cm

� 2

, l ying

betw een the Sun and the emissiv e r egions sur r ounding it. Fur ther anal ysis of the r esults

sho w ed that despite the anti-cor r elation, and e v en in dir ections of high absorption, the

intensity of the soft X-ra y �ux did not fall belo w one-thir d of the maxim um values

obser v ed in dir ections of lo w absorption. This str ongl y implied that the bulk of the

soft �ux had a local origin, in fr ont of the neutral material in the Galactic Disk. In a

r esponse to these r esults, Sanders et al. (1977) and T anaka & Bleek er (1977) de v eloped

the displacement model.

The pr emise of the displacement model is that X-ra y emissiv e plasma is pr esent in r egions

wher e neutral material is absent. The anti-cor r elation was attributed to the displacement

of the HI b y the pr esence of hot, emissiv e plasma, while small-scale variations in the

obser v ed X-ra y intensity w er e put do wn to the var ying extents of the absorption and

emission v olumes along the sight (McCammon & Sanders 1990).

The theor etical details of the displacement model w er e f orm ulated b y Co x & Smith

(1974). Accor ding to their description, superno va r emnants within the Galactic Disk

w ould expand until the y intersected with older bubbles. The ca vities thus pr oduced

w ould then be r e-energized as y ounger r emnants expanded into them, leading to the

f ormation of hot, inter connecting plasma tunnels within a sponge-lik e ISM, wher e the

cooler , absorbing material f ormed the matrix. The obser v ed anti-cor r elation ar ose

naturall y fr om this explanation: because the r emnants w ould be expected to expand

mor e into less dense r egions of neutral material, the y w ould pr oduce brighter X-ra y

r egions at higher latitudes (Sno wden 2000).

As Sno wden (2000) noted in his r etr ospectiv e on the ISM, the displacement model shed

a ne w light on the isolated, hot plasma structur es seen in the ma ps of the SXRB. Rather

than seeing the hot plasma as a ubiquitous substrate in the Galaxy , as in the intermix ed
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model, displacement allo w ed it to be seen as a per turbation within a cooler ISM. This,

in turn, allo w ed f or a less f or ced interpr etation of the anti-cor r elation, and r emo v ed the

need f or clumping in the HI distribution which had been r equir ed b y both the intermix ed

and extra-galactic absorption models. The success of displacement was such that b y

the late 1980s, it was the most widel y accepted of the thr ee models of the

1

4

k eV �ux

(McCammon & Sanders 1990).

2.5 The Local Hot Bub b le

In 1983, interstellar absorption line studies b y Frisch & Y ork (1983) r e v ealed the pr esence

of an ir r egularl y sha ped hole in the neutral material sur r ounding the Sun. The lack of HI

in this ca vity was also measur ed b y Sanders et al. (1977), who r easoned that it m ust be

�lled with soft, X-ra y emitting plasma in accor dance with the displacement model. Co x

& Re ynolds (1987) assumed this ca vity to be the sour ce of the local

1

4

k eV emissions, and

named it the Local Hot Bubble (LHB).

Since the emission fr om the LHB suff ers minimal absorption, Co x & Re ynolds (1987)

deduced that it m ust lie inside the `local' ISM (LISM), which the y de�ned as all neutral

material within a column containing the near est 10

19

H atoms cm

� 2

. The extent of the

LISM varies gr eatl y; fr om � 30 pc in the dense Galactic Plane , to as m uch as 200 pc

within 20

�
of the Nor th Galactic P ole (Co x & Re ynolds 1987). These measur ements

indicate that the v er tical extent of the LHB is similar to the scale height of the HI la y er ,

and so impl y that the high latitude HI sky m ust ha v e been substantiall y disturbed during

the cr eation of the LHB (Dick e y & Lockman 1990).

In some dir ections, the column density of HI jumps to high le v els just be y ond the limit

of the X-ra y emission of the LHB, and a ppears to f orm a boundar y wall (Frisch & Y ork

1983). At the poles, ho w e v er , the n

H

r emains lo w be y ond the measurable extent of the

emitting gas, indicating that the bubble ma y be open-ended. In 1997, Sno wden (1986)

traced the boundar y wall of the LHB b y ma pping the extent of the emission, and f ound

that it was sha ped lik e a bent hourglass; wasp-waisted in the Plane , and elongated in the

P olar Regions.

The un usual sha pe of the LHB r eignited the debate o v er the cor r ect model f or the

1

4

k eV
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emissions; as Co x & Re ynolds (1987) noted, the str ong anti-cor r elation obser v ed in the

�ux of the LHB, and hence its obser v ed sha pe , was consistent with the absorption of a

distant sour ce , as pr e viousl y suggested b y the absorbed-extragalactic model. At pr esent,

the consensus vie w is that the LHB emission is local, and limited in actual extent rather

than b y absorption (Bo wy er et al. 1968, McCammon et al. 1983). In fact, because most

of the soft emission comes fr om r egions near er to the Ear th than the most local neutral

clouds, absorption should ha v e v er y little , if an y , eff ect on the obser v ed LHB.

The anti-cor r elation seen in the soft emission is elegantl y explained b y the displacement

model, which stipulates that neutral h ydr ogen, which is normall y pr esent at high lati-

tudes, m ust ha v e been displaced b y the emissiv e plasma of the LHB. Accor ding to the

displacement model, the amount of h ydr ogen displaced will al wa ys be pr opor tional to the

v olume of the hot plasma that impinges upon it. In the case of the LHB, the X-ra y emis-

sion originates within the ca vity , so the obser v ed brightness should be pr opor tional to its

extent (assuming constant v olume emissivity). Hence , the LHB a ppears to be dimmer at

its nar r o w est point near the Galactic Plane , but brightest near the Nor th Galactic P ole ,

wher e it extends f or mor e than 200 pc (Co x & Re ynolds 1987). The model' s assumption

of unif orm conditions thr oughout the LHB also leads to a pr ediction of constant har dness

in the obser v ed spectrum (Sno wden et al. 1997).

Although the displacement model w ork ed w ell f or the

1

4

k eV emission, and led to the

identi�cation of the LHB, it assumed that the bulk of the obser v ed SXRB originated

within the LHB (Sno wden et al. 1998), and consequentl y neglected the other structur es

which mak e signi�cant contributions to the total SXRB �ux. These include Loop 1, the

Galactic Plane and the Galactic Halo , all of which will be described belo w .

2.5.1 Origin of the Local Hot Bub b le

The origin of the LHB has pr o v ed to be an e v en mor e contentious subject than its

morpholog y . In 1982, Co x & Anderson suggested that the LHB was a r emnant bubble

pr oduced b y one or mor e superno vae , but the y had no dir ect e vidence . A r ecent

superno va w ould ha v e almost cer tainl y trigger ed the f ormation of earl y-type stars, but

no such cluster exists within the LHB.
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An alternativ e theor y , put f orwar d b y Bochkar e v (1987) and Frisch (1996), pr oposed

that the LHB was not a bubble at all, but a r egion positioned betw een the Sagittarius

and the P erseus spiral arms of the Galaxy . Stellar absorption line studies b y Sf eir (1999)

and W elsh et al. (1999) a ppear ed to suppor t this claim, b y indicating that the LHB had

a chimne y-lik e structur e with no de�nite bor der in the nor th at high Galactic latitudes,

rather than ha ving a complete shell. Ho w e v er , since the inter -arm model could not

explain the shado w obser v ed to war ds the Galactic Centr e (Egger & Aschenbach 1995),

no w kno wn to be pr oduced b y a wall of HI l ying at the interface betw een the LHB and

Loop 1, it was r ejected, lea ving superno va outburst as the dominant theor y .

Co x & Re ynolds (1987) quote spectral measur ements of the LHB interior that sho w its

temperatur e to be in the or der of 10

6

K and its electr on density to be � 5 � 10

3

cm

� 3

, and

then g o on to suggest tw o possible mechanisms which could generate these conditions.

In their �rst scenario , the cr eation of the LHB ha ppened 10

7

y ears ag o when a single

superno va e v ent r eheated a pr e-existing ca vity within in the ISM, pr oducing a bubble of

diffuse , pr essur e-con�ned hot gas sur r ounded b y a dense shell. Since this gas w ould ha v e

a 10

7

y ear lif etime against radiativ e losses at cur r ent ISM pr essur es, it could, in theor y ,

pr oduce the cooling r emnant obser v ed toda y . In practice , ho w e v er , this idea does not

w ork, since the LHB is open ended to war d the Galactic P oles; an ar rangement that w ould

r elease the gas into the upper r egions of the Galaxy rather than con�ning it.

In their second scenario , a r ecent superno va in the Solar Neighbourhood exploded

10

5

y ears ag o r eheating the hot gas in a pr e-existing ca vity . This e v ent w ould cr eate an

activ e shockwa v e that w ould still bound the LHB, and maintain the temperatur e of its

diffuse interior at 10

6

K, hot enough to generate the obser v ed X-ra y emission. Although

this mechanism seemed mor e pr obable than the �rst, it still lack ed one vital piece of

inf ormation: the identity of the exploding star .

Gehr els & Chen (1993) w er e the �rst to pr opose that Geminga, a millisecond pulsar

with high pr oper motion, could be the r emains of the LHB pr ogenitor . The pr oduct of a

nearb y superno va which occur r ed 3.2 � 3.7 � 10

5

y ears ag o (Bignami & Cara v eo 1992),

Geminga is the right age . If the Geminga was generated b y the same e v ent that cr eated

the LHB, then the pulsar should ha v e been in the solar neighbourhood at the time of the

superno va (Garmir e et al. 1992). Unf or tunatel y , the parallactic distance to Geminga was

f ound to be 160 pc (Cara v eo et al. 1996), and when its trajector y was extra polated back,
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it was f ound to be in the Orion Region at the critical moment, w ell outside the r egion of

the LHB (Berghöf er & Br eitschw er dt 2002). At the pr esent time , the identity of the star

that pr oduced the LHB r emains unkno wn.

X-ra y studies b y W elsh et al. (1998) indicated that the LHB ca vity is not homogeneousl y

�lled with X-ra y plasma, and that a non-negligible par t of the LHB material m ust exist

in a cooler phase , at ar ound 10

4

K. This implies that the LHB was not f ormed b y

one superno va, but b y a series of explosions, since the expanding shell of a pr essur e

driv en b y a single SNR w ould ha v e been entir el y �lled with hot plasma. Mor e r ecent

one-dimensional h ydr odynamic sim ulations b y Smith & Co x (2001) suppor t the idea of

m ultiple superno va e v ents: the y estimated that 2 � 3 superno vae e v ents within a warm,

ionised medium w ould be r equir ed to cr eate the LHB. Such explosions, possibl y caused

b y O-B stars within the Galactic disk, could ha v e pr o vided the lo w energ y input rate and

high ambient pr essur e needed to pr oduce the X-ra y spectra obser v ed toda y . Berghöf er &

Br eitschw er dt (2002) ad d that since the energ y input of the pr e vious superno vae a ppears

to ha v e largel y been used up in the expansion and radiativ e cooling of the bubble , the

emergent X-ra y emission pr esentl y obser v ed m ust be largel y due to the energ y input of

the last superno va.

Fur ther e vidence of a superno va origin comes fr om a most unlik el y sour ce: anal ysis of

f er r o-manganese samples fr om deep within the ocean crust b y Knie et al. (1999) sho w ed

an incr eased �ux rate of

60

F e . This rar e isotope does not occur naturall y on Ear th, but

could ha v e been transpor ted to the Ear th as ejecta fr om at least one superno va exploding

about 30 pc a wa y , within the LHB r egion. This �nding has tr emendous implications, not

onl y f or the SXRB, but f or the de v elopment of lif e as w e kno w it. A superno va explosion

within the Solar neighbourhood ar ound �v e million y ears ag o (as indicated b y the depth

of the crust sample) w ould ha v e coincided with the Pliocene Epoch of the Ear th' s histor y;

�ooding the w orld with ionising radiation as the primitiv e a pes e v olv ed into earl y humans.

2.6 Loop 1

Quigle y & Haslam (1965) w er e the �rst to r ealise that gr oups of pr ominent radio ridges

could be connected b y cir cular ar cs, f orming complete cir cles. The largest of these ,
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Loop 1, is centr ed at l = 329

� � 1.5

�
, b = +17.5

� � 3

�
and has a diameter of 116 � 4

�

(as measur ed b y Large et al. (1966), Egger & Aschenbach (1995) and de Geus et al.

(1989). It is the closest activ e superbubble to the Sun, with its f or emost boundar y wall

positioned be y ond the limit of the LHB (Sno wden 2000). With an angular diameter of

110

�
(McCammon et al. 1983) it is the largest radio f eatur e visible fr om Ear th, co v ering

ar ound a quar ter of the all-sky ma p , and dominating the spatial structur e to war ds the

central r egion of the Galaxy (Co x & Re ynolds 1987).

Loop 1 is clearl y obser vable thr ough the 21 cm radio signal emanating fr om its HI shell,

but its pr esence can also be detected in the soft X-ra y band. A considerable amount of

soft X-ra y emission can be f ound at lo w latitudes either side of the Galactic Plane . Since

this emission lies inside the pr ojected boundar y of Loop 1, it is generall y thought to come

fr om the hot, rar e�ed plasma within the bubble (McCammon et al. 1983, Garmir e et al.

1992). Unf or tunatel y , the str ongest, har dest �ux detected within the boundar y of Loop 1

is coincident with the pr ojected position of the Galactic Centr e (l = 355

�
) (Sno wden

2000). It is ther ef or e possible to conclude that a pr opor tion of the X-ra y �ux measur ed

in this dir ection originates either within the Galactic Bulge (Sno wden et al. 1997), or fr om

some unkno wn sour ce at the Galactic Centr e itself (Sno wden 2000). As a r esult, the

quantity of �ux assigned to either the Galactic Centr e or Loop 1 during spectral anal ysis

can ha v e a major in�uence on interpr etations of the SXRB.

The softer X-ra y emission coming fr om Loop 1 is pr edominantl y con�ned to thr ee bright

patches of emission visible on the RASS

3

4

k eV ma p (Figur e 2.7). T w o of these X-ra y

enhanced r egions align with the inner edge of the brightest radio ridge , the Nor th P olar

Spur , and the thir d is located just belo w the Galactic Plane; a position which suggests

that it is associated with the tw o patches in the nor th. If, indeed, the thr ee patches can

be sho wn to be link ed, that w ould indicate that that Loop 1 strad dles the Galactic Plane ,

e v en though radio measur ements ha v e sho wn that the radio ridges do not extend into

the southern hemispher e (Berkhuijsen et al. 1971).

The missing radio ridges indicate that outer super -shell of HI sur r ounding Loop 1 has

been disrupted: damage which ma y ha v e been caused b y an off-centr e explosion within

the superbubble . In such an e v ent, the shock-fr ont w ould �rst ha v e hit the par t of the

super -shell near est to it, and onl y later impact fur ther r egions, r esulting in an asymmet-

rical expansion (Egger & Aschenbach 1995). Berghöf er & Br eitschw er dt (2002) argued,
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ho w e v er , that the sha pes or boundaries of superbubbles w ould be determined pr edom-

inantl y b y the density and pr essur e of the ambient medium, rather than on the location

of individual superno va e v ents with r espect to the original centr e of the ca vity . The y r ea-

soned that since shockwa v es ar e w eak, the y w ould pr opagate quickl y within the rar e�ed

hot medium of an established bubble , but mo v e mor e slo wl y when tra v ersing the higher

density material be y ond it, since this m ust be compr essed bef or e it can be s w ept a wa y .

In either case , the implication is that Loop 1 is not perf ectl y spherical, and ma y ha v e been

�attened or compr essed at its southern edge , wher e a dense r egion of HI is located. The

eff ects of une v en expansion can also be seen in the LHB, wher e the combination of w eak

shock fr onts and a dense ambient medium ha v e r esulted in its cur r ent hourglass sha pe .

2.6.1 Origin of Loop 1

Br oadband spectral �tting b y Egger (1998) using the R OSA T PSPC r e v ealed that Loop 1

is considerabl y hotter than the LHB, with an a v erage temperatur e of 2.5 � 10

6

K. It is

also m uch y ounger than the LHB, although the extent is unclear : Sofue et al. (1974)

measur ed the expansion v elocity of the Loop' s HI shell as � 19 km s

� 1

, indicating an age

of 10

6

y ears, wher eas Bunner et al. (1972) suggests an age of onl y 10

5

y ears, based on his

spectral anal ysis of the bubble interior . The HI shell itself is almost cir cular , is � 100 pc

in radius (Willingale et al. 2003), and has a limb brightened pr o�le .

Both the size and structur e of Loop 1 e vince that it was cr eated b y a series of superno vae ,

rather than b y stellar winds (Egger & Aschenbach 1995). This `superno va h ypothesis'

r equir es a r easonable pr obability of superno vae occur ring in concer t within the Loop 1

r egion. Berkhuijsen et al. (1971) estimate that intra-galactic superno vae alone could

pr oduce a loop of 65 pc radius in a 7 � 10

5

y ear time-frame , with an expansion v elocity

of 35 km s

� 1

. Thus, ancient superno vae could pr oduce a r easonable analogue of Loop 1,

pr o viding that the expansion of their ejecta was not so fast that the HI shell was disrupted.

Aside fr om an enormous SNR, a series of discr ete superno vae w ould ha v e left behind

e vidence of their activities, in the f orm of neutr on stars and star f orming r egions. This

led Ber tiau (1958) to suggest that the initial superno va pr obabl y occur r ed within the

Sco-Cen association, a star -f orming r egion cir cumscribed b y Loop 1, l ying 210 pc fr om

the Sun (Co x & Re ynolds 1987). Blaauw (1961), on the other hand, argued that the
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destruction of a single star fr om an O-B association ma y be r esponsible f or the f ormation

of Loop 1.

When the primar y star within an O-B association g oes no va, the sur viving secondar y

components ar e r eleased fr om orbit and thr o wn into a fr ee trajector y . Thr ee of these

vagabonds, kno wn as `runa wa y O-B stars', exist within 30 pc of the Sun, one of which,

zeta-Ophiuchus, has a high v elocity . T racing back the pr oper motion of this star r e v ealed

that it w ould ha v e been near to the cur r ent centr e of Loop 1 ar ound 3 � 10

6

y ears ag o ,

placing it, and its lost primar y star , at the right place and time to pr oduce Loop 1.

If Blaauw is right, then the primar y star of the zeta-Ophiuchus system w ould ha v e had to

r elease ar ound 100 M � in a single e v ent in or der to pr oduce the Loop and r elease the

runa wa y star . Such an explosion w ould be a `super -superno va', a rar e T ype III outburst

de�ned b y Zwicky (1964).

Although it is possible that Loop 1 was cr eated in a single catacl ysmic outburst, it is far

mor e lik el y that it was f ormed thr ough a series of smaller no va e v ents, and then in�ated

to a large diameter b y fur ther superno vae and the stellar winds �o wing fr om the Sco-Cen

association (McCammon et al. 1983). Evidence f or this can be seen in the bright radio

ridge on the nor th-eastern limb of Loop 1, kno wn as the Nor th P olar Spur . The NPS

is thought to ha v e f ormed ar ound 2 � 10

5

y ears ag o , when a shockwa v e fr om a r ecent

superno va within the Sco-Cen association hit the alr eady existing boundar y wall of the

Loop 1 superbubble , r eheating it to 3 � 4 � 10

6

K, and triggering the X-ra y and radio

emission obser v ed toda y (Egger & Aschenbach 1995).

2.7 Interaction of the LHB and Loop 1

It is tempting when examining static images of the SXRB to pr esume that it is pr oduced

b y a permanent, stationar y structur e , but this is not the case . Decades of obser vations,

with e v er incr easing spatial r esolution and statistical detail, ha v e r e v ealed that the SXRB

is pr oduced b y a complex and dynamic combination of sour ces. Superno vae explode ,

stellar winds blo w , and hot plasma bubbles expand, raising the possibility of interaction

betw een the structur es of the ISM.
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Since the distance to Loop 1 is similar to the radius of the LHB, it is highl y lik el y that the

tw o structur es will interact in the futur e , and ther e is considerable e vidence that the y

ma y alr eady ha v e begun to do so .

In 1990, Sno wden et al. f ound that the plasma in the LHB is warmer to war ds the Galactic

Centr e than in the anti-centr e dir ection. This temperatur e gradient was interpr eted as

a thermal interaction, caused b y a pr oposed open connection betw een the tw o bubbles,

which could allo w the hotter plasma of Loop 1 to leak into the LHB.

The possibilities of mechanical interaction w er e explor ed b y Y oshioka & Ik euchi (1990)

using n umerical sim ulations. By modelling colliding pairs of bubbles, the y demonstrated

that if one (or both) of the bubbles had r eached the radiativ e stage of e v olution prior

to collision, then the bubble interiors w ould not merge . Instead, the expanding shock

fr onts w ould s w eep up the ISM, f orming a sheet of dust and gas 20 � 30 times denser

than the ambient medium betw een the tw o expanding shells.

The W all is one such r egion: composed mainl y of HI, it is f ound in the nor thern hemi-

spher e , within 40

�
of the Plane , in the dir ection of the Galactic Centr e (McCammon et al.

1983, Co x & Re ynolds 1987).

In 1995, Egger & Aschenbach pr oposed that the W all is an a ppr o ximatel y ann ular v olume

of dense HI which could ha v e f ormed thr ough the collision of the LHB and Loop 1. This

idea was suppor ted b y Centurion & Vladilo (1991) who determined, thr ough optical

and UV spectral anal ysis of stars near the centr e of Loop 1, that the distance to the

W all is 40 � 25 pc: a value that places it dir ectl y betw een the tw o bubbles. Fur ther

measur ements b y Sno wden et al. (1997), in the dir ection to war ds the centr e of Loop 1,

f ound that the distance to the edge of the LHB is gr eater than 15 pc , while the nearside

of Loop 1 is less than 65 pc a wa y , thus pr o viding an upper limit f or the thickness of the

W all.

The �ux of the

1

4

k eV emissions is signi�cantl y r educed in the dir ection of the W all,

an eff ect which can be attributed to tw o factors. First the density of the W all itself, at

� 10

20

atoms cm

� 2

(Centurion & Vladilo 1991) is suf�cientl y opticall y thick to block most

soft X-ra ys, and second, the decr eased emissivity of the shock fr onts of the r emnants

themselv es, which ha v e no w decelerated and cooled belo w 10

5

K (Egger & Aschenbach

1995).
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2.8 Galactic Plane Radiation

While conducting a radio sur v e y of the NPS ridge , Berkhuijsen et al. (1971) f ound that

otherwise clear signals became confused within 6

�
of the Galactic Plane . Although unable

to identify the sour ce of the interf er ence , the y designated it `Galactic Plane Radiation'

(GPR). F ollo wing its disco v er y , the GPR faded into obscurity until W or rall et al. (1982)

obser v ed an enhancement in the har d X-ra y band, separate to the radio signal, but

a ppar entl y emanating fr om the same structur es - speci�call y the Galactic Bulge and the

Galactic Ridge; a f eatur e which runs along the centr e of the Galactic Plane of scale height

250 pc and radial extent 10 kpc .

Measur ements sho w ed that the spectrum of the GPR was softer than the XRB, but

har der than that of the LHB (Sno wden et al. 1997), with the plasma temperatur e var ying

betw een 3 k eV and 14 k eV , depending on the dir ection of obser vation. Initiall y , this

temperatur e range suggested to McCammon & Sanders (1990) that if discr ete sour ces

w er e r esponsible , their n umber could not be v er y large , otherwise the variations w ould

be a v eraged out. Other measur ements ha v e indicated, ho w e v er , that the emission is trul y

diffuse (Ebisa wa et al. 2003). Fur thermor e , the spectr oscop y perf ormed using the ASC A

obser vator y r e v ealed a str ong F e-K emission line pr esent at 6.7 k eV , suggesting that the

GPR was thermal in origin (Ebisa wa et al. 2003).

Garmir e & Nousek (1980) suggested that the GPR might be emission fr om a Galactic

Wind that could be emanating fr om the Galactic Bulge . This idea is suppor ted b y Sno wden

et al. (1997), who w ent fur ther , suggesting that the emissions ma y come fr om a r egion

close to the Galactic Centr e itself, a position that falls within the pr ojected interior of

Loop 1. The y w ent on to demonstrate mathematicall y that the obser v ed 0.5 � 2.0 k eV

enhancement in the southern hemispher e , within 10

�
of the Plane , w ould be consistent

with an isothermal Galactic Bulge of temperatur e 10

6.6

K, and a scale height of 1.9 kpc .

The latest r esear ch indicates that, at least at high energies (betw een 6 and 7 k eV , mor e

than 80% of the seemingl y diffuse X-ra y emission of the GPR can be r esolv ed into

discr ete sour ces, pr obabl y accr eting white dwarfs and cor onall y activ e stars (Re vnivtse v

et al. 2009).

44



2.9. THE GALA CTIC HALO AND OUTFLO W

2.9 The Galactic Halo and Out�o w

Whilst using the Mt. Wilson 100 inch spectr ometer , optical astr onomers Münch & Zirin

(1961) disco v er ed a series of absorption f eatur es in the spectra of se v eral high latitude

stars, which the y w er e later able to associate with a n umber of small, absorbing clouds of

neutral gas. Under normal cir cumstances, nearb y Galactic gas is vir tuall y stationar y with

r espect to its local frame of r ef er ence , mo ving onl y at the gr oup v elocity imposed b y the

diff er ential r otation of the Galaxy . These interstellar clouds, ho w e v er , w er e mo ving at

up to 50 kms

� 1

, a pr oper ty which pr ompted Münch and Zirin to name them the `high

v elocity clouds' (HVCs).

L yman Spitzer , who also w ork ed at Mt. Wilson Obser vator y , soon learned of the

disco v er y of the HVCs. He surmised that since the y w er e some distance a wa y fr om

the Galactic Plane , the y had to be pr essurized b y some as y et unma pped gaseous r egion

located be y ond the disk of the Milky W a y . This gas w ould ha v e to be highl y ionised, and

ther ef or e v er y hot (ar ound 3 � 10

6

K, Spitzer (1956)), or else it w ould ha v e a ppear ed

as metal absorption lines in Münch and Zirin' s stellar spectra. Spitzer pr oposed that,

assuming h ydr ostatic equilibrium, this gas should be positioned se v eral kiloparsecs abo v e

and belo w the disk of the Milky W a y; far be y ond the domain of Loop 1 and the LHB.

Spitzer dubbed his h ypothetical structur e the `Galactic Cor ona', since at the time , gas at

such high temperatur es was kno wn to exist onl y in stellar cor onae , and outlined these

ideas in Spitzer (1956).

Evidence to suppor t the Galactic Cor ona was not immediatel y f or thcoming. It was ne v er

dir ectl y detected in the radio band, because its w eak 21 cm �ux blended with the signal

fr om the Galactic Disk (Dick e y & Lockman 1990), and it r emained elusiv e f ollo wing the

adv ent of X-ra y astr onom y . Confusion o v er its de�nition did not help matters; the

pr oblem was exacerbated in the mid-1980' s when the w or ds `halo' and `cor ona' w er e

used inter changeabl y . Marshall & Clark (1984) de�ned the `halo' as the entir e v olume of

diffuse X-ra y emissiv e gas in and ar ound the Milky W a y , wher eas Garmir e et al. (1992)

tentativ el y suggested that a `halo', with a higher temperatur e than the LHB, might exist

be y ond the Galactic disk. Sidher et al. (1996) imagined a disk-lik e halo comprised of hot

gas, energized b y the interaction betw een magnetic �elds and cosmic ra ys esca ping fr om

the Galaxy , while a m ultiphase Galactic cor ona was pr oposed in r esponse to earl y X-ra y
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spectr oscop y b y Sa vage & de Boer (1981), Marshall (1981) and Br egman (1982).

The �rst positiv e identi�cation of the Galactic Halo came fr om R OSA T . In 1995, the RASS

1

4

k eV ma p r e v ealed excess soft emission coming fr om material at a scale height gr eater

than 200 pc (Sno wden et al. 1995), and in 1997 shado wing experiments w er e conducted

with R OSA T at high Galactic latitudes, wher e the HI column is suf�cientl y rar e�ed to

allo w distant emissions to be obser v ed (Sno wden et al. 1997). Bur r o ws & Mendenhall

(1991) used R OSA T data to estimate that in some dir ections, betw een one-half and

tw o-thir ds of the

1

4

k eV emission originates in the Halo or be y ond, although mor e r ecent

studies (Bellm & V aillancour t 2005) suggest that the Halo contribution to the total �ux

ma y be m uch smaller , at onl y � 11%.

It is inter esting to note that, o wing to atten uation b y the h ydr ogen column, the R OSA T

shado wing experiments w er e unable to detect

1

4

k eV Halo emission in and ar ound the

Galactic Plane . W ang (1998) ad ds that e v en though

3

4

k eV emissions ar e mor e r esistant

to atten uation, an y w eak Halo �ux coming fr om the Galactic Centr e dir ection w ould

be subsumed within the m uch str onger signal fr om Loop 1 and the Galactic Plane .

Ne v er theless, the interpr etation of X-ra y spectra f ound in Willingale et al. (2003), names

the Halo as one of a series of interstellar structur es making a contribution to the soft

�ux originating ar ound the Galactic Plane , within the Loop 1 boundar y .

Anal ysis of the RASS data b y Sno wden et al. (1998) sho w ed that the Galactic Halo

is brighter in the nor th Galactic P ole than the south, var ying betw een 0 � 2600 �

10

� 6

counts s

� 1

ar cmin

� 2

o v er the sky . The Halo emission was also f ound to var y mor e

str ongl y to war d lo w er latitudes in the south than those in the nor th, incr easing fr om

500 � 1200 � 10

� 6

counts s

� 1

ar cmin

� 2

at the P ole to a f e w hundr ed counts s

� 1

ar cmin

� 2

near the Plane . Fur ther studies b y Sno wden (2000) r e v ealed that the Halo is clump y:

an obser vation that indicated a lo w scale height, and placed the Halo abo v e the neutral

material in the Disk, betw een a f e w hundr ed parsecs to tens of kiloparsecs fr om the

Galactic Plane . Finall y , the distribution of the Halo , abo v e and belo w the Plane , con�rmed

its association with the Galactic Disk and, b y extension, the gra vitational potential of the

Galaxy .
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2.9.1 Modelling the Halo

Sno wden et al. (1998) w er e the �rst to model the Halo thr ough spectral anal ysis using data

gleaned fr om the RASS sur v e y . Encountering dif�culty when determining the temperatur e

of the Halo , the y pr oposed a tw o-temperatur e model. The �rst component r epr esented

the hotter , har der end of the obser v ed soft excess at

3

4

k eV o v er the extra polation of

the XRB, similar to a hot, unif orm, high-scale Cor ona model pr oposed earlier b y W ang

(1998). The second, a cooler , softer component at

1

4

k eV , had a mor e limited scale height.

Sno wden (2000) later suggested that this cool component could either be pr oduced in

situ b y SNRs, or b y out�o ws link ed with the Galactic Disk, instances of which could cause

the obser v ed

1

4

k eV back-lighting of the Draco Nebula.

Cir cumstantial e vidence f or these tw o components came fr om the obser v ed diff er ence in

angular structur e betw een the variable , clump y

1

4

k eV emission and the smooth intensity

distribution at

3

4

k eV of the XRB �ux outside of Loop 1 (Sno wden et al. 1998).

Galactic Haloes ha v e been obser v ed ar ound galaxies other than our o wn, most notabl y

M101 (see Figur e 2.6), the closest face-on analogue of the Milky W a y (Br egman & Houck

1997). K untz et al. (2000) noted that although w e w ould expect our Galaxy to ha v e a halo

similar to that ar ound M101, the tw o-component models of K untz & Sno wden (2000)

and W ang (1998) pr edict the same total emission str ength that w ould be expected f or

the XRB component alone . He concluded, ther ef or e , that either our Galaxy has v er y

little Halo , or that the tw o-component models o v er -pr edict the contribution fr om the

LHB and Loop 1.

2.9.2 Origin of the Halo

Most cur r ent theories suggest that an out�o w of material fr om lo w er r egions of the

Galaxy ma y be r esponsible f or the cr eation and maintenance of the Halo .

Both Dick e y & Lockman (1990) and Sno wden (2000) fa v our the idea of SNR br eak out:

in this paradigm the lo w er Halo , situated 500 pc abo v e the Plane , contains a cool HI disk

which r egulates the e v olution of the SNRs and superbubbles (Norman & Ik euchi 1989). If

the diameter of a superbubble becomes gr eater than the thickness of the disk, it ma y rise
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Figur e 2.6: M101: The closest face-on spiral galaxy , as imaged b y the Hubble Space

T elescope in visible light (left), and b y the Chandra X-ra y obser vator y (right).

out of the Plane and burst; spilling its contents into the halo via a netw ork of `chimne ys'

that run though the cooler , con�ning gas of the ISM. Berghöf er & Br eitschw er dt (2002)

suggests that since the LHB a ppears to be open to war d the Nor th Galactic P ole , par t of

its thermal energ y ma y ha v e alr eady been transf er r ed to the Galactic Halo thr ough this

pr ocess.

If this out�o w occurs with suf�cient f or ce , then a `Galactic F ountain' ma y be set up

(Norman & Ik euchi 1989), which could channel material up fr om the inner r egions of

the Galaxy and pr oject it high abo v e the Galactic Disk. Some of this material could then

r eturn to the disk under gra vity , spr eading out as it does so , and pr oducing a diffuse Halo

(Sha pir o & Field 1976).

2.10 Ma pping the SXRB

The earliest all-sky ma ps of the SXRB w er e painstakingl y compiled, blur r y affairs. One

of the �rst, a 0.1 � 10 k eV sur v e y completed b y McCammon et al. (1983), had a spatial

r esolution of onl y 7

�
, and r equir ed se v en y ears of r ock et-obtained data to pr oduce . As
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McCammon et al. (1983) noted despondentl y when struggling to interpr et the fuzzy

image , �One is easily misled in attempting to dr aw conc lusions fr om tr ends obser ved in a limited

ar ea. �

T w elv e y ears later , the R OSA T obser vator y (T rümper 1983) radicall y changed our vie w of

the SXRB. R OSA T' s main instrument, the PSPC , was initiall y designed to detect discr ete

X-ra y sour ces in the 0.1 � 2.4 k eV range , but it was quickl y r ealised that it w ould be

ideall y suited to studies of the X-ra y backgr ound. With its large eff ectiv e ar ea, shor t

f ocal length, lo w par ticle backgr ound and unpr ecedented signal to noise ratio , it was able

to sur v e y the entir e sky in onl y 200 da ys. The collected data was used to pr oduce the

R OSA T All Sky Sur v e y (RASS) ma ps (Sno wden et al. 1995), which pr o vided the �rst clear

vision of the structur es pr esent within the SXRB of the Milky W a y .

In total, Sno wden et al. pr oduced thr ee ma ps o v er thr ee energ y bands:

1

4

k eV (0.1 �

0.4 k eV),

3

4

k eV (0.5 � 0.9 k eV) & 1.5 k eV (0.9 � 2.0 k eV) which ar e pr esented in Figur es

2.4, 2.5, & 2.7 r espectiv el y . The ma ps each ha v e an angular r esolution of 2

�
, and co v er

98% of the sky . The y ar e pr esented in Aitoff equal ar ea pr ojection: a method which

minimises distor tion in the central por tion of the ma p , and so allo ws the r elativ e ar eas

of f eatur es located ther e to be displa y ed cor r ectl y , although the ma p edges ar e highl y

distor ted.

The 1.5 k eV ma p , co v ering the high-energ y end of the XRB, is dominated b y the isotr opic

haze of the extragalactic X-ra y backgr ound. A thin, dark line running along the Galactic

Plane indicates the pr esence of absorbing neutral h ydr ogen. Extended plasma structur es,

such as the NPS, Loop 1 interior and the Galactic Centr e enhancement can be seen as

a confused patch of emission, with no clear separation of components: the positions of

these structur es ar e mark ed in Figur e 2.7. Discr ete Galactic sour ces ar e also a ppar ent,

as bright patches par ticularl y within and ar ound the Galactic Plane . Extragalactic sour ces,

such as A GN and galaxy clusters, ar e faintl y visible at higher latitudes, wher e the Galactic

absorption is lo w er .

Since the Galactic disk is less transpar ent belo w 1 k eV , the extragalactic backgr ound

obser v ed in the

3

4

k eV ma p is smoother than in the 1.5 k eV ma p . Soft emission dominates

the

3

4

k eV ma p , highlighting the Galactic structur es; the NPS and Loop 1 interior a ppear

as a cir cle , suggesting that the y f orm a single structur e (Garmir e et al. 1992). Absorption
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Galactic Plane  

Loop 1  
North Polar Spur  

Figur e 2.7: The RASS

3

4

k eV ma p in zer o-centr ed, nor th-oriented Galactic co-or dinates,

displa y ed using an Aitoff equal-ar ea pr ojection. The Nor th P olar Spur , Loop 1 and

Galactic Plane ar e sho wn in pr ojection. The �ux of the LHB, XRB and Halo ar e diffuse ,

and distributed o v er the whole sky . The ma p has been false-colour ed with r espect to

X-ra y intensity . The lo w est intensities ar e blue , and the highest ar e r ed (Image cr edit:

Sno wden et al. (1995)).

is mor e pr onounced in the soft X-ra y bands, par ticularl y along the Plane , wher e the

absorption is wide , structur ed and easil y visible .

The

1

4

k eV ma p sho ws structur e o v er the whole sky with str ong Galactic pole to pole

variation (Sno wden et al. 1995). It is dominated b y the v er y soft emission of the LHB,

sho wing bright, enhanced r egions near the Galactic P oles. The anti-cor r elation betw een

the HI distribution and the X-ra y emission is plainl y a ppar ent. Neither the NPS nor

Loop 1 is clearl y visible in this ma p .

On the whole , the RASS ma ps pr esent an impr essiv e image of the distribution of X-ra y

emission within the Milky W a y but, since the y do not possess an y spatial depth, the y ar e

potentiall y deceptiv e . F or example , the bright, extended r egions in the central r egion
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a ppear super�ciall y to be separate entities, perha ps arising fr om a series of discr ete

sour ces l ying at diff er ent distances along the single line of sight, but after the RASS

ma ps w er e published, it was suggested (b y Sno wden et al. (1995) and others) that both

the NPS and the enhancements on either side of the Plane could be par ts of a single

emission sour ce , possibl y the interior of Loop 1. Ho w e v er , prior to the de v elopment of

high-r esolution spectr oscop y , this could not be con�rmed.

2.11 Summar y

The diffuse X-ra y backgr ound (DXRB) of the Milky W a y comprises a complex blend of

thermal and non-thermal emission, pr oduced b y a wide variety of sour ces.

The non-thermal component of the DXRB emanates fr om distant quasars and A GN. This

isotr opic extragalactic backgr ound (XRB) pr o vides most of the contin uum energ y in the

DXRB spectrum in the 2 � 6 k eV range .

The soft X-ra y backgr ound (SXRB) of the Milky W a y constitutes the thermal component

of the DXRB, and dominates in the 0.4 � 4.0 k eV band. The spectrum of the SXRB is

an amalgamation of the X-ra y signals generated b y se v eral hot, ionised plasma structur es

that exist within the ISM, including the Local Hot Bubble (LHB), Loop 1, the Galactic

Plane and the Galactic Halo .

Both the LHB and Loop 1 ar e thought to ha v e been cr eated b y superno vae , and sub-

sequentl y sha ped b y stellar winds. The LHB has an ir r egular hourglass pr o�le , and is

elongated to war ds the Galactic P oles. The Solar System is embed ded within the LHB,

the emission of which a ppears to be isotr opic and unabsorbed. Loop 1 lies be y ond the

boundar y of the LHB. It is y ounger and hotter than the LHB, and m uch larger , ha ving

a ppar entl y been in�ated b y stellar winds fr om the Sco-Cen association, which is 210 pc

distant. A thick cloud of displaced HI, the W all, which lies at the interface betw een the

LHB and Loop 1, is thought to indicate an interaction betw een the tw o bubbles. The

dense W all is almost opaque to soft X-ra ys, a pr oper ty which m ust be car efull y consider ed

when interpr eting an y spectra of the X-ra y backgr ound measur ed in its vicinity .

The Galactic Plane Radiation (GPR) is diffuse , thermal X-ra y emission that manif ests
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Figur e 2.8: The Sour ces of the DXRB

itself onl y within 6

�
of the Plane . It is the least understood component of the SXRB: its

sour ce is uncer tain, its �ux has not been systematicall y characterised, and its str ength

as a function of distance fr om the Plane has not been quantitativ el y measur ed. It has,

ho w e v er , been detected in both the radio and soft X-ra y bands.

Finall y , the Galactic Halo , which lies abo v e the HI disk on either side of the Galactic

Plane , mak es its contribution to the SXRB. The actual origin of the Halo is still a matter

of debate , although both Galactic f ountains and SNR out�o w ha v e been suggested and

modelled with some degr ee of success.

F or an y giv en obser vation, the structur es l ying on the line of sight contribute thermal

emission lines and contin uum energ y to the �ux of the SXRB. When this �ux is combined

with that of the XRB, the total spectrum of the DXRB is pr oduced, as summarised in

Figur e 2.8.
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Data Reduction

The DXRB a challenging subject: its X-ra y �ux is w eak, diffuse , and pr oduced b y a host of

interstellar structur es. Because its signal is easil y o v erwhelmed b y stra y photons arising

fr om instrumental contamination, stars and cosmic ra ys, atypical methods ar e r equir ed

to anal yse it: f or example , most of the measur ed e v ents, including all those fr om point

sour ces, m ust be r ejected in the earl y stages of data r eduction rather than pr eser v ed.

T o complicate matters fur ther , data m ust be sour ced fr om the entir e �eld of vie w of the

X-ra y detector , and not fr om a small selected r egion.

T o meet these r equir ements, an alternativ e data r eduction pr ocess has been f orm ulated

to perf orm instrument calibration and backgr ound subtraction. This pr ocess, which

pr oduces images and spectra of the DXRB fr om ar chiv ed XMM obser vations, is described

in this cha pter .

3.1 T elescope Limitations

The quality of the data collected b y a telescope is determined b y the ph ysical limitations of

its optics and the technical shor tcomings of its detector . Despite the rig or ous scr eening

and cleaning pr ocesses emplo y ed, the �nal spectra will not be ideal r epr esentations of

the original X-ra y signal. Rather , the y ar e a con v olution of the original signal with the

r esponses of the telescope optics and detector to that signal. It is possible to minimise
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the deleterious eff ect of the telescope' s r esponse thr ough car eful calibration, while other

factors, such as the point spr ead function, ar e intrinsic to the instrument and cannot be

cor r ected. These ar tefacts de�ne the limit of accuracy in the r educed data.

3.1.1 Eff ectiv e Ar ea & Vignetting

The `eff ectiv e ar ea' of a detector is the total collecting ar ea of the optical elements and

detector system, described as a function of energ y . It is aff ected b y se v eral factors,

including �lter transmission, vignetting eff ects and the quantum ef�ciency of the CCD

chips.

`Vignetting' r educes the eff ectiv e ar ea of the telescope mir r ors as the off-axis angle

incr eases. In practice , this means that the gr eater the angle betw een the telescope' s

optical axis and the path of an incident photon, the lo w er the pr obability of it r eaching

the f ocal plane . Vignetting can ha v e serious consequences when obser ving and detecting

point sour ces, because it r educes the brightness of images of objects detected near the

outside chip edges r elativ e to the central r egion detector . Among the various sour ces of

internal backgr ound contamination that ar e described in the f ollo wing sections, onl y soft

pr oton �ar es ar e aff ected b y vignetting (Read & P onman 2003). Contaminating e v ents

fr om electr onic ar tefacts such as bright pix els, po w er surges, and instrument �uor escence

ar e not spatiall y vignetted, because the y occur at or within the detecting surface , and do

not interact with the telescope' s optics.

3.1.2 The P oint Spr ead Function

An ideal telescope w ould be able to f ocus each incident photon onto a single CCD

pix el, pr oducing a perf ectl y sharp , clear image . In r eality , this cannot occur . Instead, the

imperf ect f ocusing of the telescope optics causes the energ y of each photon to be spr ead

o v er a n umber of pix els on the detector . The ability of a telescope to f ocus photons, its

`r esolution', is thus determined b y its `point spr ead function', or PSF . The PSF is measur ed

in ar cseconds, and delimits the size of the f eatur es that can be r esolv ed b y an instrument.

A n umber of separate objects detected in an ar ea less than the width of the PSF could
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not be r esolv ed, and w ould a ppear in the image as a single or merged sour ce . In the

study of the SXRB, the PSF is not of dir ect r ele vance because the signal is diffuse , and b y

de�nition, unf ocused. It is, ho w e v er , of vital impor tance in the detection and r emo val of

point sour ces.

Lik e vignetting, the PSF is a function of the off-axis angle within the 30

0
�eld of vie w of

the mir r ors. It is also dependent on energ y , but f or tunatel y its distribution is nar r o w and

sho ws little variation o v er the 0.1 � 4.0 k eV energ y range co v er ed in this r esear ch. Each

of the thr ee EPIC detectors has its o wn PSF , as sho wn in T able 3.1.

T able 3.1: The on-axis, in-orbit, 1.5 k eV PSFs of the EPIC detectors giv en f or full width

at half maxim um and half-energ y width (Dahlem et al. 1999).

Instrument pn MOS1 MOS2

FWHM � 6.6

00
4.3

00
4.4

00

HEW 15.2

00
13.8

00
13.0

00

3.2 The EPIC Filters

The EPIC cameras ma y be used alone , or in conjunction with one of thr ee aluminium-

coated optical blocking �lters, named thic k , medium , and thin . These ar e used to minimize

contamination b y infrar ed, visible and ultra violet photons, to which the EPIC CCDs ar e

also sensitiv e . Unf or tunatel y , the use of a �lter has a detrimental eff ect on the energ y

r esponse of EPIC , par ticularl y in the 0.1 � 2.0 k eV range , which ser v es to decr ease the

eff ectiv e ar ea of the detector , as illustrated in Figur e 3.1.

The optical blocking ca pacity of the thick �lter is a ppr o ximatel y one thousand times

gr eater than the medium �lter (Dahlem et al. 1999). Although this is str ong enough to

pr e v ent contamination fr om point sour ces with visible magnitudes 1 � 4 f or MOS or

0 � 3 f or pn, it also blocks a signi�cant pr opor tion of the soft X-ra ys which ar e critical

in the study of the soft X-ra y backgr ound. Consequentl y , obser vations made with the

thick �lter w er e not used. The open-�lter mode (in which no �lter is a pplied) was also

a v oided when selecting data f or anal ysis, as it pr o vides no pr otection fr om lo w energ y

photons, and so guarantees contamination b y visible and UV light.
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Figur e 3.1: The combined eff ectiv e ar ea of the thr ee X-ra y detectors, demonstrating the

eff ect of the thin, medium and thick �lters on the energ y r esponse of the EPIC . (Image

tak en fr om Ehle et al. (2003))

All of the data sets used in this r esear ch w er e obtained using either the thin or medium

�lters. The thin �lter off er ed some pr otection fr om v er y soft photons, whilst ensuring

that the signal fr om the SXRB could r each the detector . The medium �lter is ar ound

one hundr ed times mor e ef�cient than the thin �lter , and so was able to pr e v ent optical

contamination fr om sour ces with visible magnitudes of 8 � 10, but still allo w ed most of

the SXRB signal thr ough.

3.3 SAS, Q and the Data Ar chiv e

Obser vational data fr om the XMM-Ne wton Obser vator y is transmitted dir ectl y to the

Science Operations Centr e (SOC) at the Eur opean Space Astr onom y Centr e in Vilspa.
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Once ther e , it is used to cr eate an Obser vation Data File (ODF) which contains the

image data, science telemetr y and operational notes f or each instrument, along with a

range of auxiliar y inf ormation such as craft attitude , orbital data, �lter descriptions and

exposur e times.

The ODF is then transf er r ed to the Sur v e y Science Centr e (SSC) at the Univ ersity of

Leicester , wher e it is passed thr ough an automatic anal ysis pipeline . This outputs a range

of data pr oducts f or each of the EPIC instruments, including optical �nding char ts, X-

ra y images, exposur e ma ps and calibrated e v ent lists. Both the ODF and the `pipeline

pr oducts' ar e then stor ed in the XMM data ar chiv e and made a vailable to r esear chers

ar ound the w orld.

The SSC pipeline consists of a series of P erl (Wall 2007) scripts, each of which utilise

the Science Anal ysis Softwar e tasks: a suite of tools that was designed speci�call y to

pr ocess and anal yse data obtained fr om the XMM-Ne wton Obser vator y . This softwar e

is contin uall y de v eloped and maintained b y the SAS De v elopment T eam (2006).

Although the SAS tasks can be run independentl y of the pipeline , the y ha v e been used

sparingl y in the anal ysis f eatur ed in this thesis. Most of the data r eduction was perf ormed

outside the SAS en vir onment, using a series of scripts written in Q (Willingale 2004)

which mimic the SAS tasks and pr o vide some extra functionality .

The Q scripts, used extensiv el y in this r esear ch, w er e originall y f orm ulated and described

b y Willingale et al. (2003), and also used b y Hands (2003), to in v estigate the SXRB near

the Galactic Plane and in the central r egions of the Milky W a y . The motivation behind

their alternativ e a ppr oach was that the earl y v ersions of SAS, which had been gear ed

to war d the study of bright objects, w er e not able to cope with the lo w photon count

rates associated with the diffuse emission of the SXRB.

Unf or tunatel y , as is often the case in pr ocedural de v elopment, se v eral er r ors w er e made ,

both in the methodolog y and in the coding of the scripts, which pr e-exist this pr oject b y

se v eral y ears. These w er e disco v er ed and cor r ected in the course of this r esear ch. This

has r esulted in a change in interpr etation of the spectra, which will be explained at the

end of this cha pter so that the y ma y be understood in the context of the thesis.

All data and r esults r epor ted in this thesis ha v e been pr oduced using impr o v ed, cor r ected
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v ersions of the original Q scripts.

3.4 Field Selection and Data

T w enty XMM obser vations w er e pr ocessed and anal ysed in or der to pr oduce the r esults

pr esented in this thesis. These w er e selected on the basis of thr ee criteria. First, that

the exposur e time was se v eral kiloseconds in length, to ensur e that suf�cient data had

been gather ed f or detailed anal ysis. Second, onl y obser vations tak en with the detectors

in full-frame mode in conjunction with either the thin or medium �lters w er e selected,

f or the r easons described in Section 3.2. Finall y , �elds with f e w bright point sour ces w er e

pr ef er entiall y selected in or der minimise the total contaminated ar ea that w ould ha v e

to be mask ed when cleaning the data-set. Signal contamination can also be pr oduced

b y compact diffuse sour ces, such as nebulae and distant galaxies. This kind of emission

is vir tuall y impossible to r emo v e , and so �elds containing these f eatur es w er e a v oided

altogether .

The obser vations used in this r esear ch can be split into tw o gr oups, the �rst of which

lies within the pr ojected boundar y of the Loop 1 Superbubble and includes thr ee �elds

in the Nor thern Bulge of the Galaxy (X1, X2 and X3), tw o in the Nor th P olar Spur (N4

and N5) and �v e belo w the Galactic Plane in the Southern Bulge (B1, B2, B3, B4 and B5).

The positions of these obser vations w er e originall y pr oposed b y Dr . R. Willingale in the

XMM A O-2 pr ogramme so that variations in the har d Galactic component of the SXRB

could be measur ed as a function of latitude . The spectra of the SXRB deriv ed fr om these

�elds ha v e been examined in gr eat detail, and the outcomes of this in v estigation into the

pr oper ties of the SXRB in the Loop 1 r egion ar e pr esented in Cha pter 4 of this thesis.

The second gr oup of obser vations, the `Oxygen' �elds O1 � O10, lie in the anti-centr e

dir ection, be y ond the limits of Loop 1, and ha v e been used in conjunction with the �rst

gr oup of �elds to in v estigate the distribution of O VII and O VIII thr oughout the Galaxy .

The r esults of this line of r esear ch will be discussed in Cha pter 5.

Details of all of these obser vations ar e pr esented in T able 3.2, and their pointing locations

ar e sho wn in Figur e 3.2.
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T able 3.2: Details of the XMM obser vations used in this r esear ch. The total exposur e

times and g ood time inter vals f or these �elds ar e listed in T able 3.3.

Obser vation Re v olution Galactic Galactic Field Filter Obser vation

ID Latitude Longitude Date

(b

ll

) (l

ll

)

0152630101 673 12.00 345.00 X1 Thin 13/08/2003

0152630201 672 18.00 345.00 X2 Thin 10/08/2003

0152630301 672 24.00 345.00 X3 Thin 11/08/2003

0050940201 413 -2.71 0.46 B1 Medium 12/03/2002

0050940101 413 -3.87 1.05 B2 Medium 11/03/2002

0067340301 229 -5.49 0.39 B3 Medium 09/03/2001

0050940301 323 -8.00 0.56 B4 Medium 13/09/2001

0050940401 414 -12.00 0.00 B5 Medium 14/03/2002

0067340401 224 20.00 25.00 N4 Medium 28/02/2001

0067340501 224 30.00 20.00 N5 Medium 28/02/2001

0079570201 343 -9.50 233.01 O1 Medium 23/10/2001

0092360401 346 -20.80 238.15 O2 Thin 28/10/2001

0103260401 243 0.43 201.22 O3 Medium 06/04/2001

0103262801 702 -3.30 184.37 O4 Medium 09/10/2003

0110661301 128 -37.36 171.11 O5 Thin 20/10/2000

0111100101 399 -17.55 139.50 O6 Thin 11/02/2002

0111100301 149 21.11 202.74 O7 Thin 01/10/2000

0112200201 473 -3.44 126.30 O8 Medium 09/07/2002

0112320301 729 -34.56 159.27 O9 Thin 02/12/2003

0203130201 737 1.12 111.12 O10 Medium 18/12/2003

3.5 Cleaning the Data

The MOS1, MOS2, and pn e v ent lists and exposur e ma ps f or the selected �elds w er e

do wnloaded fr om the XMM Data Ar chiv e (XMM Science Operations Centr e 2006). Each

e v ent list contains the parameters (`�ags') associated with the photons r ecor ded b y the

EPIC . These include the time of each detection, its position on the detector , the pulse

height of the signal pr oduced, and also an y quantities deriv ed fr om these values, such

as the celestial co-or dinates and photon energ y of each e v ent. The exposur e ma p giv es

the net exposur e time per pix el f or the obser vation. It is used to calculate the n umber

of counts per second per pix el in the associated e v ent list, and so allo w normalised,
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Figur e 3.2: The

3

4

k eV RASS ma p (Sno wden et al. 1995), in zer o-centr ed Hammer equal-

ar ea pr ojection, sho wing the positions of the tw enty XMM �elds used in this r esear ch.

This is an all-sky ma p , with the x- and y-ax es mark ed in degr ees of Galactic longitude and

Galactic latitude .

exposur e-cor r ected images to be cr eated.

As one w ould expect, an e v ent �le contains not onl y the pur e signal fr om the target

of the obser vation, but also contamination fr om `external backgr ound' e v ents (cosmic

ra ys and, in this instance , photons fr om point sour ces) and `internal backgr ound' e v ents,

which originate within the EPIC detector itself. Contributions to the internal backgr ound

arise fr om incident charged par ticles, which interact with the constituent materials of the

detector . Electr onic noise and damaged r egions on the CCD chips also pr oduce spurious

e v ents. These backgr ound contributions w er e , as far as possible , identi�ed and r emo v ed

fr om the do wnloaded e v ent lists bef or e spectra w er e constructed. This was done f or

each of the EPIC detectors using the steps described belo w .

3.5.1 Solar Wind Exchang e and Long T erm Enhancements

While compiling the RASS ma ps, Sno wden et al. (1995) unco v er ed �ar es in the X-ra y

�ux, which the y named long-term enhancements, or L TEs.
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During an L TE, the X-ra y photon count rate incr eases ra pidl y , and can as m uch as double

o v er the course of one to tw o da ys. In this period, the stable �ux of the SXRB is s wamped

b y a blast of soft thermal emission which, after persisting f or se v eral da ys, fades, allo wing

the backgr ound �ux to r eturn to its long-term a v erage le v el. An L TE contaminates both

the contin uum energ y of the SXRB and the intensity of cer tain emission lines, par ticularl y

O VII . Occasionall y , the �ux contribution of a L TE ma y r each that of the XRB in the

1

4

k eV band (Sanders 2001), making it a small but signi�cant component of the total SXRB

spectrum.

Sno wden' s L TEs pr o v ed to be a major sour ce of contamination during the construction of

the RASS ma ps (Section 2.10). Due to their extended periods of in�uence , entir e obser -

vations in the sur v e y w er e contaminated be y ond r epair . F or tunatel y , the sur v e y included

man y r epeated obser vations, and thr ough dir ect comparison of these , the enhanced �elds

could be identi�ed. After painstaking anal ysis of the sur v e y data, Sno wden et al. (1995)

w er e able to claim con�dentl y that the y had excluded L TE aff ected obser vations fr om

the data included in the �nal RASS ma ps. Consequentl y , the RASS data points used to

constrain the lo w end of the spectra during the �tting pr ocess (Section 4.5.1) should ha v e

been onl y minimall y aff ected b y L TE activity .

Despite their str ong eff ects, the mechanism thr ough which the L TEs w er e generated

r emained uncer tain f or some time: Sno wden et al. (1994) f ound no cor r elation betw een

L TEs and the dir ection of obser vation, or an y other obser vational parameters. Ho w e v er ,

after anal ysing the RASS �elds, Sno wden et al. (1995) concluded that the X-ra y �ux of

the L TEs m ust ha v e originated locall y: not simpl y within the LHB, but betw een the Ear th

and the Moon. The y still could not, ho w e v er , �nd a r elationship betw een the intensity

or fr equency of the L TEs and the lunar orbital parameters, or suggest a mechanism that

could generate the L TE �ux. Chandra obser vations of the dark Moon (W argelin et al.

2004) also sho w ed an excess of O VII and O VIII �ux, pr o viding fur ther e vidence of a

geo-cor onal X-ra y emission originating in the near -Ear th en vir onment, and suppor ting

the pr oposition of a local L TE sour ce .

The �rst clue to the origin of the L TEs came fr om obser vations of cometar y X-ra y

emission. Thr ough studying comet Hyakutak e in 1996, Lisse et al. suggested that the

comet' s X-ra y spectrum might arise as the pr oduct of charge exchange betw een the

neutral material r eleased in its tail and the hea vy ions pr esent in the solar wind. This idea
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was de v eloped b y Co x (1998) and Cra v ens (2000), who suggested that the same pr ocess,

a Solar Wind Charge Exchange (SWCX), a non-thermal electr on ca ptur e interaction

betw een the neutrals in the Ear th' s geocor ona and heliospher e , could pr oduce the soft,

o xygen-rich �ux consistent with that seen in the L TEs, and account f or a por tion of the

SXRB. This was con�rmed in 2001, when Rober tson et al. (2001) w er e able to sho w a

cor r elation betw een the timings of Sno wden' s L TEs and the pr oton �ux in the solar wind.

Since the charge exchange m ust occur within the magnetosheath, at a distance of 2-

8 Ear th radii (Fujimoto et al. 2007), it f ollo ws that the emission spectrum will a ppear

unabsorbed. Mor eo v er , the SWCX �ux is vir tuall y indistinguishable fr om that of the

LHB (Sno wden et al. 2004); so , while most of the emission fr om the LHB and Loop 1

originates fr om superno va r emnants that cr eated them (Dick e y & Lockman (1990) &

Egger & Aschenbach (1995)), at least par t of the �ux attributed to the LHB m ust come

fr om the SWCX.

This asser tion alone lead some , including Lallement et al. (2004), to suggest that SWCX

might be r esponsible f or a signi�cant fraction of the �ux pr e viousl y attributed to the LHB,

thus bringing into question the cur r ent model of the local ISM. Fujimoto et al. (2007)

considers the contribution of the SWCX �ux to be a signi�cant (but less than 50%)

contaminating f or egr ound in the SXRB at energies less than 0.1 k eV .

Recent inter est in the SWCX has lead to a gr eater understanding of its beha viour and its

eff ect on X-ra y spectra.

T w o pr ocesses ar e thought to be at w ork. The �rst is a geocor onal interaction, which

pr oduces sporadic �ar es in the light cur v e of the SXRB that var y ra pidl y in magnitude with

time . Fujimoto et al. (2007) r ecommends light cur v e �ltering, such as that perf ormed

during the data r eduction pr ocess, to eliminate the periods in which this is a major

pr oblem. In the second pr ocess, charge exchanges occur with interstellar neutrals

as the y pass thr ough the heliospher e , generating both contin uum energ y and copious

emission lines. These ar e , ho w e v er , far mor e subtle than the �ar es, because most of

their ra pid variation is wiped out b y the long tra v el time of solar wind e v ents thr ough

interplanetar y space .

Fujimoto et al. (2007) argued, on the basis of the shor t-time scale variations ( =sim10

min utes) that the y obser v ed in the �ar es, that their sour ce m ust ha v e an angular size of
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no mor e than 10 light min utes. The emission r egion occupied b y the sour ce had also

to be larger than the �eld of vie w of his detector (18'). Hence , the y estimated that the

sour ce had to lie within a distance of 10

� 3

pc . T o pr oduce the emission lines also seen

in the spectrum, a signi�cant sour ce of ions w ould also ha v e to be pr esent within this

radius, and as the y point out, the onl y sour ce to meet these criteria is the Sun.

Ther e ar e tw o pr oduction mechanisms thr ough which the Sun ma y pr oduce the X-

ra y emission lines seen in the enhanced �ux. The �rst is scattering of solar X-ra ys

b y the Ear th' s atmospher e , and the second is SWCX. Fujimoto et al. (2007) excluded

atmospheric scattering, on the basis that their data sho w ed no cor r elation betw een the

X-ra y intensity of the enhancement and the pr oduct of the solar X-ra y intensity and the

sunlit atmospheric column density . Ho w e v er , the y did �nd a cor r elation betw een the

pr oton �ux in the upper atmospher e and the �aring periods consistent with SWCX.

The SWCX pr ocess giv es rise to line emission, in par ticular C VI , O VII , O VIII , Ne IX ,

and Mg XI (Krasnopolsky et al. 2004), which b y unf or tunate coincidence , ar e the same

spectral lines expected fr om interstellar plasmas at about 0.15 k eV . This contamination

is ther ef or e indistinguishable fr om the LHB' s signal within the SXRB spectra, and will, to

some extent, impact on the anal ysis perf ormed her e .

Ther e is still m uch debate about the le v el of contamination. As Fujimoto et al. (2007)

notes, w e ar e far fr om an understanding of the SWCX adequate to determine the true

extent of the contribution. Accor ding to K outr oumpa et al. (2009) it should contaminate

all soft X-ra y obser vations to some extent, although this le v el w ould depend str ongl y

on the solar wind �ux and abundance variations at the time of obser vation. Sno wden

et al. (1995) f ound that in the

3

4

k eV band, dominated b y O VII and O VIII , no emission line

�ux is r equir ed fr om the LHB, as it could all be generated b y the SWCX in most ar eas,

par ticularl y near the plane . Near the Galactic P oles, ho w e v er , wher e the ends of the LHB

open to the Halo , the SWCX model can not account f or all the emission. K outr oumpa

et al. (2009) suggest that a mix of SWCX and LHB emission is most lik el y , but do not

estimate pr opor tions.

It is possible that up to half of the unabsorbed �ux cur r entl y attributed to the LHB

is r eall y pr oduced b y the SWCX, making the LHB half as bright as pr e viousl y thought

(Cra v ens 2000). Shelton (2009) calculated that if this w er e the case , then the electr on
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density , thermal pr essur e and emission measur e of the LHB w ould be r educed fr om the

cur r entl y accepted value b y factors of a ppr o ximatel y

1p
2

and

1

2

r espectiv el y , bringing its

pr oper ties mor e in line with adjacent material.

3.5.2 Subtracting the Cosmic-Ra y Backgr ound

The cosmic ra ys which interact with XMM tend to be fast-mo ving, charged par ticles with

energies higher than 100 MeV . When these enter the EPIC , the majority ar e automaticall y

r ecognised and r ejected, either b y the on-boar d softwar e or b y the SSC pipeline , but

those that r emain ar e falsel y r ecor ded as e v ents. This can pr oduce an a ppar ent count

rate of � 0.9 counts s

� 1

betw een 0.2 � 12 k eV f or a MOS camera (Lumb 2002) which,

although small, is signi�cant because it has a similar magnitude to the measur ed �ux of

the SXRB.

X-ra y astr onomers usuall y obser v e `point sour ces': stars, quasars, and so on. Ha ving

acquir ed a data-set, the y estimate and r emo v e the contribution of the cosmic backgr ound,

lea ving the �ux of the desir ed point sour ce . This is normall y achie v ed b y subtracting the

measur ed �ux fr om a `backgr ound' r egion that contains no obvious point sour ces fr om

the a v eraged �ux of a small r egion sur r ounding the sour ce .

This method could not be used in this r esear ch because the w eak �ux of the SXRB had to

be extracted fr om the complete �eld of vie w of all the chips in each detector , pr e v enting

the de�nition of a `backgr ound' r egion. F or tunatel y , the construction of the EPIC camera

allo w ed an alternativ e method to be adopted. The MOS and pn CCD ar ra ys ar e par tiall y

co v er ed b y the telescope housing: an ar rangement which shields their edges fr om X-ra ys

during an obser vation, while exposing the inner r egions of the chips to the X-ra y sky .

Cosmic ra ys, ho w e v er , ar e able to pass straight thr ough the housing, and so cause false

detection e v ents to occur with a ppr o ximatel y equal pr obability on all r egions of the EPIC

CCD chips, including the hid den chip edges.

The �rst stage of data r eduction was, ther ef or e , to separate the data originating fr om the

inner and outer r egions of the chips, as illustrated in Figur e 3.3. The contribution of the

cosmic-ra y backgr ound was then estimated b y measuring the counts in the outer r egions

and scaling these to the �eld of vie w of the detector . This estimated backgr ound was then
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Figur e 3.3: The f ocal plane ar rangement of the CCD chips in MOS (left) and pn (right).

MOS contains se v en chips, each co v ering 10.9 � 10.9

0
, pn has tw elv e chips of 13.6 � 4.4

0
.

The r ed cir cles, of 30

0
diameter , r epr esent the ar ea exposed to the sky . The y ello w chip

ar eas l ying outside the cir cles ar e shielded within the telescope fuselage .

subtracted fr om the data e v ents gather ed fr om the inner r egion. It is r easonable to use

this method, since the chip edges experience the same instrumental noise and cosmic-ra y

activity as the inner r egions f or the duration of the obser vation, e v en though the y ar e

not dir ectl y exposed to space . It is, ho w e v er , better suited to the MOS detectors since ,

compar ed to pn, a larger pr opor tion of their total chip ar ea is shielded.

3.5.3 Filtering the Ev ent List

When a par ticle (f or example , a cosmic ra y or photon) is incident on the EPIC , it deposits

its charge into a pix el on the CCD surface . Ideall y , f or each charge cycle of the detector ,

an y giv en pix el will detect one par ticle , allo wing the par ticle' s energ y to be measur ed

accuratel y . Occasionall y , ho w e v er , a pix el detects mor e than one par ticle bef or e the

charge is r ead out. When this occurs, the charges deposited in the pix el ad d together ,

and pr esent as a single e v ent with the sum of the par ticle energies; an eff ect kno wn as

`photon pile-up'. Pile-up can distor t the spectrum, har dening it ar ti�ciall y as piled-up soft

e v ents shift into high energies. Pile-up is not a pr oblem f or lo w energ y sour ces, but it
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can be a major concern when handling bright point sour ces and cosmic ra ys.

When the energ y of a single e v ent, or a piled-up e v ent, is under the thr eshold le v el, the

energ y of the incident par ticle or photon is r estricted to a single pix el, and it will r egister

as a Pattern 0 e v ent, as sho wn in Figur e 3.4. Ho w e v er , when the total charge contained

within a pix el exceeds the e v ent thr eshold le v el of the detector , charge ma y `spill o v er'

into neighbouring pix els, pr oducing the patterns n umber ed 1 thr ough 31.

Since the pattern type is r ecor ded in the e v ent list, it is possible to �lter the data b y

pattern n umber . Appr o ximatel y tw o thir ds of the r ecor ded pn e v ents ar e pattern 0. Spill

o v er is r epr esented b y the higher pattern n umbers ( � 13 � 25, and 31). Pix els aff ected

in this wa y ar e a major pr oblem in spectral anal ysis, since their pr esence in the e v ent list

can signi�cantl y alter the pr o�le of the spectrum. Consequentl y , when obser ving bright

sour ces, it is sometimes necessar y to mask out all but the single pix el e v ents. In this case ,

as the emission fr om the SXRB is so w eak, charge saturation of pix els was not a concern,

and so se v er e �ltering was not r equir ed. Instead, patterns w er e selected f or which the

EPIC r esponse �les ar e w ell calibrated, these being patterns 0 � 12 f or MOS and 0 � 4

f or pn. Ev ents with patterns outside these ranges w er e mask ed out.

The e v ent list also incorporates `�ags' that de�ne the quality of data. A quality �ag of

value 1 or mor e indicates that an e v ent occur r ed either at the edge of the CCD , or in

close pr o ximity to a br ok en (bad) pix el. Since some of the charge fr om these e v ents ma y

ha v e been lost to the bad pix els, br ok en columns, or unde�ned r egions at the chip edges,

the y w ould ha v e alter ed the �nal spectrum, and so w er e mask ed out. Onl y r eliable data,

with a quality �ag of zer o , w er e used in the full anal ysis.

PI r ef ers to `Pulse-height In variant' channels which ar e cor r ected f or gain and charge

transf er ef�ciency , and also combined so that the energ y measur ed on each of the pix els

within a pattern is summed into a single e v ent. PI channel inf ormation is r ecor ded f or

each e v ent in the list, and was used to fur ther r e�ne the data set. All e v ents with PI

energies less than 0.2 k eV and gr eater than 12 k eV w er e excluded fr om the �nal e v ent

list, since XMM calibration is unr eliable at these energies.

Finall y , the e v ent lists w er e �lter ed using a spatial �ag. Ev ents that w er e r ecor ded in chip

r egions which had been exposed f or less than 25% of the full on-axis exposur e time w er e

mask ed out. This ensur ed that data fr om the highl y vignetted r egions at the outer edges
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Figur e 3.4: The r ecognised e v ent patterns f or the EPIC cameras. Each small squar e

r epr esents a pix el. By de�nition, a pattern is centr ed on the pix el with the highest

charge , depicted her e in r ed. Adjoining pix els, which accommodate the r emaining charge

fr om the e v ent, ar e colour ed y ello w . The white squar es de�ne the boundar y of the

pattern, and lie belo w the thr eshold le v el f or e v ent detection. The blue squar es ar e

indiff er ent, and can be abo v e thr eshold.

of the detectors, and the obscur ed r egions on the inner edges of the chips in the MOS

ar ra ys, w er e not included in the �nal data set.

3.5.4 Light Cur v es and Flar es

Ha ving been `cleaned', each e v ent list was used to pr oduce a light cur v e: a gra ph which

sho ws the variation in count rate as a function of time . The amplitude of the light

cur v e of a steady sour ce such as the SXRB should, in theor y , sho w v er y little variation,

r esulting in a �at pr o�le of a ppr o ximatel y constant amplitude . In practice , ho w e v er , it

�uctuates o wing to y et another contribution to the backgr ound: drifting clouds of soft

solar pr otons, encounter ed b y XMM as it orbits the Ear th (Read & P onman 2003).

Soft pr otons tra pped in the Ear th' s magnetospher e ar e thought to be accelerated b y
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`magnetospheric r econnection' e v ents which a ppear to be unr elated to solar activity

(Lumb 2002). As XMM mo v es thr ough the magnetospher e , these pr otons ar e inadv er -

tentl y scatter ed b y the W olter mir r ors. On passing though the �lter the y r each the EPIC

detectors, wher e the y ar e r egister ed as `e v ents'. The contaminating pr oton e v ents ar e

not identi�ed during pipeline pr ocessing, but fr equentl y pr oduce pr onounced �ar es in

the light cur v e . Such �ar es can be extr emel y str ong, r eaching hundr eds of counts per

second: an intensity far gr eater than that pr oduced b y the soft X-ra y backgr ound.

The fr equency and duration of �ar es occur ring while XMM is within the magnetospher e

is highl y variable . Ideall y , obser vations intended f or backgr ound in v estigations should be

perf ormed when XMM is outside the magnetospher e , wher e the �aring is minimal. This

can, in theor y , be scheduled and included as par t of an obser vation pr oposal. Ho w e v er ,

since the data used in this thesis was tak en fr om the ar chiv e (XMM Science Operations

Centr e 2006) and not speci�call y pr oposed, it was necessar y to scr een the data r outinel y

f or �ar es.

F or lo w brightness sour ces such as the SXRB, it is necessar y to select lo w intensity

(`quiet') time periods fr om the data set f or anal ysis, to minimize contamination fr om

�ar es and variable sour ces. A light cur v e was cr eated, using the cleaned e v ent list, and

including e v ents with energ y fr om 0.2 k eV to 12 k eV . The light cur v e was then stringentl y

�lter ed b y masking out r egions with count rates just abo v e that of the quiescent le v el (in

each instance , the le v el was set b y e y e , as sho wn in Figur e 3.5), eff ectiv el y r emo ving the

pr oton �ar es. This pr ocess r educes the usable exposur e time of the obser vation, since

the data obtained o v er the duration of the �aring activity is discar ded. The r emaining

period of the exposur e time , the `g ood time inter val' or GTI, is that during which useful

data was obtained. The �nal GTIs calculated f or the pr ocessed �elds ar e sho wn in

T able 3.3.

3.5.5 Internal Fluor escence

The �nal contribution to the internal backgr ound of the EPIC detectors arises fr om the

interaction betw een charged par ticles, with energies of se v eral hundr ed MeV , and the

materials that mak e up the structur e of the XMM telescope . The charged par ticles

excite the electr ons of the neutral atoms that mak e up the EPIC detector and its associ-
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Figur e 3.5: The frame on the left sho ws the un�lter ed light cur v e (counts vs. time)

obtained b y the MOS cameras in the B1 �eld. The high peaks in the gra phs ar e �ar es,

which m ust be r emo v ed bef or e the data can be pr ocessed. The contin uum under the

peaks is pr oduced b y the w eak, constant �ux fr om the DXRB. In the right-hand frame , a

time cut (the r ed line) has been set at 300 counts s

� 1

. All data l ying abo v e this line will

be excluded fr om the r est of the r eduction pr ocess.

ated structur es. When the atoms de-excite , the y �uor esce , emitting X-ra y photons b y

the same pr ocess as that described in Section 1.2.1. These photons ar e subsequentl y

detected, and a ppear as discr ete emission lines within the spectra pr oduced b y EPIC .

Se v eral elements ar e r epr esented in the internal backgr ound spectrum of EPIC , including

Cr , Mn, F e-K, and Au-L in MOS, and Cu-K in pn. The most pr ominent lines pr esent

within EPIC ar e attributed to the Al-K � and Si-K � transitions, which lie at � 1.47 k eV

and � 1.68 k eV r espectiv el y . The r elativ e str ength of these emission lines is dependent

on the energ y spectrum of the incident charged par ticles.

The �uor escence is not unif orml y distributed acr oss the chip ar ra ys. In MOS, the Al-K �

emission is w eak est at the edges of the CCDs, in the r egions which ar e o v ershado w ed

b y sur r ounding chips. It is also less intense at the outermost edges of both the MOS and

pn ar ra ys, because these ar e par tiall y enclosed b y the body of the camera. The Al-K �

emission is brightest at the outside enclosed edges of the outer chips in both ar ra ys,

since these ar e closest to the aluminium camera housing.

The silicon line seen in the MOS spectra arises because its CCD chips o v erla p in se v eral

places. This orientation allo ws charged par ticles to impact the back of the CCD chips,

and to excite the silicon atoms contained in the substrate f ound ther e . The r esulting
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T able 3.3: T able of Good Exposur e Times (MOS1 & MOS2).

Obser vation Field Full On-axis Good Exposur e P er centage Upper

ID Name Exposur e Time Time Accepted Time Cut

(s) (s) (counts s

� 1

)

0152630101 X1 27349 14400 53 180

0152630201 X2 27346 11100 41 210

0152630301 X3 27343 12800 47 160

0050940201 B1 48055 18000 37 250

0050940101 B2 48055 28500 59 280

0067340301 B3 32892 29800 91 250

0050940301 B4 26943 12500 46 220

0050940401 B5 24666 19600 79 260

0067340401 N4 28984 28300 98 240

0067340501 N5 28988 24900 86 220

0079570201 O1 95124 40900 43 180

0092360401 O2 29542 24700 84 220

0103260401 O3 6022 5840 97 240

0103262801 O4 16137 13000 81 140

0110661301 O5 14381 12900 90 200

0111100101 O6 74453 38200 51 150

0111100301 O7 76097 45900 60 150

0112200201 O8 16846 15000 89 150

0112320301 O9 137340 122500 89 130

0203130201 O10 45142 45200 99 140

Si-K � emission is ther ef or e str ongest at the chip edges which lie beneath adjoining chips.

Si-K � emission does not occur in pn since its CCD ar ra y is monolithic and planar , making

its silicon substrate inaccessible .

Although it is r easonabl y stable , and sho ws onl y small intensity variations o v er long

time periods (of the or der 10% fr om mean intensities, accor ding to Pizzolato (2001)),

�uor escence m ust still be consider ed bef or e sour ce detection can be perf ormed, and

also when ascer taining and subtracting the internal backgr ound fr om the �nal spectrum,

as will be described in Section 3.9.

Since some of the �uor escence lines match those in the data, the y cannot be completel y

mask ed out without se v er el y compr omising the data set. Instead, the most dominant
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Figur e 3.6: The internal backgr ound spectrum f or the MOS1 detector , obtained with the

�lter wheel closed. The Al-K � and Si-K � �uor escence lines ar e clearl y visible , at 1.47 k eV

and 1.68 k eV r espectiv el y . The high contin uum belo w 0.4 k eV is caused b y electr onic

noise within the detector . Data belo w 0.4 k eV was r ejected on the basis that backgr ound

subtraction in this r egion w ould be unr eliable . Image cr edit Dahlem et al. (1999).

lines (Al-K � and Si-K � ) w er e suppr essed in the e v ent lists of MOS1, MOS2 and pn, to

minimize their eff ect on the sour ce detection pr ocess. This was achie v ed b y masking out

e v ents with a PI energ y within the energ y range of the lines, betw een 1.4 � 1.575 k eV

and 1.675 � 1.8 k eV r espectiv el y . Naturall y , photons fr om sour ces other than the

�uor escence lines w er e mask ed b y this action, including some of cosmic origin. After the

sour ce detection r outine had been completed, and the sour ce positions mask ed out, the

e v ents in these ranges w er e r einstated. This meant that the Al-K � and Si-K � lines w er e

included when the �nal spectra w er e pr oduced.
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Figur e 3.7: The internal backgr ound spectrum of the pn camera, tak en with the �lter

wheel closed. The Al-K � line is clearl y visible at � 1.5 k eV . The Si-K � line is not pr esent in

the backgr ound of the pn camera since its monolithic CCD ar ra y pr e v ents charged par ticle

interaction with the silicon substrate . Pr ominent f eatur es in the emission spectrum

include Cr -K � at 5.5 k eV , and Ni-K � , Cu-K � and Zn-K � ar ound 8 k eV . Lik e MOS, pn is

susceptible to electr onic noise , indicated b y the rise in the contin uum belo w 0.3 k eV .

Image cr edit Dahlem et al. (1999).

3.6 Ima g e Pr oduction

After the data had been cleaned as far as possible , images of the chip ar ra ys w er e

pr oduced. The �lter ed e v ent list fr om each EPIC detector , containing data fr om both the

inner r egions and the chip edges, was con v olv ed with a top hat mask of radius 4 pix els.

This cr eated a smoothed image with the data binned into 4

00
pix els, a size a ppr o ximatel y

tw o-thir ds of the instrumental r esolution (Figur e 3.8). This eased the later stages of

sour ce detection b y spr eading the photons of point sour ces o v er se v eral pix els on the

CCD ar ra y , and so making them mor e visible to the detection alg orithm.
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3.6. IMA GE PR ODUCTION

Figur e 3.8: A smoothed image of the �lter ed B1 data set. The inner r egion and chip

edges of the MOS detector ar e clearl y visible .

The data fr om the tw o MOS cameras w er e ad ded together in or der to enhance their

photon statistics. Although it is possible , using various calibration pr ocedur es, to combine

the data gather ed b y all thr ee EPIC detectors into one e v ent list, this was not done .

Instead, the pn spectrum was pr oduced separatel y , allo wing the tw o data sets to be

compar ed and check ed f or consistency . Fr om this point, the phrase `MOS data' will r ef er

to the amalgamated MOS1 and MOS2 e v ent list.

The MOS1 and MOS2 exposur e ma ps w er e then divided b y the maxim um exposur e time

experienced b y the detector during that obser vation to normalize them with r espect to

time , and then combined to cr eate one image . Because the inner r egions of the chip

ar ra ys w er e exposed to the sky , these r egions w er e included in the image . The edges,

pr e viousl y used to r emo v e the cosmic ra y backgr ound, w er e not needed at this stage , and

so w er e excluded fr om both the MOS and pn data b y masking out chip r egions which had

been exposed f or less than 95% of the exposur e time of the obser vation. Filtering in this

wa y also excluded the highl y vignetted r egions at the outside edges of the exposed inner

r egions of the chip ar ra ys. F or each �eld, the 95% exposur e boundar y was determined

b y using the on-axis exposur e time of the Band 3 (2.0 � 4.5 k eV) exposur e ma p which
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had been pr oduced b y the SAS pipeline and do wnloaded with the obser vational data.

3.7 Pr eliminar y Filtering and Smoothing

The normalized and �lter ed exposur e ma ps fr om MOS and pn w er e smoothed thr ough

con v olution with a cir cular top hat function of radius 2 pix els. This pr ocess r emo v ed the

enhancements and dark ar eas pr oduced b y chip edges, pr oducing complete , solid images

of the chip ar ra ys. These images, and others deriv ed fr om them, w er e subsequentl y used

as `quality masks' f or the cleaned EPIC data.

The quality masks w er e imposed b y con v olving them with the cleaned images, a pr ocess

that slightl y smoothed the images, while sim ultaneousl y r emo ving an y r emaining edge

enhancements. The smoothing pr ocess incr eased the contrast of the image , bringing

pr e viousl y undetected bright emissions fr om nebulae and galaxy clusters to the f or e .

T o r emo v e these bright pix els, a fr equency distribution of the smoothed image sho wing

counts per pix el b y fr equency was cr eated. The count thr eshold de�ning the brightest

5% of the pix els was then calculated. This value was used as a cut-off, and the locations

of an y pix els with count rates in excess of this thr eshold value w er e ad ded to the quality

mask. The r e�ned quality mask was then con v olv ed with data, fur ther smoothing the

image , and masking out the bright pix els.

3.8 Sour ce Detection and Remo val

An image of the �lter ed data set was then displa y ed, using colour to r epr esent count

intensity , and examined b y e y e . F or each �eld, an intensity thr eshold was set at a ppr o xi-

matel y the same magnitude as the a v erage brightness of the chip ar ra y , de�ned such that

bright, enhanced r egions w ould lie abo v e this le v el. The image ar ra y was then scanned

fr om left to right, bottom to top in a raster fashion, in or der to locate and r ecor d the

positions of intensity peaks in the data that la y abo v e the thr eshold le v el.

The listed peak positions w er e then subjected to beam anal ysis: a cir cular top hat function

of radius f our pix els (equivalent to 16

00
) was used to scan the positions of the intensity
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Figur e 3.9: Sour ces detected and �agged in the B1 MOS data.

peaks in both the ra w , unsmoothed image and the backgr ound ma p . The backgr ound

ma p was also scanned so that the statistical signi�cance of detections in the unsmoothed

image could be measur ed. At each location, the total photon count within the beam

ar ea was calculated and tested. If the measur ements sho w ed that the photon count was

�fteen or mor e counts higher than the a v erage backgr ound le v el, and that statisticall y ,

the detection had a 5 � or gr eater signi�cance compar ed to the a v erage backgr ound le v el,

then the r egion was then �agged, and identi�ed as a sour ce (Figur e 3.9).

The sour ces located in this wa y w er e used to cr eate another quality mask, in which the

�agged sour ce locations w er e bor ed out of a blank template , similar in dimensions to the

detector ar ea, using a top hat function of radius 8 pix els. The ra w data was then blur r ed

using a w eighted Gaussian function, and m ultiplied b y the holed quality mask in or der

to drill out the point sour ces. This pr ocedur e cr eated a `Swiss Cheese' (Figur e 3.10)

image , that is, an image of the data set co v er ed in a series of black holes that had once

contained point sour ces. T o co v er the holes, a squar e top hat function of width 40 pix els

was con v olv ed with the image , pr oducing a �nal, hea vil y smoothed image .
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3.9. ESTIMA TING THE EFFECT OF THE INTERNAL BA CKGR OUND

Figur e 3.10: The `Swiss Cheese' image of the B1 �eld, pr oduced when the �agged sour ces

w er e r emo v ed.

The entir e scanning, sour ce detection and r emo val pr ocess was iterated se v eral times

f or each data set, and the thr eshold tolerance was lo w er ed at each stage , until no ne w

sour ces could be detected.

3.9 Estimating the Eff ect of the Internal Backgr ound

The internal backgr ound of XMM is an energ y spectrum that is pr esent, to some extent,

within e v er y data-set obtained with the EPIC . It possesses both a contin uum, fr om

electr onic noise within EPIC' s cir cuitr y , and a series of �uor escence lines generated b y

the interaction betw een cosmic ra ys and the X-ra y detectors.

In normal cir cumstances, the contribution of the internal backgr ound w ould be estimated

thr ough comparison with data extracted fr om a CCD chip that had been unaff ected b y

the target of the obser vation. Because the �ux of the SXRB is pr esent o v er the entir e

�eld of vie w , this method could not be used in this pr oject. Instead, a technique originall y

de vised b y Willingale et al. (2003) was emplo y ed in which a generic model of the internal

backgr ound was scaled to the r educed data.
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3.9. ESTIMA TING THE EFFECT OF THE INTERNAL BA CKGR OUND

Willingale et al. (2003) �rst combined the �ux fr om the mask ed r egions of the MOS CCD

chips fr om se v eral long XMM obser vations

1

, to pr oduce a data-set with an eff ectiv e total

exposur e time of 355 kiloseconds.

The y then �lter ed this data-set using the rig or ous methods described in the pr e vious

sections, and r educed it to pr oduce a close a ppr o ximation to the internal backgr ound

spectrum of the MOS detectors. The most pr ominent �uor escence lines, Al-K � , Si-K � ,

and Au M, w er e mask ed out at this stage , because their intensity varies signi�cantl y

betw een obser vations and the y ha v e non-unif orm emission o v er the �eld of vie w .

Willingale et al. (2003) then �tted the contin uum of the backgr ound spectrum using a

simple pol ynomial model, and ad ded a series of Gaussian cur v es to accommodate the

w eak er , non-var ying �uor escence lines, all with energies gr eater than 5 k eV , in or der to

pr oduce a generic model of the internal backgr ound. Both this model and a similar one

pr oduced f or the pn camera w er e used in the �nal stages of data r eduction.

Finall y , the e v ents contributing to the Al-K � and Si-K � emission lines w er e r einstated, and

a spectrum sho wing count rate v ersus photon energ y was cr eated f or each obser vation

fr om the smoothed image �le pr oduced at the end of Section 3.8.

3.9.1 Scaling the Backgr ound

In accor dance with the method of Willingale et al. (2003), the count rate was measur ed

in the 9.8 � 11.3 k eV band both in the exposed r egions of the individual obser v ed �elds,

and in the generic backgr ound model. This speci�c energ y band was chosen because

it contains no instrumental �uor escence f eatur es, and so allo w ed the spectrum to be

normalised against a simple f eatur eless contin uum. The ratio betw een the tw o count

rates was then used as a scaling factor to �t the generic backgr ound model to each of

the r educed spectra.

1

Se v en in the Galactic Plane , tw o within the Galactic Ridge , f our inside the Loop 1 boundar y , and

one deep-sur v e y �eld. Although a single long-exposur e obser vation could ha v e been used to construct

a backgr ound spectrum of the whole chip ar ra y f or each obser vation, this w ould ha v e pr oduced poor er

statistics, since the single exposur e w ould ha v e been shor ter than the cum ulativ e exposur e of man y long

obser vations.
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The scaled generic backgr ound spectrum was then subtracted, to r emo v e the internal

backgr ound of the detector fr om the data. In eff ect, this lo w er ed the contin ua of the

�nal spectra and eliminated the high-energ y �uor escence lines which had been included

in the generic backgr ound model. As the bright aluminium and silicon lines had not been

included, the y r emained in the �nal spectra and later had to be �tted using Gaussian

cur v es.

This method of backgr ound subtraction is based on the implicit assumption that the sha pe

of the internal spectrum will r emain constant while its amplitude is modulated b y external

conditions. While this method is acceptable , and w orks w ell to a �rst a ppr o ximation,

it should be noted that it intr oduces some uncer tainty into the data r eduction pr ocess.

Since the degr ee of contamination is estimated fr om a n umber of diff er ent �elds, it is

not obser vation speci�c . Also , the backgr ound spectrum cr eated f or each detector is

valid onl y f or energies gr eater than 0.4 k eV , because the r esponse functions of the EPIC

detectors ar e not w ell calibrated belo w this value .

3.10 The Redistribution Matrix Files

The r edistribution matrix �le (RMF) is designed to r edistribute the energ y of a modelled

spectrum so that it r e�ects the cur r ent energ y r esponse and r esolution of the detector .

T o generate individual RMFs with the SAS RMFGEN task w ould ha v e tak en a pr ohibitiv el y

long time . Instead, pr e-pr epar ed `canned' r esponses w er e used to calibrate the spectra.

These ar e a vailable online at the XMM-Ne wton Calibration P or tal (VILSP A 2006).

RMFs ar e not dependent on the �lter used in the obser vation, but ar e highl y sensitiv e

to the energ y r esponse of the detector . Selection of suitable RMFs was perf ormed using

separate criteria f or the MOS and pn detectors.

F or pn, the detector r esponse is r elativ el y stable . As a r esult, the canned RMF is not time

dependent, and so onl y one full-frame `Y9' RMF was r equir ed. This RMF accommodated

single and double e v ents (patterns 0 � 4, Figur e 3.4), since these had been allo w ed to

r emain when the e v ent list was �lter ed. The `Y9' v ersion was used because charge

transf er eff ects cause the energ y r esolution to var y acr oss the pn ar ra y . Because this

�le uses the pix el lines near est the centr e of the ar ra y , it pr o vides an a v erage r esponse

78



3.11. THE A UXILIAR Y RESPONSE FILES

r epr esenting the whole chip .

Imaging-mode RMFs, accommodating patterns 0 � 12 (Figur e 3.4), w er e selected f or

the MOS detectors. Unlik e pn, the energ y r esponse of MOS changes fr equentl y . T o

compensate f or these changes, a series of RMF �les ha v e been cr eated b y the XMM

calibration team, each of which is dependent on a r e v olution n umber , that is, the n umber

of times that XMM has orbited the Ear th. In most cases, the RMF with the closest

r e v olution n umber a vailable to that of the obser vation was used. Ho w e v er , both MOS1

and MOS2 w er e cooled in r e v olution 534, in a successful attempt to pr oduce an impr o v ed,

and mor e stable , spectral r esolution. Consequentl y , the r e v olution 534 RMF �le was used

f or all obser vations tak en after this orbit. The canned RMF �les a vailable f or MOS1 and

MOS2 ar e almost identical. Since data fr om the MOS cameras was combined, onl y the

RMF f or MOS1 was used in the spectral anal ysis.

3.11 The Auxiliar y Response Files

The Auxiliar y Response File (ARF) is another calibration �le used in conjunction with

the RMF which, when a pplied to a modelled spectrum, allo ws the �lter r esponse of the

detector to be tak en into account, along with vignetting eff ects caused b y the position

of the image . It also cor r ects f or the eff ectiv e ar ea lost to the chip ga ps and bad pix els.

ARFs w er e generated f or the r educed spectra using the SAS task ARFGEN: the onl y time

SAS was used dir ectl y in the entir e data r eduction pr ocess.

Usuall y , an ARF w ould be cr eated f or a small r egion de�ned ar ound the target of an

obser vation, f or example , ar ound a point sour ce . When studying the SXRB, the entir e

surface of the chip ar ra y constitutes the target, and so the ARF �les w er e cr eated to

co v er this extended r egion. The auxiliar y r esponse is quite stable , because the eff ects of

the �lter and vignetting upon the energ y r esponse of the detector ar e vir tuall y constant.

Also , since ARFs ar e not dependent on r e v olution n umber , onl y f our standar d �les w er e

r equir ed her e to co v er all possible e v entualities, these being; MOS with the thin �lter ,

pn with the thin �lter , MOS with the medium �lter and pn with the medium �lter . Field

X3 was used to pr oduce the ARFs f or the thin �lter , and B5 was used f or the medium,

because these w er e consider ed `a v erage' obser vations: within the pr ojected boundar y of
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Loop 1, but far enough fr om the Galactic Plane to a v oid un usual astr onomical f eatur es.

3.12 Calibration of the Spectra

Each backgr ound subtracted spectrum was r ead into Xspec together with the a ppr opriate

ARF and RMF �les, in or der to calibrate the data and to impose the r esponses of the

optics and instrumentation on the a pplied models. The spectrum �les w er e then binned

into gr oups of at least ten e v ents, to impr o v e the �tting statistics. This step pr oduced

the �nal spectrum, and completed the data r eduction pr ocess.

3.13 Summar y

An o v er vie w of the full data r eduction pr ocess is illustrated in Figur e 3.12. The entries

in r ed indicate steps that ha v e been either ad ded to or alter ed fr om the original data

r eduction pr ocess. Aside fr om simple cor r ections to n umerical er r ors that w er e pr esent

in the code itself, the amendments fall into thr ee categ ories.

1. Field Selection: Data fr om both MOS cameras is r equir ed b y the scripts to

pr oduce an SXRB spectrum. When acquiring data fr om the XMM ar chiv e , it

became a ppar ent that one of the �elds (NPS6) used b y Willingale et al. (2003) had

data fr om onl y one MOS detector . Consequentl y , onl y data fr om NPS4 and NPS5

w er e used in this r esear ch and NP6 was omitted. No pn spectra w er e included in

the 2003 pa per because the �les r equir ed to pr ocess pn data w er e de v eloped after

its publication. These �les ar e no w a vailable , and ha v e been used to pr ocess the

pn data fr om the obser v ed �elds wher e v er possible . The ten `Oxygen' �elds l ying

be y ond the Loop 1 boundar y w er e selected b y the cur r ent author , and ha v e ne v er

pr e viousl y been used in this ar ea of r esear ch.

2. The Good Time Inter val: The GTI is sum (in seconds) of the time periods

during the obser vation when useable data was obtained. It is used in spectral

anal ysis to calibrate the obser v ed e v ents with r espect to time , normalising the
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Figur e 3.11: After cleaning the data, the light cur v e is �lter ed a second time . Her e , the

cut of the B1 �eld is r educed fr om 300 to 250 counts s

� 1

.

photon counts so that a spectrum can be pr oduced sho wing the count rate as a

function of energ y . It is ther ef or e imperativ e that this value is calculated pr ecisel y;

otherwise the count rates r epr esented b y the spectra will not r epr esent the actual

signal fr om the sour ce . In the original scripts, the GTI was calculated f ollo wing the

r emo val of pr oton �ar es fr om the light cur v e , because the useful obser vation time

of the obser vation is r educed when the e v ents r elated to the �aring ar e mask ed

out.

Ho w e v er , masking out the point sour ces described in Section 3.8 fur ther lo w ers

the a v erage photon count rate of the data set, making small peaks in the light cur v e

mor e pr ominent. T o accommodate this extra r eduction, and to r emo v e the smaller

peaks, the pr ogram was made to pr oduce a second light cur v e after the sour ce

detection alg orithm had been completed. Ne w cuts w er e established to match the

lo w er ed quiescent le v el of the second light cur v e , and the r e vised GTI values (see

T able 3.3, and Figur e 3.11) w er e used to calibrate the spectra with r espect to time .

3. Calibration: As described abo v e in Sections 3.11 and 3.10 tw o auxiliar y �les, the

ARF and the RMF , w er e r ead into Xspec along with the r educed dataset. Betw een

them the y calibrate an y models subsequentl y a pplied to the dataset, cor r ecting f or
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instrumental r esponses that var y with time , and r educing undesir ed optical eff ects,

such as vignetting. In this w ork, a ppr opriate ARFs and RMFs ha v e been used f or

each of the tw enty data sets, ensuring a mor e accurate measur e of the �ux in the

0.1 � 4.0 k eV range .
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Figur e 3.12: An o v er vie w of the data r eduction pr ocess.
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4
Fitting the Spectra of the DXRB

The DXRB spectrum is the sum of the emissions fr om the man y X-ra y sour ces l ying along

the line of sight (Sno wden et al. 1990 b ). T o deconstruct the DXRB, and to determine

the ph ysical pr oper ties of the separate emissiv e structur es that pr oduce it, its spectrum

m ust be modelled.

This pr ocess in v olv es matching the high-quality X-ra y spectra, pr oduced thr ough the data

r eduction pr ocedur e described in Cha pter 3, with a series of mathematical plasma codes .

These ar e selected and either used as the y ar e or modi�ed b y other codes to f orm

model components. These ar e then combined to pr oduce a model . The parameters of

the codes ar e car efull y manipulated in or der to mak e the o v erall model �t the r educed

spectrum. Finall y , when the best �t has been achie v ed, the parameter values can be used

to inf er the ph ysical pr oper ties of the original sour ces.

This modelling pr ocedur e has been under tak en b y r esear chers since the earliest obser -

vations of the DXRB. As the quality of the data and the accuracy of the plasma codes

ha v e impr o v ed, the method has become incr easingl y po w erful. It is onl y since the launch

of XMM-Ne wton, and the subsequent de v elopment of the data r eduction pr ocess de-

scribed in Cha pter 3, that the r esolution of the a vailable spectra has been suf�cientl y high

to permit detailed modelling.

In this cha pter , the earlier attempts to model the DXRB will be described, both to sho w

the e v olution of the models adopted in this �eld of r esear ch and to justify their un usual
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complexity . The models and the separate plasma codes fr om which the y ar e composed

will then be explained, and used to model the spectra cr eated in Cha pter 3 fr om the

r eduction of tw enty XMM obser vations.

Because the obser v ed spectrum of the SXRB varies acr oss the sky , depending on the

structur es l ying along the line of sight, the tw enty �elds will be split into tw o gr oups.

Those positioned in the Anti-centr e dir ection, the ten `Oxygen Fields', ha v e the simplest

spectrum, and will be �tted �rst. Once the structur es pr esent in these �elds ha v e been

identi�ed and characterised, these r esults will be used to inf orm the �tting of the mor e

complicated spectra fr om the Galactic Centr e dir ection, the `Loop Fields'. In all cases,

the systematic and stepwise de v elopment of the models will be sho wn. Highlights of

this w ork include the identi�cation of a hot Galactic Halo in the Anti-centr e , and a ne w

interpr etation of the absorbed 0.1 k eV signal and har d emissions pr esent in the Galactic

Centr e dir ection.

4.1 The Construction of a Model

T o construct a model, one begins b y �tting a single model component to a spectrum. If

it �ts w ell, then the �tted parameters can be anal ysed. If it does not w ork at all, it can be

s wa pped f or another , but if it par tiall y �ts the data, another component ma y be ad ded to

mak e up f or the de�ciencies of the �rst. While it is usuall y pr ef erable to cr eate a simple

model with v er y f e w components, such practice is not possible when �tting the SXRB.

This is because the characteristics of man y individual structur es m ust be consider ed,

rather than the separate aspects of a single object.

All data-sets ha v e �nite degr ees of fr eedom (DoF), the n umber of which is equal to the

n umber of data points plotted in a spectrum, min us the n umber of parameters allo w ed

to �oat fr eel y within the model. If a data-set is poor , or the model too complex, the

n umber of DoF ma y a ppr oach the n umber of fr ee parameters. When the values ar e

equal, man y statisticall y perf ect �ts ar e possible , r endering the �t unph ysical, and hence

meaningless. This pr oblem does not commonl y arise when dealing with bright point

sour ces, as these ha v e man y data points and a simple model with f e w fr ee parameters is

usuall y suf�cient; ho w e v er , when �tting the w eak but complicated signal fr om the DXRB,
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with comparativ el y f e w data points, the risk of o v er -compensation m ust be consider ed.

Hence , when �tting the models, various techniques w er e emplo y ed to k eep the n umber

of fr ee parameters do wn to a r easonable le v el, f or example , b y sim ultaneousl y �tting

MOS, pn and R OSA T data sets, and fr eezing cer tain parameters to expected values.

4.2 F or ty Y ears of W ork

The n umber of components used to model the DXRB has risen steadil y since the late

1960s, in r esponse to the impr o ving quality of the a vailable data. Each time a component

was ad ded to the model, an ad ditional aspect of the signal could be disentangled fr om the

whole , enabling the characterization of an ad ditional emissiv e structur e , and pr ompting a

change in interpr etation of the DXRB.

The XRB, which had dominated the lo w-r esolution data obtained b y Henr y et al. (1968),

was the �rst sour ce to be modelled. Henr y et al. (and later others, including Garmir e

et al. (1992) and Willingale et al. (2003)) f ound that a non-thermal po w er -la w , of photon

spectral index 1.4, matched the data r easonabl y w ell belo w 10 k eV . McCammon et al.

(1983), McCammon & Sanders (1990) and Chen et al. (1997) con�rmed the ef�cacy

of this model in their o wn r esear ch. Ho w e v er , when the model was extra polated to

lo w energies, the match to the data became pr ogr essiv el y w orse . The po w er -la w could

neither �t the thermal emission lines that w er e pr esent at lo w energies, nor pr o vide

enough �ux to accommodate the emission belo w 2 k eV , lea ving a `soft excess' which

incr eased in intensity to war ds lo w Galactic latitudes (Sno wden et al. 1990 b , Miyaji et al.

1998).

F ollo wing the identi�cation of the LHB, both Marshall & Clark (1984) and Sno wden et al.

(1990 b ) �tted a tw o-component model, ad ding a thermal APEC (Ra ymond & Smith 1977)

to the alr eady established po w er -la w . The y also included an absorptiv e code , r epr esenting

the Galactic h ydr ogen column, which acted onl y on the po w er -la w; r educing its intensity

at lo w energies, and eff ectiv el y pushing the XRB signal it modelled behind that of the

unabsorbed LHB. This tw o-component model, which included some of the pr ominent

emission lines, pr oduced a r easonable �t to the a vailable data, leading both par ties to

conclude that �essentiall y all� of the soft

1

4

k eV �ux was generated within the opticall y
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thin plasma of the LHB.

In 1992, Garmir e et al. f ound that to �t high-r esolution spectra of the SXRB obtained

fr om the Galactic Centr e dir ection, a fur ther component was needed. In ad dition

to an absorbed po w er -la w and a thermal component, r epr esenting the XRB and LHB

r espectiv el y , an absorbed thermal component was r equir ed to �t an a ppar ent energ y

excess pr esent betw een 0.3 � 0.5 k eV . This thir d component was later associated with

the Loop 1 superbubble (Section 2.6).

The �ux fr om the Anti-centr e , that is, the dir ection within the Galactic Disk which

fr om Ear th is 180

�
fr om the Galactic Centr e , does not contain the radiation fr om Loop 1.

Ne v er theless, when �tting the spectra fr om the Draco Cloud r egion, far fr om the Galactic

Plane and to war ds the Anti-centr e , Sidher et al. (1996) still r equir ed a thr ee-component

model to obtain a g ood �t. In ad dition to the standar d po w er -la w and thermal codes

describing the XRB and LHB, their model included an absorbed thermal component to

account f or an obser v ed soft excess. Because the amount of absorption needed on

the thir d component was equivalent to the full Galactic Column, Sidher et al. (1996)

associated it with the Galactic Halo: the structur e pr oposed b y Spitzer (1956), and

discussed in Section 2.9.

The ef�cacy of the thr ee-component model in the Anti-centr e dir ection was con�rmed

b y both Chen et al. (1997) and W ang (1998) who determined, thr ough spectr oscop y ,

that the emissiv e material in the Halo has a ppr o ximatel y solar elemental abundances.

F ollo wing the cr eation of the high-r esolution RASS ma ps (Section 2.10), Sno wden et al.

(1998) used the same thr ee-par t model to �t a n umber of Anti-centr e �elds. Thr ough

detailed anal ysis the y f ound that the combined signals of the Halo and the XRB pr o vided

up to one half of the obser v ed X-ra y intensity in some dir ections, and ar ound a quar ter

of the obser v ed X-ra y photons o v er the whole sky .

Although the XRB is bright, it is still subject to absorption, and when obser ving the

DXRB ar ound the dusty Galactic Plane in the Anti-centr e dir ection one w ould expect

to see a deep intensity minim um. Ho w e v er , when Sno wden et al. (1997) measur ed this

intensity , the y f ound that it dipped onl y slightl y , e v en close to the Plane . Fr om this, the y

deduced that ther e m ust be another sour ce of emission distributed in such a manner as

to compensate f or m uch of the absorption. This sour ce , which came to be kno wn as the
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`Galactic Ridge Emission', was studied b y Ebisa wa et al. (2003), who f ound that it could

be modelled using tw o components at diff er ent temperatur es; the �rst at 0.8 k eV , the

second a mor e ionised plasma at 7 k eV . Although v er y little is kno wn about the Ridge

Emission, except that is thermal and diffuse , it is `r emarkabl y similar' (Ebisa wa et al. 2003)

to , and ma y be an aspect of, the Galactic Plane Radiation (GPR, see Section 2.8) seen in

the vicinity of the Plane in the Galactic Centr e dir ection.

In summar y , the general distribution of the SXRB can be �tted using a tw o-component

model, with an angularl y-var ying thermal component r epr esenting the LHB and an

isotr opic non-thermal component depicting the XRB. Extra components ma y be ad ded

to r e�ect the contributions of other X-ra y sour ces such as SNRs, the Galactic Centr e ,

Galactic Plane and the Galactic Halo . Often, this pr oduces a v er y complex spectral model,

containing an un usuall y high n umber of variables. In man y �elds of r esear ch, this might

be per ceiv ed as a w eakness in the modelling, since the lo w n umber of DoF associated

with highl y variable models can r esult in the o v er -�tting of a data-set. When studying

the SXRB, ho w e v er , the n umber of variables can be justi�ed b y the fact that within the

model, each plasma component r epr esents the characteristic emission of a completel y

diff er ent structur e , and not a detailed aspect of a single object.

4.3 XSPEC

The XSPEC11 (Arnaud 1996) spectral �tting package was used in the w ork published in

Hands (2003), Willingale et al. (2003), and also her e , to �t and model the tw enty spectra

of the SXRB obtained thr ough the r eduction pr ocess described in Cha pter 3. Details of

the standar d codes, the �tting alg orithm and con�dence calculations used in this pr ocess

ar e pr esented in the subsections that f ollo w .

4.3.1 The Plasma Codes

Six standar d plasma and absorption codes ha v e been used to model the various f eatur es

pr esent within the SXRB spectra. In brief, the details of these codes, PO WER, APEC ,
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V APEC , MEKAL, GA USS and W ABS, ar e as f ollo ws

1

:

BKNPO WER

P o w er la w codes come in a n umber of f orms, but tw o varieties ar e of par ticular inter est

her e: single and br ok en.

The BKNPO WER code , as its name suggests, is a cur v e described b y a br ok en po w er

la w . It has f our parameters: a `br eak' energ y (E

br eak

), tw o po w er la w indices ( �
1

and �
2

)

which de�ne the gradient either side of the br eak point, and a normalisation constant K,

in photons k eV

� 1

cm

� 2

s

� 1

at 1 k eV .

It tak es the f orm:

A(E) = KE

� �
1

, E � E

br eak

A(E) = KE

�
2

� �
1

br eak

�
E

1 k eV

� � �
2

, E � E

br eak

Neither the BKNPO WER code , nor the single index v ersion named `PO WER', contains

emission line data. The y ar e commonl y used to r epr esent the smooth energ y contin uum

pr oduced b y non-thermal X-ra y sour ces.

In both Henr y et al. (1968) and Willingale et al. (2003) a br ok en po w er la w was emplo y ed

to model the XRB, with the absorption fr ozen at the full Galactic column, calculated

using an on-line tool (Angelini 2007). The photon indices w er e �x ed to 2.0 bef or e the

br eak at 0.7 k eV , and 1.4 ther eafter , in or der that the higher value bef or e the br eak should

r epr esent the contribution of the backgr ound quasar population, which has no w been

par tl y r esolv ed at v er y faint �ux es in obser vations b y R OSA T and Chandra, while the

lo w er value models the har d, diffuse element of the XRB.

Mor e modern w orks ha v e emplo y ed single po w er la w codes to r epr esent the XRB, with a

photon index fr ozen to 1.4. Hands (2003) used such a model in his doctoral thesis, which

1

Fur ther inf ormation r egar ding these codes ma y be f ound in both the XSPEC man ual (K. Arnaud 2007)

and in their individual r ef er ence publications.
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utilized some of the datasets anal ysed her e . In or der to pr o vide contin uity betw een these

tw o w orks, and to minimise the n umber of parameters in the model, a single po w er la w

has been adopted.

APEC & V APEC

The APEC , or `Astr oph ysical Plasma Emission Code' (Smith et al. 2001) is the successor

to the Ra ymond & Smith (1977) thermal plasma model which was commonl y used in the

past to model the LHB (Marshall & Clark 1984, Sno wden et al. 1990 b ). By calculating

the emissivities of both the contin uum and the emission lines, APEC r eplicates the total

emission spectrum pr oduced b y collisionall y-ionized diffuse plasma.

The emissivity of a spectral line is de�ned (Smith et al. 2001) as �the total n umber of

radiativ e transitions per unit v olume , divided b y the pr oduct of the electr on density n

e

and the h ydr ogen (neutrals and pr otons) density N

H

within an astr oph ysical plasma. �

Since the n umber of photons emitted is pr opor tional to the density of the emissiv e ions,

this de�nition implicitl y r equir es both the elemental abundance and ionization balance f or

the r ele vant ion to be speci�ed. Ther ef or e , the APEC contains a catalogue of emission

line data f or various ionisation states of C , N, O , Ne , Mg, Al, Si, S, Ar , Ca, F e , and Ni. The

abundance of each element within the code is �x ed, with He set at cosmic abundance ,

and the other elements held at solar values, as de�ned b y Anders & Gr e v esse (1989).

One ma y �x or �t the temperatur e of the plasma temperatur e in k eV using the temper -

atur e variable within the model. The str ength of the emission lines within the code is

automaticall y scaled, with r espect to this temperatur e and to the emission measur e of

the plasma, and superposed on the contin uum. Smith et al. (2001) claim that a typical

spectral �t using the APEC will contain in excess of 32,000 unique , sharp emission lines.

These lines cannot be seen clearl y within a �tted spectrum; instead, the various possi-

ble transitions f or each ionic state ar e blended to pr oduce the br oader emission peaks

commonl y obser v ed with the spectra of thermal plasmas.

The normalization of the model is calculated as f ollo ws:

10

� 14

4 � [D

A

(1 + z)]

2

Z
n

e

n

H

dV
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wher e D

A

is the angular size distance to the sour ce (cm), n

e

and N

H

ar e the electr on and

H densities (cm

� 3

), and z is the r edshift.

The emission measur e of the plasma, which can be calculated fr om this value using the

method described in Appendix C, will be used in Cha pter 6 to examine the ph ysical

pr oper ties of the plasma structur es.

The r edshift was set to zer o in all of the codes, because the signal fr om the thermal soft

X-ra y backgr ound originates mostl y within the con�nes of the Milky W a y .

The V APEC , or `V ariable Astr oph ysical Plasma Emission Code' is mathematicall y identical

to the APEC , although the various metal abundances ma y be set to 1 (solar values, or

cosmic f or He), or permitted to var y individuall y within speci�ed limits. In this wa y , the

APEC model can be r e�ned so that speci�c emission lines ma y be better accommodated

within a �t. The V APEC variant is par ticularl y useful in y ounger , mor e unsettled plasmas,

wher e the ionization balance has been r ecentl y disturbed.

MEKAL

The MEKAL code is an extended v ersion of the APEC cr eated b y Me w e , Kaastra, and

Liedahl, fr om whom its name is deriv ed. In ad dition to the extensiv e APEC line catalogue ,

MEKAL includes a series of lines fr om Na, and higher energ y transitions fr om the other

elements, par ticularl y those associated with highl y-stripped F e . Lik e APEC , most of the

elemental abundances ar e set to solar values, He is set to cosmic abundance , and the

plasma temperatur e ma y be �x ed or �tted fr eel y . The normalisation coef�cient of the

MEKAL code is identical to that used in the APEC , and can be also be used to deriv e the

emission measur e of the modelled plasma.

Since MEKAL contains higher energ y emission lines than APEC , it is better suited to the

high-energ y thermal spectra pr oduced in extr eme en vir onments, such as stellar cor onae .

F or cooler plasmas, such as those f ound in SNRs, the APEC is suf�cient.

The cur r ent r ef er ence pa pers f or the MEKAL code ar e Me w e et al. (1985), Me w e et al.

(1986) and Liedahl et al. (1995).
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GA USS

Although not strictl y a plasma code , Gaussian cur v es w er e included in or der to �t

the a ppr o ximatel y Gaussian internal �uor escence lines cr eated b y the interaction of

X-ra y photons with the aluminium and silicon pr esent within the EPIC detector (see

Section 1.3.4). The GA USS code bundled within the XSPEC package pr oduces a simple

Gaussian pr o�le of the f orm:

A(E) = K

1

�
p

2 �
exp

"
� (E � E

1

)

2

2 � 2

#

In which E

1

is the peak energ y of the cur v e in k eV , and its width is � (also in k eV). The

cur v e is normalized b y the constant K, which equates to the total n umber of photons

per squar e centimetr e per second r equir ed to pr oduce a line of the obser v ed intensity .

W ABS

The �v e codes described abo v e ar e `ad ditiv e'; that is, the cur v es the y pr oduce can be

summed algebraicall y to pr oduce a larger model. The W ABS code , b y contrast, is

`m ultiplicativ e'; it acts on existing ad ditiv e codes thr ough m ultiplication, systematicall y

r educing their intensity , and so r ecr eating the eff ects of absorption.

W ABS, the standar d absorption code a vailable in XSPEC , is f orm ulated as f ollo ws:

M(E) = exp

[ � n

H

� (E)

]

wher e � (E) is the total photoelectric cr oss-section and N

H

is the equivalent h ydr ogen

column to the fr ont of the target object in units of 10

22

atoms cm

� 2

.

The � (E) values utilized b y the code ar e the so-called `Wisconsin Cr oss-sections' cal-

culated b y Mor rison & McCammon (1983). These ar e the eff ectiv e absorption cr oss-

sections per h ydr ogen atom f or the most abundant elements

2

pr esent within the inter -

stellar material, calculated as a function of energ y within the 0.3 � 10 k eV range . W ABS

2

Photoelectric absorption cr oss-sections f or the f ollo wing elements ar e included in the W ABS code:

H, He , C , N, O , Ne , Na, Mg, Al, Si, S, Cl, Ar , Ca, Cr , F e , Ni.
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uses the r elativ e abundances of these elements, published b y Anders & Ebihara (1982),

to automaticall y calculate the absorption coef�cients, and hence it is able to accuratel y

`absorb' the emission f eatur es in other plasma models.

Although W ABS adequatel y r epr esents the absorption of the ISM, the eff ects of Thomson

scattering, wher e photons ar e scatter ed b y fr ee charged par ticles, ar e not included in the

code; nor ar e the absorptiv e eff ects of dust grains, molecules, or localized abundance

enhancements.

4.3.2 The Role of Absorption

The neutral h ydr ogen (see Section 2.1) pr esent within the ISM absorbs energ y fr om

incident X-ra y photons, r educing the str ength of the signal that can be measur ed. Since

the degr ee of this atten uation is pr opor tional to the depth of the h ydr ogen column, it

can be used as a vir tual `yar d-stick': f or an y line of sight, the emissiv e sour ce subject to

the gr eatest degr ee of absorption m ust also be the most distant.

Absorption aff ects both the o v erall intensity of a signal and the sha pe of its spectrum:

soft, lo w energ y X-ra ys ar e absorbed mor e r eadil y than har der ones. This changes the

pr o�le of the spectrum b y r educing its o v erall intensity and sk e wing it to war ds higher

energies. In a model containing man y components, this eff ect causes the less absorbed

components to dominate at lo w er energies.

T ogether , these eff ects can be used to diff er entiate betw een the signals pr oduced b y

similar emissiv e structur es l ying at diff er ent distances along the same line of sight. This is

helpful because the spectrum of the SXRB is an amalgamation of emission fr om various

structur es, at diff er ent distances fr om the Ear th, which ar e all thermall y emissiv e and

ha v e similar chemical compositions and temperatur es. Ther ef or e , when modelling the

SXRB spectrum the eff ects of absorption m ust be included. This point is illustrated in

Figur e 4.1.
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Figur e 4.1: Thr ee thermal X-ra y sour ces (1, 2 and 3) lie at successiv el y gr eater distances

fr om the Ear th. 1 and 2 ar e similar and lie within the Milky W a y . Sour ce 3 is signi�cantl y

diff er ent to 1 and 2, and lies be y ond the Milky W a y . The depth of the absorbing column,

indicated b y the gr een ar r o ws, is de�ned as the distance fr om the obser v er (Ear th) to

the fr ont face of each sour ce . The total �ux obser v ed is the sum of contributions fr om

the emissiv e structur es, together with the eff ects of absorption acting on each one . T o

�t the spectrum, one w ould r equir e a model of the f orm:

(W ABS1 � APEC1) + (W ABS2 � APEC2) + (W ABS3 � APEC3)

wher e W ABS1 < W ABS2 < W ABS3, and wher e W ABS3 is set to the Galactic N

H

. Although

similar , the separate contributions of 1 and 2 can, in theor y , be identi�ed because the y ar e

subject to diff er ent amounts of absorption, making the emission fr om sour ce 1 a ppear

softer and mor e intense than that of sour ce 2.

4.3.3 Fit Statistics

Once a model has been de�ned, its variables m ust be systematicall y alter ed in or der

to match it to the actual obser v ed spectrum. Within XSPEC , this is achie v ed using

a modi�ed Le v enberg-Mar quar dt alg orithm: a �tting pr ocedur e that sear ches the local

parameter space , incr ementall y adjusting the model variables in or der to impr o v e the �t

to the data and so minimize the chi-squar ed ( � 2

) statistic .

The XSPEC man ual (K. Arnaud 2007) de�nes � 2

value as the squar ed diff er ence betw een

the incident (C) and the pr edicted (C

P

) count rates in each channel (I) of each data point

in the spectrum, divided b y the er r or in that data point ( � (I)), squar ed and summed o v er
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all of the data points. This is f orm ulated as f ollo ws, wher e C(I) is the n umber of counts

in a channel:

� 2

=

X
"

(C(I) � C

P

(I))

2

( � (I))

2

#

The er r or f or each channel � is usuall y estimated as the squar e r oot of measur ed counts

in that channel (K. Arnaud 2007).

The � 2

statistic indicates the g oodness-of-�t of the model to the data f or a giv en n umber

of DoF , which is itself equal to the n umber of plotted data points used in the � 2

calculation,

min us the n umber of fr ee parameters.

If the � 2

statistic exceeds a par ticular value f or a n umber of DoF , determined thr ough

consultation of an a ppr opriate look-up table , then the model can be deemed inadequate .

The normalized v ersion of the � 2

statistic , the `r educed chi-squar ed' (designated � 2

� ) was

emplo y ed her e .

The � 2

� is simpl y the � 2

value divided b y the DoF . Ideall y , it should be equal to 1, so

that the � 2

value is equal to the DoF . A � 2

� value m uch gr eater than one indicates that

a model' s �t to the data is poor , wher eas a value m uch less than one suggests that the

er r ors on the data ha v e been o v er estimated.

Historicall y , the strict interpr etation of the � 2

� value has been r elax ed f or SXRB spectra,

with published r esults commonl y ha ving � 2

� values ar ound 1.3 (Sno wden et al. 1994, 1998).

Although high, these values ar e excused on the basis of poor data quality , lo w sur v e y

exposur e times, and intrinsic , localized variation of X-ra y intensity: all factors which

decr ease the accuracy of the �ts. In ad dition, the n umer ous sour ces contributing to the

o v erall �ux of the DXRB pr oduce non-statistical scatter in the data, making modelling

mor e dif�cult, and often incr easing the � 2

� be y ond f ormall y acceptable le v els.

4.3.4 Na vigating the P arameter Space

The XSPEC �tting alg orithm operates b y incr ementall y altering the values of the fr ee

parameters within a m ulti-dimensional parameter space . In the mind' s e y e , this space can

be pictur ed as an undulating plane , pockmark ed with steep-sided craters. Each crater

r epr esents a r egion in which the set of variable parameters �ts the data w ell, and the � 2
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is r elativ el y lo w: a `minim um'. At the bottom of the deepest crater in the plane , wher e

the � 2

value is at its lo w est, and the model' s �t to the data is as close as is possible to

achie v e . This is the best-�t model, and is described b y the set of best-�t parameters.

During the �tting pr ocedur e , XSPEC explor es the parameter space , seeking to minimize

the � 2

statistic . In doing so , it has the unf or tunate tendency to get stuck in local minima,

stalling the �tting alg orithm and pr e v enting the best �t fr om being achie v ed. Thr ee actions

w er e under tak en during the ne w anal ysis to combat this scenario .

First, har d upper and lo w er limits w er e established f or each of the variable parameters.

This eff ectiv el y r estricted the ar ea of the parameter space , and limited the n umber of

minima pr esent.

Second, sensible initial values, based on the r esults of the pr eliminar y �ts mentioned

abo v e , w er e assigned to the variable parameters. By giving the model a head-star t in this

manner , the time tak en to achie v e a g ood �t was dramaticall y r educed.

Thir d, the magnitude of the incr emental step tak en b y each parameter during the �tting

pr ocess was man uall y set to be tw o or ders of magnitude lo w er than the parameter value

itself. F or example , a parameter with a value of � 1, w ould be giv en a step value of 0.01.

This ensur ed that when a local minim um had been detected, the step size was suf�cientl y

large to pull the �t back to war ds the best �t, but not so gr eat that a potential best-�t

minim um could be passed o v er entir el y .

4.3.5 Con�dence Inter vals

When the best-�t parameters had been determined, the XSPEC `er r or' command was

used to calculate the 90% con�dence inter val f or each of the values. The er r or command

w orks b y incr ementall y adjusting the parameter of inter est within its allo w ed har d limits

until the o v erall � 2

statistic f or the �t, minimised b y allo wing all other non-fr ozen param-

eters to var y , is equal to the `best-�t' value of the �t statistic , plus an indicated de viation;

F or a con�dence inter val of 90% on one parameter this amount, the delta chi-squar ed, is

de�ned as 2.706 (K. Arnaud 2007).
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Figur e 4.2: The ar rangement of emissiv e structur es and associated absorbing columns

assumed b y Willingale et al. (2003) to lie along the line of sight fr om the Ear th to war ds

the Galactic Centr e , together with the model components used to r epr esent them.

4.4 Modelling the DXRB: The Pr e vious Anal ysis

The �rst time that the DXRB spectra fr om the tw o NPS �elds w er e anal ysed, b y Willingale

et al. (2003), it was assumed that the emissions originated fr om f our distinct structur es.

In or der of distance fr om the Ear th, these w er e the LHB, Loop 1, a cool Galactic Halo ,

and the XRB. This ar rangement is illustrated in Figur e 4.2.

On the basis of their interpr etation, and in agr eement with the �ndings described in

Section 4.2, Willingale et al. (2003) modelled the LHB with an unabsorbed APEC , at a

�x ed temperatur e of 0.1 k eV .

Loop 1 was r epr esented b y an absorbed V APEC , with a �x ed temperatur e 0.3 k eV .

Although most of the elements w er e held at solar abundance , o xygen, neon, ir on, and

magnesium w er e allo w ed to �oat separatel y , allo wing the pr ominent O VIII , F e XVII , Ne IX

and Mg XI emission lines to be �tted mor e accuratel y . An absorbing component, acting on

the V APEC , was used to r epr esent the W all as the fraction of the total Galactic h ydr ogen

column density l ying betw een the LHB and Loop 1.

Next, Willingale et al. (2003) used an absorbed APEC to model what the y belie v ed to be

the emission of a cool ( � 0.1 k eV), isotr opic Galactic Halo . As this Halo was assumed

97



4.4. MODELLING THE DXRB: THE PREVIOUS ANAL Y SIS

to sur r ound the entir e Galaxy but not to lie be y ond it, the absorbing column acting on

the APEC was set to be close , but not equal, to the full Galactic column density . This

ser v ed to absorb the bulk of the �ux fr om the APEC , allo wing it to dominate onl y in the

0.4 � 0.6 k eV range in which the O VII line , a characteristic of plasma at 0.1 k eV , f eatur es

pr ominentl y .

Willingale et al. (2003) emplo y ed a br ok en po w er -la w to model the XRB, with the

absorption fr ozen at the full Galactic column, calculated using an on-line tool (Angelini

2007). This po w er -la w was giv en tw o �x ed photon indices, 2.0 bef or e the br eak at

0.7 k eV , and 1.4 ther eafter . The higher value bef or e the br eak modelled the contribution

of the backgr ound quasar population, which has no w been par tl y r esolv ed at v er y faint

�ux es in obser vations b y R OSA T and Chandra, while the lo w er value r epr esented the

har d, diffuse element of the XRB. The normalisation of the br ok en po w er la w was fr ozen

to a value equivalent to a �ux of 9.0 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV , calculated

using the method sho wn in Appendix C, and based on a measur ement made b y Lumb ,

W arwick, Page & Luca (2002).

Finall y , tw o GA USS components w er e ad ded to r epr esent the pr ominent Al K � and

Si K � �uor escence lines pr esent in the EPIC . These spectral ar tefacts ar e , as explained in

Section 3.5.5, the r esult of an interaction betw een the incident charged par ticles and the

substrate of the EPIC detector , and ar e not par t of the X-ra y backgr ound. These lines

w er e included in all of the models used in this r esear ch.

Hence , the model of Willingale et al. (2003), f or obser vations to war ds the Galactic

Centr e can be f orm ulated as f ollo ws:

APEC + (W ABS � V APEC) + (W ABS � APEC) + (W ABS � BKNPO WER)

+ GA USS1 + GA USS2

Which r epr esent the f ollo wing f eatur es:

LHB + (Loop 1) + (Galactic Halo) + (XRB)

+ Al K � + Si K �

The Willingale et al. (2003) pa per did not include anal ysis of �elds located in the Anti-
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centr e dir ection.

4.5 The Ne w Anal ysis

The tw enty XMM obser vations used in this r esear ch fall into tw o main categ ories: the

ten Oxygen �elds, which ar e spr ead acr oss the sky in the Anti-centr e dir ection, far fr om

the Galactic Centr e , and the ten Loop 1 �elds, all of which lie within the pr ojected

boundar y of the Loop 1 superbubble (Figur e 3.2). The Loop 1 �elds ma y be split fur ther

into tw o sub-categ ories, the Nor thern �elds in the nor thern half of Loop 1, comprising

the Nor thern Bulge �elds X1, X2 & X3 and the NPS �elds N4 & N5, and the Southern

�elds l ying in the southern half of Loop 1, belo w the Galactic Plane; B1, B2, B3, B4 & B5.

While the NPS �elds ar e the subject of the Willingale et al. (2003) pa per , and the Southern

�elds a ppear ed in Hands (2003), this is the �rst time that the Oxygen �elds ha v e been

used in the study of the SXRB. As explained in Section 3.4, these w er e selected on the

basis of tw o criteria: the �rst, that their co-or dinates m ust lie in the Anti-centr e dir ection,

pr oduced a set of �elds which ar e spr ead o v er a large ar ea of the sky . The second, that

the y should contain minimal contaminating X-ra y emission, ga v e rise to the expectation

that the bulk of the �ux in the spectra should comprise the isotr opic emissions of the

XRB and the LHB and, possibl y , the Galactic Halo . Se v eral aspects of the anal ysis ar e also

ne w , in par ticular , this is the �rst time that pn data has been included in SXRB anal ysis; an

impr o v ement which r educes the systematic er r ors and uncer tainty in the �tted models.

Bef or e the spectra w er e �tted, the measur es described in Sections 4.5.1, 4.5.2 & 4.5.3

w er e under tak en to ease the pr ocess.

4.5.1 Constraining the Lo w Energ y Region

Because the XMM backgr ound subtraction pr ocedur e is kno wn to w ork par ticularl y w ell

betw een 0.4 � 4.0 k eV , onl y the e v ents in this range w er e included, while the r est of

the EPIC data was ignor ed. Although this method is valid, it w ould exclude a signi�cant

pr opor tion of the LHB �ux. T o r emedy this situation, tw o data points fr om the RASS

99



4.5. THE NEW ANAL Y SIS

(Section 1.3.3) w er e included and �tted jointl y with the XMM spectra to constrain the

model in the 0.1 � 0.4 k eV r egion. These w er e obtained b y calculating the a v erage photon

count rates fr om the

1

4

k eV PSPC energ y band RASS ma p f or each of the tw enty �eld

positions using an on-line tool (Sabol 2007).

4.5.2 Reducing the Number of V ariab les

As demonstrated in Section 4.2, the models used to describe the SXRB contain n umer ous

components, r esulting in an un usuall y high and unwieldy n umber of parameters, each of

which ma y be �x ed to a par ticular value (`fr ozen') or allo w ed to var y (`�oat') during

the �tting pr ocess. This situation is fur ther complicated b y the fact that f or each �eld,

data fr om MOS, pn and R OSA T spectra w er e loaded into XSPEC , eff ectiv el y tripling the

n umber of parameters a vailable at a str ok e , as the model could be a pplied separatel y

to each data set. The challenge , ther ef or e , when using such a model, is to strik e a

balance which allo ws the k e y parameters to var y fr eel y , whilst ensuring that the model is

suf�cientl y constrained so that it e v entuall y con v erges.

T o r educe the n umber of fr ee parameters, most of them (the normalisations, tempera-

tur es, abundances and absorptions) w er e dynamicall y tied acr oss the MOS, pn and R OSA T

spectra f or each �eld. Onl y the normalisations and widths of the separate Gaussian com-

ponents w er e left untied, because these factors var y as a function of X-ra y �ux incident

upon the individual detectors.

While this helped to ease the instability , a large n umber of parameters still r emained,

making it possible to pr oduce man y statisticall y `g ood' but unph ysical �ts. T o cr eate

sensible �ts, the n umber of parameters was fur ther r educed b y fr eezing some of them

to values established in pr e vious r esear ch (see Section 4.2). Not onl y did this r educe the

DoF in the �t, but it also allo w ed stricter limits to be obtained on the r emaining fr ee

parameters.
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4.5.3 The Fitting Pr ocedur e

F or each �eld, the MOS, pn and R OSA T data w er e loaded into XSPEC , together with the

a ppr opriate calibration and backgr ound �les.

The model was input, and in �elds wher e data fr om both MOS and pn w er e a vailable , a

m ultipl ying constant was included but made to act onl y on the pn data. This ser v ed to

mak e up f or uncer tainties in the absolute calibration of the individual detectors, allo wing

them to be �tted in tandem. It also ser v ed to designate the MOS data as the dominant

data set in the �t; consequentl y , an y calculations r equiring the ar ea of the detector' s �eld

of vie w w er e perf ormed with r ef er ence to the MOS cameras.

The models w er e pr epar ed using the methods described abo v e: b y fr eezing cer tain values,

tying the r emaining variables acr oss the thr ee data sets, and establishing their iteration

steps and star ting values. W ABS codes r epr esenting the Galactic h ydr ogen column w er e

fr ozen to the value a ppr opriate to their obser vation coor dinates. The densities of other

absorbing codes within the model w er e then boundar y limited, to pr e v ent their incr ease

abo v e the total Galactic column.

The energies of the Gaussian peaks w er e man uall y �x ed to 1.49 k eV and 1.76 k eV, to

r epr esent the Al K � and Si K � �uor escence lines pr esent in the EPIC data. All chemical

abundance ratios w er e set to solar values, and the �tting r outine was run. When this

r ough �t had been completed, the normalisations of the components w er e fr ozen.

Next, the temperatur es and normalisations of the plasma codes had to be mor e accuratel y

de�ned. In or der to giv e priority to the soft contributors to the local ISM, and so ensur e

that the y w er e not o v erpo w er ed b y the higher energ y components within the models,

each plasma code (with its absorption, if not fr ozen to Galactic N

H

) was �tted in turn, in

or der of incr easing energ y .

Studies of Loop 1 b y Willingale et al. (2003) and Sno wden et al. (1990 b ) r e v ealed that its

chemical composition de viates slightl y fr om solar abundance , and is depleted in o xygen,

neon, magnesium and ir on. Ther ef or e , in �elds wher e the quality was suf�cientl y high,

the �ts w er e fur ther r e�ned b y allo wing the r elativ e abundance of these elements to var y;

ho w e v er , in or der to minimise the n umber of fr ee parameters, the abundances of neon,
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magnesium and ir on w er e tied. Since o xygen is the subject of the next cha pter , it was

permitted to �t independentl y . None of the elements was allo w ed to rise abo v e solar

abundance , and in �elds wher e the data was consider ed too poor to �t the emission lines

accuratel y , the r elativ e abundances w er e fr ozen to 1.

Finall y , to optimise the parameter values, all of the r oughl y-�tted variables w er e tha w ed

and made to �t sim ultaneousl y , thus pr oducing the best possible �t of the model to the

data.

4.6 Modelling the Oxyg en �elds

While the pr oper ties of both the LHB and the XRB ha v e been studied b y se v eral r e-

sear chers in some detail, the Galactic Halo is r elativ el y unkno wn. The natural expectation

was, ho w e v er , that if detectable at all, the Halo signal should be mor e pr ominent in the

Oxygen �elds wher e the X-ra y en vir onment is less complex than that in the Galactic

centr e dir ection, and wher e the line of sight to the Halo w ould be almost unimpeded.

With this in mind, the Oxygen �elds w er e chosen as the star ting point f or the ne w

anal ysis.

4.6.1 Pr eliminar y Fits

Initiall y , the f ollo wing simple model was a pplied to the ten Oxygen �elds:

APEC + (W ABS � PO WER) + GA USS1 + GA USS2

Repr esenting:

LHB + (XRB) + Al K � + Si K �

Her e , the APEC r epr esents the unabsorbed �ux fr om the LHB which, as in Willingale

et al. (2003), had a plasma temperatur e fr ozen to 0.1 k eV , while the normalisation was
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allo w ed to �oat. The po w er la w , modelling the XRB, was set behind the full Galactic

column. In all ten �elds, it was giv en a photon index of 1.4, and a normalisation fr ozen to

a value equivalent to a �ux of 9 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV , calculated using

the method sho wn in Appendix C. The same pr ocedur e was emplo y ed b y Hands (2003),

who used the same �ux values tak en fr om Lumb , W arwick, Page & Luca (2002).

The model w ork ed w ell at the lo w energ y end of the spectra, but �tted poorl y in all

�elds betw een 0.6 � 1.0 k eV . In this range , a soft thermal excess �ux with w eak, un�tted

emission lines was clearl y visible . The �t was also poor in the high energ y end, wher e

the po w er la w component could be seen to sit abo v e the data points.

Although the �tted parameters sho w ed the thermal excess to be widespr ead, it was w eak,

and since it had not been accommodated during the �tting pr ocess b y the unabsorbed

APEC modelling the LHB, it had to be diff er entiated someho w fr om the LHB signal, either

b y absorption, b y temperatur e , or both.

Fr om this star ting point, the Oxygen �elds w er e r e�tted �v e mor e times (the A and B

series of �ts), using the simple model plus an absorbed V APEC component to accommo-

date the soft excess. In each series, the model was slightl y alter ed, in or der to establish

the position and temperatur e of the excess, and hence determine whether or not it

was pr oduced b y a Galactic Halo . These �t variations ar e described in the sections that

f ollo w and, as the best-�t model sho ws, the excess is consistent with that expected fr om

a Galactic Halo .

4.6.2 Model A

First, the thr ee-component Model A, illustrated in Figur e 4.3, was �tted to the Oxygen

�elds:

APEC + (W ABS � V APEC) + (W ABS � PO WER) + GA USS1 + GA USS2

Repr esenting:

LHB + (Absorbed Hot Halo) + (XRB) + Al K � + Si K �
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Figur e 4.3: Modelling the Oxygen �elds: A car toon illustrating the structur es r epr esented

b y Model A

In Model A, the normalisation of the unabsorbed APEC , r epr esenting the LHB, was

allo w ed to �oat fr eel y , while its temperatur e was fr ozen to 0.1 k eV . Willingale et al. (2003)

r epor ted an absorbed Galactic Halo at 0.1 k eV , and so in this model, the absorbed V APEC

used to r epr esent the Halo' s �ux was set behind the full Galactic column. Ho w e v er , since

its signal had not been accommodated in the pr eliminar y �ts b y the 0.1 k eV APEC used

to contain the LHB, the temperatur e and normalisation of the V APEC w er e allo w ed to

�oat. F or eight of the ten �elds the r elativ e elemental abundances in the V APEC w er e

fr ozen to solar values, but in the higher -quality spectra O1 and O2, wher e the emission

lines w er e clearl y discernable , some of the elemental abundances w er e allo w ed to �t

separatel y . Neon, magnesium and ir on w er e tied and �tted in tandem; a compr omise

which allo w ed the �ts to be r e�ned while minimising the n umber of fr ee parameters.

Oxygen was �tted separatel y , in or der to �t the pr ominent O VII and O VIII lines mor e

accuratel y .

Model A: Discussion

Since the Oxygen �elds ar e spr ead out acr oss the whole of the Anti-centr e hemispher e ,

the y ma y contain all manner of diffuse X-ra y sour ces. The fact that Model A pr oduced an
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T able 4.1: The A-Series best-�t parameter values f or the Oxygen �elds. F or a k e y to the table headings, see Appendix B.

Field O1 O2 O3 O4 O5 O6 O7 O8 O9 O10

Latitude -9.50 -20.80 0.43 -3.30 -37.36 -17.55 21.11 -3.44 -34.56 1.12

XRB Norm 4.29E-4 4.36E-4 4.54E-4 4.65E-4 4.59E-4 4.29E-4 4.18E-4 4.81E-4 4.09E-4 4.35E-4

LHB Norm 4.59E-4 1.28E-3 1.73E-3 8.46E-4 1.31E-3 1.03E-3 1.45E-3 9.24E-4 8.67E-4 7.57E-4

Halo Norm 2.39E-3 7.01E-4 1.88E-3 2.84E-3 3.22E-4 4.21E-4 3.13E-4 1.60E-3 9.47E-4 5.00E-3

Halo kT 0.18 0.25 0.25 0.25 0.33 0.23 0.24 0.32 0.19 0.29

Relativ e Abundances:

O 0.27 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Ne/Mg/F e 0.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

� 2

387.13 1118.50 548.40 565.70 337.3 250.10 508.40 243.60 824.50 347.20

DoF 225 789 352 568 234 232 232 228 232 232

� 2

� 1.72 1.42 1.56 1.00 1.44 1.08 2.19 1.07 3.55 1.50
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Figur e 4.4: Model A: The best-�t spectra f or O1, O2, O3 & O4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.5: Model A: The best-�t spectra f or O5, O6, O7 & O8. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.6: Model A: The best-�t spectra f or O9 & O10. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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adequate �t in all of the �elds indicated that, while not compr ehensiv e , it at least contained

the major sour ces pr esent in the Anti-centr e dir ection. Cer tainl y , the detection of �ux

fr om each of the thr ee model components sho ws that the y ar e common to all of the

Oxygen �elds.

As the �tted spectra (Figur es 4.4, 4.5 & 4.6) illustrate , ther e is no major disparity betw een

the data and the model. Both the LHB and Halo components a ppear to �t r easonabl y

w ell, with the model closel y �tting the data points betw een 0.1 � 1.5 k eV , but once

again, the po w er la w r epr esenting the XRB pr o v ed a poor match to the data. Although

the po w er la w is cer tainl y r equir ed b y the �t, the fr ozen value of the normalisation is

too high, causing the model to sit abo v e the data points in the high energ y r egime in

all of the �elds except O5. Because of this discr epancy , the value of the r educed chi

squar ed statistic in man y of the �elds was so high that it was un usable as a diagnostic . In

such cir cumstances, man y statisticall y identical �ts could be pr oduced f or the same data

set, each with wildl y diff er ent parameter values. It also hamper ed the data anal ysis, as

XSPEC can r eliabl y calculate 90% con�dence inter vals on �tted parameters onl y when

the r educed chi-squar ed value is lo w er than � 1.5. All of this raised a question: Wh y did

ther e a ppear to be such a diff er ence betw een the fr ozen XRB �ux value and the data?

The 9 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV �ux used in these �ts, the same as that

used in Hands (2003), is a �gur e deriv ed originall y fr om w ork done b y Lumb , W arwick,

Page & Luca (2002) who , thr ough thin �lter obser vations of the XRB, measur ed a �ux of

8.44 � 0.24 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV . This value was determined thr ough

measur ements betw een 2 � 10 k eV: a m uch wider range than that used in this r esear ch,

wher e onl y photons fr om 0.1 � 4.0 k eV ar e consider ed.

While it is the accepted vie w that the XRB is unif orml y isotr opic , the actual magni-

tude of the XRB �ux intensity is not clear fr om the literatur e . F or example , Bar -

cons & Fabian (2002) state that �the intensity of 1.7 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV , in the 2 � 10 k eV range , is consistent with cur r ent measur ements of

the XRB. � Luca & Molendi (2004) f ound that the 2 � 8 k eV XRB spectrum, which

the y modelled with a po w er -la w of photon index 1.41 � 0.06, had a normal-

isation of 2.46 � 0.09 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 3 k eV , equivalent to

� 11.6 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV , and �nall y , Hick o x & Mark e vitch (2006)

modelled the XRB with a po w er la w with a photon index of 1.5, and f ound that, in the
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Figur e 4.7: Model A: Unf olded Spectrum of Field O7. The r ed cr osses mark the data

points. The traces ar e as f ollo ws: Red dashed (XRB po w er la w), gr een dot-dash (LHB

APEC), blue dot (Halo APEC). The cyan and y ello w peaks ar e the tw o Gaussian cur v es.

0.5 � 8 k eV range , the �ux was closer to 2.6 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV .

It is a ppar ent that in the studies mentioned abo v e , the XRB was obser v ed o v er a large

energ y range . Ho w e v er , 0.1 � 4.0 k eV w ould constitute onl y the soft tail of the total

XRB �ux. Soft photons ar e aff ected mor e b y absorption than har der ones, and so when

�tting the XRB in the Oxygen �elds, with their r elativ el y high le v els of absorption, it is

not surprising that the data sat belo w the expected le v el. Also , as the unf olded spectrum

(Figur e 4.7) sho ws, the po w er la w �ux, which should underlie the whole spectrum,

dominates in the energ y range betw een 2 � 4 k eV , but her e sits abo v e the data points.

The LHB and Halo components �t w ell, and lie betw een 0.1 � 1.5 k eV . Because the bulk

of the XRB �ux lies be y ond the energ y limit of this study , most of the signal has not been

included in the r educed spectra. The full Galactic column fur ther r educes the in�uence

of the XRB at lo w energies, again r educing its pr esence in the spectra.

Ho w e v er , this raised another question: wh y did the fr ozen value of

9 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV w ork in the similar anal ysis perf ormed in

Willingale et al. (2003) and Hands (2003), but not her e? In those w orks, the authors

anal ysed onl y �elds fr om the Galactic Centr e and Galactic Ridge . In those r egions, as will
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be seen in the sections that f ollo w , the har d emissions fr om both the Galactic Plane and

Galactic Bulge supplement the �ux at high energies, helping to lift the spectra to war ds

the `expected' �ux le v el of the XRB. These sour ces ar e not pr esent in the Anti-centr e

�elds, and as a r esult, the data sits belo w the fr ozen XRB component.

Ho w e v er , neither absorption nor energ y ranges can explain wh y �eld O5 should be

exceptional. Wh y is the data so m uch brighter in O5? Closer inspection of the original

image fr om which the O5 spectrum was deriv ed r e v ealed a small but bright X-ra y sour ce

l ying o v er a chip boundar y in the MOS detector . While the sour ce detection alg orithm

described in the pr e vious cha pter is g ood, it is not perf ect, and since it has pr o v ed

impossible to r emo v e the object completel y , par t of its �ux r emains in the data set. It

w ould a ppear that har d emission fr om this sour ce has raised the high energ y end of the

O5 spectrum be y ond the le v el expected fr om a cleaner X-ra y backgr ound.

This is not the �rst occasion on which the XRB has not beha v ed as expected: K untz &

Sno wden (2008) had a similar experience . After �nding that a �x ed XRB value did not

match their spectra, the y allo w ed the normalisation of the XRB to �oat, and in so doing,

f ound not onl y that this gr eatl y impr o v ed the �t, but it also had a negligible eff ect on the

�tted values of the softer , mor e local components. In all subsequent series of �ts in this

r esear ch, the normalisation of the po w er la w will be allo w ed to �oat. Consequentl y , the

�ux values calculated fr om the �tted po w er la w normalisations in an y of the subsequent

�ts can be said to constitute onl y a fraction of the actual XRB �ux.

The temperatur e of the V APEC component is also inter esting. In Willingale et al.

(2003), the temperatur e of the Halo was said to be 0.1 k eV , but in this series of �ts,

the temperatur e of the V APEC ranges fr om 0.18 � 0.33 k eV . This is a wide range ,

and considerabl y higher than 0.1 k eV , but it does tall y w ell with the Halo temperatur e

pr oposed b y Spitzer (1956). The �elds obser v ed b y Willingale et al. (2003) w er e all in

the Galactic Centr e dir ection. It is possible that their interpr etation of the obser v ed

0.1 k eV signal in that dir ection was mistak en. If this is the case , then the thermal excess

modelled her e b y the absorbed V APEC is the signal fr om the Halo , while the 0.1 k eV in

the Galactic Centr e dir ection signal has some other , as y et unidenti�ed, sour ce .
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4.6.3 Model B: F our V ariations on a Theme

Model A established that the LHB, a fraction of the XRB, and another thermal component

could be detected in the Oxygen �elds. T o determine whether or not the thermal

0.25 k eV signal was fr om the Halo and not another mor e local sour ce , the Oxygen �elds

w er e r e�tted using f our variations of the f ollo wing model, f orming the B-series of �ts. In

all f our of the f our variants, the temperatur e of the APEC was fr ozen at 0.1 k eV , and the

absorption of the po w er la w was set to full Galactic Absorption. The normalisations of

both components w er e allo w ed to �oat.

APEC + (W ABS � V APEC) + (W ABS � PO WER) + GA USS1 + GA USS2

Repr esenting:

LHB + (Galactic Halo) + (XRB) + Al K � + Si K �

Model B(a)

In this �rst variation, the temperatur e of the V APEC component was allo w ed to var y ,

but was not absorbed (the W ABS code was set to zer o). In this wa y , it was made to

be `local', positioned dir ectl y outside the LHB. A car toon illustrating the B(a) model is

sho wn in Figur e 4.8, and the �tted parameters fr om this series ar e sho wn in T able 4.2.

Model B(a) Discussion

Fitting the thermal component as a local sour ce did not w ork par ticularl y w ell, as e vi-

denced b y the r elativ el y high r educed chi squar ed values. Bringing the component into

the local ar ea has also adv ersel y aff ected the measur ement of the LHB. This situation

occur r ed because the r emo val of the absorption fr om the V APEC component placed it

at the same spatial position as the plasma fr om the LHB: hence , the tw o thermal com-

ponents ar e f or ced to �t this por tion of �ux. In �eld O1, this eff ect was so se v er e that
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T able 4.2: The B(a)-Series parameter values f or the Oxygen Fields. F or a k e y to the table headings, see Appendix B.

Field O1 O2 O3 O4 O5 O6 O7 O8 O9 O10

Latitude -9.50 -20.80 0.43 -3.30 -37.36 -17.55 21.11 -3.44 -34.56 1.12

XRB Norm 3.63E-4 3.78E-4 2.00E-4 3.12E-4 6.75E-4 4.08E-4 2.73E-4 4.69E-4 2.88E-4 3.22E-4

LHB Norm 0 8.76E-4 1.48E-3 7.62E-4 1.25E-3 7.95E-4 1.22E-3 7.98E-4 4.40E-4 6.87E-4

Halo Norm 1.03E-3 5.73E-4 2.48E-3 1.39E-4 8.25E-5 2.90E-4 3.43E-4 2.09E-4 4.99E-4 1.28E-4

Halo kT 0.20 0.26 0.25 0.43 0.33 0.24 0.26 0.40 0.22 0.74

Relativ e Abundances:

O 0.66 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Ne/Mg/F e 0.93 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

� 2

438.40 1123.70 304.14 581.96 295.33 253.74 341.66 280.22 545.75 368.07

DoF 224 789 232 567 233 231 231 227 231 231

� 2

� 1.96 1.42 1.31 1.03 1.27 1.10 1.48 1.23 2.36 1.59
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Figur e 4.8: Modelling the Oxygen Fields: A car toon illustrating the structur es r epr esented

b y Model B(a)

the normalisation of the APEC f ell a wa y to zer o , eff ectiv el y r ejecting the LHB fr om the

model. This instability in the lo w energ y r egion is also r esponsible f or the large range of

temperatur es determined f or the V APEC component, var ying betw een 0.20 � 0.74 k eV .

Model B(b)

In the second variation, to r educe the confusion in the lo w energ y end of the spectra,

the temperatur e of the V APEC component was �x ed at 0.25 k eV . Again, the V APEC was

not absorbed, k eeping the component `local'. A car toon illustrating the B(b) model is

sho wn in Figur e 4.9, and the parameters fr om this series of �ts ar e sho wn in T able 4.3.

Model B(b) Discussion

Since both the APEC and V APEC r emain unabsorbed, the con�ict betw een them in the

lo w energ y end of the spectra persists. Also , e v en though the model has been simpli�ed,

the �t statistics ar e generall y inf erior to those in Series B(a). This is because , b y �xing the

temperatur e of the V APEC , the ability of the tw o thermal components to accommodate
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T able 4.3: The B(b)-Series parameter values f or the Oxygen Fields. F or a k e y to the table headings, see Appendix B.

Field O1 O2 O3 O4 O5 O6 O7 O8 O9 O10

Latitude -9.50 -20.80 0.43 -3.30 -37.36 -17.55 21.11 -3.44 -34.56 1.12

XRB Norm 3.35E-4 3.87E-4 1.99E-4 3.93E-4 6.92E-4 4.03E-4 2.75E-4 5.36E-4 2.61E-4 3.89E-4

LHB Norm 8.49E-26 8.47E-4 1.49E-3 6.53E-4 1.23E-3 8.15E-4 1.22E-3 6.77E-4 6.47E-4 5.59E-4

Halo Norm 2.39E-3 5.84E-4 2.45E-4 1.99E-4 8.54E-5 2.84E-4 3.46E-4 2.60E-4 4.33E-4 1.72E-4

Halo kT 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

Relativ e Abundances:

O 0.22 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Ne/Mg/F e 0.12 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

� 2

471.17 1126.13 300.43 637.88 298.38 255.66 343.99 354.70 684.59 567.38

DoF 226 790 233 568 234 232 232 228 232 232

� 2

� 2.08 1.43 1.29 1.12 1.28 1.10 1.48 1.56 2.95 2.45
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Figur e 4.9: Modelling the Oxygen Fields: A car toon illustrating the structur es r epr esented

b y Model B(b)

the lo w energ y �ux is r educed.

Model B(c)

In the thir d variation, the temperatur e of the V APEC component was again �x ed at

0.25 k eV , but this time the absorption was allo w ed to var y up to the value of the full

Galactic column, making it possible f or it to lie in the mid to far distance be y ond the LHB.

A car toon illustrating the B(c) model is sho wn in Figur e 4.10, and the parameters fr om

this series of �ts ar e sho wn in T able 4.4.

Model B(c) Discussion

The �t statistics in the B(c) series ar e better than both the B(a) and B(b) series. By

allo wing the V APEC to settle at a mor e a ppr opriate , higher absorption le v el, the con�ict

betw een the APEC and the V APEC components is r educed. No w , the y �t slightl y diff er ent

energ y ranges, the APEC betw een 0.1 � 0.4 k eV and the V APEC betw een 0.4 � 1.0 k eV .

In half of the ten �elds, the absorption on the V APEC r ose all the wa y to its upper limit,
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T able 4.4: The B(c)-Series parameter values f or the Oxygen Fields. F or a k e y to the table headings, see Appendix B.

Field O1 O2 O3 O4 O5 O6 O7 O8 O9 O10

Latitude -9.50 -20.80 0.43 -3.30 -37.36 -17.55 21.11 -3.44 -34.56 1.12

XRB Norm 3.04E-4 3.58E-4 1.82E-4 3.92E-4 6.81E-4 3.98E-4 2.64E-4 4.32E-4 2.57E-4 2.63E-4

LHB Norm 6.09E-4 1.15E-3 1.71E-3 6.73E-4 1.31E-3 1.03E-3 1.45E-3 9.13E-4 9.06E-4 7.49E-4

Gal Absorption 2.34E-2 3.39E-2 0.596 0.526 0.17 8.1E-2 4.13E-2 0.408 0.108 0.893

Halo Absorption 2.34E-2 1.27E-2 0.143 1.62E-3 0.17 4.16E-2 4.13E-2 0.408 2.42E-2 0.893

Halo Norm 2.34E-2 6.03E-4 4.78E-4 1.99E-4 2.18E-4 3.34E-4 4.41E-4 2.47E-3 4.73E-4 8.96E-3

Halo kT 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

Relativ e Abundances:

O 0.12 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Ne/Mg/F e 0.10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

� 2

356.40 1108.38 298.87 637.40 297.01 247.34 340.88 255.91 598.95 279.92

DoF 225 789 232 567 233 231 231 227 231 231

� 2

� 1.58 1.40 1.29 1.24 1.27 1.07 1.48 1.23 2.59 1.21
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Figur e 4.10: Modelling the Oxygen Fields: A car toon illustrating the structur es r epr e-

sented b y Model B(c)

the full Galactic Column, putting it at the edge of the Galaxy .

Model B(d)

In the f our th and �nal variation, the temperatur e of the V APEC component was allo w ed

to var y , but the absorption was held to the full Galactic column, placing it in the far

distance , in the position expected f or the Galactic Halo . The parameters fr om this series

of �ts ar e sho wn in T able 4.5.

Model B(d) Discussion

The B(d)-series �ts ar e statisticall y better than the other variants, and so will r epr esent the

`best-�t' parameters to the Oxygen �elds in this w ork, and plots of the �tted spectra ar e

sho wn in Figur es 4.11, 4.12 & 4.13. As the spectra sho w , the B(d)-series �ts w er e visibl y

better than those in the A-series. During the �tting pr ocess, the po w er la w normalisations

f ell signi�cantl y , so m uch so that the models matched the data betw een 2 k eV and 4 k eV .

Since the XRB �ux constitutes the contin uum of the spectra, impr o v ements in its �t to the
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T able 4.5: The B(d) Series parameter values f or the Oxygen �elds. F or a k e y to the table headings, see Appendix B.

Field O1 O2 O3 O4 O5 O6 O7 O8 O9 O10

Latitude -9.50 -20.80 0.43 -3.30 -37.36 -17.55 21.11 -3.44 -34.56 1.12

XRB Norm 3.15E-4 3.63E-4 1.51E-4 2.36E-4 6.75E-4 4.00E-4 2.64E-4 4.79E-4 2.52E-4 2.63E-4

LHB Norm 5.08E-4 1.30E-3 1.64E-3 8.49E-4 1.31E-3 1.04E-3 1.48E-3 9.03E-4 8.60E-4 7.49E-4

Halo Norm 2.70E-3 6.43E-4 3.04E-3 1.81E-3 2.01E-4 4.38E-4 3.94E-4 1.12E-3 3.39E-4 9.07E-3

Halo kT 0.22 0.27 0.21 0.31 0.28 0.23 0.27 0.25 0.25 0.25

Relativ e Abundances:

O 0.12 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Ne/Mg/F e 0.23 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

� 2

337.60 1102.60 249.18 518.65 295.99 245.90 333.90 291.40 380.50 279.90

DoF 225 789 231 567 233 231 231 228 229 231

� 2

� 1.50 1.39 1.08 0.91 1.27 1.06 1.45 1.28 1.66 1.21
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data also enabled the APEC and V APEC components to �t mor e accuratel y , constraining

them mor e tightl y within the model. Despite this, comparison of the parameter values

sho ws that the B(a)-series parameters ha v e bar el y mo v ed fr om their A-series le v els.

While the A-series pr oduced �ts with r educed chi-squar ed values up to 3.55, the B(d)-

series �ts all lie betw een 0.91 and 1.66. This tr emendous impr o v ement in the g oodness

of the �ts, almost wholl y br ought about b y �oating the po w er la w , has made it possible

to calculate the 90% con�dence inter vals on the parameters of the B(d)-series which can

be f ound in Appendix B. Ho w e v er , since the po w er la w has �oated fr om its �x ed �ux

value to a non-unif orm le v el, it w ould seem that the isotr opic XRB �ux has not been

accuratel y r epr esented within the r educed spectra.

The variation seen in the normalisation of the XRB component is not easy to explain;

in most �elds, the expected isotr opic values w er e too high f or the r educed spectrum.

This ma y ha v e occur r ed because the energ y range used her e is too nar r o w; most of

the XRB �ux lies abo v e 0.4 k eV , the upper limit used in this w ork. In other �elds, the

data sat abo v e the expected le v el, indicating that other har d spectrum components w er e

pr esent in the data in ad dition to the signal fr om the XRB. These could include an y

�ar es or soft-pr otons incompletel y r emo v ed during the scr eening of lo w-le v el par ticle

backgr ound components. In an y case , since the po w er la w normalisation has not been

f ound to be isotr opic acr oss the sky , or at the expected intensity , it can not be said

that the XRB �ux has been characterised in this �t series or those that f ollo w . Nor can

the best-�t values of the po w er la w normalisation be said to r epr esent the whole XRB.

Instead, the po w er la w is used in this w ork to �t those par ts of the XRB that ar e pr esent,

along with an y other har d components r emaining in the data set. By �tting the po w er la w

in this wa y , the contribution of the XRB and the other har d components can be eff ectiv el y

mask ed, highlighting the SXRB signal with which this w ork is primaril y inter ested.

By putting the V APEC behind the full Galactic Column, the con�ict betw een the lo w

energ y thermal components has been completel y r esolv ed, and no w both the APEC and

V APEC can �t separatel y . The V APEC is no w in the position expected of the Galactic

Halo , and b y pinning it do wn in space , the uncer tainty in the model has been r educed,

making it possible to �t its temperatur e and normalisation mor e accuratel y .

The quality of the B(d)-series �ts was also suf�cientl y high to allo w cer tain parameters
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to be `stepped'; a pr ocess b y which XSPEC can be used to explor e the parameter

space , r e v ealing the degr ee to which a value has been constrained within the �t. The

most contr o v ersial parameter in the Oxygen �elds, the temperatur e of the Halo , was

subjected to this pr ocess. The gra phs thus pr oduced, sho wn in Figur es 4.14, 4.15 & 4.16,

clearl y illustrate that the �tted temperatur e is constrained about � 0.25 k eV , not 0.1 k eV ,

and that this is not mer el y a `false' local minim um. The parameter space does not indicate

an y minima ar ound 0.1 k eV , the Halo temperatur e r epor ted b y Willingale et al. (2003),

fur ther indicating that the thermal signal in the Oxygen �elds, and the absorbed 0.1 k eV

signal obser v ed in the Galactic Centr e dir ection, ha v e diff er ent origins.

4.6.4 Oxyg en Fields: Final Thoughts

Car eful �tting of f our variants of Model-B r e v ealed a soft, thermal emission that is

pr esent to a var ying extent in all of the Oxygen �elds. The fact that the emission is so

widespr ead, and that the best �tting model B(d) placed it behind the full Galactic column,

str ongl y indicate that it originates within a distant Galactic Halo . The temperatur e of

this component, which was allo w ed to �t fr eel y , settled at � 0.25 k eV: signi�cantl y hotter

than the 0.1 k eV cool Galactic Halo initiall y pr oposed b y Willingale et al. (2003), and onl y

a little cooler than the Loop 1 interior . Ne v er theless, this is v er y m uch in line with the

`Galactic Cor ona' h ypothesised b y Spitzer (1956), and discussed in Section 2.9. If this

0.25 k eV signal does originate fr om the Galactic Halo , then self-e videntl y , the 0.1 k eV

signal identi�ed b y Willingale et al. (2003) as a cool Galactic Halo in the Galactic Centr e

dir ection m ust originate fr om some other sour ce . Examples of unf olded spectra fr om

each of the Model-B variants ar e sho wn in Figur e 4.17.

4.7 Modelling the Loop Fields

While the Oxygen �elds ar e spr ead acr oss the Anti-centr e , the ten Loop �elds ar e

concentrated within a r elativ el y small but cr o wded ar ea of the sky (Figur e 3.2), within the

pr ojected boundar y of the Loop 1 superbubble , in the Galactic Centr e dir ection. The y

can be split into tw o distinct gr oups: the Nor thern and Southern �elds. The Nor thern

�elds can be fur ther subdivided into the `NPS �elds' (N4 & N5), located within the bright
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Figur e 4.11: Model B(d): The best-�t spectra f or O1, O2, O3 & O4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn

(r ed).
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Figur e 4.12: Model B(d): The best-�t spectra f or O5, O6, O7 & O8. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn

(r ed).
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Figur e 4.13: Model B(d): The best-�t spectra �t O9 & O10. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.14: Steppars of the Halo kT : O1, O2, O3 & O4.
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Figur e 4.15: Steppars of the Halo kT : O5, O6, O7 & O9.
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Figur e 4.16: Steppar of the Halo kT : O10.

spur of the Nor th P olar Spur on the upper -left edge of the Loop as it a ppears in the RASS

ma ps, and the `Bulge �elds' (X1, X2 & X3), positioned in the nor thern bulge of Loop 1.

The Southern �elds (B1, B2, B3, B4 & B5) lie in the southern bulge of the Loop , within

6

�
of the Galactic Plane .

As explained in Cha pter 3, the data anal ysis pr ocedur e has been r e�ned since its cr eation

in 2003. It is perha ps because of these impr o v ements, and par ticularl y those aff ecting the

energ y calibration of the spectra, that the model used b y Willingale et al. (2003) pr o v ed

ineff ectiv e in this implementation, e v en in the Galactic Centr e dir ection. It could not

describe the har d emission seen in the Southern Loop �elds, and pr eliminar y �ts that

it pr oduced to the Nor thern and NPS �elds, although f ormall y acceptable , w er e highl y

unstable , and statisticall y insensitiv e to change . The model used in Willingale et al. (2003)

included tw o APEC plasma codes at 0.1 k eV . Although one of these was absorbed and

the other was not, the tw o components w er e otherwise identical, and so �tted the same

lines in the same energ y range . Consequentl y , the y traded against one another during

the �t, pr oducing man y statisticall y identical �ts in which the balance shifted betw een the

normalisations of the tw o components.

The spectrum of the soft X-ra y backgr ound is highl y complex in the Galactic Centr e

dir ection, m uch mor e so than in the Anti-centr e . Numer ous emissiv e sour ces ar e pr esent,

each with unique characteristics. T o �t these �elds accuratel y , models containing man y

127



4.7. MODELLING THE LOOP FIELDS

Figur e 4.17: Model B: Unf olded Spectra of Field O7. The r ed cr osses mark the data

points. The traces ar e as f ollo ws: r ed dashed (XRB po w er la w), gr een dot-dash (LHB

APEC), blue dot (Halo APEC). The cyan and y ello w peaks ar e the tw o Gaussian cur v es.
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Figur e 4.18: Model B: Unf olded Spectra of Field O7. The r ed cr osses mark the data

points. The traces ar e as f ollo ws: r ed dashed (XRB po w er la w), gr een dot-dash (LHB

APEC), blue dot (Halo APEC). The cyan and y ello w peaks ar e the tw o Gaussian cur v es.
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components and un usuall y large n umbers of parameters ar e r equir ed. Mor eo v er , the

absorption of the W all, the dense la y er of dust and neutral gas pr esent at the interface

betw een the LHB and Loop 1 (see Section 2.7), is a ppr o ximatel y equal to that of the

full Galactic column. Ther ef or e , one m ust constantl y check the �tted parameters against

the kno wn pr oper ties of structur es l ying along the line of sight, and their interactions, in

or der not to mis�t or misinterpr et the Loop spectra.

In this section, the de v elopment of a ne w model used to �t the Loop �elds will be

described, one component and r e�nement at a time .

4.7.1 Model C

Initiall y , a simple thr ee-component star ting model, Model C , was a pplied to the ten Loop

�elds, pr oducing the C-Series of �ts:

APEC + (W ABS � V APEC) + (W ABS � PO WER) + GA USS1 + GA USS2

Repr esenting:

LHB + (Loop 1) + (XRB) + Al K � + Si K �

Fr om the left, the components r epr esent the Local Hot Bubble , the Loop 1 superbubble

and the XRB (illustrated in Figur e 4.19). As bef or e , the GA USS codes w er e used to �t

the instrumental Al and Si lines pr esent in the spectra.

In common with the �ts to the Oxygen �elds, the unabsorbed APEC code r epr esents the

LHB, and the absorbed po w er la w models the XRB. In all of the �ts to the Loop �elds,

the temperatur e of the APEC was fr ozen to 0.1 k eV , and the photon index of the po w er

la w was fr ozen to 1.4, with its absorption fr ozen to the full Galactic column, determined

using the on-line tool (Angelini 2007). F ollo wing the success of the technique in the

Oxygen �elds, the normalisations of both the APEC and po w er la w w er e allo w ed to �oat

during the �t.
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Figur e 4.19: Modelling the Loop Fields: A car toon illustrating the structur es r epr esented

b y Model C

The normalisation of the V APEC component, which r epr esents the hot plasma of Loop 1,

was also allo w ed to �oat, while its temperatur e was fr ozen to 0.3 k eV , as determined b y

Willingale et al. (2003). The absorption acting on this component, which r epr esents the

`W all', was ca pped in the �ts so that it could match, but not exceed, the Galactic column

in each �eld. The f or egr ound absorption, listed in the r esults tables, is the pr opor tion

of the total Galactic column pr esent in fr ont of the Loop . On occasions when the

f or egr ound absorption is unity , the W all is par ticularl y dense , and constitutes all of the

absorption detectable in that �eld.

The best-�t parameter values of the C-Series �ts ar e listed in T able 4.6, and plots of the

�tted spectra cor r esponding to those values ar e sho wn in Figur es 4.20, 4.21 & 4.22.

Model C: Discussion

Unlik e the Oxygen �eld spectra, the �tted spectra fr om the Loop �elds exhibit f eatur es

which a ppear to var y str ongl y in magnitude with r espect to the Galactic Plane . Fur -

thermor e , as the under -�tted r egions and mis�ts in the spectra sho w , while Model C

r epr esents the main structur es pr esent in the �elds, other components ar e still pr esent

that ar e unaccounted f or .
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T able 4.6: The C-Series best-�t parameter values f or the Loop �elds. F or a k e y to the table headings, see Appendix B.

Field N5 N4 X3 X2 X1 B1 B2 B3 B4 B5

Latitude 30.00 20.00 24.00 18.00 12.00 -2.71 -3.87 -5.49 -8.00 -12.00

LHB Norm 8.30E-4 3.40E-4 7.42E-4 5.53E-4 8.11E-4 9.95E-4 1.07E-3 7.07E-4 8.78E-4 9.84E-4

Gal N

H

0.055 0.080 0.122 0.099 0.174 0.455 0.323 0.246 0.166 0.288

W all N

H

0.017 0.032 0.110 0.037 0.140 0.455 0.294 0.177 0.059 0.026

F or e N

H

0.309 0.403 0.902 0.371 0.805 1.000 0.912 0.720 0.358 0.112

Loop 1 Norm 3.97E-3 4.96E-3 1.88E-3 3.82E-3 3.34E-3 2.60E-2 1.84E-2 7.38E-3 4.00E-3 4.49E-3

XRB Norm. 2.12E-4 4.12E-4 3.90E-4 3.24E-4 3.61E-4 1.91E-3 1.34E-3 1.05E-3 7.36E-4 3.96E-4

� 2

1220.0 1316.3 818.7 1305.5 1072.4 2342.0 3989.9 1086.1 1253.5 1890.6

DOF 231 237 621 636 674 812 869 231 634 600

� 2

� 5.28 5.55 1.32 2.05 1.59 2.88 4.59 4.70 1.98 3.15
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Figur e 4.20: Model C: The best-�t spectra f or X1, X2, X3 & N4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.21: The Model C: The best-�t spectra f or N5, B1, B2 & B3. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn

(r ed).
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Figur e 4.22: Model C: The best-�t spectra f or B4 & B5. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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The model �ts r easonabl y w ell In the Nor thern �elds, r oughl y matching the data thr ough-

out the energ y range . It does, ho w e v er , r equir e mor e suppor t in the 0.2 � 0.8 k eV r egion,

wher e the model sits belo w the data, indicating that an extra �ux component is needed

to mak e up the de�cit. Inter estingl y , this eff ect is far mor e pr onounced in the N4 & N5

�elds than it is in �elds X1, X2 & X3, located within the Nor thern Bulge .

The �t is not so g ood in the Southern �elds. Although the �t to B5, the Southern �eld

fur thest fr om the Plane , is r easonable and v er y similar to that in the NPS �elds, the

situation becomes pr ogr essiv el y w orse as the �elds a ppr oach the Plane . In these spectra,

the model de viates fr om the data o v er a m uch wider range , betw een 0.2 � 1.5 k eV . As

in the Nor thern �elds, the model is too lo w betw een 0.2 � 0.8 k eV , suggesting that an

as y et unidenti�ed structur e m ust be pr esent within all of the Loop �elds. Betw een

0.8 � 1.5 k eV , the mis�t contin ues as the contin uum of the data rises to an incr easing

degr ee fr om B4 � B1, and the �t to the emission lines w orsens, illustrated b y the er ratic

distribution of the r esidual chi squar ed values plotted belo w the spectra.

Clearl y , the model r equir ed fur ther de v elopment, both to raise its le v el in the lo w-energ y

0.2 � 0.8 k eV range , and to ad dr ess the situation in the Southern �elds.

4.7.2 Model D

The 0.1 k eV cool Halo , postulated b y Willingale et al. (2003) was thought to sur r ound the

entir e Galaxy , but as the �ts to the Oxygen �elds sho w ed, this is not the case . Instead,

a 0.25 k eV Halo was detected. Ther e is no r eason wh y the Halo should be a diff er ent

temperatur e in the Galactic Centr e to the Anti-centr e; ho w e v er , a 0.1 k eV cool Halo was

r epor ted, and so , ha ving amended the data r eduction pr ocess, the model was adjusted

and r e�tted in an attempt to cor r oborate the earlier r esults.

The ne w model, Model D (Figur e 4.23), is identical to the pr e vious attempt except f or

the ad dition of an absorbed V APEC to model the cool Halo:

APEC + (W ABS � V APEC) + (W ABS � V APEC) + (W ABS � PO WER)

+ GA USS1 + GA USS2
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Figur e 4.23: Modelling the Loop Fields: A car toon illustrating the structur es r epr esented

b y Model D

Repr esenting:

LHB + (Loop 1) + (Halo) + (XRB) + Al K � + Si K �

This is the same combination used b y Willingale et al. (2003) to �t the Nor thern �elds.

Initiall y , it was �tted to the Loop �elds using the same �x ed parameter values pr esented

in Willingale et al. (2003); ho w e v er , this pr oduced highl y unstable �ts to the data, in which

the LHB and Halo a ppear ed to be inter changeable .

This undesirable situation ar ose since the model components used to r epr esent the cool

Halo and LHB w er e almost identical: an absorbed and an unabsorbed APEC r espectiv el y ,

both fr ozen to 0.1 k eV . Despite the eff ects of absorption, these components �tted the

same nar r o w energ y range , containing the same emission lines, and so shar ed the soft

�ux betw een them. Because the absorption acting on the cool Halo was allo w ed to

�oat, the pr opor tion of �ux �tted b y each component could �uctuate . This ar rangement

allo w ed unr easonabl y high emission measur es on the LHB to be entir el y compensated b y

lo w er normalisation of the cool Halo , and vice v ersa.

In Model D the temperatur e of the Halo , r epr esented b y the V APEC , was fr ozen to

0.15 k eV: this is slightl y higher than the 0.1 k eV used b y Willingale et al. (2003), but
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suf�cientl y diff er ent fr om the 0.1 k eV APEC modelling the LHB to mitigate the con�ict

betw een the tw o components. The absorption of the Halo was made equal to the full

Galactic column, to position it at the edge of the Galaxy , and the model was a pplied

to the Loop �elds. The best-�t parameters fr om this D-Series of �ts can be f ound in

T able 4.7, and plots of the �tted spectra cor r esponding to these values ar e sho wn in

Figur es 4.24, 4.25 & 4.26.

Model D: Discussion

Despite ad ding the extra component, the �ts in the D-series sho w v er y little impr o v ement

fr om the C-series. Indeed, the r educed chi squar ed values ar e almost identical, and the

inadequacies in the �ts r emain. Although the 0.15 k eV V APEC was fr ozen at the cor r ect

energ y to raise the �ux of the model betw een 0.2 � 0.8 k eV , the full absorption acting on

the component has r educed its intensity at softer energies, pr e v enting it fr om doing so .

The chi-squar ed de viations, plotted belo w the spectra, also sho w that the inclusion of the

0.15 k eV absorbed V APEC did little to impr o v e the �t in the Southern �elds; ne v er theless,

the fact that its normalisation was gr eater than zer o in f our of the �v e Southern �elds

sho ws that it did ha v e a place in the model. It was, ho w e v er , r ejected in the B5 �eld, with

its normalisation falling to zer o during the �t. This is curious because the �ux fr om both

the Loop and the Galactic Plane ar e lo w er in B5 than an y other Southern �eld, and so

it should ha v e been easier to discern the signal fr om the Halo ther e than in the other B

�elds.

The implication is clear : if the signal fr om an absorbed 0.15 k eV APEC could be detected

in the Loop �elds, but not in the Oxygen �elds, then it could not originate fr om an

all-encompassing cool Galactic Halo .

The D-series r esults w er e also surprising because rather than the steady magnitude

expected fr om an extensiv e structur e , the normalisation of the absorbed V APEC com-

ponent could be seen to var y considerabl y thr oughout the Loop �elds. Mor eo v er , its

variation acr oss the sky was not random: when the normalisations of the absorbed

V APEC component (r epr esenting Loop 1) ar e compar ed with those of the cool Halo

component in the same �elds, the tr ends in the parameters ar e v er y similar , rising and
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T able 4.7: The D-Series best-�t parameter values f or the Loop �elds. F or a k e y to the table headings, see Appendix B.

Field N5 N4 X3 X2 X1 B1 B2 B3 B4 B5

Latitude 30.00 20.00 24.00 18.00 12.00 -2.71 -3.87 -5.49 -8.00 -12.00

LHB Norm 1.14E-3 4.15E-4 7.37E-4 6.80E-4 8.10E-4 9.73E-4 1.01E-3 6.98E-4 9.36E-4 9.91E-4

Gal N

H

0.055 0.080 0.122 0.099 0.174 0.455 0.323 0.246 0.166 0.288

W all N

H

0.014 0.034 0.122 0.050 0.174 0.455 0.323 0.246 0.085 0.026

F or e N

H

0.258 0.428 1.000 0.502 1.000 1.000 1.000 1.000 0.511 0.112

Loop 1 Norm 1.21E-3 4.09E-3 1.69E-3 2.51E-3 3.05E-3 2.08E-2 1.23E-2 5.08E-3 3.20E-3 4.49E-3

Halo Norm 3.94E-3 1.35E-3 4.07E-4 2.38E-3 1.05E-3 7.43E-3 1.14E-2 6.43E-3 2.43E-3 0.00

XRB Norm 2.56E-4 4.23E-4 3.87E-4 3.43E-4 3.54E-4 1.87E-3 1.39E-3 1.03E-3 7.27E-4 3.96E-4

� 2

890.2 1292.9 812.2 1234.2 1060.9 2274.4 3732.8 992.9 1238.5 1890.6

DOF 230 236 620 635 673 810 868 230 633 599

� 2

� 5.28 5.55 1.32 2.05 1.59 2.87 4.59 4.70 1.98 3.15
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Figur e 4.24: Model D: The best-�t spectra f or X1, X2, X3 & N4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.25: The Model D: The best-�t spectra f or N5, B1, B2 & B3. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn

(r ed).
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Figur e 4.26: Model D: The best-�t spectra f or B4 & B5. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.27: Normalisations fr om the D-series, sho wing an link betw een the Loop Interior

and the `Cool Halo . ' The normalisation of the LHB (APEC) component is also plotted to

sho w that it does not f ollo w the same tr end.

falling together , as sho wn in Figur e 4.27.

4.7.3 A Case of Mistak en Identity

During their anal ysis of the NPS �elds, Willingale et al. (2003) detected an absorbed

0.1 k eV signal, which the y h ypothesised was the signal fr om a cool Galactic Halo . Ho w e v er ,

tw o points ha v e arisen which pr ompt a r einterpr etation of that signal. First, this w ork

has bene�ted fr om the inclusion and anal ysis of the ten Oxygen �elds, which r e v ealed

the pr esence of an absorbed 0.25 k eV thermal signal. Since this emission could not be

attributed to the XRB or the LHB, and because it is pr esent to some extent acr oss the

whole of the Anti-centr e , its most lik el y sour ce is the Galactic Halo . Since ther e is no

clear r eason wh y the Halo should be , or should a ppear to be , cooler in the Galactic

Centr e , it is lik el y that the absorbed 0.1 k eV signal obser v ed in the Galactic Centr e m ust

ha v e some other sour ce .

Second, the absorption of the W all m ust be consider ed. The W all, the dense la y er

of absorbing material l ying betw een the LHB and the Loop , is mor e extensiv e in the
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Nor thern Bulge and Southern �elds than it is in the Nor th P olar Spur , and in most cases,

equal to the full Galactic Column. Although the absorbed APEC component obser v ed

in the Nor th P olar Spur �elds had pr e viousl y been interpr eted as a distant Halo , this is

unlik el y to be the case: if it w er e , then prior to detection in the �elds closest to the

Plane , this signal w ould ha v e to pass thr ough the full W all, Loop 1, the Galactic Plane , the

full Galactic h ydr ogen column, and possibl y the Galactic Centr e itself. Since the Galactic

n

H

near the Plane is generall y gr eater than 7 � 10

20

cm

� 2

, the opacity limit f or radiation

in the

1

4

k eV energ y band (Egger & Aschenbach 1995), it is r ealistic to assume that such

a signal w ould be completel y atten uated long bef or e it r eached an X-ra y detector .

As Sno wden et al. (1990 b ) explains, soft X-ra ys ha v e a shor t mean fr ee path, and so an y

radiation obser v ed in the Galactic Plane m ust originate r elativ el y nearb y in the Disk. It

is ther ef or e r easonable to suggest that the radiation r epr esented b y the absorbed APEC

has a mor e local origin that was pr e viousl y thought.

Finall y , the connection, mentioned abo v e , betw een the normalisation of this component

and that of the absorbed V APEC in the Loop 1 �elds, str ongl y indicated that their

sour ces might be link ed. Ther e is no kno wn mechanism thr ough which Loop 1, a closed

and complete SNR with no sign of major out�o w , could interact with a distant Galactic

Halo . Evidentl y , such a Halo could not be the sour ce of the absorbed APEC component.

Instead, it m ust be local, and intrinsicall y connected with the Loop .

4.7.4 The Anatom y of a SNR

In or der to r e-interpr et the signal fr om the Loop 1 dir ection, it is necessar y to understand

the pr ocesses in v olv ed in the cr eation of a superbubble . These ar e described in gr eat

detail in Tielens (2005), fr om which m uch of the inf ormation in this section has been

obtained.

When a high mass star (M > 8 M � ) r eaches the end of its lif e , it ejects a large fraction

of its mass (betw een 1 � 5 M � ) in a superno va e v ent. The explosion, which impar ts

� 10

51

ergs of kinetic energ y into the local r egion, pr opels stellar material in all dir ections,

at v elocities r eaching � 10

4

km s

� 1

.
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The r esulting spher e of ejecta (the superno va r emnant, or SNR) surges outwar ds, ex-

panding into the interstellar medium.

Fr om this point, the e v olution of the SNR occurs in thr ee distinct stages. In the �rst, the

mass of the stellar ejecta is signi�cantl y gr eater than that of the interstellar material it has

displaced, causing the shock-fr ont at the leading edge of the r emnant to expand ra pidl y

under its o wn momentum.

During this pr ocess a r e v erse shock, arising fr om the impact of the explosion on the

pr e-existing ISM, passes back thr ough the r emnant, thermalizing its interior and cr eating

a bubble of hot, rar e�ed gas. The shock ed stellar material at the edges of the r emnant

cr eates a r elativ el y thin, but dense , shell ar ound this hot interior . Pr o vided that the

shockwa v e pr oduced b y the superno va is `str ong', that is, the density behind the shock

is at least f our times gr eater than that ahead of it, the thickness of this shell will be

a ppr o ximatel y one tw elfth of the total radius of the r emnant

3

.

The second de v elopmental stage is attained when the mass of the material s w ept up b y

the r emnant exceeds that of the ejecta. The gr o wth of the r emnant contin ues, although

friction slo ws its leading-edge to � 250 km s

� 1

. At this stage , the plasma temperatur e

of the r emnant is ar ound 10

6

K, ideal f or X-ra y emission. Since the high ionisation of the

plasma causes its cooling to be inef�cient, the total energ y of the r emnant is conser v ed

as its v olume incr eases, allo wing its expansion to contin ue adiabaticall y .

In the thir d stage , the gr o wth of the r emnant ceases and it becomes isothermal. In the

absence of an y fur ther energ y input, the internal pr essur e of the bubble will equalise with

the sur r ounding en vir onment. The r emnant will graduall y lose its identity , and merge

back into the ISM.

When this inf ormation is a pplied to the SXRB, one can get a better insight into the SNRs

that dominate our sky . The LHB a ppears to be at the end of stage tw o , and beginning stage

thr ee of its de v elopment. It is vir tuall y isothermal: its temperatur e is tightl y constrained,

and stable ar ound 0.1 k eV . Also , its ir r egular sha pe indicates that rather than dominating

the local r egion, other structur es ma y ha v e begun to impinge upon it, def orming its outer

la y ers. Mor eo v er , its faint, a ppar entl y open polar r egions suggest that it has alr eady begun

3

Equation 12.70, page 441 in Tielens (2005)

145



4.7. MODELLING THE LOOP FIELDS

to fade into obscurity .

In contrast, Loop 1 seems to ha v e r eached stage tw o . Although Loop 1 is thought to

ha v e been cr eated b y mor e than one explosion, the basic e v olutionar y model still holds,

since these superno vae all occur r ed within the same r emnant boundar y .

Ne w er shock-fr onts w ould ha v e experienced little r esistance to their expansion fr om

the alr eady established bubble interior , it ha ving been r ecentl y clear ed of debris. Upon

contact with the ne w shock-fr ont, the old shell w ould ha v e been r e-energised and in�ated.

Ho w e v er , since material is ad ded to the shell b y this pr ocess, the thickness of the shell

w ould be maintained at ar ound one tw elfth of the total radius of the r emnant.

Be y ond the limits of this shell, the HI fr om the ISM displaced b y the encr oaching r emnant

can be said to ha v e f ormed a fur ther shell: an en v elope of cool, absorbing gas. This

material w ould be energised b y thermal energ y transf er r ed fr om the hot shock-fr ont,

causing it to the emit 21 cm line radio emission detected b y Berkhuijsen et al. (1971) and

others.

Hence , Loop 1 can be described as a m ultila y er ed structur e comprising a hot interior , a

cool shell, and a cold HI en v elope .

4.7.5 Re-interpr eting and Modelling the Cool Component

When the theor etical structur e of a SNR (Section 4.7.4) was tak en into account, it

seemed logical to r einterpr et the signal modelled b y the absorbed APEC component as

an X-ra y emissiv e cool shell sur r ounding the hot Loop 1 interior , rather than a `cool

Galactic Halo'. In terms of the `anatom y', this is the shell that lies betw een the hot,

rar e�ed interior and the cool neutral h ydr ogen sur r ounding the bubble .

T o model a shell, the absorption on the APEC component was r educed fr om almost the

full Galactic column (as used in Willingale et al. (2003)), and made to equal the absorption

on the V APEC , eff ectiv el y placing it behind the W all, at the same distance fr om the Ear th

as Loop 1.

This change in interpr etation, fr om a cool Galactic Halo to a local supershell, is quite a
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Figur e 4.28: Car toon (not to scale) sho wing the eff ect of vie wing angle on the r eceiv ed

�ux fr om Loop 1.

lea p , but it can be tested, and concurs with the models advanced b y other r esear chers.

The idea will be de v eloped fur ther thr ough detailed spectr oscop y in Cha pter 5, and with

geometric modelling in Cha pter 6. Ho w e v er , in this interpr etation of the �tted spectra, it

will suf�ce to consider the structur e of the shell itself. Assuming that Loop 1 is spherical,

the pr oposed shell w ould lie concentricall y ar ound its interior , as sho wn in Figur e 4.28.

When anal ysing the spectra fr om the Galactic Centr e dir ection, contributions fr om both

the Loop' s interior and the cool shell can be expected; ho w e v er , the quantity of �ux

coming fr om each structur e will var y depending on the vie wing angle . Although the

density of the shell is expected to be higher , its interior should be mor e pr ominent when

looking to war ds the Loop' s centr e , since the column depth of the interior is m uch gr eater

than that thr ough the shell. Con v ersel y , when looking close to the limbs of the Loop ,

one w ould expect the shell to pr oduce a gr eater shar e of the �ux. In the extr eme case ,

if one obser v es dir ectl y thr ough the shell, missing the interior la y er completel y , then onl y

the signal fr om the shell should be discernable .

4.7.6 Model E

T o implement the ne w interpr etation, the absorption on the 0.1 k eV absorbed APEC

component used in Model D was tied to that of the W all. This br ought it f orwar d to the
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Figur e 4.29: Modelling the Loop Fields: A car toon illustrating the structur es r epr esented

b y Model E

same distance as the 0.3 k eV absorbed V APEC , allo wing the 0.3 k eV V APEC to r epr esent

the hot interior of the Loop , while the 0.1 k eV modelled its cool outer shell, as sho wn in

Figur e 4.29.

Ha ving r eassigned the absorbed APEC , a ne w component had to be included to r epr esent

the Halo . T o this end a 0.25 k eV V APEC , set behind the full Galactic column, was included

to be consistent with the r esults fr om the Oxygen �elds. Hence , the ne w f orm ulation,

Model E, can be written as f ollo ws:

APEC + (W ABS � V APEC) + (W ABS � APEC) + (W ABS � V APEC) + (W ABS � PO WER)

+ GA USS1 + GA USS2

Repr esenting:

LHB + (Loop 1) + (Shell) + (Halo) + (XRB) + Al K � + Si K �

Model E was a pplied to all ten of the Loop �elds. In this iteration, the chemical abundances

in the V APEC components w er e �x ed to solar values. The best-�t parameter values of
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the E-Series �ts ar e listed in T able 4.8, and plots of the �tted spectra cor r esponding to

these values ar e sho wn in Figur es 4.30, 4.31 & 4.32.

Model E: Discussion

Since the 0.25 k eV V APEC component was r ejected in all but one of the �elds, it was

a ppar ent that the Halo is not generall y visible in the Loop 1 dir ection. It w ould a ppear

that both absorption and the SXRB �ux ar e too high near the Galactic Centr e , blocking

out and s wamping the Halo signal in this dir ection. T ellingl y , the Halo onl y r egister ed in

�eld B5, positioned right at the edge of the pr ojected boundar y of the pr oposed shell,

and e v en this was at a v er y lo w le v el, with a normalisation of 7.07 � 10

� 4

cm

� 6

pc.

Ho w e v er , the shell model w ork ed w ell, making the �ts both visibl y and statisticall y better ,

and lifting the �ux of the model betw een 0.2 � 0.8 k eV . Impr o ving the �t to the contin uum

and the Halo has also highlighted tw o ne w f eatur es of the spectra. First, the mis�t to the

emission lines has become mor e obvious, with par ticularl y bad chi squar ed de viations

ar ound the O VII and O VIII lines. Second, a har d, thermal excess has been exposed in the

Southern Fields which incr eases to war ds the Galactic Plane .

4.7.7 The Galactic Plane

The incr easing har dness to war ds the Galactic Centr e is clearl y visible in pr o�les of the

un�tted r educed spectra (Figur e 4.33). The DXRB signal can be seen to incr ease in

brightness in the vicinity of the Galactic Plane: the energ y contin uum rises signi�cantl y ,

r educing the pr ominence of the large Al-K � and Si-K � �uor escence lines, pr esent at

� 1.49 k eV and � 1.76 k eV r espectiv el y , and the O VII , O VIII , F e and Si emission lines

fr om the SXRB pr esent betw een 0.4 � 1.4 k eV . The emission lines in this range ar e

�tted primaril y b y the absorbed V APEC component, and so can be mostl y attributed

to the plasma within Loop 1. Since contin uum energ y in the vicinity of the Plane rises

dispr opor tionatel y with r espect to the str ength of these lines, the har d excess m ust be

of separate origin, and not pr oduced b y the Loop itself.

At the same time , the �ux of the spectrum shifts to war ds higher energies. On the left-
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T able 4.8: The E-Series best-�t parameter values f or the Loop �elds. F or a k e y to the table headings, see Appendix B.

Field N5 N4 X3 X2 X1 B1 B2 B3 B4 B5

Latitude 30.00 20.00 24.00 18.00 12.00 -2.71 -3.87 -5.49 -8.00 -12.00

LHB Norm 2.72E-4 4.96E-4 7.10E-4 6.67E-4 7.53E-4 8.12E-4 7.39E-4 5.89E-4 7.88E-4 7.26E-4

Gal N

H

0.055 0.080 0.122 0.099 0.174 0.455 0.323 0.246 0.166 0.288

W all N

H

0.031 0.080 0.122 0.099 0.174 0.455 0.323 0.246 0.166 0.085

F or e N

H

0.564 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.373

Loop 1 Norm 3.60E-3 5.41E-3 1.93E-3 4.58E-3 3.64E-3 2.42E-2 1.86E-2 8.83E-3 5.83E-3 4.72E-3

Shell Norm 9.65E-3 1.14E-2 2.03E-3 1.00E-2 6.76E-3 1.42E-1 8.62E-2 3.54E-2 1.87E-2 1.83E-2

Halo Norm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.07E-4

XRB Norm 2.21E-4 3.82E-4 3.86E-4 2.90E-4 3.57E-4 1.89E-3 1.39E-3 1.01E-3 6.77E-4 4.07E-4

� 2

364.8 611.6 770.3 809.1 883.5 1866.1 2307.1 517.2 868.0 701.2

DOF 229 235 619 634 672 809 867 229 632 598

� 2

� 1.59 2.60 1.24 1.28 1.31 2.31 2.66 2.26 1.37 1.17
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Figur e 4.30: Model E: The best-�t spectra f or X1, X2, X3 & N4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.31: Model E: The best-�t spectra f or N5, B1, B2 & B3. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.32: Model E: The best-�t spectra f or : B4 & B5. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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hand side of the gra ph, the blue (B4) and gr een (B5) data dominates, f ollo w ed b y magenta

(B3), orange (B2) and r ed (B1). Clearl y , the soft radiation fr om the LHB and Loop 1

mak e up the bulk of the �ux in the B4 and B5 �elds, which ar e fur thest fr om the Plane .

The colour sequence in v er ts ar ound 0.8 k eV , sho wing that the spectra fr om the �elds

closer to the Plane (B1, B2 & B3) contain a �ux contribution fr om an ad ditional, har der

sour ce . Fr om this point until � 1.5 k eV, the contin ua of the B1, B2 & B3 �elds rise , and

silicon and sulphur lines, unseen in the Nor thern �elds, become a ppar ent, r e v ealing that

the extra sour ce is hotter than the Loop , and thermal in origin.

The sour ce of the har d emission has been a topic of debate f or some time . Ha yaka wa

et al. (1977) thought that the enhancement was entir el y due to pr ocesses within Loop 1,

Garmir e & Nugent (1981) suggested that it was a Galactic Wind pr oduced in the Galactic

Centr e , and Egger & Aschenbach (1995) pr oposed that both sour ces might be r esponsible .

Sno wden et al. (1997) par tiall y r esolv ed the matter , b y using the latitude dependence of

the excess and the absorption tr ough in the Galactic Plane to argue that the Galactic

Bulge was r esponsible . Ho w e v er , since the spectral in�uence of this sour ce is manif est

onl y in the �elds within 6

�
of the Plane , it can be con�dentl y identi�ed as the Galactic

Plane Radiation, the GPR, �rst obser v ed b y Berkhuijsen et al. (1971), and discussed in

Section 2.8.

4.7.8 Model F

Model E' s �t to the Southern �elds was poor because it could not accommodate the har d

excess originating fr om the GPR. In this series of �ts, an absorbed MEKAL component

was ad ded to the model to r epr esent the excess �ux attributed to the GPR, since it is

better suited than V APEC to y ounger , mor e energetic plasmas. The ne w model, Model

F , was then a pplied onl y to the Southern �elds, wher e the GPR is pr esent.

Although the sour ce of the GPR is cur r entl y unkno wn, f or the purposes of the model, it

was assumed to be of non-local origin, and possibl y associated with the Galactic Centr e .

This placed its sour ce at a gr eat distance fr om the Sun, cer tainl y behind Loop 1; and

because it is associated with the Plane , it had to be behind a dense h ydr ogen column.

Absorption equivalent to the full Galactic column was ther ef or e imposed, cr eating the

model, which is illustrated in Figur e 4.34:
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Figur e 4.33: The r educed MOS data fr om the Southern �elds, superposed to sho w the

incr easing har dness to war ds the Galactic Plane . F or clarity , the data has been colour -

coded: The data fr om the �eld closest to the Plane , B1, is sho wn in r ed. In or der

of incr easing distance fr om the Plane , the r emaining traces ar e fr om B2 (magenta), B3

(orange), B4 (gr een) and B5 (blue).

APEC + (W ABS � V APEC) + (W ABS � APEC) + (W ABS � MEKAL) + (W ABS � PO WER)

+ GA USS1 + GA USS2

Repr esenting:

LHB + (Loop 1) + (Shell) + (GPR) + (XRB) + Al K � + Si K �

Pr eliminar y �ts in which the temperatur e of the MEKAL was allo w ed to �oat f ound that it

�tted w ell at � 1 k eV . Due to the complexity of the signal near the Plane , and to minimise

the n umber of parameters in the �t, the model was then �tted with all temperatur es
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Figur e 4.34: Modelling the Loop Fields: A car toon illustrating the structur es r epr esented

b y Model F . The XRB is contained in the model, but not sho wn her e .

fr ozen: the MEKAL at 1 k eV , the LHB at 0.1 k eV , the shell at 0.1 k eV , the Loop' s interior

at 0.3 k eV , and the Halo at 0.25 k eV . All abundances w er e �x ed to solar values. The

best-�t parameter values of this F-Series of �ts ar e listed in T able 4.9, and plots of the

�tted spectra cor r esponding to these values ar e sho wn in Figur es 4.35 & 4.36.

Model F: Discussion

Including the absorbed MEKAL has a tr emendous eff ect on the statistics, lo w ering the

r educed chi squar ed to acceptable values, betw een 1.1 � 1.5. In ad dition, the �ux fr om

this extra component suppor ts the model at high energies, with the r esult that the

Halo component disa ppears completel y: it was entir el y r ejected b y the model, with its

normalisation falling to zer o in all �v e �elds. The contin uum �t betw een 1 � 3 k eV was

also gr eatl y impr o v ed, highlighting the emission lines which r emain un�tted within Loop' s

signal.
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Figur e 4.35: Model F: The best-�t spectra f or B1, B2, B3 & B4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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T able 4.9: The F-Series best-�t parameter values f or the Loop �elds. F or a k e y to the

table headings, see Appendix B.

Field B1 B2 B3 B4 B5

Latitude -2.71 -3.87 -5.49 -8.00 -12.00

LHB Norm 8.17E-4 7.29E-4 5.85E-4 7.86E-4 8.67E-4

Gal N

H

0.455 0.323 0.246 0.166 0.288

W all N

H

0.455 0.323 0.246 0.166 0.077

F or e N

H

1.000 1.000 1.000 1.000 0.336

Loop 1 Norm 1.74E-2 1.55E-2 7.66E-3 5.33E-3 4.66E-3

Shell Norm 1.56E-1 9.86E-2 4.03E-2 2.03E-2 1.71E-2

Halo Norm 0.00 0.00 0.00 0.00 0.00

Mekal Norm 3.57E-3 2.18E-3 8.73E-4 4.44e-4 2.36e-4

Mekal kT 1.06 1.03 1.00 1.00 1.00

XRB Norm. 1.57-3 1.02E-3 8.45E-4 5.65E-4 3.62E-4

� 2

1117.8 1327.1 311.3 799.5 684.4

DOF 807 865 228 631 598

� 2

� 1.39 1.53 1.37 1.27 1.14

Figur e 4.36: Model F: The best-�t spectrum f or B5. The traces sho wn ar e: R OSA T (blue),

MOS (black) and pn (r ed).
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4.7.9 Model G

In an attempt to r e�ne the �t fr om Model F , the data w er e r e�tted, this time allo wing the

r elativ e abundances Ne , Mg, F e and O to �t fr eel y within the Loop interior . T o r educe

the n umber of fr ee parameters, the abundances of Ne , Mg and F e w er e tied, but as in

the Oxygen �elds, the O was allo w ed to �t fr eel y . All other chemicals abundances w er e

k ept fr ozen to solar values, and the absorbed MEKAL component was used onl y in the

Southern �elds.

The best-�t parameter values of this G-Series �ts ar e listed in T able 4.10, and plots of the

�tted spectra cor r esponding to these values ar e sho wn in Figur es 4.37, 4.38, 4.39 & 4.40.

Model G: Discussion

Fr ee �tting the emission lines w ork ed w ell, r educing the �t statistics in all of the �elds.

Also , as in the F series, the Halo component was r ejected during the �t, con�rming

that e v en when the chemicals in the Loop w er e signi�cantl y lo w er than solar abundance ,

the Halo was still not r equir ed to mak e up the �ux le v els. It is also r eassuring that the

signal fr om the cool shell, set at the same absorption as the Loop interior , was str ongl y

detected acr oss the face of the Loop .

At �rst glance , the statistics ar e a ppar entl y excellent and the �ts look g ood. Ho w e v er ,

a closer look r e v eals a signi�cant pr oblem: the normalisations of all of the components

rise steadil y within 6

�
of the Galactic Plane . This eff ect is e vident in Figur e 4.41, which

sho w the distributions of the normalisations with latitude in the Loop �elds.

Although the raised values ma y be par tl y explained b y a local incr ease in plasma density

near the Plane (the normalisation is pr opor tional to the squar e of the plasma' s electr on

density), it seems unlik el y that such diff er ent structur es, each with their o wn character -

istics, w ould all be aff ected so consistentl y . Cer tainl y , distant sour ces such as the XRB

should be unaff ected b y the local en vir onment: since it is unr elated to the Milky W a y , its

brightness should not incr ease near the Galactic Plane . If an ything, one w ould expect the

a ppar ent �ux of the XRB to decr ease near the Plane , wher e the higher density of dust

and gas pr oduces gr eater absorption.
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T able 4.10: The G-Series best-�t parameter values f or the Loop �elds. F or a k e y to the table headings, see Appendix B.

Field N5 N4 X3 X2 X1 B1 B2 B3 B4 B5

Latitude 30.00 20.00 24.00 18.00 12.00 -2.71 -3.87 -5.49 -8.00 -12.00

LHB Norm 3.66E-4 4.37E-4 7.03E-4 6.47E-4 7.44E-4 8.13E-4 7.15E-4 5.81E-4 7.73E-4 7.04E-4

Gal N

H

0.055 0.080 0.122 0.099 0.174 0.455 0.323 0.246 0.166 0.288

W all N

H

0.032 0.076 0.122 0.099 0.174 0.448 0.306 0.246 0.166 0.063

F or e N

H

0.585 0.948 1.000 1.000 1.000 0.985 0.947 1.000 1.000 0.274

Loop 1 Norm 9.59E-3 1.61E-2 4.32E-3 1.25E-2 1.13E-2 8.33E-2 5.75E-2 2.83E-2 1.73E-2 1.21E-2

Abundances:

O 0.351 0.244 0.348 0.303 0.222 0.184 0.207 0.234 0.258 0.340

Ne/Mg /F e 0.360 0.347 0.472 0.366 0.334 0.178 0.246 0.267 0.319 0.351

Shell Norm 6.94E-3 6.85E-3 1.65E-3 7.43E-3 5.17E-3 1.08E-1 6.38E-2 3.08E-2 1.58E-2 1.10E-2

Halo Norm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mekal Norm 0.00 0.00 0.00 0.00 0.00 2.38E-3 1.42E-3 5.03E-4 1.93E-4 7.15E-5

Mekal kT 0.00 0.00 0.00 0.00 0.00 1.000 1.000 1.000 1.000 1.000

XRB Norm. 2.88E-4 2.88E-4 3.49E-4 2.11E-4 2.78E-4 1.52E-3 9.88E-4 8.11E-4 5.41E-4 3.50E-4

� 2

297.6 293.3 744.4 680.9 734.9 1006.1 1134.3 245.5 735.7 612.9

DOF 228 234 618 633 671 807 866 227 629 596

� 2

� 1.10 1.08 1.20 1.25 1.31 1.25 1.31 1.08 1.17 1.03
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Figur e 4.37: Model G: The best-�t spectra f or X1, X2, X3 & N4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.38: Model G: The best-�t spectrum f or N5. The traces sho wn ar e: R OSA T

(blue), MOS (black) and pn (r ed).

The sour ce of the Plane enhancement is unclear . Although the GPR, modelled b y the

MEKAL component, is kno wn to be a thermal sour ce (see Section 2.8), the normalisations

of all the components, including the non-thermal XRB, can be seen to rise near the

Plane . At �rst glance , it w ould a ppear that the model has not full y accommodated the

�ux fr om the GPR, and so the normalisations of the other components ha v e incr eased

to compensate; ho w e v er , such an eff ect should not ha v e aff ected the XRB in the manner

obser v ed. Instead, ther e a ppears to be another non-thermal sour ce ad ding to the

contin uum energ y close to the Plane , the �ux of which is being mistak enl y accommodated

b y the normalisations of all of the other components.

4.7.10 Model H

In the earlier series of �ts, poorl y �tted par ts of spectra w er e clear to see , as the

model f ell shor t of the data in those speci�c energ y r egions. The in�uence of energ y

enhancement in the Southern �elds is not so obvious, because Model G did �t the data,

albeit incor r ectl y , with the enhancement accommodated within the other components.

T o extract the enhancement' s signal, the normalisations of the other components had to

be fr ozen to r ealistic values, so that it could be �tted separatel y . Because this practice

hea vil y biases the �tting pr ocess and hampers a detailed anal ysis of the SXRB near the
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Figur e 4.39: Model G: The best-�t spectra f or B1, B2, B3 & B4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.40: Model G: The best-�t spectra f or B5. The traces sho wn ar e: R OSA T (blue),

MOS (black) and pn (r ed).

Plane , it was used onl y in the Southern �elds. The f ollo wing model was a pplied:

APEC + (W ABS � V APEC) + (W ABS � APEC) + (W ABS � MEKAL) + (W ABS � PO WER)

+ (W ABS � PO WER) + GA USS1 + GA USS2

Repr esenting:

LHB + (Loop 1) + (Shell) + (GPR(thermal)) + (GPR(non-thermal))

+ (XRB) + Al K � + Si K �

This model includes tw o components designed to accommodate the Plane Enhancement:

a MEKAL at 1 k eV to �t the signal fr om the thermal GPR, and an absorbed po w er la w ,

with a photon index of 2.5 to accommodate the non-thermal excess seen in the G-Series.

Both the MEKAL and the po w er la w w er e set behind the full Galactic column. While

�tting, the normalisations of the LHB, Loop , Shell and XRB w er e fr ozen to their a v erage

values as determined in the G-Series �ts to the Nor thern �elds. Although this method

allo w ed the extra components to �t fr eel y , it also implicitl y assumed that the pr oper ties
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Figur e 4.41: Component normalisations fr om Model G vs. Galactic latitude , sho wing the

anomalous enhancement as the Plane is a ppr oached.
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T able 4.11: The H-Series best-�t parameter values f or the Loop �elds. F or a k e y to the

table headings, see Appendix B.

Field B1 B2 B3 B4 B5

Latitude -2.71 -3.87 -5.49 -8.00 -12.00

LHB Norm 8.32E-4 6.43E-4 5.56E-4 7.35E-4 3.07E-4

Gal N

H

0.455 0.323 0.246 0.166 0.288

W all N

H

0.201 0.094 0.115 0.099 0.037

F or e N

H

0.442 0.290 0.467 0.596 0.128

Loop 1 Norm 1.08E-2 1.08E-2 1.08E-2 1.08E-2 1.08E-2

Abundances:

O 0.383 0.335 0.282 0.280 0.371

Ne / Mg / F e 0.621 0.600 0.408 0.378 0.343

Shell Norm 5.61E-3 5.61E-3 5.61E-3 5.61E-3 5.61E-3

Mekal Norm 3.19E-3 2.24E-3 5.95E-4 1.80E-4 6.08E-5

Mekal kT 1.00 1.00 1.00 1.00 1.00

XRB Norm. 2.83E-4 2.83E-4 2.83E-4 2.83E-4 2.83E-4

GPR Norm 4.29E-3 2.71E-3 1.83E-3 9.59E-4 3.60E-4

GPR Photon Inde x 2.5 2.5 2.5 2.5 2.5

� 2

943.7 1071.2 284.2 739.9 682.4

DOF 809 867 231 632 598

� 2

� 1.17 1.24 1.23 1.17 1.14

of both the SXRB and the XRB w er e similar abo v e and belo w the Galactic Plane; a factor

which ma y aff ect the interpr etation of the SXRB in Cha pter 6.

The best-�t parameter values of the H-Series �ts ar e listed in T able 4.11, and plots of the

�tted spectra cor r esponding to these values ar e sho wn in Figur es 4.42 and 4.43.

Model H: Discussion

Although the normalisations of the LHB, Loop , Shell, and XRB ar e fr ozen to the a v erage

values f ound in the Nor thern �elds, it has still been possible to pr oduce excellent �ts

in the Southern �elds. The absorbed MEKAL and po w er la w ha v e been able to �t

the enhancement pr esent near the Plane: the thermal signal fr om the GPR is co v er ed

b y the MEKAL, while the po w er la w �ts the non-thermal excess r esponsible f or the

166



4.7.
MODELLING

THE
LOOP

FIELDS

Figur e 4.42: Model H: The best-�t spectra f or B1, B2, B3 & B4. The traces sho wn ar e: R OSA T (blue), MOS (black) and pn (r ed).
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Figur e 4.43: Model H: The best-�t spectrum f or B5. The traces sho wn ar e: R OSA T

(blue), MOS (black) and pn (r ed).

contin uum enhancement seen in Figur e 4.41. The sour ce of this non-thermal excess is

unclear , although the fact that it has been obser v ed onl y close to the Galactic Plane in the

Galactic Centr e dir ection indicates that it ma y be associated with the Galactic Centr e

itself.

As the stepwise de v elopment of the model has sho wn, all of the components pr esent in

the model ar e r equir ed, and so the lo w r educed chi squar ed values obtained cannot be

ascribed simpl y to an o v er complexity in the model. Indeed, since man y of the parameters

ha v e been fr ozen to pr edetermined values, the model a pplied to the Southern �elds has

f e w er fr ee parameters than that a pplied to the Nor thern �elds.

4.8 The Final Models

Thr ough the iterations described abo v e , the best �t models to the tw enty �elds ha v e

been determined.

In the Oxygen �elds, the simple thr ee-component Model B(d), r epr esenting the LHB, the

Galactic Halo , and the XRB, pr o vided the best �t:
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APEC + (W ABS � V APEC) + (W ABS � PO WER) + GA USS1 + GA USS2

Repr esenting:

LHB + (Halo) + (XRB) + Al K � + Si K �

While the LHB beha v ed as expected, the Halo was f ound to ha v e a plasma temperatur e

of � 0.25 k eV , signi�cantl y higher than the 0.1 k eV pr edicted b y Willingale et al. (2003). In

ad dition, while a �x ed �ux value was tried f or the XRB, this did not w ork w ell. Instead,

its normalisation was allo w ed to �oat, pr o viding a `best-�t' value which was in most cases

signi�cantl y lo w er that the 9.0 photons s

� 1

cm

� 2

sr

� 1

k eV

� 1

at 1 k eV used b y Hands

(2003), indicating that onl y a fraction of the total XRB �ux was r eall y contained within

the r educed spectra.

The Halo , identi�ed in the Loop 1 r egion b y Willingale et al. (2003), was not f ound to be

discernible in an y of the Loop 1 �elds. Thr ough consideration of the structur e of SNRs,

the possibility of the pr esence of a cool shell ar ound Loop 1 was pr oposed, and then

con�rmed thr ough �tting. Ultimatel y , the best �t to the Nor thern �elds was obtained

using Model G:

APEC + (W ABS � V APEC) + (W ABS � APEC) + (W ABS � PO WER)

+ GA USS1 + GA USS2

Repr esenting:

LHB + (Loop 1) + (Shell) + (XRB) + Al K � + Si K �

which r epr esents the LHB, Loop interior , Shell, and the XRB. In the Southern �elds,

ho w e v er , tw o ad ditional components, a MEKAL and a po w er la w , w er e included to

accommodate the thermal GPR and the non-thermal enhancement seen near the Galactic

Plane , yielding Model H:
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APEC + (W ABS � V APEC) + (W ABS � APEC) + (W ABS � MEKAL) + (W ABS � PO WER)

+ (W ABS � PO WER) + GA USS1 + GA USS2

Repr esenting:

LHB + (Loop 1) + (Shell) + (GPR(thermal)) + (GPR(non-thermal))

+ (XRB) + Al K � + Si K �

The best-�t unf olded spectra fr om the Loop �elds, sho wing the contribution of each

component to the total �ux, ar e sho wn in Figur es 4.44, 4.45, 4.46, 4.47, 4.48 & 4.49.

In or der to extract the signals fr om the Galactic Plane , it was necessar y to fr eeze the

normalisations of the f our components r epr esented in Model G to the a v erage values

f ound in the Nor thern �elds prior to �tting. While this simpli�ed the �tting pr ocedur e ,

and allo w ed the GPR to be characterised, it also intr oduced the assumption that the

pr oper ties of the Loop ar e a ppr o ximatel y symmetrical abo v e and belo w the Plane; an

assumption that will be tested in Cha pter 6, wher e the ph ysical pr oper ties of the SXRB

structur es will be examined.

The �nal best-�t parameter values f or the Loop and Oxygen Fields, with their 90%

con�dence inter vals, ar e listed in Appendix B.

4.9 Summar y

The r educed spectra of the DXRB fr om tw enty positions in the Milky W a y ha v e been

�tted with XSPEC models. The r esults of this pr ocess, the best-�t parameters fr om

Models B(d) in the Oxygen �elds, G in the Nor thern �elds and H in the Southern �elds,

ha v e con�rmed some established ideas, such as the ubiquity of the LHB. The y ha v e also

pr o vided ne w insights into the soft X-ra y backgr ound, par ticularl y the r einterpr etation

of the cool Halo of Willingale et al. (2003), which has allo w ed the identi�cation of a cool

shell ar ound Loop 1. Fitting spectra fr om the Anti-centr e also r e v ealed the true signal
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Figur e 4.44: Unf olded spectra of �elds X1 & X2. The r ed cr osses mark the data points.

The traces ar e as f ollo ws: Pink solid (LHB APEC), gr een dotted (shell APEC), dark blue

dotted (Loop interior V APEC), r ed dashed (XRB po w er la w). The cyan and y ello w peaks

ar e the tw o Gaussian cur v es.
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Figur e 4.45: Unf olded spectrum of �eld X3. The r ed cr osses mark the data points.

The traces ar e as f ollo ws: Pink solid (LHB APEC), gr een dotted (shell APEC), dark blue

dotted (Loop interior V APEC), r ed dashed (XRB po w er la w). The cyan and y ello w peaks

ar e the tw o Gaussian cur v es.

fr om the Halo , a warm 0.25 k eV �ux fr om chemicall y depleted plasma similar to the

Loop 1 interior .

While the signal fr om the extragalactic backgr ound (the XRB, Section 2.3.1) is par tl y

discernable in all tw enty �elds, it has been possible to fr ee �t it onl y in the Oxygen and

Nor thern �elds. In the Southern �elds, the normalisation of the XRB had to be fr ozen

to an expected value to pr e v ent it fr om rising in the pr o ximity of the Galactic Plane .

When allo w ed to �t fr eel y , the normalisation of the po w er la w used to model the XRB

was seen to var y betw een 1.51 � 10

� 4

and 6.75 � 10

� 4

photons k eV

� 1

cm

� 2

s

� 1

. While

this amount of �ux is r elativ el y insigni�cant when compar ed with that pr oduced b y the

SXRB, it is still vital to the �tted spectra, because it pr o vides the high energ y contin uum

that underlies the contribution of the various thermal sour ces.

Prior to �tting, the �ux of the XRB had been expected to be isotr opic . When �tted in

the �elds N4 and N5 b y Willingale et al. (2003), and at other points along the Galactic

Ridge b y Hands (2003), the normalisation of the XRB was fr ozen in each �eld to a value

equivalent to a �ux of 9 photons s

� 1

cm

� 2

sr

� 1

k eV, after Lumb , W arwick, Page &
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Figur e 4.46: Unf olded spectra of �elds N4 & N5. The r ed cr osses mark the data points.

The traces ar e as f ollo ws: Pink solid (LHB APEC), orange dot dash (shell APEC), dark

blue dotted (Loop interior V APEC), r ed dashed (XRB po w er la w). The cyan and y ello w

peaks ar e the tw o Gaussian cur v es.
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Figur e 4.47: Unf olded spectra of �elds B1 & B2. The r ed cr osses mark the data points.

The traces ar e as f ollo ws: Pink solid (LHB APEC), gr een dotted (shell APEC), dark blue

dotted (Loop interior V APEC), orange dot dash (MEKAL GPR), r ed dashed (XRB po w er

la w), cyan dashed (extra po w er la w). The cyan and y ello w peaks ar e the tw o Gaussian

cur v es.

174



4.9. SUMMAR Y

Figur e 4.48: Unf olded spectra of �elds B3 & B4. The r ed cr osses mark the data points.

The traces ar e as f ollo ws: Pink solid (LHB APEC), gr een dotted (shell APEC), dark blue

dotted (Loop interior V APEC), orange dot dash (MEKAL GPR), r ed dashed (XRB po w er

la w), cyan dashed (extra po w er la w). The cyan and y ello w peaks ar e the tw o Gaussian

cur v es.
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Figur e 4.49: Unf olded spectrum of �eld B5. The r ed cr osses mark the data points. The

traces ar e as f ollo ws: Pink solid (LHB APEC), gr een dotted (shell APEC), dark blue dotted

(Loop interior V APEC), orange dot dash (MEKAL GPR), r ed dashed (XRB po w er la w),

cyan dashed (extra po w er la w). The cyan and y ello w peaks ar e the tw o Gaussian cur v es.

Luca (2002). While �tting the Oxygen �elds (Section 4.6.2), ho w e v er , it ra pidl y became

a ppar ent that this value was ina ppr opriate f or use in this study , as it caused the model to

sit abo v e the data. In the Anti-centr e dir ection, the �ux le v els fr om the SXRB ar e m uch

lo w er than in the Galactic Centr e , and the har d end of the spectrum is not confused b y

emission fr om the GPR. Ho w e v er , in these �elds, the detected �ux fr om the XRB was

f ound to be m uch lo w er than in the Galactic Centr e dir ection, indicating that the whole

of the XRB �ux had not been included within the r educed spectra.

Also , when allo w ed to �t fr eel y in the N4 and N5 �elds, using the same energ y range and

�tting pr ocedur e as Willingale et al. (2003), the best-�t �ux of the XRB was f ound to be

about 30% lo w er , at 6.00 photons s

� 1

cm

� 2

sr

� 1

k eV and 5.81 photons s

� 1

cm

� 2

sr

� 1

k eV

r espectiv el y . While this discr epancy can par tl y be attributed to the adjustments made

to the data r eduction pr ocess, the r eassignment of the absorbed 0.1 k eV component

ma y also be r esponsible . By r educing the absorption acting on this component, its

contribution to the �ux in these �elds was incr eased, r educing the �ux fraction left to be

�tted b y the XRB.
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T able 4.12: Best-�t Flux V alues of the XRB with 90% con�dence inter vals. Units ar e

photons s

� 1

cm

� 2

sr

� 1

k eV.

Field XRB Flux + / �
O1 6.61 0.71 / 0.38

O2 7.49 0.29 / 0.00

O3 2.99 0.00 / 0.85

O4 4.57 0.97 / 0.95

O5 13.24 1.04 / 1.08

O6 8.39 0.27 / 0.00

O7 5.69 0.19 / 0.02

O8 9.55 0.00 / 0.02

O9 5.54 0.15 / 0.00

O10 5.44 0.39 / 0.00

X1 5.48 0.67 / 0.67

X2 4.13 0.53 / 0.76

X3 6.82 0.66 / 0.63

N4 6.00 0.56 / 0.69

N5 5.81 0.14 / 3.00

Hence , while an XRB contribution has been extracted fr om the total �ux in all of the

�elds, it is unlik el y that its total �ux has been obser v ed, and so it w ould not be prudent to

dra w conclusions r egar ding its total �ux intensity . Instead, it can be said that because its

contribution within this lo w er energ y range has been �tted b y the absorbed po w er -la w , it

has made it easier to extract, �t and characterise the signal fr om the softer components

of the SXRB. The magnitude of the �ux contributions of the XRB f ound in each �eld ar e

listed in T able 4.12

The LHB, �tted at 0.1 k eV , a ppears to be brighter in Nor thern Bulge �elds compar ed

with those in the NPS �elds; a f eatur e which ma y indicate an interaction with Loop 1 in

this r egion. The LHB is also mor e pr ominent in the Anti-centr e dir ection, wher e it is far

mor e extensiv e .

Loop 1 has been modelled using tw o components: a V APEC f or the hot, rar e�ed interior ,

and an APEC r epr esenting a cool shell ar ound the Loop . By subjecting both of these

components to the same le v el of absorption, the y ha v e eff ectiv el y been held together

at the same distance fr om the Ear th, and positioned outside the boundar y of the LHB,
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behind the absorbing W all.

As in Willingale et al. (2003), the temperatur e of the Loop' s interior was fr ozen to

0.3 k eV to simplify the �tting pr ocess. The normalisation of the V APEC modelling the

Loop' s interior was f ound to be � 4 times higher in the NPS than in the Nor thern Bulge

�elds, indicating that the plasma near the limb of the bubble is being heated, and perha ps

compr essed, as it impacts the outer shell. As in Willingale et al. (2003), the interior was

f ound to be chemicall y depleted in o xygen, magnesium, neon and ir on.

The cool shell ar ound Loop 1, identi�ed in this r esear ch, has been modelled using a

thermal APEC fr ozen at 0.1 k eV . The origin of this �ux has been r einterpr eted, fr om

being a cool Galactic Halo (as in Willingale et al. (2003)) to a local supershell, f or thr ee

r easons: �rst, it was not obser v ed in the Anti-centr e dir ection, a pr er equisite f or an

all-encompassing Halo . Second, the high absorption in the W all pr ecluded the possibility

that the 0.1 k eV signal could originate behind Loop 1, a h ypothesis tested b y �tting the

model with the Halo at 0.15 k eV , and again at 0.25 k eV . Thir d, the shell' s emission measur e

a ppears to be r elated to that of the Loop' s interior . The ph ysical pr oper ties of the shell,

and the other structur es in the SXRB, will be anal ysed fur ther in Cha pter 6.

In the Southern �elds, tw o ad ditional sour ces, a thermal sour ce and a non-thermal sour ce ,

ha v e been obser v ed within 6

�
of the Galactic Plane . These ha v e been �tted with a MEKAL

at 1 k eV and a po w er la w with a photon index of 2.5 r espectiv el y . Both of these w er e set

behind the full Galactic column. While the thermal sour ce can be tentativ el y identi�ed as

the Galactic Plane Radiation, the non-thermal sour ce has not been identi�ed pr e viousl y

in literatur e , but could possibl y originate at the Galactic Centr e .

Finall y , the emission fr om the Galactic Halo was detected in all ten Oxygen �elds. Thr ough

�tting f our variations of Model B, it has been sho wn that the Halo �ts best at full Galactic

Absorption, ruling out the possibility that it is a local sour ce . The Halo plasma was f ound

to r esemble that of the Loop interior , with a 0.21 � 0.31 k eV temperatur e range , and a

hint of chemical depletion. The similarity of the Halo plasma to that in the Loop 1 interior ,

which itself is the pr oduct of man y superno vae (Egger 1998), is intriguing, and str ongl y

suppor ts the theor y that the Halo was generated thr ough the out�o w of material fr om

SNRs, the so-called `f ountain' h ypothesis of Halo cr eation.
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Oxygen in the Milky W a y

The ISM contains man y diff er ent elements and ionic species which, ha ving absorbed

high-energ y photons b y the pr ocesses described in Section 1.2.1, de-excite to pr oduce

emission lines. The n umber density of energised ions determines the obser v ed intensity

of these lines, but their fr equency and energ y ar e dictated b y the species fr om which

the y originate . Consequentl y , the lines can be used as a chemical `�ngerprint', their

detection unambiguousl y r e v ealing the pr esence of speci�c ions within the ISM. Spectral

anal ysis can also pr o vide an estimate of the temperatur e of the emissiv e plasma, since

characteristic lines ar e cr eated b y electr on transitions which occur onl y within a nar r o w

energ y range . In this cha pter , attention will be f ocussed on the o xygen lines pr esent in

the SXRB spectra.

The pr ominent O VII and O VIII lines pla y an impor tant par t in the thermal balance of the

ISM. Ho w e v er , the point of origin of the obser v ed lines is the subject of m uch debate .

Whilst Willingale et al. (2003) supposed a distant cool Galactic Halo to be the primar y

sour ce of O VII emission in the SXRB, others such as Sno wden et al. (1995) and Sanders

(2001) ha v e pr oposed that `Long T erm Enhancements' (L TEs) in the local �ux, pr oduced

b y interaction betw een the Ear th' s magnetic �eld and the solar wind, ma y generate the

clouds of o xygen ions r esponsible f or the lines. On balance , it is lik el y that both of these ,

possibl y in conjunction with other sour ces, contribute to the o xygen signal.

Her e , the �tted parameters described in the pr e vious cha pter will be `dissected': the

total �ux of the �tted models will be separated into the contributions fr om the emissiv e
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plasma codes. These will then be split fur ther , to isolate the O VII and O VIII line �ux es

fr om the contin uum. Using the r esults of this anal ysis, the sour ces of the o xygen emission

shall be identi�ed, and the v eracity of the shell model will be tested.

5.1 Emission in the ISM

The material of the ISM is heated and energised thr ough a variety of extr eme phenomena,

including star f ormation, stellar wind activity and superno va e v ents. The vast extent and

lo w density of the ISM allo ws most of this thermal energ y to persist f or millennia, but

some energ y is lost thr ough absorption b y neutral atoms (Section 2.1) and via par ticle

interaction.

Thr ee varieties of par ticle interaction ar e possible . The �rst, a `fr ee-bound' interaction,

occurs when a fr ee electr on r ecombines radiativ el y with an ion. This pr ocess eff ectiv el y

r emo v es the kinetic energ y of the electr on fr om the total thermal energ y of the plasma.

Although the in�uence of this interaction can be seen in the LHB which, ha ving been

r eheated b y the last superno va to explode in its vicinity (Berghöf er & Br eitschw er dt

2002) is no w in a state of long-term r ecombination, it generall y has a negligible cooling

eff ect on the ISM.

In the second, an electr on decelerates in the electric �eld of a pr oton, and dumps

its excess energ y in the f orm of Br emsstrahlung radiation (Section 1.2.1). Since both

par ticles ar e unbound, this is commonl y kno wn as a `fr ee-fr ee' interaction. While this

pr ocess cools the ISM mor e ef�cientl y than the `fr ee-bound', it has little in�uence be y ond

pur e h ydr ogen en vir onments (Tielens 2005).

The dominant cooling mechanism f or opticall y-thin ionized gas is widel y r ecognised to

be excitation b y incident photons of the lo w-l ying electr onic states of trace species

(Tielens 2005). This par ticle interaction is named `bound-bound', because an initiall y

bound electr on is raised to a higher , y et still bound, energ y state within the same ion.

In a v erage-density plasma, such as that ar ti�ciall y generated on Ear th, a bound-bound

interaction w ould be pr omptl y f ollo w ed b y de-excitation thr ough collision with a fr ee

electr on. This does not ha ppen r eadil y in the ISM as the electr on density is so lo w .

Instead, the ions de-excite spontaneousl y , r eleasing photons of energ y equal to that of
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the electr on' s transition. It is these photons, obser v ed as emission lines, which car r y

a wa y thermal energ y fr om the plasma and, of all the lines pr esent in the ISM, O VII is the

most eff ectiv e coolant (Berghöf er & Br eitschw er dt (2002) & Sno wden et al. (2004)).

The emission lines also act to r egulate the temperatur e of the ISM. Because atoms

ma y be raised to man y diff er ent ionisation states, it is possible f or all of these to exist

sim ultaneousl y within an atomic population. It is, ho w e v er , mor e pr obable that the

majority of the ions will be in one par ticular ionisation state , with an energ y equivalent

to the plasma temperatur e . When these ions de-excite , the y pr oduce emission lines

characteristic of the plasma temperatur e . The cooling eff ect pr oduced b y this pr ocess

is inef�cient, and unlik el y to r educe the plasma temperatur e b y the amount r equir ed to

shift the ionic balance of the plasma, and so allo w a lo w er ionisation state . Ho w e v er , its

impact is usuall y suf�cient to pr e v ent slight temperatur e incr eases in localised r egions of

the ISM, which w ould otherwise enable higher ionisation states to be attained. In this

wa y , the emission lines act as a thermostat in the interstellar plasma, making thermal

equilibrium possible .

5.2 Plasma Codes, Emission Lines, Photons and Flux

Thermal plasma codes, such as APEC and MEKAL, include line catalogues which r epr esent

the line photons, pr oduced b y electr on transitions that occur betw een the sub-le v els of

diff er ent ions, in the f orm of sharp emission peaks. When con v olv ed with the energ y

r esponse of a detector , the peaks br oaden and blend together , mimicking the emission

lines that dominate the energ y spectrum of the SXRB. The MEKAL code , f or example ,

blends se v en electr on transition peaks to pr oduce the O VIII emission line , and se v enteen

to generate O VII .

In a thermal plasma code , the str ength of each electr on transition' s contribution to an

emission line is determined b y the temperatur e and ion density of the emitting plasma;

consequentl y , both the individual and r elativ e str engths of the tw o o xygen lines var y

fr om �eld to �eld. This r elationship has long been exploited b y spectr oscopists in or der

to measur e the pr oper ties of diffuse plasmas. Indeed, the v er y existence of interstellar

plasma at 1 � 4 � 10

6

K was �rst r e v ealed b y Inoue et al. (1979) thr ough the detection
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of the O VII and O VIII emission lines that ar e the subject of this cha pter .

In practice , when an X-ra y photon is incident on a detector , it is r egister ed and stor ed

in the e v ents �le of the obser vation. Because the rate at which the e v ents ar e r egister ed

is r elated to the n umber of photons incident in a giv en time , it can be consider ed to be

the `photon count rate' of the obser v ed sour ce .

After the e v ents �le has been scr eened and pr ocessed, it is used to pr oduce an energ y

spectrum, which is then �tted with a series of plasma codes. The �ux of the �tted

spectrum ma y be then estimated b y integrating the model o v er the r equir ed energ y

inter val with r espect to the n umber of normalised e v ents: in essence , b y �nding the ar ea

under the cur v e .

T o split the model �ux into its various components, the MOS data fr om the B4 data-set

was r ead into Xspec and modelled using a simple V APEC code with a normalisation

fr ozen to 1, and a plasma temperatur e of 0.1 k eV . All chemical abundances in the code

w er e then fr ozen to zer o , eff ectiv el y r emo ving the emission lines fr om the model cur v e ,

and lea ving onl y the contin uum energ y .

Because the pr o�le of the V APEC cur v e was not �tted, it did not match the data;

instead, it sho w ed the sha pe of the code after it had been f olded thr ough the energ y

r esponse of the telescope . This r e v ealed the emission f eatur es pr oduced b y instrumental

contamination, in par ticular , an o xygen edge centr ed at 0.5 k eV , arising fr om the �lter used

in fr ont of the MOS detector . The pr esence of this ar tefact highlighted the impor tance

of using the a ppr opriate ARF and RMF �les during the �tting pr ocess: the diff er ent �lters

(thin, medium, and thick) used in conjunction with the EPIC detector (Section 1.3.4)

each contain diff er ent trace elements which, when energised, pr oduce photons that

contaminate the obser v ed data. By using the a ppr opriate calibration �les, these f eatur es

can be accounted f or in the modelled spectrum.

The o xygen abundance of the V APEC code was then r eset to 1, and the model' s cur v e

r edra wn to sho w the O VII and O VIII lines superposed on the contin uum, each centr ed

ar ound � 0.55 k eV and � 0.7 k eV r espectiv el y . Using the IPLO T package (K. Arnaud

2007), the energ y inter vals occupied b y the o xygen lines w er e measur ed, yielding the

limits 0.46 � 0.62 k eV and 0.62 � 0.72 k eV f or O VII and O VIII r espectiv el y . These values

r epr esent the best compr omise: emission peaks with close transition energies ma y blend
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to pr oduce one emission f eatur e , and unf or tunatel y this is the case f or the O VII and

O VIII lines, which o v erla p slightl y at their bases. The midpoint betw een the lines lies at

� 0.62 k eV , and so this limit was set to ensur e that when their �ux was measur ed, e v ents

in the blended r egion w ould not be counted twice . F or the purposes of this cha pter ,

these tw o energ y ranges will be assumed to contain all of the O VII and O VIII signal in the

modelled spectra.

5.3 The Eff ect of T emperatur e on the Oxyg en Lines

T w o thermal codes w er e used to model the r educed SXRB spectra: APEC (Section 4.3.1)

and MEKAL (Section 4.3.1). Both of these codes include O VII and O VIII peak data, but

the individual and r elativ e str engths of the lines the y pr oduce ar e dependent on the

temperatur e of the emissiv e plasma. T o examine this eff ect, the �ux of the lines in each

of the models was measur ed o v er a range of temperatur es. The V APEC and VMEKAL

code variants w er e used f or this purpose because the y allo w the chemical abundances

to be adjusted, unlik e the standar d APEC and MEKAL implementations, in which all

abundances ha v e set values.

A V APEC code was r ead into Xspec . It was giv en a normalisation of 1, a plasma

temperatur e of 0.080 k eV , and all chemical abundances w er e set to solar (1). The

total �ux of the model was then measur ed using the Xspec `�ux' command, in the

0.46 � 0.62 k eV and 0.62 � 0.72 k eV energ y ranges de�ned abo v e .

The o xygen abundance was then set to 0, r emo ving the o xygen lines fr om the spectrum,

and the �ux was r e-measur ed in the tw o energ y ranges, yielding the �ux of the model

contin uum which underpins the lines (Figur e 5.1). These values w er e then subtracted

fr om the total �ux es to giv e the contin uum-subtracted �ux es of the O VII and O VIII lines.

This pr ocess was r epeated f or a range of plasma temperatur es, after which the entir e

pr ocedur e was perf ormed using the VMEKAL code . The �ux measur ements obtained

ar e pr esented in Figur es 5.2 and 5.3.

Fr om the gra phs, it can be clearl y seen that O VII dominates at lo w er plasma temperatur es,

rising sharpl y in magnitude until it r eaches a maxim um at 0.175 k eV . After this, the
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Figur e 5.1: The contin uum and line �ux es in an emission line r egion.

Figur e 5.2: The contin uum-subtracted �ux of the o xygen lines pr oduced b y the V APEC

code , at solar abundance and normalisation of 1, as a function of plasma temperatur e .
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Figur e 5.3: The contin uum-subtracted �ux of the o xygen lines pr oduced b y a VMEKAL

code , at solar abundance and an normalisation of 1, as a function of plasma temperatur e .

magnitude of the O VII line decr eases ra pidl y , falling a wa y to zer o a little be y ond 1 k eV .

Since O VIII r epr esents one fur ther ionization of o xygen fr om O VII , it r equir es mor e

energ y , and is ther ef or e generated in gr eater pr opor tion at higher temperatur es. It peaks

in magnitude ar ound 0.27 k eV , similar to the measur ed temperatur e of the Loop 1 interior

but, because the rate at which its �ux incr eases with temperatur e is slo w er than that of

O VII , O VIII r eaches onl y 57% of the maxim um peak magnitude of O VII . Ho w e v er , the O VIII

�ux also falls at a slo w er rate than O VII , allo wing it to r emain r elativ el y high long after

its maxim um has been attained. This eff ect is a ppar ent in the gra phs: at � 0.26 k eV , the

O VII and O VIII lines pr oduced b y the plasma codes ar e of a ppr o ximatel y equal magnitude .

Belo w this temperatur e , the O VII line is mor e pr ominent than O VIII , but abo v e it, the

situation is r e v ersed.

O VII has long been consider ed a tracer of 0.1 k eV plasma but, although it is cer tainl y

pr esent at this temperatur e , the O VII �ux is far fr om its maxim um value . The signi�cance

of 0.1 k eV to the O VII �ux can be a ppr eciated if one calculates the ratio of O VII / O VIII

�ux o v er the temperatur e range . This r elationship is sho wn in Figur es 5.4 and 5.5.
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Figur e 5.4: The ratio of o xygen line intensities in the V APEC code .

Figur es 5.4 & 5.5 r e v eal b y what magnitude the O VII �ux is larger than the O VIII �ux o v er

a range of plasma temperatur es. At lo w er temperatur es, � 0.1 k eV , the magnitude of the

O VII line is � 22 times that of the O VIII line . As this is b y far the largest value that the

ratio can hold in this temperatur e range , the pr esence of the O VII line , in the absence of

O VIII , has become associated with 0.1 k eV plasma. At higher temperatur es, the ratio of

the r elativ e sizes of the lines is less extr eme , r educing the signi�cance of the O VII line .

5.4 Splitting the Flux es

In Cha pter 4, the r educed spectra w er e �tted with plasma models comprising a n umber

of components, which r epr esented the structur es of the ISM. Each component contained

a plasma code and, wher e r equir ed, an absorbing code . During the �tting pr ocess, Xspec

calculates the �ux of the contin uum and the emission lines of the codes separatel y . The

individual �ux es of the diff er ent components ar e then summed to giv e the total �ux of

the model, and hence , to cr eate the �nal �tted spectrum.
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Figur e 5.5: The ratio of o xygen line intensities in the VMEKAL code .

Since a modelled spectrum is f ormed fr om separate par ts, it can be deconstructed, and

r eturned to those original �ux components. Although this pr ocess is both possible and

useful, it is not generall y perf ormed, and so a tw o-stage pr ocess had to be de v eloped

especiall y f or this r esear ch. Essentiall y based on the principle of `measur ement b y dif-

f er ence', the �rst stage determined the contribution of the emission line and contin uum

�ux of each component to the total �ux of the spectrum. In the second, the �ux values

w er e manipulated to r emo v e the eff ects of absorption, and so determine the absolute (at

sour ce) �ux of the interstellar structur es r epr esented b y the plasma codes. These tw o

stages, and their r esults, ar e discussed in the sections that f ollo w .

5.4.1 Sta g e 1: The Appar ent Flux of the Model Components

The model used to �t the SXRB �elds contains up to six diff er ent components. T o deter -

mine the a ppar ent �ux of an unabsorbed component within the model, sa y `component

A', in the energ y range containing the O VII line , a pr ocedur e similar to that described in
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Section 5.3 was perf ormed: one of the spectra �tted in Cha pter 4 was r ead into Xspec ,

and the `�ux' command was used to calculate the total �ux within the r equir ed energ y

inter val. The normalisation of component A was then set to zer o , r emo ving it fr om

the model. The �ux was then r ecalculated, and the normalisation of the component

r estor ed. The diff er ence betw een the tw o values is the �ux contribution of the compo-

nent' s emission line and contin uum, and is n umericall y equal to the total a ppar ent �ux of

the component within the energ y inter val.

T o separate the line and contin uum �ux, the complete model was r eplaced b y component

A. The �tted parameter values fr om the modelled spectrum w er e then input, making

component A exactl y as it w ould be within the complete model. The o xygen abundance

of component A was then r eset to zer o , and the �ux r ecalculated, giving the a ppar ent

contin uum �ux. This value was then subtracted fr om the total a ppar ent �ux of the

component to obtain the a ppar ent line �ux of the component.

F or an absorbed component, sa y , W ABS � V APEC , the component was input as a ne w

model, and assigned parameter values equal to those in the �tted model. The total �ux

in the energ y inter val was then calculated, giving the absorbed a ppar ent �ux of both the

line and contin uum. Fur ther values w er e then obtained in anticipation of the second

stage of the anal ysis: the absorption was set to zer o , and the �ux r ecalculated, to giv e

the unabsorbed absolute �ux of the line and contin uum of the component. This done ,

the W ABS value was r einstated, and the o xygen abundance set to zer o . The �ux was

then r ecalculated, pr oducing the absorbed contin uum �ux of the component. Finall y ,

with both the absorption and o xygen abundance held at zer o , the �ux was calculated

once mor e to giv e the unabsorbed contin uum �ux of the component.

5.4.2 P er centa g e Contributions fr om the Plasma Components

The per centage �ux contributions to the total a ppar ent �ux

1

made b y the contin uum and

emission lines of each component w er e calculated f or all tw enty obser v ed �elds. These

values ar e pr esented as pie char ts, sho wn in Figur es 5.6, 5.7, 5.8 & 5.9.

1

The per centage �ux contribution of the component is simpl y its a ppar ent �ux, divided b y the total

�ux, m ultiplied b y one hundr ed.
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Figur e 5.6: Pie char ts sho wing the contributions made b y the emissiv e structur es to the

modelled O VII (0.46 � 0.62 k eV) �ux in the Loop 1 �elds.
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Figur e 5.7: Pie char ts sho wing the contributions made b y the emissiv e structur es to the

modelled O VIII (0.62 � 0.72 k eV) �ux in the Loop 1 �elds.
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Figur e 5.8: Pie char ts sho wing the contributions made b y the emissiv e structur es to the

modelled O VII (0.46 � 0.62 k eV) �ux in the o xygen �elds.
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Figur e 5.9: Pie char ts sho wing the contributions made b y the emissiv e structur es to the

modelled O VIII (0.62 � 0.72 k eV) �ux in the Oxygen �elds.
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O VII in the Loop 1 Fields

The char ts sho wing the per centage O VII �ux contributions in the Loop 1 �elds (Figur e 5.6)

f orm thr ee distinct gr oups: the Southern, the Nor thern Bulge , and the NPS �elds.

Unsurprisingl y , the br eakdo wns of the O VII �ux in the �v e Southern �elds (B1�B5) ar e

almost identical, despite their close pr o ximity to the Galactic Plane; as explained in

Section 5.3, the normalisations of se v eral components w er e fr ozen to the a v erage �tted

values deriv ed fr om the Nor thern �elds.

The hot, non-thermal GPR (modelled b y an absorbed MEKAL) mak es little impact on the

Southern �elds, pr oducing no mor e than 1% of the total O VII �ux e v en in �elds closest

to the Plane , B1 and B2, and so f or clarity , it is not sho wn. The per centage contribution

of the XRB is also small in this energ y range , yielding onl y � 3% in the Nor thern �elds. It

is almost undetectable in the South, wher e it is o v erwhelmed near the Galactic Plane b y

the complexity and intensity of the SXRB in this r egion.

The Loop' s interior contributes the majority (betw een 50% and 60%) of the r eceiv ed �ux

in the Southern �elds, and of this shar e , almost half can be attributed dir ectl y to the O VII

line . The second highest contribution, ar ound 30% of the total, originates in the shell

ar ound Loop 1, and � 8% comes fr om the LHB, mostl y fr om the line itself, with v er y little

input fr om the contin uum. The r emainder is pr o vided b y the contin uum of the extra

po w er la w , included in the model to accommodate the enhancement near the Galactic

Plane .

The cool shell mak es its gr eatest per centage contribution in the Nor thern P olar Spur

�elds (N4 and N5), a tr end that suppor ts the h ypothesis that a shell sur r ounds the hot

interior of the Loop .

The composition of the �ux in the tw o NPS �elds is almost identical, with a thir d of the

total pr oduced b y the cool shell, about 60% b y the interior of Loop 1, and the r emainder

coming fr om the LHB. It is signi�cant that while the pr opor tion of �ux fr om the shell is

high, that fr om the interior of the Loop is still gr eater . The NPS �elds w er e originall y

selected b y Willingale et al. (2003) because the y w er e thought to lie on the edge of Loop 1

but, if this w er e the case , then the shell w ould pr o vide mor e �ux than the interior . This
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pr ompts a question: just what does the bright ar c of the NPS emission r epr esent? It

is pr obable that rather than being on the limit of the Loop 1 Superbubble , the NPS is

an interface r egion, l ying betw een the hot interior of the Loop and the cool outer shell.

This idea will be de v eloped in the next cha pter .

O VIII in the Loop 1 Fields

Lik e the O VII �ux in the Loop 1 �elds, the per centage br eakdo wns of O VIII �ux in Loop 1

ar e similar to one another (Figur e 5.7). The cooler structur es pr oduce far mor e O VII

than O VIII , and as a r esult, the shell pr oduces onl y � 5% of the total O VIII �ux, while the

mor e diffuse LHB mak es a negligible contribution. The hot (2 k eV) GPR generates onl y

� 3% of the O VIII �ux in B1�B3 �elds, while the extra po w er la w mak es up � 10% as the

Plane is a ppr oached. The r emaining 80 � 90% is generated b y the 0.3 k eV plasma in the

Loop 1 interior , with the O VIII line contributing man y times mor e �ux than the contin uum

beneath it.

O VII in the Oxyg en Fields

Because the ten Oxygen �elds ar e spr ead widel y o v er the sky , the y w er e expected to

exhibit far mor e variation than the closel y gr ouped Loop 1 �elds. Ho w e v er , when their

�ux br eakdo wns w er e determined, se v eral tr ends became a ppar ent.

Ov erall, the dominant colour in Figur e 5.8 is dark blue , r epr esenting the O VII line photons

fr om the LHB; indeed, in the O3 and O10 �elds, vir tuall y the whole of the O VII �ux

comes fr om this sour ce . With the exception of �elds O1 and O9, the r esults sho w that

the LHB, not the Halo , is the main sour ce of the obser v ed O VII in the SXRB spectra.

The second highest contributor to the O VII �ux is the Galactic Halo; ho w e v er , the wide

variation in the str ength of the Halo contribution, fr om 0 � 86% of the total �ux, sho ws

that the sky co v erage of the Halo is patch y , and indicates that it is a r elativ el y y oung

structur e which has not y et had time to settle into a homogeneous state .

Finall y , the O VII contribution fr om the XRB component is far mor e pr onounced in the
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Oxygen �elds than in the Loop 1 �elds. This is because the situation in the anti-centr e

dir ection is far simpler than the Galactic Centr e dir ection, and in the absence of the

sour ces in the Galactic Centr e , Loop 1, and all of the absorbing dust associated with the

W all and Plane , the XRB can be seen mor e easil y . Also , because the �ux in the Oxygen

�elds is lo w er than in the Loop 1 �elds, the small contribution fr om the XRB r epr esents

a m uch higher fraction of the total �ux.

O VIII in the Oxyg en Fields

In Figur e 5.9, with the exception of O5, the largest segments ar e pink, r epr esenting the

per centage contribution of the O VIII line fr om the Galactic Halo . This is not surprising:

of the thr ee emissiv e structur es obser v ed in the Oxygen �elds, the LHB, the Halo and

the XRB, onl y the Halo is at the optim um temperatur e to pr oduce O VIII �ux. Lik e the

per centage contribution of O VII made b y the Halo in the Oxygen �elds, the O VIII �ux

co v ers a large range , betw een 35% and 78%. The second largest shar e is pr oduced b y the

LHB, while the XRB contin uum mak es up the r est of the �ux, underpinning the o xygen

lines.

5.4.3 Sta g e 2: The Absolute Flux of the Oxyg en Lines

In or der to compar e the o xygen content of the separate interstellar structur es, the

absolute �ux es of the o xygen lines ar e r equir ed. These values indicate both the density

of o xygen ions in the emissiv e plasma, and the brightness of the emission lines at sour ce ,

that is, the �ux which w ould be obser vable in the total absence of the absorbing column.

F or unabsorbed components, such as the APEC used to measur e the LHB, the �ux-

splitting pr ocedur e (described in Section 5.4) yields both the a ppar ent and the absolute

value of the line �ux. Ho w e v er , f or absorbed codes such as W ABS � V APEC , this is not

suf�cient. T o acquir e the absolute line �ux es f or these components, the in�uence of the

W ABS code m ust be r emo v ed.

Unf or tunatel y , this cannot be done b y simpl y s witching off the absorption and �nding

the �ux of the r emaining plasma code: because the W ABS code incr eases as a function
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of energ y , its str ength varies acr oss the nar r o w energ y inter val occupied b y the o xygen

lines. It was ther ef or e necessar y to de v elop a ne w method to calculate the absolute line

�ux es, designed both to isolate the absorption on the emission line and, sim ultaneousl y ,

to account f or the absorption on the contin uum.

Calculating the Absolute Flux

F or a component of the f orm W ABS � FLUX(L+C) wher e W ABS is the absorption, and

FLUX is a thermal plasma code comprising line �ux L and contin uum �ux C , the f ollo wing

values, obtained during the �ux splitting pr ocedur e , ar e used:

Quantity Meaning

A = W ABS � FLUX(L+C) Appar ent �ux of the code: line and contin uum.

B = W ABS � FLUX(C) Appar ent �ux of the code: contin uum onl y .

C = FLUX(L+C) Unabsorbed �ux of the code: line and contin uum.

D = FLUX(C) Unabsorbed �ux of the code: contin uum onl y .

Using these �ux values, the absorption factor W on the line ma y be calculated as f ollo ws:

A � B

C � D

=

W ABS � FLUX(L) + W ABS � FLUX(C) � W ABS � FLUX(C)

(FLUX(L) + FLUX(C) � FLUX(C))

=

W ABS � FLUX(L)

FLUX(L)

= W

This absorption factor can then used to �nd the absolute �ux of the line photons

(FLUX(L)):

A � B

W

=

[W ABS � FLUX(L) + W ABS � FLUX(C) � W ABS � FLUX(C)]

W

= FLUX(L)

The absolute line �ux es obtained thr ough this method ar e pr esented in Figur es 5.10, 5.11,

5.12 and 5.13. These �gur es sho w the most signi�cant sour ces of �ux in the obser v ed
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Figur e 5.10: The absolute �ux of the O VII line in the Loop 1 �elds.

Figur e 5.11: The absolute �ux of the O VIII line in the Loop 1 �elds.
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Figur e 5.12: The absolute �ux of the O VII line in the Oxygen �elds.

Figur e 5.13: The absolute �ux of the O VIII line in the Oxygen �elds.
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�elds. Sour ces such as the GPR and XRB ar e not sho wn, since the y pr oduce onl y a small

fraction of the total �ux. The absorbed MEKAL component, included in the �elds near est

the Galactic plane , contributes r elativ el y little �ux to the o v erall model, and e v en then, is

onl y marginall y signi�cant in �elds B1 and B2.

The Absolute Line Flux es

The LHB mak es a small but signi�cant contribution to the O VII line �ux, with

a magnitude that varies b y a factor of ten acr oss the tw enty �elds, ranging fr om

5.0 � 10

� 5

photons cm

� 2

s

� 1

to 4.2 � 10

� 4

photons cm

� 2

s

� 1

. On a v erage , the absolute

O VII line �ux fr om the LHB is � 2 times gr eater in the Oxygen �elds compar ed to those

in Loop 1. This ma y be due to the gr eater extent of the LHB in the anti-centr e dir ection.

The range of the O VII line �ux es fr om the Halo is m uch larger than those fr om the

LHB, rising fr om 6.8 � 10

� 5

photons cm

� 2

s

� 1

to 4.1 � 10

� 3

photons cm

� 2

s

� 1

: a

factor of 60. This wide range r e v eals that the concentration of o xygen ions varies

thr oughout the plasma, and indicates that the material in the Halo is still y oung, clump y

and inhomogeneous, and ma y ha v e originated fr om a n umber of diff er ent sour ces. If

these sour ces w er e individual superno vae , then this w ould lend str ong suppor t to the

f ountain h ypothesis discussed in Section ?? .

Ha ving r emo v ed the eff ects of absorption, the Halo pr o v ed to be a surprisingl y str ong

sour ce of O VII emission, pr oducing mor e �ux than the LHB in eight of the ten Oxygen

�elds. This is not the case when the absorption is included because the Halo lies behind

the entir e depth of the Galactic Column, which gr eatl y r educes its a ppar ent �ux, as sho wn

in the pie char ts (Figur es 5.6, 5.7, 5.8 & 5.9) abo v e . The Halo is also the main sour ce of

O VIII line �ux in the Oxygen �elds. Lik e O VII , the O VIII �ux varies o v er a considerable

range as a r esult of non-unif ormity in the Halo plasma.

It is dif�cult to dra w inf er ences fr om the distribution of the �ux in the Loop �elds, since

the normalisations of man y of the plasma components w er e fr ozen in the Southern �elds;

ne v er theless, some obser vations can be made . In the Loop 1 �elds, the str ongest sour ces

of O VII �ux ar e the cool shell and the Loop interior , which mak e similar �ux contributions

to each �eld. The LHB, ho w e v er , mak es a comparativ el y small contribution. The shell' s

199



5.5. DISCUSSION

O VII contribution is par ticularl y noticeable in the N4 and N5 �elds.

The O VIII line �ux is mostl y generated within the Loop' s interior , which at 0.3 k eV , is at

the ideal temperatur e to pr oduce this signal (see Figur e 5.2).

The O VII line �ux of the shell is surprisingl y similar to the NPS and Southern �elds,

indicating again that these �elds ar e not actuall y positioned on the limb of the bubble .

As suspected fr om the e vidence of the photon count rates, the NPS �elds a ppear to be

positioned near the shell, or possibl y at the boundar y betw een the shell and the interior .

Also , as expected, the Nor thern Bulge �elds contain less O VII line �ux than the NPS

�elds, and encouragingl y , the B4 and B5 �elds, which ar e also near the edge of the shell,

ha v e almost the same O VII line �ux as seen in the NPS �elds. The same distribution can

be seen in the O VIII line �ux es, lending fur ther suppor t to the shell model of Loop 1.

5.5 Discussion

5.5.1 The Cool Shell

In Willingale et al. (2003), the cool, absorbed 0.1 k eV component obser v ed in the Loop 1

dir ection was interpr eted as a cool Galactic Halo . Most of the str ong O VII signal detected

in this dir ection was attributed to this structur e , which had been modelled as diffuse and

isotr opic , with an arbitrar y scale height of 1 kpc . One of the pr edicted outcomes of their

model was that the Halo' s O VII �ux should be distributed e v enl y acr oss the sky , with an

intensity comparable to that seen in the Galactic Centr e dir ection. If this w er e the case ,

then the a ppar ent O VII �ux pr oduced b y the cool Halo in the anti-centr e dir ection (wher e

the absorption is r elativ el y lo w) should ha v e been at least as str ong as that obser v ed in

the dusty Galactic Centr e r egions the y obser v ed. Ho w e v er , an examination of the r esults

pr esented abo v e sho ws that this is not the case .

The total obser v ed �ux of the O VII line is m uch gr eater in the Loop 1 r egion than in

the anti-centr e dir ection. Since this measur ement is largel y independent of the separate

par ts of the model, it is not biased b y the diff er ent interpr etations of the cool component;

ne v er theless, the disparity betw een the �ux es within and outside the Loop has a clear
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implication f or the model. It con�rms that the primar y origin of O VII photons in the

Galactic Centr e dir ection is not a cool, distant Halo , but mor e local sour ce , pr obabl y a

structur e associated with Loop 1: the cool super -shell, pr oposed in Cha pter 4.

The `shell' ar rangement also mak es it easier to visualize the emissiv e structur es that

cr eate the SXRB. The `cool Halo' interpr etation of the 0.1 k eV emission is pr oblematic ,

because it r equir es the Halo to be visible in the Loop 1 r egion. In practice , and as

demonstrated in Cha pter 4, an y such emission is s wamped b y the m uch brighter , har der

radiation fr om the Galactic Centr e , and absorbed b y the full Galactic column, r endering

it undetectable in the Galactic Centr e dir ection. Also in Cha pter 4, it was sho wn that

these issues can be r esolv ed b y placing the cool component in the f or egr ound, wher e it

is subjected onl y to the W all absorption.

The shell can be tested against thr ee criteria. The �rst is that most of the O VII �ux

in the Loop 1 �elds should originate fr om the shell component, and the second, that

the contribution of this �ux should incr ease as the limbs of the bubble ar e a ppr oached.

Finall y , mor e O VII should be seen in the Loop 1 r egion than in the r est of the sky . As the

r esults of the anal ysis sho w , all thr ee of these criteria ha v e been satis�ed, suppor ting the

shell model. The ph ysical pr oper ties of this shell, and the other emissiv e structur es, will

be calculated in the next cha pter .

5.5.2 The Hot Halo

In Cha pter 4, the cool Halo component used b y Willingale et al. (2003) was r einterpr eted

as a cool shell, and r eplaced b y a Hot Halo component, similar to that pr oposed b y

Spitzer (1956) (see Section 2.9). The Halo , which was identi�ed in the spectra of all ten

Oxygen �elds, was �tted using an absorbed V APEC . The r esults of this pr ocess r e v ealed

a similarity betw een the plasma of the Halo and the interior of Loop 1: both w er e

chemicall y depleted, and shar ed similar temperatur es ( � 0.25 � 0.3 k eV, Section 4.5.3).

The �ux splitting pr ocedur e , under tak en in Section 5.4, w ent fur ther , r e v ealing a str ong

O VIII �ux fr om the Halo . The le v el of this �ux varies, but is generall y slightl y lo w er than

that fr om the Loop 1 interior ; ne v er theless, it r einf or ces the link betw een SNR material

and the plasma of the Halo and suppor ts the out�o w , or Galactic F ountain (Section ?? ),

model f or the cr eation of the Halo .
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In the f ountain scenario , superbubbles that ha v e r eached a critical size expand and rise

out of the Plane . Upon r eaching the less dense r egion abo v e the neutral h ydr ogen disk,

their shells br each, allo wing the hot interior plasma to �o w outwar ds. Some of this

material r ecombines and falls back do wn under gra vity to war ds the Galactic disk in the

f orm of high v elocity clouds (W oer den et al. 2004), while the r emainder contributes to

the hot Galactic Halo .

5.6 Summar y

The SXRB spectrum contains man y emission lines, which arise thr ough the de-excitation

of ions pr esent in the ISM. The photons that cr eate the lines also pla y an impor tant

r ole in the thermal balance of the ISM, enabling large r egions of plasma to attain thermal

equilibrium b y car r ying a wa y energ y fr om localised hotspots. The O VII and O VIII lines

which lie in the soft energ y band ar e especiall y signi�cant, primaril y because the y ar e

associated with 0.1 k eV and 0.3 k eV plasma fr om which the local ISM is constructed, and

also because O VII is the most ef�cient coolant of the ISM plasma.

In this cha pter , the r egions of the �tted spectra containing the o xygen lines (0.46 � 0.62 k eV

f or O VII and 0.62 � 0.72 k eV f or O VIII ) w er e anal ysed in some detail, b y splitting the �ux

of the model to r e v eal the a ppar ent and absolute o xygen �ux of the various emissiv e

structur es l ying along the line of sight. T o achie v e this, a ne w technique was de v eloped to

split the �ux of the best-�t models into their component par ts, fr om which the absolute

and a ppar ent �ux es of each structur e w er e determined f or each �eld.

The r esults of this pr ocess r e v eal that the O VII �ux obser v ed in the Loop 1 �elds comes

mainl y fr om the cool shell and the interior of the Loop , and onl y � 10% comes fr om the

LHB. In the Oxygen �elds, wher e the �ux is far lo w er than in the Loop 1 �elds, most of

the �ux originates in the LHB, in ad dition to a variable contribution fr om the Galactic

Halo .

The br eakdo wn of the O VIII �ux es is far simpler than that of the O VII . � 90% of the O VIII

�ux in the Loop 1 �elds comes fr om the interior of Loop 1, with the r emainder pr oduced

b y the cool shell. In the Oxygen �elds, some �ux comes fr om the LHB, but m uch of the

obser v ed �ux, � 45%, originates in the Halo .
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By manipulating the �ux components, it was possible to r emo v e the eff ects of absorption,

and so calculate the absolute (at sour ce) �ux of the emissiv e structur es. The absolute

�ux of the LHB was f ound to be almost constant acr oss all �elds, although it was slightl y

brighter in the Oxygen �elds, pr obabl y because of the gr eater extent of the LHB in that

dir ection.

The Halo is brighter in O VII than O VIII , but patch y , and so suggestiv e of a y oung structur e .

T ak en together with the r esults obtained in Cha pter 4, which sho w ed that the tempera-

tur e and chemical abundances in the Halo and Loop interior ar e v er y similar , this lends

str ong suppor t to the f ountain h ypothesis, in which the Halo is thought to ha v e been

f ormed b y SNRs which ha v e risen out of the Galactic Plane and burst, expelling their hot

interior plasma.

Finall y , the le v els of O VII line �ux ar e similar in the �elds closest to the shell, in B4, B5 and

the NPS �elds, and higher than the le v el seen in the Nor thern Bulge �elds at the centr e

of the Loop , suppor ting the h ypothesis that a shell sur r ounds Loop 1.
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Modelling the LISM

In Cha pter 4, the SXRB spectra w er e �tted with plasma codes which r e v ealed variations

in temperatur e , emission measur e , and chemical abundances in the various interstellar

structur es. This w ork was contin ued in Cha pter 5, wher e the best-�t model parameters

w er e used to determine the contribution of each structur e to the obser v ed O VII and

O VIII �ux. Her e , the anal ysis of the Loop 1 �elds will be tak en into the thir d dimension,

thr ough the cr eation of a geometric model of the structur es in the LISM. This will

allo w the ph ysical dimensions of the various structur es to be measur ed which will, in

conjunction with the �tted parameters, enable the density and pr essur e of the ISM plasma

to be calculated.

6.1 Ad ding the Thir d Dimension to the RASS Ma ps

In or der to include depth in the anal ysis, the best-�t parameter values fr om the modelled

spectra w er e `pr ojected' onto a geometric construct designed to mimic the sha pe and size

of the structur es of the LISM: a pr ocess that enabled the spatial pr oper ties of individual

structur es to be calculated, and highlighted the interactions betw een them.

T o do this, a frame w ork describing the extent and r elativ e position of the tw o near est

superbubbles, Loop 1 and the LHB, had to be constructed; a pr ocess that r equir ed

kno wledge of the ph ysical dimensions of the structur es. Ho w e v er , tw o aspects of the
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a vailable X-ra y data made these dif�cult to determine . When vie w ed fr om within, the

outer limits of the LHB ar e obscur ed and in visible . Also , while the hot interior of Loop 1

is plainl y obser vable in the soft X-ra y band, its cooler outer cir cumf er ence is not clearl y

de�ned. As a r esult, the super -shell described in Cha pters 4 and 5 does not f eatur e

pr ominentl y in the RASS ma ps.

F or tunatel y , se v eral r esear chers (Sno wden et al. (1995), Berkhuijsen et al. (1971) and

others) ha v e been able to discern the extent of the major f eatur es in the X-ra y sky

thr ough a variety of techniques including radio astr onom y , parallax measur ements, and

extr eme ultra-violet obser vations. Their w ork has been synthesised her e in or der to

pr oduce the r equir ed model.

6.2 P ar t 1: The Boundar y of the LHB

In 1999, Hutchinson compiled a catalogue of mor e than tw o thousand X-ra y activ e late-

type stars f or which Hippar cos parallax measur ements, and hence distances, w er e kno wn.

He estimated the depth of the neutral h ydr ogen column to each of these stars thr ough

measur ement of absorption f eatur es pr esent within their X-ra y and extr eme UV spectra,

and combined this data with other published measur ements of stellar N

H

to impr o v e the

sky co v erage of their catalogue . With this extended data-set, Hutchinson pr oduced a

r ough ma p sho wing the distribution of neutral h ydr ogen within 500 pc of the Sun and, in

so doing, con�rmed the pr esence of a local v oid: the LHB.

Thr ough consideration of the pr obable distance to the LHB boundar y and the depth of

the h ydr ogen column, Hutchinson estimated that the density of the plasma within the LHB

was v er y lo w , � 0.02 cm

� 3

, with an electr on density of onl y n

e

= 0.0062 � 0.0015 cm

� 3

,

and obser v ed that this plasma was par tiall y bounded b y a denser , cooler ambient gas. He

then pr oceeded to model the LHB as an anisotr opic ca vity , with an extent matching the

obser v ed depth out to a column density of n

H

= 10

20

cm

� 2

, his pr edicted opacity of the

bounding wall. When this �t had been optimized, it was smoothed using a set of spherical

harmonic functions, and used to generate the contiguous all-sky ma p (Figur e 6.1), which

sho ws the distance to the boundar y wall at an angular r esolution of � 3

�
. Hutchinson

stated that the minim um distance to the W all (located behind the central blue f eatur e on
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Figur e 6.1: A smoothed, all-sky contour ma p in equir ectangular pr ojection, sho wing the

distance fr om the Sun to the boundar y wall of the LHB, pr oduced using the Hutchinson

(1999) model. The x and y ax es ar e mark ed in degr ees of Galactic longitude and

latitude , and the positions of the Loop 1 �elds ar e indicated b y small cir cles. Distance

is r epr esented b y a linear colour scale , blue being the closest at ar ound 20 parsecs,

with distance to the LHB boundar y incr easing in r e v erse spectrum or der thr ough r ed, a

distance of some 250 parsecs. The white r egions indicate wher e the r equir ed boundar y

density has not been attained, that is, the open ends of the LHB.

the ma p) was � 35 pc, at a position ar ound 30

�
nor th of the Galactic Centr e , although

this a ppears to be in er r or . Using the same model, the cur r ent author has f ound the

minim um distance to the W all to be � 21 pc, just abo v e the position of the Nor thern

Bulge �elds, as sho wn in Figur e 6.2. Hutchinson also f ound no e vidence of a bounding wall

or a step in the gas density near the Galactic P oles, indicating that the LHB is open-ended.

This `Hutchinson model' was used in this r esear ch to calculate the distance to the

boundar y wall of the LHB (designated dw) f or each of the Loop 1 �elds (Figur e 6.2).
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Figur e 6.2: The distance in parsecs to the boundar y of the LHB, calculated using the

Hutchinson model, to an ar ra y of Galactic co-or dinates in the Loop 1 r egion. The

locations of the Loop 1 �elds ar e outlined in r ed.

6.3 P ar t 2: Loop 1

The star ting point f or the r esear ch pr esented in this thesis was the w ork published in

both Hands (2003) and Willingale et al. (2003). T o pr oduce their r esults, Willingale

et al. modelled Loop 1 as a spher e of angular radius 42

�
, which is considerabl y smaller

than the extent of Loop 1 estimated b y Berkhuijsen et al. (1971), who had suggested a

value of 58

�
4

�
. The discr epancy is understandable , ho w e v er , when one considers that

the measur ement made b y Berkhuijsen et al. (1971) was based on radio obser vations of

the Loop' s cool outer la y ers, while the estimate in Willingale et al. (2003) was made in

r elation to the a ppearance of the Loop in the

3

4

k eV RASS ma p , and so based onl y on its
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6.3. P AR T 2: LOOP 1

Figur e 6.3: The pr ojected boundar y of the original Loop 1, used in Willingale et al. (2003),

together with the locations of the ten Loop 1 �elds, superposed on the RASS

3

4

k eV ma p .

hotter , X-ra y emissiv e interior .

The modelled spher e was centr ed, in Galactic co-or dinates, at ( � 8

�
, 15

�
); a position

chosen so that its pr ojected boundar y w ould enclose as m uch of the obser v ed bright,

soft emission in the Loop 1 r egion as possible (Figur e 6.3).

Finall y , the spher e had to be placed at some distance fr om the Sun. Since one cannot

inf er exact distance measur ements in the X-ra y band, Willingale et al. (2003) look ed to

the radio r esear ch of Bingham (1967).

During a superno va e v ent, the magnetic �eld of the exploding star is entangled with

the ejecta, and so becomes par t of the SNR. Although this magnetic �eld will cause all

electr omagnetic radiation tra v elling in its vicinity to polarise to var ying degr ees, the eff ect
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is str ongest when radiation is emitted in close pr o ximity to the outer shell of the SNR,

wher e the magnetic �eld str ength is most concentrated.

In his study of the magnetic �elds in the Galactic spurs, Bingham (1967) measur ed the

degr ee of polarization pr esent in the 1407 MHz (radio) emissions fr om the radio ridge of

the Nor th P olar Spur (NPS), and compar ed this with optical polarization data, obtained

b y Behr (1959), of stars pr esent in the same r egion. He f ound that the polarising eff ect

of the magnetic �eld was a ppar ent in the spectra of all the stars l ying betw een 90 pc and

120 pc fr om the Sun, but that stars closer than 70 pc sho w ed little e vidence of the Spur' s

in�uence . On this basis, Bingham estimated that the NPS m ust be 100 � 20 pc fr om the

Sun.

In ad dition to the large margin f or er r or assigned to his distance measur ement, Bingham

made clear in his pa per that his value was pr obabl y , on tw o counts, an under estimate

of the true distance . In the �rst instance , he did not ha v e data f or stars l ying fur ther

than 120 pc fr om the Sun. Since he could not measur e the polarisation of stellar spectra

be y ond this point, it set an upper limit on his distance estimate . Second, as Behr noted

in 1959, ther e is a ra pid incr ease in polarization with distance in the range 50 � 120 pc .

Behr attributed this incr ease to the rise in the density of polarizing dust in pr o ximity to

the NPS. Ho w e v er , since this dust also absorbs radiation, it is possible that the a ppar ent

brightness of the stars near est to the NPS w ould ha v e been too lo w to ha v e been included

in his study , biasing the sample to war d f or egr ound stars. Consequentl y , on the basis of

polarization measur ements alone , the NPS w ould a ppear to be closer than it is in r eality .

Ho w e v er , when using Bingham' s measur ement to place the bubble , Willingale et al. (2003)

used the lo w value of 100 pc , and positioned the modelled spher e such that its nor th-

w est limb w ould lie at this distance fr om the Sun. The y also attempted to ensur e that

the near est point of the spher e w ould lie mor e than 35 pc a wa y; the minim um distance

to the boundar y of the LHB f ound b y Hutchinson (1999).

6.4 Checking the Model

Both the boundar y and spher e models w er e used her e in or der to de v elop the w ork

described in Willingale et al. (2003), and to contin ue the anal ysis of the r esults pr esented
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in Cha pter 4. Unf or tunatel y , closer inspection of the models r e v ealed tw o pr oblems.

The �rst of these was disco v er ed when the distance to the fr ont face of the spher e

(designated dlo) was calculated f or an ar ra y of co-or dinates in and ar ound the Loop 1

r egion, using the method described in Appendix D. When seen fr om Ear th, the mod-

elled spher e should pr esent a hemispherical pr o�le , bulging out to war ds the obser v er ,

r esembling a beach-ball held at arm' s length. Ho w e v er , when the values w er e plotted in

a grid, and colour -coded to highlight the cur v ed surface of the model, a `Mexican hat'

pr o�le was r e v ealed; bulging slightl y in the mid dle of the Loop , and r eceding sharpl y with

incr easing distance fr om the centr e , onl y to rise up again to war ds the edges. Mor eo v er ,

the pr ogram used to cr eate the spher e generated negativ e values of dlo f or lines of sight

that did not intersect Loop 1, cor r esponding to a position behind the obser v er . Pr o�les

of the sha pe pr oduced b y this pr ogram ar e sho wn in Figur es 6.4 and 6.5.

The code was subsequentl y alter ed to pr oduce a model of the intended, spherical f orm,

and made to r eturn 0 f or lines of sight that did not pass thr ough the spher e . This ne w

model was then r echeck ed, to ensur e compatibility with Hutchinson' s model of the LHB.

6.5 An Unlik el y Interaction

The W all is a dense r egion of dust and HI gas l ying betw een the LHB and Loop 1

which is thought to ha v e been cr eated thr ough compr ession of the primor dial ISM b y

the expanding bubbles (as discussed in Section 2.7). Although ther e is some e vidence

that the tw o bubbles ar e interacting (Egger & Aschenbach 1995), and that the bottom

(southern) limb of Loop 1 ma y be slightl y �attened as a r esult, it is unlik el y that the W all

impinges signi�cantl y upon the interior of Loop 1. This is because hot material should

displace cooler material, and not vice v ersa. This principle is central to the displacement

model (Section 2.4.4), in which the hot plasma shells of SNRs and wind-blo wn bubbles

displace the cool, neutral material of the ISM as the y expand, and is the basis f or the

existence of the W all itself.

The eff ect of displacement is plainl y visible in the Ring Nebula, a planetar y nebula with a

hot rar e�ed centr e , sur r ounded b y (but not mixing with) a cooler outer la y er (Figur e 2.3).

Although the nebula a ppears to ha v e a `ring-lik e' structur e , it is r eall y spherical; the orange
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Figur e 6.4: A tw o-dimensional r epr esentation of the fr ont surface of the distor ted model

used in Willingale et al. (2003). The diagram sho ws the distance to the fr ont face of the

spher e (dw) in parsecs f or an ar ra y of Galactic co-or dinates in the Loop 1 r egion. The

distances ha v e been colour ed coded to highlight the warped sha pe of the model' s pr o�le .
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Figur e 6.5: A thr ee-dimensional surface plot of the data sho wn in Figur e 6.4, in which the

colours r epr esent the distance to the face of the spher e in parsecs. The `Mexican hat'

pr o�le pr esented b y the supposedl y spherical model is plainl y visible .

(false) colour ed shell totall y encloses the inner blue r egion, but because it is r elativ el y

thin, it is onl y discernable near the edges of the structur e . A similar ar rangement is

pr oposed f or the shell ar ound Loop 1.

Loop 1 is not a planetar y nebula, but an activ e , expanding superbubble , and in the model

adopted her e , the distance in parsecs fr om the Sun to the boundar y of the LHB is de�ned

as dw, and the distance fr om the Sun to the outer face of Loop 1 is giv en as dlo. The

winds fr om the Sco-Cen association contin ue to heat and pr essurize its interior , an action

that ensur es the contin ued �o w of the neutral material within the Loop to war ds its outer

boundaries. If the Loop is positioned outside the boundar y of the LHB, then the value
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of dw should al wa ys be lo w er than dlo. Ho w e v er , when an ar ra y of dlo values was

calculated and compar ed with a similar ar ra y of dw values, deriv ed using the Hutchinson

model (Section 6.2), the LHB boundar y and the cool material of the W all w er e f ound

to enter into the boundar y of Loop 1. This unf or tunate intersection is illustrated in

Figur e 6.6. Since the boundar y of the LHB pr edicted b y the Hutchinson model is not

sha ped to accommodate the hot Loop , it w ould a ppear that the o v erall model is incor r ect.

Adjustments had to be made to ensur e that the modelled spher e did not cr oss into the

established boundar y of the LHB, but bef or e this could tak e place , the model had to be

extended to include the ne wl y-identi�ed cool shell.

6.6 De v eloping the Model

Hutchinson' s model of the LHB boundar y is based on a w ealth of established and accurate

data, including Hippar cos measur ements and the polarisation and absorption f eatur es of

man y stellar spectra tak en fr om a n umber of diff er ent sour ces. Also , because the ph ysical

pr oper ties of the LHB pr edicted b y the model ar e in close agr eement with other published

values (quoted in Hutchinson (1999)), it was assumed to be cor r ect, and left unchanged

in this implementation. By contrast, the validity of spher e , r epr esenting the Loop interior ,

was in some doubt. Although its pr o�le had alr eady been cor r ected, it w ould cer tainl y

ha v e to be extended in or der to encompass the cool shell identi�ed in the r esear ch

pr esented in Cha pters 4 and 5, and also mo v ed to pr e v ent its encr oachment on the LHB.

A visual inspection of the RASS

3

4

k eV ma p con�rms that most of the �ux in the bright

central r egion can be contained within a cir cle with an angular radius of 42

�
(Figur e 6.3).

The models �tted to the SXRB spectra in Cha pter 4 identi�ed this r egion as the Loop 1

interior , and it ther ef or e f ollo ws that the measur ements r epor ted in Willingale et al.

(2003) made in r elation to the Loop r ef er onl y to this r egion, and do not include the shell

at all.

The pr ojected boundar y of the interior , seen in Figur e 6.3, con vincingl y contains the

bright X-ra y r egions in the vicinity of Loop 1, and so was k ept unchanged.

A second spher e no w had to be ad ded to the model in or der to accommodate the
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Figur e 6.6: The pr o�les pr esented b y the LHB and the fr ont faces of the Loop when the

spherical construct is placed 210 pc fr om the Sun. The �rst gra ph sho ws a longitudinal

slice thr ough 345

�
in line with the Nor thern Bulge �elds, the second is tak en at 360

�
in

line with the Southern �elds. Note the incursion of the Loop into the LHB which occurs

belo w 10

�
latitude in both cases.
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Figur e 6.7: The boundaries of both the original 42

�
radius spher e centr ed at (352

�
, 15

�
),

and the larger 46

�
radius spher e r epr esenting the outer edge of the cool shell, superposed

on the central r egion of the

3

4

k eV RASS ma p . T w o v ersions of the same image ar e sho wn,

in diff er ent colour -wa ys. An ar c of hot material at the top of the shell is mor e pr ominent

in the left image , wher eas the Galactic Plane is clear er in the right image . The small

cir cles in the right-hand image indicate the positions of the Loop 1 �elds.

cool shell which is assumed to entir el y sur r ound the hot interior of Loop 1 to an

a ppr o ximatel y e v en depth. Pr o vided that the theor etical model of SNR de v elopment

described in Section 4.7.4 and sho wn in Tielens (2005)

1

, holds f or the Loop , which has

cer tainl y been pr oduced b y m ultiple superno va e v ents ( � 40, Egger (1998)), then the 42

�

radius of the interior boundar y can be said to r epr esent onl y ele v en-tw elfths of the total

radius of the SNR. The total radius, to the outer edge of the concentric X-ra y emissiv e

shell, m ust ther ef or e be a ppr o ximatel y 46

�
, giving the shell a unif orm thickness of � 4

�
.

Looking at this ne w tw o-spher e ar rangement (Figur e 6.7), the bright r egion in the centr e

of the RASS ma p sud denl y mak es mor e sense . Although the original 42

�
radius cir cle

used in Willingale et al. (2003) w ork ed w ell, some �ux br ok e thr ough its boundar y . This

is par ticularl y noticeable at the Southern limb , and just abo v e the NPS, wher e a bright

ar c can be seen to str etch nor thwar ds, a wa y fr om the hot interior . A thir d, smaller patch

o v erla ps the boundar y on the right-hand side . In Willingale et al. (2003), the stra y �ux

1

In that v olume: page 441, equation 12.70
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could not be adequatel y explained, and so was ignor ed; the intr oduction of the shell

component, ho w e v er , off ers a ne w insight into these r egions.

The shell has not been clearl y imaged bef or e , and is not immediatel y a ppar ent in the

RASS data: at 0.1 k eV , it falls mostl y outside the energ y range included in the

3

4

k eV

ma p , and is s wamped in the

1

4

k eV ma p b y the similar signal fr om the LHB. Ho w e v er ,

when the second cir cle , r epr esenting the shell, is ad ded to the model, it neatl y encloses

the excess �ux emerging fr om the Loop interior . Not onl y does this con�rm that that

pr oposed dimensions of the shell ar e compatible with the obser v ed X-ra y �ux distribution

in the RASS, but it also str ongl y indicates that the thr ee bright patches of stra y �ux ar e

associated with the shell, and ar e possibl y r egions which ha v e been r ecentl y energised

though contact with shock ed or wind-blo wn material fr om the interior .

6.7 The Location of Loop 1

While the extension of the spher e to include the shell boundar y is undoubtedl y bene�cial,

allo wing both the hot interior and the cool shell to be modelled separatel y , it also

exacerbates the o v erla p issue b y incr easing the ph ysical size of the r emnant, and so

f or cing mor e of the Loop' s structur e to cr oss the LHB boundar y . Because the boundaries

described b y the interior and shell models full y enclose the Loop 1 �ux imaged in the

RASS

3

4

k eV ma p , its angular size and central co-or dinates ar e not in doubt. Ther ef or e ,

to pr e v ent the Loop fr om entering the LHB, the concentric spher es had to be pushed

fur ther back, to war ds the Galactic Centr e .

Initiall y , Willingale et al. (2003) placed the bubble 210 pc fr om the Sun on the basis of

tw o arguments. First, that the distance to the near est par t of the spher e should be

gr eater than the minim um distance to the LHB boundar y; second, that the nor th-w est

limb of the spher e should be 100 pc fr om the Sun as per the measur ement of Bingham

(1967), described abo v e in Section 6.3. The �rst argument w ould ha v e held true if the

LHB w er e spherical, but this is not the case . The LHB is an ir r egularl y sha ped ca vity with

an hourglass pr o�le , `nipped in' at the waist and extending into tw o bulbous arms. The

Nor thern arm extends mainl y to war ds the Nor th Galactic P ole , but the Southern arm

str etches diag onall y do wnwar d, to war ds Loop 1 and the Southern P ole . The intersection
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betw een the tw o structur es in the original model occurs in this Southern r egion, a fact

that par tl y explains wh y the pr oblem was not detected bef or e , as the Willingale et al.

(2003) pa per was f ocussed on the NPS �elds in the upper nor thw est quadrant of the

Loop . Ne v er theless, it is clear that the spher e r epr esenting the hot interior of the Loop

should ha v e been placed not be y ond the minim um distance to the LHB boundar y , but

be y ond the maxim um distance to the boundar y within the pr ojected ar ea of the Loop

interior .

With r egar d to the second point, Bingham himself ackno wledged that his measur ement

was an under estimate of the true distance to the NPS. With this in mind, the spher e

was pushed back to the upper limit of Bingham' s estimate , so that the NPS was 120 pc

distant. This placed the centr e of the spher es 290 pc fr om the Sun, some 80 pc gr eater

than the distance used b y Willingale et al. (2003).

The distances to the fr ont faces of the shell (dlo

shell

) and the interior (dlo

interior

) w er e

then calculated f or an ar ra y of co-or dinates using the method described in Appendix D.

These ha v e been plotted in an ar ra y , and colour coded to indicate the sha pe pr esented

b y the boundar y surface . The r esults of this pr ocedur e ar e sho wn in Figur e 6.8.

6.8 Consequences of the Ne w P osition

When combined, the values fr om Hutchinson (1999) and the distances sho wn in Figur e 6.8

can be plotted to sho w the boundar y positions of the LHB, shell and interior in pr o�le .

As bef or e , this has been done twice , f or longitudes 345

�
and 360

�
, aligning with the

Nor thern Bulge and Southern �elds r espectiv el y , and this is sho wn in Figur e 6.9.

As can be seen in Figur e 6.6, the spher e r epr esenting the hot interior of the Loop enter ed

the LHB when it was placed at its original distance of 210 pc . By mo ving the spher e

back to 290 pc this incursion has been mitigated, but it is still extr emel y close: while

the interior boundar y touches the modelled edge of the LHB but does not cr oss it, in

accor dance with the tenants of the displacement model, the shell does enter the LHB.

Although it w ould ha v e been possible to place the spher e an ywher e along the line of sight,

and so push it far be y ond the LHB, it w ould be unr easonable to do so: if the spher e w er e

mo v ed so far back that the shell la y entir el y outside the LHB, then the actual v olume of
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Figur e 6.8: The distance in parsecs to the fr ont faces of the shell (top image) and the

Loop 1 interior (lo w er image). The locations of the Loop 1 �elds ar e outlined in r ed.

The spherical pr o�le of the cor r ected model is no w a ppar ent.
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Figur e 6.9: The pr o�les pr esented b y the LHB and the fr ont faces of the Loop' s shell

and interior when the spherical construct is placed 290 pc fr om the Sun. The �rst gra ph

sho ws a longitudinal slice thr ough 345

�
in line with the Nor thern Bulge �elds, the second

is tak en at 360

�
, in line with the Southern �elds. Note the o v erla p of the shell and LHB.
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the Loop w ould ha v e to be extraor dinaril y large . Instead, the spher e has been placed

at the maxim um limit allo w ed b y Bingham' s measur ement which, to date , is the most

r eliable estimate of the distance to the NPS.

The fact r emains, ho w e v er , that in this ar rangement the shell m ust par tl y merge with

the LHB. Such a situation is f easible: the shell and the LHB boundar y ar e of a similar

composition and temperatur e , and so , fr om a thermodynamic perspectiv e , ther e is little

to pr e v ent their constituent plasmas fr om mixing fr eel y . It is also possible that the

Hutchinson model cannot distinguish betw een the material in the shell and the LHB, both

of which ha v e been modelled as 0.1 k eV thermal sour ces. Signi�cantl y , the Hutchinson

model depends on absorption contours, and de�nes the boundar y of the LHB to be

pr esent when a par ticular column depth has been r eached, but because the absorption

incr eases ra pidl y in pr o ximity to the W all, the accuracy of the model ma y be slightl y

compr omised in its vicinity; a r egion which coincides with the boundar y o v erla p .

As a r esult of the intersection betw een the shell and the LHB, the W all, which was

pr e viousl y described in Hands (2003) and Willingale et al. (2003) as the r egion of cool,

absorbing material l ying betw een the LHB and Loop 1, m ust no w be r ede�ned. A glance

at Figur e 6.9 highlights the motivation f or this. Using the old de�nition, the depth of the

W all is calculated b y subtracting the distance to the LHB boundar y fr om the distance

to the fr ont of the Loop . While this is adequate in the nor th, wher e ther e is a clear

separation betw een the LHB and Loop 1, it is insuf�cient in the Southern �elds. In this

r egion, the intersection of the Shell and the LHB pr oduces the `negativ e' W all thicknesses

illustrated in Figur e 6.10.

When �tting the spectra, both the Loop interior and the shell w er e subjected to the

same le v el of absorption, r epr esenting the f or egr ound HI column l ying betw een the Sun

and the fr ont face of the shell. As ther e is v er y little absorbing material in the LHB, the

�tted absorption was assumed to lie in the W all, the diffuse gas outside the LHB which

graduall y incr eases in opacity as its column depth incr eases to war ds the Loop .

The W all is kno wn to be a dense r egion of absorbing HI gas, but the X-ra y emissiv e shell

could also be absorptiv e: it is at the leading edge of an enormous superno va r emnant,

and so should incorporate the debris s w ept up b y its expansion. By contrast, the interior

is hot, rar e�ed, and lik e the LHB, should contain v er y little absorbing material. Hence the
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Figur e 6.10: A colour ed ar ra y of Galactic co-or dinates in the Loop 1 dir ection, sho wing

the column depth of the W all in parsecs calculated using dlo

shell

� dw, a method which

excludes the shell fr om the W all depth. The negativ e depth values, colour ed r ed, r esult

fr om the intersection of the Shell with the LHB boundar y . The positions of the Loop 1

�elds ar e outlined in black.

�tted absorption m ust r ef er to material pr esent in both the shell and the W all. On this

basis, both structur es should be included in the calculation of the depth of the f or egr ound

absorbing column. Fr om this perspectiv e , the depth of the W all should be calculated b y

subtracting the distance to the LHB boundar y (dw) fr om the distance to the fr ont of the

Loop' s interior (dlo

interior

). An ar ra y sho wing the W all thicknesses deriv ed thr ough this

method is sho wn in Figur e 6.11. The column depth values f ound b y this method will be

used belo w in the anal ysis of the W all' s ph ysical pr oper ties.
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Figur e 6.11: A colour ed ar ra y sho wing the column depth of the W all in parsecs, calculated

using dlo

interior

� dw, and so including the shell depth. Using this method, the negativ e

column depths ar e eliminated. The positions of the Loop 1 �elds ar e outlined in black.

6.9 The Ph ysical Pr oper ties of the LISM

No w that the W all has been de�ned, and the spherical model positioned, the values of

dw, dlo and dhi can be calculated f or the Loop 1 �elds. These distances, calculated using

the Hutchinson model and the method sho wn in Appendix D, ar e pr esented in T able 6.1.

By using these distances in conjunction with values deriv ed fr om the best �t parameters

pr esented in Appendix B, the ph ysical pr oper ties of the LISM can be determined using

the f orm ulae described in Appendix E. These r esults ar e pr esented in T ables 6.2 and 6.3.
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T able 6.1: Distances in parsecs to the LHB boundar y dw, and to the near (dlo) and distant

(dhi) faces of the shell and interior f or the Loop 1 �elds.

Field dw dlo

shell

dlo

interior

dhi

interior

dhi

shell

X1 59.94 82.36 97.18 477.94 492.76

X2 42.19 82.33 97.15 478.08 492.90

X3 28.11 83.60 98.76 470.28 485.45

N4 41.78 104.50 126.92 365.94 388.37

N5 58.32 100.79 121.65 381.80 402.66

B1 78.99 88.65 105.29 441.14 457.77

B2 82.63 89.76 106.73 435.17 452.15

B3 91.28 90.90 108.24 429.10 446.43

B4 97.56 93.45 111.62 416.09 434.26

B5 110.44 98.20 118.07 393.38 413.25

6.10 Interpr eting the Results of the Anal ysis

Ther e is al wa ys a risk that an anal ysis ma y be pr ejudiced b y the n umer ous assumptions

r equir ed to pr oduce the r esults. The fact r emains, ho w e v er , that the �nal values sho wn in

T ables 6.2 and 6.3 could not ha v e been obtained without the best-�t parameters fr om the

spectra (pr esented in Appendix B) and, if these had been in con�ict with the geometric

model discussed abo v e , then the deriv ed n umbers w ould ha v e made little ph ysical sense .

F or tunatel y , ho w e v er , the calculated pr oper ties of the LISM do seem consistent with the

pr oposed topogra ph y , and ha v e allo w ed a n umber of inf er ences to be dra wn.

The r esults will be interpr eted with r espect to Galactic latitude as in pr e vious cha pters,

and also , no w that the boundar y of the shell and interior ha v e been de�ned, with r espect

to the gr eat cir cle distance (GCD) fr om the pr ojected sky co-or dinates of the centr e of

Loop 1.

The gr eat cir cle is de�ned as the section of a spher e that contains the diameter of that

spher e , or in the context of this r esear ch, the pr ojected boundar y of Loop 1. The

shor test path betw een tw o points on the surface of a spher e has a length equivalent to

a segment of the gr eat cir cle . This distance , measur ed along the surface of the spher e ,

not thr ough its interior , is the GCD .
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T able 6.2: Final Anal ysis V alues f or the Nor thern Fields

Structur e Pr oper ty X1 X2 X3 N4 N5

LHB Emission Measur e (cm

� 6

pc) 5.95 � 10

� 3

5.14 � 10

� 3

5.57 � 10

� 3

3.70 � 10

� 3

2.99 � 10

� 3

Electr on Density (cm

� 3

) 1.10 � 10

� 2

1.21 � 10

� 2

1.55 � 10

� 2

1.03 � 10

� 2

7.88 � 10

� 3

Pr essur e/k

B

(cm

� 3

K) 2.33 � 10

+4

2.57 � 10

+4

3.28 � 10

+4

2.19 � 10

+4

1.67 � 10

+4

W all Density (atoms cm

� 3

) 1.12 � 10

+21

4.64 � 10

+20

4.47 � 10

+20

2.31 � 10

+20

1.32 � 10

+20

Loop 1 Emission Measur e (cm

� 6

pc) 9.03 � 10

� 2

9.93 � 10

� 2

3.42 � 10

� 2

1.36 � 10

� 1

7.84 � 10

� 2

Electr on Density (cm

� 3

) 1.69 � 10

� 2

1.78 � 10

� 2

1.05 � 10

� 2

2.63 � 10

� 2

1.91 � 10

� 2

Pr essur e/k

B

(cm

� 3

K) 1.08 � 10

+5

1.13 � 10

+5

6.70 � 10

+4

1.67 � 10

+5

1.21 � 10

+5

Loop 1 Mean Electr on Density (cm

� 3

) 1.81 � 10

� 2

Mean T emperatur e (K) 3.48 � 10

+6

T otal V olume (cm

� 3

) 9.00 � 10

+62

T otal Energ y ( J) 2.15 � 10

+45

Energ y fr om Pr essur e ( J) 2.15 � 10

+45

Shell Emission Measur e (cm

� 6

pc) 4.13 � 10

� 2

5.90 � 10

� 2

1.32 � 10

� 2

5.79 � 10

� 2

5.68 � 10

� 2

Electr on Density (cm

� 3

) 5.81 � 10

� 2

6.94 � 10

� 2

3.24 � 10

� 2

5.59 � 10

� 2

5.74 � 10

� 2

Pr essur e/k

B

(cm

� 3

K) 1.23 � 10

+5

1.47 � 10

+5

6.86 � 10

+4

1.18 � 10

+5

1.22 � 10

+5

Galactic Latitude (degr ees) 12.00 18.00 24.00 20.00 30.00

Gr eat Cir cle Distance (degr ees) 7.44 7.35 11.15 31.81 29.77
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T able 6.3: Final Anal ysis V alues f or the Southern Fields. Units of �ux f or the non-thermal component of the GPR ar e

photons k eV

� 1

cm

� 2

s

� 1

sr

� 1

at 1 k eV.

Structur e Pr oper ty B1 B2 B3 B4 B5

LHB Emission Measur e (cm

� 6

pc) 6.78 � 10

� 3

5.20 � 10

� 3

4.54 � 10

� 3

6.03 � 10

� 3

2.50 � 10

� 3

Electr on Density (cm

� 3

) 1.02 � 10

� 2

8.73 � 10

� 3

7.76 � 10

� 3

8.65 � 10

� 3

5.23 � 10

� 3

Pr essur e/k

B

(cm

� 3

K) 2.16 � 10

+4

1.85 � 10

+4

1.64 � 10

+4

1.83 � 10

+4

1.11 � 10

+4

W all Density (atom cm

� 3

) 1.98 � 10

+21

1.01 � 10

+21

1.76 � 10

+21

1.83 � 10

+21

1.25 � 10

+21

Loop 1 Emission Measur e (cm

� 6

pc) 8.81 � 10

� 2

8.74 � 10

� 2

8.83 � 10

� 2

8.87 � 10

� 2

8.78 � 10

� 2

Electr on Density (cm

� 3

) 1.78 � 10

� 2

1.79 � 10

� 2

1.82 � 10

� 2

1.88 � 10

� 2

1.96 � 10

� 2

Pr essur e/k

B

(cm

� 3

K) 1.13 � 10

+5

1.14 � 10

+5

1.16 � 10

+5

1.19 � 10

+5

1.25 � 10

+5

Loop 1 Mean Electr on Density (cm

� 3

) 1.85 � 10

� 2

Mean T emperatur e (K) 3.48 � 10

+6

T otal V olume (cm

� 3

) 9.00 � 10

+62

T otal Energ y ( J) 2.19 � 10

+45

Energ y fr om Pr essur e ( J) 2.19 � 10

+45

Shell Emission Measur e (cm

� 6

pc) 4.57 � 10

� 2

4.54 � 10

� 2

4.58 � 10

� 2

4.61 � 10

� 2

4.56 � 10

� 2

Electr on Density (cm

� 3

) 5.77 � 10

� 2

5.69 � 10

� 2

5.66 � 10

� 2

5.54 � 10

� 2

5.27 � 10

� 2

Pr essur e/k

B

(cm

� 3

K) 1.22 � 10

+5

1.21 � 10

+5

1.20 � 10

+5

1.17 � 10

+5

1.12 � 10

+5

GPR (Thermal) Emission Measur e (cm

� 6

pc) 2.60 � 10

� 2

1.81 � 10

� 2

4.86 � 10

� 3

1.48 � 10

� 3

4.94 � 10

� 4

GPR (Non-Thermal) Flux (units abo v e) 86.20 54.05 36.86 19.40 19.40

Galactic Latitude (degr ees) � 2.71 � 3.87 � 5.49 � 8.00 � 12.00

Gr eat Cir cle Distance (degr ees) 19.59 20.89 22.12 24.52 28.14
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T able 6.4: Or der of the P oints b y Latitude and Gr eat Cir cle Distance

Latitude � 12.00 � 8.00 � 5.49 � 3.87 � 2.71 12.00 18.00 20.00 24.00 30.00

Field B5 B4 B3 B2 B1 X1 X2 N4 X3 N5

GCD 7.35 7.44 11.15 19.59 20.89 22.12 24.52 28.14 29.77 31.81

Field X2 X1 X3 B1 B2 B3 B4 B5 N5 N4

The GCD fr om the centr e of the modelled spher e to each of the Loop 1 �elds was

calculated using the Q softwar e package (Willingale 2004), which compar ed the co-

or dinates of the tw o points and calculated the angular distance betw een them, giving

the ans w er in degr ees. This value allo ws the pr oper ties of the Loop to be compar ed

b y radius. The �elds N5 and B5, f or example , ar e located in v er y diff er ent par ts of

the sky , but lie at similar distances fr om the pr ojected centr e co-or dinate of the Loop .

Examination of their ph ysical characteristics with r espect to the GCD could r e v eal if

radial symmetr y exists within the Loop and this, if f ound, w ould str ongl y suppor t the

notion that the bright bulges either side of the Plane do in fact f orm one contiguous

structur e , and ar e not tw o separate entities.

F or r ef er ence , the or der in which the �elds a ppear in the gra phs that f ollo w ar e sho wn

in T able 6.4.

6.11 Discussion

6.11.1 The Indentation and Southern Interaction Region

As sho wn in Figur e 6.12, the electr on density and pr essur e of the LHB ar e higher in

the Nor thern Bulge than the y ar e in the Southern and NPS �elds, and signi�cantl y , this

localised peak in values coincides with the r egion of the LHB that the Hutchinson model

sho ws to be indented.

Ther e ar e tw o possible mechanisms which could ha v e generated the characteristic

double-lobed sha pe of the LHB: either a bi-polar explosion, or the def ormation of a

pr e-existing r emnant caused b y pr essur e fr om an outside f or ce . In the �rst scenario , the
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Figur e 6.12: Electr on density and pr essur e in the LHB, v ersus Galactic latitude .
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pr essur e of the plasma in the indented r egion w ould be r elativ el y lo w , as the momentum

of such an explosion w ould cause the plasma to rush a wa y fr om a central, constricted r e-

gion. The second pr ocess, ho w e v er , w ould generate a higher pr essur e near the def ormed

r egion, as a r esult of the inwar d-acting compr essiv e f or ce .

Figur e 6.12 also sho ws that the electr on density of the LHB plasma is similar in the

Southern and NPS �elds, but higher in the Nor thern Bulge �elds, wher e it incr eases

steadil y fr om X1 to X3: a r egion (betw een 12

�
and 25

�
latitude) coincident with both

the waist of the LHB and the W all.

The material in the W all is m uch cooler than that in the LHB; it is molecular and absorbent,

not X-ra y emissiv e or dissociated and, unsurprisingl y , the r esults sho w that it is man y

times denser than the LHB. Although the displacement model dictates that cold material

should not impinge upon hot plasma, the anal ysis indicates that this is occur ring in the

indented r egion. The clue to wh y this is possible lies in the natur e of the LHB: it is an

old, hourglass-sha ped SNR, with a boundar y wall that a ppears to be open near the P oles

(Hutchinson 1999). It w ould be logical to surmise that its ends br eached f ollo wing their

emergence fr om the HI disk (Section 2.9.2). Once the boundar y had been compr omised,

material w ould ha v e star ted to �o w out of the LHB interior , and into the sur r ounding

space . The eff ects of this pr ocess ar e still a ppar ent in the LHB: as the r esults of the

anal ysis (T ables 6.2 and 6.3) sho w , the pr essur e in the LHB is on a v erage � 5.5 times

lo w er than that within Loop 1. Clearl y , the LHB has star ted to depr essurize , making it

less r esilient to the eff ects of outside pr essur e .

The W all is sandwiched betw een the LHB and Loop 1. If the Loop w er e static , or not

pr esent at all, then the cool W all w ould sta y outside the warmer LHB, despite the r educed

str ength of its boundar y . Ho w e v er , unlik e the LHB, the Loop' s boundar y is still intact;

in the Nor thern �elds the a v erage energ y of the interior was f ound to be 2.15 � 10

45

J,

all of which could be attributed to pr essur e (T able 6.2). The Loop' s contin ual expansion

displaces and heats the W all material, and because the pr essur e it ex er ts on the W all is

gr eater than that fr om the LHB, the r esultant f or ce pushes the W all material into the

LHB, def orming its boundar y and cr eating the indent.

The compr essiv e f or ces acting upon the W all w ould be expected to incr ease its density ,

and the r esults do sho w this to be the case . This is clearl y visible in Figur e 6.13 illustrates
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Figur e 6.13: V ariation of the W all density b y W all Thickness.

the extent to which the W all' s density incr eases as it is squeezed betw een the LHB and

the Loop .

During the anal ysis, the Shell thickness was included in the depth of the W all (Section 6.8),

in or der to accommodate the interaction in the Southern �elds. The question is ther ef or e:

ho w m uch of the W all' s density measur ed in the Southern �elds ma y be ascribed to the

Shell? A comparison of Figur es 6.14 and 6.15 sho ws that the density of the Shell material

is far lo w er than that of the W all, e v en in the Southern �elds wher e the parameters w er e

held do wn to a v erage values during the �t. It f ollo ws, ther ef or e , that the high density

obser v ed in the Southern �elds m ust be a generated b y the W all itself, with v er y little

contribution fr om the Shell.

It is no coincidence that the highest W all density should occur in the Southern �elds

wher e , in the geometric model, the Shell, W all and LHB intersect. In this r egion, the

Shell and LHB ar e pushed close together . This puts pr essur e on the W all material,

compr essing it into a thin la y er , with a density of � 20 atoms cm

� 3

.
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Figur e 6.14: V ariation of the W all density b y Galactic latitude .

6.11.2 The Shell and Interior of Loop 1

Egger & Aschenbach (1995) w er e the �rst to sho w that Loop 1 could be modelled

consistentl y as a superbubble , pr oduced b y the collectiv e energ y input of stellar winds

and exploding stars. Their model, a spher e of radius of � 160 pc , was f ound to ha v e a

temperatur e of 4.6 � 10

6

K and r equir ed a mean energ y input of � 7 � 10

37

erg s

� 1

to

maintain an assumed expansion v elocity of 20 km s

� 1

. Their r esear ch was f ollo w ed in

2002 b y Berghöf er & Br eitschw er dt, who suggested that to r each its obser v ed angular size ,

the Loop m ust ha v e been po w er ed b y at least f or ty separate superno vae , all originating

within the Sco-Cen association. The expansion of Loop 1 looks set to contin ue , as

it contains se v eral activ e star -f orming r egions, together with another f or ty potential

superno va candidates (Egger 1998).

Her e , the Loop has been modelled b y tw o concentric spher es, with radii of 42

�
and 46

�
,

r epr esenting the Loop interior and the Shell r espectiv el y . These ha v e been placed at a

distance of 290 pc , making the actual radius of the modelled Loop interior 194 pc , and

giving it a v olume of 9 � 10

62

cm

3

. The distance fr om the centr e of the spher e to the

outer edge of the Shell is 209 pc , giving the Shell a thickness of 15 pc . These dimensions
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Figur e 6.15: Electr on density and pr essur e in the Shell, v ersus Galactic latitude .
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w er e used in conjunction with the best-�t parameters to pr oduce the r esults pr esented

in T ables 6.2 and 6.3.

While �tting the spectra in the Southern �elds, the normalisations of both the Shell and

the Loop w er e held at a v erage values, in or der to pr e v ent them rising to unr easonable

values under the in�uence of the GPR, which was itself �tted with tw o other components.

Although this allo w ed the �elds to be �tted in a cr edible manner , it has r estricted the fr ee

�tted data to onl y �v e points in Figur es 6.16 and 6.17. In these plots, which ar e plotted

against the gr eat cir cle distance , the points r epr esenting the fr ozen Southern �elds ha v e

no er r or bars. Of the r emaining points, the thr ee on the left ar e the Nor thern Bulge

�elds, and the tw o on the right ar e in the NPS.

In Cha pter 4, it was noted that the pr oper ties of the Shell and interior of Loop 1 sho w ed

similar tr ends, suggesting that the y ar e the diff er ent aspects of one structur e . This

obser vation still holds, and e v en if the Southern �elds ar e discounted, it can also be

seen that the emission measur e , pr essur e and density of the interior plasma graduall y

incr ease as the Shell is a ppr oached, r eaching their maxim um values in the NPS �elds.

This is in line with the model of SNR e v olution outlined in Section 4.7.4, in which the

plasma in a r emnant contin ues to expand until it hits the denser boundar y material.

Upon encountering such r esistance , the density of the interior plasma w ould incr ease as

seen, and it should also heat up . Since the plasma temperatur es of the Loop and Shell

w er e fr ozen in the �nal �ts, an y variation in temperatur e will not be seen in the r esults

pr esented her e . Ho w e v er , the higher brightness of the NPS r elativ e to the Loop interior

seen in the RASS ma ps str ongl y suggests that such heating does occur at the interface

betw een the interior and the Shell.

6.11.3 The Galactic Plane

While �tting the spectra fr om f our of the Southern �elds, the normalisations of the

Loop , LHB, Shell, and the contribution fr om the XRB, w er e f ound to incr ease ra pidl y

to unph ysical values as the Plane was a ppr oached (this was detailed in Cha pter 4). The

eff ects of this ar ti�cial enhancement w er e mitigated b y fr eezing the normalisations of the

components to expected values, based on the �tted parameters fr om the unaff ected �elds

in the Nor th. While this r educed the diagnostic po w er of the parameters, pr e v enting
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Figur e 6.16: Electr on density and pr essur e within the Loop , v ersus gr eat cir cle distance .
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Figur e 6.17: Electr on density and pr essur e in the Shell, v ersus gr eat cir cle distance .
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Figur e 6.18: Contribution fr om the thermal GPR (modelled using MEKAL) , v ersus

Galactic Latitude

conclusions fr om being dra wn fr om the r esults, it also isolated a har d excess pr esent

onl y within 6

�
of the Plane . This was e v entuall y �tted b y tw o components, a MEKAL at

1 k eV and a po w er la w with a photon index of 2.5, both of which w er e set behind the

full Galactic column. While the thermal sour ce can be connected with the diffuse par t of

the Galactic Plane Radiation, the non-thermal sour ce has not been pr e viousl y identi�ed

in the literatur e , and could possibl y originate at the Galactic Centr e .

As the Figur es 6.18 and 6.19 illustrate , both the thermal and non-thermal components

rise as the Plane is a ppr oached. While the sample size (�v e data points) is too small

to dra w �rm conclusions, an exponential tr end is e vident in the data. Included in the

Figur es ar e lines of best �t, which sho w the str ength of both components incr easing

exponentiall y as the Plane is a ppr oached. The fur ther elucidation of these sour ces will

be left as a challenge f or r esear chers who contin ue this w ork.
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Figur e 6.19: Contribution fr om the Non-Thermal GPR (modelled using a po w er -la w),

v ersus Galactic Latitude

6.12 Summar y

In this cha pter , a tw o-par t model was cr eated in or der to r eplicate the LISM. The �rst

par t, a model of the LHB' s boundar y wall cr eated b y Hutchinson (1999), was based on

the le v el of absorption acting on thousands of X-ra y activ e stars. The second was a

geometric ar rangement, comprising tw o concentric spher es, one to de�ne the interior

v olume , and the other to r epr esent the cool outer shell. The Shell structur e is ne w , and

was pr oposed on the basis of the �ts and arguments laid out in Cha pter 4. The spher es

w er e centr ed at (352

�
, 15

�
), 290 pc along the line of sight, placing the NPS 120 pc fr om

the Sun, in agr eement with distance measur ements made b y Bingham (1967).

The dimensions of the model w er e used in conjunction with the best-�t parameters

(Appendix B) to determine the ph ysical pr oper ties of the LISM, but also r e v ealed a

pr e viousl y unseen interaction that occurs belo w the Plane betw een the Shell and the

LHB, in which plasma fr om the tw o structur es seems to mix fr eel y together .
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The cause of the indentation in the LHB was also explor ed. As the r esults sho w , the

open-ended LHB has star ted to depr essurize , while the Loop contin ues to expand. It

has been deduced that the expanding Loop is pushing the W all into the LHB, which

has def ormed under the str ess. The density of both the W all and LHB rise near the

indentation, suppor ting this idea.

The pr oper ties of the Shell and interior of Loop 1 w er e f ound to sho w similar tr ends,

rising and falling together ; a fact that str ongl y indicates that the y ar e indeed diff er ent

aspects of one structur e . The pr oper ties of the Nor thern NPS �elds ar e v er y similar to

those in the Southern B5 �eld, which lies at a ppr o ximatel y the same gr eat cir cle distance .

Ther e is not enough data her e to sa y f or cer tain, but the symmetr y in the pr oper ties

of these �elds suggests that the tw o bright bulges either side of the Galactic Plane ar e

par t of one contiguous structur e � Loop 1 � and ar e not tw o separate entities. The

density and pr essur e of the Loop' s interior also rise as the Shell is a ppr oached, as w ould

be expected fr om a large SNR.

Finall y , the MEKAL and the extra po w er la w used to accommodate excess har d �ux

obser v ed in the Southern �elds ha v e off er ed a glimpse at the Galactic Plane Radiation,

and possibl y , the signal fr om the Galactic Centr e .
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Conclusion

The objectiv es, stated at the beginning of this thesis, w er e to model the spectrum SXRB,

and thr ough this anal ysis, to in v estigate the topolog y , chemical composition and heating

mechanisms pr esent within the LISM. Not onl y has this been done , but se v eral disco v eries

ha v e been made along the wa y . Her e , the methods and �ndings r epor ted in the thesis

will be summarised and put in the context of earlier r esear ch w ork, and suggestions f or

the use and fur ther extension of this w ork will be pr oposed.

7.1 In the Beginning

The identi�cation of the DXRB b y Riccar do Giacconi in 1962 was, in man y wa ys, ahead

of its time . The announcement of its disco v er y trigger ed m uch inter est in the astr on-

om y comm unity , but earl y attempts to r esear ch the signal fur ther w er e limited b y the

technolog y a vailable . While uncollimated photon detectors could indicate the dir ection

to str ong X-ra y sour ces, the y did not ha v e suf�cient angular r esolution to pinpoint their

locations, let alone pr oduce detailed spectra. The opacity of the Ear th' s atmospher e was

also a major pr oblem. Extrater r estrial X-ra ys can be detected onl y abo v e the ozone la y er ,

which is a ppr o ximatel y 54 km fr om the Ear th' s surface . T o acquir e data, detectors had to

be car ried on-boar d con v er ted V2 r ock ets and activated onl y in a � 30 second windo w

of oppor tunity at the peak of the craft' s trajector y . The limited quality and quantity of

X-ra y data ar r ested the pr ogr ess in this �eld f or se v eral decades.

238



7.2. EXISTING KNO WLEDGE & UNCER T AINTIES

7.2 Existing Kno wledg e & Uncer tainties

In the 1990s, X-ra y f ocussing W olter mir r ors and collimated pr opor tional counters

w er e installed on the R OSA T space obser vator y . Using this facility , Sno wden et al.

(1995) pr oduced the RASS ma ps, sho wn in Figur es 2.5, 2.7, and 2.4, which ga v e the �rst

visual indication of structur e in Giaconni' s DXRB. Their ra w data was also anal ysed b y

spectr oscopists, who w er e able to split the composite DXRB signal into se v eral distinct

components.

Most of Giaconni' s original signal was attributed to the extragalactic backgr ound, the

XRB. In the RASS 1.5 k eV ma p , this a ppears as a har d, diffuse , non-thermal isotr opic

backgr ound signal, superposed with discr ete point sour ces, no w kno wn to be distant

quasars.

The softer X-ra y component of the DXRB, the SXRB, was e v entuall y r ecognised as

the emission fr om the hot plasma phases of the ISM. Thr ough modelling the SXRB

spectrum, r esear chers w er e able to decompose it into a n umber of characteristic signals,

each originating fr om within a separate interstellar plasma structur e , and subjected to

absorption b y the cooler , neutral material that is the ambient medium of the Galaxy .

Of the emissiv e structur es, the closest is the LHB, identi�ed b y Co x & Re ynolds (1987).

The LHB entir el y sur r ounds the Solar System, making it visible in e v er y dir ection fr om

the Ear th. Essentiall y , it is a hole in the local neutral material �lled with a soft, thermall y

emissiv e X-ra y plasma at 0.1 k eV . Its ir r egular , double-lobed sha pe and a ppar entl y open

ends w er e the cause of m uch speculation, and while the pr esence of the ca vity could

be explained b y the displacement model (Section 2.4.4), tw o other theories competed

to explain the sour ce of the hot plasma. Bochkar e v (1987) imagined the LHB to be an

inter -arm r egion of the Galaxy , wher eas Co x & Anderson (1982) modelled the LHB as an

old SNR, which had cooled and been subsequentl y r eheated b y a mor e r ecent explosion.

The closest structur e to the LHB seen when looking to war ds the Galactic Centr e , Loop 1,

was �rst obser v ed as a series of radio ridges b y Quigle y & Haslam (1965), but is no w

r ecognised to be a y oung, hot SNR. In the RASS ma ps, the Loop a ppears as thr ee patches

of soft emission, and although the consensus opinion holds that it is a single structur e ,

ther e was little solid e vidence to suggest that the bright r egions w er e actuall y link ed.
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The close pr o ximity of the LHB to the Loop raised the possibility that the tw o structur es

might be interacting. This scenario was mathematicall y modelled b y Y oshioka & Ik euchi

(1990), but not dir ectl y obser v ed. Egger & Aschenbach (1995) w ent fur ther , and pr oposed

that the W all, a r egion of absorbing material positioned betw een the LHB and Loop 1,

had been pr oduced thr ough the compr ession of the ambient ISM b y the expansion of the

tw o superbubbles.

Finall y , the Galactic Halo , pr oposed in 1956 b y L yman Spitzer to account f or the high

v elocity clouds obser v ed b y Münch and Zirin. The Halo was supposed to lie just be y ond

the HI disk of the Milky W a y . In Willingale et al. (2003) it was modelled as a 0.1 k eV

thermal plasma, positioned not quite behind the full HI column, and r epor ted to be visible

in the Galactic Centr e dir ection.

7.3 Data Reduction

W e no w ha v e access to mor e sophisticated instruments, including the XMM-Ne wton

Obser vator y , which is equipped with W olter mir r ors and photosensitiv e CCD cameras.

These sharpl y f ocus the incident X-ra y photons, and pr oduce bright images in which

point sour ces can be clearl y r esolv ed; attributes which made XMM ideal f or this r esear ch

pr oject.

T w enty ar chiv ed XMM obser vations w er e used in this r esear ch, each selected on the

basis that all thr ee detectors had been used in full frame mode , with either the thin or

medium �lter , o v er a long exposur e time . T en of the �elds, named the `Oxygen' �elds, ar e

spr ead acr oss the sky in the Anti-centr e dir ection. The other ten ar e gr ouped within the

pr ojected boundar y of Loop 1: tw o in the Nor th P olar Spur , thr ee within the Nor thern

Bulge , and �v e belo w the Galactic Plane , near the southern limb of the Loop .

Cha pter 3 detailed ho w a series of scripts w er e de v eloped and used to pr oduce DXRB

spectra fr om these �elds, the co-or dinates of which ar e sho wn in T able 3.2 and plotted

in Figur e 3.2.
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7.4 Modelling and Interpr eting the Spectra

In Cha pter 4, the r educed spectra w er e �tted with a series of diff er ent XSPEC models

car efull y f orm ulated to r epr esent both the characteristic emissions fr om the X-ra y emis-

siv e structur es pr esent in the LISM and the absorption acting upon them. The best-�t

parameters, pr esented in Appendix B, con�rmed some established ideas, such as the

ubiquity of the LHB and the XRB, and also pr o vided ne w insights into the soft X-ra y

backgr ound.

� The LHB

The LHB, �tted at 0.1 k eV , a ppears to be brighter in Nor thern Bulge �elds than

in the NPS �elds; a f eatur e which ma y r esult fr om the compr ession of the LHB

plasma b y the encr oaching W all in this r egion. The LHB is also mor e pr ominent in

the Anti-centr e dir ection, wher e it is far mor e extensiv e .

� The Shell

In 2003, a soft excess obser v ed b y Willingale et al. in the nor thern Loop 1 r egion

was modelled using an absorbed APEC component �x ed at 0.1 k eV , and interpr eted

as the signal fr om a cool Galactic Halo . In theor y , such a structur e should be easil y

obser v ed in the Anti-centr e dir ection and a wa y fr om the Galactic Plane , wher e

ther e is less absorption and far f e w er emissiv e structur es. Ho w e v er , its trace was

not seen in the Oxygen �eld spectra. An absorbed 0.1 k eV signal was seen in

the Loop �elds, but as the Model E series of �ts (Section 4.7.6) demonstrate , the

high le v els of emission and absorption in the Galactic Centr e dir ection pr e v ent

the detection of a soft X-ra y sour ce l ying be y ond the Loop . Logicall y , the 0.1 k eV

signal had to originate in the f or egr ound. Since the emission measur e of the Loop' s

interior varied in the same wa y as this component, the tw o a ppear ed to be link ed;

hence , the cool component was r einterpr eted as the emission fr om a pr e viousl y

unidenti�ed supershell sur r ounding Loop 1. In the �nal model, this shell is still

r epr esented b y an absorbed APEC at 0.1 k eV , but the absorption has been made

equal to the absorption acting on the Loop' s interior , putting both structur es at

the same distance fr om the Ear th.

� The Loop

The emission measur e of the Loop' s interior was f ound to be � 4 times higher in
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the NPS than in the Nor thern Bulge �elds, indicating that the plasma near the limb

of the bubble is being heated, and perha ps compr essed, as it impacts the outer

shell. As in Willingale et al. (2003), the plasma of the interior was f ound to be

chemicall y depleted in o xygen, magnesium, neon and ir on.

� The XRB

A har d component, par tl y discernable in all tw enty spectra, was identi�ed as the

contribution fr om the XRB (Section 2.3.1), and in time honour ed fashion, it was

modelled using an absorbed po w er la w . Ho w e v er , while the normalization of the

XRB is kno wn to be isotr opic , the normalization of this component was seen to

var y considerabl y acr oss the sky (T able 4.12). It was fr ee �tted onl y in the Oxygen

and Nor thern �elds, wher e its le v el was generall y f ound to be lo w er than expected,

while in the Southern �elds, its normalisation was fr ozen to pr e v ent it fr om being

ar ti�ciall y enhanced b y the emission f ound near the Plane .

The non-unif ormity of this component' s contribution is dif�cult to explain; ho w-

e v er , since the energ y range of the spectra used in this w ork is onl y betw een

0.1 k eV � 4.0 k eV , it is unlik el y that total �ux of the XRB has been obser v ed in an y

of the �elds. This ma y be wh y in so man y of the �elds, the le v el of �ux fr om the

XRB was f ound to be m uch lo w er than expected. Ho w e v er , as the Southern �elds

demonstrated, it is dif�cult to separate the contributions fr om har d sour ces. In

some of the �elds, the XRB contribution a ppear ed higher than expected, and in

these cases, har d contributions fr om par ticles, such as soft pr otons, left behind

during the data r eduction pr ocess ma y be r esponsible .

Although this w ork can not claim to ha v e characterised the XRB, �tting its signal,

together with other r ogue har d components fr om the par ticle backgr ound, ser v ed

to mask its contribution. This, in turn, has made is possible to extract, �t and

characterise the signal fr om the softer components of the SXRB.

� GPR

T w o ad ditional components, a thermal MEKAL at 1 k eV and a non-thermal po w er

la w with a photon index of 2.5, w er e r equir ed to �t the spectra fr om the Southern

�elds within 6

�
of the Galactic Plane . Both of these w er e set behind the full Galactic

column. While the thermal sour ce can be tentativ el y link ed to the diffuse par t of the

Galactic Plane Radiation, the non-thermal sour ce has not been identi�ed pr e viousl y

in literatur e , but could possibl y originate at the Galactic Centr e . The str ength of
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both components was seen to rise exponentiall y as the Plane was a ppr oached.

� The Halo

Finall y , the emission fr om the Galactic Halo was detected in all ten Oxygen �elds.

Thr ough �tting f our variations of Model B, it was f ound that the Halo �ts best at

full Galactic absorption, ruling out the possibility that it is a local sour ce . The Halo

plasma was f ound to r esemble that of the Loop interior , with a 0.18 � 0.32 k eV

temperatur e range , and some chemical depletion. The similarity of the Halo plasma

to that in the Loop 1 interior , which itself is the pr oduct of man y superno vae (Egger

1998), is intriguing, and str ongl y suppor ts the theor y that the Halo was generated

thr ough the out�o w of material fr om SNRs, the so-called `f ountain' h ypothesis of

Halo cr eation.

7.5 Oxyg en

Cha pter 5 concentrated on tw o of the most impor tant emission lines pr esent in the

thermal SXRB spectrum: O VII and O VIII , which lie in the energ y inter vals 0.46 � 0.62 k eV

and 0.62 � 0.72 k eV r espectiv el y . Not onl y ar e these lines consider ed tracers of plasma at

0.1 k eV and 0.3 k eV , but their photons also pla y an impor tant r ole in the thermal balance

of the ISM (Section 5.1).

A ne w technique , described in Section 5.4, was used to split the �ux of the best-�t

model in each �eld into its component par ts. This allo w ed the a ppar ent �ux of each

plasma component to be measur ed, and the contribution of each structur e to the o v erall

obser v ed o xygen �ux to be determined.

The r esults of this pr ocess r e v ealed that the O VII �ux obser v ed in the Loop 1 �elds

comes mainl y fr om the cool shell and the interior of the Loop , and onl y � 10% fr om the

LHB. In the Oxygen �elds, wher e the �ux is far lo w er than in the Loop 1 �elds, most of

the �ux originates in the LHB, in ad dition to a variable contribution fr om the Galactic

Halo .

The br eakdo wn of the O VIII �ux es is far simpler than that of the O VII . � 90% of the

O VIII �ux in the Loop 1 �elds comes fr om the interior of Loop 1, with the r emainder
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pr oduced b y the cool shell. It is lik el y that the O VIII �ux in the shell is generated at its

inside boundar y , which is being constantl y heated b y the Loop' s interior . By the same

tok en, the NPS can be interpr eted as a bright, r ecentl y r eheated r egion at the interface

betw een the shell and the interior of the Loop . In the Oxygen �elds, some of the O VIII

�ux comes fr om the LHB, but most of it, � 45%, originates in the Halo .

The method also allo w ed the eff ects of absorption to be cancelled, enabling the absolute

(at sour ce) �ux es of the structur es to be calculated. The absolute �ux of the LHB was

f ound to be almost constant acr oss all �elds, although it was slightl y brighter in the

Oxygen �elds, pr obabl y because of the gr eater extent of the LHB in that dir ection. The

Halo was f ound to be brighter in O VII than O VIII , but patch y , and so suggestiv e of a y oung

structur e . T ak en together with the r esults obtained in Cha pter 4, which sho w ed that

the temperatur e and chemical abundances in the Halo and Loop interior ar e v er y similar ,

this lends str ong suppor t to the f ountain h ypothesis, in which the Halo is thought to ha v e

been f ormed b y SNRs which ha v e risen out of the Galactic Plane and burst, expelling

their hot interior plasma.

Fur thermor e , the le v els of O VII line �ux ar e similar in the �elds closest to the shell, in

B4, B5 and the NPS �elds, and higher than the le v el seen in the Nor thern Bulge �elds at

the centr e of the Loop , suppor ting the h ypothesis that a shell sur r ounds Loop 1.

7.6 The Thir d Dimension

F ollo wing the methods described in Willingale et al. (2003), the best-�t parameters

w er e pr ojected onto a tw o-par t geometric model, designed to r eplicate the ph ysical

dimensions and orientation of the structur es in the LISM. The �rst par t of the model, a

r epr esentation of the LHB' s boundar y wall cr eated b y Hutchinson, was left in its original

f orm, but the second par t, a spher e r epr esenting the Loop , has been considerabl y alter ed

in this implementation.

The values published in Willingale et al. (2003) w er e calculated using a single spher e

centr ed at (352

�
, 15

�
) with an angular radius of 42

�
, positioned 210 pc fr om the Sun. In

this anal ysis, the model has been extended to include tw o concentric spher es, one with a

radius of 42

�
(cor r esponding to an actual radius of 194 pc) to de�ne the interior v olume
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of the Loop , and the other , of radius 46

�
(208 pc), to r epr esent the cool shell, identi�ed

in Cha pter 4. This was in accor dance with the SNR model (Section 6.6), which speci�es

that the thickness of a r emnant' s shell should be a ppr o ximatel y equal to one-tw elfth of

the radius of its interior . When superposed on an image of the central r egion of the

Galaxy (Figur e 6.7), the pr ojected boundar y of the modelled shell encloses the stra y �ux

which had not been accommodated b y the smaller , single spher e model of Willingale

et al..

The spher e was also mo v ed back along the line of sight to a distance of 290 pc fr om the

Sun in or der to pr e v ent the intersection of the LHB and the Loop interior . This placed the

NPS at 120 pc fr om the Sun in agr eement with distance measur ements made b y Bingham

(1967), and also had a pr of ound eff ect on the geometric model, tr ebling the v olume of the

spher e to 9 � 10

62

cm

3

, and making the pr essur es and densities incomparable to those

published in Willingale et al.. Ad ditionall y , with the spher es in this position, the shell

o v erla ps and interacts with the boundar y of the LHB: a pr e viousl y unkno wn interaction.

Since both the shell and the LHB ar e 0.1 k eV thermal plasmas, ther e is little to impede

their interaction. In the Southern �elds, the leading edge of the shell pushes into the

boundar y of the par tiall y de�ated LHB. The interaction seems to ha v e compr essed the

material on either side of the interface , incr easing the local density , pr essur e , and emission

measur es of the plasma obser v ed in this r egion (Section 6.11.1).

7.7 A Ne w Vision of the LISM

By linking the r esear ch �ndings and models pr esented in this thesis with the disparate

theories cited in the literatur e , it has been possible to describe a coher ent, consistent

vision of the X-ra y emissiv e ISM. In the Anti-centr e , the obser v ed signal can be split

into contributions fr om the LHB, the Galactic Halo and the distant XRB, as sho wn in

Figur e 7.2. In contrast, the �ux obser v ed in the Galactic Centr e dir ection is far mor e

complex, deriv ed fr om the series of emissiv e structur es depicted in Figur e 7.1.

While it is tempting to imagine the emissiv e structur es as static and unchanging, the

anal ysis sho ws that this is not the case: par ticularl y in the Galactic Centr e dir ection,

wher e the �ux fr om the LHB and Loop 1 dominate the spectrum. In this dir ection, it
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7.8. THE GALA CTIC CENTRE DIRECTION

Figur e 7.1: Car toon illustrating the ar rangement of the emissiv e structur es l ying along

the line of sight fr om the Sun (on the left) to war ds the Galactic Centr e dir ection. Note

the intersection r egion, wher e the LHB and the shell o v erla p . Appr o ximate lines of sight

to the Loop 1 �elds ar e also sho wn. (Diagram is not to scale .)

is not suf�cient to study the structur es in isolation: to understand the SXRB signal, one

m ust also consider ho w the y interact.

7.8 The Galactic Centr e Dir ection

All lines of sight fr om the Ear th pass thr ough the LHB, an old ir r egularl y-sha ped SNR

which en v elops the Solar System. Its isotr opic 0.1 k eV signal co v ers the sky visible fr om

the Ear th, and indeed, it was detected in all tw enty �elds. Although it is at the ideal

temperatur e to pr oduce O VII , the lo w density plasma in the LHB generates onl y � 10% of

the O VII �ux obser v ed in the Galactic Centr e dir ection. This value is slightl y higher in the

Oxygen �elds, an eff ect attributed to the gr eater extent of the LHB in the Anti-centr e

dir ection.

Both the

1

4

k eV RASS ma p and the Hutchinson model suggest that the LHB is open-ended.

If this is true , then the LHB could be consider ed to be betw een the second and thir d

stages of de v elopment (Section 4.7.4). At this point in its e v olution, a r emnant w ould ha v e
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7.8. THE GALA CTIC CENTRE DIRECTION

Figur e 7.2: Car toon illustrating the ar rangement of the emissiv e structur es l ying along

the line of sight fr om the Sun (on the right) to war ds the anti-centr e . Appr o ximate lines

of sight to the Oxygen �elds ar e also sho wn. (Diagram is not to scale .)

expanded out of the HI la y er of the Galaxy and br eached, r eleasing its contents into the

upper la y ers of the ISM. This action w ould cause the r emnant' s interior to depr essurize ,

w eak ening its outer boundar y until, e v entuall y , it fades into obscurity . Estimates pr oduced

using the best-�t parameters and the geometric model (T able 6.2) sho w that the pr essur e

within the LHB is indeed � 5.5 times lo w er than that of the enclosed plasma within Loop 1

indicating that, in the LHB, the out�o w pr ocess has alr eady begun.

Be y ond the boundar y of the LHB lies the W all, a dense , cool la y er of absorbing dust

and neutral gas which marks the interface betw een the LHB and its near est neighbour ,

Loop 1.

Loop 1 is still expanding, po w er ed b y the energ y input of the stellar winds fr om the

Sco-Cen association. The outwar d pr essur e ex er ted b y the Loop' s shock fr onts is

transf er r ed to the structur es adjacent to it. On the near side , this compr esses the W all,

and pushes it into the older , depr essurised LHB. Pr essur e measur ements in this r egion

(Section 6.11.1) indicate that the w eak ened boundar y of the LHB has def ormed under

the strain, pr oducing the large indentation illustrated in Figur e 7.1 that giv es the LHB

its familiar hourglass pr o�le . Thr ee-dimensional modelling has also indicated that the

shell and LHB interact belo w the Galactic Plane , compr essing the W all and incr easing the
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7.9. THE ANTI-CENTRE DIRECTION

density of the ISM.

T w o ad ditional components had to be used in the interaction r egion disco v er ed in the

Southern �elds within � 6

�
of the Galactic Plane , to accommodate a sour ce thought to be

the GPR and also a non-thermal signal that ma y originate at the Galactic Centr e . Although

onl y �v e data points w er e obtained f or each of these components, when plotted as against

latitude , the str ength of both a ppear to rise exponentiall y as the Plane is a ppr oached.

The hot, rar e�ed interior �tted best at 0.3 k eV: the optim um temperatur e f or the

generation of O VIII photons. As the �ux-splitting anal ysis sho w ed (Section 5.4.2), � 90%

of the absolute O VIII �ux obser v ed in the Galactic Centr e dir ection originates within this

plasma v olume . The V APEC code used to �t the interior also r e v ealed chemical depletion

in o xygen, magnesium, neon and ir on, although it is impor tant to note that because

these abundances ar e str ongl y sensitiv e to data quality , the best-�t values r epor ted in

Appendix B ha v e a large margin of er r or . The similarity of the �eld parameters and the

o xygen pr o�les measur ed in the NPS �elds and those of the Southern B5 �eld, which

lies at a ppr o ximatel y the same gr eat cir cle distance , has eased the long-standing debate

r egar ding the Loop: because the y ar e so alik e , the tw o bright bulges either side of

the Galactic Plane a ppear to be par t of one contiguous plasma structur e , and not tw o

separate entities.

7.9 The Anti-centr e Dir ection

The DXRB spectrum obser v ed fr om the Anti-centr e is far simpler than that obser v ed in

the Galactic Centr e dir ection. As Figur e 7.2 sho ws, the onl y contributors to the total

�ux ar e the LHB, the XRB and the Galactic Halo .

The signal fr om the hot Galactic Halo has been identi�ed her e f or the �rst time , and

has been obser v ed onl y in the Oxygen �elds. This is because the Halo is set behind the

full Galactic column, which entir el y absorbs its soft X-radiation in the Galactic Centr e

dir ection.

The plasma of the Halo was f ound to be r emarkabl y similar to that within the Loop , with a

0.16 � 0.32 k eV temperatur e range (a v eraging at 0.25 k eV), and some chemical depletion.
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7.10. FINAL THOUGHTS AND FUTURE PR OSPECTS

While it is the primar y sour ce of O VIII �ux in the Anti-centr e , the sky-co v erage of the

Halo is patch y , and so suggestiv e of a y oung, inhomogeneous, unsettled sour ce which has

not y et r eached equilibrium. Both its lik eness to the Loop and the une v en distribution of

the Halo plasma ar e intriguing, and str ongl y suppor tiv e of the theor y that the Halo has

been generated thr ough the out�o w of material fr om br eached SNRs, such as the LHB.

7.10 Final Thoughts and Futur e Pr ospects

T o better determine the degr ee to which the interaction contributes to the SXRB spectra,

r egions inside the boundar y of the Loop 1, and within � 6

�
Nor th of the Plane could be

compar ed with the Southern �elds. Such �elds w ould lie outside the interaction r egion

but, assuming that their eff ects ar e symmetric about the Plane , w ould still r eside within

the ar ea of in�uence of the GPR and the non-thermal component. Hence , the onl y

diff er ences betw een them should be pr oduced b y the interaction.

Studies of ar eas within � 6

�
of the Plane and be y ond the boundar y of Loop 1 w ould also

be useful, as these w ould allo w the GPR and non-thermal component to be obser v ed in

r elativ e isolation.

The Galactic Halo is also �t f or futur e study . In this r esear ch, its signal was detected

in all of the Oxygen �elds, but with huge variation in the emission measur e . It r emains

to be seen whether the GPR can be detected in the Anti-centr e dir ection, and ho w the

pr oper ties of the Halo var y acr oss the sky . Such in v estigations will be dif�cult: the lo w

backgr ound �ux in the Anti-centr e dir ection means that the deriv ed DXRB spectra ar e of

r elativ el y lo w quality . The extent of the Halo is also unkno wn, hindering the calculation

of its pr essur e and density . T o contin ue the in v estigation of the Halo , it will be necessar y

to obtain better quality data, possibl y b y combining se v eral ar chiv ed XMM data sets to

incr ease the counts pr esent in the deriv ed spectra.

It w ould also be inter esting to anal yse the SXRB in �elds located within the shell, but

be y ond the interior , of Loop 1. If the pr oposed shell trul y is pr esent then its signal should

dominate o v er the emission fr om the interior plasma in these �elds, and the le v el of O VII

�ux obser v ed should gr eatl y exceed the O VIII .
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This r esear ch will be of use e v en wher e the SXRB is not itself the topic of r esear ch.

Alr eady , it has been used b y V aughan et al. (2006) to determine the distance to a dust

halo pr oduced b y a gamma ra y burst. The next generation of X-ra y obser vatories will

cer tainl y be able to pr oduce images with higher angular r esolution than either XMM

or Chandra. When these come online , the backgr ound signal will become e v en mor e

pr ominent in X-ra y spectra, but if the DXRB is modelled accuratel y using the techniques

pr esented her e , it can eff ectiv el y be mask ed out, allo wing point sour ces to be obser v ed

with e v en gr eater clarity .

Man y r esults ar e pr esented in this thesis. Some , such as the pr oper ties of the 0.1 k eV

LHB and 0.3 k eV Loop , str engthen earlier w ork, while others, including the disco v er y

of a super shell ar ound Loop 1, the identi�cation of a hot � 0.25 k eV Galactic Halo ,

and the inf er r ed pr esence of an intersection betw een the LHB and Loop 1, challenge

existing pr econceptions and mark r eal pr ogr ess in this �eld. Although questions still

r emain unans w er ed, it is hoped that the w ork pr esented her e will contribute to war ds

our understanding of the e v olution of SNRs, and of the X-ra y backgr ound of the Milky

W a y .
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A
List of Abbr e viations

A GN Activ e Galactic Nuclei.

APEC Astr oph ysical Plasma Emission Code .

ARF Auxiliar y Response File , used with XMM data.

CCD Charge Coupled De vice , the imaging surface of a digital camera.

DoF Degr ees of Fr eedom.

EPIC Eur opean Photon and Imaging Camera.

ESA The Eur opean Space Agency .

GPR Galactic Plane Radiation.

GTI Good Time Inter val, the time period in which usable data is obtained.

HI Neutral atomic h ydr ogen.

ISM Interstellar Medium.

LHB Local Hot Bubble .

LISM The Local Interstellar Medium.

L TE Long T erm Enhancement.

MOS Metal Oxide Camera, par t of the EPIC .

N

H

Column density of neutral atomic h ydr ogen.

NPS Nor th P olar Spur .

ODF Obser vation Data File , containing ra w data fr om XMM.

pn A p-n junction camera, par t of the EPIC .

PSF P oint Spr ead Function of a telescope , measur ed in ar cseconds.
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PSPC P osition Sensitiv e Pr opor tional Counter , R OSA T' s main x-ra y detector .

Q A pr ogramming language based on FOR TRAN, cr eated b y Dr . R. Willingale .

RASS The R OSA T All-Sky Sur v e y .

RMF Response Matrix File , used with XMM data.

R OSA T The Röntgensatellit X-ra y obser vator y .

SAS Science Anal ysis Softwar e , a suite of tools used to pr ocess XMM data.

SOC Science Operations Centr e , the organisation that o v ersees the operation of XMM.

SSC Sur v e y Science Centr e , pr oduces pipeline pr ocessed XMM data fr om ODFs.

SNe Superno vae .

SNR Superno va Remnant.

SWCX Solar Wind Charge Exchange .

SXRB The Soft X-ra y Backgr ound (of the Milky W a y).

UV Ultra violet electr omagnetic radiation.

V APEC V ariable Astr oph ysical Plasma Emission Code .

XMM The X-ra y Multiple Mir r or obser vator y , also called XMM-Ne wton.

XRB The Extragalactic X-ra y Backgr ound.
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B
Best-�t Parameters with Associated 90%

Con�dence Inter vals

The model parameters ar e listed in the tables that f ollo w , together with the maxim um

and minim um values the y can hold based on a 90% con�dence inter val. Fr ozen parameter

values, which do not ha v e associated uncer tainties, ar e indicated b y a dash ( � ).

K e y to the table headings:

LHB Norm Normalisation of the Local Hot Bubble APEC cm

� 5

W all N

H

Neutral h ydr ogen column density of the W all W ABS atoms cm

� 2

Loop 1 Norm Normalisation of the Loop 1 interior V APEC cm

� 5

Loop 1 kT Plasma temperatur e of the Loop 1 interior V APEC k eV

Abundances Elemental abundances within Loop 1 V APEC Relativ e to Solar

Shell Norm Normalisation of the cool shell ar ound Loop 1 APEC cm

� 5

Halo Norm Normalisation of the Galactic Halo APEC cm

� 5

Halo kT Plasma temperatur e of the Galactic Halo APEC k eV

GPR Norm Normalisation of the Galactic Plane Radiation MEKAL cm

� 5

XRB Norm Normalisation of the XRB Contribution PO WER photons cm

� 2

s

� 1

k eV

� 1

EX. P o w erla w Norm Normalisation of the extra po w er la w �tted near the Plane PO WER photons cm

� 2

s

� 1

k eV

� 1
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T able B.1: Best-�t Parameter V alues and 90% Con�dence Inter vals f or the Nor thern

Fields (X1, X2, X3, N4 & N5)

Field X1 X1 min X1 max X2 X2 min X2 max

LHB Norm 7.44 � 10

� 4

7.09 � 10

� 4

7.79 � 10

� 4

6.47 � 10

� 4

6.09 � 10

� 4

6.83 � 10

� 4

W all N

H

1.74 � 10

21

1.69 � 10

21

1.74 � 10

21

9.85 � 10

20

9.30 � 10

20

9.85 � 10

20

Loop 1 Norm 1.13 � 10

� 2

9.52 � 10

� 3

1.31 � 10

� 2

1.25 � 10

� 2

1.08 � 10

� 2

1.35 � 10

� 2

Abundances:

O 0.22 0.19 0.27 0.30 0.27 0.35

Ne/Mg/F e 0.33 0.28 0.41 0.37 0.32 0.43

Shell Norm 5.17 � 10

� 3

3.85 � 10

� 3

6.51 � 10

� 3

7.43 � 10

� 3

6.08 � 10

� 3

8.25 � 10

� 3

XRB Norm 2.78 � 10

� 4

2.44 � 10

� 4

3.12 � 10

� 4

2.11 � 10

� 4

1.72 � 10

� 4

2.38 � 10

� 4

Field X3 X3 min X3 max N4 N4 min N4 max

LHB Norm 7.03 � 10

� 4

6.70 � 10

� 4

7.41 � 10

� 4

4.37 � 10

� 4

3.71 � 10

� 4

4.89 � 10

� 4

W all N

H

1.22 � 10

21

1.13 � 10

21

1.22 � 10

21

7.58 � 10

20

7.14 � 10

20

7.96 � 10

20

Loop 1 Norm 4.31 � 10

� 3

1.99 � 10

� 3

4.51 � 10

� 3

1.61 � 10

� 2

1.58 � 10

� 2

1.80 � 10

� 2

Abundances:

O 0.35 0.29 0.62 0.24 0.22 0.27

Ne/Mg/F e 0.47 0.44 0.62 0.35 0.33 0.37

Shell Norm 1.66 � 10

� 3

1.54 � 10

� 3

2.97 � 10

� 3

6.85 � 10

� 3

5.46 � 10

� 3

8.20 � 10

� 3

XRB Norm 3.49 � 10

� 4

3.17 � 10

� 4

3.83 � 10

� 4

2.88 � 10

� 4

2.55 � 10

� 4

3.15 � 10

� 4

Field N5 N5 min N5 max

LHB Norm 3.66 � 10

� 4

2.04 � 10

� 4

5.21 � 10

� 4

W all N

H

3.22 � 10

20

2.93 � 10

20

3.53 � 10

20

Loop 1 Norm 9.59 � 10

� 3

8.21 � 10

� 3

1.09 � 10

� 2

Abundances:

O 0.35 0.31 0.42

Ne/Mg/F e 0.36 0.31 0.43

Shell Norm 6.94 � 10

� 3

5.91 � 10

� 3

7.91 � 10

� 3

XRB Norm 2.88 � 10

� 4

1.39 � 10

� 4

2.95 � 10

� 4
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T able B.2: Best-�t Parameter V alues and 90% Con�dence Inter vals f or the Southern

Fields (B1, B2, B3, B4 & B5)

Field B1 B1 min B1 max B2 B2 min B2 max

LHB Norm 8.32 � 10

� 4

7.71 � 10

� 4

8.79 � 10

� 4

6.43 � 10

� 4

6.15 � 10

� 4

6.95 � 10

� 4

W all N

H

2.01 � 10

21

1.92 � 10

21

2.10 � 10

21

9.40 � 10

20

8.94 � 10

20

9.87 � 10

20

Loop 1 Norm 1.08 � 10

� 2 � � 1.08 � 10

� 2 � �
Abundances:

O 0.38 0.35 0.41 0.33 0.32 0.36

Ne/Mg/F e 0.62 0.58 0.66 0.60 0.59 0.63

Shell Norm 5.61 � 10

� 3 � � 5.61 � 10

� 3 � �
GPR Norm 3.19 � 10

� 3

2.89 � 10

� 3

3.25 � 10

� 3

2.24 � 10

� 3

2.11 � 10

� 3

2.29 � 10

� 3

Ex. P o w er Norm 4.29 � 10

� 3

4.21 � 10

� 3

4.58 � 10

� 3

2.71 � 10

� 3

2.61 � 10

� 3

2.84 � 10

� 3

XRB Norm 2.83 � 10

� 4 � � 2.83 � 10

� 4 � �

Field B3 B3 min B3 max B4 B4 min B4 max

LHB Norm 5.56 � 10

� 4

5.37 � 10

� 4

6.62 � 10

� 4

7.35 � 10

� 4

6.52 � 10

� 4

8.16 � 10

� 4

W all N

H

1.15 � 10

21

1.08 � 10

21

1.23 � 10

21

9.92 � 10

20

9.21 � 10

20

1.06 � 10

21

Loop 1 Norm 1.08 � 10

� 2 � � 1.08 � 10

� 2 � �
Abundances:

O 0.28 0.26 0.31 0.28 0.25 0.31

Ne/Mg/F e 0.41 0.39 0.43 0.38 0.36 0.40

Shell Norm 5.61 � 10

� 3 � � 5.61 � 10

� 3 � �
GPR Norm 5.95 � 10

� 4

4.74 � 10

� 4

7.09 � 10

� 4

1.08 � 10

� 4

7.58 � 10

� 5

2.83 � 10

� 4

Ex. P o w er Norm 1.83 � 10

� 3

1.71 � 10

� 3

1.95 � 10

� 3

9.59 � 10

� 4

8.31 � 10

� 4

1.08 � 10

� 3

XRB Norm 2.83 � 10

� 4 � � 2.83 � 10

� 4 � �

Field B5 B5 min B5 max

LHB Norm 3.07 � 10

� 4

6.61 � 10

� 5

4.28 � 10

� 4

W all N

H

3.69 � 10

20

3.41 � 10

20

3.93 � 10

20

Loop 1 Norm 1.08 � 10

� 2 � �
Abundances:

O 0.37 0.34 0.38

Ne/Mg/F e 0.34 0.33 0.36

Shell Norm 5.61 � 10

� 3 � �
GPR Norm 6.08 � 10

� 5

0.00 1.63 � 10

� 4

Ex. P o w er Norm 3.60 � 10

� 4

2.59 � 10

� 4

4.20 � 10

� 4

XRB Norm 2.83 � 10

� 4 � �
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T able B.3: Best-�t Parameter V alues and 90% Con�dence Inter vals f or the Oxygen Fields

Field O1 O1 min O1 max O2 O2 min O2 max

LHB Norm 5.08 � 10

� 4

3.51 � 10

� 4

5.13 � 10

� 4

1.03 � 10

� 3

1.29 � 10

� 3

1.31 � 10

� 3

Halo Norm 2.70 � 10

� 3

2.30 � 10

� 3

3.95 � 10

� 3

6.43 � 10

� 4

6.43 � 10

� 4

6.51 � 10

� 4

Halo kT 0.22 0.18 0.23 0.27 0.26 0.28

XRB Norm 3.15 � 10

� 4

2.97 � 10

� 4

3.49 � 10

� 4

3.63 � 10

� 4

3.63 � 10

� 4

3.77 � 10

� 4

Field O3 O3 min O3 max O4 O4 min O4 max

LHB Norm 1.64 � 10

� 3

1.60 � 10

� 3

1.69 � 10

� 3

8.49 � 10

� 4

8.14 � 10

� 4

8.84 � 10

� 4

Halo Norm 3.04 � 10

� 3

3.04 � 10

� 3

3.58 � 10

� 3

1.80 � 10

� 3

1.34 � 10

� 3

2.30 � 10

� 3

Halo kT 0.21 0.15 0.22 0.31 0.28 0.36

XRB Norm 1.51 � 10

� 4

1.08 � 10

� 4

1.51 � 10

� 4

2.36 � 10

� 4

1.87 � 10

� 4

2.86 � 10

� 4

Field O5 O5 min O5 max O6 O6 min O6 max

LHB Norm 1.31 � 10

� 3

1.27 � 10

� 3

1.35 � 10

� 3

1.04 � 10

� 3

9.99 � 10

� 4

1.07 � 10

� 3

Halo Norm 2.01 � 10

� 4

9.58 � 10

� 5

3.07 � 10

� 4

4.38 � 10

� 4

4.37 � 10

� 4

4.46 � 10

� 4

Halo kT 0.28 0.23 0.36 0.23 0.22 0.24

XRB Norm 6.75 � 10

� 4

6.20 � 10

� 4

7.28 � 10

� 4

4.00 � 10

� 4

4.00 � 10

� 4

4.13 � 10

� 4

Field O7 O7 min O7 max O8 O8 min O8 max

LHB Norm 1.48 � 10

� 3

1.46 � 10

� 3

1.51 � 10

� 3

9.03 � 10

� 4

8.74 � 10

� 4

9.09 � 10

� 4

Halo Norm 3.94 � 10

� 4

3.93 � 10

� 4

4.01 � 10

� 4

1.20 � 10

� 3

1.11 � 10

� 3

1.18 � 10

� 3

Halo kT 0.27 0.26 0.28 0.25 0.20 0.32

XRB Norm 2.64 � 10

� 4

2.63 � 10

� 4

2.73 � 10

� 4

4.79 � 10

� 4

4.78 � 10

� 4

4.79 � 10

� 4

Field O9 O9 min O9 max O10 O10 min O10 max

LHB Norm 8.60 � 10

� 4

8.45 � 10

� 4

8.93 � 10

� 4

7.49 � 10

� 4

7.33 � 10

� 4

7.57 � 10

� 4

Halo Norm 3.39 � 10

� 3

3.39 � 10

� 3

3.59 � 10

� 3

9.07 � 10

� 3

9.07 � 10

� 3

1.08 � 10

� 2

Halo kT 0.25 0.24 0.26 0.25 0.23 0.26

XRB Norm 2.52 � 10

� 4

2.52 � 10

� 4

2.59 � 10

� 4

2.63 � 10

� 4

2.63 � 10

� 4

2.82 � 10

� 4
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C
Calculating the Plasma Emission Measur e

C .1 Thermal Models

The best-�t model parameters dir ectl y describe the model, not the actual emissiv e plasma.

Ho w e v er , thr ough simple calculations, the �tted parameters can be used to deriv e r eal

ph ysical pr oper ties. One of these , the emission measur e of a plasma, is de�ned as the

pr oduct of the electr on n umber density n

e

and the pr oton density n

H

integrated acr oss

the emissiv e v olume , with units cm

� 3

.

The normalisation (N) of the thermal APEC , V APEC , and MEKAL models is quoted b y

K. Arnaud (2007) as:

N =

10

� 14

4 � [D(1+z)]

2

R
n

e

n

H

dV

wher e D is the angular diameter distance to the sour ce (cm), n

e

and n

H

ar e the electr on

and H densities (cm

� 3

), z is the r edshift of the sour ce , and dV is an element of v olume of

the emissiv e plasma.

Since most of the signal fr om the X-ra y backgr ound originates within the Milky W a y , the

r edshift was set to zer o when �tting the data.

Obser vations of the SXRB concern se v eral structur es along the line of sight, and so it

is helpful to consider the emissiv e v olume dV as a column of emission, with length dl

(in cm) and cr oss-sectional ar ea D

2 
 , wher e 
 is measur ed in steradians, as sho wn in

Figur e C .1.

One squar e ar cmin ute is equal to: (1

0
)

2

=

�
1

60

� 2 �
360

�
2

, or 8.46 � 10

� 8

steradians .
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C .1. THERMAL MODELS

Figur e C .1: An Emissiv e Column of Plasma

The �eld of vie w (FO V) is usuall y giv en in ar cmin utes, so substituting f or dV in the

normalisation and con v er ting 
 to ar cmin utes pr oduces:

N =

10

� 14 � 8.46 � 10

� 8

4 � [D(1+z)]

2

R
n

e

n

H

dl 
 D

2

The emission measur e is usuall y giv en with dl in parsecs, wher e 1 parsec = 3.086 � 10

18

cm.

Hence the normalisation equation can be r e written as:

N =

10

� 14 � 8.5 � 10

� 8 � 3.086 � 10

18

4 � �
�

EM

D

2

�
� FO V = 2.09 � 10

� 4 �
�

EM

D

2

�
� FO V

Wher e

�
EM

D

2

�
=

R
n

e

n

H

dl cm

� 6

pc

By r ear ranging this equation, the emission measur es of the interstellar thermal structur es

can be calculated:

�
EM

D

2

�
=

Best-�t Normalisation

2.09 � 10

� 4 � FO V

.

The actual �eld of vie w (FO V) used in the calculations is equivalent to the a v erage

usable ar ea of the MOS detectors, a value determined during the data r eduction pr ocess

immediatel y f ollo wing the r emo val of point sour ces fr om the data. The MOS detector

was chosen in pr ef er ence to the pn because , unlik e pn, MOS data was a vailable f or all of

the obser vations. T o maintain consistency during both �tting and anal ysis, the pn data

was scaled r elativ e to the MOS data.
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C .2. NON-THERMAL MODELS

T able C .1: Fix ed-Flux Normalisation V alues used f or the XRB in the A-Series

Field FO V ( 
 ) XRB Normalisation

ar cmins

2

photons k eV

� 1

cm

� 2

s

� 1

O1 561.8 4.29 � 10

� 4

O2 571.6 4.36 � 10

� 4

O3 594.7 4.54 � 10

� 4

O4 609.5 4.65 � 10

� 4

O5 601.4 4.59 � 10

� 4

O6 562.5 4.29 � 10

� 4

O7 547.2 4.18 � 10

� 4

O8 591.6 4.51 � 10

� 4

O9 536.1 4.09 � 10

� 4

O10 570.5 4.35 � 10

� 4

C .2 Non-Thermal Models

The po w er la w used to �t the XRB is the onl y non-thermal code to a ppear in the �nal

models. It has the f orm:

A(E) = kE

� �

wher e A(E) is the �ux of the model at a giv en photon energ y E, k is the model normali-

sation, and � is the photon index.

Hands (2003) �tted his models using a po w er la w normalisation equivalent to a constant

�ux of 9 photons k eV

� 1

cm

� 2

s

� 1

sr

� 1

at 1 k eV, fr om a measur ement made b y Lumb

et al. (2002).

This same �ux value was used in the A-series of �ts. Appr opriate normalisation values

(sho w in T able C .1) f or each �eld w er e calculated using the f ollo wing equation:

k = 9 � FO V.
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D
Geometr y of the Loop 1 Model

Bef or e the pr oper ties of the LISM could be deriv ed fr om the best-�t parameter values,

the ph ysical dimensions of the LHB and the Loop had to be de�ned. The Hutchinson

(1999) model was used to calculate the extent of the LHB, but to determine the distances

along the line of sight fr om the Ear th to the boundaries of the shell and interior of Loop 1,

an ad ditional model was r equir ed.

T o this end, a simple geometric model was cr eated comprising tw o concentric spher es,

positioned 290 pc fr om the Ear th, and centr ed at (352

�
, 15

�
). The �rst spher e has an

angular radius of 42

�
, which encloses most of the soft X-ra y emission fr om the Loop' s hot

interior . The second spher e , with an angular radius of 46

�
, models the outer boundar y

of the pr oposed cool shell.

T o calculate the distance to the fr ont face (dlo) and far side (dhi) of each spher e , the

f ollo wing method was emplo y ed, using the ar rangement sho wn in Figur e D .1.

F or the triangle sho wn in Figur e D .2, the cosine rule is f orm ulated as:

a

2

= b

2

+ c

2 � 2bc cos A

Substituting f or the dimensions of triangle ECP (Figur e D .1), wher e r is the radius of

the spher e (in parsecs) and � is the angle betw een the lines EC and EP , pr oduces tw o

equations:

r

2

= d

2

+ dlo

2 � 2d dlo cos � (1)

r

2

= d

2

+ dhi

2 � 2d dhi cos � (2)

The distances dlo and dhi ar e the r oots of these quadratics.
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that model Loop 1.

R

S

T U

V

W

Figur e D .2: A triangle , with labelled angles and sides.
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T o obtain cos � the Galactic (polar) co-or dinates of each obser vation m ust be con v er ted

into Car tesian co-or dinates to pr oduce a unit v ector , designated the `�eld v ector' F. The

unit v ector pointing along the line EC , to war d the centr e of Loop 1, is also f orm ulated,

this being the `bubble v ector', G.

Then: cos � =

F � G

j F j�j G j = F

x

� G

x

+ F

y

� G

y

+ F

z

� G

z

No w , equation (1) can be solv ed using the kno wn values f or r and d.

The dimensions f ound using this method w er e emplo y ed to determine the ph ysical

pr oper ties of the plasma contained within the LHB and W all, and the shell and interior

of Loop 1. The calculated values of dw, dlo, and dhi ar e pr esented in T able 6.1.
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E
Calculating the Pr oper ties of the LISM

First, the v olumes of the Loop' s interior and its shell w er e calculated, using the assumption

that both structur es ar e perf ectl y spherical. The f ollo wing equations w er e then used

with these values, the distances in T able 6.1, and the best-�t parameters pr esented in

Appendix B to calculate the ph ysical pr oper ties of the structur es in the LISM.

E.1 Electr on Density

The emission measur e EM of a homogeneous plasma, with electr on density n

e

and

emitting v olume V is giv en b y:

EM =

Z
n

2

e

dV

The cr oss-sectional ar ea of the emitting v olume , the �eld of vie w of the obser vation in

squar e ar cmin utes, is accounted f or when calculating the emission measur e of the plasma

fr om the normalisation of the �tted plasma codes, so onl y the length of emitting v olume

L needs to be included at this stage:

�
EM

D

2

�

= n

2

e

L

n

2

e

=

�
EM

D

2

�

L

n

e

=

vu
u
t

�
EM

D

2

�

L
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E.2. PLASMA PRESSURE

which is the electr on density of the plasma in cm

� 3

.

F or par tiall y ionised plasma, such as the ISM, the electr on density m ust be w eighted. T o

do this, a factor of 1.21 (Willingale et al. 2003) was included in the f orm ula to calculate

the electr on density of each structur e:

n

e

=

vu
u
t

�
EM

D

2

�
� 1.21

L

.

E.2 Plasma Pr essur e

Assuming that the ISM is a perf ect gas in thermal equilibrium, w e can use the Ideal Gas

Equation:

PV = nkT

wher e P is the pr essur e and V the v olume of a gas containing n atoms at temperatur e T,

and k is Boltzmann' s constant.

The electr on n umber density is equal to the n umber of atoms in the plasma divided b y

the emitting v olume , as f ollo ws:

n

e

=

n

V

.

Rear ranging the ideal gas equation and substituting f or n

e

yields:

P = n

e

kT

and dividing b y k con v er ts the temperatur e to energ y , allo wing the pr essur e to be

calculated as:

P

k

= n

e

T.

Lik e the electr on density calculation abo v e , this m ust be w eighted to account f or the

ionic composition of the ISM. This is achie v ed b y including the ionisation ratio n

e

= 1.21n

i

:

n

i

+ n

A

n

i

= 1 +

1

1.21

.

Thus the total pr essur e can be calculated f or each structur e using the f orm ula:

P

k

= n

e

T

�

1 +

1

1.21

�

.
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E.3. ENERGY OF THE LOOP 1 PLASMA

E.3 Energ y of the Loop 1 Plasma

Finall y , the energ y E of the Loop interior and shell w er e calculated. This was done

b y m ultipl ying the kinetic energ y of each par ticle b y the n umber of par ticles in each

structur e , calculated b y m ultipl ying the electr on density n

e

and b y v olume of the structur e .

Fr om kinetic theor y , the a v erage translational kinetic energ y of a gas molecule at

temperatur e T is giv en b y:

Individual E =

3

2

kT.

Multipl ying this b y the electr on density and the emitting v olume , both calculated abo v e ,

giv es the f orm ula used to calculate the total energ y in the Loop' s plasma:

T otal E =

3

2

kTn

e

V.
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