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Abstract

Cataclysmic variables are close binary systems where nsaascreted onto a white dwarf
through an accretion disc. Approximately half the graiataal energy in the disc is released in a bound-
ary layer as X-rays. X-rays originate from matter under tktestne and energetic conditions and provide
a unigue view of high energy processes. X-ray luminositiessegnsitive to the accretion rate through
the disc and to the conditions in the inner accretion zonecréton discs are wide spread throughout
astronomy. The extraction of potential energy from accretaterial is known to be the principal source
of power in several types of system; quasars, galactic hualeary X-ray sources, cataclysmic vari-
ables (CVs) and proto-planetary discs. CVs provide probtida best opportunity to study the accretion
process in isolation.

Previous X-ray analysis of dwarf novae relied upon reldyigbort snap shot observations, which
are unable to provide a full picture of the outburst cycleletion. Multiple outbursts with far greater
temporal accuracy and coverage than has ever been obsefoed bre presented in this thesis. Pointed
observations using the proportional counter array on th&sRé-ray Timing Explorer of SS Cygni, U
Gem and SU UMa are analysed.

The behaviour in the optical band is similar for the thredeys in this thesis, however, a large
distinction is seen in the X-ray band. The hard X-ray outbilug in SS Cygni and SU UMa are quenched
below the quiescent flux, while in U Gem it is unusually faimguiescence brightening in outburst. The
hard quiescent X-ray spectrum is replaced by an intenseXsafyy component in outburst for all dwarf
novae. Analysis of U Gem suggests that X-rays originate fiftavinner accretion disc with a scale height
not much greater than the disc thickness.

The start of the hard X-ray outburst is delayed behind thécabptise, this delay is roughly
consistent for the three systems presented. This indi¢ch&#sthe origin of the heating wave in the
accretion disc and the time it takes to propagate to the tayndyer are similar for these systems.
The hard X-ray recovery also has a range of times, with th& peaurring as the optical flux reaches
guiescence suggesting the cooling front reaches the bouleger at the same time in relation to the end
of the optical outburst.

The spectra for all three systems presented in this thesiwelt described by a thermal plasma
model with sub-solar abundances and are consistent witiehigflection during the hard X-ray suppres-
sion. This indicates that the disc is likely to be truncateduiescence.

SS Cygni has a wide range of quiescent accretion rates. Hoywhe X-ray flux in SS Cygni
and U Gem always increases when the boundary layer tramsitiom both optically thick to thin, into
outburst, and optically thin to thick, out of outburst. Thgssurprising, the flux is expected to decrease
when the critical accretion rate is reached suggestingthigatritical accretion rate when the boundary
layer transitions is not fixed. The quiescent X-ray flux in SM&decreases and, with SS Cygni, is
between 2- 3 orders of magnitude higher than predictions by the disabikty model.

XVi



Chapter 1

Introduction

1.1 Accretion Discs and Dwarf Novae

Accretion is a very powerful and ubiquitous phenomenon in the universemples can be
seen in quasars, galactic nuclei, binary X-ray sources, cataclysnigdbbes (CVs) and proto-
planetary discs.

In binary systems, as matter is transferred from one celestial body toeaiitothn form
adisc structure. As the matter is accreted the gravitational gradient gigde mtense frictional
heating. This structure, an accretion disc, is an extrenfélgient way of turning gravitational
energy into thermal energy. As material in the disc falls further into the potewmgihof the
compact object it releases energy.

CVs are a class of semi-detached binary star systems, which consishaéalwarf, the
primary star, and a low mass main sequence star, the secondary, whighwtationally bound
and in orbit around one another. Because of the proximity of the two stan®ge binaries
matter can be transfered from one star onto the other leading to a bragaohastronomical
phenomena. A characteristic feature of CVs are their brightness flugtaatioich occur over a
relatively short period of time. In a typical system the brightness of the Cy/nisa by several
magnitudes in a day and then decay after a number of days, recurriygewaveeks to months.

CVs provide probably the best opportunity to study the accretion prasesare par-

ticularly useful in providing observational tests of theories of accretidmeir relatively close



proximity allows them to be easily observed. CVs exhibit variability over stioit scales al-
lowing astronomers to be able to directly observe mass transfer and ohadhution of the
system. When it was realised that quasars and AGN were probably gawgaccretion onto a
central black hole it was clear that observational studies could be d@uidén the much closer
CV and X-ray binary population. The study of CVs can be used to gairttarhenderstanding

of the much more energetic events taking place in AGN.

1.2 Roche Lobe Geometry and Mass Transfer

Single stars, under the influence of only one gravitational field, ardyngainerical in shape.
When a second gravitational field is brought into close proximity, for examg@einary, it will
distort the gravitational potential that is experienced by any test partickéeldmearby. The
large mass and low radial extent of the compact star is such that it remaimscsh. However,
the much less dense companion, commonly found in CV binaries, becomesadistoit moves
closer to the compact star (Kraft, 1962). One consequence of this iddakahg, i.e.,Pgop =
Pspin. The distorted secondary star orbits with the same side facing the compeandtidese
tidal effects also circularise the orbit.

The potential surfaces surrounding the two stars is known as the Redneetyy and
is defined as: the region surrounding each star in a binary system, witihéch ety material is
gravitationally bound to that particular star. Close to each star the sudaeegproximately
spherical and concentric. Further from the stellar system the equipdéestiaapproximately
ellipsoidal and elongated parallel to the axis joining the stellar centres. ThkeRobes of
the two stars intersect at a Lagrange point, forming a two-lobed figure-of-eight shape with
a star at the centre of each lobe. Thepoint is the saddle point through which matter can
flow from the secondary into the gravitational well of the compact star.shiape of the Roche
geometry is determined entirely by the mass ratio (definegdv1, the masses of the two
binary components) with the overall scale given by the binary separation.

Figure 1.1 shows the equipotential lines produced by a compact star, sivaaand a

secondary, of madl,, orbiting about their common centre of mass, AM .~ L3 mark points



Figure 1.1: A cross section of the potential surfaces surrounding tdie®d1, andM,, orbiting
each otherL; — Ls are Lagrangian points. This figure was adapted from Iben & Livio 8).99

of unstable local minimal.4 andLs marks the position of the stable Lagrangian points, Coriolis
forces due to the orbital motion stabilise synchronous orbits at these phipésturbed particle
will move away from the Lagrangian point, radial motions get deflected intgetatiel motion
and tangential motion gets deflected into radial motion (relative to the globalangtation).
This causes the particle to orbit in a stable fashion about the Lagrangi@n po

The potential experienced by a test particle with a position given by the rvedto
determined by the sum of the potential of the two stars (with magigesnd M, located atr
andr,) and the centrifugal force due to the rotation of the system. The potentiaé afystem,
®, at pointr is approximated by (Pringle & Wade, 1985)

GM; GM;

1
®=- - — Z(wAT)? 1.1
Ir—rq r—ry 2( ) (1)

Wherew is the angular frequency of the orbit. A star of m&dswill come into contact with
its Roche lobe either due to the binary separation decreasing or by sweallidgauto stellar
evolution. Any perturbation will cause material lying on the Roche lobe potesuidace to
be pushed over the; point and into the potential well of the companion std, where it is

eventually be captured by that star. A system like this is said to be semi-detaanta will



efficiently transfer mass frorvl, to M; as long asvl, remains in contact with its Roche lobe.
Since the lobes are not spherical an average radius is needed totehaeathem. A
suitable measure is given by the radius of a sphere containing the same \asuhgelobe. An

approximation is given by (Eggleton, 1983):

R _ 0.4997/°
a  0.6g¥3+In(1+qY/3)

The Roche lobes are defined by the binary separatipiand the mass ratiay, (defined as

Forall g (1.2

M»/M,), any change in these will alter the system. Any mass transferred betwepaithwill
alterg and in the process alter the peridt),anda because of angular momentum redistribution
in the system. It is important to know whether this will cause the Roche lobe aihtss
losing star to shrink or expand. If the lobe shrinks it will remain in contact Withstar and
the resulting mass transfer will be self sustaining such that any mass tradsiell cause the
Roche lobe to shrink further. As more mass is transferred a runawdldek loop is triggered
resulting in unstable mass transfer. Should the lobe expand, mass traifidfershut df unless
some process is able to keep the star’s surface in contact with the Roehelmh as angular
momentum loss.

By conservation of angular momentum and mass

R _J "M \&8 M

For conservative mass transfer, i.e., settﬂng 0 and remembering thaiI2<0, moving mass

Ro 2] 2(—M2)(5 Mz) (1.3)
towards the more massive star causes the Roche lobe of the secondapanad & q<5/6.
More mass is placed closer to the centre of mass of the system resulting imidi@irey mass
moving to a wider orbit conserving angular momentum. Conversely moving madterthe
more massive to the less massive star causes the Roche lobe to shringinGhlae mass ratio
will also afect the binary separation. Sustained and stable mass transfer onto thmassiee

white dwarf is only possible through angular momentum loss or evolution ofimpanion star.



1.3 Angular Momentum Loss Mechanisms

In CVs mass is transferred from the less massive secondary to the maiwenakite dwarf.
Mass transfer in this type of system will increase the radius of orbit cg@sirincrease in the
size of the Roche lobe of the secondary star. This results in the Rochelétdehing from
the secondary causing the accretion to cease. In order for Rochedotaet to be maintained
and stable mass transfer to continue the orbital separation must degvea$epccurs through
the loss of angular momentum. The following mechanisms are believed to besddpdor

angular momentum loss and thus drive mass transfer:

1.3.1 Magnetic Braking

Magnetic braking is the currently favoured angular loss mechanism fee dnaries with a
period above 3 hours (Verbunt & Zwaan, 1981). Red dwarfs hateag magnetic field which
interacts with its stellar wind. As ionised patrticles, ejected in the stellar wind, flomgahe
magnetic field lines they are accelerated up to high speeds before beinmtshspace. A
substantial amount of angular momentum is lost which retards the spin of cbedsey star.
Due to tidal forces in the binary, the secondary and its magnetic field rotatew#hod locked
to the orbital period of the system. This loss in angular momentum from thedagaresults in
angular momentum being extracted from the binary, shrinking the orbitalsad a result. The
theoretical rates of mass transfer via magnetic braking are typicalR-00-8Myyr~* (Howell
et al., 2001).

The dficiency of magnetic braking is uncertain. However, following the standzed s
nario of magnetic braking of Verbunt & Zwaan (1981) and Rappapat. €1983) the angular

momentum loss rate from the system due to magnetic brallifg,is given by:

Jug = -3.8x 10°M,R} (%)y( (1.4)

wherey governs the giciency of the magnetic braking process, a value 6f 2 is the most

27.[ Y
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frequently used in CV evolution. Evolution proceeds on the orbital angutementum loss time

scale (Kolb & Stehle, 1996).
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1.3.2 Gravitational Braking

At short orbital periods gravitational radiation, first suggested byftkataal. (1962), becomes
an important mechanism for sustaining the angular momentum loss. In accengdh general
relativity, matter causes space to curve. The warping of space caysled brbiting of a close
binary system causes ripples to propagate in a periodic wave. As thgyarerded to generate
the wave is extracted from the binary orbit the two stars spiral inwardrdteeof mass loss due
to gravitational radiation is around 1¥Mgyr~1 in short-period CVs (Howell et al., 2001).
The rate at which angular momentum is lost to radiation of gravitational Waiéas,

from Einstein’s quadrupole formula is:

(1.6)

jo = 3B MIMS (2n)7/3

5¢5 (Mg + Mp)2/3
Evolution proceeds due to gravitational braking on the orbital angular mioimdoss time scale

(Kolb & Stehle, 1996).

I:)orb

J 1(M1+ Mp)13 g5
tGR = —EGR = 38 X 101 Wpd yl’ (17)

Typical evolutionary time-scales for CVs to evolve frdPg, ~ 10 to~ 3 hours via
magnetic braking are 108 years. Evolution takes 10° years to evolve through the period gap

via gravitational braking (Kolb & Stehle, 1996).

1.4 Dwarf Nova

Dwarf novae are named after their outbursts where the optical flux isesedramatically over
a few days every few months; they are weakly magnetised cataclysmic leariabhe most
obvious characteristic giving rise to the name ’cataclysmic’, is a rise in intebgiys much
as several magnitudes in the space of a day or so. They stay brighidot a week before

declining to quiescence. This cycle repeats on a regular basis. For aatmnpive review of
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CVs see Warner (1995) and more recently Hellier (2001). In thesersgdtee mass transfer
rate from the secondary is thought to occur at a constant rate and tthasia are thought to
be triggered by a thermal-viscous instability. This instability greatly increasesdhbretion
rate in the disc surrounding the white dwarf primary (Osaki, 1996). Se&o8€l.5.3 for more
discussion on the disc model. It is believed that similar behaviour of many Xireries is
also due to this accretion disc instability (Lasota, 2001). The increasegtiacconto the white
dwarf both increases the luminosity and remove%0 per cent of material from the accretion
disc allowing the system to become stable again and drop back into quiesdéwgerelative
brightness and proximity makes accretion discs in dwarf novae unusuaéigsible.

Figure 1.2 shows the American Association of Variable Star Obser&éx&0, optical
history of the dwarf novae SS Cygni, Z Cam and SU UMa over the pastafsy(1998 to
2008). The y axes of all plot panels have the same scale to highlightftheedices in the visual
magnitudes between the three objects, as well as the similarities. Peculiaritescfoof the

systems plotted can clearly be seen.

1.4.1 Dwarf Nova Classification

Non-magnetic cataclysmic variables are divided into several sub-cldsge® the diering
properties they exhibit. Many of their properties are based on their ogmtadds and mass
accretion rates through the disc. The first to be discovered were .ndNaea outbursts are
caused by the ignition of hydrogen rich material that has accreted ontohite dwarf surface
causing a thermonuclear runaway (Kraft, 1964). This gives rise tmam®us outburst 6 to 19
magnitudes in amplitude over a period of months or years. Dwarf novaerstghariginating
in an accretion disc, are not as spectacular as those of the novaebutrare regularly. Figure
1.3 shows a detailed view of thefflirent behaviour of non-magnetic DN outbursts.

Dwarf novae are further divided into three sub-groups: U Geminorurs€th) stars,
Z Camelopardalis (Z Cam) stars and SU Ursae Majoris (SU UMa)stars. alypit) Gem
dwarf novae brighten every few weeks to few months, remaining brigtdeieeral days before
returning to quiescence and repeating the cycle (Cannizzo & Mattei, 1992).

Z Cam stars are more unpredictable and complex in their behaviour than U Gamino
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stars. Z Cam stars show normal, U Gem type outbursts, however theystirgygished by
stand-stills (Meyer & Meyer-Hofmeister, 1983). Some outbursts end imlsttlfs in which the
brightness remains constant roughly 1 magnitude below maximum light angroen a few
days to 1000 days. The average energy output in a standstill is largethtitaduring an outburst
cycle (Oppenheimer et al., 1998).

SU UMa stars, along with showing U Gem type outburst, also display sujibeirsts
occurring typically every 3- 10 cycles. Superoutbursts are slightly longer lasting and brighter
by ~ 1 - 2 magnitudes. A hump shaped modulation can also be seen near the supstoutb
maximum with a period a few per cent longer than the orbital period (see 8dcbd3 where
this is discussed further). At quiescence the SU UMa stars appeanma@foatural extension of
U Gem stars to shorter orbital periods. With the exception of TU Men, allefid UMa stars
havePyp < 2 hours. This class is further divided into ER Ursae Majoris (ER UMagkDs
1996), with a short duration between superoutbursts, and WZ Sagita&g4) (O'Donoghue
et al., 1991), with a long period between superoutbursts. The peak anephitsdiperoutbursts
is also larger.

Nova-like variables are stable in nature; their accretion discs are believied in a
permanent high state (Warner, 1995). As a result of the high rate of treassser in the disc
nova-like variables are seen to be very luminous. The overall brightreggess only slightly
about its mean level. Finally, permanent superhumpers are short penedike variables
which show a permanent hump shaped modulation in their light curve, ags8enUMa type
dwarf nova.

Magnetic cataclysmic variable systems are cataclysmic binaries in which the wiaite d
primary has a strong magnetic field. The magnetic field is strong enough &npeavaccretion
disc from extending down to the surface of the white dwarf or may evereptehe formation
of an accretion disc. Instead, gas is accreted onto the poles of the whitephmnary star. The
systems in this thesis are non-magnetic cataclysmic variables, thereforeusefdhis chapter

will be non-magnetic cataclysmic variables.
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1.4.2 Dwarf Nova Formation and Evolution

Stars destined to become cataclysmic variables begin as binaries sepgratéglAbhundred
solar radii, orbiting every- 10 years. The more massive star, the primary, evolves more rapidly
since the greater mass of its core ensures a higher temperature andeassing a faster
thermonuclear evolution. As the star evolves it becomes a giant filling its Robkeand thus
overflowing onto its companion (Kraft, 1962), the secondary, throughLth point (Section
1.3). Unstable mass transfer proceeds since matter is transferredrawathé centre of mass
of the binary towards the secondary causing the binary separationin@& §8ection 1.2). The
secondary cannot accommodate the high rate of mass transfer and matearppilatil the
binary is enveloped in a cloud. In this ‘common envelope’ (CE) phase ttedary companion
is effectively orbiting inside of a red giant (Paczynski, 1976; Iben & Tutyld®93). The orbital
evolution inside the envelope is then driven by dynamical friction which etgranergy and
angular momentum. Thus the orbital energy of the binary is used to expaithope leading
to the binary gradual spiralling inwards. During this phase of evolution thi#ab separation
may decrease by as much as a factor of 100 (Iben & Livio, 1993). €ity4r shows a graphic
illustration of this process.

If after the common envelope phase the orbital separation of the binary largmofor
the main sequence secondary to be in contact with its Roche lobe then thre sysligtached.
Some form of angular momentum loss will be required, as described in Sdc8pmefore
mass transfer is able to begin. As the binary separation decreases aeddhdary comes into
contact with its Roche lobe matter will be transferred through the L1 point thensecondary
to the primary forming an accretion disc, see Section 1.2.

CV evolution proceeds via magnetic braking for longer period syst®ss £ 3 hours)
(see Tutukov et al., 1982; Hjellming & Webbnik, 1987; lvanova & Taam,£dostnov &
Yungelson, 2006, and references therein for a detailed descripBethyeenPyp ~ 2 — 3 hours
there is an abrupt drop in the number of observed systems. The deatiserfzed systems is
known as the period gap. Binaries evolve dowiPgg, ~ 3 hours via magnetic braking at which
point the secondary star is thought to become completely convective anmktitalgraking is

deemed no longeffiective and shutsfb(Spruit & Ritter, 1983; Rappaport et al., 1983; Taam &
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Figure 1.4: The formation of a close binary system. Two stars initially at a lsegaration
evolve into contact through a common envelope phase producing a ditaiclaey. Angular
momentum loss will bring the detached binary into contact. This figure wasextiipm Post-
nov & Yungelson (2006).
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Spruit, 1989). With the mechanism driving the evolution of the binary no lbagke to remove
angular momentum, the secondary finds itself driven out of equilibrium wittdiaus too large

for its mass. The secondary, unable to remain in contact with its Roche twiieacts preventing
further mass transfer. For mass transfer to resume the orbital sepanatsbdecrease, reducing
the size of the Roche lobe bringing it back in contact with the surface ofetb@nslary. After
magnetic braking has shuffdhe system evolves by gravitational radiation removing angular
momentum and causing the orbit to shrink. B¢, ~ 2 hours contact is made with the Roche
lobe again and mass transfer resumes.

As the binary system evolves to shorter and shorter periods it reastwsarved min-
imum of Porp ~ 78 minutes (Pac#ski, 1971; King, 1988). The mass of the secondary star
has become so low(0.08Mqqt) that hydrogen fusion ceases. At this point the very low mass
secondary is degenerate and the removal of mass causes the starrig. exps results in a
widening of the binary separation and a lengthening period. Eventually tse afghe sec-
ondary becomes so low that the evolution of the binary slows down becontiialt to detect

resulting in a brown dwarf orbiting a white dwarf (Littlefair et al., 2006a,b).

1.4.3 Radiation Processes Around a White Dwarf

The boundary layer is a small radial extent between the accretion discesuichl star where
accreting material is slowed from a near Keplerian angular velocity to thdangelocity of the
central star. The radial extent of the boundary layer I8, the scale height of the disc (Patterson
& Raymond, 1985a). As the accreting material is slowed the kinetic enargyuating for up to
half the total energy in the disc, is radiated away. Due to the size and anfamergy liberated
the boundary layer temperature is significantly higher than that of the reeraifthe disc and
as a result emits in the X-ray band.

If the accretion rate, and therefore surface density in the disc, areshigigh (such as
dwarf novae in outburst), the boundary layer will be optically thick. Thisvedl@nergy to be
radiated éiciently and primarily in the extreme ultraviolet and soft X-ray band-padsE®{
order 10-100 eV) (Pringle, 1977). At low mass accretion rates, and also disacaudiensity, the

boundary layer will be optically thin, cooling very ifieiently resulting in hard X-ray emission
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(10° — 108 K) (Pringle & Savonije, 1979; King & Shaviv, 1984; Patterson & Raymd@B5a).
The structure of the boundary layer is poorly understood and thedretadelling is

complicated due to the strong shearing and turbulence present in théactomv which must

be accounted for. A number of widelyftBrent models have been proposed, including a disc like

boundary layer (Narayan & Popham, 1993), a coronal siphon flogy@vi& Meyer-Hofmeister,

1994) and a hot settling flow (Medvedev & Menou, 2002). Detailed thmalemodels of the

boundary layer emission are not well developed due to the complexity ofllimodeetween the

disc and the white dwarf surface.

Continuum Emission

For an optically thick boundary layer the gas codigcéently and collapses quickly on to the
white dwarf surface, the luminosity emerges at the black-body temper&@oraersely, if the
gas is optically thin, then radiative cooling is much lef&cent and the gas can be heated up
to much higher temperatures before reaching equilibrium. The primary misohah X-ray
production is then via free-free emission. When an electron experienckange in velocity
due to the electric field of a nearby nucleus it emits an X-ray photon resultiogriinuum
emission commonly known as bremsstrahlung, or braking radiation. The lefeimfaFigure
1.5 illustrates this mechanism.

In a uniform plasma, thermal electrons with a temperatyr@re distributed according to
the Maxwell-Boltzmann distribution. Free electrons are constantly prodigriemsstrahlung
radiation in collisions with the ions giving a characteristic continuous spectrline power
density, Pprems, Produced is dependent on the number density of electrengnd ions,nz,
present in the plasma and on their temperatfire,

1/2
Phbrems = g(nerg)z(%) / (%f?’)zeffaK (1.8)
where Zgs 1 is the dfective ion charge statey is the fine structure constan is a number
(~ 3). The bombarding electrons can also eject inner shell electrons ftarget atom resulting
in higher shell electrons making transitions into the lower shells. In making sanhkitions

photons are emitted at discrete energies. However, in a hot plasma, sirchha boundary
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Figure 1.5: The mechanisms of producing hard X-rays. Bremsstrahadigtion (left) is the
primary process for producing X-rays in non-magnetic CVs and Comgiatitesing (right) pro-
ducing a hard X-rays spectrum from high energy electrons.

layer, the atoms are almost entirely ionised. After an electron is ejected, tmeratnains
ionised until it recombines with an electron producing line emission at angdependent on
the ionisation state (and hence temperature) of the material. The energy pidton is the
difference between original energy of the electron and the energy of timel lstate producing

line emission.

Iron line complex

Spectroscopic analysis of the X-ray line emission from a hot plasma caidprealuable in-
formation, such as the ionisation processes (photoionisatioforacallisional ionisation), the
elemental abundances and the ionisation balance. For a high temperasuna plaonisation
equilibrium the most intense thermal line emission occurs betweery &eV. The emission
originates from Fe lk emission consisting of an B&V line (He like) at 67 keV comprising of
three subcomponents (a resonance line, two intercombination lines arfaiddéor line) and a
FeXXVI line (H like) at 69 keV comprising of two subcomponents.

The strengths of each component is dependent on the temperature ddsheap At

higher temperatures the H like line emission will be dominant, while at lower tempesate
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Figure 1.6: Atomic processes relevant to X-ray astronomy. The left infamyessphoton absorp-
tion. The middle image shows a fluorescent photon being emitted as an eledpanto the
energy level vacated by an ejected electron. The right image showsettbdund absorption
process producing continuum emission with an energy dependent oashengsation state.

line profile switches and the He like emission becomes dominant. It should be thatethe
RXTE PCA detector (see Chapter 2) has a moderate spectral resolution potentialtinges
the 64 (see the following sub section) and7&eV emission lines becoming blended in the

detector.

Reflection

Intense X-ray radiation illuminating a cool plasma is reprocessed. Phatemsfkected by the
plasma and re-emerge with a spectrum altered by bound-free absonmtid®ompton scatter-
ing. Reflection is energy dependent: at low energies the scatteringhiiitybis decreased by
photoelectric absorption, below 10 keV bound-free absorption domipetesicing a character-
istic 6.4 keV iron fluorescence line with corresponding absorption abdvker/, the mechanism
can be seen in Figure 1.6. As the incident photon energy increases Gosopttering becomes
increasingly important; the right hand image in Figure 1.5 shows the Compttiarsogmech-

anism. Above 10 keV Compton scattering dominates, causing a hardening sgebtrum be-
tween~ 10— 30 keV seen as a broad spectral 'bump’ (Magdziarz & Zdziarski, 1998mpton

scattering is also highly dependent on the viewing angle and harder ghartemreferentially

observed as the angle of observation increases.
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1.5 Accretion in Dwarf Novae

1.5.1 Accretion Disc Formation

A consequence of Roche lobe overflow is mass transfer. The mass titzatsterred has a high
specific angular momentum and thus cannot directly accrete onto the npdgsrgastar. The
material leaves the secondaries Roche lobe and heads towards the phiroagh thel ; point
due to thermal pressure from the stellar atmosphere. The stream hashigbtspecific angular
momentum that the primary sees it moving orthogonally to the line connecting thre aén
the stars. The stream can be approximated to a single particle with a givelarmgpmentum
falling into the gravitational field of the primary alone.

The particle falls under the influence of the primary’s gravitational field ngaaimellip-
tical orbit, the presence of the secondary causes the orbit to précesstinuous stream taking
this orbit would impact with itself resulting in shocks that dissipate the enerdlieobtream
(Lubow & Shu, 1975). The stream would then settle into the lowest enengfjguiration in the
potential well of the star, a circular orbit, at a radius such that the angwarentum is equal
to that of thel; point. This radius is known as the circularisation radius. Dissipative psese
then cause the ring to spread (Pringle, 1981).

The time-scale on which the gas in the disc can redistribute angular momentumhis muc
longer than that of radiative dissipation. As a result material loses as rm&ehyeas it can
for a particular orbit then moves to a lower orbit by transferring angulamemum to larger
radii. Material orbiting in this fashion is called an accretion disc. A small amotimass takes
the angular momentum to large radii, while the mass moves further into the poteelfiabee

Section 1.3.

1.5.2 Accretion Disc Theory

The extraction of gravitational potential energy from material accretemligitr a disc onto a
gravitational body is now known to be the principal source of power iersd\types of close
binary systems. This is believed to provide the power supply in quasdastigaauclei, binary

X-ray sources, cataclysmic variables (CVs) and proto-planetary.dismsa body of mas#/
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and radiuR. the gravitational potential energy released by the accretion of a massito its
surface is
GMm

AEgec = T (1-9)

The dficiency of accretion as an energy release mechanism is strongly dependde com-
pactness of the accreting object. The larger the iR, the greater theféciency. The lumi-
nosity from the disclqi, equals the gravitational potential energy released per unit time and is
equal to

GM;M 1

Ldisc = W = E'—acc (1-10)

WhereG is the gravitational constanit]; is the mass of the accreting body, is the rate mass
is transferred through the disc aRd is the radius of the primary. This assumes a thin disc in a
Keplerian circular orbit.

Only half the energy stored in the accretion disc is radiated by the disc. Astheting
material close to the star is slowed, from the Keplerian velocity of the disc tmthhe white
dwarf, the remaining energy is radiated in the boundary layer, the inéisteveen the disc and

star surface.

1.5.3 Disc Instability Model

Ever since the origin of DN outbursts was known to arise in the disc suilingthe white dwarf
there has been artfert to understand the processes involved in causing the observedsisitbu
The Disc Instability Model (DIM) contains all the understanding gleanedchfobservational
and theoretical studies. This model is an attempt to characterise and phedicttburst cycle.
For detailed reviews on the disc instability model see Smak (1984b); Canfii228); Osaki
(1996); Lasota (2001) and references therein.

An accretion disc is not a rigid body; each annulus is in a Keplerian orbirelxists
differential rotation between the disc annuli and each annulus orbits witliesedit angular

velocity. Bulk flow of fluid is accompanied with turbulent and chaotic motion tleategates
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stresses in the disc. The shear of viscosity transports angular momertivaradgienforcing co-
rotation between annuli (&shi, 1979). The slower outer annuli are sped up and the faster inner
annuli are slowed down causing angular momentum to be transported dstwRuring this
process the inner annuli lose angular momentum causing them to dropr fatthtéhe potential

well releasing gravitational potential energy.

In 1973 Shakura & Syunyaev hypothesised that the viscosity was dwstioal eddies
inside the disc. The eddies cannot exceed the vertical scale heightdigthél, in size. The tur-
bulent velocity of these eddies must also be below the sound spegetherwise the turbulence
will be thermalised. Known as the-prescription, it allows for ignorance about the viscosity,

to be encapsulated inside of the parametby:

v = acsH (1.11)

In 1974 Osaki proposed a model that suggested dwarf nova outtuensi€aused by intermittent
accretion of matter onto the white dwarf by some, unknown at that time, instabiliitieis the
disc. He proposed that the mass-transfer rate from the secondamsigicty but mass is not
accreted onto the central white dwarf during quiescence and is stored outhr parts of the
disc. If the mass stored reaches a critical amount, an instability within the dsisand a

significant amount of mass is then suddenly accreted onto the white dwarf.

Thermal Instability

The physical mechanism responsible for the disc outburst was pmbbyskoshi (1979) and
Meyer & Meyer-Hofmeister (1981). They showed that the accretion losomes thermally
unstable due to partial hydrogen ionisation and outbursts occur whersthgahsitions from
a convective to radiative energy transport mechanism exhibiting bi-sttdiles. This is due to
the increasing ionisation at higher temperatures. The accretion disc metveseln these two
states discontinuously showing a limit-cycle characterised by a well knosmaged thermal
equilibrium curve, see Figure 1.7. The behaviour seen in the disc is tlzalimit cycle with

alternating long-lived low viscosity states with low accretion rates and sived-high viscosity

states with high accretion rates. The solid line shows the two thermally stable gguaildtates,
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Figure 1.7: The limit cycle, showing the local behaviour of an annulus in¢beetion disc. The
branch AB is the low equilibrium state, branch CD is the high equilibrium statdiaesl BC
and DA represent the path taken by the disc when it moffes stable branch.

the dashed line shows the thermally unstable equilibrium state. This discusgiarelg local
to each annuli in the disc.

The low branch, AB on Figure 1.7, represents the cool, convective staee annulus
is formed from neutral hydrogen giving it a low opacity, thus it is optically thiiis branch
is thermally stable, a small perturbation in viscosity in a region of the disc wouwalith dinat
region lowering the density and reducing the viscous heating. The temigetiagin drops back
to equilibrium. The annulus has low viscosity causing the mass transferratitmscumulate.
As material builds up the surface densHy,increases until it reaches a critical surface density,
Y max, Where the annulus becomes partially ionised. At this point the thermal instalaliglops.
The annulus moves to the middle branch where it is thermally unstable and héatinigates
cooling; a small increase in temperature will cause the annulus to quicklytioansto its hot

state on the upper branch.
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With the disc partially ionised, the opacity, becomes very important and is very sen-
sitive to temperaturex(ec T10) (Hoshi, 1979). A small increase in the temperature of the disc
will make the opacity rapidly increase, trapping heat and feeding backnm#ie temperature
rise even further until the disc is fully ionised. At this stage the opacity losesitsitivity to
temperature.

Once in the high state, CD on Figure 1.7, the annulus is hot and fully ionisesihcgit
to have a high opacity. It is therefore optically thick and as a result thera greater number of
interactions between photons and ionised patrticles in the disc. This impediestbéradiation
and gives rise to high viscosity. This branch is radiative and cooling ddesr#ating, the
annulus is thermally stable, as on the low branch. In the hot, highly viscowsteginward
flow of material through the disc exceeds that being added from thed&goMhe state cannot
be sustained and eventually matter drains from the annulus until the sddasiy reaches the
critical surface density¥min. At this point, D, the temperature drops and recombination of the
ionised gas occurs, the disc returns to its cold state.

Between outbursts, the material supplied by the secondary componenteid stahe
relatively cool disc. This eventually leads to a local thermal instability whigults in the
increase of the viscosity and of the local accretion rate. As the instabilipagedes across the
disc, in the form of a heating wave, the global increase in the accretiofisrateserved as an
outburst. Similarly, a cooling wave spreads when an annulus has bdaerdigfficiently to
have its surface density drop below the minimum critical surface density.al&gy/s occurs at
the outer disc since this is where the surface density is the highest.

During the period when all annuli in the disc are on their hot branch, with aigretion
rates, only~ 10 per cent of the material in the disc has time to be accreted onto the central
white dwarf. Much of the remaining material simply flows inward due to the heatange and

expands as the cooling wave propagates through the disc.

Balbus-Hawley Instability

A weak field instability was first discussed by Chandrasekhar (19@&1,)%hd Shakura & Syun-
yaev (1973), but it was not until the work of Balbus & Hawley (1991} iheeceived fresh im-
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petus as a mechanism of transporting angular momentum in accretion disgsshidwed that a
magnetic field is unstable if the angular momentum of the fluid increases outdvamndgnetic
field line permeating the disc will be coupled with ionised gas. A perturbation eglllt in the
field line becoming radially distorted; this distortion increases in size as the fielcekperi-
ences opposing forces from neighbouring annuli stretching it. Theasedd magnetic tension
acts to enhance the instability increasing tfieeency of angular momentum transport between
adjacent annuli. This instability is arffective way of transporting mass and angular momentum
in the disc.

The Balbus-Hawley instability is strongly dependent on the coupling betitmemag-
netic field in the disc and the disc material. This occurs when the disc is hot @isédo When
the disc is cold the instabilityfiectively shuts down. In the cold state the secondary transfers
material into the accretion disc, as it does the surface density grows gahsinemperature
to rise. At near 16K the hydrogen in the disc begins to ionise, allowing the Balbus-Hawley
instability to increase the magnetic viscosity in the disc. This significantly incseghsemass

flow through the disc, or accretion rate, arfteetively transports angular momentum outwards.

Tidal Instability

The outburst types that are seen in many dwarf nova cannot be fullgiegg by the standard
DIM using the thermal instability explained above. Short period dwarf riisplay standard
disc instability behaviour with normal outbursts lastin@ days but also show less frequent su-
peroutbursts lasting 10— 18 days. However, the rise to superoutburst cannot be distinguished
from the rise of a normal outburst. Superoutbursts are longer in dui@tida 1 — 2 magnitude
brighter than the normal outburst. A hump shaped modulation also appearthaesuperout-
burst maximum with an amplitude of 2030 per cent of the total brightness. The superhump
period is~ 2 — 3 per cent Patterson et al. (2005) longer than the orbital period of #teray
Therefore, by observing the superhumps, an orbital period of theraysan obtained.

To reproduce these observed characteristics modifications need to bearthé stan-
dard instability model. Vogt (1982) first proposed that superhumps eaarsed when the disc

becomes elliptical during superoutburst and that the elliptical disc woutetpseon a time-scale
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much longer than the orbit. Simulations by Whitehurst (1988) showed thayg&iems with
extreme mass ratiog, < 0.33, the disc becomes elliptical and begins to precess. In almost all
cases, systems of this type have been found to have orbital periods tidestwo hours.

With each successive outburst the size of the accretion disc incraadekelproximity
of the edge of the disc gets closer to the orbiting secondary. The segdiuddly interacts with
the disc producing a significant torque that acts as a sink severely depletiaggular momen-
tum in the disc. This limits the radial extent of the outer disc to the tidal truncatingaMost
of the disc mass is then accreted onto the white dwarf producing a briglidomger super-
outburst. In this scenario resonances of the separate orbits of thendiseeondary become
important, however, due to restrictions of mass ratios attainable in binaryrsyfités the 3:1
resonance ratio of the disc to secondary orbit that is important. For 8veryits made by the
gas in the disc the secondary makes one complete orbit providing a droricey known as the
tidal instability. The tidal interaction causes material in Keplerian orbits in thetdistersect
leading to shearing in the disc. The shearing interaction of the material ggsdlissipation
which is observable as a photometric modulation. This additional instability is thoode the

origin of elliptical discs in outburst.

1.6 X-ray Observations of Dwarf Novae

1.6.1 Dwarf Novae

The first dwarf nova to be discovered, and the prototype of its suls;alas U Gem, discovered
by Hind & Hansen in 1855. It has an optical range of magnitude 14 at cpries rising to
magnitude 9 during outburst (Szkody & Mattei, 1984). Its high inclinationltesn absorption
dips in the light curves making it possible to study the origin of the X-ray emissimhthe
physical structure of the disc (Mason et al., 1988; Szkody et al., 199&) X-rays in U Gem
are also brighter during outburst and not quenched as is seen in dthaaking it an interesting
system to observe (Swank et al., 1978; Cordova & Mason, 1984; Mxt#ki, 2000).
Belonging to the same class, SS Cygni, was discovered in 1896 (Pickerfignding,

1896) and has undoubtedly been one of most observed variable stheshight sky. Amateur
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astronomers have continuously observed SS Cygni over the pasta@® without missing a
single outburst. This is due largely to the fact that it is the brightest of the td Gearf novae
class with an optical range ofi, ~ 12— 8 mag. Both these systems with their close proximity
(96.4 + 4.6 pc for U Gem and 168 + 12.7 pc for SS Cygni (Harrison et al., 1999)) and regular
outbursts between 50 and 100 days make them ideal candidates for gtudyin

SU Ursae Majoris (SU UMa) is also the prototype of its sub-class. It wasdised by
Ceraski in 1908 (Ceraski, 1908). Unlike U Gem and SS Cygni this systsides below the
period gap with a period d?,, = 1099 + 0.1 minutes (Thorstensen et al., 1986). In addition to
exhibiting U Gem type outbursts SU UMa also displays the superoutbursiugoesthump phe-
nomenon described in Section 1.5.3. Its variations occur on a shorter tatestisan either SS
Cygni or U Gem. Narrow outbursts occur every 11 to 17 days lasting days. Superoutbursts
occur every 3- 10 normal outburst cycles, approximately every 153 to 260 days withadidaor
of 10 - 18 days. SU UMa typically varies from a minimum of magnitude 15 to a maximum of
magnitude 1@ during superoutburst.

The outbursts observed in these systems are thought to be triggereddognaltiriscous
instability in the accretion disc surrounding the white dwarf primary (Osakil9See section

1.5.3 for further discussion.

1.6.2 X-ray Studies

SS Cygni was the first dwarf novae to be detected in the X-ray band.ciedtby Rappaport
etal. (1974) in soft X-rays, betweerll®—0.28 keV and ®—0.85 keV, during a scanning rocket
flight. It was later detected again by Heise et al. (1978) where it waswdaséo emit both soft
(0.16-0.284 keV) and hard (27 keV) X-ray components. Observations by Ricketts et al. (1979)
and Watson et al. (1985) provided a more detailed picture of the X-ragvimlr and showed
that the soft X-ray emission was well correlated with the optical outbursiswthe hard X-
rays were equally strongly anti-correlated and quenched to below guidsvels (discussed in
Section 1.4.3). The most complete multi-wavelength coverage of an outtasgtne@sented by
Wheatley et al. (2003) who analysed the flux evolution through an entibeisi, resolving the

rise to outburst. Using X-ray, extreme UV (EUV) and optical bands theetation of optical and
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EUV and the anti-correlation with the hard X-ray band was seen in gréail.d€he observed
quiescent luminosity corresponded to an accretion rate about two atfcbadeas of magnitude
higher than predicted by the DIM (Meyer & Meyer-Hofmeister, 1994).stndying archival
SS Cygni data, from th&inga and ASCA satellites, Done & Osborne (1997) found single and
multi-temperature plasma models with line emission and a reflection componentdsarpthe
data well. They claimed there to be a larger contribution from the reflection @oemp in the
softer outburst spectra supporting models where the inner disc is trdn@ite truncation is
discussed further in Section 1.7).

Observations of eclipsing system HT Cas during quiescence providemee for hard
X-ray emission arising from the boundary layer (Mukai et al., 1997).e dhserved X-ray
eclipses were found to be short and compatible with total eclipses indicatiXgrayp emis-
sion region of<1.15 times the size of the white dwarf. Currently, it is not known where hard
X-rays originate from in outburst. Patterson & Raymond (1985a) sugddisat the hard X-rays
are produced in an optically thin region surrounding an optically thick bagnthyer. How-
ever, observations of OY Car during superoutburst did not deteethpse in the soft X-ray
band providing evidence for an extended X-ray source (Naylor e1@88; Pratt et al., 1999).
Observations in the EUV band by Mauche & Raymond (2000) also showkaofaeclipse in
outburst, they suggest the extended source originates from opticallyrttdztion being scat-
tered into the line of sight by an accretion disc wind. Observations of V\WoMegt a two month
period by van der Woerd & Heise (1987), found the spectral shapegloutburst to be remark-
ably constant while the fluxes changed by two orders of magnitude. Tomestuxled that the
observations were consistent with a spectrum comprising of multiple comizopessibly with
emission from an optically thin extended region surrounding the white dwarf.

The spectral parameters of 32 cataclysmic variables observed wilirtsiein satellite
were determined by Eracleous et al. (1991). An optically thin thermal btesthtisng model
was found to describe the data well, indicating the X-ray emitting region is agtimidly thin
boundary layer region. Later, all available non-magnetic CVs frorRD8AT PSPC archive
were presented by van Teeseling et al. (1996) finding that there wearraation between the

temperature and X-ray luminosity, emission measure or X-ray luminosity. Thigfisutt to
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explain if the X-rays are emitted by the boundary layer. Also the ratio ofytwdJV+optical
flux was found to be anti-correlated with the accretion¥ratich is not consistent with simple
boundary layer models. However, evidence for anti-correlation bettieobservable emission
measure and orbital inclination in the X-rays indicate that the emitting regiony<iese to the
white dwatrf.

Work by Yoshida et al. (1992) on SS Cygni and U Gem data found theygseectrum,
during quiescence, to be well reproduced by a thermal bremsstratdatiguum. Baskill et al.
(2005) presented 34 non-magnetic cataclysmic variables in outburstuégstence, including
SS Cygni, U Gem and SU UMa. Like SS Cygni, the brighter systems favdaheethclusion
of an emission line at.8 keV from neutral iron. The outburst emission from the dwarf novae
was found to be weighted towards lower temperatures. Using high resotigtartaken from
the Chandra satellite using the High Energy Transmission GratiHgETG) Mukai et al. (2003)
found seven systems to be well fit with either a cooling flow model or a phasgdrcontinuum
with all having strong H and He like ion emission. The presence of an ironefigence line
and a number of thermal emission lines from a broad range of ions in theapésix dwarf
novae was found by Rana et al. (2006). The prominent fluorescamtiiive, seen in many
non-magnetic CVs, indicates the presence of a significant reflection emnpdhe equivalent
width of this line is also consistent with a reflection origin. The presence toag FeXXv
triplet at 67 keV is a common feature in the hard X-ray spectra of non-magnetic CVs. Th
triplet is present in outburst and quiescence indicating plasma temperafuse8 x 10’ K.

The ratio of the F&XVI/XXV lines indicates a higher ionisation temperature during quiescence
than in outburst. H and He like emission from a number of ions was also fop@kada et al.
(2008) and emission lines were found to be narrower during quiesseiggesting that the lines
arise from the entrance of the boundary layer. The line emission from\srofiserved during
quiescence usingMM-Newton indicate that X-rays are emitted from a cooling plasma settling
onto the white dwarf, excluding the presence of an extended X-ray emitinoga (Pandel et al.,
2005).

LAccretion rates were calculated from bolometric fluxes based on flusumements in the energy rangé 62.4
keV and used distances given by Warner (1987).
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1.7 Disc Model Issues

Compared to early models the current Disc Instability Model (DIM) has imecather com-
plex. With the addition of physical mechanisms not taken into account in thimakrigodel the
current version is able to describe many aspects of the dwarf novarsudygle: irradiation,
evaporation, stream impact heating and mass transfer variations.

Irradiation from the hot central body (Hameury et al., 1999; Schreiber @sicke,
2001) changes the relation between the mid-plane and surface tempefatiheedisc. This
irradiation will stabilise the inner disc when the central disc temperature isdwdove the hy-
drogen ionisation range. At larger radii irradiation will destabilise the oditar by increasing
the mid-plane temperature bringing it close to hydrogen partial ionisation. &208K) plot-
ted the ratio of mean irradiation to the secondary’s intrinsic flux finding thatnbiNshowing
superoutbursts had a ratio less than 10. Systems with superoutburst imaxah larger ratio of
greater than 20 indicating that irradiation plays a crucial role in supermitbystems.

Evaporation of the inner disc into a corona (Meyer & Meyer-Hofmeister, 1994) presid
a means for the white dwarf to accrete during quiescence. The inner disepsrated by a
siphon flow into a corona. The matter retains its angular momentum which ssippagainst
the gravitational pull of the white dwarf and can then be accreted solvingrtitdem of the
intense X-rays observed from CVs during quiescence.

Streamimpact heating andtidal dissipation respectively heat and truncate the outer disc
(Buat-Ménard et al., 2001a). The gas stream from the secondary hits thé@tdisc, creating
a bright spot that heats the outer disc. It allows outside-in heating waeesto for lower mass
transfer rates. The outer radius of the disc is truncated by titiatte for close binaries and
angular momentum transported through the disc is returned to the binaryfrbitge of mass
transfer rates are obtained where the model produces alternatingaetdddng outbursts. The
outer fraction of the gas stream from the secondary is able to skim oslemater the outer disc
while the inner fraction of the gas stream bores into the outer disc and isst¢BSphreiber &
Hessman, 1998). The overflowing stream interacts with the heating alidgfsonts. However,

significant overflow is required to change the outburst.
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Masstransfer variations (Smak, 1999; Schreiber et al., 2000; Buaéhéard et al., 2001b)
can occur on almost every possible time scale leading to the disc exhibiffegrdj outburst
profiles. Models with the mass transfer variations during outburst shavrth@erate enhance-
ment of the mass transfer rate correspond to narrow outbursts and magrcement of the
mass transfer rate correspond to wide outbursts.

Despite these additions to the DIM there are still a number of areas thatednuir
provement before the predictions made by the model can be properly.tdsteds realised
quite early in the development of the DIM that in order to reproduce obdeswnplitudes and
durations the parametermust have dferent values in outburst and quiescence, requiring two
separate S-curves to be used (Smak, 1984a).

An artifact of using the same value on the upper and lower branches is that the
DIM produces small amplitude variations in the disc luminosity instead of dward ype
lightcurves. This indicates that the paramet@nust have dierent values in outburst and quies-
cence, however, this has yet to be confirmed. The DIM is also unabletiupe a sequence of
narrow and wide outbursts of roughly the same amplitude, however, nzassdr enhancements
may be able to solve this (Smak, 1999).

The single largest issue confronting the DIM today is quiescence (La&da®d). The
DIM predicts low quiescent temperatures 4000 K) (Gammie & Menou, 1998) below the
critical value needed for the Balbus-Hawley instability to operate. Howeuigscent DN emit
an impressive quantity of hard X-rays with luminosities 0f0 10° ergs s* (Verbunt et al.,
1997). X-ray eclipsing systems clearly show that the X-rays are emittedebgdtretion flow
close to the white dwarf (Mukai et al., 1997). Thus for the DIM to be validther viscosity
mechanism must be in operation during quiescence. The low predictedepi¢smperatures
also do not correspond with observation (Wood et al., 1986, 1989).

A further problem of the DIM is the quiescent disc, if it were to extend dowithe
surface of the white dwarf and the X-rays emitted by a hot boundary, Itheerequired accre-
tion rates would be about two and a half orders of magnitude higher thaa détios/ed by the
DIM (Meyer & Meyer-Hofmeister, 1994). Reviewing the disc instability modeisota (2001)

states that the truncation of the inner accretion disc is a necessary imgiadies explanation of

28



quiescent X-ray fluxes. Holes present in the inner disc can be formeedumber of ways: mag-
netic fields (Livio & Pringle, 1992); evaporation into a siphon flow (Megévieyer-Hofmeister,
1994); or an Advection Dominated Accretion Flow (Menou, 2000). Teass. (2004) presented
two-dimensional accretion disc models achieving the sdfieetavith a small portion of the disc
remaining in a high-viscosity state. The DIM also predicts that quiescemdlare increasing,
however observations show that they are constant or decreasit@piém et al., 2004).
The DIM can describe many aspects of the DN outburst cycle if it is completday

additional physical mechanisms not taken into account in the original vendiowever, before
the DIM can be considered as providing a credible description of DN ostbthese problems

described above must be solved.
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Chapter 2
Rossi X-ray Timing Explorer

2.1 The History of X-ray Astronomy

X-ray observations of astronomical sources are possible only fr@mespased observatories
because X-rays are absorbed in the Earth’s atmosphere. Only 10 am (at atmospheric
pressure) is enough to stop 90 per cent at an energy of 3 keV (&&\v@harles, 1995). Thus
the field of X-ray astronomy relies upon space based observationg,aigier sounding rockets
or satellites carrying X-ray detectors. The first astronomical objecidruthe Solar System
discovered to emit X-rays was Scorpius X-1 in the constellation of Scof@iecconi et al.,
1964). It was detected using a sounding rocket which was the primamswéabserving X-
rays from space in the 1960s. See Seward & Charles (1995) for iteddteok at the history of
X-ray astronomy.

The first orbiting mission dedicated to celestial X-ray astronomy (able toradger
more than a few minutes) washuru. Launched in 1970 (Giacconi et al., 197Uhuru had a
simple complement of instrumentation covering the energy rarge2®@keV. It was designed to
continue the broad surveys of the sky for X-ray sources. This wisvied in the late 1970s and
early 1980s hy larger missiom$EAO 1, ANS, Einstein and EXOSAT. In the late 1980%inga
discovered X-ray transient black hole candidates and followed theaitrgphevolution (Koyama,
1988; Tsunemi et al., 1989). Then, in the 1990sRASAT survey detected more than 1000
X-ray objects (Aschenbach, 1991; Watson, 1995) and8&\ mission made the first high reso-
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lution measurements of the X-ray spectra of these objects (White, 19%,18001). Launched
in the mid 1990s, the Rossi X-ray Timing Explorer studied their timing properti¢sme scales
from microseconds to months in a broad spectral range fren220 keV (Zhang et al., 1996;
Reig & Coe, 1998; Giles et al., 1998; Rana & Singh, 2003). Following tlseseessful mis-
sions the turn of the century saw the launch of @@ndra and XMM-Newton observatories
which brought high-resolution imaging and spectroscopy (MarshallQ;208arles, 2002) and
SuzakwAstro-E2, launched in 2005 (Mitsuda et al., 2007). These current and past msssp-

resent a vast improvement in detector technology and have allowed &stapnomers to learn

a great deal about the high energy universe.

2.2 Rossi X-ray Timing Explorer

The Rossi X-ray Timing ExplorerRXTE), (Figure 2.1 shows a sketch of the satellite), was
placed into orbit by a Delta Il Rocket from Cape Canaveral on Decether995. It was placed
into a circular orbit at an altitude of 580 km with an inclination of 23 degreesesponding to a
96 minute period. Since then the orbit has decayed 480 km; this is thought to be due to the
increased drag due to the expansion of the Earth’s atmosphere cgusetelased solar activity
associated with the solar cycle (Jahoda et al., 2006).

RXTE was designed to observe in high time resolution with moderate spectral resolutio
from 2 — 250 keV. See Bradt (1982) for a description of the scientific objectitearries two
pointed instruments, the Proportional Counter ArrBZA) covering the 2- 60 keV range of
the energy spectrum and the High Energy X-Ray Timing ExperimdB&X{TE) covering the
20 - 250 keV energy range. THRXTE also carries a continuously scanning All Sky Monitor
(ASM) capable of observing the X-ray sky once every orbit in thel® keV energy band. The
satellite has a 7 hour response time toA8M triggered event. See Bradt et al. (1990) for a
pre-launch summary of the satellite’s instruments and capabilities.

The RXTE is capable of moving 6 degrees mint and thePCA/HEXTE field of view
can be pointed to any position on the sky on any day of the year providedantie to the

sun is> 30 degrees. ThECA andHEXTE both have a 1 degree full width at half maximum
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Figure 2.1: Rossi X-ray Timing ExperimemXTE. Figure taken from Bradt et al. (1993).

(FWHM) field of view. Data is telemetered using the Tracking Data Relay Satellgte8), it
is possible to maintain contact with the spacecraft for approximately 80 per cent of each
orbit. Data transmission is quasi-continuous, nominal telemetry rates are ofdbe of 20
kbps for thePCA, 5 kbps forHEXTE and 3 kbps for théASM, with rates of up to 256 kbps
possible. A very extensive technical description of the instruments i givéppendix F of
the National Aeronautics and Space Administration (NASA) Researchuxroemment foRXTE
(NASA 1997).

The RXTE has a complement of three experiments aboard, each with their own purpose
This thesis is only concerned with data taken with B@A therefore theHEXTE and ASM
experiments will only be described briefly here. A more detailed descriptithre®CA is given
in Section 2.3.

The first experiment on boaf@XTE is the ASM, which can provide a transient event

alert for thePCA/HEXTE instruments and provides a base for long term studies. It consists of

httpy/heasarc.gsfc.nasa.gdecgxte/RXTE_techappend.pdf
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three position sensitive proportional counters mounted on an assembdpthia¢ rotated. It has
a combined fective area of 90 cisensitive to energies ofA— 12 keV and can scan 80 per
cent of the sky in 90 minutes with a field of view o&®0 degrees. A technical description and
the first results are presented by Levine et al. (1996).

The HEXTE forms the high energy component of tRXTE mission. HEXTE is a de-
scendent of thélEAO 1 A4 experiment (Ungut et al., 1978). THEXTE experiment consists
of two independent scintillation counter clusters covering the energeraintb— 250 keV. An
X-ray photon traverses a sodium iodide crystal creating scintillations vdrietthen amplified
in a photomultiplier tubeHEXTE has a 1Qstemporal resolution with anfiective area of 800
cn? and field of view of 1 degree FWHM. The in-flight performance is disedssy Rothschild
et al. (1998).

2.3 Proportional Counter Array

2.3.1 The Detector

The Proportional Counter ArrayPCA), built by the Goddard Space Flight Centre (GSFC) Lab-
oratory, is a 50 per cent scaled up version of HEAO 1 A-2 HED sealed detector (Rothschild
etal., 1979). Th&CA consists of five identical non-imaging Proportional Counting UiRSU)
with a combined fiective area of 6250 cfn Since thePCA is not position sensitive ead?CU
is fitted with a mechanical collimator, which screens out contaminating light anibieoa field
of view of 1 degree FWHM. Beneath the collimators sits an aluminium coated wiatal a
second window creates a sealed propane filled front volume containifigstrenode layer. The
volume contains 20 anodes separated by thin solid aluminium walls. The fyentdarves as a
front entrance anti-coincidence layer, rejecting non X-ray events, as electrons, entering the
detector through the front window.

Beneath the propane volume is a xefmathane (with a 9A.0 per cent mixture) volume.
The xenon volume contains 80 anodes in four layers separated by wireatleodes with 20
anodes in each layer. The bottom layer and the outermost anodes of tihegexenon layers

form a veto detection layer rejecting events that enter the detector throeiglids and back
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rather than through the detector window. Events simultaneously detectecbandependent
anode chains are also vetoed. Beneath the last layer is a back plateo&idongrsome shielding
from events created in the calibration volume. An Americium-241 source is tedum the
back plate with two more anodes to provide a low level energy calibrationlsi@adibration

is discussed further is Section 2.3.2. E&EU is also passively shielded to reduce the cosmic
X-ray background flux and absorb hard X-ray events generatee iggacecraft by cosmic ray
impacts. Figure 2.2 shows an exploded view of @ assembly. A description of tHeCA is
given by Bradt et al. (1993) and Glasser & Odell (1994).

EachPCU has three xenon detector layers. In the soft barid(keV) the top layer de-
tects roughly 90 per cent of the cosmic photons. X-ray photons originfingharder sources
create proportionately more events in the lower layers. For weak soseaiesting events from
only the first layer will yield higher signal-to-noise than the second, thirdnyr combination
and the nature of non-source X-rays that contribute to the instrumetedtmaind depends less
on layer. See section 2.3.3 for a more in depth discussion about the instrioackground.

An X-ray is detected in £CU when an incoming photon of ficiently high energy
enters through the window and interacts with the counter gas. This inter&egppens via the
photoelectric &ect; when an incident X-ray photon is absorbed an electron is ejeciaihgran
electron-ion pair in the detector gas. The electron ejected in the initial phtatam is ener-
getic enough to cause further ionisation. The number of primary electreated is proportional
to the energy of the incident photon.

The primary electrons, created by the X-ray photon, drift towards thdewandergoing
ionising collisions creating a cascade of ion pairs in an avalanche. Theiefedd amplifies
the charge from the original primary electrons into a cloud of electronsstirabund the an-
ode forming a measurable pulse. The size of the charge pulse is measdrptheed within
a finite voltage increment. This increment is the detector channel. The pulspésdent on
the detector operating voltage and the energy deposited by an incidenhgirgarticle. The
higher the operating voltage, the larger each avalanche becomes andythreta pulse gen-
erated. The greater the energy deposited in the detector gas the largernther of primary

electrons created, therefore more avalanches are produced regultirigrger electron cloud.
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Figure 2.2: Assembly view of orfeCU detector. Frame 1 denotes the propane veto layer. Frame
2 is the first xenon layer and Frames % define the third, fourth and xenon veto layer. Figure

taken from Jahoda et al. (2006).
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The frequency of pulses measured for all channels creates a pigbe distribution which is a
good approximation for the spectrum being observed.

Recombination of an electron and the detector gas will emit a photon capalde of
ionising the gas, therefore producing pulses that are not related to itierihphoton. To prevent
this a small quantity of an organic gas, with a weaker electfinity than the detector gas, is
used to quench these events. The detector gas will take an electron #amgtnic gas and
the energy liberated when the organic gas recombines at the cathods tagsnolecule to

dissociate before it is able to emit a photon. The quench gas is thus gracirsglymed.

2.3.2 The Response Matrix

The response matrix provides information about the probability that an micpeoton of a
particular energy will be observed in a particular instrument channel. éusiéson of the in
orbit performance and calibration of tfR€A can be found by Jahoda et al. (1996) and Jahoda
et al. (2006). The detector response matrix captures non-linearities ethetor and must

account for:

1. Theenergy to channel relationship which is non-monotonic at energies close to absorption
edges. The mean energy absorbed above an edge is greater than thenerggy just
below the edge; energy goes into the potential energy of the absorbimgesalting in
the photoelectron having less kinetic energy and so producing a smallanelva. Data
suitable for parameterising the energy scale and monitoring variationgi@ahal., 2006)

comes from three regularly observed sources.

e EachPCU contains a small Americium-241 source along with two dedicated anodes
in a parasitic proportional counter referred to as the alpha counterAmieeicium-
241 provides continuous calibration lines with energies between 13 aneN60 ke
source undergoes an alpha decay emitting several X-ray lines. Ttee @dpticle is
detected and tagged by a the alpha counter and the X-rays lines are daptiire
xenon layer. A set of 6 Gaussians provides an excellent fit allowing aireand

resolution to be monitored.
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e The supernova remnant Cassiopeia A has a bright, strong iron line essilevn
the PCA count spectra, a power-law fit to the continuum and Gaussian line between
4 and 9 keV can be fit to the data. The fit energy centroid can be unamisiguo

converted to a mean channel.

¢ Due to difusion a small amount of xenon is present in the front propane layer. Reg
ular monitoring of the Crab Nebula allows the measurement of energies reear th
xenon L edge, at.Z8 keV. Fits in energy can be used to determine the energy to

channel relationship.

2. Thequantum efficiency is a measure of howficient the device is at converting photons
hitting the device into photoelectrons that can be detected. To model the queffitum
ciency of the detector eadtCU is treated as a series of parallel slabs of material. Various
parameters, including the amount of xenon, amount of xenon in the prdpger, rate
of change of xenon in the propane layer, thickness of xenon betwgers]amount of
propane in the first gas volume and the thickness of front window awifigakin the ma-
trix generation configuration file. Parameter values can be found in talfléa®oda et al.
(2006). Frequent observations of the Crab Nebula were used to esthmeatest values

for the parameters, which were averaged over timeREId.

3. The detector also detecdditional 'false’ escape peaks as well as detecting authentic
lines from the source. An incident X-ray photon with energy above tiserglion edge
displaces a K or L alpha electron from an atom. If the fluorescence peddby the
atom escapes from the detector the measured signal is interpreted as tromiagower
energy photon. The energy of this photdhs, is the diference between the incident

photon,E;, and the energy of the lost fluorescence phokn,Ees. = Ej — Ej+.

The width of the photopeak corresponds to the energy resolution of thetde which
goes as\E/E = 0.17(E/6keV)Y? whereAE is the FWHM. The matrix also accounts for events
that can be rejected because the photoelectron travels into a neighbanothg volume.

The anodes in the xenon volume were initially set to a nomi2050 V which has

since been reduced. After 70 days in orbit, two of the 5 detectors shewddnce of gentle
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Table 2.1: Dates and voltages for the epochs durindgRkEE mission.

\oltage

Epoch Start date (UT) PCUO PCU 1 PCU 2 PCU 3 PCU 4
1 Launch 2030 2030 2026 2027 2048
2 1996 Mar 21, 18 : 34 2010 2010 2006 2007 2007
3A 1996 Apr 15, 23 : 06 1990 1990 1986 1987 1988
3B 1998 Feb 09, 01 : 00 - - - - -

4 1999 Mar 22, 17 : 39 1970 1970 1966 1967 1968
5 2000 May 12,01 : 06 - - - - -

breakdown, to prevent further occurrences the gain was lower88 Ipgr cent on all detectors
and the detectors were operated at a warmer temperature. The overakgag has been
changed twice since launch for operational reasons. Changes in ¢hating voltages mark
periods of discontinuity in the detector response, referred to as epdelide 2.1 shows the
dates of each epoch. The satellite orbit began to decay noticeably midweaglthepoch 3 so
the epoch was split to distinguish background models wiffednt time dependences; epoch 5
was also split into three sub epochs. The anodes of the main detectonaecta alternately
so each layer has two anode chains. The electronic system uses this torrtiengain. The
propane veto layer forms one chain and is maintained at a higher nominajevolta2800 V

to compensate for higher gas leakage.

The net &ective area and thdfective area of the first layer of tHRCA, as a function of
energy, is shown in Figure 2.3. The useful energy range oP@®&is from ~ 2.5 keV to~ 50
keV. The small jumps in theffective area in the lower energy range are the xenon L edges, with
energies of 48, 510, 545 keV. The strong decrease below@keV is the xenon K edge. Just
above the edges more energy goes into potential energy associated waitistinieing atom. The
photoelectron has less kinetic energy and the number of electrons prbiutie absorbing gas

is smaller.

2.3.3 Detector Background

ThePCA s a non-imaging instrument and for both light curves and spectroscopatikground

must be subtracted based on an a priori model background. Therbankigs generally defined
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Figure 2.3: The upper curve shows the totdéetive area of th&CA. The lower curve shows
the dfective area of only the top xenon layer. Both curves are summed dR€US5

as any non-source counts which includes:

1. Interaction of cosmic rays, such as protons, alpha particles andelgotrith the detector.

2. Induced radioactivity in the spacecraft from isotopes producesphitation during tran-

sition through regions of high charged particle density.

3. Cosmic X-ray background produced by the superposition of mank aetéve galactic

nuclei (Fabian & Barcons, 1992, and references therein).

4. With data of high spectral resolution and somewhat pogiénieak lines are not measur-
able and must be disregarded, complicating the determination of the deteckgrdnand
counting rate. This can lead to an overestimation in the background, calusiimjensities

of spectral lines to be underestimated.

It is typical that these components vary in time and must be parameterisedirsitheo com-

ponents constitute the internal detector background. Model parameteadjasted to fit a set
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of dedicatedPCA observations of the blank-sky. Section 3.3.2 in Chapter 3 contains a more
detailed discussion of the modelling of the detector background. Seesigidfeatures lead to

a lower and less variable background than in previous missionsPThks use an aluminium
collimator rather than iron and the lower Z material has a lower interaction sex$®n with
particles andy rays. EachPCU also has a graded shield constructed of tin and tantalum to
provide passive additional background reduction.

An area of the Earth’s magnetic field that is particularly weak resulting in adtiglged
particle flux is known as the South Atlantic Anomaly (SAA). The low Earth orhiRXTE
must pass through the SAA enduring high charged patrticle flux rendgrengstrumentation
unusable. It must be shut down for this period because the chargidepdensity is so high
that the detector risks being severely damaged if it is activated. Highlgetigrarticles would
swamp the high voltage anodes causing serious breakdown problemkwiBarth orbit also
minimises cosmic ray fluxes and charged particle backgrounds which drertagthe Earth’s
poles than the equator. A sun-shield also prevents direct illumination of ezhelar X-rays.
The front propane layer reduces the background due to electronsoambined with the outer
anodes and the last xenon layer in the xenon volume forms an anti-coiceil@ger surrounding
the main detector volume. The background reduction and anti-coincideateds reduce the

internal background by a factor of 20 (Glasser & Odell, 1994).

The history of X-ray detectors in astronomy and in particulalRK&E mission were discussed

in this chapter along with the principles behind the detectors on board the safzdliseacquisi-

tion and technical aspects determining the calibration oPtB&, such as factors that contribute
towards the background as well as how the energy to channel reldpassialculated amongst
other factors used to calculate tREA response matrix, were also discussed. The process of

creating light curve and spectral files for analysis is discussed in Gt&pte
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Chapter 3

Data Reduction and Analysis

This chapter describes how the data, acquired in Chapter 2, aresgdtegrmove periods of bad
data. The process of creating light curve and spectral files and ttesponding background and
response files for analysis, including corrections for deadtime in thetdetge also discussed.
Data reduction is performed using thEOOLS library (Blackburn, 1995) supplied by the
High Energy Astrophysics Science Archive Research CE(lEASARC). A set of recipes con-
taining information about the various aspects of reduGKRgE data can be found ifthe RXTE
Cook Book?. More information pertaining to thBXTE data files,PCA Issues, data screen-
ing, extracting light curves and spectra and the time systems used camblaridihe ABC of

XTES.

3.1 Experiment Data System

The final on-board instrument is the Experiment Data SysED$]. TheEDSis a microprocessor-
based electronics package that controls data acquisition and formattithg RCA andASM. It
consists of eight event analyseEA§), of which six are dedicated to processPQA data and
the remaining two process th8Vl data. TheEAs analyse incoming data streams in parallel

capable of recording up to 10ftBrent configurations to tailor the observation to the scientific

httpy/heasarc.gsfc.nasa.gtivols
2httpy/heasarc.nasa.gmocgxte/recipegcook book.html
Shitpy/heasarc.nasa.g@ocgxte/abgfront_page.html
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goals.

For every observation data is collected in two standard modes providingmano for-
mat for instrument monitoring. This makes archival research easier akeésnitapossible to
compare observations offtkrent sources. The Standard 1 format has a time resolutioh259€
with no energy information, while the Standard 2 format has a time resolutiofsoadd 129
energy channels covering the full energy range ofRBA detectors.

Despite the large number of possible data configurations (ové) &%re are two basic
data formats for science data: science array containing regularlydspamred data and science
event containing data for each event registered.

The data presented in this thesis uses the standard 2 configuration siasegbdd
temporal and spectral resolution, therefore this chapter will focus cexthaction of this format.
The xenon volume contains three layers that are treated separatelyth®@mugiects presented
in this thesis are faint only the top layer will be used. The top layer has thentatye that it
detects 90 per cent of the cosmic photons, but has only 50 per cent iotéheal background

improving the signal to noise for fainter objects.

3.2 Screening

The first step in reducing data is to create a filter file. The filter file spanatire ebservation
and contains housekeeping data that can be used to identify periodedtigta. xtefilt is
used to generate the filter file. The filter file contains the status of the instrudneng the
observation and using tH&TOOL maketime events can be screened from the science data. A
Good Time Interval gTI) file is created based on logically combining screening criteria. The

following criteria were used:

e The number oPCUs on. Some of th€CUs sufer breakdown and automatically switch
themselvesfi if they are not regularly rested. This means that any individual observa

may contain data ranging from 1 toP&CUs. Observations in this thesis were extracted

“4a full list of available configurations is available via anonymous FTP atlegsfc.nasa.gov
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individually for all PCU combinations during each observation and scaled for a count rate

for 3 PCUs, the most common number BEUs on at any one time.

e Elevation. The instantaneous angle between the Earth’s limb and the tavggtded by
the spacecraft. The Earth’s atmosphere absorbs X-rays at pridéiyelower energies so
the source spectrum becomes distorted at low elevation angles. The elevagie will

also show Earth occultations. Data with an elevation less than 10 degreéieved.

¢ Pointing dfset. The diterence in detector pointing and object position changes regularly
by a small factor £ 10~ degrees) due to thdEXTE rocking. There may also be slew
data included at the start or end of the data set. fiset of less than.01 degrees was

used.

e SAA passages. High particle fluxes duriBgA passages induce radioactivity in the de-
tector that dramatically increase the background, lowering the signal te, resipecially
important for the weak sources presented in this thesis. Data up to 10 miftetetha

SAA passage was discarded.

e Electron contamination. ThRCA is subject to contamination from electrons trapped in
Earth’s magnetosphere or from increased solar activity. Such elscrenmeasured in
the anti-coincidences layers of the detector but increase the backigablow energies.
Data is screened and not used with an electron ratio, the ratio of veto ratesdatector,

above 0O1.

Figure 3.1 shows a plot overview of a section of the 1BSBE observation of SS Cygni.
The top panel shows the light curve, the middle panel shows the electokgroand, where
the dotted line represents the upper discriminator level used to extracttdne Tae bottom
panel shows the state of the instrument during the observation includingiaoywPCUs were
switched on or & and their duration. It also shovgA passages (if any). Th&l'I shows the

good time used in the extraction process.
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Figure 3.1: A section of the 1998XTE observation of SS Cygni. The top plot shows B@A
light curve, below is a plot of the electron ratio with the dotted line represettt@gcreening
criteria used in the data extraction process. The bottom panel showsaartation of the state
of the PCUs with a solid line being when the detector is switched on. @Tieis the good time
that was used in the extraction process.
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3.3 Extracting Data Files

3.3.1 Source Files

Light curve and spectral files are both created using ekhektrct for science array data or
seextrct for science event data. The file created, fromgiig information, chosen detector,

layers is a standard Level 2 FITS file.

3.3.2 Background

ThePCA is a non-imaging instrument and for both light curves and spectroscopyttbiback-
ground must be based on an a priori model. FAO0L pcabackest is used to create the
synthetic background. The files generated are very similarly to StanddathZiles so can be
extracted via the process explained above usigxtrct.

The background models for tHeCA have components quite similar to those for the
Ginga Large Area Counters (Hayashida et al., 1989). Model files contairfidatteseveral high
latitude background pointing observations sorted by quantities suchiéispo$the spacecraft
with respect to th6 AA. Modelling matches the observation conditions to that of the background
model file. Currently there are two models used, depending on countttegdaint sources
model,L7/24® model, is used for rates 40 counts st pcut, otherwise the brighfiLE model
is used.

Current background models have linear dependencié3 ¢or VLE) rate, the radioactive

decay term and mission elapsed time. For each chaintie¢ background model is

BKG; = A + B x L7 + C; * DOSE + Dj x (t - to) (3.1)

A, Bi, Ci, D;j are the fit cofficientsL7 is thelL7 rate in aPCU, DOSE is the particle dosage
summed over individual passages throughstheand decayed by a 240 minute folding timescale,
t is the epoch time. The parameters in the model are adjusted to fit a set oftdd&Ca ob-

servations of the blank-sky. Once a good fit is achieved the model capgtied to other obser-

5L7 is the name of the housekeeping rate that characterises the X-raydaickt well. 240 refers to a radioactive
decay timescale of approximately 240 minutes describing the combffea ef several radioactive elements.
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vations. Jahoda et al. (2006) fit multiple, dedica®&iA background pointings. Each pointing
had a slightly diterent set of fit cofficients so a weighted average was taken, therefore the
background model represents an 'average’ patch of high latituder'sleyremaining count-rate
variations after background subtraction is measure of systematic etreto@he largeféective
area of thé?CA the error is dominated by systematic error rather than Poisson error.

The statistical error on the background is related to the amount of data ématinto
the background model and not the length of the obsenatibinus the error on the background
spectrum generated kycabackest is overestimated and incorrécince it is based on the
average of a huge amount of data. For observations of faint sdilweaystematic errors in the
count rates are reported by Jahoda et al. (2006) who determinechthaddelled variations in
the instrumental background42 per cent below 10 keV andl per cent between 1020 keV.

A qualitative way to check how good the background model is shown in &igi2. The
source spectrum is plotted without subtracting the background, with tlécpee background
spectrum over plotted. For objects in this thesis the spectrum abev@®keV is dominated by
the background. The source and background spectra can be ezhgtdhese higher energies.
For a realistic background estimation the source and background sglectrid lie on top of one
another. Figure 3.2 shows above25 keV the predicted background is a good representation of

the true detector background.

Deadtime

EachPCU can only process one event at a time. The processing takes a finite aofdiom
(approximately 10s for lower energy X-rays) rendering the detector unable to procesthan
event. This limitation results in detector deadtime, which is dependent on atentRFor low
count rates the deadtime will occur in gaps during events, however, larhigpunt rates as
the time between events approaches the deadtime a number of events wéllbafdre the
detector can detect them. This results in a count rate that is lower thanecpte signature

of deadtime.

Shttpy/astrophysics.gsfc.nasa.geraygprogramgxte/pcachisquare.html
"httpy/astrophysics.gsfc.nasa.greraygprogramgxte/pcachisquare.html
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Figure 3.2: The source spectrum, before background subtractiohpwensin black and the
estimated background spectrum calculategpbybackest is shown in red during an outburst
of SS Cygni.
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The deadtime fraction is calculated as the total count rate multiplied by the length of
deadtime caused by an event in fP€U. Events include: good xenon events detected once in
the main volume; propane events detected in the propane veto layer; coineigats (mostly
due to particles) that are detected in more than one anode simultaneouglgrgereventsyLE)
which deposit: 75 keV in the detector possibly causing saturation. WheékEasevent occurs in
an anode chain the detector has a preset deadtime window of duration tétalasge event to
clear the detector. This deadtime window must be taken into account in calgulagioverall
deadtime. Deadtime is not the sum of the individe@U deadtimes since an event in dREU
does not cause deadtime in anotR&U.

All events cause deadtime in the detector and must be taken into accouneaddtame
fraction is calculated as the sum of the count rates of all events desatiloed multiplied by
their respective number of events. This is then divided by the numbet@ttdes on during the

observation. The deadtime correction is then the inverse of 1 minus the deé&ditten OTF).

count ratex N
DTE = u counts (3.2)

N pcu

The exposure must then be adjusted accordingly by dividing by the deactiimeztion DCOR).

1
DCOR = 3 (3.3)

The corrected exposure is then written to the spectrum file. The expwstlie background
spectrum must also be corrected, however, the count rate geneyapediinckest (Section
3.3.2) is used instead of the xenon volume source rate. The same faatdrsousalculate
the detector deadtime are also used to calculate the background deadtimmuhheates for
systems presented in this thesis are low enough that the deadtime will not migkefiaast

impact.

3.3.3 Response

The response matrix is dependent on several factors intrinsic to theatedéthe time of the
observation. For this reason it is very important to match the instrumentnespo the correct

mission epochPCA response matrices are divided in two parts to independently model factors
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that dfect the detector response: the Redistribution Matrix FunctidF)(accounts for the
redistribution of photon energy amongst detector channels by the detectidiym; and the
Ancillary Response FileARF) accounts for the detector windows and collimator response. The
two matrices are created and then combined, ustagmf, into a single response matrikRSP)

to be used bXSPEC for spectral analysis.

The energy calibration matrix is determined from which detectors and layanes wsed
to extract the source spectrum as well as the high voltage gain in the detestow drift in
the detector gain is also accounted for. Any corrections required tDISare applied and the
matrix is then binned according to the binning in the input spectrum file. Tipensg also takes
into account an fiset in the instrument pointing and spacecraft jitter during the observation in
an ancillary response matrix.

Systematic ffects in the detector response are still not well understood. Detailed analy-
sis by Jahoda et al. (2006) determined that the energy calibration hasioley of <1 per cent
using power law fits to the Crab Nebula. It is common to find many authors agysaystem-
atic error of between 6 2 per cent t(RXTE data (see Table 4.3 in Chapter 4). Further analysis
to understand the systematic error required by the data is presented imSeétibin Chapter
4 and Section 7.4 in Chapter 7. It was found that a systemati®qfér cent was suitable on the

data and also.8 per cent on the background.

3.4 Combining Spectra

The extraction process described above creates several datarfgesf each light curve and
spectrum file with associated background and response files candisgdo every configura-
tion of the satellite during the observation. A configuration change canuseday a detector
being cycled & and on to reduce break down. To properly analyse the spectra it naididir
combined into a single file.

Since photon arrival times are lost during the extraction process it isossilge for
spectral fitting programs to be able to determine the numb&Ghfs data was collected on.

This makes it important that spectra should only be combined when all data essarhe spec-
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tral state to be able to calculate the correct instrument response. Combiaisgultce and
background data files is straightforward: the total counts is the sum ofdh&dnal counts and
the total exposure is the sum of the individual exposures in each tespile. The correspond-
ing responses should be combined by weighting the background-delticaunts, rather than
by exposure.

Usingmathpha, from theFTOOLS package (Blackburn, 1995), mathematical operations
can be performed on spectral data files, thus it can be used to combineptmate spectral
files into a single file. Themrppha is used to redefine the binning and the systematic errors

associated with each channel in the spectral file.

3.5 Spectral Analysis

The detector measures photons coun@dyithin a detector channel, this can then be used
to calculate the spectrum of the sourd€E). Before the spectrum of the source can be pre-
dicted characteristics of the instrument must be taken into account, this issefazd in the
instrument respongg(E, 1). It gives the probability of a photon with ener@ybeing detected

in channell. (The detector response is discussed in depth in Sections 2.3.2 and J.Be3).

spectrum is related to the actual source spectrum by

c(l) = fow f(E)R(I, E)dE (3.4)

The complexity of the response matrix in Equation 3.4 prevents direct calcutsftibe source
spectrum. An alternative approach is to choose a model spectrum akduston 3.4 and fold
it through the X-ray detector response.

By minimising the deviation between the predicted model spectrum and meastiged d
it is possible to obtain a 'best fit’ to the data. The minimisation is typically done byariteerg-
Marquardt algorithm, see Bevington & Robinson (1992). The most commaad fit statistic

for determining the best fit model j&, which is defined as follows

C(1) = Cy(1))?
o2 ()
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WhereCy(l) is the predicted counts andl) is the error for channel. The count rates (per
PCU) for the systems presented in this thesis are high enough to ensure thatstagistic is
appropriate. Thg? statistic allows us to easily determine the level of confidence in the resulting
fit. As a general rule of thumb the reduceti(y? per degrees of freedom, which is calculated

as the number of channels minus the number of model parameters) shouygrbgimately
equal to 1A y2 much above one indicates a poor fit, which may be due to the wrong model
being chosen or the uncertainties on the data being under estimated. Simyatgsa than one
indicates that the model is over parameterised or the errors on the datadesvever estimated.

To calculate the uncertainty (confidence interval) of an interesting modainsder that
parameter is fixed at a new value and a new best fit is found, resultingew g% The chosen
parameter is then varied and re-fit until a fit is found such that the cliredihas increased by
the required\y?. The confidence interval are tabulated by Lampton et al. (1976).

Table 3.1 contains a list of the data sets that were analysed in this thesissdnfs the
observation proposal number, year of observation and data of tleevakisn, the number of
continuous segments in the observation, the exposure time and the gain settb@Attvas in

during the observation.
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Table 3.1: Log of pointedRXTE/PCA observations for all objects studied in this thesis.

Object Proposal ID Year Start - End Number of Total Gain
date observations exposure [Ks] epoch
P10040 1996 Oct 09 - Oct 21 25 282 3
P20033 1997 Mar 01 - Jul 02 42 83 3
. P40012 1999 Jun 07 - Jun 21 20 73 4
SS Cygni
P50011 2000 Mar 05 - Jun 03 185 171 4.5
P50012 2000 Aug 23 - Jan 18 15 55 5
P90007 2004 Sep 19 - Jan 25 33 178 5
U Gem P20035 1997 Nov 07 - Dec 01 25 208 3
P80011 2004 Feb 27 - Mar 14 24 155 5
SUUMa P60005 2001 Mar 25 - Jun 21 193 336 5




Chapter 4

Spectral Analysis of SS Cygni in
Outburst

4.1 Introduction

SS Cygni was the first dwarf nova to be detected in the soft X-ray baridgla scanning rocket
flight (Rappaport et al., 1974). It was later observed to emit in bothesafthard X-rays (Heise
et al., 1978). Further observations provided a more detailed picture &Fthg behaviour; the
soft X-ray emission was seen to be well correlated with the optical outhundist the hard X-
rays were equally strongly anti-correlated and quenched to below theceuaielevel (Ricketts
etal., 1979; Watson et al., 1985).

Theoretical explanations for this behaviour were given by Pringle (19iingle &
Savonije (1979) and Patterson & Raymond (1985a). They showedsttiad dwarf novae system
enters outburst the accretion rate and the X-ray emission from the brguager also increases.
The boundary layer becomes optically thick to the hard X-rays and onlgntiesed soft X-rays
are emitted, resulting in a softer X-ray component as the accretion ratenbsaauch larger
than 165 g s™2.

Observations of SS Cygni made during quiescence, usinihga satellite, showed

that the energy spectrum was well reproduced by a thermal bremssgatdmtinuum with
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iron line emission (Yoshida et al., 1992). The iron line centre,.88 &eV, was inconsistent
with the fitted plasma temperature of 17 keV. It was suggested that either graglaas not

in ionisation equilibrium or the line energy was a blend of lines from other itates. Later
work, also using data fror®inga when the source was in decline from outburst, showed that a
similar model required a large equivalent width, which could not be géstbtay the blending

of different ionisation states (Ponman et al., 1995). A two-temperature model fostthasma
was suggested.

Archival spectra of SS Cygni, from th@inga and ASCA satellites during quiescence
and outburst, were fitted with single and multi-temperature thermal plasma modeie&ion
component was also fit and was found to have a larger contribution in therstispectrum
supporting models where the inner disc is disrupted (Done & Osborn&).19%e observed
accretion rates would be about two and a half orders of magnitude higirepthbdicted by the
disc instability model, (e.g., Hameury et al., 2000), if the X-rays are emitted loy bdundary
layer that extends down to the white dwarf surface (Pringle & Savonijg9;18ylenda, 1981;
Patterson & Raymond, 1985b).

Multi-wavelength observations covering the transition into and out of osithugre si-
multaneously observed in the optical, extreme ultraviolet and hard X-ragsbiay Wheatley
et al. (2003). These observations allowed the flux evolution throughusito be analysed.
The X-ray rise occurred.9 — 1.4 days after the optical and®days before the extreme ultra-
violet rise. The coincidence of the X-ray fall and extreme ultraviolet rigkcates that both
components originate in the boundary layer. Quasi periodic oscillations also detected in
the EUVE light curves. Mauche et al. (2001) suggested that the oscillations dedlia the
boundary layer. Quasi periodic oscillations were not detected in they Xaad, which were
most likely too hard to be observed.

SS Cygni was observed in X-rays using t&CA satellite during an anomalous outburst,
the X-ray count rate was found to be higher in optical outburst than irsgeree rather than
suppressed (Baskill et al., 2005). The observations took place damingusually faint quiescent
period. In addition the X-ray spectrum during outburst was softer thaimgl quiescence as

expected. The high spectral resolution of #%¥8CA CCD detectors were used to constrain a

54



multi-temperature emission model for SS Cygni. Baskill et al. (2005) fountthieaoutburst
spectrum was clearly dominated by contributions from cool gas accountitige low hardness
ratios of dwarf novae in outburst. Spectral fitting also favoured the iigius an iron emission
line at 64 keV which was taken as an indication of a reflection component in the spec&
reflection component was not modelled because of the ftective area of th&SCA detectors
above 10 keV.

Observations of SS Cygni using tikandra HETG found the quiescent spectrum to be
well reproduced by a cooling flow model, indicating that the source ofyg$-iga cooling plasma
settling onto the white dwarf (Mukai et al., 2003). During both outburst@undscence X-ray
emission lines were resolved for the first time (Rana et al., 2006). Th&speequired a strong
fluorescent line in quiescence indicating the presence of a reflectionot@mip the equivalent
widths of the lines were also consistent with a reflection origin. In outbumdigaiescence the
Fe XXV triplet (at 67 keV) was found to be present indicating plasma temperaturgs8of 10’

K while the ratio of FEXXVI/XXV indicated a higher ionisation temperature during quiescence
than in outburst. In quiescence the spectrum was dominated by hydrogelmékemission
which was replaced by helium like line emission in outburst (Okada et al.,)2008uiescence

the line emission was found to arise from the boundary layer.

Outburst and quiescent observations usingdf&detector on th&uzaky/Astro-E2 satel-
lite were well fit using a multi-temperature thermal plasma model, nartdwéV iron line and
reflection component (Ishida et al., 2009). The temperature of the plasing duiescence was
found to be significantly higher than that during outburst and a sub-ablardance of heavier
elements was found. The reflection component was also found to be ligheiescence, at-
tributed to reflection from both the accretion disc and white dwarf surfatés is puzzling
suggesting that the disc does extend down to the white dwarf surfacg duigscence, contra-
dicting the conclusions of Done & Osborne (1997).

This chapter explores the evolution of spectral parameters, with refldagiog of par-
ticular interest, of SS Cygni during outburst. In Section 4.3, the time seredgsas first dis-
cussed by Wheatley et al. (2003), is briefly revisited before detailestrgppanalysis of the 1996

outburst is presented. Two representative spectra are used toareatiel which is then tested
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with all spectra in Section 4.4.

4.2 Observations

The observations of SS Cygni began on 1996 October 9, continuaugydfiys, coinciding with
the beginning of an outburst and for 3 days at the end of outburstrarsthawn in Table 4.1. The
total exposure was 118 ks and 164 ks respectively, with gaps only disrtio occultations and
the passage of the spacecraft through the South Atlantic Anomaly (S/AéA. \Were measured
using the proportional counter arraRQA) experiment ofRXTE (Bradt et al., 1993). Consisting
of 5 identical xenon-filled proportional counter uniRQU) (Jahoda et al., 1996) sensitive to
X-rays in the energy range-260 keV. See Chapter 3 for a more detailed description.

The RXTE PCA provides low-resolution X-ray spectroscopy. For spectral analifsés,
data were extracted using tl&OO0LS package, version.6.2, provided by the High Energy
Astrophysics Science Archive Research Céent@nly the top xenon layer was used andBGA
data were extracted in Standard-2 binned moghextrct version 42e was used to produce
light curves with a time resolution of 16 seconds and spectral files binned 2&t@lannels.
Data were excluded where the elevation above the Earth’s limb was lessQhdsytees, the
ELECTRONZ2 ratio was greater thariland the time since SAA passage was under 10 minutes.
See Chapter 3 for a more detailed explanation of the extraction processhathkground and
response matrix were estimated uspwgibackest version 30 andpcarsp version 101. Data
from different detector configurations were extracted as separate spectra-himted using
rbnpha, version 21.0. Spectral fitting was carried out using tk&PEC (Arnaud, 1996) fitting
package version 13. All error bars quoted ar&y? = 1 (68 per cent confidence level for one
free parameter).

The X-ray light curves will be compared with the long term optical light carvktained
by the American Association of Variable Star Observ¢sA\VS0). The AAVSO is an amateur
organisation who monitor a large number of variable stars, mainly in the visunal. bThey

provide an invaluable resource, with a continuous record of obsengatlating back to the

httpy/heasarc.gsfc.nasa.gtiwols
2httpy//www.aavso.org
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Table 4.1: Log of pointe@®RXTE/PCA observations of SS Cygni used in this analysis.

Proposal ID Year Start - End Number of Total Gain
date observations exposure [Ks] epoch
P10040 1996 Oct09- Oct21 25 282 3

discovery of SS Cygni (Pickering & Fleming, 1896).

4.3 Analysis of Representative Spectra

The AAVSO optical light curve along with thBXTE X-ray light curve and hardness ratio beneath
is shown in Figure 4.1. As is typical with fast-rise outbursts of SS Cygni ghiea light curve
initially rose slowly then more rapidly until reaching a maximum of approximately ~ 8.5
mag. The light curve remained at its maximum for about 1 day before startidgdtsme and
returning to quiescence, nearly 13 days after the start of the outbudd @450366. The rise
in the X-ray was delayed by.9- 1.4 days after the start of the outburst (Wheatley et al., 2003).
Almost as soon as the X-ray maximum was reached the flux declined to meanZ&hours.
The recovery out of outburst took a day and a half.
To examine the spectral variation in the hard X-ray flux ®X@E counts were divided
into soft,S, and hardH, bands, to form the hardness ratity,S. The bands were roughly split
so there was an equal number of counts in each baBd42 keV in the soft band and8&-20.3
keV in the hard band. The quiescent spectrum was hard which rapidameesoft in outburst
on JD 2450367, thel/S softened from 2 to 0.9, with a slow transition back to quiescence.
When saextrct generates the data files the error is calculated as the square root of
the number of counts in the data file. This is correct for the data, howtnehackground is
estimated from the average of a huge amount of data and so the resulbingretine background
is overestimatetl The statistical error on the background is related to the amount of data use
to create the background model and not the length of the observationinittalr fitting the
background error column was set to zero. Since this underestimatesdherethe background

it will result in the reduceg/? being greater than 1. The systematics will be further studied in

3httpy/astrophysics.gsfc.nasa.goraygprogramgxte/pcachisquare.html
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Section 4.4.1 in this chapter and in Chapter 7.

Two spectra were taken, one before and one after the first dramaticamhange. The
chosen spectra are labelled in Figure 4.1 and will be referred $peasum 1 andspectrum 2
throughout this chapter. These representative spectra were fit wiitigla s2mperature model
upon which components were progressively added to develop a compb{ that described

both states well.

4.3.1 Single Temperature Model Fits

Both spectra were poorly represented by a single temperature thernrabptasdel (mekal in
XSPEC Mewe et al., 1985, 1986; Liedahl et al., 1995). The top plot of Figuresdd®vs the data
and the model for the two spectra. Label 1 represents the spectrunigtia spectral change
and label 2 represents the spectrum after the spectral change. spective residuals can be
seen in panels A and B. The fits are unacceptable withaf 13 (43 d.o.f) for both spectrum 1
and 2. See table 4.2 for the full list of all best fit parameters for this armttadr models.

The residuals for the single temperature plasma model in Figure 4.2 shoveesseat
around 65 keV and a deficit at # 8 keV. This was also found by Done & Osborne (1997)
using data from th&inga satellite and by Wheatley et al. (2003). The excess in the dat& at 6
keV shows compelling evidence for a4ekeV fluorescence line, therefore a narrow Gaussian
component fixed at.8 keV for neutral iron was added to the model. More recent studies by
Mukai et al. (2003) and Rana et al. (2006), using data fronCtieedra HETG, and Okada et al.
(2008), using data frorBuzakyAstro-E2, also detected a prominent fluorescence line.

The deficit seen near78 keV may be due to excess thermal line emission from the ther-
mal plasma model. Reducing the strength of the thermal lines can be achievetldasing the
continuum temperature or by lowering the metal abundances. Increasinptiel temperature
would make the lines weaker, however, a higher temperature model waifitithe continuum.

At temperatures of # 8 keV iron can be found in He and H like ionisation states emitting at
6.7 and 695 keV, reducing the abundances will reduce the emission from thess. siad@e
& Osbhorne (1997) found that the relative abundance of iron with gpelighter elements

was smaller than the solar values, with best fits 866- 0.5 solar (relative to abundances of
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Figure 4.1: SimultaneousAVSO, RXTE observations along with the hardness ratio. Labels 1
and 2 denote the representative spectra that were chosen to deternbesttfiting models of
before and after the dramatic spectral change seen in the data. Thelfiégseftwo spectra can
be seen in Figure 4.2.
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Anders & Grevesse, 1989). Baskill et al. (2005) also found a sigmifianprovement to their
¥? when they allowed the model abundances to be fit as a free paramatétingeis sub solar
abundances of.B5 and 076 for outburst and quiescence respectively. The data were fitted with
the free abundances with a similar improvement toitheBoth spectral abundances were lower
than solar levels at.B4 and 045 solar respectively, resulting in a significant improvement. The
F-test is used to estimate the significance of the addition of a model compohém. R-test
probability is low then it is reasonable to add the extra model component. Téwt probability
was smaller than 107 for both spectra withy? of 1.53 (41 d.o.f) and 86 (41 d.o.f) for spec-
trum 1 and 2 respectively. The residuals can be seen in Figure 4.2s@aaed D. Best fif?2
values can be seen on the same figure at the end of each respedtivalrpanel. The best fit
parameters for this model can be found in Table 4.2 along with the bestdingaer values from

the other models used.

4.3.2 Improving the Model

The need for a @ keV line is highly suggestive of Fedfluorescence emission due to illumi-
nation of cold gas, which is a strong indication that there is Compton scattdrgays. The
equivalent widths were also consistent with those expected from a semidnfilane parallel
cold slab irradiated by an external source of X-rays (George & Fabi1). Figure 4.2, panels
E and F, shows the single temperature thermal plasma model with a na&dw\6 emission
line, free abundances and a reflection component (calculated fromotleead Magdziarz &
Zdziarski, 1995). The reflector abundances were tied to the abueslahthe plasma model.

The addition of the free reflection caused both spectra to be fit with lowereterye
and equivalent widths, as expected (also found by Done & Osbof%¥)1 The reflection
component made a greater improvement to the fit of spectrum 1 resultingZof1.40 (40
d.o.f) with an F-test probability of % 1072. There was no improvement in spectrum 2 and the
best fit resulted in an unacceptahlg of 2.37 (40 d.o.f). This component also failed to fully
remove a faint residual excess present neaBkeV in both spectra.

To investigate the nature of the faint-78 keV deficit the reflection component was

replaced with an absorption edge, with the edge energy fixed atkeV corresponding to the
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Figure 4.2: The top panel shows the data (crosses) and the single teimpeomtinuum (curve)
for the two representative spectra before to and after the first dranpatitral change seen in
the outburst data. They are the spectra labelled in Figure 4.1 as 1 (tdpje blee spectral
change and 2 (bottom) after the spectral change. The plots below shoesillaals for this
model and fits to subsequent models. The upper and lower panelspmdas spectrum 1 and
2 respectively. The model, as usedXisPEC, is labelled above the pair of residuals, with the
reducedy? at the end of the individual panel.
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Table 4.2: Best fit parameters for the representative spectra for alllmasked in the fitting. The data in this table refers to the residuals
that can be seen in Figure 4.2. All errors are 68 per cent confidencaé parameter of interegty? = 1.0).

ModeP P% KT EW A R/Tmax’ nH CvrFrac
[keV] [eV] [atoms cm?]
1°€ 2 1 2 1 2 1 2 1 2 1 2 1
m 13(43) 13(43)| 168 6.3 - - - - - - - - -

mg |153(41) 236(41)| 177 67 | 195 182 | 054 045 - - - - -

mRg | 140 (40) 237 (40)| 1435 637021312735 31655 | 0467591 0.447903 1103 07708 | - - -

meg | 222 (40) 540 (40)| 189935 84722120215 0.005,,|0.48'5%2 0.46730%|0.2675%2 1.127%1| - - -
mpg | 104 (39) 167 (39)|149'53 6.1732 (2803 16732 | 0.49705% 046003 - - | 10632 204531 0.37°3%° 0.93721

aAll models comprise of one or more of the following components:

m=mekal, R=free reflection, eedge, p-partial covering absorber=gauss
bTo save space in the table the upper column represents R and the lowanaejresents
¢Columns labelled 1 represent best fit values of spectra 1 from Figutesnd 4.2.
dColumns labelled 2 represent best fit values of spectra 2 from Figutesnd 4.2.



K-shell edge energy of neutral iron. Although this model is not physica#istic it is, however,
useful to parameterise the system. Figure 4.2, panels G and H, showithealeg$or this fit.
After the addition of the edge component to the model the fits resulted in arpgofer both
spectra with2 of 2.22 (40 d.o.f) and 0 (40 d.o.f) in spectrum 1 and 2 respectively.

The absorption edge most likely did not account for the absorption in ttreat@gart
of the spectrum. The edge component was replaced by a partial cofexition, to model a
partially absorbed X-ray source such as a disc in the line of sight betiiveeletector and X-ray
source. The addition resulted in a significant improvement to both fits, regiritiay? of 1.04
(39 d.o.f) for spectrum 1 andy& of 1.67 (39) for spectrum 2. Figure 4.2, panels | and J, show the
residuals for this fit. Performing an F-test calculation between the thermsahplanodel with
emission line, the current model shows that the improvement is significant seitiapilities of

2 x 107* and 4x 10 for spectra 1 and 2 respectively.

4.4 Full Spectral Analysis

Using two representative spectra in Section 4.3.2 a model was createchthabie to describe

the data. To further improve this model all data needs to be taken into accdumntata was
split into 23 spectra to give a good combination of time resolution and signalise-n This
allows the evolution of thg2 and model parameters to be studied throughout the outburst. The
best fit parameters for the representative spectra to all models as Wehdbased on fits to all
spectra are presented Table 4.4. All fits were performed using systemiaiassed in Section
4.4.1. This table also includes the single temperature thermal plasma mode#aal/dine

with and without the partial covering absorber for comparison.

4.4.1 Detector Systematic Error

Only the final model in Section 4.3.2 was able to provide a satisfactory fit tcirspe 1 and
none of the models resulted in an acceptable fit to spectrum 2. All models ireFdiexhibit
residuals at the same energies, for example small peaks just below 7¢d h@@n20 keV and

dips between 7 8 and just above 10 keV. These residual features indicate that eithaiothe
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is incorrect or un-modelled systematic features remain in the data. Extemsalgsis of the
calibration and background model for tRE€A was carried out by Jahoda et al. (2006). They
determined that the energy calibration has deviations dfper cent from power law fits to the
Crab Nebula and unmodeled variations in the instrumental background@ per cent below 10
keV and< 1 per cent between 1020 keV. Reviewing the literature it is common to find many
authors add a systematic error to compensate for properties of the debedtare still poorly
understood, see Table 4.3 for a list of references for systematicsndeadresulting 2.

Instruments, such as tiRCA, with a large #ective area have a high signal to noise. The
resulting systematic error associated with the detector response is domigatiaeddstainties
in the calibration rather than the Poisson errors. To obtain reasonaloieadparameters, the
systematic error of the instrument must to be taken into account.

A series of fits were made with the systematic error selected in the ranrge Per
cent, as identified by Jahoda et al. (2006). The data were fitted usingrtemicbest model: a
thermal plasma model with free abundances and a narrow emission line figgtdkaeV with
a partial covering absorber. Figure 4.3 shows the cumulative histogi@ qf the best fit
x? distributions, with the cumulative plot of the? distribution (curve) on the same plot. The
plots show that a systematic error of 0 and @er cent underestimates the error resulting in
distributions that are greater than 1. Similarly a systematic error of betwBeand 2 per cent
overestimate the error and result in distributions that are less than 1. Amstiterror between
0.3 and 1 per cent produces a distribution that is closestytodistribution, with a systematic
error of Q5 per cent producing the best result. Since this is within the range identjfigahimda
et al. (2006) and produced acceptable fits to the model, this value wateddop applied to all
data.

A systematic error of @ per cent was chosen and applied to the data. Analysis of the
fainter SU UMa data in Section 7.4 in Chapter 7, where the background dmwsitiee data,
found that a systematic error of0per cent was also required on the background. It should be
noted that adding a uniform systematic error is incorrect and that thesexre demonstrably
energy dependent. However, a uniform systematic results in ghofitting the representative

spectrum with the systematics applied to the data reduceg?tfar all models in Figure 4.2.
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Table 4.3: Systematic error used in previdR¥TE data analysis with an approximate
achieved by fitting the systematic error. References with multiple systematidssystmat-
ics based on the channel range.

Systematic error [%)] Reference X2 Comments
0 Hanke et al. (2009) - -
0.8 Prat et al. (2009) - -
0.5 Nowak et al. (2008) 2 -
05 Suchy et al. (2008) .8 -
0.1 McBride et al. (2007) (0! -
0.3 Rothschild et al. (2006) .8-12 Reduced systematic untif = 1
05 McBride et al. (2006) 2 -
0.5 Wilms et al. (2006) - Calibrationfkects still present
0.5 Markaf et al. (2005) - -
0.5 Pottschmidt et al. (2005) 1 -
05 Nowak et al. (2005) 2 Mosty? = 1.2, as low as
0.5 Paizis et al. (2005) 1 Energy range- 33 keV
1/0.5/2/5 Kuster et al. (2005) -
1/0.5/2/5 Kreykenbohm et al. (2004) 2 x2=0.7-5, none near 1
1/0.5/2/5 Pottschmidt et al. (2003) 42 -
0.3 Pottschmidt et al. (2003) .9 -
0.4 Coburn et al. (2002) 1 Reduced systematic witit 1
0.3/1/0.5/1/2  Kreykenbohm et al. (2002) 42
0.3 Heindl et al. (2001) 1 -
0.25 Gruber et al. (2001) 1 -
0.3/0.4/2.4 Coburn et al. (2001) 1 Reduced systematic tgydet 1
1 Benlloch et al. (2001) a-07 -
1/0.5/2/5 Nowak et al. (2001) 2 -
2 Coburn et al. (2000) 1 -
1/0.5/2/5 Wilms et al. (1999) A-12 -
1 Heindl et al. (1999) - Reasonable fit
1 Stelzer et al. (1999) A -
2 Dove et al. (1998) 5 -
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Figure 4.3: Cumulative histogram plots gf resulting from fits of all spectra to the thermal
plasma model with a narrow emission line with partial covering absorption. &blegibound
systematic error is fixed at O for all fits while the detector systematic is varied &r— 2 per
cent. The cumulativg? distribution (curve) is also plotted.

66



However, the only model to fit both spectra well was the thermal plasma mattehwarrow
emission line and a partial covering absorption component. This model eksubig? of 0.96
(39 d.o.f) for spectrum 1 andi& of 1.48 (39 d.o.f) for spectrum 2. Although thé for spectrum
2 was still high they? histogram of all spectra shows that this is broadly consistent with a

distribution.

4.4.2 Reflection

Adding a reflection component, with the reflection albedo fixed at 1 and flleetie abundances
tied to the abundances of the plasma model, to the single temperature model tidgttcpaering
absorber and.8 keV line did not result in an improvement to the representative spectia. Th
model also did not improve the overaff when applied to all data (See the totglcolumn in
Table 4.4). Allowing the reflection to be a free parameter only improved specty however

it did significantly improve the totat? of the fit to all the spectra. An F-test resulted in a
probability of 10 x 10°8. Freeing the reflection component resulted in both the reflection and
covering fraction contribution in spectrum 2 being larger than that oftgpacl. This was also
accompanied by an increase in the equivalent hydrogen column. Thetiail however, was
not well constrained (also found by Done & Osborne, 1997). Althatughhighly unlikely for

the metal abundances to change during the observation the abundesroetea for all spectra
were fit as a free parameter and independently. Fitting the spectra imeygnallowed the
minimisation to converge in a reasonable time. See Table 4.4 for the full list osatl fi
parameters for this and all other models applied to all spectra. Fits to all thegiaggthe single
temperature model and partial covering component widhkéV and free reflection component
can be seen in Figure 4.4.

Throughout the outburst the flux was well constrained, the best fit texrtype of spec-
trum 1 was higher than spectrum 2. The trend of all the data showed ttia agstem entered
outburst the temperature rapidly dropped as the flux quickly rose beéing quenched. The
hard X-ray flux remained close to zero until the end of the outburst whénthe temperature
and flux began to climb. The flux reached its peak and declined back to iscguatevalue while

the temperature continued to climb reaching its peak at the end of the obser\dtereflection
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and covering fraction both increased as the X-rays became quencthedsgart of outburst and
declined at the end of the observation when the X-rays recoverechyinegen column, within
error, was consistent with being constant throughout the observétismunclear whether there

is any pattern in the .8 keV line equivalent widths through the outburst and within the error
there is only weak evidence for variability. These equivalent widths, witiénerror, are also
broadly consistent with those found previously, (e.g., Done & Osbd®@@7; Rana et al., 2006;
Okada et al., 2008)

4.4.3 Multi-Temperature Model Fits

Although the fits in Sections 4.3.2 and 4.4.2 show that a single temperature repddents the
data well, fits by Done & Osborne (1997), Baskill et al. (2005) and @ketdal. (2008) were
found to be more statistically acceptable using a multi-temperature continuumefdigethe
single temperature continuum model was replaced with a multi-temperature mechelkidn
XSPEC (built from the mekal code, Singh et al., 1996). The emission measure foldlguower
law in temperature, proportional t@ (Tmax)®. This allows a full range of temperatures to be fit
with Tax anda fit as free parameters.

As with the single temperature fits, the residuals required an emission line fixed a
6.4 keV and free metal abundances. Compared to the single temperaturg, ghalonulti-
temperature model produced better fits, witlyZaof 0.94 (40 d.o.f) and B1 (40 d.o.f) for
spectra 1 and 2 respectively and a tgtabf 1.12 (920 d.o.f) (see Table 4.4).

The requirement of the.é keV line is an indication of Fe & fluorescence emission due
to illumination of cold gas. Adding a fixed reflection component to the model withetfiector
abundances tied to the abundances of the plasma model produced & §mapctrum 1, with
ay? of 0.96 (40 d.o.f), but resulted in a poor fit to spectrum Z6of 1.42 (40 d.o.f), however,
the model was a good fit to all the data with an oveydlbf 1.05 (920 d.o.f). The overall best
fit was significantly improved when the reflection was allowed to be a fresnpater resulting
in a best fity? of 1.01 (897 d.o.f). An F-test resulted in a probability 00 % 107°. The best fit
to spectrum 1 improved, with g of 0.85 (39 d.o.f), no improvement was seen for spectrum 2.

The best fit values for the temperature anaf both spectra, were consistent with the quiescent
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Figure 4.4: Results of fitting the twenty three spectra with a single temperaturel nviat
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0.

Table 4.4: Best fit parameters for the representative spectra for aélmosded in the fitting. The first two models are included from
Table 4.2 with new? calculated using the systematics from Section 4.4.1. All errors are 68 pecaefidence for one parameter of
interest Ay? = 1.0).

100
2.03:8

100

0.9
2077

ModeR|  x&, 3% KT/T max EW A
[keV] [eV]

1° 2 1 2 1 2 1 2 1 2 1
mg [123(943) 117 (41) 200(41)] 179 67 | 201 184 | 053 045 - - -
mpg | 1.06 (897)| 0.96 (39) 148 (39)|149':% 6.1795 | 280733 167733 | 0.4970%> 0.467293 - - -
mprg | 1.06 (897)| 0.94 (39) 152 (39)| 122705 6.2°55 | 11873 16470 [ 0.407093 0457053 - - 1.00
mpRg | 0.99 (874) 0.83 (38) 144 (38)| 142*11 5792 | 28082 1707197/ 0.46'302 045293 - - |06%02
cg 1.12 (920)| 0.94 (40) 161 (40)| 288*35 107+39| 179719 2122 | 058597 0537397 | 1.57°041 0927028 | -
crg 1.05 (920)( 0.96 (40) 142 (40)[ 153*28 9,057 | 1117} 16333 | 0.427592 0487093 2.95'731 0.83793%| 1.00
cRg |1.01(897)[0.85(39) 142(39)( 18735 82'02 | 152712 11731 | 0.487057 0.46'50%| 2767258 0.627038| 0.5%03
cpg | 1.02(874)[0.83(38) 146(38)2873F 627035 |170°50° 1737,] 046705 0.46°003( 0727055 100°00 [ -
crpg | 1.00(874)[0.84 (38) 144 (38)| 16517 116'19 2197126 2587 | 0.43'59% 05272921 2.70°730 0.010923 | 1.00

100

aAll models comprise of one or more of the following componentsnmekal, =fixed reflection,

bspectra 1 the leftmost of the pair of parameters
Cspectra 2 the rightmost of the pair of parameters

Rfree reflection, ggauss, eedge, A=free Abundance



and outburst fits of Done & Osborne (1997), for fits using the same mdtdelbest fit reflection
parameters of the representative spectra indicate a larger amountafiogflin outburst than
quiescence in support of Done & Osborne (1997). They found fleetion during outburst to be
2.2, consistent with spectrum 2 which fit with a reflection (ﬂ*_g:?. Their quiescent reflection
was Q7, consistent with spectrum 1 which fit with a reflection (ﬁjgé. Multi-temperature
models including a partial covering fraction were also fit, these models veeresad for further
analysis as the data were not able to constrain the model. See Table 4.4ftdIrlisisof all best
fit parameters for this and all other models.

As the system entered outburst the temperature rapidly dropped while xhgufttkly
rose before being quenched. The hard X-rays remained close tarzdrhe end of the outburst
when both the temperature and flux began to climb. The flux reached a ptak bieclining
back to quiescent, while the temperature continued to climb reaching a pealeattlof the ob-
servation. See Figure 4.5 for a plot of the best fit parameters. The multetampe continuum
provides a more realistic description of the continuum, however the largeseer.g. e, indicate
that the model is barely constrained by the data. The besplrameters were also larger than
expected, fits by Baskill et al. (2005) resultedhiof 0.16 + 0.06 in outburst and.21 + 0.09 in
qguiescence. However, Done & Osborne (1997) had a best fiﬁatg:gg in outburst and also
had a highy in quiescence of.Qj’j;. The spectra in Figure 4.5 (without error bars on the time
axis) were poorly constrained and the best fits extend past the axis réing contribution from
the reflection continuum was not well constrained but suggests thatfthetien increased at
the start of the X-ray suppression and then declined as the hard Xeaysered. It is unclear
whether there is any pattern in thé&eV line equivalent widths through the outburst and within
the error there is only weak evidence for variability. The best fit abooeks reassuringly have
very similar values of 0.4 solar for all spectra.

In both the single and multi-temperature fits the spectra had a lower temperating d
the outburst and favoured sub-solar abundances @# solar. Both models, within error, had
consistent 6 keV line strengths of 200 for the single temperature model and.50 eV for
the multi-temperature model, strongly indicating the presence of a reflectidgimaom in the

spectra (George & Fabian, 1991). The higher covering fraction gddolgen column during
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Figure 4.5: Results of fitting the twenty three spectra with a multi-temperature mitidree
abundances, fixed4 keV emission line and a free reflection component. All errors are 68 per
cent confidence for one parameter of interagt’(= 1.0).
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outburst in the single temperature fits provide some evidence of an indraameint of absorb-
ing gas during this period, possibly from observing hard X-rays thidhg disc, however this
component is not needed by the multi-temperature models. When fitting refletigospectra

favour a higher reflection in both models, however it is not well constdaiineither.

4.4.4 Model Reflection

Only photons above 7 keV have enough energy to produce fluomspdiotons that contribute
to the 64 keV line emission required by the data. Thé BeV line provides evidence of pho-
toionisation which is a strong indication of Compton scattering of X-rays. tegdits are also
consistent with a reflection component being present in the data. Sincedtlke\6 line can
only be produced by photons with a higher energy it is possible to get a batterstanding of
the reflection in the system by plotting the flux above 7 keV with the line normalisalficime
amount of reflection in the system is constant then, as the continuum emissieases the line
emission will also increase. Thus the gradient of a best fit line is repetsenof the reflection
in the system. As the flux from the X-ray source decreases the numbéotdns producing
fluorescence line photons also decreases, thus the best fit line ideskpetave an intercept
that passes near to zero.

The line normalisation and the line flux above 7 keV is plotted in Figure 4.6 for the
single temperature model with4keV line and a partial covering absorber. The solid line
shows the best fit to all spectra, the spectra are also numbered selfuantime (see Figure
4.4). ltis clear that spectra numbered 71 do not fit this line. The dotted lines represent
separate line fits. The steep line is composed of the spectra above the initidl disevell as
the group of spectra with low # 20 keV flux. The spectra with high line normalisation were
observed just after the hard X-rays suppression, spectra 5 ahddérved immediately after the
suppression, also fit this steeper line. These spectra are consistebaétvations of the U
Gem outbursts where more reflection was seen during outburst (Fidutén6Chapter 6). The
second line is composed of all spectra excluding those above the initial linEh&tresiduals
between the respective dotted best fit line and the data are plotted in the Ipatte@h The two
line fits resulted in gradients of D07 + 0.009 and 053 + 0.002 respectively (intercepts were
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—0.007+ 0.005 and-0.027 + 0.003 respectively). The steeper gradient between the pair of line
fits shows that there is a greater amount of reflection in the outburst apieety more 8! keV
photons were produced from photons with enefgy keV during the period these spectra were
observed.

The single temperature model used for Figure 4.6 may over predict4Hes¥ line in
outburst. At lower temperatures there will be more He like emission which may bg fhe
6.4 keV line. The multi-temperature model allows a range of temperatures to lesuiting
in a more realistic determination of the thermal lines. Therefore, the line normahisand
the line flux above 7 keV is also plotted for the multi-temperature model in Figute#his
model includes a reflection component that accounts for the reflectédnshevhich should be
removed from the data leaving only the photons that can cause reflecfiten.afest fit to the
model was found the reflection parameter was then set to zero and theaffuwalculated.

As with the single temperature plot the solid line shows the best fit to all spegiaa)

a number of spectra do not fit this line. The dotted lines represent sepiafits using only
the spectra that lie above the solid line, whilst the second line fit is made usimgritaéning
data. The residuals between the respective dotted best fit line and thareaikotted in the
bottom panel. The line fits resulted in gradients dfd¥ + 0.002 and 0054+ 0.003 respectively
(intercepts were-0.008 + 0.004 and-0.051 + 0.003 respectively). Both Figures 4.6 and 4.7
have consistent gradients and are consistent with more reflection agiheibg of the outburst
when the hard X-rays were quenched. However, it is possible thage ag$tem entered outburst
more cooler gas was present in the boundary layer there resulting inra@asedn the helium
like (at 67 keV) thermal line emission, which was blended by the detector and fit by4he¥

line resulting in stronger line equivalent widths.

4.4.5 X-ray Luminosity

The spectra observed on JD 24503686nd 2450368 were used to calculate the luminosity and
accretion rates representing the system in quiescence and outburst, inetgdubéore the disc
became optically thick to its own radiation. Fluxes were calculated from thefitizgy model

over the energy range 2 20 keV. Broadband fluxes were also calculated by integrating over
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abundances. The bestfit line to all the data and separate best fit lingsthitiseparate gradients
are plotted along with their residuals. All errors are in the 68 per centdmmde interval for
one parameter of interesiy? = 1.0).
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Table 4.5: Fluxes, luminosities and associated accretion rates for SS Cygni.

Time Flux@ Luminosity’ Accretion raté
[JD] [2 - 20 keV] [0.01- 100 keV]

24503663 6.2 11 36 34
24503669 21 38 11 12

ax10 Mt ergs stcm2
b %x10%%(d/166pc)? ergs st
cx10%gst

the energy range.01 — 100 keV. Fluxes are presented in Table 4.5 along with the luminosities
and associated accretion rates. Assuming a distance & 168&.7 pc for SS Cygni (Harrison

et al., 1999) and using the(l — 100 keV fluxes, the corresponding luminosity was calculated
to be 36 x 10°%(d/166pc)? ergs st and 11x 10°%(d/166¥ ergs st. Using the relation. =
GMuwdM/2Rug and assuming the mass of the white dwarf in SS Cygiiiig = 0.82M,, and

Rwd = 5.9x 108 cm (Bitner et al., 2007), accretion rates were calculated. The accreties r
corresponding to the luminosities were calculated to #ex310* g st in quiescence and

1.2 x 10 g st immediately before the hard X-rays were quenched.

4.5 Updated Software Release

Improved PCA response matrix software and calibration database filesreleased after this
analysis was performed. Changes were made to both the energy-toethalationship and
the modelling of L-escape lines. Cumulative histogram plots using the neweaseftand a
systematic error selected in the range P per cent are shown in Figure 4.8 using the preferred
models from the previous analysis. A thermal plasma model with free aboesland a narrow
emission line fixed at .@ keV with a partial covering was used. Comparing this figure with
Figure 4.3 shows that the new software does result in an overall improweothe spectral fits
using lower systematic errors.

Figure 4.9 shows the average residuals for all 23 spectra from fits t@tinerfost re-
alistic and best fitting models (labelled). As before (Section 4.3.1) all modedemied in this

figure are fitted with a background systematic error of O per cent and witite systematic
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distribution (curve) is also plotted.
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error of O per cent. The multi-temperature model is also fit with O per cemersydic error,
despite the previous fit using aS0per cent systematic error on the source and background, to
compare these residuals with the other models. The average residualsystematic features
present in all spectra. The at the end of each plot represents the sum offhier all spectra
divided by the sum of the total degrees of freedom. The left column ugerévéous response
and calibration files, while the right column uses the new response andatialibfiles.

The new detector response and calibration provide a better descriptio® ®fstematic
features introduced by the detector, clearly reducing the residuals wualifodels in all chan-
nels below~ 8 keV. However, based on these fits the updated response and catilniatase

release does not change the results in Sections 4.3.1 and 4.4.3.

4.6 Discussion

A total of 293 ks of data beginning on 1996 October 9 and ending on 1@%@bér 21 of SS
Cygni were presented. During the outburst evolution, the hard X-uaygfliickly rose at the start
of the observation before being rapidly quenched and softening.theand of the outburst the
hard X-rays began to recover, the spectrum hardened and the $leixaa peak before reaching
guiescence. Good fits were achieved with both single and multi-temperatgragplaodels.
All spectra required the addition of a fixedd&eV line and free metal abundances. The single
temperature model also required an additional partial covering absarlaehieve a goog?
for all spectra. The need for adkeV line is highly suggestive of Fe&fluorescence emission
due to illumination of cold gas, which is a strong indication that there is Comptdtesog of
X-rays. The equivalent widths were consistent with that of a reflectigginoand the high nH
and covering fraction, in the single temperature fits, during the supprealio suggests that
some hard X-rays were observed through the disc. Adding a refleadiimaum to the model
significantly improved the best fits. Both the single and multi-temperature modelsréa a
higher reflection during the hard X-ray suppressioﬁj?g and ZOj%? in outburst and (}Bfg:g
and 05j8:% in quiescence, for the single and multi-temperature model respectivelyefléetion

parameter was not well constrained for either model and the errordratsefsingle temperature

78



mekal + gaussian (free Abundances)

\
+
— + — ﬂ
+ et e T T EERTAR
5 ol + ,,,,,,, f *ﬁHWH ,,,,, = x o+++ ,,,,,, + ,,,,,,, { WHWH =
5 10 20 5 10 20
reflect( mekal ) + gaussian (free Abundances)
‘ — T ‘
i + : |
o X - } ot
bl 18 t ittt 18
S S i TR O S T R
© 1] © + TL 1l
) ' gﬁ“ SEn Ay b e
it ¥ ] i 1
+ ]
5 10 20 5 10 20
pcfabs( mekal ) + gaussian (free Abundances)
-« T + ] a
1+ bl + .
AR T RTINS b
R R OSNRLL O OR ULEUPO AOF Ms
3 + L - ) e S TR LIS P
Hﬁ o ﬁH WZQ H++ AT AT )
5 1‘0 20 ‘ 5 1‘0 20
reflect( cemekl ) + gaussian (free Abundances)
X bl T + 0 Jy e ++ ,,,,,,,, 4 =< o + { GRS —
Sl TR U 'y w >< 3 opbppt ﬁ* I
o ot f T
5 1‘0 20 ‘ 5 1‘0 20

Figure 4.9: Averaged residuals resulting from fits of all spectra with thellkzdb model using
the old (left) and improved (right) response matrix software and calibratitabadse.
79



model overlap, however, increased reflection in the multi-temperature maighiicant. This

is also consistent with increase in reflection observed in plots of.thén@ normalisation and
the flux above 7 keV. This is consistent with reflection fits by Done & Osb@i®97). They
found a reflection of 2 in outburst and @ in quiescence for their multi-temperature model (no
errors were given).

Further evidence for reflection comes from the line fits of tiek@V line normalisation
and the model flux above 7 keV, only flux above 7 keV has enough gtette able to produce
fluorescence photons. A higher fraction of fluorescent photone ereated from the continuum
flux in the spectra immediately following the suppression. Approximately 10qreraf the flux
were fluorescent photons, compared to approximately 5 per ceneltbsuppression and at
the end of outburst. The spectra at the end of outburst were consisterthe same fraction
of fluorescent photons as quiescence. A high fraction of fluorégtertons was also seenin U
Gem after the boundary layer entered outburst in Chapter 6 (see Big4ré

The luminosity at the start of the observation (a good estimate of the quidaognt
nosity), was 3 x 10°2 ergs s!. The luminosity at the peak of the flux at the start of outburst
was calculated at 1% 10°? ergs s. This is presumably the moment when the optically thin
boundary layer became optically thick to its own radiation. The corresporagicigtion rates
were 34 x 10'° g s and 12 x 10'® g s71 respectively. The outburst accretion rate is consistent
with the expected critical value of:2 10'® g s for outburst (Pringle & Savonije, 1979). If the
quiescent disc were to extend down to the white dwarf surface and if tfagy3(are emitted by
a hot boundary layer (Pringle & Savonije, 1979; Tylenda, 1981; Rattet Raymond, 1985b),
then the required accretion rates would be about two and a half orderagsfitude higher than
predicted by the disc instability model, (e.g., Hameury et al., 2000). DuringusitlJ Gem
had an accretion rate of Bx 10* g s"1 and 55 x 10'* g s71 for the 1997 and 2004 outbursts
(see Chapter 6). The average SU UMa quiescent accretion rate2vas®® g s (see Chapter
7).

Current theory suggests that a hole is required to develop in the inneatiaocdisc
during quiescence, (e.g., Lasota, 2001). The observed accretors rabout two and a half

orders of magnitude higher than predicted by the disc instability model, (e.mett# et al.,
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2000), if the X-rays are emitted by a hot boundary layer that extends tlmthe white dwarf
surface (Pringle & Savonije, 1979; Tylenda, 1981; Patterson & Ragmb®85b). As the disc
enters outburst the accretion rate increases and material in the disc fillantbated boundary
layer causing the hard X-ray flux to increase. The correlated incliease reflection and
guenching of hard X-rays suggests that the boundary layer begitisitecfieasing the reflection,
as the hard X-ray emitting region becomes optically thick. The time frame for thie Xa
ray emitting region to become quenched is approximately 4 hours in the case ofitthurst
presented here. Similarly at the end of outburst, the hard X-rays neandehe boundary layer
transitions from an optically thick to optically thin state. This is surprising, it wen@expected
that the reflection should, for example, decrease after the spectrulansaat the end of the
hard X-ray suppression and not at the same time as is observed. Atdhef éme hard X-
ray suppression the spectrum hardens indicating that the truncated sbgiold have emptied.
This suggests that the observed changes in the spectrum may be due twutigary layer
itself and not disc truncation. Holes present in the inner disc could be tbima number of
ways: magnetic fields (Livio & Pringle, 1992); evaporation into a siphon {ideyer & Meyer-
Hofmeister, 1994); or an Advection Dominated Accretion Flow (Menou,0200russ et al.
(2004), presented two-dimensional accretion disc models achievingrtieedfact with a small

portion of the disc remaining in a high-viscosity state.

4.7 Conclusions

Previous analysis of the X-ray properties of SS Cygni have relied tgdatively short snap shot
observations during either quiescence or outburst. Analysis of s stakes it diicult to
determine how the spectrum evolves between the hard and soft state icequiesind outburst.
Analysing extensive X-ray data of SS Cygni during the 1996 outbusistgupointed
RXTE/PCA observations anédAVSO (optical) observations, it has been possible to study the
spectral behaviour with far greater temporal accuracy than has eeer done before. The
data presented here covered an entire transition from quiescence ihtosband the reverse

transition from outburst back to quiescence.
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Good fits were found with a single temperature plasma model, free abusdan6é
keV line and partial covering absorber. The data are also consistenawithiti-temperature
thermal plasma continuum and with a reflection component present.

The evolution of the spectral parameters shows that there is evidenee focrease
in the reflection during outburst. The change in reflection also occure aame time as the
spectrum changes. The increased reflection observed suggesketbas additional reflecting

material present during outburst. This is consistent with a truncated irgeaghating quiescence.
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Chapter 5

The Quiescent Evolution of SS Cygni

5.1 Introduction

SS Cygni enters outburst approximately every 50 days, with a bimodabdistn in the dura-
tion of approximately 7 and 14 days (Cannizzo & Mattei, 1992). The remamiii§ per cent
of the time accounts for quiescence. The length of time spent in quiescees matudy of
this period very important in the understanding of the photometric and spegpit evolution
of the system.

Quiescence has been described as the 'Achilles heel of the disc instabitisl’ rog
Lasota (2001) and the disc instability model (DIM) is not able to accuratelgrdee this section
of the outburst cycle. If the quiescent disc were to extend down to the diviief surface and
if the X-rays are emitted by a hot boundary layer (Pringle & Savonije, 19yenda, 1981;
Patterson & Raymond, 1985b), then the required accretion rates woaldolog two and a half
orders of magnitude higher than predicted by the disc instability model, (e.metits et al.,
2000). accretion rate in the quiescent accretion disc is dependent @uths the gas in the disc
is accreted at. Therefore, the removal of the inner disc by magnetic dtrdss Pringle, 1992)
or evaporation (Meyer & Meyer-Hofmeister, 1994; Menou, 2000)yoother means makes the
truncation of the disc an important ingredient in the DIM resolving the disarep between
observation and theory.

Previous studies have been based upon a number of snapshotatibssrwith short
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Table 5.1: PointedRXTE/PCA observations.

Proposal ID Year Start - End Number of Total Gain
date observations  exposure [ks]  epoch
P20033 1997 Mar 01 - Jul 02 42 83 3
P40012 1999 Jun 07 - Jun 21 20 73 4
P50011 2000 Mar 05 - Jun 03 185 171 4,5
P50012 2000  Aug23- Jan18 15 55 5
P90007 2004 Sep 19 - Jan 25 33 178 5

durations, making it diicult to draw firm conclusions about the quiescent X-ray evolution. This
chapter explores the long and short term evolution of the quiescentsGraer a number of well
sampled outburst cycles spanning several years. Thanks to the higth ®ighoise of the data
complex spectral models are constrained providing a better and more detailestanding of
the quiescent state. The transitions for a number of outbursts are alsedsailohg with the

accretion rates during the transition and in quiescence.

5.2 Observations

The observations of SS Cygni used for the analysis in this chapter angsh Table 5.1. The
observations spanned from approximately 2 to 5 months having total exgsasib5 to 178 ks.
Data were measured using the proportional counter aRP@AY experiment orRXTE (Bradt
etal., 1993).

For details of the extraction criteria and software used in this chapter stiers4.2 in
Chapter 4. Data for this chapter were extracted using an updated vévsision 67) of the

FTOOLS package.

5.3 Time Series Analysis

5.3.1 Outburst Lightcurves

Figures 5.1 to 5.5 show contiguoA8VSO andRXTE observations along with their X-ray hard-

ness ratio and variability. The calculated variability is plotted along with the ¢éxgeariability
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(solid line) based on counting statistics alone. The hardness IFgt®),was formed by dividing
the counts into a soff, and hardH, band. The bands were roughly split so there were an equal
number of counts in each band32- 4.8 keV in the soft band and.8- 20.3 keV in the hard
band. The data sets used to produce these plots along with details of ther mfmixgervations,

exposure time and satellite epoch are listed in Table 5.1.

P20033, March - July 1997

The X-ray evolution spanning one long and one short outburst and tjuescent periods is
presented in Figure 5.1, for data set P20033. The most noticeableiehestic of the data set is
the average count rate; in the third quiescent period (27 couhjtthe count rate was noticeably
higher than the second (19 counts$)squiescent period. The average quiescent count rates for
this observation and all others in quiescence can be seen in Table 5.4tionSe4.2. On JD
2450517 the optical magnitude rose from an average Bfrhag to approximately 14 mag.

The X-ray count rate also increased at this time by a factor of 2 with a sligbfigrsspectrum
resembling a mini outburst. In the optical band both outbursts were very sitndesever, in

the X-ray bands the outbursts were noticeabljedent. Before the start of the short outburst
the flux nearly doubled from 20 to 38 counts efore being suppressed to below the quiescent
level. The hard X-rays recovered as the optical band returned tacgmies. In the long outburst,
the X-ray, behaviour was filerent from expected, the count rate increased to marginally above
the quiescent rate but was not suppressed until 10 days into the duthsrthe optical band
began to decline the X-rays became suppressed before quickly riegpvas the optical band
reached minimum the hard X-ray count rate rose above the quiescenbdédoee returning to
quiescence resembling the U Gem outbursts presented in Chapter 6. Alttieuguiescent
count rates varied dramatically throughout the data set the spectrunemaskably constant,

with a hardness ratio of.1. During outburst the hardness ratio dropped.& 0

P40012, June 1999

The evolution of the X-ray recovery into quiescence is presented in €&igw®, for data set

P40012. During the optical maximum the hard X-rays were clearly supgiesnd began to
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recover when the optical band had declined to approximately half of the maxiouburst
magnitude. The recovery was earlier than seen in the 1996 outburstjeCHhavhich occurred
as the optical reached quiescence. During the recovery, the hargl @6unt rate reached a peak
of approximately 100 counts $lasting for approximately .3 days, a day longer than was seen
in Chapter 4. The X-ray count rate then returned to what was most likelgulescent count
rate.

The spectrum was softer in outburst than quiescence, changing fBin Gutburst to
1.1in quiescence. As the X-ray count rate began to increase the haginesthly increased. In
the 1996 outburst (see Chapter 4) the hardness varied beforesimgraa the system returned to
quiescence. When the hard X-ray count rate reached maximum in thelypeads the hard X-ray
recovery the spectrum was still getting harder, reaching maximum as ttieXkarys returned

to their quiescent count rate.

P50011, march - June 2000

The X-ray evolution spanning a long and short outburst and two quiepegiods is presented
in Figure 5.3, for data set P50011. This observation has an impressipetal resolution with
a cadence of approximately 12 hours. Both outbursts were very similar optfeal and X-ray
bands, with the only noticeableftkrence being the duration. The X-ray suppression was well
defined, with a count rate of approximately 10 counts $\t the end of the outburst, the hard
X-ray recovery began during the decline in the optical band. The catetrose sharply to a
peak of 135 and 170 counts'sfor the long and short outbursts respectively; 8 days after
the optical reached quiescence. During quiescence the X-rays lsetaghly variable, ranging
from 20— 110 counts 3t

Despite the larger error bars in outburst, it is clear that the X-ray wdtersapproxi-
mately 08 for the long outburst and.85 for the short outburst. The quiescent spectrum, with
a hardness ratio of approximatelyllalso did not show much variability despite the highly

variable count rate during this period.
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P50012, August - January 2000

Two concentrated groups of observations in outburst and quiesegageresented in Figure
5.4, for data set P50012. The hard X-ray count rate was approxinafaltor of 5 higher in
quiescence than in outburst. The spectrum was also softer in outbursesjithctive hardness

ratios of approximately .8 and 105.

P90007, September - January 2004

Four X-ray outbursts, two fully observed short outbursts and two figroaserved long out-
bursts are presented in Figure 5.5, for data set P90007. Threeeqtiesriods were also fully
observed. The outburst count rates were all lower than in quieseamntall at approximately
10 counts 3!, while the quiescent count rates were highly variable.

The hardness of the spectrum was well defined and shows a dropfsproximately
1.1 to 08 when the system transitioned from quiescence to outburst. The quispssirum

also did not change greatly while the count rate was highly variable.

Light Curve Trends

In all data sets, the X-ray light curves (with the exception of one outlrste P20033 data
set) and hardness ratios presented very consistent behaviour. bt alhe outburst the hard
X-rays were suppressed to a mean count rate of between 5 and 18 sdunAt the end of
outburst the hard X-ray recovery began after the optical band heddsirstarted to decline, the
count rate rose above the quiescent rate before returning to quiesddrere was also evidence
for a count rate increase before the hard X-ray suppression,veowiewas very rapid with
a duration of~ 12 hours, consistent with Wheatley et al. (2003). The quiescent Xweaye
brighter than during outburst and were very variable ranging fromceqpately 20- 75 counts
s, The mean quiescent count rates were also veffgréint between quiescent intervals, the
mean quiescent count rates can be seen in Table 5.4.

In all observations the spectrum was well defined. Despite the high levatiability in

quiescence, the hardness ratios were very constant, with a hardtiess all data sets between
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1.05 and 115. In outburst the spectrum was softer dropping to betwe&hdnd 085.

5.3.2 Outburst Transition

An increase in the count rate is expected before and after the harg 3pgpression and was
clearly observed in Chapter 4. A detailed plot of the transition of the P5@atHlset can be seen
in Figure 5.6. Three observations before the X-rays became queratheithg on JD 2451622
and 245168@®, were very similar to that seen in Chapter 4 and show evidence of amgacte
count rate. In the first outburst the count rate, initially at the quiesetat increased from 33
to 66 counts 3. The count rate then dropped to 33 counts lsefore becoming quenched at
9 counts s'. The second outburst followed a similar pattern. The count rate, irentfasm
66 to 106 countss. The count rate then dropped to 34 counts and then was quenched
with a count rate of 10 countss A change in the hardness ratio, when the spectrum became
softer, in Figure 5.3 also supports this as the transition into outburst. Thesevations were
consistent with the 1996 outburst in Chapter 4. The first outburst in @ata20033 also had
an increased count rate immediately before hard X-rays became qderdiecadence of the
P50011 data set was 12 hours, placing a constraint on the duration @fpildepeak of< 12
hours. This is consistent with observations by Wheatley et al. (2003ywaasured the duration
of the increase before outburst to be 12 hours.

An increase in the count rate in the recovery of the hard X-rays wasd\clistected in
both outbursts in data set P50011 a recovery was also observed aftenthoutburst in data
set P20033. In the P50011 data set the count rate rose graduallgefost the optical band
reached quiescence, to a peak of 135 and 170 couhtsspectively. Approximately 4 6 days
later the X-ray count rate reached quiescence, which was approxinzatefy days after the
optical band reached quiescence. The duration of the hard X-rayasclasted nearly as long
as the hard X-rays were quenched for, with the peak after the longrsutbsting longer that
that of the short outburst.

The cross correlation of all the data sets, including the outburst fronpt€hd, was
calculated separately for both the optical rise and decline. The crosdatmm is a method

of estimating how correlated two time series are, i.e., how correlated the dutiserand de-
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Figure 5.1. SimultaneousAVSO and RXTE observations along with the hardness ratio and
fractional RMS and expected variability using the observation with the eaisen ID P20033.
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Figure 5.2: SimultaneousAVSO and RXTE observations along with the hardness ratio and
fractional RMS and expected variability using the observation with the gaten ID P40012.
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Figure 5.3. SimultaneousAVSO and RXTE observations along with the hardness ratio and
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Figure 5.5: SimultaneousAVSO and RXTE observations along with the hardness ratio and
fractional RMS and expected variability using the observation with the gaten ID P90007.

cline are, for each outburst in a given data set, with the rise and declaméeofiplate outburst.
This will determine how repeatable the outburst shapes are in the data sesdiimgdhow the
timescale of the boundary layer transition vary across the outburstsrd$se @orrelation is cal-
culated by shifting one time series and taking the integral of the product ofvthéme series.
When the time series match, the product of the two time series is maximized (Fullé), T9o
templates were chosen that, qualitatively, best represented the outhusstién shapes. The
rise template used was the first outburst in data set P50011, on JD 2451&2d the decline
template used was the third outburst in data set P90007, on JD 245334t optical and X-
ray, for the respective rise and decline, were plotted with their respedfsets in Figure 5.7.
The time axis uses arbitrary time in days to indicate the separation of the riseclimkdn the
outburst cycle.

The optical transitions had very similar outburst rise and decline. The rseless
well correlated than the decline and one outburst also had a slower ris¢htnathers. This

was most likely due to the faster timescales at the start of outburst. Figurésd.3haws that
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while the quiescent count ratedtered in all the data sets all the outburst count rates were very
similar. The X-ray transitions all varied from one another and were neteliscorrelated as

in the optical band. The X-ray flux increase at the start of outburstalsmsmuch more rapid
than the decline. The only outburst that was fully resolved was the dafeosetChapter 4,
however, three other outbursts showed evidence of an increasetratel The timing of these
peaks were also consistent with occurring at the same time. Both outboratddita set P50011
showed an increase in the count rate. The last outburst in the P90G0Zedaalthough there
were no earlier observations, showed a decline at the same time as in theutb9Gt.

The recovery of the X-rays, in the right hand column of Figure 5.7, shthat the
beginning of the recovery began affdrent times in each outburst. There was also a variety of
durations and peak count rates. The earliest hard X-ray recoegignbwvhen the optical band
was still close to maximum af8mag, while the latest recovery (that of the 1996 outburst began
when the optical had nearly reached quiescence. The correlated tinggpafaks of the recovery
were, within the spread of the optical decline, consistent with occurritigeasame time. The

first outburst in data set P50011 also appeared to be double peaked.

5.3.3 The X-ray Delay

The only data set with high enough temporal resolution to be able to accudatelymine a
delay between the optical rise and the X-ray suppression was P500& PZD033 data set also
had a high temporal resolution but the X-ray observations near the heag 3uppression were
not defined well enough to be able to calculate a delay.

The variable nature of the quiescent X-rays and the cadence of taesatisns makes it
difficult to determine the start of the outburst. However, the hardness raticenawell defined
during quiescence for all data sets and is a good indication of the staet Bfithy outburst. The
hardness ratio as well as the X-ray count rate were used to calculaydideta at the start of the
X-ray outburst. In both outbursts in the P50011 data set the three alisews/before the hard
X-rays were quenched indicate the end of quiescence. The coumbpididy increased before
being quenched. The spectrum during this interval became softer alsating the beginning

of the transition into outburst. For the long outburst, the optical rise begalb@vu5162(®,
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Figure 5.6: Detailed sections of the optical (upper panel) and X-ray figimel) light curves
from Figure 5.3 during the transition to outburst.

while the X-ray outburst began on JD 24516822lelayed by approximately®- 1.6 days. For
the short outburst, the optical rise began on JD 24585 %hile the X-ray outburst began on
JD 245168, delayed by ® — 1.2 days. The delay can be seen in Figure 5.6. Both these delay

times are estimates due to the nature of the sampling of the optical and X-ray data.

5.3.4 Variability

The bottom panel of Figures 5.1 to 5.5 shows the fractional RMS variabilitheoflata (data
points) plotted with the variability expected from counting statistics alone (solijl line

All X-ray observations had highly variable count rates. The counstiateutburst were
between 5- 20 counts St. In quiescence the count rate varied over a much larger range of
20— 120 counts st, but more commonly between approximately-280 counts s*.

The fractional RMS variability ranged from 1545 per cent, data sets with higher

exposures on average had a slightly higher fractional RMS variability.ekipected variability

93



6 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
() (0]
© ©
2 2
2 2
()] [@)]
[} o]
= =
266 T bbb it bttt RRE— b et 266 S VN S
L 4 . + 4
150 . 150 |- + .
- o oh "
[2) (2]
; IE‘ . D% [}
— B 7 +— B D b
8 100} * 4 E100- 5+ |
g e 1
=} >S5
o @]
(@] O

9 10 11 12 13 14
Time [days] Time [days]

Figure 5.7: All five data sets and also the outburst from Chapter 4, cooeslated and centred
around the transition into outburst (left column) and the transition out otiositfright column).
The rise of the first outburst in data set P50011, on JD 245662hd decline of the third
outburst in data set P90007, on JD 245384%ere used for the respective templates. Symbols
relate to the outburst beginning on the following JD: 2450365 - open ci?dB0528 - open
upward triangle, 2450563 - open downward triangle, 2451336 - ojenahd, 2451622 - open
square, 2451680 - plus sign, 2453260 - cross, 2453308 - staB32345 filled right facing
triangle, 2453388 - filled left facing triangle.
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during outburst was higher due to lower count rates. During the hamy>suppression in the
P20033 data set on JD 2450536 and 2450577 the fractional RMS iligriatas approximately
60 per cent and 40 per cent respectively although the expectediligriabs also high. In data
set P20033 it is interesting to note that although the second quiescenhdetia lower count
rate than both the other quiescent sections all quiescent intervals wexdye@riably.
Although all observations had high levels of variability, SS Cygni was magtble
during the transitions into and out of outburst. In data sets P40012 and P510JD 2451622,
2451636 and 2451686, during the transition the fractional RMS variabditghred 45 per cent.
An observation covering the transition in the P90007 data set was calctddiade a fractional
RMS variability of 70 per cent. High variability has previously also been meplain VW Hyi
(Wheatley et al., 1996) and SS Cygni (Wheatley et al., 2003) as well asrt) (Gee Chapter 6)
where periods of highest variability also occurred during the transitidheoboundary layer.
The P50011 data set had the largest range of quiescent countanadeshe fractional
RMS variability also varied from observation to observation over the rdige 45 per cent.
This shows that as well as there being variability present on the time scale ofithurst cycle
there was also high levels of rapid variability within each observation on the tale sf the

sampling in this data set.

Rapid X-ray Variability

Analysis of Figures 5.1 to 5.5 at the beginning of this section showed thdy radleobserva-
tions were variable with the highest periods of variability occurring at the staend of the
X-ray suppression. Selected individual sections ofRX@E light curve from the P50011 data
set, binned in 16 seconds, shows the evolution of the variability througtroatitburst cycle.
Light curves plotted in Figure 5.8 show the variability covering conseciniezvals during an
outburst cycle. As the observations progress the variability of the qatmin the light curve
sections decreased clearly as the system transitioned from quiescendburst. As the out-
burst ended and the hard X-rays recovered the variability in the catanincreased becoming
highly variable on very short time scales, varying over the range of 820 counts 3 on the

time scale of minutes. The light curve sections that correspond to the pélad fcovery are
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plotted on a larger range, the count rate varied over a larger range 280 counts s, but

on a slightly longer time scale. As the system progressed back into quiestteneariability
decreased to a similar level as that before the outburst. This is a familiaregfotuall the data
sets presented in this chapter (see Figure 5.9).

A selection of individual sections of light curve, from Figures 5.1 to 5é&srown in
Figure 5.9, the top panel is the 16 second binned light curve with the aksbbi@rdness ratio
below, with the sofS and hardH bands split in the energy range32 4.8 keV in the soft band
and 48 — 20.3 keV in the hard band.

Both panels C and D show a large, short lived spike in the count rategdbath an
outburst and quiescence section. On JD 24583BBthe count rate increased by a factor of 9
and on JD 245134310 the count rate increased by a factor of 3. Both spikes had a duddtion
~ 250 seconds and there was little evidence of a change in the hardness ratio

The observation in panel J was observed in the P90007 data set dwrimngrtkition into
the final outburst covered by the X-rays. The count rate started teate on JD 24533886,
continuing to decline throughout the observation from 65 to 10 couhtm spproximately B
hours, until JD 245338820. During this transition there was little evidence of a change in the
hardness ratio.

The selection of individual light curve sections in Figure 5.8 and 5.9 shbaitsthere
were high levels of variability present in all data sets. SS Cygni was Vaiiimguiescence, how-
ever, the highest amount of variability was seen during the transitions idtowrof outburst.
The X-ray count rate changed by a factor of 4 in just 70 secondsnbrg commonly varied by
a factor of 3 in under a minute. These strong variations were not asgbeidkeany significant
variations in the hardness ratio indicating that the variability was not due to tatnpechanges
or photoelectric absorption. The variability was most likely due to change®iadbretion rate
in the boundary layer.

Resolving the timescales of the X-ray variability allows for the density of the@as
constrained. If the spectrum of the gas does not change, as indigathd bardness ratios in
Figure 5.9, then the flux will vary based on the density of the gas with a clesistic time of

the cooling time scale of the gas.
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The volume emissivity of an optically thin gas-is2 x 10-2'n2T2/2 ergs s* cm2 and
the thermal energy per unit volume of the X-ray emitting ga%n}nge ergs cm®, wherek is
the Boltzmann constant,e is the temperature of the gas anglis the electron density. The
characteristic cooling timescale is the ratio of these, resultingdn= 2x 1011Té/2ng1 seconds.

On JD 245166486, plotted in panel F in Figure 5.9, the count rate dropped by a factor
of 2 in approximately 16 seconds. Using a best fit temperature of 20 ket/$8ction 5.4.1) the

electron number density was1.9 x 10 cm3.

Light Curve Power

The power spectral density (PSD) describes how the power of a time sedestributed with
frequency. The purpose of estimating the spectral density is to chasedtez frequency content
of the signal where variability is distributed over a range of time-scales.

Due to earth occultations and transits through the SAA as well as other timistraions
on the detector it is often not possible to obtain evenly sampled data. It ighjgoss map
unevenly sampled data into evenly sampled times, for example, data can eisie¢tdoeero, the
nearest neighbour or interpolated. However, these methods do roggdd results and often
artificially increase the power at low frequencies. A better method to calcthlateSD with
unevenly sampled data is the Lomb-Scargle periodogram (Lomb, 1976)I&ch982; Press
& Rybicki, 1989). This method only uses the measured points and for eganhpled data
is equivalent to the PSD apart from the normalisation constant. The Miyanootoatisation
(2A/Nﬁz, whereA is the bin time N is the number of data points with an averagdsT)oWas used
to normalise the PSD (Miyamoto et al., 1991). This normalisation is indepentitrd oumber
of data points, sampling rate and the mean value of the data allowing easy @anpar

If the periodogram is binned in logarithmic space the distribution of the binngd pe
odogram converges to a Gaussian distribution with fewer data points penhéiafore allowing
for finer frequency binning (Papadakis & Lawrence, 1993). Libdigaric binning is also less
biased than alternative methods and the data requires less smoothing. § ledoiastant and
can be easily corrected by usitag[P(f)] = ﬁzjlog[P(fj)] + 0.253, whereM is the number of

points in each binj varies over thévl consecutive points andZb3 is a constant bias of this es-
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Figure 5.9: Selected individual sections from R¥TE light curves in Figures 5.1 t0 5.5in 16
second binning plotted with the respective hardness ratio.
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timation. The precision of each estimated point is independeNt d€., the standard deviation
of each point is always 100 per cent and is the same for all the bins andxapately equal to
1/0.310/M (Papadakis & Lawrence, 1993).

The PSD shows the contribution of variability orffdrent time scales to the total vari-
ability of the light curve. On short time scales the variability is characterisestasoise produc-
ing a power law PSDR(v), at frequency given byP(v) « v=%, wherea is the PSD slope. The
hard X-ray PSD flattens te ~ O at lower frequencies becoming white noise. This frequency
break is a sign of characteristic timescales within the X-ray emitting boundany [Bye break
frequency is related to the size of the emitting region and it marks a break irothedation
between frequency and amplitude of the variations. Fitting a broken poweplthe PSDs in
Figure 5.10 resulted in good fits to both the P20033 and P50011 periodegide power law
slope, break frequencies and resultifgcan be seen in Table 5.2. The P50011 periodogram,
which had the brightest light curve of the three periodograms, had theestggower law slope
and highest frequency break. The power law fit to the PSD from daRO&907 was not statis-
tically acceptable, with &2 of 2.18 (619 d.o.f), the PSD also does not flatten at the best fit break
frequency. This indicates that the shorter time scale X-ray variability weshszrved.

The PSD from data sets P20033 and P50011 are very similar, while therBi@iata
set P90007 is noticeably feerent. The power law slope is a ratio between the high and low
frequency variability. Therefore, with a slightly steeper slope data sedP5has more low
frequency variability, although this is most likely not significant in comparisith the other
PSD.

Two break frequencies, high and low, are expected in the PSD, in tisi3efly the low
frequency break is detected. The data were binned in 16 second tiifigasnenough to resolve
the high frequency break indicating that rapid variability occurs on timesdabkter than 16

seconds.
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Table 5.2: The power law slope, break frequencies and resyifirg fitting a broken power
law to the PSD in Figure 5.10.

2

Observation Power law Frequency X5

ID slope break 1073 Hz]
P20033 164 149 106 (350)
P50011 179 218 129 (437)
P90007 145 045 218 (619)

5.4 Spectral Fitting

The data in this chapter has impressive temporal resolution over many stutpcles allowing
the evolution of the spectral parameters to be studied throughout mangentiegriods.

The data presented in Chapter 4 were found to be well described by ibgte and
multi-temperature models, requiring the addition of a fixedl IeeV line and sub-solar metal

abundances, a partial covering component was also required fantjie emperature models.

5.4.1 Single Temperature Fits

The single temperature model with @& &eV emission line and free metal abundances described
the data in Chapter 4 well, it is also a simple model that can be used to chamtiterdata. Fits
to this model can be seen in Figures 5.11 to 5.15.

The best fit model temperatures were well constrained and clearly défiaestart and
ends of the outbursts in all data sets. Despite the highly variable counthrateest fit tempera-
tures remained remarkably constant. The quiescent temperatures fittegbéts 20 keV for
all data sets, while in outburst the temperatures became cooler with bestfiesehes- 10 keV,
with the majority fitting between 6 8 keV. The best fit model temperature in Figure 5.11 also
has a slightly lower temperature in the second quiescent interval compdtedtkord quiescent
interval. This indicates that theftirent flux levels of the quiescent intervals does havei@ate
on the spectral parameters.

The abundances were fitted as a free parameter to allow the thermal plaseidonod-
vide a better description of the thermal lines. Although the model abundanee®t expected

to vary over the observation each spectrum was fit independently. lIFspegtra in the five
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data sets the abundances were sub solar (relative to abundanceden$ EnGrevesse, 1989),
with nearly all the best fits resulting in abundances betwe2r 0.4 solar. Within error, these
abundances were similar with3B*0.53 and 045302 solar for the representative spectra found
in Chapter 4.

The line strength of the.8 keV line, while the system was in quiescence, was consis-
tently between 156 250 eV. During outburst the line was noticeably stronger with most fits
resulting in line strengths of 360400 eV, the line strength for the P50011 data set, Figure 5.13,
was as high as 800 eV.

Examining the trends in Figures 5.11 to 5.15 the best fit abundances antrdéingtss
appear to be correlated. The P50012 data set, due to the large amoantefitated exposure
in quiescence and outburst, was binned into two spectra to test this. Ga&identours were
plotted for the fitted values of thesbkeV line normalisation and the abundances in Figure 5.16.
It should be noted that thedkeV line normalisation is expected to decrease even though the line
strength increases due to the decrease in the continuum flux. The caeficientours show that
the parameters were weakly correlated. This correlation may be due totdwtodarot having
high enough resolution to separate the fluorescent line from the thermal Imeutburst, with
more cooler gas present in the boundary layer the result is stronger Hdau(6.7 keV) than
hydrogen like (85 keV) line emission. The helium like emission and fluorescent lines may
be blended by the detector and fit by thd eV line. The abundance parameter then fits the
hydrogen like emission line and a weaker helium like emission line resulting in loasrfit

abundances than expected and highéikéV line strengths.

Testing the Iron Thermal Emission Lines

To understand how reasonable the best fit line strengths were for tiie ®@mperature thermal
plasma model a fit was performed using a bremsstrahlung continuum withfitkedemission
lines, to the P50012 data set. The line energies were fixedtab.8 and 695 keV for a fluo-
rescence line and helium and hydrogen like iron line emission. This modebhdspendence
on the metal abundances and using three separate emission lines fixedateleseenergy for

the respective lines should be able to better determine.thked/ line strengths. The best fit
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Table 5.3: Fits to the two binned spectra from data set P50012. A brenisatyatontinuum
with three fixed lines at.@, 6.7 and 695 keV for the fluorescence line, helium like and hydrogen
like iron emission lines.

Time 42 kT 64keVEW 67keVEW 695 keV EW Flux

[JD] [keV] [eV] [eV] [eV] [2 — 20 keV]
245178131 (34) 18777 104_*%2 11773 54+ 28 228x 10710
2451926 63 (34) @92 394+ 1507332 364:1%  351x10°%°

Table 5.4: Observation times of each poinBITE/PCA of SS Cygni used produce the seven
quiescent spectra.

Spectrum  Proposal Start - End Number of Total Mean count

ID number date observations exposure rate
[JD] [ks] [counts s1]

1 P20033 2450509 -2450526 7 14 305

2 P20033 2450541 -2450560 7 15 .a8

3 P20033 2450584 -2450632 17 30 27

4 P50011 2451648 -2451680 66 50 758

5 P90007 2453281 -2453330 4 42 .80

6 P90007 2453323 -2453302 5 18 .20

7 P90007 2453352 -2451682 8 46 .23

8 P50012 2451926 -2451927%5 5 39 88

parameters are presented in Table 5.3 and resultediked/ line strengths comparable to the

fits with the thermal plasma model.

5.4.2 Long Term Quiescent Spectral Evolution

The data sets were binned such that the data in each quiescent intereatomgbined into a
single spectrum resulting in seven spectra. The exposure, start dnitnes of each spectrum
and mean count rates can be found in Table 5.4.

Initially a single temperature thermal plasma model and4akéV line were fit to the
quiescent data. The metal abundances were fit as a free parametemb&mof spectra were
well fit by this model but it was unable to fit the spectra with higher expaswrlich resulted
in x2 of just less than 2 indicating that the model was not able to fully describe tae @he
residuals to this model for spectrum number 5, the poorest fitting spectaamwith a high

exposure, are plotted in Figure 5.19, panel A. The residuals show thd masia poor fit, with
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a deficit in the model between5/— 10 keV and an excess above 10 keV. The tefafor this
model was 133 (268 d.o.f).

The addition of the 8l keV line is highly suggestive of Fed<fluorescence emission due
to illumination of cold gas, which is a strong indication that there was Compton Sogtted X-
rays. The equivalent widths were also consistent with those expeoradfsemi-infinite, plane
parallel cold slab irradiated by an external source of X-rays (Gefrgabian, 1991). Fitting
the data with a free reflection component improved the ovefaiut was unable to improve the
poorer fitting spectra from the previous model, which still had an unadaleptaabove 15 (40
d.o.f) consistent with Chapter 4.

In Chapter 4 the data were found to be well fit by both a single temperaturelmod
with free abundances, with a partial covering absorber afd¢&V line (Section 4.3.1) and by
a multi-temperature thermal plasma model, with free abundances, addka\6line (Section

4.4.3).

Partial Covering absorber

Fitting the data with partial covering absorber resulted in a significant impreréto all spectra.
The totaly?2 improved from 134 (268 d.o.f) to (69 (254 d.o.f), an F-test resulted in a probability
of 9.0 x 10734 that this improvement occurred by chance.

Although the single temperature model with partial covering absorber rdsaltegood
overall fit, the requirement of the®4keV line is a good indication of a reflection continuum
present in the spectra. A reflection component was added to the model evitefléctor abun-
dances tied to the abundances of the plasma model and the reflection fitagparfameter. The
reflection spectrum was calculated from the code of Magdziarz & Zdi6t895). The addi-
tion resulted in a small improvement to the overall fit giving a tefabf 0.67 (247 d.o.f). The
addition was not significant, an F-test resulted in a probability.55Ohowever the fits show
that the spectra were consistent with a reflection continuum. The residuatss model for
spectrum number 5 both with and without reflection are plotted in Figure 5at@lpB and C.

Fits to all the data using the single temperature model with partial coveringes64

keV and free reflection component can be seen in Figure 5.17. Thegotespectra, each with
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a large amount of exposure, were able to constrain the model paramé&tersnost striking
feature of these fits are theflirent fluxes between each spectrum, from»01071° ergs s?

cm? — 2.3 x 10710 ergs st cm2 the average flux was.46 x 1071° ergs s cm™2. The best

fit temperature was well constrained with best fits 06131.0 — 16.3 + 1.3 keV. Both the best

fit abundances and4keV line equivalent widths were consistent between the spectra with best
fits between (B2+ 0.03- 0.49+ 0.06 solar for the abundances and 158— 208+ 29 eV for the
equivalent widths. The covering fraction parameter was consistepgsatite spectra, favouring

a high covering fraction close to 1 for the majority of spectra. The hyaregéumn was barely
constrained by a number of spectra, although, all spectra had a canhsiktavith a best fit
value of 80521 - 26271 atoms cm?. The contribution from the reflection continuum was well

=100

constrained, with a best fit of 26312 — 0.88 + 0.27. All spectra, with exception of spectra

number 1, were consistent with a constant reflection.

Multi-temperature Models Fits

In Chapter 4 a multi-temperature model was found to give statistically accefitabl&lulti-
temperature continuum models have also been found previously to resultréenstadistically
acceptable fits (Done & Osborne, 1997; Baskill et al., 2005; Okada,e2GD8). The single
temperature continuum model was replaced with a multi-temperature model, ceriSRED
(built from the mekal code, Singh et al., 1996)). The emission measuravidgower law in
temperature, proportional td (Tmax)®. This allows a full range of temperatures to be fit with
Tmax anda fit as free parameters.

As with the single temperature fits the residuals to the multi-temperature modekgkquir
a line component fixed at4 keV for fluorescence of neutral iron and free metal abundances.
The fit resulted in a tota¢? of 0.77 (261 d.o.).

Although the multi-temperature model resulted in good fits, the requirement éf4he
keV line is an indication of a reflection continuum. A reflection component wdsadtb the
model with the reflector abundances tied to the abundances of the plasmh rrittiieg the
reflection as a free parameter improved the fits resulting in a tgtaf 0.65 (247 d.o.f). The

addition had a significantfiect, an F-test resulted in a probability 004 10-8. The residuals
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to this model for spectrum number 5 both with and without reflection are plotteyime 5.19,
panels D and E. The residuals show a marked improvement over the initikd sengperature
model fits.

Fitted parameters to all the data using the multi-temperature model wWike® and free
reflection component can be seen in Figure 5.18. The quiescent spectnavith a large amount
of exposure, were able to constrain the model parameters. Unlike Secti@nm@hapter 4,
the @ parameter was well constrained with best fits 0077 — 1.707133. The best fits were
consistent with fits by Baskill et al. (2005), who fit arof 1.41 + 0.09 in quiescence. ThEyax
parameter was not as well constrained and varied between spectiadtoren 23‘2‘—34i§ keV.
Both the best fit abundances and BeV line equivalent widths were similar between the spectra
with best fits between.84+0.03-0.58+0.07 solar for the abundances and £2%-188+15 eV
for the equivalent widths. The contribution from the reflection continuwam well constrained
and favoured a low reflection, 217317 — 0.5172%8. Based on the strengths of thel@eV line
emission, which is consistent with a reflection origin (George & Fabian, )199ik hard to
believe that the lack of reflection present in spectra 1 and 2 was realeflaetion continuum
is constrained by the harder part of the X-ray spectrum, abod® keV. At these energies
the background systematics become important and have the greggestieis likely that this
combined with the lower exposures for these two spectra are the causelmatfit reflection
fitting at 0.

In both the single and multi-temperature fits the quiescent spectra had a higratune
and favoured sub-solar abundances-00.4 solar. Both models had consistend &eV line
strengths of~ 200 eV strongly indicating the presence of a reflection continuum in therapec
The high covering fraction and hydrogen column in the single temperaturalsibtsprovide
evidence of absorbing gas near to the boundary layer, however ttial gavering absorber
was not needed in the multi-temperature fits suggesting that it may not befpiéseen fitting
the reflection parameter the spectra favoured a higher reflection in tHe seéngperature than
multi-temperature model, but was well constrained and low in both models.

It should be noted that the best g for all the spectra were low, most likely indicating

that the systematic error applied was too high.
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5.4.3 Spectral Evolution Through Quiescence

The long term quiescent evolution was studied in detail in Section 5.4.2. Tdtisrséocuses
on the short term spectral evolution throughout a single quiescentahtefte quiescent in-
terval in data set P50011 had the highest exposure covering an anseent interval (from
JD 2451648- 24516805, spectrum 4 in Section 5.4.2). To maximise the signal to noise this
guiescent period was binned into five spectra and fit with the two best fittirtplsioa single
temperature thermal plasma model with free abundances, partial covenmmpoent, fixed 8
keV emission line and a free reflection component; and a multi-temperature thaesma
model with free abundances, fixeditkeV emission line and a free reflection component.

Both models fit the data well resulting in good togdlof 0.64 (160 d.o.f) and 80 (155
d.o.f) respectively. The best fit parameters for both models are pessenFigures 5.20 and
5.21 respectively. The flux during the quiescent period initially increfeed 1.8 x 10°1° ergs
st cm?to 28 x 10710 ergs s cm™2 before decreasing to.2x 10710 ergs s cm™2 Both
models had well constrained temperature @pgk parameters respectivel¥,ax increased for
the first half of quiescence, while for the single temperature model the tatapekvas constant
throughout the entire quiescent interval. Both models also fit a slightly lowepdeature for
the spectrum on JD 2451685 Thea parameter, for the multi-temperature model, was also
well constrained with the best fits betweeB4t)32 — 1.72"532, consistent with %1 + 0.09 fit
by Baskill et al. (2005). Both the best fit abundances addk6V line equivalent widths were
also similar between the spectra with best fits betwe8200.03— 0.43"5:32 solar for the abun-
dances and 145 15— 186+ 38 eV for the equivalent width, consistent with a reflection origin
(George & Fabian, 1991). The contribution from the reflection continua® well constrained
and favoured a low reflection. Four of the five spectra were consigiimta constant reflec-
tion, at 031+ 0.01- 0.38"332 for the single temperature model and® 912 - 0.19°317 for the
multi-temperature model. Fits from both models for the spectrum on JD 2451 &8®ured
a higher reflection, 91022 and 059515 for the single and multi-temperature models respec-
tively. Further analysis found that.x and the reflection parameter were weakly correlated.
The best fit reflection parameters for both models are lower than in Sectigh $he reflection

continuum is constrained by the harder part of the X-ray spectrumeabd0 keV. At these
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energies the background systematics become important and have thetgegaete and it is
likely that this combined with lower exposures than in Section 5.4.2 are the oatlse lower
best fit reflection. The covering fraction parameter was consisteassathe spectra, favour-
ing a high covering fraction of @7+3:23 — 1.007252, with the exception of the spectrum on JD

24516654 which fit a lower covering fraction of. 81041 The hydrogen column was barely
constrained by a number of spectra, although, all spectra had a cahsidteith a best fit value

135 81 2
of 177755° — 26977, atoms cm-.

5.4.4 Model Reflection

Comparing the flux above 7 keV with thed6keV line normalisation (as was done in Section
4.4.4 in Chapter 4), it is possible to get a better understanding of the refléctioe system.

Using the higher signal to noise data from Section 5.4.2 (also see Table &.4heh
normalisation and the line flux above 7 keV is plotted in Figure 5.22 for the singipemature
model with 64 keV line and a partial covering absorber. The single temperature meekeifar
Figure 5.22 may over predict the line in outburst because the continuum riztomeeis lower.
At lower temperatures there will be more He like emission which may be fit by thées/
line. The multi-temperature model allows a range of temperatures to be fit, rggnlénmore
realistic determination of the thermal lines. The line normalisation and the line faveabkeV
is also plotted for the multi-temperature model in Figure 5.23. This model includsfieation
component that accounts for the reflected photons present whiclkddbmuemoved from the
data leaving only the photons that can cause reflection. After a best f& tndldel was found
the model reflection parameter was then set to zero and the flux was calculate

The solid line shows the best fit to all spectra. The spectra are numberedrgially in
time (see Figures 5.17 or 5.18). For the single temperature model all spectiegaod fit to
a straight line, with the exception of spectrum number 7. The spectra in thetemajierature
model do not fit the best fit line as well, but are still consistent with a stréilght The residuals
to the fit line and the data are plotted in the bottom panel. The line fit resulted iadéegt
of 0.046 + 0.002 (with an intercept of 000+ 0.004), for the single temperature fits. The line
fits resulted in a gradient of. @35+ 0.002 (with an intercept of 008+ 0.007), for the multi-
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temperature model. Both Figures 5.22 and 5.23 are consistent with a coreftaation in
quiescence.

To compare the outburst reflection with that during quiescence the bintledrst spec-
tra from data set P50012 in Section 5.4.1 were fitted with both the single and nmyftietature
models. This outburst spectra is plotted on Figures 5.22 and 5.23 resheeatid labelled as
spectrum number 8. In both models thd &eV line normalisation is greater than the line fit

indicating that for both models the spectra are consistent with an incresfs=dion in outburst.

5.4.5 X-ray Luminosity

Fluxes were calculated for the combined quiescent spectra from thétbiegtmodel over the
energy range 2 20 keV, resulting in a range of fluxes of70- 2.3 x 10°1° ergs s cm2.
Broadband fluxes were also calculated by integrating over the enengg @201 — 100 keV
giving fluxes of 13 — 3.9 x 107%% ergs s* cm™2. Assuming a distance of 166+ 12.7 pc for
SS Cygni (Harrison et al., 1999) the corresponding luminosity was cédcuita have a range
of 4.3 - 129 x 10%4(d/166pc)? ergs st. Using the relatior. = GMygM/2R,q and assuming
the mass of the white dwarf in SS Cygniis,g = 0.82M, andRyg = 5.9 x 108 cm (Bitner
et al., 2007) the quiescent accretion rates corresponding to the luminositiescalculated to
be Q5 - 1.29x 10'% g s71. These accretion rates and associated fluxes and luminosities can be
seen in Table 5.5. These accretion rates are substantially higher thalatesldor the 1996
outburst in Chapter 4 of.8x 106 g s71.

The peak of the transition provides an estimate of the accretion rate at whibloimd-
ary layer becomes optically thick to its own emission and the hard X-rays beagupesssed.
These accretion rates and associated fluxes and luminosities can be Takle 5.6. It is inter-
esting to note that the quiescent accretion rate in data set P50011 is hayhthdlpeak accretion
rates in both the P20033 and P90007 data sets and is also higher tharedbseChapter 4.
This is surprising because while the boundary layer in these data setsidyatngtically thick

in data set P50011 it remains in quiescence and optically thin.
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the multi-temperature model with free reflection component,k&V emissions line and free
abundances. The best fit line to all the data is plotted along with its residuldistréys are in
the 68 per cent confidence interval for one parameter of intetgst<£ 1.0).
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Table 5.5: Luminosities and accretion rates of SS Cygni during quiescence

Observation Flukx Luminosity’ Accretion raté
ID [2 - 20 keV] [0.01- 100 keV]

1 100 163 33 49

2 7.4 132 24 36

3 127 221 4.2 6.2

4 234 388 7.7 101

5 144 239 47 7.0

6 9.7 167 32 48

7 107 182 35 5.2

ax10 M ergs stecm2
b x10%%(d/166pc)? ergs st
¢x10% g st

Table 5.6: Luminosities and accretion rates of SS Cygni at the peak of thexXkray recovery.

Observation Fluk Luminosity? Accretion raté
ID [2 — 20 keV] [0.01- 100 keV]

P20033 1% 283 933 101
P40012 43 813 268 289
P50011 65 1020 336 363
P90007 14 255 840 91

ax10 M ergs st cm™
b %10%%(d/166pc)? ergs st
cx10®gst

5.5 Discussion

The X-ray data presented in this chapter observed the evolution of 10rstgtland 7 full periods
of quiescence, with a further 4 periods of quiescence partially obdewéth the exception
of one outburst, all outbursts exhibited very consistent behaviour. qlilescent X-rays were
harder and brighter than during optical outburst. Shortly after the opftarad entered outburst
the X-ray flux was quenched to below the quiescent level. Although the méaacent fluxes
were very diferent between data sets, the outburst fluxes, for all data sets, weeeyadimilar.
The exception to this outburst pattern was not suppressed until 10 ttayshe optical rise,

however, the spectrum was soft for the duration of the outburst. Tiavimur of this outburst
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closely resembles that presented of U Gem in Chapter 6.

5.5.1 The X-ray Transition

In three of the outbursts presented there was an increased count ratdiataiyebefore the
hard X-ray suppression making it likely that this event occurs immediatelyréd¢he X-ray
suppression in all SS Cygni outbursts. The cadence of the obserpéias an upper limit of 12
hours for the duration of this peak. This is consistent with Wheatley et@03)2vho measured
the rise to the peak to take approximately 12 hours. The peak does nbttheasame count
rate as in the hard X-ray recovery for two of the outbursts, but bas¢keooutburst in Chapter
4 it is likely that the highest part of the peak before the suppression wagai3 he observed
peaks were also consistent with occurring at the same time before the fragds¥ppression.
When the heating wave reaches the boundary layer the accretion ratly rapreases before
the optically thin boundary layer becomes optically thick and the bremsstrablbmguum
is replaced by a black body continuum. The boundary layer is thoughtdonie optically
thick once the accretion rate has reached a critical value (Pringle & $avbd879). Observing
the count rate increase before the hard X-ray suppression als® plamnstraint on the delay
between the optical rise and the X-ray drop. The rise in the X-ray cat@toccurred ® — 1.6
days after the beginning of the rise in the optical band. This is consistentthvatdelay of
0.9 — 1.4 days measured by Wheatley et al. (2003). This indicates that in SS @ygheéating
wave probably originates from the same place in the accretion disc forthllists.

The hard X-ray recovery was clearly observed in a number of outhuffe beginning
of the hard X-ray recovery had a range of times beginning just aftergtieab outburst started
to decline, to when the optical band had nearly reached quiescencasabaerved in Chapter
4. However, the peak of the recovery occurred at similar times. Thdiolraf the recovery
typically lasted 3- 5 days, ending after the optical band had reached quiescence. The timing
of the start of the recovery indicates that the accretion rate in the boutadeywas already
decreasing before the cooling front reached it. The range of rectivees and the X-ray out-
burst returning to quiescence after the optical is presumably an indicatibththinner disc is

the last part of the accretion disc to return to quiescence. It as also likalyhi cooling front
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propagates throughout the accretion disc before it cools the boulayary

All observations showed high levels of variability,45 per cent, during the transitions,
both at the start and at the end of the hard X-ray suppression. Thidgaesnwith the boundary
layer as it changes state from optically thin to optically thick and vice versaaveraged PSD
also shows that there is variability on timescales faster than 16 secondsyddShas been
found previously to be variable during the transition with amplitude peaks ped&ent during
X-ray suppression (Wheatley et al., 2003). Variability of VW Hyi hasrbeleserved on a time-
scale of~ 200 seconds with an amplitude that decreased froh®0 per cent at the beginning
to ~ 50 per cent at the end of the recovery from outburst (Wheatley et98I6)1 Variability was
also found in U Gem during the transition of the boundary layer at the stdrélad of the X-ray
suppression (Chapter 6).

5.5.2 X-rays in Quiescence

During outburst the count rates were suppressed at a very colestalnfor all but one outburst.

The mean quiescent count rates, on the other hand, varied greatlgftanset to data set and
also within each observation on long and short time-scales. The quiegmsitum was also
harder than that of the outburst spectrum. Despite the high levels of Nidyia the light

curve and the vast fierences in the count rates between data sets there was little change in the
spectrum.

The spectra from all data sets were combined creating several speatréhe full qui-
escent intervals with very high signal to noise. These spectra werdaiaadlyse the long term
quiescent evolution. The spectra were also combined from the quiestanal with the high-
est exposure to analyse the short term quiescent evolution. All spectsérained the complex
single and multi-temperature reflection models, resulting in similar long and shorsteectral
evolution. Despite the very fierent fluxes between the quiescent observations the plasma tem-
peratures were well constrained and consistent across all spadiliche short and long term
quiescent intervals and all fitting required sub-solar metal abunda@des,0.5 solar. Single
temperature fits required a partial covering absorber, with all spestvariag a high covering

fraction. This can be interpreted as the X-rays being partially obscyred Bbsorbing medium.
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However, the high covering fraction and the multi-temperature models noirireg)this com-
ponent indicate that this may not be the correct interpretation. Thé&ed/ line strengths in
both models were also consistent with a reflection continuum. The reflectimimgom signifi-
cantly improved the fits with all spectra favouring a reflection below 1, with fiiitisig between
0.2-0.6. The line fits of the &} keV line normalisation and the model flux above 7 keV are also
consistent with a constant reflection. Approximately-34.5 per cent of the continuum flux in
guiescence was fluorescent photons. This indicates that if the inmetianalisc is truncated it

is stable and the geometry does not change throughout quiescenciadtton of fluorescent
photons created from the continuum flux7 keV are consistent with the spectra that were not

guenched in Chapter 4 and also with SU UMa in Chapter 7.

5.5.3 Quiescent Accretion Rates

Hard X-rays are expected to be emitted in low accretion rate systems Wherel0'6 g 2
(Pringle & Savonije, 1979; Patterson & Raymond, 1985b). When theetioorrate reaches
a critical value the boundary layer becomes optically thick and the hard/ekracome ther-
malised and emitted in the EUV and soft X-ray bands. (Pringle & Savonije&9)19he mean
fluxes varied between the quiescent intervals, however, spectral figgugted in only small
differences between the model parameters. This suggests that these ifitinnsamere due
to long term accretion rate variations in the quiescent disc. The accretmmrguiescence,
when the disc was optically thin, was observed at higher rate$ {1D0*® g s1) than a number
of outburst accretion rates as the boundary layer became optically thickrg@l 10 x 106 g
s™1), based on the peak of the hard X-ray recovery. This is surprisitadysis by Wheatley et al.
(2003) suggested that once the accretion rate reaches a critical vahmutidary layer becomes
optically thick. However, the accretion rate during the peak, before timimt and during the
recovery, always increases despite the preceding quiesceni@tcage. This indicates that the
critical accretion rate is not fixed in SS Cygni. The large range of acoredites in quiescence
may be due to changes in the viscosity of the quiescent accretion discu(@h&alSyunyaev,
1973; Papaloizou & Stanley, 1986) allowing a higher quiescent accnetien

These accretion rates are-2 orders of magnitude higher than predicted by the DIM,
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(e.g., Hameury et al., 2000), if the quiescent disc extends down to the wtite surface and
if the X-rays are emitted by a hot boundary layer (Pringle & Savonije, 19ykenda, 1981;
Patterson & Raymond, 1985b). Therefore, the removal of the innerbgisnagnetic stress
(Livio & Pringle, 1992) or evaporation (Meyer & Meyer-Hofmeister 949 Menou, 2000) or by
other means makes the truncation of the disc an important ingredient in thed3iWing the

discrepancy between observation and theory.

5.6 Conclusions

The X-ray data presented in this chapter observed the outburst evatfiti@houtbursts and 11
quiescent intervals. With the exception of one outburst of the ten olikealedata exhibited
very consistent behaviour. During optical quiescence the X-rays hamder and brighter than in
outburst and also substantially variable, and although the quiescensXiad a large flux range
to outburst flux across all data sets was remarkably constant. A rapahsein the count rate
immediately before the hard X-ray suppression was observed with an lipfief 12 hours on
its duration. The X-ray outburst was also delayed By-01.6 days after the beginning of the
rise in the optical band. At the end of outburst the hard X-ray recowayalso observed. The
recovery had a range of start times and durations presumably indicatindp¢heooling front
originates from dterent parts of the disc.

The quiescent spectrum was harder than in outburst and despite thefleaeability
during quiescence the spectral parameters were consistent. This iadictinere are long term
variations in the accretion rate. The spectra was well fit by a multi-tempeithemaal plasma
model and was consistent with the presence of a weak reflection contifinisnindicates that
the inner disc is likely truncated in quiescence.

The observations presented here have high quiescent accretiorTizdesccretion rates
before hard X-ray suppression, when the boundary layer becoptieslty thick, also varies
quite drastically from ® — 3.6 x 10'® g s71. This indicates that the critical accretion rate for the

boundary layer to become optically thick is not fixed for SS Cygni.
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Chapter 6

The Evolution of U Gem Throughout
Outburst

6.1 Introduction

U Gem was discovered as a weak source of hard X-rays in2hel® keV band during outburst
using theA-2 experiment on thélEAO 1 satellite (Swank et al., 1978). Later, using data from
the Einstein satellite the X-ray flux was observed to be variable on timescales of 20d®con
during quiescence (Mason & Cordova, 1982). U Gem has strongs@fy emission (Cordova

& Mason, 1984), later found to be modulated with the orbital period duringrarsually long
outburst observed witBXOSAT (Mason et al., 1988). An optically thin thermal bremsstrahlung
model was able to descrilienstein data well (Eracleous et al., 1991).

Analysis of quiescent data fromSCA taken over a three week period found no notice-
able diferences in the count rates or spectrum (Szkody et al., 1996). Hoveeverbital phase
dependent variation was observed. Broad deep dips in the X-ray ligi¢ evere first discov-
ered by Mason et al. (1988) in decline from outburst uEX@SAT and were also seen by Long
et al. (1996) in the extreme UV (using tE&JVE satellite) in quiescence. Dips were found to
be centred at phases’Gand 015 and indicated that the X-ray emission during quiescence must

be confined to a small region with absorbing material located at a stable pdaitiont from
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the orbital plane. The characteristics of the dips were consistent withmstreerflow models
used to explain dips in low mass X-ray binaries, where the mass transfemstresrflows the
disc resulting in complex disc stream interactions where a mixture of cold ardduals form
near the inner disc (Frank et al., 1987). Baskill et al. (2005) obded/6&em, amongst other
dwarf novae, in quiescence also finding orbital dips broadly consistgtphotoelectric ab-
sorption. Statistically acceptable fits were achieved with a thermal plasma nisidbebad by
photoelectric absorption by neutral material.

High resolution data were taken from tandra METG andHETG both during qui-
escence and outburst making it possible, for the first time, to resolvey Xmassion lines.
The emission lines imply that the X-ray emission arose from gas with a rangepétatures
moving at low velocity (Szkody et al., 2002). Based on the line ratios ofidddn and inter-
combination lines in MXI and SIXIII triplets the gas is also high-density. The data were fit
with a cooling flow model producing reasonable agreement with the quiedaenindicating
the source of X-rays is a cooling plasma settling onto the white dw@®tV-Newton data were
also found to be in good agreement with a cooling flow model (Pandel eDab,)2A study of
the emission lines, observed during quiescence and outburst IGhtmelra HETG, found the
fluorescent iron line to be relatively weak compared to the other CVs stutitesl FeXXV line
was significantly broadened during outburst compared to quiescericating the presence of
high velocity material near the white dwarf during the outburst (Rana et@06)2 A high en-
ergy component was also seen in the X-ray outburst spectra, in datd&kXdE and also in the
sameChandra HETG data. It was attributed to reflection from an optically thick boundary layer
(Guver et al., 2006). Mauche et al. (2005), also using the Sainaedra HETG data, compared
U Gem and SS Cygni light curves finding that while hard X-rays in SS Cygoame dimmer
during outburst, hard X-rays in U Gem got brighter contrary to obsiemnvaof most other dwarf
novae in outburst. This was originally observed by Swank et al. (1978).

In this chapter two well sampled observations in the hard X-ray band esempted cov-
ering outbursts of U Gem. The flux in U Gem is seen to increase in outbunisacpto nearly all
other cataclysmic variables, this will be studied to determine if this system is ahde two

outbursts, separated by seven years, will also be analysed photoiheamthspectroscopically
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Figure 6.1: An 8 year section of tHeAVS0 light curve of U Gem. Observations presented here
cover the first and last outbursts respectively.

to attempt to understand the X-ray evolution throughout outburst.

6.2 Observations

Observation of U Gem using theXTE Proportional Counter ArrayRCA) began on 1997
November 7 and ended on 1997 December 1. The observations weeseddyy the optical rise
and began shortly after the start of the outburst was observed by thecaméssociation of
Variable Star Observer&V/S0O). The observations covered an entire outburst and the following
9 days of quiescence. The second observation started on 2004aRepruntil 2004 March 14
also spanning an entire outburst. A log of observations is given in Tahle 6.1

The total exposure was 208 ks (1997) and 155 ks (2004) respgctiaservations were
taken in blocks of between 4 10 ks for the first observation and blocks o312 ks for the
second observation. There were also gaps due to Earth occultatiopassadje of the spacecraft
through the South Atlantic Anomaly. Data were taken fromBI@GA experiment orRXTE, see
Chapter 3. AIIRXTE count rates are presented for thR@Us.

For details of the extraction criteria and software used in this chapter stiers4.2 in
Chapter 4. The 1997 outburst was also simultaneously observed with tierexUltra-Violet
Explorer EUVE) (Bowyer, 1994), observations began on 1997 November 7 contshytar 7

days until November 14.
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Table 6.1: PointedRXTE/PCA observations of U Gem used in this analysis.

Proposal ID Year Start - End Number of Total Gain
date observations  exposure [ks]  epoch

P20035 1997 Nov 7 - Decl 23 208 3

P80011 2004 Feb27- Mar 14 17 155 5

6.3 Time Series Analysis

6.3.1 Outburst Light Curves

The simultaneousAVSO, EUVE andRXTE light curves of the 1997 and 2004 U Gem outbursts
are shown in Figure 6.2. The left set of panels shows the 1997 outhitinstne 2004 outburst
on the right. The top panels are plots of the respecdi®&SO optical light curves, directly
below is the extreme UV band from tl#JVE of the 1997 outburst. ThEUVE mission ended

in 2001, there has unfortunately not been a mission to replace it sincélyFirebottom plots
shows theRXTE count rate averaged overPCUs. Both outbursts have been plotted with the
same time duration. In both the 1997 and 2004 outburst, as is typical withidastlow-decline
outbursts of dwarf novae, the optical light curve rose rapidly untilliggcits maximum. In
1997 the optical flux reached maximum on JD 2450760 at approximaigly: 9.2 mag, where

it gently declined for eleven days to approximatelys = 10 mag. It then declined much more
rapidly before reaching quiescence four days later on JD 2450768.2004 outburst had a
similar outburst shape. The outburst reached maximum on JD 2453068, itgiowly declined
for twelve days before declining more rapidly, reaching quiescencetefu4 days later on JD
2453079.

The beginning of both the 1997 and 2004 X-ray observations were teddpy observa-
tions of the rise in the optical band by tA&VSO. Since the X-ray observations were triggered
by the optical rise there must be a delay since the rise in the EUV band is ctdemdyved.
However, it is hard to determine the magnitude of the delay because the ¢cbuay rate was
already high. Although the second X-ray observation for both data asta higher count rate
than the preceding and following observations it is unclear if these weteopa rapid flux

increase that was seen in SS Cygni (See Chapters 4 and 5). Thedtlpedemaximum on JD
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Figure 6.2: SimultaneousAVSO, EUVE and RXTE observations for the 1997 and 2004 out-
bursts of U Gem. The left set of panels shows the 1997 outburst, whilégtiepanels shows
the 2004 outburst.
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2450760 and JD 2453063 in 1997 and 2004 respectively. In the EUYdisisible to see a delay
of approximately 10 — 1.4 days, measured from when the optical was brighter thdhma&g to
when the EUV count rate begins to increase. Wheatley et al. (2003yedsthe beginning of
an SS Cygni outburst in X-rays. They observed a delay®fQ.4 day in the X-ray band after
the beginning of the rise in the optical, the EUV did not begin to rise for an@beatays.

A consistently high count rate was observed during both the 1997 antl @@Bursts
and unlike SS Cygni and SU UMa the hard X-rays were not immediately heendn 1997,
while the count rate was high, there was variability between neighbourirenaimons before
the count rate later stabilised at 7 countts en JD 2450765. At its highest count rate the 2004
outburst was slightly brighter than that of 1997. The count rate remaigéddr approximately
6 days before rapidly declining on JD 2450700 reaching quiesceree darys later. The 2004
outburst had a more stable count rate throughout the outburst at 8scotrwith a smaller
amount of variation. The count rate started to decline at a slightly slowethatein 1997 on
JD 2453072 reaching quiescence six days later.

Although the observed outburst characteristics of U Gem were véfgreint to SS
Cygni, its behaviour near the end of outburst was similar to that exhibitelgygni (Chapter
4). In both observations, as the outburst progressed, the coumtaateased. Before reaching
quiescence the X-ray count rate dropped below the quiescent leveita@ro before recovering
and returning to quiescence. This behaviour was also similar to the secoamdoCtburst (JD
2450560) in Figure 5.1 in Chapter 5, which was not quenched until 16 idé&y the outburst.
A day after the 2004 flux reached minimum, on JD 2453078, there was dargg; but short
lived, peak in the X-rays with a flux increase almost twice that of the maximuivuocst flux.
Similarly, three days after the 1997 flux reached minimum there was also a sa#liop JD
2450775. Itis possible that this flux increase did occur in the 1997 aitbut was missed and
only the beginning or end of a large count rate increase was obsé&ygedj the cadence of the
observations before and after it is possible to place an upper limit on tlaéiauof the count
rate increase of approximately 2 days, similar to the duration of the hargt ¥ecavery seen in
SS Cygni in Chapter 4. Due to the cadence of the observation of apptekmiaday;, it is also

highly likely that a similar increase was missed at the start of the outburst.apiggount rate
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Figure 6.3: TheRXTE light curves (top) are presented with their respective hardness ratios
(bottom). The 1997 outburst is seen in the left set of panels and the dgbktypshows the 2004
outburst. The letters correspond to the individual light curves plotted ur€ig.4.

increase seen in SS Cygni in Chapter 4 lasted only approximately half a day.

6.3.2 Hardness Ratios

In order to examine the spectral variation in the hard X-ray bandREE light curves were
divided into soft,S, and hardH, bands to make the hardness ratigS. The bands were split
so there were approximately an equal number of counts in each band; &t 5.8 keV in
the soft and B — 20.3 keV in the hard band for the 1997 data andl-25.7 keV in the soft and
5.7 — 20.2 keV in the hard band for the 2004 data&Plots of the 1997 and 2004 outburst light

curves and hardness ratios can be seen in Figure 6.3.

LIt should be noted that the channel ranges were slighffgrdint between the two observations due to a shift in
the gain epoch in the detector in the time between the two observations.
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The quiescent U Gem spectrum had a hardness ratio of approximatelybkerved at
the end of the 1997 observation). At the start of the 1997 outburst #arem had a hardness
ratio of approximately @5, already softer than in quiescence indicating that the transition into
outburst had already occurred by the time the observation had begeisp&btrum in SS Cygni
rapidly softened during the transition into outburst (see Chapter 4). kettend X-ray outburst
in Figure 5.1 in Chapter 5 the spectrum also softened while the X-ray catemivas still high.
As the 1997 outburst progressed the spectrum softened furthkoulsbe noted that although
the count rate was very variable between neighbouring sections of theligi there was not
a corresponding change in the spectrum. Prior to the optical flux reachimgium, at the end
of outburst, the hardness ratio varied between approximai®b-®.92 before hardening as the
small peak appeared in the X-ray count rate. The spectrum continuadderhafter the system
reached quiescence, reaching approximatelyfite days after the X-ray flux was quenched,
remaining at this value until the end of the observation.

The 2004 outburst followed a similar evolution but was both brighter andiehainan in
1997. The hardness, initially just below21 quickly dropped to near.Q on JD 2453066, where
it further continued to soften, at a similar rate seen in 1997,90 Dhis indicates that the end
of the transition was observed in the 2004 outburst. As the X-ray cotsmbegan to decline
on JD 2453074 the spectrum began to harden. Just prior to the largeirspile count rate the
spectrum softened from@4 to 084, before returning to nearb at the end of outburst.

Both observations exhibited a softening of their respective spectrumgdawtburst with
the hardness ratio dropping to betwee® &nd 09, however, the 2004 spectrum was harder. As
the X-ray count rates declined both spectra hardened reaching winatidlikely a quiescent
hardness of D5— 1.1. This is similar to what was observed during outburst in SS Cygni, (see
Chapter 4), the hardness ratio dropped as the X-rays were quettchedr 0 and during the

X-ray recovery the spectrum hardened to approximatdy 1

6.3.3 Orbital Dips

U Gem is a high inclination system, observed to be at an angle a2 degrees (Unda-Sanzana

et al., 2006). Mason et al. (1988) discovered broad deep dips in tfasy Xght curve during
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the decline from outburst, which they suggested were due to the high inclin&tleey found

the dips centred at phase§ @nd 015. Later Long et al. (1996) and Szkody et al. (1996) also
observed dips in the EUV band (usiJVE), during outburst and the decline from outburst,
and in the X-ray band (usingSCA), during quiescence. They also found the dips to be located
at a phase of @.

Szkody et al. (1996) observed orbital dips in the energy rarigje 6 keV during quies-
cence using th&8 Sdetector on boardSCA. They were not able to detect the dips in the harder
2 — 10 keV band using th&lS detector. In order not to remove the orbital dips that may be
present in thé&RXTE light curves data were extracted in the energy ranfe-2.5 keV. Absorp-
tion dips were previously detected in the UV and soft X-ray bands usitegtbes able to detect
much softer photons tha®XTE (below 25 keV) thus the data presented here may not show dips
if the absorption occurs below2keV. The light curves were phase folded using the ephemeris
of Echevaria et al. (2007) and plotted over two periods. Individual light curve sestjro-
viding the greatest coverage of phaseks0and 07 are presented in Figure 6.4, where letters
correspond to the labels in Figure 6.3.

With the exception of panels 1997A and 2004D there is no evidence of dips RXTE
observations of U Gem, this is most likely because the X-rays observ&Xbl are too hard
to be absorbed. Both light curves 1997A and 2004D show the preséaddip between phases
0.7 and 09 with a shallower dip at phasel0- 0.3 for 1997A and at phase®- 0.5 for 2004D.
Figure 6.5 shows the hardness ratityS, plots of panels 1997A and 2004D, the bands were
split at 25— 5.0 and 50 — 7.5 keV, with approximately an equal number of counts in each band.
The dip in plot 1997A is not accompanied by any hardness variation yelipha plot 2004D
does correspond with a strong hardening of the spectrum at phiase)®, the spectrum also
hardens slightly at phase3)- 0.4. The dips in plot 1997A were most likely caused a lack of
phase coverage not removing an anomalous features in the light cuowevelr, the hardening
of the spectrum suggests that the dips in plot 2004D are caused bymigsoraterial as found
by Szkody et al. (1996).
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Figure 6.5: Phase folded hardness ratios of the light curves, 1997 2a0%D, from Figure 6.4
showing orbital dips. The light curves were split at 5 keV and in 64 sgbtams.

6.3.4 \Variability

Figure 6.6 shows thBXTE light curve (bottom panels) binned at 64 seconds. The upper plot
shows the fractional RMS variability of the data (data points) plotted with thliéity ex-
pected from counting statistics alone (solid line).

During the quiescent period, in the 1997 observation, the mean counvaatstable.
However, at the start of the observation the mean count rate varied titallyebetween neigh-
bouring sections in both the 1997 and 2004 light curve.

Comparing the calculated fractional RMS variation (data points) to the expeatée
ability (solid line), during optical outburst, shows that the variability in botheobations is
dominated by counting statistics. However, there were a number of sectianshibw real
variability. The variability during the quiescent period at the end of the X&érvation was
calculated to be less than that expected from noise alone, this is most likslytchy the error
on the background being overestimate®uring this section of the observation the count rate
was low and errors in the background will have a strongjerce

Significant variability was seen in both observations at the very starttbfimt, most
likely the end of the transition into outburst and during the transition back tsceimee. Com-
paring the variability of two segments of the light curve near to the end of thmusi, both

having similar average count rates (e.g., JD 2450770 and JD 245@no®)s that there is more

2httpy/astrophysics.gsfc.nasa.geraygprogramgxte/pcachisquare.html

138



1997 November 2004 March

15 1 1 15
T 14 T T

Fractional RMS
Fractional RMS

Count Rate [s™]
Count Rate [s™]

760 763 766 769 772 775 778 781 784 3063 3066 3069 3072 3075 3078 3081 3084 3087
JD-2450000 JD-2450000

Figure 6.6: TheRXTE light curve and fractional RMS variability of U Gem. The upper panels
show the fractional RMS variability measured within each observing intéded points) plot-
ted with the expected fractional RMS variability from counting statistics (solig,lipelow is
the 64 second binned light curve.

variability in the latter segment. This variability coincides with the boundary layér tesn-

sitions from an optically thin to an optically thick state as the system moves outtldirsti

Significant variability was also seen throughout the 2004 outburst. BothHWW\(\Wheatley

etal., 1996) and SS Cygni (Wheatley et al., 2003, Chapter 5) werealad fo be variable with
periods of highest variability occurring during the transition of the bountirer at the start
and end of the X-ray suppression.

Sections of théXTE light curve are plotted with 64 second bins in Figure 6.7 showing
the variability during specific intervals. A number of the 64 second binned digtve sections
show only small amounts of variability while other sections were highly variable.

Light curves presenting variations are plotted in more detail along with theiinkas
ratio in Figure 6.8 showing short term variability. Panel 1997C got brigéer softer on JD
245076938. The remainder of the light curve was not variable and the hardagesdid not
show any variation. The sudden increase in flux seen in the light cumeided with a drop in

hardness, the extra counts were soft and lasted approximately 24tiseéssuming a thermal
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Figure 6.7: Individual sections from the entRXTE light curve of U Gem in 64 second binning.
Panels on the left show sections from the 1997 outburst and panels dghhshow sections
from the 2004 outburst. Letters A-E correspond to the labels on Figure 6.6
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Table 6.2: The? statistics calculated using the average count rate for each panel o Bigur

Light curve Hardness ratio
Plot panel 2 (dof) Probability x?2 (dof) Probability
1997C 85 (47) RP1 44 (47) P-0.39
1997D 259 (48) RP1 71 (48) P-0.98
2004D 927 (46) RP1 41 (46) P-0.32
2004E 587 (51) P1 36 (51) -0.06

bremsstrahlung continuum with a temperature &f keV (see Section 6.4) and a distance of
96.4 + 4.6 pc (Harrison et al., 1999) the corresponding luminosity was calculated i®?kx

10*2 ergs st cmi 2. It is likely that this was a flare from the secondary star. By comparison
panel 1997D got brighter, over a period of approximately 15 minutes.cdhat rate was low
increasing the uncertainty in the hardness ratio, however, this featuagpgdihr to be harder
indicating that the origin was most likely in the boundary layer. It is hard tordete if the
variability in the remainder of the light curve is accompanied with any hardreession.

Panel 2004D showed strong variability and the high count rnd¢eded a suitably small
error on the hardness ratio to be able to determine that the variability did mutid® with
a hardness change. As with 1997D, it is hard to determine if the variability ddE2@vas
accompanied with any hardness variation. The features seen in the ligatdid not correlate
with the hardness with the exception of the drop in count rate at the beginfing light curve
being accompanied by a small drop in hardness. Variability of VW Hyi has lodserved on
a time-scale o~ 200 seconds with an amplitude that decreased frot00 per cent at the
beginning to~ 50 per cent at the end of the recovery from outburst (Wheatley et#6)1 SS
Cygni was also found to be variable during the transition with amplitude pdads per cent
during X-ray suppression (Wheatley et al., 2003, Chapter 5).

Table 6.2 shows thg? statistic for all four light curves and associated hardness ratios
calculated using the average of the light curve as the model count ragadbrpanel. Thg?
shows that the variability in the light curves was real. There is a significaitability that
there was variability in the 1997 hardness ratios, the variation is most likelyodadardness
variation caused by the features present in the light curves. The Migyiabthe hardness ratios

seen in the 2004 outburst light curves were not statistically significant.
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Figure 6.8: TheRXTE 3 — 20 keV light curve and hardness ratio of the two variable sections
of the 1997 and 2004 outburst. Labels correspond to those in Figure® G.@ plotted in 128
second binning with their corresponding hardness ratio plotted directlywbelo
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6.4 Spectral Fitting

The two outbursts presented here were observed once a day, egdiiath occultations, for 24
days in November 1997 and 16 days in March 2004. The data weremeebsuch that all data
taken from a single day of observation were binned into one spectratiog fiAnalysis of SS
Cygni in Chapter 4, Section 4.4.1 found that a systematic errorsop@ cent was required on
the data. Analysis of the fainter SU UMa data in Section 7.4 in Chapter 7, webackground
dominates the data, found that SU UMa required a systematic error on tkgrdacd of 05
per cent. A systematic error ofowas applied to the data and to the background.

The spectrum throughout the observation was well parameterised hyrettimemsstrahlung
model with a free line emission component. The best fit parameters for thanfibe seen in
Figure 6.9. The line width and line energy were fit as free parameters ta batterstand the
distribution of the line emission in the spectrum. The model resulted in axttal 1.20 (960
d.o.f) for the 1997 observation an®B (579 d.o.f) for the 2004 observation. Figure 6.10 shows
the cumulative histogram plots @f resulting from fits of all spectra to the current model. The
histograms show that both fits are reasonable, but not formally acceptable

During the 1997 observation both the best fit temperature and line strergéhwell
constrained and constant, or slightly decreasing, despite large variatitresflux. When the
outburst started to decline the best fit parameters became less well twtstrAs the system
transitioned back into quiescence the temperature dropped slightly, buirgefly before rising
and stabilising in quiescence at approximately 14 keV. When the temperatymeed the line
strength greatly increased before returning back to a similar value aggtiuis. In the 2004
observation the spectra, again, fit with a lower temperature during otithars during quies-
cence. It was more apparent in this observation that the temperatuggedrdpring outburst.
What is surprising is that the temperature was higher than the 1997 fits bwtitthsa stronger
line. As the temperature declined the line strength also declined, this is cotargdit what
is expected. As the continuum temperature drops the thermal lines ardeskp@get stronger
to compensate. As the observation moved into quiescence and the tempevatutibe line

strength continued to drop as expected.
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Figure 6.9: The results of fitting a thermal plasma model to the 1997 and 20&% Xpectra.
This model consists of a bremsstrahlung plasma model and a free emissionllieerofs are
in the 68 per cent confidence interval for one parameter of intetgst£ 1.0).
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The spectra near the spike are interesting in that the spectrum befopgkgvas much
cooler than that during the spike, although it is close to the confusion limit d®XA& detector
(Jahoda et al., 2006). However, the increased flux did fietthe temperature, the spectrum
following had a much lower flux yet was hotter. A similar rise in flux was seaghestart and
end of outburst in observations of SS Cygni in Chapters 4 and 5, with thedates of these
events being similar in both systems. In SS Cygni, at the end of outburst, ther&ome rose
as the X-ray flux recovered before dropping back to the quiescesit lev

Both observations, during outburst, required an emission line at appri@tinta/ keV.

In 1997 as the observation progressed and the temperature increadag throfile changed
from being dominated by-a 6.7 keV component to being dominated by &.9 keV component.
This was caused by the line profile switching from being dominated by He like ltkeHron
lines. The 2004 outburst did not have a similar shift in the line energy mo$t llexzause there
was not enough quiescent observations to observe this. The datamigeble to constrain the
line width during the outburst. During the transition and in quiescence in thé d88ervation
the line width was not well constrained. At the start of the 2004 outburdtdkefit required a
relatively broad line of b keV. As the boundary layer transitioned into outburst the line width
decreased to near3b keV, before decreasing further when the X-ray flux declined.

To fit a more realistic model to the data a single temperature plasma model was used
mekal inXSPEC (Mewe et al., 1985, 1986; Liedahl et al., 1995). The model includesnidler
line emissions from abundant elements. The data required an emission lir@kaV, most
likely an iron fluorescence line, so a fixed emission componentdak&V was added to the
model. The addition to the model improved the fits in both observations: theytpfal the
1997 observation decreased from4 (1032 d.o.f) to 117 (1008 d.o.f) and the 2004 observation
decreased from.37 (630 d.o.f) to 126 (613 d.o.f).

Fits to the data with the abundances as a free parameter showed that tfiediest-
dances varied between60- 1.4 solar (relative to abundances of Anders & Grevesse, 1989).
The timescales for these changes to occur were too short to be physibalabundances were
fixed. Previous studies found the abundances of U Gem taG8X! and 123549 solar in

-0.16
guiescence (Baskill et al., 2005) an@ % 0.22 solar in outburst Gver et al. (2006). To deter-
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Figure 6.11: Abundances plot with the best fitting tgtélof all the data for a thermal plasma
model with a fixed emission line at4ékeV. A higher number of fits were performed near the
minimum to resolve the parameter with higher accuracy. The 1997 outbutsttieschin the left
column and the 2004 outburst is plotted in the right column.

mine the value of the model abundance the parameter for each spectrufixedast a value
between G- 2 and a fit was made. A higher number of fits was performed near the minimum
to resolve it better. The totaf was calculated and the resulting distribution of abundances and
total y2 was plotted in Figure 6.11. This method has to assume the correct model isuseihg

for the system. In using a single temperature model lower temperature gashisymodelled
causing the abundances to compensate for this resulting in a biased rbsiicdounts for the
difference in best fit abundances with (Baskill et al., 2005) atdeGet al. (2006). However,
using this model produces satisfactory fits to all spectra. A valueSafdar was chosen for the
abundances to fit the remaining data.

Fitting the current model with the new abundances did not result in a sigttifioprove-
ment to either observation, however, the model is more realistic with the metadafbces the
same for all spectra. The totgf was 117 (1008 d.o.f) for the 1997 outburst and @ (613 d.o.f)
for the 2004 outburst. See Figure 6.12 for the best fit parameters ofttiAs fivith the previous
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model the fitted temperature was lower in outburst than during quiesceheepldsma model
required a slightly lower temperature to be fit, approximately 7 keV and 11 keutlurst and
12 keV and 14 keV during quiescence for the 1997 and 2004 obsersagspectively. Unsur-
prisingly there was a similar trend in the best fit temperatures compared toemssirahlung
model. In the 1997 outburst the temperature was well constrained anidebustil the system
transitioned to quiescence when the temperature dropped briefly bisiageand stabilising in
guiescence at the higher temperature. Similarly, in 2004 the spectra fit witheatemperature
in outburst than in quiescence. The temperature also dropped as thesbptbgressed until the
disc transitioned into quiescence when the temperature increased. Taesuertrum before
the spike was most likely due to the low count rate reaching the confusion lintieafetector.
The best fit temperature of the 2004 observation was also noticeably hingimethe best fit of
the 1997 observation. This temperatur@atence was also seen in fits using the bremsstrahlung
continuum model indicating that the temperature was higher during the 2@@4valion.

With the thermal lines being modelled by the thermal plasma model.thikee®/ line no
longer compensates for the previously un-modelled iron lines resulting irmkenéne equiv-
alent width. In both observations the line strength weakened as the dytbogsessed, before
getting slightly stronger in quiescence, this is opposite to what is expectedievdq it is
misleading to directly compare the line strengths between the two observaticaissbeof the
difference in continuum temperature between the two observations. Thetbiest §trength
was more prominent in the 2004 data, however, this is expected due to a hagitanuum
temperature.

To understand why the model did not fit a number of the 2004 spectracasssiully
as the 1997 spectra, two of the poorer fitting spectra from the 2004valtiser are plotted in
Figure 6.13. The crosses show the data points for the observed sphiterdhe line represents
the folded model. The bottom panel shows the residuals (the data minus the fotdiel scaled
by the error). The spectra shown, although poor fitting, do not hayecl@ar distinguishing
features in the residuals to indicate where the model should be improved, wigxdbption of
a shallow dip just above 10 keV in the bottom plot. A physical model would eailtie to fit

many of the data points seen in the residuals of these two plots while also fittingntlaénder
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Figure 6.12: The results of fitting a thermal plasma model to the 1997 and 208y 3pectra.
This model consists of a single temperature thermal plasma model with the abasdixed to

0.9 solar and a fixed.8 keV emission line. All errors are in the 68 per cent confidence interval
for one parameter of interesiy? = 1.0).
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includes a single temperature plasma model with an emission line fixed ke¢'é.
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of the data. This may be an indication that the current model being used rsdacsince it is
not able to describe the data very well.

In an attempt to improve the model a number of additional components were. tésted
second thermal plasma model was added to model low temperature gas with thabnata
dances fixed at.0 for both thermal plasma models. Although a good fit with a tefadf 1.16
(960 d.o.f) and D6 (579 d.o.f), for the 1997 and 2004 respectively, was producedéttaeonly
wanted to fit one component and was not able to constrain the second ltp&smaa model.

Studying the residuals in more detail a small number of spectra had an éxdbss
model near 7 8 keV. To test if this was caused by an absorbing component an absoepige
was added to the model. The model produced good fits with a@taf 1.17 (960 d.o.f) for
1997 and 110 (579 d.o.f) for 2004, the improvement to the fit of the 1997 data wasgrafisant
with an F-test probability of 80. The improvement to the 2004 data was significant with an
F-test probability of 3 x 107, Although the overall improvement of the fits was significant,
the poorer fitting spectra before this addition were only marginally improugtdstitl poor.

The need for a @ keV line is highly suggestive of iron&fluorescence emission due to
illumination of cold gas and the significant improvement to the 2004 fits with the additithe
edge component suggest there is reflection present in the system. rgdlsdrof the fluorescent
line in the 1997 outburst were also consistent with a reflection origin. Theebgent line
strengths in the 2004 outburst were very strong, this may be due to blesfdimg fluorescence
line and the He like thermal iron line by the detector which were both being fitd®gthkeV
line. A reflection component (calculated from the code of Magdziarz &atdki, 1995), with
the reflection albedo fixed at 1, was added to the model. The model angketas’2 degrees
(Unda-Sanzana et al., 2006) and the reflector abundances weie thet abundances of the
thermal plasma model. The addition to the model resulted in only a slight improvemiet to
1997 best fit resulting in a tota? of 1.14 (1008 d.o.f) and did not improve the 2004 best fit,
resulting in a totak? of 1.28 (613 d.o.f). Allowing the reflection to be a free parameter did not
improve the fits for either observation and the data was also not able toaiarte model.

The data were not able to constrain the reflection component makingjduttito anal-

yse its evolution during outburst. However, it is possible to get an unaelisgof the reflection
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Figure 6.14: The best fit.8 keV line normalisation and the flux above 7 keV, also plotted is the
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time they were observed.
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in the system by comparing the flux above 7 keV with thel&V line normalisation (see Sec-
tion 4.4.4 in Chapter 4). The left plot of Figure 6.14 shows that in the 198¥ttlare is a good
correlation with the flux between-+20 keV and the line normalisation. This indicates that there
is no change in reflection during this observation. The 2004 observadsiorsiaows that a good
correlation with the exception of the four spectra above the line. The fmatsa above the line
were consecutive in time, from the beginning of the outburst indicating thhedeginning of
the observation the reflection was higher than during the rest of thevaltiser, maybe due to a
large influx of gas into the boundary layer at the beginning of the outburst.

Both observations have consistent gradients@® 0+ 0.004 for 1997 and @95+ 0.003
for 2004 and the line of best fit also passed close to zero. The line anhwom flux pro-
duced were consistent between observations and are consistent wijbatmetry of the disc
not significantly changing during outburst in the seven years betwedwthabservations. Ap-
proximately 9 per cent of photons contribute to the reflection, this is over tvateseen in SU
UMa (4 per cent in Chapter 7) although this fraction consists mostly of qeiesdservations.
The fraction of fluorescent photons produced is, however, similar tiydlbBon during outburst
in SS Cygni in Chapter 4 (10 per cent).

Using a distance of 98 + 4.6 pc to U Gem (Harrison et al., 1999) the fluxes were
calculated from the best fitting model by integrating over a broad energere001 — 100
keV. Using the relatiorh. = GMuwgM/2R,q the accretion rates were calculated using a value of
Mud = 1.20M,, for the mass of U Gem arf,g = 3.9 x 108 cm for the radius (Echevéa et al.,
2007). The flux, luminosity and accretion rates were calculated for am@ithnd quiescent
spectrum from each observation, the spectrum observed duringakeopthe 2004 spike was
also chosen. The flux, luminosities and accretion rates are presenteunlen6la Both U Gem
observations have comparable luminosities and accretion rates duringendesand outburst
respectively. The accretion rate calculated during the spike was overdan of magnitude

higher than during quiescence.
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Table 6.3: Luminosities and accretion rates of selected spectra from tAeah82004 observa-
tions of U Gem.

Time State FluX Luminosity® Accretion raté
[JD] [2-20keV] [0.01- 100 keV]
2450764 OB 8 6.9 77 37
2450777 Q or 11 12 0.6
2453064 OB (5) 103 114 55
2453077 Q B 14 15 07
2453078 spike 16 169 186 91

ax10 11 ergs st cm?

b %x10%1(d/96pc)? ergs st

cx10tgst

6.5 Discussion

Previous analysis of U Gem has been based upon a small number dishalpservations with
a short duration observed during either an outburst or quiescantip@he data presented here
span 24 days from the start of the November 1997 outburst and 16frdayshe start of the
March 2004 outburst and allows the evolution of the outburst to be studiedgrecedented

detail.

6.5.1 X-ray Quenching

The outbursts of U Gem in the optical band presented here do fiet dreatly from wide
outbursts seen in SS Cygni or other dwarf nova, a rapid rise with a flatbopg outburst and a
slow decline. Time scales over which the outbursts proceeded also had a dimétéion, with
the two U Gem outbursts lasting-34 days longer than SS Cygni.

The outburst X-ray luminosity of U Gem was calculated to be betwe8n- 1.1 x
10%%(d/96pc)? ergs st, similar to that found for SU UMa (@ x 10%%(d/260pc)? ergs s,
Chapter 7) and SS Cygni(1.9 x 10%%(d/166pc)? ergs s, Chapter 5) during the hard X-
ray suppression. Baskill et al. (2005) observed RU Peg, a U Gemmsysn outburst and
calculated a luminosity of .@ x 10°! ergs s®. In quiescence, U Gem had a luminosity of

1.2 - 1.5 x 10°1 ergs st. Both SS Cygni and SU UMa had substantially higher luminosities
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between 5 — 3 x 10°%(d/260pc)? and 3- 8 x 10°%(d/166pc)? ergs s. GW Lib had an X-ray
luminosity of 9x 10%® ergs s! (Byckling et al., 2009). It is also the only other dwarf nova
to increase in X-ray luminosity during outburst. Based on this U Gem can dracterised as
being unusually faint during quiescence, rather than unusually brighigloutburst. This may
be due to the high inclination of U Gem, at 72 degrees (Unda-Sanzana22@8). Studying
non-magnetic cataclysmic variables observedRBDBAT, van Teeseling et al. (1996) found the
emission measure to be anti-correlated with the system inclination. Howevet,itgWke U
Gem, is more luminous during outburst but has a low inclination (van Spaaretaik 2010)
conflicting with this theory.

In hard X-rays U Gem is observed to brighten during outburst, this wetsdirserved
by Swank et al. (1978). The two outbursts presented here, sepasateden years, show that
the brightening of hard X-rays observed during outburst is a phenemeonsistently seen in
U Gem outbursts. This characteristic is also in contradiction to the obseelaiobur of most
other DN systems. The X-ray count rate in SS Cygni was observed kpatidly et al. (2003)
to rise by a factor of four in half a day, but was then suddenly quenthe@ar zero in less
than 3 hours. Near the end of the optical outburst the hard X-ray catmtrecovered again
before declining. This behaviour is seen in observations presentedainté?h 4 and 5 and in
6 outbursts of SU UMa presented in Chapter 7. Observation of VW Hyndr et al., 1987,
Wheatley et al., 1996) show that the flux drops by at least a factor ofibath YZ Cnc and
WX Hyi (Hartmann et al., 1999; van Teeseling & Verbunt, 1994) also simmse luminous hard
X-rays in quiescence than outburst. Hard X-rays are also suppréssig superoutburst in
WZ Sge (Wheatley & Mauche, 2005). The only other dwarf nova to be sedrighten in
outburst was GW Lib where the peak flux was 3 orders of magnitude brighteitburst than
in quiescence. It seems to have an unusually low quiescent X-ray lumiriBsitkling et al.,
2009). Despite the very obviousfitirence in the hard X-ray outburst of U Gem and other DN
systems, the U Gem X-ray flux was quenched below the quiescent levaldioort time just
prior to the end of the outburst. However, a rapid drop in the X-rays a&thé rose was
not observed. Shortly after, the count rate sharply rose forming & sgfore returning to the

quiescent count rate. Presumably this was the boundary layer as ititnaed from an optically
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thick to optically thin state. With an upper limit of 2 days for the duration of the peak
conceivable that this peak is similar to the hard X-ray recovery seen inyg§6i @ Chapter 4,

which had a duration of a day and a half.

6.5.2 X-ray Origin

It is not currently known where hard X-rays originate from in outbuPstterson & Raymond
(1985a) argue that the hard X-rays are produced in an optically thiorregirrounding the
optically thick outburst boundary layer. Eclipse observations of OY Cavige competing

evidence against this in the form of a second source of X-rays. @igmrs by Naylor et al.
(1988) in UV and X-ray bands suggest that there is an extended Vefigcastructure. While
observations by Mauche & Raymond (2000) in extreme-ultraviolet stighasthe extended
source is from optically thick boundary radiation being scattered into the fisggbt by the

accretion disc wind. The increased X-ray flux during outburst andifreeabserved in Section
6.3.3 in the light curve suggests that the X-rays originate from the inneofidwe accretion disc
with a scale height not much greater than the disc thickness. This suppat&dsmehere the
mass transfer stream overflows the disc resulting in complex disc streaaciiges explaining
dips in low mass X-ray binary light curves (Frank et al., 1987).

Dips in the light curve are thought to be caused by a thickening of thetamtmisc
near the circularisation radius. The stream impacts the edge of the disdlypaeiaetrating
the disc edge and partially flowing above and below the disc. The overfjostiram settles
at the circularisation radius where a complicated interaction occurs betheatisc and the
mass transfer stream. Cold clouds form out of the disc plane creating-axdsymmetric ring
occultating the central source at phasesdnd 07 — 0.9 (see Figure 1 in Frank et al., 1987).
Marsh et al. (1990) presented Doppler images of U Gem showing thersfpreaetrating the
outer edge of the disc, with velocities intermediate between those expectad émimpeded

stream and co-rotation with the disc.
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6.5.3 Spectral Evolution

Reassuringly both U Gem outbursts have a similar spectral evolution to S8 Qydng out-
burst. The spectrum softens during outburst and hardens whendtersyransitions back to
quiescence with what is most likely the boundary layer transition. It is a gudidator of
changing accretion rates, as the outburst X-ray count rates are dethimasofter X-rays. Both
observations also show variability at the very start of outburst and gitine transition back to
qguiescence coinciding with the disc changing state as the system movesauibofst. VW
Hyi (Wheatley et al., 1996) and SS Cygni (Wheatley et al., 2003) weosfalsd to be variable
during transition of the boundary layer at the start and end of the Xuppression. From the
spectral fits it is clear that although the 1997 and 2004 observationsitett@tsame general
behaviour, i.e., emitting more X-rays from cooler gas during outburst, theeg wery diferent
from each other. Most noticeably the temperature of the system duringretith 2004 is higher
thanin 1997. There is also an indication of more reflection at the beginnihg @004 outburst,
but only when the flux was higher than was reached in the 1997 outburst.

The diference in the hard X-ray flux during the 1997 and 2004 observationffisutt
to understand. It may be possible that all X-ray outbursts dierdint which is hard to determine
having only two observations. It is also conceivable that there hasdreenderlying change in

the system in the interim period between the two observations.

6.6 Conclusions

The two outbursts presented here show that the brightening of hargsXdraing outburst is

a regular phenomenon exhibited by U Gem in outburst. U Gem can be tvégad as being
unusually faint during quiescence, rather than unusually bright danurigurst. Although the

two outbursts have the same general behaviour their individual ligheswdifer significantly.
Despite the dierences between these two observations and also with the well knowh dwar
nova SS Cygni they do reassuringly have a similar spectral evolution.gyetems emit cooler
X-ray during outburst which gets replaced by a hotter continuum as #gieraytransitions into

quiescence.
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While it is not currently known where hard X-rays come from in outburstréflection
is constant throughout the outburst and quiescence. The dips in theligiet suggest that the
X-rays originate from the inner part of the accretion disc with a scale heigfhmuch greater

than the disc thickness.
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Chapter 7

X-ray Observations of SU UMa

Throughout Six Normal Outbursts

7.1 Introduction

Following the X-ray detections of SS Cygni (Rappaport et al., 1974 a@Em (Swank et al.,
1978) , SU UMa was observed with the Imaging Proportional CouhRZ)(detector on the
Einstein X-Ray Observatory by Cordova & Mason (1980). It was detected withxaof 1.3 x
10~ ergs s cm (0.6 counts 3%) in the Q1 — 4.5 keV energy range of thePC (assuming
a spectral temperature of 10 keV). At energies belowk&V they observed several areas of
weaker emission forming a ring symmetrically located about the position of thef doea.
Later observations showed no evidence of this extended emission (@otdblason, 1984).
Using further observations with tHeinstein observatory, Cordova & Mason (1984) found X-
rays from SU UMa to be variable on short timescales. Eracleous et 8ll) fi&ed an optically
thin thermal bremsstrahlung model to tRanstein spectrum. Based on models by Pringle &
Savonije (1979) and Tylenda (1981) the hard X-ray emission was tensisith being from a
hot optically thin boundary layer between the disc and star.

SU UMa was observed twice in quiescence and once in outburstRUESAT by Sil-

ber et al. (1994). Hot optically thin emission was observed and in outthesibserved count
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rate dropped by a factor of 3. Both the quiescent and outburst speetene well fitted by a
bremsstrahlung model with temperatures @22 and 22*33 keV respectively. In quiescence
the boundary layer was responsible for 20 per cent of the total luminastignyy 1 per cent dur-
ing outburst. Silber et al. (1994) suggested that either the missing flux isd&tacted extreme
ultraviolet component or the boundary layer luminosity is carried away adi&ienergy by a
wind during outburst. Baskill et al. (2005) presented SU UMa in outhwitst ASCA, amongst

a large number of other dwarf novae. They found a statistically accedittiethe spectrum
using a thermal plasma model absorbed by photoelectric absorption bylmaaterial with a
similar outburst temperature to that of SS Cygni cﬂfﬁ@:i keV. SU UMa was again observed
during a quiescent period usit{MM-Newton (Pandel et al., 2005) where a large number of
emission lines were detected. The observed lines indicated that the X-ray gmpi#tama cov-
ers a wide range of temperatures, prompting the use of a cooling flow mofiteiite spectra.
Their model gave a good agreement to the data suggesting the sourcays s-from a cooling
plasma settling onto the white dwarf through a disc boundary layer. Highutesodata taken
from theChandra HETG during quiescence showed the presence of a weak fluorescent ion lin
indicating there may be reflection present in the system (Rana et al., 20@8) also found the
FeXXVI line to be absent from the spectra indicating a lower temperature in the emitting reg
compared to other sources studied. Using the G line ratio Fgdefined as the ratio of the
sum of the forbidden and intercombination lines with the resonance line) vidgdnsitive to
electron temperature, they were able to determine that the plasma in quiesceoitisionally
ionised.

Previous analysis of SU UMa has been based upon a number of shapskovations,
with short durations either during an outburst or quiescent period, makitifficult to draw
firm conclusions about the evolution of the emitted X-ray through outburst.

Observations have shown that the X-ray spectrum in quiescence isogtlly thin
plasma. Observed lines indicate that the X-ray emitting plasma covers a wigke oatem-
peratures and is consistent with a cooling plasma settling onto the white dwaufjtha disc
boundary layer.

In outburst the hard X-rays are usually suppressed and replacedmiititense extreme
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Table 7.1: PointedRXTE/PCA observations of SU UMa used in this analysis.

Proposal ID Year Start - End Number of Total Gain
date observations  exposure [ks] epoch
P60005 2001 Mar25- Jun2l 193 336 5

ultraviolet component. This is thought to be due to the boundary layer begoopitically
thick to its own emission as the accretion rate increases during outburst. veipwee X-ray
flux evolution through the outburst cycle is not well reproduced by thedstal disc instability
model, (e.g., Lasota, 2001).

In this chapter the evolution through outburst of SU UMa is investigated ardrea-
tions in the X-ray band covering six outbursts are presented. The stglamd quiescence of
SU UMa will be explored and discussed photometrically and spectrosdigpacal the proto-
type SU UMa system will be compared with other dwarf novae. In Sectionb&@rgations and
data analysis are presented. In Section 7.3 the outbursts are comparegetitbther and in

Section 7.4 the SU UMa spectra is modelled.

7.2 Observations

SU UMa was monitored using tHe&XTE Proportional Counter ArrayRCA) beginning on 2001
March 28 and ending on 2001 June 21. The observation spannedreialnmutbursts. A log
of observations is given in Table 7.1. The total exposure was 336 k®lservations were
taken in blocks of between-114 ks exposure with additional gaps due to Earth occultations and
passage of the spacecraft through the South Atlantic Anomaly (SAARME count rates are
presented for threBCUs.

For details of the extraction criteria and software used in this chapter stiers4.2 in
Chapter 4. On 2000 May 1BCUO sutered a loss of propane from its veto layer resulting in a
higher number of false events being observed in that detector. Aslattésuletector was not

used in the extraction of this data set.
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7.3 Time Series Analysis

The RXTE observations covered six normal outbursts of SU UMa. Figure 7.1 stimns-ray
observations plotted with optical observations fromA#'SO. The optical data consist of visual
observations (85 per cent) and V band CCD observations (15 peneigmfin average cadence
of 5 hours. In outburst the optical band rapidly brightened from apprately 14" to 12" mag
in approximately (b days before declining back into quiescence. Outbursts were neadiheq
spaced, lasting approximately 2 days with the quiescence periods lastiayiapgtely 10 days.

In the hard X-ray band as the system entered outburst the X-rays bestgopeessed
to near zero. The X-ray flux remained suppressed for most of thdioluref the outburst,
recovering during optical decline. The outbursts are shown in more detaigure 7.2, there
was no sign of a peak preceding the X-ray suppression, as wasvedsarSS Cygni. The
cadence of X-ray observations at the beginning of the outbursts wiaaltyl2 hours.

Also plotted in Figure 7.1 is the X-ray hardness ratio which was created osings in
the energy bands@-3.7 keV and 37-18.5 keV. During quiescence the hardness ratio does not
show any obvious variations, although on JD 2452012 for approximatgdyd a higher X-ray
count rate was accompanied by a harder spectrumy ¥ lderring this period, using the average
of the hardness ratio as the model hardness, results jpétb&1.4 (3 d.o.f) with a probability
of 0.76 suggesting that this feature is significant. Despite large error bargdurtburst it is
clear that the system was softer during outburst than during quiescEmsehas also been seen
in other dwarf novae (e.g., Baskill et al., 2005). Closer inspection ofrEigul shows that the
softening of the spectrum coincides with the hard X-rays becoming gaednch

To make comparison between the outbursts a composite light curve was mtue of
six outbursts. The cross correlation was calculated separately for tbptical and X-ray
data sets and the second outburst (JD 2452017) was chosen as a temftiatst. Due to the
low cadence of both the optical and X-ray data the template outburst wagdlaterd and then
used to calculate the cross correlation. The times were shifted to maximise $ecoreelation
and the composite light curve is plotted in Figure 7.3. The top plot shows theasitafight

curve using the optical template and the bottom plot shows the composite ligiktwsing the
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Figure 7.1:AAVSO (upper panel) an®XTE (middle panel) observations of SU UMa during the
March - June 2001. The X-ray hardness ratio, defined as the hadd(B& — 18.5 keV) divided
by the soft band (B — 3.7 keV) is also plotted (bottom panel).
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Table 7.2: Optical and X-ray times for the flux to reach mid-point of the tramstticoutburst,
including the cadence of the optical and X-ray observations resplgctive

Optical time Cadence X-ray time Cadence Delay
[JD] [days] [JD] [days] [days]
24520030 0.79 2452004 0.60 112
24520179 047 24520184 0.46 045
24520336 103 2452038 042 068
24520475 0.39 2452048 042 034
24520593 0.88 2452060 0.68 025
24520718 0.88 245207 047 086

X-ray template. The composite light curve shows that for the six outburstshiyees were
highly repeatable. In both the optical and X-ray bands the quiescentpdollowing outburst
were more variable than prior to the outbursts. A peak in the count rate immgdiatere
outburst was also not observed in the composite light curve, which hageaage separation of
points of only 2 hours. The X-ray suppression was remarkably ragicvais not resolved in the
composite light curve, suggesting it occurred faster than two hours.

Figure 7.3 also shows there was a delay between the start of outburstaptite and
X-ray bands, however, due to the sparse sampling of both optical aagt Hata it is dificult to
determine the precise duration of the delay. To quantify the delay the daganterpolated and
times when the X-ray and optical flux crossed the mid point between outimmisgjuiescence
were calculated, these times are shown in Table 7.2. The delays show tRataheuppression
follows the optical rise by @5 — 1.12 days later, with a median delay ab@ days. The range
in delay times can be accounted for by the cadence of the observatiamBgi&d in Table 7.2).

In order to determine whether the X-ray flux increased during quies¢ascpredicted
by the disc instability model, a linear least squares fit was performed to thecguigintervals,
plotted in Figure 7.4. The X-ray observations were selected when the ldpiltacurve was
fainter than 14 mag. There was short timescale variability in the light curves, but the quiesce
trend is well represented by the best fit lines. The fits show that the g@mieXeray count rates
either remained constant or decreased. The gradients of the line fiteeaenfed in Table 7.3.
Figure 7.5 shows the composite light curve of Figure 7.4 with a linear leaatestit to all the

quiescent data. The fit was applied to the interval where the optical wasrfthan 14 mag in
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Table 7.3: Gradients for the linear least squares fits to the quiesceytd&tafrom Fig 7.4 and
Fig 7.5.

Quiescence interval Gradient
[JD] [counts st days?]
2451999 +0.01+0.02
2452013 -0.22+0.02
2452028 +0.00+0.01
2452042 -0.14+0.02
2452055 +0.06+ 0.02
2452068 -0.38+0.03
Composite -0.09+0.02

all six cycles. It shows that, in addition to short timescale variability, thereanaerall decline
in the hard X-ray flux during quiescence. The mean count rate dectdiamn a maximum of
5.8 counts s, with a gradient of M9 counts st day?, although the average decline is not
well represented by a straight ling?(= 4.9 (5 d.o.f)). A similar decline during quiescence has

previously been seen in SS Cygni by McGowan et al. (2004).

7.4 Spectral Fitting

7.4.1 Combined Quiescence Spectrum

To maximise the signal to noise the data were first binned into two spectrarvatises with
count rates lower than 3 counts(per 3PCUs), based on Figure 7.1, were considered to be in
outburst and were combined into one outburst spectrum, withi&8of exposure. All remaining
data were combined into one quiescent spectrum, with 251 ks of expdheeource was not
detected above 12 keV in outburst and thus data were not fitted abovenéngye The data
were initially fitted with the error on the background set to zero, this will beesi®d in more
detail further on in this section. SS Cygni was found to require a systemediood 0.5 per cent
on the data (Section 4.4.1 Chapter 4), this systematic error was also addedsid thMa data
presented here.

A bremsstrahlung continuum model was fitted to the data; the resulting fit veadqro

both the outburst and quiescence spectra. Although this model is natalhysealistic it is,
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however, useful to parameterise the system. The residuals of bothasphotwed the model
had a deficit between 6 7 keV, most likely due to a mixture of a fluorescent and thermal iron
lines. Adding a free emission line to the model dramatically improved the fit to theakatting

in a y2 of 3.46 (33 d.o.f) for the quiescent spectra ang2eof 0.58 (12 d.o.f) for the outburst
spectra. The outburgt is worryingly low, indicating that model might be fitting photon noise
in the detector or that the error bars have been overestimated. Hotveverobability of a fit
resulting in ay? lower than this value is 14 per cent and so it is possible that a fit withyfhis
can occur by chance. Figure 7.6 shows the best fit for the spectra vgittmtidel in quiescence
and outburst.

To fit a more realistic model to the data a single temperature plasma model wathesed
mekal model irkSPEC, Mewe et al., 1985, 1986; Liedahl et al., 1995). Applying this model to
the quiescent spectra did not result in a good fit wif af 13 (36 d.o.f). The residuals, Figure
7.7 panel A, show that there is an excess in the model betwe@&kéV. Comparing the plotted
model and data it is apparent that this excess comes from the modelled line armighi® ther-
mal plasma model. Reducing the strength of the thermal lines can be achielmuddoyng the
metal abundances. Making the model abundances a free parameter gigudicant improve-
ment to the fit resulting in @2 of 3.6 (35 d.o.f) with an F-test probability of 2 107%. The
residuals to this model can be seen in Figure 7.7 panel B. The best fdaias were found to
be lower than solar levels (Anders & Grevesse, 1989)& 8olar. Sub-solar abundances have
been found for other dwarf novae (Baskill et al., 2005).

The modification to the model reduced the size of the excess in the residigalse(F
7.7 panel B) but it was still poorly fitting in the 6 8 keV energy range. The residuals show a
deficit in the model between 6 7 keV providing evidence for a.4 keV fluorescence line of
neutral iron, also seen in SU UMa by Rana et al. (2006). A narrow ssaugomponent fixed
at 64 keV was added to the model, the result of this addition is seen in Figure ¥ @anhe
fit produces a2 of 2.01 (34 d.o.f). The addition of the narrow emission line improved the fit
between 6- 8 keV, but it was unable to remove the residual feature near 7 keV. &ddpartial
covering component to the model significantly improved the fit to the SS Cydaiid Chapter

4, but making the addition to the SU UMa data did not improve the fit, resultingfncd 2.11
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panels below show the residuals for this model. FBeroduced by the fit is at the end of
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(32 d.o.f). The residuals for this model are plotted in Figure 7.7 panel D.

7.4.2 Background Systematics

The unacceptably higi? produced by these fits indicates that either the model is inadequate, or
systematic uncertainties are present in the data that are not fit by the motiisiks analysis
of the calibration and background model for tR€A was carried out by Jahoda et al. (2006).
They determined that the energy calibration has deviations bper cent from power law fits
to the Crab Nebula and unmodeled variations in the instrumental backgroun@ aer cent
below 10 keV andk 1 per cent between 1020 keV. Whensaextrct generates the data files
the error is calculated as the square root of the number of counts in thiélelafanis is correct
for the data, however, the background is estimated from the averagkugfeaamount of data
and so the resulting error on the background is overestirhatédsalue of zero was used as
the background error in the fitting in Section 7.4.1. However, SU UMa is & &ystem, so
background systematics are likely to contribute significantly.

To investigate the level of systematic error required on the backgrouadiata were
re-binned forming eight spectra. Using the same criteria as aboveyaheas with count rates
lower than 3 counts (per 3PCUs), based on Figure 7.1, were binned into one outburst spectrum
containing 48 ks of exposure. One spectrum was made for each quigsced between the
outbursts with each quiescent spectrum containing an average of 3gekpasure. SU UMa
is a much fainter system than either SS Cygni or U Gem, where the sounats ctmminate the
spectrum, allowing the instrumental systematic error to be estimated. SS Cygfbuval to
require a systematic error offoper cent on the data (Section 4.4.1 Chapter 4), this systematic
error was added to the spectrum in quadrature as before. A serig¢s wifie made with the
systematic error on the background selected in the rang2 Per cent, as identified by Jahoda
et al. (2006). The data were fitted using the current best model: a thplasaha model with
free abundances and a narrow emission line fixed4akéV. Figure 7.8 shows the cumulative
histogram plots of the best fif? distributions, with the cumulative plot of the® distribution

(curve) on the same plot. The plots show that a systematic error of 0.arke0cent in the

httpy/astrophysics.gsfc.nasa.grraygprogramgxte/pcachisquare.html
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Figure 7.7: The top panel shows the data (crosses) and the folded of@léremsstrahlung
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background underestimates the error resulting in distributions that aagegtean 1. Similarly

a systematic error of betweerBland 2 per cent overestimate the error and result in distributions
that are less than 1. A systematic error betwe8rafid 1 per cent produces a distribution that is
closest to a2 distribution, with a background systematic error & Per cent producing the best
result. Since this is within the range identified by Jahoda et al. (2006) aidiged acceptable
fits to the model, this value was adopted and applied to all data.

Fitting the quiescent and outburst spectrum with the new backgroundratiteapplied
resulted in an acceptabjé for all spectra. The best fitting thermal plasma model with a narrow
emission line was improved, giving an acceptable fit witf af 0.99 (34 d.o.f) to the combined
quiescent spectrum in Section 7.4.1. The addition of a partial coverimg@hms component to

the model, again, did not significantly improve the fit resulting jf @f 1.03 (32 d.o.f).

7.4.3 Time Resolved Spectra

The best fit parameters resulting from the fit to the thermal plasma model wittwhamission

line are shown in Figure 7.9? residuals for all spectra can be seen in Figure 7.10. The top seven
panels are the quiescent spectrum with the outburst spectra in the bottein Plae flux of the
guiescent spectra varies during the observation with the seventh spestritting more X-rays

on average than the other quiescent spectra. The system was alsodathsofter in outburst
than in quiescence. Within error the temperature of the quiescent spestaansistent with
each other at an average temperature .8f+70.3 keV. The outburst spectrum fitted a lower
temperature of B + 0.4 keV. The best fit free abundances were also consistent with eagh oth
with an average abundance 068+ 0.01 solar. The outburst spectrum was less well constrained
fitting an abundance of.62 + 0.25, however it was still consistent with the quiescent spectra.
The 64 keV line strength was weaker in the earlier quiescent intervals, but withiertior all
spectra were consistent with each other, with an average equivalghtafigl + 35 eV during
guiescence. The best fit line strength during outburst was consistarthe quiescent spectrum
but was poorly constrained (182102 eV). These equivalent widths were also consistent with
equivalent widths expected from a semi-infinite, plane parallel cold slath#ted by an external

source of X-rays (George & Fabian, 1991). Fitting a reflection contim(zalculated from the
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all fits while the background systematic was varied from 0 to 2 per cent.
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code of Magdziarz & Zdziarski, 1995), with the reflection albedo fixed and the reflector
abundances tied to the abundances of the plasma model, does not improesttfie However,
it does show that the data were consistent with a reflection continuum withl deéstit 2 of
1.3 (251 d.o.f).

Comparing the flux above 7 keV with thedékeV line normalisation (as was done in
Section 4.4.4 in Chapter 4), it is possible to get a better understanding ddftbetion in the
system. The line normalisation and the line flux above 7 keV are plotted in Figlitewhich
shows the fraction of continuum photons that produce line photons. giefshows there is a
good correlation with the flux between-720 keV and the line normalisation. The gradient of
the line shows that 4 per cent of hard X-rays give rise to fluorescent photons. Therlfitéa

consistent with no change in reflection during these observations.

7.4.4 Multi-Temperature Model Fits

The X-ray spectrum originates from an optically thin plasma that probabigists of a wide
range of temperatures, previously modelled as a cooling flow (Wheatldy, 4986; Pandel
et al., 2005). A multi-temperature model was fit to the combined quiescentrspe(cemekl

in XSPEC, Singh et al., 1996) which showed that> 0.8, Tyax = 12:21 keV and abundance
= 0.59+ 0.05 with ay? of 0.97 (33 d.o.f) confirming low abundanceék.x ande are consistent

with ASCA observations of other dwarf novae in quiescence (Baskill et al., 2005)

7.4.5 Fluxes and Luminosity

Fluxes were calculated from the best fitting model over the energy ran@® XeV. Broadband
fluxes were calculated by integrating over the energy rar@e-0100 keV. They are presented
in Table 7.4 along with the luminosities and associated accretion rates. Assurdisizce
of 260ﬁ$80 pc to SU UMa (Thorstensen, 2003) the average X-ray luminosity of thersywas
calculated to be B x 10°2(d/260pc)? ergs st in quiescence and Dx 10°%(d/260pc)? ergs St

in outburst. It should be noted that although the outburst flux is consisiinthat calculated
by Baskill et al. (2005) it is close to the confusion limit of tRXTE detector (Jahoda et al.,

2006). The accretion rates were calculated using the relatierGMygM/2R,g. The mass of
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Table 7.4: Fluxes, luminosities and associated accretion rates for SU UMa.

Spectra number Fldx Luminosity’ Accretion raté
[2 — 20 keV] [0.01- 100 keV]

1 17 28 23 38
2 19 32 26 43
3 18 30 24 40
4 18 31 25 41
5 19 32 26 42
6 18 30 24 4.0
7 2.3 39 31 52
Outburst 07} 0.9 0.7 12

ax10 M ergs stcm2

b x10%%(d/260pc)? ergs st

¢x10*gst

the white dwarf in SU UMa has not been directly calculated owing to its low inclinaBased

on the work of Knigge (2006) white dwarfs in binaries were found to lavaverage mass of
Mwa = 0.75Ms andRyg = 7.7 x 10° cm. These values were used to calculate the accretion
rates presented here. The calculated luminosities correspond to ageasiecaetion rate during
quiescence of 2x 10'° g st and 12x10'° g s~* during outburst. However, the accretion rate is
not thought to drop during outburst, instead the luminosity is probably donditgtan intense

extreme ultraviolet component.

7.5 Discussion and Conclusions

X-ray observations of SU UMa spanning six normal outbursts has besemted. The X-ray
flux evolution of SU UMa has been studied in much greater detail than haspossible with
the brief snapshot observations that previous analysis has relied on.

All six outbursts showed consistent X-ray behaviour. At the start dfurnst the X-rays
were suddenly quenched to near zero, the X-ray count rate dropgimgarly a factor of 4.
This was consistent with snapshot observations by Silber et al. (198Hneasured thROSAT
X-ray count rate to be a factor of 3 lower in outburst. A larger drop ina}{srwas measured

from RXTE data since the spectrum gets softer as well as fainter. Observation of WVelsb
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a SU UMa type variable, showed the flux to drop by a factor of 6 (Wheatlal,e1996).

Calculating times for the optical and X-ray fluxes to cross the mid-transitiort pein
dicated that the X-ray suppression lags behind the optical rise by abtiwt Hay. This is an
indication of the time the heating wave in the disc takes to propagate to the byplaer SS
Cygni has also been observed to have a delay between optical and oXtiaursts, with the
beginning of X-ray outburst lagging behind the optical b§-01.4 days (Wheatley et al., 2003).
The shorter delay for SU UMa suggests that the time for the heating waveréb tiieough the
disc is shorter, perhaps due to its smaller accretion disc.

The lack of an X-ray flux increase at the start of any of the outburstazglimg since
the boundary layer is only thought to become optically thick once the accretiehas reached
a critical value (Pringle & Savonije, 1979). In SS Cygni, the X-rays dodase before being
suddenly suppressed (Wheatley et al., 2003). It may be that the quiesmeetion rate in SU
UMa is already close to the critical rate. However, our estimated accretiennrguiescence
(4.2 x 10'° g s'1) is below the expected critical value ofsx210 g s1, although this does
depend on the white dwarf mass and radius, the viscosity of the disc andrégmpeof the
shocked gas (Pringle & Savonije, 1979). In SS Cygni the transition e&sat an accretion rate
of 1 x 10'® g s1 (Wheatley et al., 2003). Alternatively, the observations presentednhigie
have missed the flux increase. The optical rise in SS Cygni was approkirhd&ielays with an
associated duration of 12 hours for the rise in the hard X-rays. Theabpse in SU UMa was
approximately 1 day but the average separation of points in the compositediyletof Figure
7.3 results in an upper limit of 2 hours to the duration of a peak that occtine aame outburst
phase and with the same duration in each case. An increase in flux wasedsen in VW Hyi
(Wheatley et al., 1996), although these observations had a cadence observation a day.

The X-ray suppression occurred very rapidly and was not resahvaar composite light
curve, with a cadence of 2 hours (Figure 7.4). This is similar to SS Cygeievime suppression
occurred in less than 3 hours (Wheatley et al., 2003).

The X-ray recovery began while the optical band was in decline fromuesitbThis was
earlier than seen in VW Hyi where the X-ray recovery occurred atiideoéthe optical outburst

(Wheatley et al., 1996). Presumably this was due to a cooling front reatiférboundary layer
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before passing through the whole disc, perhaps suggesting that tlegcaave in SU UMa
does not start at the outer edge of the disc.

The X-ray count rates measured for SU UMa tend to decrease duriegcguce, drop-
ping by 12 per cent over 8 days. This has also been seen in SS CyitiGywan et al. (2004),
where the decrease was by 40 per cent over 31 days. It is interestogetdhat in both cases
the count rate drops by abouIper cent day!, perhaps indicating similar timescales acting in
the inner accretion discs. The decrease in X-ray flux is in direct confiibtthe disc instability
model which predicts increasing quiescent accretion rates (e.g., L266tH),

The X-ray spectrum of SU UMa in outburst was softer and fainter thaimgluuies-
cence, in common with other dwarf novae (e.g., Baskill et al., 2005). ThayX-observed
during quiescence arise from an optically thin region that is probably ceglay an unseen
optically thick emitting region that most likely dominates during outburst. Specttalgfiof
the data shows that a thermal plasma model with sub-solar abundancé4 #f0001 and a &
keV line describes the data well. The data are also consistent with the peesiea constant
reflection continuum.

The luminosity during outburst, ¥ 103 ergs s*, was similar to that calculated by
Baskill et al. (2005) for SU UMa wittASCA. Other systems observed BASCA in outburst
include RU Peg (@& x 10°! ergs s1), a U Gem system. During quiescence SU UMa had an
average luminosity of B x 10%2(d/260pc)? ergs s, about as luminous as SS Cygnig& 102
ergs s1) but more luminous than U Gem .@x 10°! ergs s'). T Leo, a SU UMa system,
was also calculated to be less luminous with a luminosity.88110%! ergs s!. The average
luminosity during quiescence corresponds to a quiescent accretiorf laB>al0® g s1. This
was similar to the quiescent rate 0f&x310* found by Wheatley et al. (2003) and in Chapter
4 for SS Cygni and was two and a half orders of magnitude higher thaticped by the disc
instability model, (e.g., Hameury et al., 2000).
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Chapter 8

Discussion

8.1 Dwarf Novae in X-rays

The three dwarf novae SS Cygni, U Gem and SU UMa were presented ith#sis in far
greater temporal resolution than ever before using poiR¥TE/PCA observations. Nearly all
previous analysis of dwarf novae has been based upon a numbeaipshen observations, with a
short duration either during an outburst or quiescent period. A totabdfpointed observations
were presented with a combined exposure.bfiIMs. These observations covered a total of 19
outburst and 16 quiescent intervals allowing the X-ray flux evolution tjinout outburst and

quiescence to be studied in far greater detail than has been previosslplpo

8.2 Temporal Evolution

8.2.1 The Outburst Cycle

All three systems have a very similar outburst shape in the optical bandpfital magnitude
rises rapidly until reaching the respective maximum visual magnitude witdimlay. The light
curve remains at maximum for between-® days before starting its decline and returning to
quiescence, as is typical of fast rise slow decline outbursts.

Although the behaviour in the optical band is similar there is a larger distinction in

the hard X-ray band between the three systems. During outburst botly@®$ &hd SU UMa
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present a clear picture of the X-ray nature of most dwarf novae: thek Xaays in outburst
were quenched below the quiescent flux level. This was observed iffi tt@ A7 outbursts
observed in comparison with the 16 quiescent intervals. Unlike in quiescdine outburst
count rates in both SS Cygni and SU UMa were very similar for all outbutstsspectrum also
became softer. In contradiction to this observed behaviour the hargsénd) Gem brightened
during outburst. A comparison of X-ray luminosities shows that U Gem isuailysfaint during
guiescence, see Table 8.1 and 8.3. This may be due to the high inclination efrl) & 72
degrees (Unda-Sanzana et al., 2006). Studying non-magnetic catachggiables observed by
ROSAT, van Teeseling et al. (1996) found the emission measure to be anti-¢edreldh the
system inclination. This suggests that the X-rays originate from the inmeoptne accretion
disc with a scale height not much greater than the disc thickness, wherefrttasieray flux in
high inclination systems is absorbed by the accretion disc. The only othef wlovea observed
to brighten in outburstis GW Lib (Byckling et al., 2009). However, GW Lils hdow inclination
(van Spaandonk et al., 2010) conflicting with this theory.

8.2.2 The X-ray Transition

As SS Cygni entered outburst the hard X-ray flux quickly increastardbeing rapidly quenched.
At this time the boundary layer transitioned from optically thin to optically thick, telX-ray
spectrum softens and is replaced by an intense extreme ultraviolet corhpertee hard X-rays
are suppressed. An increase in flux at the start of the SU UMa outhbvasteot observed. The
observations presented may have missed the flux increase, howeveatahglaces an upper
limit of about 2 hours on its duration. This is substantially shorter than the peak in SS
Cygni which was< 12 hours. This suggests that a flux increase in SU UMa would be much
more rapid than in SS Cygni, which is plausible since both the outburst esmaritimes and
orbital period are much shorter. Alternatively, the accretion rate mayeed to significantly
increase before the optically thin boundary layer becomes optically thidkgass in SS Cygni.

A delay between the optical and X-ray outbursts was observed in botly&3s &d SU
UMa. The delay in SS Cygni was betweeb 6 1.6 days, while SU UMa had a delay ef0.5

days. The delay is an indication of the time the heating wave in the disc takegtpate to the
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Table 8.1: Fluxes, luminosities and associated accretion rates duringenéesc

Time Flux Luminosity Accretion raté
[JD] [2 - 20 keV] [0.01- 100 keV]
sscyg
24503663 6.2 110 36 34
2450518 10 163 33 49
2450550 4 132 24 36
2450609 17 221 4.2 6.2
2451664 23 388 77 101
2453293 14 239 47 7.0
2453327 97 167 32 4.8
2453367 10 182 35 52
P50012 217 375 74 100
ugem
2450777 074 11 012 006
2453077 ® 14 015 Q07
suuma
2451999 17 28 23 38
2452010 19 32 26 4.3
2452028 18 30 24 4.0
2452042 18 31 25 41
2452055 19 32 26 42
2452068 18 30 24 4.0
2452078 23 39 31 52

N

ax10 M ergs stcm
b x10%2 ergs st
¢x10% g st
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Table 8.2: Fluxes, luminosities and associated accretion rates during thedvglayer transi-
tion.

Time Flux@ Luminosity’ Accretion raté
[JD] 2—20 keV Q01- 100 keV
sscyg
P10040 210 380 110 120
P20033 16 283 9.33 101
P40012 43 813 2638 289
P50011 65 1020 336 363
P90007 14 255 840 91
ugem
P80011 1% 169 186 091

ax10 M ergs st cm™
b x10%2 ergs st
¢x10%gs?

Table 8.3: Fluxes and luminosities during the hard X-ray quenching.

Time Flu@ Luminosity’ Accretion raté
[JD] [2 — 20 keV] [0.01- 100 keV]
sscyg
P50012 2 57 19 -
ugem
2450764 3 6.9 0.8 -
2453064 53] 103 11 -
suuma
P60005 o 09 0.7 -

ax10 Mt ergs stcm2
b x10%2 ergs st
cx10*gst
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boundary layer. The consistent delays indicate that, in relation to the biguaglar, the heating
waves in SS Cygni and SU UMa may originate at a similar location in the accraton d

A peak in the X-rays at the end of the outburst was observed in both §8i @Gnd
U Gem; as the system returned to quiescence the hard X-ray flux indrbaes@e declining
back to the quiescent count rate. As with the start of the outburst, the ratenin SU UMa
returned to quiescence without a peak. The boundary layer transitiomadptically thick to
optically thin and the extreme ultraviolet spectrum was replaced by the gotdsaed X-ray
spectrum. An increase in flux was also not seen in VW Hyi (Wheatley et@96)1 although
these observations had a cadence of one observation a day.

The peak of the recovery in both SS Cygni and U Gem occurred as tiwloipand
reached quiescence. The start of the U Gem recovery occurresl edhof the optical outburst,
while in SS Cygni the start of the hard X-ray recovery had a range of tinié® recovery
began from when the optical band was close to maximum to when the optichhla@mearly
reached quiescence. The X-ray recovery in SU UMa began wherptlealdband had declined
approximately half way to quiescence. The X-ray flux returned to quiescshortly after the
optical band reached quiescence indicating that the inner disc is thetast {ee accretion disc
to return to quiescence. The start of the recovery occurring beferegtical outburst reached
guiescence indicates that the accretion rate in the boundary layer wadyadtecreasing before
the cooling front reached it. The cooling front then reached the boytaler as the hard X-ray

recovery reached the peak. The cooling wave then returned the iisododjuiescence.

8.2.3 Quiescent Evolution

The disc instability model predicts increasing quiescent accretion ratgs, l(asota, 2001).
However, the X-ray flux measured for SU UMa tends to decrease dqtirgcence (Collins
& Wheatley, 2010). SS Cygni has also shown evidence of being cdnstadecreasing in
guiescence (McGowan et al., 2004). Observations of dwarf novdegiguiescence often show

a decrease of the optical and UV flux between outbursts also (Smak, 2000)
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8.3 Spectral Evolution

The quiescent X-ray spectrum of all three dwarf novae was hardardtring outburst. The X-
rays observed during quiescence arise from an optically thin boutalgy that was probably

replaced by an unseen optically thick emitting region that most likely dominatesgcwutburst.

8.3.1 Spectral Modelling

All three dwarf novae were well described by a single temperature thgrasha model. The
spectra required the addition of a fixed &eV emission line and a significant improvement was
also made fitting the spectra with sub-solar abundances. SS Cygni hadrataace of between
0.2-0.5 solar with most spectra requiring metal abundancesiod@ar. U Gem required higher
abundances of.9 solar, while SU UMa required abundances df olar. The high signal to
noise spectra were also able to constrain multi-temperature models, alsongquiixed 64

keV emission line and sub-solar abundances.

8.3.2 Reflection

The continuum emission can be reflected from any optically thick surfages\rer the geometry
of the boundary layer is complex. Reflection is expected from the opticallk thocindary
layer and inner disc if it extends down to the white dwarf surface, they>Xenaission will also
illuminate the white dwarf surface. In addition, X-rays may be scattered intirghef sight by
the photoionised accretion disc wind (Mauche & Raymond, 2000).

The need for a @ keV line is highly suggestive of FeKfluorescence emission due
to illumination of cold gas, which is a strong indication that there is Compton scattefiK-
rays. Line strengths are also consistent with that of a reflection origiorg@e Fabian, 1991).
Model fits significantly improved with the addition of a reflection component topleetsa with
high signal to noise.

Models favour a high reflection during the hard X-ray suppressionl@andeflection
during quiescence, consistent with Done & Osborne (1997). Thidgeswevidence for a trun-

cated disc in quiescence, although the timing of the reflection change riogcat the same
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time as the spectrum change, is surprising. It would be expected thafldetiom should, for
example, decrease after the spectrum hardens at the end of the hayddppression, and not
at the same time. At the end of the hard X-ray suppression the spectrdenkandicating that
the inner disc should have emptied. This suggests that the observedesharige spectrum
may be due to the boundary layer itself and not disc truncation.

Neither U Gem or SU UMa are bright enough to constrain a complex reflectaatel,
but the line strengths in both systems are consistent with a reflection contiGamparison of
the 64 keV line flux and the continuum flux-(7 keV) capable of producing this line shows that
that both SS Cygni and U Gem have an increased amount of reflectimg dwtburst. During
qguiescence, approximately 4 per cent of the continuum flux are fllemepbotons for both SS
Cygni and SU UMa. In outburst this increased to 10 per cent for S®iGygl approximately 9

per cent for U Gem.

8.3.3 Luminosities and Accretion Rates
Quiescence

Hard X-rays are expected to be emitted in low accretion rate systems Wherel0*¢ g s1
(Pringle & Savonije, 1979; Patterson & Raymond, 1985b). During qaiese SS Cygni has a
large range of luminosities, using the parallax distance of2:662.7 pc (Harrison et al., 1999),
calculated luminosities were®— 7.7 x 10°2 ergs s1. SU UMa was about as luminous as SS
Cygni, its luminosities were much more constant but also over a shorter timeeshasing the
chance of observing long term variations. Luminosities, using the paraftande of 26@380
pc (Thorstensen, 2003), were calculated .&>210% ergs st. U Gem is over 20- 50 times
fainter than both SS Cygni and SU UMa. Using the parallax distance.4&946 pc (Harrison
etal., 1999), the luminosity was calculated to t&110%! ergs s*. Both SS Cygni and SU UMa
luminosities are comparable to Z Cam, during transition and outburst, and RUnhRegburst
(Baskill et al., 2005). While T Leo was found to be as bright as U Gem duginescence.

Using the relatiorL. = GMuwgM/2R,g and assuming the mass and radius of the white

dwarf is Myqg = 0.82Mg andRyg = 5.9 x 108 cm (Bitner et al., 2007) for SS Cygni, and
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Mud = 1.20My andRyg = 3.9 x 108 cm (Echevaria et al., 2007) for U Gem. SU UMa does not
have a measured mass, however, using an estimatg@f= 0.75Mg andRyq = 7.7 x 108 cm
(Knigge, 2006) the respective accretion rates are calculated in Takdéeo8d with the quiescent
fluxes and luminosities.

SS Cygni and SU UMa had comparable accretion rates. The accretidarr&® Cygni
was in the range.8 - 10.1x 10'° g s’ and SU UMa had an average accretion rate. p#410%°
g s L. The accretion rate in U Gem was nearly two orders of magnitude lowed atl6'3 g s™2.
If the low luminosity in quiescence is a result of the high inclination in U Gem angrafieant
proportion of the X-ray flux is absorbed by the accretion disc (vandlggset al., 1996), then
this accretion rate is an underestimate.

In quiescence, SS Cygni was observed to accrete at a higher ratadtiation rates
the boundary layer has been calculated to become optically thick at (skes Bab and 8.2).
This is surprising, analysis by Wheatley et al. (2003) suggested that thecaccretion rate
reaches a critical value the boundary layer becomes optically thick. Hmwée accretion rate
during the peak, before outburst and during the recovery, alwaysdees despite the preceding
quiescent accretion rate. This indicates that the critical accretion raté fixexd, in SS Cygni.
The large range of accretion rates in quiescence may be due to charijesviscosity of the
quiescent accretion disc allowing a higher quiescent accretion ratkyi@h& Syunyaev, 1973;

Papaloizou & Stanley, 1986).

Outburst

When the accretion rate reaches a critical value the boundary layembsaaptically thick,
hard X-rays become thermalised and are emitted in the EUV and soft X-ralsb&Pringle &
Savonije, 1979; Wheatley et al., 2003).

During the outburst transition the flux of both SS Cygni and U Gem wasrobddo
increase rapidly above the quiescent level, although this was only @gsatvihe end of the
outburst for U Gem. The flux in SU UMa is immediately quenched and recavignsut an
increase in the flux above the quiescent level. This indicates that in both@H&ahd U Gem the

accretion rate must rise substantially before the boundary layer becqneslly thick, while
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SU UMa has a quiescent accretion rate close to that required for the &ryuagler to become
optically thick, alternatively transitions occurs much more rapidly. At the mdake hard X-
ray recovery, a good indicator of the outburst accretion rate, the luitisesvere calculated
to be in the range.8 — 33.6 x 10°2 ergs s? for SS Cygni and B x 10° ergs s? for U Gem.
These luminosities correspond to accretion rates.®f03.6 x 10 g s and 09 x 10° g
s7! respectively. See Table 8.2 for the fluxes, luminosities and accretiondaties) the peak
transition. These accretion rates assume that the hard X-rays refgreséril accretion rate. If
there is an un-observed soft X-ray component then these accretsmid be an underestimate.
During outburst U Gem gets brighter with a luminosity of Z 1.1 x 10! ergs s?.
This is comparable with SU UMa in outburst with a luminosity ot 10°! ergs s? indicating
that U Gem is unusually faint during quiescence, rather than unusudlytlim outburst. See
Table 8.3 for all outburst fluxes, luminosities. The accretion rates angrasénted in Table 8.3
since the hard X-rays become thermalised and emitted as soft X-rays rgsultirsignificantly

underestimated accretion rate.

8.4 Future Work

One of the most important questions for future work is quiescence. Aticgufor three quarters
and half of the outburst cycle in SS Cygni and U Gem respectively it imsatell understood
as outburst. Quiescence also poses a problem for the disc instability moldelgulescent
accretion rate for SS Cygni and SU UMa are over two orders of magnitigier than disc
instability model predictions (e.g., Hameury et al., 2000), while the accretterimdJ Gem is
consistent with the disc instability model. The quiescent X-ray flux also deesein both SS
Cygni and SU UMa contrary to model predictions. Observations of thesgeiret evolution of U
Gem are needed to determine if the quiescent X-ray flux also decreases.

Another important question for future work is the origin of the hard X-rayission
during outburst. Once this is understood the geometry of the inner accdiimand boundary
layer will be able to be probed more accurately.

The evolution of the three systems presented showed that they have kableaumber
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of similarities as well as dierences. This study needs to be extended and good X-ray coverage

is needed of more dwarf novae to build up an understanding of the populatio
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