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Abstrat
Observations of the atalysmi variable systems EX Dra, Z Cha, and OY Car usingmulti-wavelength data ranging from near-infrared to X-ray bands are presented andanalysed. Obsuration of the white dwarf by intervening material is disussed inontext of all three systems, inluding the on�rmation of iron lines in the spetrumof OY Car and the absorbing nature of the aretion dis upon the soft X-ray bandin Z Cha. Evidene for spiral shoks and slingshot prominenes from the seondarystar are found in EX Dra, while the extent of Z Cha's boundary layer is probedwith extensive modelling of simultaneous optial and X-ray data. Combined witha spetral analysis, this leads to the onlusion of a trunated inner dis presentwithin the system. The �rst radial veloity measurement of OY Car's red seondarystar is presented, and used to produe a fully spetrosopi determination of thesystem's mass ratio whih is ompared to previous attempts using the photometrimethod. The seond part of this thesis deals with the improvement of the Ultraamand Ultraspe instruments. For the former, inreased olour preision is ahievedby areful alibration of the instrument's �lter response with respet to the SDSSsystem; a harge modulation problem is investigated and quanti�ed; and the devel-opment of a software system designed to improve observation and redution workowis detailed. For Ultraspe, a areful analysis of the CCD parameters is performedin order to prepare the instrument for sienti� quality data publiation, inludingan analysis of spurious harge found present. It is also shown that the AC ouplingof the video iruit in the CCD an ause erroneous values in the readout but anbe reti�ed, and presene of harge trailing aused by eletron traps is investigatedwith preliminary orretions shown. vi
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Chapter 1IntrodutionCatalysmi variables are remarkable stars that display frequent and dramati hangesin their brightness by orders of magnitude, whih has fueled an intense observationand study of suh objets for what is now over 150 years. The origin for this ob-served variability was explained not by a proess in a single star, but in a binarysystem [Walker, 1954℄, spei�ally the transfer of mass between the two objets.This mehanism presents many good reasons for studying suh systems, as theyhave impliations regarding stellar and Galati evolution; areting white dwarfsmay be the soure of Type Ia supernovae [King et al., 2003℄ and nova eruptionsinuene the interstellar medium and from that the galaxies whih are onstrutedfrom suh material [Amari et al., 1990℄. Often, however, it is the proess of a-retion itself that is the matter of study. Aretion is the most eÆient form ofenergy and is not unique to atalysmi variables - blak holes present at the en-tres of galaxies are another ase, and jets of material are typially assoiated withareting objets. The omplete physial workings of suh areting diss that formaround objets like the white dwarf remain a strong soure of debate, however. Thesoure of visosity within aretion diss - while neessary for suh a dis to operate- is under debate, and the dis instability model used frequently to desribe thearetion and subsequent outburst within atalysmi variables has been alled intoquestion several times due to inonsistenies with the observed evidene [Meyer andMeyer-Hofmeister, 1989; Pringle, 1988℄. Due to their steadily inreasing numberof detetions, atalysmi variables provide a useful and readily available soure toobserve the phenomenon of aretion by professionals and amateurs.As will be explained, a wide spetral range is required to suesfully examineall the omponents within a atalysmi variable system, but due to their variabilityand - in some ases - elipses, eÆient detetors that an run with a high adene1



are also of a huge bene�t. The requirements of a wide spetral range and hightime resolution are diÆult to ahieve in union; however several instruments havebeen developed that are well-suited to one regime or the other. Ultraam andUltraspe are two instruments with very high time resolution; the former providingframe rates of 100Hz+ with triple-arm broadband photometry, and the latter withspetrosopy at up to 30Hz. The ESO X-Shooter instrument that has reently omeonline provides an unpreedented spetral range from 3000 �Ato 25000 �A. All threeof these instruments potentially o�er great insights into the study of atalysmivariables, and results from eah will be shown during later hapters.This thesis makes use of data from UV to X-ray wavelengths to study threeatalysmi variables (EX Dra, Z Cha, and OY Car), and also fous upon improve-ments to the well-established Ultraam instrument and the relatively new Ultraspe.Initially a more detailed bakground of the physis of atalysmi variables will begiven in x2, whereas the detetors that are used in all modern observations of thesesystems are detailed in x3, along with typial redution methods for observationaldata. The hardware and software of Ultraam and Ultraspe are briey desribedin x4. In x5, optial and UV data of EX Dra are presented, examining the possi-bility of the white dwarf being obsured by its aretion dis along with signs thatthe dis may beome elliptial in outburst. The thin regime above the surfae ofZ Cha's white dwarf, known as the boundary layer, is measured and disussed inx6 by using a ombination of Ultraam optial data with X-ray observations usingXMM-Newton; this hapter also investigates the remarkably variable ephemeris ofthe objet. Following this, x7 details observations of OY Car with the new spe-trosopi instrument \X-Shooter". Here the previous photometri results are testedagainst new independent spetrosopi measurements, and the presene of iron linespreviously reported by Horne et al. [1994℄ is investigated.The next two hapters fous upon instrumentation. In x8, this is Ultraam;where the auray of the �lters with respet to the SDSS system are alulated,along with an investigation into a long-standing issue with the Ultraam CCDsthat a�ets the auray of the data. The hapter also details the developmentof software modules that will automatially atalogue Ultraam data and provideimprovements to the observing workow. x9 details alibration of Ultraspe and thedevelopment of a software pipeline to aount and orret for various tehnial issuesthat a�et the auray of the data. Some preliminary siene results of Ultraspeare presented. The results from eah of the hapters will be summarised along withonlusions in x10. 2



Chapter 2Catalysmi variables: a briefoverviewThis hapter will disuss the nature of atalysmi variable (CV) systems, inludingtheir evolution, geometry, important parameters and notable harateristis. Whilethis will be a onise guide to the neessities of CV systems in ontext of researhdone, more detailed texts are readily available, suh as Warner [1995a℄.2.1 Stellar evolutionAll stars begin their life in the form of ollapsing, gravitationally-bound louds ofgas. These louds produe young star lusters, and it is unsurprising that sinethey are formed in this manner, many of the produed stars are also gravitationallybound to one another. Binary systems, with two stars orbiting one another, are themost ommon result of suh a senario, though triple systems or pairs of binariesare also possibilities. A reent study shows that two-thirds of stars are single [Lada,2006℄, perhaps ejeted from an unstable gravitational on�guration.Most stars are in a hydrostati equilibrium state; the onstant fore to ol-lapse due to gravity o�set by the thermonulear reations present in its ore. Thisan only funtion as long as the ore reations have a fuel soure (hydrogen), whiheventually runs out. At this point, if the star has a mass greater than 0:2M� theore begins to ontrat and any remnant hydrogen in the envelope of the star ig-nites resulting in a small, hot ore and an expanded, ooler envelope. While manystars may go on to burn helium in their ores (resulting in a arbon/oxygen ore),those that are under half a solar mass do not [Benvenuto and De Vito, 2005℄. Theremnant ore ontinues to ollapse until it beomes supported by degeneray pres-3



sure. At this point the Pauli exlusion priniple omes into e�et; the star an nolonger ontrat beause no two eletrons an oupy the same state as ditated byFermi-Dira statistis. This is a white dwarf { a ompat, degenerate objet thatis the ooling remains of a star that had insuÆient mass to fuse any further ma-terial. It is important to note that stars more massive than � 8 solar masses willburn material in their ore potentially up to iron and will not beome white dwarfs[Heger et al., 2003℄, instead beoming neutron stars and eventually, perhaps, blakholes. The lifetime of a star is approximately inversely proportional to the squareof its mass (qualitatively, greater mass leads to inreased ore burning), and hene,it is expeted that most observed white dwarfs will have arbon-oxygen ores sinetheir helium ounterparts will not yet have run out of fuel. Some are still observedhowever [Liebert et al., 2004℄, implying some external inuene upon the star toallow it to proeed far enough along its evolution, whih is attributed to binarity asdisussed in x2.2. The ultimate state of a white dwarf will be a non-radiating objetin thermal equilibrium with its loal environment (the osmi bakground radiation)but this will never in reality be ahieved due to the long timesales involved.The spetra of white dwarfs an be approximated by blakbody spetra,but in detail show hydrogen or helium features, despite of their expeted arbon-oxygen ores [Sion, 1999℄. The explanation is that the extremely high surfae gravityseparates elements, so heavier ones sink to the bottom whereas the lighter ones riseto the top, where they are observable; this is the white dwarf `envelope' ontainingresidue material from its asymptoti giant branh phase and potentially aretedmaterial from the interstellar medium [Shatzman, 1945℄. This envelope is a tinyfration of the white dwarf's mass but is extremely important, as it is highly opaqueand hene slows the ooling rate of the ore.Low mass stars on the order of 0:1�0:3M� are thought to be fully onvetive;they will exhaust all of their hydrogen fuel but never manage to beome red giants.These have extremely long stellar lifetimes and are referred to as red dwarfs.2.2 The ommon envelope phase and Rohe potentialCatalysmi variables begin their evolution as binaries with the heavier of the twostars evolving more rapidly, before expanding to beome a red giant. Single starsor binaries with signi�ant separation will always revert to a lowest-energy state,whih in terms of gravitational potential is a spherial shape. When brought loseenough together, this no longer holds true, and the less massive, less dense star willdistort to math the equipotential surfae whih in a gravitational and entrifugal4



potential is given by�R(r) = � GM1jr� r1j � GM2jr� r2j � 12(! x r)2: (2.1)This equation is true under the assumptions of mass and angular momentum onser-vation, as well as a irular orbit, and is in a referene frame of the rotating binary.M1 andM2 are the masses of the stars, r1 and r2 are position vetors of the entresof the stars, and ! is the orbital angular veloity whih from Newtonian gravitationand Kepler's third law is ! =rG(M1 +M2)a3 ẑ: (2.2)Here, a is the orbital separation and ẑ is a unit vetor that is perpendiular to theorbital plane.�R is known as the Rohe potential, and a very important result is thatthe lines of Rohe equipotential depend only upon the mass ratio, q = M2M1 , withthe sale being a funtion of a alone [Warner, 1995a℄. A double-lobe with an innerLagrangian point L1 is of partiular interest; these are known as the Rohe lobes ofthe two stars. If the surfaes of both stars are well within their Rohe lobes, theywill remain spherial, and the system is ategorised as a detahed binary. However,as a star grows larger in radius, it will begin to distort to math the equipotentialsof its Rohe lobe. If this trend ontinues it will eventually �ll its lobe and thenoverow; material passing through the L1 point will then be aught in the potentialof the other star, and mass transfer between the two will begin.This is what happens in the binary ase desribed above as the more mas-sive star goes through its red giant phase. The envelope expands and overowsthe Rohe lobe, and mass transfer onto the less massive star begins. At this pointin time, the star that will eventually be onsidered to be the primary in a CV isin fat the donor, or seondary, and the mass ratio q > 1. This is an unstablesenario, however; the material transferred from the heavier star means this massis moving away from the entre of the binary, and sine the material gains angu-lar momentum, the stellar separation must derease in order to onserve it. Theonsequene of this derease is also a derease in the Rohe lobe size (as it saleswith a). The L1 point moves inwards towards the heavier star, and now even moremass is transferred. The runaway senario ontinues until all material is e�etivelydumped onto the other star. The timesale for suh a transfer may be on the orderof years or less (limited by the rate at whih material transfers), and the result is aloud of material surrounding both stars whih is known as the `ommon envelope5



phase'. This envelope of material auses a drag fore, and the envelope is heatedwith energy being extrated from the orbit; meaning their separation will dereasealong with the orbital period. At some point the thermal energy deposited into thesurrounding material will exeed the binding energy of the ommon envelope and itwill be expelled into what we term a planetary nebula on the order of 103 � 104yr.What remains in this standard treatment of binary evolution is now an unevolvedseondary star and the exposed ore of the former red giant, whih is a white dwarfand beomes the primary in the newly formed system. The role of the two stars isreversed, and the resulting objet after this phase is a binary that is either detahed(if the Rohe lobes do not permit mass transfer) or otherwise a atalysmi variablebinary.2.3 The primary and the seondaryIn terms of a CV, the primary refers to the ompat, entral objet (the white dwarf),whereas the seondary refers to the distorted red star that material is transferringfrom. In semi-detahed systems suh as CVs, where the seondary is overowing itsRohe lobe, the star rotates at the same rate that it orbits. Material losest to theprimary will exhibit a bulge on the surfae of the star due to a gravitational potential,and should the orbital period not math the rotation of the start, a torque will beexerted e�etively dragging this bulge towards the primary. This torque energy issupplied from the orbital rotation leading to the minimum energy senario of therotation mathing the orbital period, whih is known as tidal loking. This proessalso irularises the orbit [Tassoul, 1988℄.The primary is expeted to dominate at UV wavelengths beause of its highe�etive temperature [Panek and Holm, 1984℄, and in systems with a high inlinationangle with respet to our line of sight, an be elipsed by the larger seondary star.In the optial band, the primary may be deteted in Balmer lines or the Lyman-�series in near-UV, though in some systems the ux from the white dwarf may benegligible in omparison to the aretion dis (x2.4). The star is expeted to havetemperatures from 10,000K to 50,000K [Townsley and Bildsten, 2002℄. While theooling rate for an isolated white dwarf will depend upon its stored energy (andenvelope transpareny), in a CV, the primary is ompressionally heated as materialis areted from the mass transfer.The seondary (typially of M spetral type) also provides a unique featureto the observer beause of its non-spherial geometry. When seen side-on to theobserver, the star appears larger beause of its distorted nature and hene more6



ux is observed than when it is end on. This variation is known as ellipsoidalmodulation and an help provide limits on parameters of a CV system, sine theRohe lobe shape is dependent only on q, and the amplitude of ellipsoidal modulationis dependent upon the inlination angle of the system.Beause of its lower (� 3; 000K) temperature, the seondary is expeted toonly be deteted at red and infrared wavelengths. While the star may have a lowux density even in this band, its extremely large surfae area ompared to the whitedwarf means that it is frequently visible at suÆiently long wavelengths. Calium isa strong indiator of the seondary star, and sine moleular features will be presentin the seondary as temperatures are low enough that atoms an form and sustainbonds, Titanium Oxide (TiO) may be found as well. Due to the many modes ofrotation and osillation of a moleule, suh features are more omplex than theatomi lines one may observe from the white dwarf.2.4 The dis and the bright spotWhen mass transfer onto the primary begins, the material rosses the L1 pointat the speed of sound in gas (generally a few km/s, Hellier [2001℄) but the orbitalveloity an be 50 times this speed. For this reason, material annot diretly fall ontothe primary, but instead swings around it (onserving angular momentum). Insidethe rotating binary frame, this an be looked upon as the Coriolis fore exertingitself upon the stream. The stream enters an orbit of lowest energy (a irle) thatmaintains its angular momentum; the result being a ring surrounding the primarystar. This is known as the irularisation radius (see Frank et al. [1992℄).Considering Kepler's third law one more, material at a radius slightly loserto the white dwarf will be moving at a higher speed than those further out (di�er-ential rotation). These annuli of material will ause frition as they move past oneanother, and energy is dissipated in the form of turbulent heating. Beause energyis lost, some material must move inwards to a small radius, but to also onserveangular momentum some material must move outwards, the result being a thin disthat is known as an aretion dis. An exhaustive review of aretion diss is givenin Pringle [1991℄.The inner boundary of the dis is set by the white dwarf, where materialan eventually settle down onto the surfae of the primary. The outer dis radiusis set by tidal interations of the outer annuli with the seondary star. Beyond thelimiting radius, these interations ause dissipation, draining the material's angularmomentum and e�etively halting further growth of the dis. Aretion diss vary in7



Figure 2.1: A 3D representation of a atalysmi variable system showing the whitedwarf, seondary star, dis, bright spot (represented by the star) and the stream(solid line). Left: phase 0.7, showing the distortion of the seondary star due to the�lling of its Rohe lobe. Right: phase 0.96 just before the white dwarf is elipsed.temperature depending upon radius, and an be roughly approximated by annuli ofblakbodies with temperatures ranging from 5,000K at the outer radius to 30,000Knear the white dwarf. Balmer and helium emission lines are frequently seen inthe spetra of aretion diss, but sometimes show absorption. The physial originfor these lines is the absorption and re-emission of photons at disrete energies ofexited atomi states. Should the observer be seeing the ontinuum through a loudof absorbing gas, the re-emitted photons are unlikely to be in the same diretion asthe absorbed ones whih will result in a ontinuum spetra with dark, absorptionlines. Alternatively, observing the sattered photons will result in emission lines. Adis surrounded by a thin orona hene may provide both absorption and emissionlines. Where the inoming stream of material from the seondary impats the are-tion dis, a supersoni, turbulent impat ours, releasing large amounts of kinetienergy to heat the target site known as the bright spot. At high inlinations, thebright spot is an important ontributor to the ux observed, and the luminosityupper limit is Lbs � GM1( _M2)rd ; (2.3)where _M2 is the mass loss rate from the seondary and rd is the radius of the dis.In most ases it is assumed the bright spot is a point on the rim of the dis, but itmay in fat be extended as some material from the stream ontinues on its previoustrajetory. Some simulations show the impat may reate a hole in the aretiondis, or that some material may even swing around and reate a seond impat site[Lubow, 1989℄. Later in x6 and x7, possible evidene of suh a senario are shownwith the atalysmi variables Z Cha and OY Car, respetively.A diagram of a CV showing the white dwarf, seondary, dis, and bright spotan be seen in �gure 2.4. 8



2.5 The boundary layerJust above the surfae of the white dwarf, the Keplerian veloity is approximately3,000km/s. However, the white dwarf rotates at onsiderably lower veloities, andso the areting material must be slowed down to arete onto the primary. Thisregime is known as the boundary layer, whih is a very thin layer (� RWD) abovethe surfae of the white dwarf. The Keplerian speed and gravitational potential ofsome mass m at distane r from the primary are given byv =rGM1r ; (2.4)U = �GM1mr : (2.5)Sine the kineti energy is 12mv2, it an be seen that in this ase it is 12 of thepotential energy, meaning that up to half of this gravitational potential energy anbe released and radiated away with the other half onverted into kineti energy ofthe infalling matter.In situations where the aretion rate is low, the material is optially thin.Cooling omes via ollisions between partiles, but due to the low density, this isgenerally insuÆient to provide any notable ooling, and so the hot gas expandslowering the density further, resulting in a large, hot, and di�use orona of materialsurrounding the white dwarf [Hellier, 2001℄. In this ase, the boundary layer willdominate the X-ray ux in the system. At higher aretion rates, the boundary layerwill beome optially thik, inreasing the ooling rate at whih point the X-ray uxwill diminsh and will instead be deteted primarily in the UV.The boundary layer may also be responsible for some of the wind outow.Ions lose to the boundary layer will be pulled loser by the graviational pull of theprimary, but also experiene radiation pressure from the strong luminosity beingemitted from the hot boundary layer whih pushes in the opposite diretion. AtsuÆient radiation pressure, the atom is driven out and hene beomes part of thewind outowing from the binary. However, older models that used non-rotatingradial outow winds have been supereded by bionial rotating ones whih in gen-eral provide muh better agreement with line pro�les and reasonable mass loss rates[Shlosman and Vitello, 1993℄. Hene while the boundary layer may be of some in-uene to the wind, it is now quite often attributed to an inner dis wind [Masonet al., 1995℄.The boundary layer temperatures an reah suÆient temperatures that its9



ux will appear in the X-ray band. The spetral lines formed by outowing windsare examined in x5 with UV data from the Hubble Spae Telesope, and the extentof a CV's boundary layer will be probed in x6 with the use of X-ray observations.2.6 Mass transfer and angular momentumAssuming that angular momentum is onserved, when material is transferred fromthe lighter seondary star to the more massive ompat primary, the seondary starwill move further away (the orbital separation will inrease). This an be shown bystarting with J , the angular momentumJ =M1a21! +M2a22!; (2.6)where ! is the angular veloity andM1,M2, a1 and a2 are the masses and separationsof the primary and seondary stars respetively. Given that a = a1 + a2 and thatM1a1 =M2a2 we an write this asJ = M1M2M1 +M2 a2!: (2.7)If di�erentiated with respet to time assuming total mass is onserved ( _M = 0,where M =M1 +M2) and angular momentum is onserved ( _J = 0) the result is_aa = 2�M2M1 � 1� _M2M2 : (2.8)Hene under the ondition that M2 < M1, transfer from the seondary results inan inrease in orbital separation (further details are found in King [1988℄). Theremust be a soure of angular momentum loss for the binary to stay in ontat andthus math observations.Aording to general relativity, the repetitive orbiting of two massive objetsauses a warping of spae we term gravitational radiation. This emission extratsenergy and angular momentum from the orbit and auses a slow inwards spiral.However, for all but the shortest period binary systems, it is expeted that this willbe a weak e�et.The majority of the angular momentum loss is thought to ome from mag-neti braking [Mestel, 1968℄. Ionised material will be aptured and \frozen" on tomagneti �eld lines from the star, and begin to rotate along with it. If this materialis being propelled away suh as in a wind outow, it will e�etively be removingangular momentum from the system, hene, \braking" the rotation of the star. This10



in turn auses the orbital separation to derease.2.7 Classi�ation of CVsWhile CVs are named for their rapid variability, there are in fat many variationsupon the theme. Older lassi�ations tend to have spei�, agreed upon titleswhereas some of the newer types are simply named after the �rst CV of its type.Outbursts are the reason for atalysmi variables to have been titled so; an out-burst is a semi-regular event that varies from one system to the next whereby theluminosity of the system rises by several magnitudes over the ourse of hours ordays and then settles bak to its previous level over the period of a week or two.Novae show extremely large outbursts from 6 to 19 magnitudes whih are thelargest amplitude variations seen in CVs and the origin of the `ataysmi' name.With novae, the eruption ours when a thermonulear runaway is initiated upon thesurfae of the white dwarf primary due to suÆient material aumulating througharetion from the inner dis boundary layer; this inreases the temperature andpressure until hydrogen fusion an begin [Shara, 1989℄. This reation will ontinuewhile degeneray onditions still hold. When lifted, a nova shell of material expandsand is then released. The reurrene time for suh novae events are predited tobe between 104 yr and 106 yr, depending upon the aretion rate in the system[Fujimoto, 1982℄. Classial novae are de�ned as systems whih have had a singleeruption of this kind, whereas reurrent novae are those whih have been known tohave had multiple eruptions.Dwarf novae (DNe) are the lass of CVs primarily dealt with in the researhdetailed here. Their outbursts are typially on the sale of 2-5 magnitudes butan be larger. These events are also semi-regular (weeks to months) and somealso show another semi-regular but less ommon super-outburst of an even higheramplitude in luminosity. These systems are referred to as SU UMa stars, and alsohave photometri modulations alled superhumps. Dwarf novae that show frequentbursts of ativity followed by long periods in a \standstill" state (whih are fainterthan in outburst, but not quiesent) are termed Z Cam systems, whereas the moreommon dwarf novae that do not show either of these harateristis are referred toas U Gem stars.Approximately 20% of CVs show a signi�ant magneti �eld [Ritter andKolb, 2003℄ whih an disrupt the aretion dis or prevent its formation at all.These are magneti CVs and are further lassi�ed into polars or intermediate po-lars, depending on whether they show strong irular and linear polarisation whih11



are modulated by the orbital period or whether they show stable pulsations at fre-quenies less than the orbital period. Polars are expeted to have stronger whitedwarf magneti �eld strengths and lower aretion rates than intermediate polars.Neither of these are dealt with in this thesis, but omprehensive reviews of thesesystems an be found in Cropper [1990℄ and Patterson [1994℄ respetively.2.8 Dwarf novae outburstsAs dwarf novae are the main subjet of this thesis, the physis of their outburstingbehaviour will now be reviewed. Dwarf novae have known to have been observedand followed sine 1855 with the CV system U Gem [Pogson, 1857℄.Two ompeting models attempted to explain dwarf nova outbursts: the disinstability model by Osaki [1974℄ and the mass transfer burst model by Bath et al.[1974℄. The former is based upon the idea that if the mass transfer rate is onstant,but at a higher rate than an be transported through the dis then material will buildup and ause the dis to jump to a hot, high visosity state (often termed as the disbeoming \unstable"). The highly visous dis now spreads this new material outand the higher aretion rate onto the white dwarf results in the observed luminosityinrease. Eventually, the dis returns to its low-visosity state and the build upbegins again. The Bath et al. [1974℄ model suggests that the seondary oasionallyoods the dis with bursts of material, raising its temperature and luminosity.Observations have made the dis instability model the aepted method foroutbursts in dwarf novae [Hellier, 2001℄ for several reasons. The bright spot has beenobserved to be stable during a rise to an outburst state (in diret opposition to theexpeted senario for a mass transfer burst) and also the dis size expands duringoutburst and is then drained afterward as Osaki's model predited. This model wasgiven a physial grounding later, desribed by H�oshi [1979℄. The main parameterthat drives the model is the ionisation of hydrogen (whih ours at a temperatureof � 104K). The opaity of hydrogen is a very sensitive funtion of temperature(� � T 10) and was shown to reveal two very lear states in whih the hydrogen waseither fully ionised or neutral. Between these two states is an unstable situationin whih the system would tend to either one of the quiesent or outburst statesdepending upon a ritial surfae density. In a partially ionised dis, an inrease intemperature results in an inrease in opaity, whih further enables the dis to trapheat and ause the opaity to rise further until it is entirely ionised. This proess isrepresented by the well-known \S-urve" in �gure 2.2, where the solid line indiatesequilibrium states where the heating mathes the ooling. Starting from position12



Figure 2.2: A plot of the equilibrium states in an aretion dis showing how themulti-valued funtion arising from the opaity of hydrogen an lead to an unstablestate, and the system jumping from quiesene to outburst, and bak again (see textfor details). Any mass transferring binary with an aretion rate between the tworitial points is expeted to have periodi outbursts.A on the diagram, an inrease in surfae density auses heating within the dis,and hene the dis hanges to the � � Teff represented by B. Beyond this point,the system heating exeeds the ooling leading to a thermally unstable senarioresulting in the dis hanging to state C, whereby the dis is now in outburst. Thedis drains and ools, hanging to state D, whereby it drops bak to the quiesentstate at A, and the proess begins again. Hene, for a mass-transferring binarysystem to have dis outbursts, it must have an _M2 between _Mrit1 and _Mrit2 asshown on the diagram. Z Cam behaviour is quali�ed by suh systems having an _M2very near the _Mrit2 point, thus sustaining an outburst state.2.9 VisosityIn an aretion dis, the adjaent annuli attempt to fore eah other to orotatemeaning that outer radii are given angular momentum from the inner. Thus whilea majority of the material ows inwards, the minority owing outwards arriesthe majority of the angular momentum [Lynden-Bell and Pringle, 1974℄. It is thevisosity in the dis that opposes the motion between annuli and hene is responsiblefor angular momentum transfer within any aretion dis; without this mehanism13



it annot operate.Moleular visosity familiar from kineti theory annot aount for visositywithin an aretion dis. These diss are di�use, and thus moleular visosity isextremely weak and annot transport signi�ant angular momentum. While theproess giving rise to the visosity may be unknown, it has beome standard pratieto quantify aretion dis visosity in terms of a dimensionless � parameter as inShakura and Sunyaev [1973℄. They make the assumptions that turbulent eddiesmust be smaller than the sale height of the dis (H) and that the eddies transfermaterial at up to the sound speed in gas, s. The former assumption omes from thesimple fat that if the eddies were larger thanH, the dis sale height would inrease,and violation of the latter would mean that the turbulent eddies are supersoni andwould ause shoks that heat the dis. Hene the visosity v is desribed byv = �sH; (2.9)where � � 1. Diss using this model are thin (H � rd), negligible in mass omparedto the white dwarf, and slightly onave, aring at the outer edges. While this hasbeen used to suessfully quantify visosity in a dis, it gives no presription as tothe soure of the turbulene.One favoured answer to the turbulene problem is magneti turbulene [Bal-bus and Hawley, 1998℄. Charged partiles readily ow along magneti �eld lines buthave diÆulty rossing them. These �eld lines are then dragged along by ionisedmatter that is moving, and so in terms of magnetohydronamis, the �eld lines andthe material are frozen together. There will be �eld lines between adjaent annuliof ionised gas, and due to the aforementioned di�erential rotation, these �eld lineswill beome strethed and generate a fore opposing this motion and exhangingangular momentum. Sine the inner annuli will lose angular momentum it will tendto fall inward and streth the �eld line further; the small initial �eld has now grownonsiderably. At some point, orderly ow breaks up in the aretion dis due to themagneti turbulene.2.10 Elliptial dissSU UMa stars show hump-shaped modulations of the light urve over a periodslightly longer than the orbital period (termed superhumps) and undergo less fre-quent superoutbursts whih are longer and more luminous than a standard outburst.Elliptial diss are the solution to this problem as shown by Vogt [1982℄. Here, thedis preesses on a timesale that is onsiderably longer than the orbital period. The14



interation of these two periods reates a beat frequeny whih is the superhumpperiod (Psh) as de�ned by 1Psh = 1Porb � 1Ppre ; (2.10)where Porb is the orbital period and Ppre is the preessional period. The auseof the elliptiity is due to the dis interation with the seondary star. The outerregions of the dis bulge slightly as they experiene the gravitational fore of theseondary star, and usually this is simply the mehanism for setting the outer regionof the dis as this proess drains angular momentum. If the Keplerian orbit of theouter dis has a period that resonates with the orbital period, however, resonaneours and this an exaggerate the radial omponent a�eting the dis, pulling itinto an elliptial state [Whitehurst, 1988℄. While a 1:2 resonane would require themost extreme mass ratios of q < 0:025, the 1:3 resonane an our for q < 0:3. Itshould be noted that an important limiting fator on whether a dis an beomeelliptial depends upon the white dwarf's Rohe lobe. If the orbits of the outer dismaterial would extend outside of the tidal limit then the dis will not preess. Thistidal limit, as per Warner [1995a℄, isrtidala = 0:61 + q : (2.11)Another potential side e�et of the distortion of the edge of the dis by the seondaryis shoks forming within the gas as it attempts to follow the non-irular orbits atspeeds greater than the sound speed [Spruit, 1987℄. These shoks slow down thegas, and the faster, inner orbits within the dis turn the band of shoked materialinto a spiral arm. Theoretial treatment showed no solutions for a single shok arm(two are always expeted) and that the shok dereases if the dis is thinner, thusindiating that an outburst state is more likely to produe spiral shoks. Evidenefor elliptial diss will be shown and disussed in x5.2.11 Observing CVsEah omponent within a atalysmi variable system also has attributed to it adi�erent temperature; the seondary star is red and ool at � 3000K, with thewhite dwarf temperature ranging from 10,000 - 30,000K. In pratie, this meansthat a wide range of the spetrum is needed to detet eah of the omponentslearly. For DNe, whereas optial observations allow us to easily see the aretiondis and sometimes the white dwarf, the red star is typially obsured by the uxfrom these brighter omponents at typial optial wavelengths. The observer has a15



greater hane in the infra-red bandpass to �nd a lear detetion of the seondary (�10; 000�A). Shorter wavelengths in the ultra-violet and X-ray bands allow a detetionof the boundary layer, though the presene of an aretion dis surrounding theentral objet means that often there is an obsured view of the white dwarf andboundary layer itself. The amount by this a�ets observations depends upon theviewing angle (inlination) and the density of the olumn of material in the dis.Arguably the most interesting atalysmi variables (at least for the observer)are those at a high inlination angle with respet to our line of sight. These sys-tems show elipses that an last as short as minutes (with the ingress and egressof the white dwarfs themselves lasting seonds), and have been used extensively toonstrain parameters of these systems [Smak, 1979; Bailey, 1979℄. Preise measure-ments of the elipse times also provide another avenue of researh with atalysmivariables, whih is the evolution of their period. Inreasingly, it is observed thatmore and more binary systems show a quadrati or sinusoidal nature in their orbitalephemeris [Pringle, 1975; van Amerongen et al., 1990; Baptista et al., 2002; Parsonset al., 2010b℄. A third body has often been utilised in explaining this phenomenon,though other mehanisms have been proposed [Applegate, 1992℄ that would avoidthe neessity of having a large quantity of these systems ontaining three objets.2.12 SummaryKey physis involved in the desription of atalysmi variables have been outlinedinluding their formation, lassi�ation, and the proposed models for their \ata-lysmi" outbursts. In the ontext of this thesis, observations of three atalysmivariables - spei�ally dwarf novae - will be presented: EX Dra, Z Cha, and OYCar. A detahed system, QS Vir, will also be briey examined.In x2.11 above, the observational requirements of observing CVs were de-tailed: a wide spetral range varying from infra-red to observe the donor star to UVand X-rays to observe the boundary layer, or a high time resolution to determinesystem parameters from a photometri method or study the variation of the CVperiod. The next hapter will now proeed to detail the devies and methods weuse to measure these variable systems; the detetors themselves, and the typialdata redution tehniques.
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Chapter 3Detetors for modernastronomyAstronomy is the study of astrophysial objets whih are always at a great distane,and so our inability to go to our soure material means that our targets are typi-ally very small and faint. This has meant that astronomy has ontinuously beenpushing the limits of detetor tehnology in sensitivity. In addition to this, with theinreasing study of rapid variability objets suh as CVs in the past 30-40 years,speed has beome a onern as well. Almost every observatory worldwide now usesharge oupled devies (CCDs) as their detetors whether it be for a photometer ora spetrograph amera, and in the past ten years or so, amateurs as well. Whilethere will remain nihe roles for partiular devies, CCDs are now almost ubiqui-tous, and the reason for their rise to prominene must be explained, as well as thetehnology behind them. A thorough understanding of the important parametersand features of the devies is required so that any data taken from suh a deviean be proessed orretly to give aurate sienti� results.Important measures of a detetor tehnology onsist of quantum eÆieny(QE), linearity, spatial resolution and more pratial onerns suh as ost. The�rst measure is a diret indiation of how muh infalling light is atually reordedby the detetor, where a QE of 100% indiates every single photon will be reorded.Linearity (sometimes known as reiproity) is an indiation of how well behaved thedetetor responds to a varying level of light; a perfetly linear detetor indiates thattwie the level of ux will generate twie the number of ounts. Spatial resolutionis a measure of how muh detail a detetor will reord. In modern devies suh asCCDs where eah pixel is in e�et its own detetor, the spatial resolution is ditatedby the `pixel pith' or the size of eah MOS apaitor. Photographi plates, or any17



Plate PMT Digion CCD (80s) CCD (90s)QE 2% 25% 5%-20% 20% - 40% > 80%Non-linearity 5% 2% 10% 5% 1%Spatial High None/Poor Poor Average HighCost Cheap Average High Very high Average - HighNoise Average Low High High LowSpae No No Yes Yes YesTable 3.1: Summary of important properties of detetors used in astronomy, in-luding photographi plates, photo-multiplier tubes (PMTs), Digions, and hargeoupled devies (CCDs). Listed parameters are the quantum eÆieny (QE), thenon-linearity or reiproity, the spatial resolution, e�etive ost, noise, and whetherit is suitable for deployment on spaeborne devies.amera system with optial elements, is usually measured by a modulation transferfuntion (MTF), whih spei�es ontrast for a range of spatial frequenies.A summary of the important di�erenes between detetor tehnologies anbe seen in table 3.1.3.1 Detetor tehnologies3.1.1 Photographi platesOriginally put into use for astronomy in the late 19th entury, photographi platesonsisted of a light-sensitive emulsion of silver salts that were applied to a glassplate. Disovery of minor planets using these plates was pioneered by Max Wolfin 1891 [MaPherson, 1932℄. While onsumer use rapidly evolved towards the useof �lm, plates remained in use in the astronomial �eld due to their rigidity; theydid not bend or distort like �lm, partiularly in the extremely large formats used insuh appliations. While some photographi plate manufaturers laimed quantumeÆienies of up to 10%, the more typially used Kodak plates laimed 3%. Studiesinto the QE of suh detetors revealed more onservative values between 1% and 2%[Argyle, 1955℄. Many photons were merely reeted; others did not enounter haliderystals and thus did not trigger a response. Another problem with photographiplates is the harateristi `S' shape reiproity urve that omes from the hemialreations involved. At low ux levels, the few photons that impat only ause apartial hange in the halide grains whih will revert unless another photon hits in ashort time. To ounter this, plates were often exposed to a low-level uniform lightsoure whih began triggering the hemial response in the emulsion to avoid thisproblem. This light o�set is termed `fat-zero' (also known as the D-min point on thereiproity urve) and introdued a bakground level of ux as well as shot noise (see18



x3.2.5). At high ount levels the rystals an reat no more, so the response trails o�again. Photographi plates are heavily limited as far as time resolution is onerned,mostly due to the manual preparation and interhange of the plates, but also by theminimum exposure time mentioned previously. Finally it should be noted that suhplates are awkward to use during observing beause of the preparation required andtheir umbersome size.Despite these diÆulties, photographi plates were used in many sky surveys,suh as USNO [Monet et al., 2003℄ and POSS [Reid et al., 1991℄. No other detetorprovides the low-ost and large �eld that photographi plates inherently have. Mostemulsions were primarily photosensitive in the UV band.3.1.2 PhotomultipliersPhotomultipliers were primarily driven by the need for a pratial television ameratehnology, and are based around the photoeletri e�et. A vauum sealed glassontainer holds a photoathode whih the photons strike, produing an eletronwhih is direted towards the dynodes. These produe further eletrons as a resultof seondary emission; multiple stages an be employed to inrease the gain further.Eletrial onnetors at the far end then measure the signal.Initial PMTs were single stage and provided a QE of a mere 0.4% at 800nm;this inreased to 12% within a few years. Modern PMTs an have a peak QE ofaround 90% at spei� wavelengths, whih also allow good time resolution of a fewseonds or less. Very large voltages (100-200V) are required for operation, and thedevies must be shielded from ambient light when powered or the detetor will bedestroyed from the extremely high ampli�ation. Multi-anode arrays in PMTs anprovide some spatial resolution, and the linearity of these devies is better than 2%[Lush, 1965℄.3.1.3 DigionsDigions were early solid-state detetors driven by the need for a tehnology thatwas feasible for a spae-based telesope (primarily the Hubble Spae Telesope, inthe 1970s). The basi priniple is that photoeletrons are aelerated and thenimpat on silion diodes. These diodes onsist of two regions (one of whih isan n-type semiondutor, or donor, while the other is p-type semiondutor, oraeptor), whih together form a pn-juntion. These eletrons and holes di�use andreombine, leaving behind lattie ions near the interfae area. This area is devoidof harge arriers, and is known as the depletion region. The ions set up an eletri19



�eld, whih at some point beomes strong enough to prevent the di�usion of furtherharge arriers; this potential is known as the diode forward voltage drop (Vd). Aninterfae voltage that exeeds Vd will then allow reombination to resume, and alarge output voltage is reorded. Below this ut-o� value, the diode provides nooutput. Unfortunately, for the 0:5-11� regime, the required Vd means that at 273Kthe detetor would su�er an extreme amount of thermal noise, and hene needs tobe ooled with liquid nitrogen. The spatial resolution is provided by an array ofthese diodes where the eletrons are direted by eletrostatis; hene, for example,with the FOS digions on the HST, it was found that the geomagneti �eld auseda positional shift with relation to the orbit. Digions had a QE varying from 5%to 20% depending upon the wavelength of light and su�ered non-linearity (up to10%) at high ount levels [Tull et al., 1975℄. While the solid-state nature of theDigion an theoretially allow very high time resolutions, one is typially limitedby the QE, though FOS on HST an still operate on the order of seonds for brighttargets).3.2 Charge-oupled deviesCCDs were initially oneived as an eletroni memory devie in 1969 at Bell Lab-oratories, before it was realised that they had far more ommerial apability asimaging devies, the �rst of whih was released in 1974. Early devies revealedthat towards red wavelengths, CCDs were 100 times more sensitive than photo-graphi plates and 5 times more sensitive than other tehnologies at the time (suhas vidions). Early problems suh as poor yields, residual image, and poor transfereÆieny were solved by the 1990s and, as a greater understanding of the tehnologybeame mainstream, yields inreased as did the hip sizes, resulting in the massivepro�leration of CCDs that we see today.3.2.1 Priniples of operationA CCD is, in simplest terms, a olletion of MOS (metal-oxide-semiondutor) a-paitors with the neessary eletronis to measure and output its array ontents.CCD operation an be split up into four ritial phases: harge generation, hargeolletion, harge transfer, and harge measurement. It is frequently visualised as a`buket brigade', where bukets sit upon onveyors �lling up with water until theyare moved along onto a horizontal onveyor to where they are measured; one buketat a time, one row at a time (see �gure 3.2.1). On a CCD, eah buket is a potentialwell generated inside a MOS apaitor, and the water is simply the harge whih is20



Figure 3.1: The `buket brigade' analogy of the CCD. Empty bukets �ll up withrainwater (photons) before being moved down via parallel transfer one row at atime onto the serial register, where eah `buket' (pixel) is measured at a time inthe sense node.a byprodut of the photoeletri e�et. This is what is responsible for the `hargegeneration', and it should be noted that sine the band-gap of silion is 1:14eV, theequivalent wavelength of photons at suh an energy is � = hE = 10; 868�A [Janesik,2001℄. This implies that long wavelength (infra-red) photons will have a quantumeÆieny of zero as they will pass straight through the hip. Infra-red CCDs use ma-terials suh as germanium instead, though this omes with its own set of diÆulties[Shroder, 1974℄.A p-type MOS apaitor onsists of a boron-doped silion substrate with athin � 100nm oxide layer grown above, then a ondutive polysilion gate depositedatop, where the gate apaitane is COX = "OXd as with a parallel plate apai-tor (where " is the permittivity and d is the distane between surfaes). When abias voltage is applied to the gate, mobile arriers are driven away from the sub-strate/oxide interfae leaving behind only the dopant ions, the MOS instane ofa depletion region. Photoeletrons (known as signal eletrons) are now olletedat the interfae, while the bias voltage is held. The well apaity of suh a MOSapaitor is de�ned as the amount of harge required to bring the surfae potentialto 0V , and an be estimated by Q = COX�VS ; (3.1)21



where �VS is the hange in surfae potential [Janesik, 2001℄. Above the full well,more harge will \spill over" ausing a phenomenon known as blooming, wherebyharge ollets in adjaent parallel potential wells (hannel stops prevent it spillinghorizontally).By altering the bias voltages on eah of the apaitors, the harge an now beshu�ed down the hip, most ommonly in a three-phase setup (that is, three di�er-ent on�gurations of potential barriers during loking that result in the movementof harge). During integration (when harge is being olleted) potential barriersbetween subsequent pixels prevents harge from spreading. After this is done, eahof the pixels is moved downwards eventually onto the array transfer gate (ATG).This downward movement is referred to as parallel, or vertial loking. By alteringthe potential of the next gate to math, the potential barrier is removed and theharge balanes itself between the two wells. Next, the original well is ollapsed andthe harge is now moved entirely into the next well; simultaneously with this allthe harge going through the ATG is now moved along a serial (horizontal) registerwhere eah harge paket is sent to the output summing well (OSW). The voltagesteppings between phases must be arefully alulated to to have suÆient swingto move the signal eletrons while remaining fast enough for reasonable operation.Many newer instruments do not have a shutter mehanism, thus while the harge isbeing transferred out of the hip after integration, light is still falling on the CCD(leading to a signal trail as the CCD is read out, known as \smearing"). The OSWis where any pixel binning ours; that is, the ombination of several pixels intoone, and the OSW itself is several times larger than the ordinary CCD pixels toaomodate the large amount of harge it may have to handle.After harge has passed through the OSW, it is passed through the outputtransfer gate and reahes the sense node, whih is where harge measurement ours.The popular mehanism for this in sensor devies is orrelated double sampling(CDS), whih usually involves a preampli�er, postampli�er, lamp, sample and hold,and ADC iruits [White et al., 1974℄. CDS works on two di�erential signals, thelamp iruit sets the `reset' value (the zero level) before the video signal is dumpedonto the sense node and sampled for a time ts. Together with the time onstant,�D, a CDS iruit ats as a band-pass �lter where low-frequeny noise is rejetedby a low ts and �D sets the bandwidth to rejet high-frequeny noise. It should benoted that a longer ts will approah the absolute (ideal) signal value exponentially(a ommon setting is ts = 2�D, where the signal is 86% of its �nal value).
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3.2.2 Buried hannel potential wellDiÆulties arose with the p-MOS CCD arrangement and the proess of harge trans-fer. The eÆieny of this mehanism is given as a perentage known as CTE (ChargeTransfer EÆieny) and a high perentage is mandatory for aurate sienti� work.A value less than 100% indiates harge is being left behind or otherwise lost, sothe �nal value is either an under-representation or distortion of the atual numberthat would otherwise be obtained. The arrangement with p-MOS CCDs is knownas a \surfae hannel potential well", beause signal eletrons are olleted near thesurfae of the apaitor. Unfortunately, many trapping states exist in the Si-SiO2interfae, meaning that signal eletrons here frequently remain stuk during theharge loking [Kim, 1979℄. These states an have very long lifetimes, and in earlyCCDs, saturated pixels would �ll many of these states and slowly be released overthe ourse of hours or even days, whih was the problem of residual image. Betterquality silion will result in better CTE beause of fewer impurities whih produepotential trapping sites. Early CCDs demonstrated a CTE of � 95% and, throughthe best proessing tehniques, up to � 99%. These numbers may seem satisfa-tory, but for the �rst Fairhild CCD arrays of 100x100 pixels, harge in orner pixelswould lose 1� 0:99200 = 87% of its initial value before it was sampled.The answer was to move the olletion hannel away from the surfae inter-fae to avoid the trapping states [Walden et al., 1970℄. This is done by thermallydriving n-dopant (typially phosphorous) into the epitaxial layer of silion, movingthe point of maximum potential down into the MOS by � 0:5�m. See �gure 3.2.2for a omparison of the surfae and buried hannel potential wells. Note that nowthere are two depletion regions; the surfae interfae region and the region formedat the n-p interfae as with the silion diode. Raising the bias voltage suÆientlywill inrease the size of the depletion zones until they merge at whih point thedepletion region extends all the way down into the p-layer. This tehnique allowsmodern CCDs to ahieve CTEs of 99:999999%. Even for a 40962 square pixel array,less than a single eletron is lost in a transfer from the hip orner with a hargepaket of 3,000 eletrons.3.2.3 Front and bak illuminationMany CCDs work as expeted with light falling upon the designated `front' of theproessed silion. However, for appliations that require a high quantum eÆieny,this has inherent disadvantages. Inoming photons have a limited site in whih togenerate eletrons, beause the eletrodes on the front use a notable proportion of23



Figure 3.2: Demonstration of how potential hanges in a CCD depending on theuse of doping (produing a buried hannel potential well) or not (a surfae potentialwell). Note that the �gure is not to sale, to fully represent the di�erent elementspresent in the struture. Photons enter from the left (this is a front-illuminatedCCD). The transition between n and p dopant in the ase of the buried potentialwell is at � 0:5�m (for the surfae well, the entire epitaxial layer is onsidered tobe p-doped).
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potential pixel area. The solution in this ase is to instead illuminate the CCDfrom the `bak'. Simply turning a normal CCD around will not funtion; the thikbulk layer is too far away from the potential well (even buried) and thus the hargeolletion eÆieny tends to zero. For this to be a viable option, the bulk layermust be `thinned' away by a proess involving ompliated and areful aid ething.The result is a CCD with a very high QE, but lower yields onsequently meanhigher pries. There is a further diÆulty with bak-illuminated CCDs, whih isetaloning. Beause the CCD is now thin (� 20�), it beomes semi-transparent tonear infra-red wavelengths. In the 700-800nm regime, the refrative index of silionis approximately 4, meaning that the entire optial path is 120�, equivalent to 160wavelengths at 750nm, and thus a strong pattern of onstrutive and destrutiveinterferene an build up. These `fringes' beome inreasingly strong towards theinfra-red. While variations in the thikness of the silion an a�et the etaloning,the ething proess is inreasingly aurate and almost all etaloning e�ets are dueto variations in wavelength, not thikness. This problem an partially be overomeby improved anti-reetion oating for near-infrared wavelengths (a�eting QE inthe red band) or making the CCD silion thiker (potentially degrading the hargeolletion eÆieny).3.2.4 Dark urrent and inverted operationDark urrent physially is the thermal generation of minority arriers whih thenollet in the potential well. Pratially, the amount of dark urrent a CCD generatesde�nes the length of time a potential well an ollet useful harge; as more thermaleletrons ollet, a bakground builds up, until eventually the well is full. Thedominant soure of dark urrent omes from the many impurities are the gate/oxideinterfae whih at as \hopping ondution states", where mid-band states o�eran easy step to the ondution band for these thermo-eletrons. The general darkurrent formula is [Sze, 1981℄ D(e�) = CT 32 e� Eg2kT ; (3.2)where D is the average dark urrent generated in eletrons per seond per pixel, T isthe operating temperature, Eg is the silion bandgap energy, and k is Boltzmann'sonstant. The onstant an be solved at room temperature for C = 2:5�1015PSDFMwhere PS is the pixel area and DFM is the dark urrent in nA=m2 at 300K. Itshould be noted that the silion bandgap energy varies with temperature and anbe estimated empirially. For suh a CCD, the only methods of reduing dark25



urrent are higher quality silion (resulting in fewer mid-band hopping states) ormore pratially reduing the CCD temperature via ooling.One method used to drastially ut dark urrent is the use of multi-pinnedphase (MPP) tehnology. If a CCD phase is said to be `inverted', the gate bias isset to a negative voltage suh that the surfae potential is equal to the substratepotential. At this point holes from the p-layer migrate to the surfae interfae and`pin' the potential here to zero. During CCD operation this also has the exellentproperty of using the holes to reombine with the surfae state thermo-eletrons, ef-fetively eliminating surfae dark urrent. Unfortunately the use of suh a tehniquemeans that the potential well is now ompletely una�eted by the gate bias beausethe layer of holes is ating as a onduting shield; a further negative bias merelyattrats more holes. This means that a normal CCD operating inverted will haveno olleting apaity (that is, the CCD full well is e�etively zero) as eah phaseis now at the same potential. To get a CCD to operate in inverted mode, phaseshave to be arefully doped with p-material (using various proprietary methods) toreate a potential di�erene between the barrier and olleting phases for signaleletrons to aumulate. When the CCD omes out of inversion the harge is thenshu�ed and read out as usual. While an inreasingly well understood tehnology,the full well apaity still su�ers from employing suh tehniques as typially thepotential barrier formed by doping is not as e�etive as that generated by a normalCCD. Another issue an be that of spurious harge (lok indued harge) whihours when a phase omes out of inversion. Holes that migrated to the Si-SiO2interfae sometimes get trapped, and as the eletri �eld inreases when omingout of inversion, these an be aelerated with suh fore that they ause impationisation generating an eletron whih is then olleted. These issues are typiallynegligible when ompared to the bene�ts it o�ers in pratie, and MPP CCDs havebeen shown to produe 400 times less dark urrent than a traditional CCD. For afull treatment of this phenomenon, see Saks [1980℄.3.2.5 Noise souresEven if the MOS apaitors and loking proess itself ould generate no noise, theproess of measuring the harge and amplifying it for output will always set a readnoise oor for any CCD. At the lowest level there is Johnson noise, whih is in e�etthe Brownian motion of harge arriers in the material, theoretially desribed by[Nyquist, 1928℄ W = p4kTBR; (3.3)26



where W is the rms noise (in volts), T is the temperature, R is the resistane inthe onduting path, k is Boltzmann's onstant and B is the equivalent frequenybandwidth of the material (Hz). Thermal noise of the same type is also present inthe reset level transistor, giving one of the two CDS input parameters as a slightlydi�erent level from pixel to pixel, whih is known as reset noise. On top of this,ampli�ers also show iker noise whih takes the form of 1/f noise (whereas Johnsonnoise, being white noise, is independent of frequeny). Fliker noise is believed tobe generated by surfae interfae states and tunneling of eletrons into the oxidelayer [Alers et al., 1996℄. Buried hannel devies still show iker noise despite theminimal surfae interfae interations, though it is measurably less. All three ofthese noise soures form the read noise oor, whih is noise that will be presenteven if the CCD is not integrated for any time. It should be noted that the CCDoutput is on�gured in suh a manner that there will always be a base o�set fromzero, known as the `bias', to avoid negative values. A bias frame on a CCD willhene be this o�set with a measurable standard deviation that omes from theseread oor noise soures. This bias should not be onfused with the \fat zero" level asused in photographi plates (x3.1.1); the bias does not ontain shot noise (desribedbelow). Early CCDs had a read noise of several hundred eletrons, whereas morereent hips have a few tens of eletrons readout noise for mid-level CCDs and < 5eletrons for professional level devies.Shot noise will be present in any image that has a positive integration time.This simply is the random arrival of signal photons at the sensor, meaning that somepixels will reeive more photons than others. This distribution is well desribed byPoisson statistis and hene unlike the read noise is dependent upon the signal level(spei�ally, the square root of it). It should be noted that dark urrent noise alsotakes the form of shot noise (though it is dependent upon the dark urrent, not thesignal) and hene will be indistinguishable in an exposed image.Finally there is �xed pattern noise. This omes about almost entirely frommanufaturing proesses, most notably the slight misalignment of the poly-layers asthe CCD is built up. This simply results in some pixels being more sensitive thanothers, and hene is diretly proportional to signal. CCD manufaturing toleraneshave ahieved � 1% in �xed pattern noise of this type, but less e�ort has beenexpended in reent years on lowering this further as other types of noise beamemore signi�ant as this noise soure dereased. Fixed pattern noise is typiallyquanti�ed as a dimensionless pixel non-uniformity, the mean di�erene in registeredeletrons between pixels given a at uniform signal, PN � 0:01.27



3.2.6 Signal-to-noiseSummarising the quality of a data set in a single number without having to stateevery single CCD noise parameter is a useful faility provided by the signal-to-noiseratio (S/N). Adding the noise soures as errors in quadrature we quiky arrive atthe equation SN = Sq�2SN + �2FP + �2R ; (3.4)where �SN is the shot noise, �FP is the �xed pattern noise, �R is the readout noise,and S is the signal, all in units of eletrons. Sine �SN = pS +D where D is thedark urrent, and �FP = PNS where PN is the fration of pixel non-uniformity, wearrive at the more useful equationSN = Sq(1 + P 2NS)S + �2R +D: (3.5)Here it should be apparent that �FP is a systemati error (as opposed to a statistialerror) that in theory should be ompletely orreted by orret useage of a at-�eld(x3.3.4), meaning that PN = 0 and this term will vanish from the equation.3.2.7 CCD gain and dynami rangeA ritial parameter of the CCD is its gain, whih is in units of e�=ADU whereADU is an analogue-to-digital unit, or sometimes known as a DN (digital number).These are units whih are output by the OTG and must be interpreted by the enduser. Formally, the CCD gain onstant, K isK = 1SVACCDA1A2 ; (3.6)where SV is the sensitivity of the sense node (V=e�), ACCD is the output ampli�ergain (V/V), A1 is the gain of the signal proessor (V=V ) and A2 is the gain of theADC (ADU/V). A high gain value indiates a low granularity in harge measure-ment, and hene photometri auray an be lost. With CCD gains of 5 e�=ADUand 200 e�=ADU a signal paket of 26,700 e� would be deteted as 5340 ADU and133 ADU respetively. Another aspet to onsider in designing the amera gain isquantising noise whih omes from the fat the ADC outputs disrete numbers andnot a ontinuum. This quantising noise is determined by integrating the rms of aperiodi funtion for a triangular wave with amplitude of 12 [Janesik, 2001℄ and it28



is found that �QN (e�) = 12� 12K: (3.7)Using a high gain value suh that the read noise is ompletely negligible results inthe output showing lear quantisation levels (steps) from one illumination level tothe next. This quantisation will then be hidden when K(e�=ADU) = R(e�).The number of disrete levels the ADC is required to output is a funtion ofthe number of eletrons eah potential well an hold and the amera gain suh thatNADC = SFWK : (3.8)It should be noted that the number of bits an ADC an output may limit operationalhoies; onsumer devies may only output 8-12 bits, high level devies 16 bits, andfor some advaned audio appliations 24 bits or more are available. In the ase thatthe amera gain is equal to the read noise, �RNADC = D = SFW�R ; (3.9)whih is termed the \dynami range" of the CCD. Deeper potential wells learly givethe devie a better sope of values to reord, but a greater readout noise diminishesthis.3.3 PhotometryIn general, photometry with relation to astronomy is the measurement of a uxsoure over time. This an simply be a bolometri ux of all light the detetorreeives, but in suh a ase values are diÆult, if not impossible, to ompare withsimilar measurements from another detetor. Typially, a �lter is inserted intothe system to speify a bandpass of light that is known. When a similar �lter isused in another setup, disregarding instrumental e�ets and alibration errors, itis now possible for these values to be examined together. The various proesses ofmeasuring and reduing photometry will now be examined.3.3.1 Aperture photometryOne of the simplest, but most e�etive methods for extrating data is that of aper-ture photometry. Assuming a 2-dimensional image, one piks a small window ofthese pixels (alled an aperture) that enloses the desired target. This aperture isusually irular to math the star pro�le. Normal aperture photometry now simply29



adds up the ounts within this window, but this will inlude an o�set aused bythe sky bakground. While it is not possible to measure the sky diretly behind theobjet, it is likely to be a randomised, gaussian distribution, and so an estimation ofthe sky bakground is performed. Another aperture, usually an annulus around theoriginal target aperture is then extrated and a mean of these pixels is alulatedand then subtrated from eah pixel in the target aperture. In most ases this wouldwork without any further issue, and it would seem wise to inrease the sky annulusfurther to perform a better measurement of the mean (as long as it did not enroahother stars). However, this inreases the danger of the sky annulus enounteringnon-random noise suh as osmi rays (highly energeti partiles hitting the sen-sor), bad pixels, or other stars. One an take are with observation and avoid thelatter problem, but not the former, whih is somewhat ountered by performing a\lipped mean" of the annulus, whereby values that are several � above the straightmean are thus rejeted, and the mean is realulated ignoring the pixel (the mostaurate but slower algorithm is to rejet a single pixel per yle). A small targetaperture would redue the error in the sky alulation within reason, but pratialground based observing ditates that one should have a reasonable sized aperture;atmospheri seeing an degrade the quality of the image, blurring the point soureout (potentially beyond the target aperture) and losing ounts and thus auray.An alternative approah is that of pro�le �tting, whereby the ux level of thestar in two dimensions is assumed to be known to resemble a partiular funtion, anda least-squares (or similar) �t is performed on the variables (suh as peak ux andFWHM). This �t an then be used as a good estimator for the urrent atmospherionditions, and then a multiplier of this �t width an be used to deide the size ofthe irular aperture. This then will almost ertainly guarantee the inlusion of allthe detetable target photons as well as growing (and shrinking) with the variationsin the atmosphere to minimise sky error. Typial pro�les used are the Gaussian orMo�at funtions, the latter of whih is based upon studies of intensity pro�les ofstellar images taking into aount seeing distribution and di�ration pro�les [Mo�at,1969℄. A �nal method is that of optimal photometry, whih uses weighted sumswithin an aperture rather than simply inluding or exluding pixels simply basedupon their position relative to the aperture irumferene. In the ase of faintobjets with a bright sky bakground, optimal photometry shows a 10% inrease insignal to noise [Naylor, 1998℄, but o�ers no bene�t in the limiting ase of zero skybakground and readout noise. 30



3.3.2 Bias framesAs noted in x3.2.5, any CCD will have some native o�set that is a funtion of itsoutput iruitry and, along with it, some inherent noise level (but note, as pointedout earlier, this is not \fat-zero" as there is no shot noise). A measure of thiso�set an be made by reading out the CCD after a zero (or near-zero) integrationtime, preferably with some manner of shutter losing any stray light out from thesystem. This bias frame then allows a subtration of this base o�set from thesiene images, resulting in pixel values � 0 now where no ux is present. Severalbias frames are usually taken and then proessed together with a lipped meanalgorithm; this provides a statistially good measure of the bias and allows the userto also aurately estimate the readout noise of the instrument for that observation.Another good use of this is to ounter any stati pattern that is apparent in thereadout, typially due to eletromagneti interferene from the presene of nearbypower and data ables. This should not be relied upon however: interferene anhange without warning. The bias o�sets of a CCD tend to show a slow variationwith time simply beause of voltage values drifting within the eletronis. Alteringthe CDS ts time will also a�et the bias o�set and noise.3.3.3 Dark framesThese are a non-zero integration of the CCD hip with again no light falling uponit. They are designed to measure the dark urrent signal and assoiated noise whihbuilds up over time and depletes the potential wells of useful harge (x3.2.4). Beausedark urrent has shot noise and is not simply a uniform value that an be removedby subtration, long exposures may be signi�antly degraded in S/N due to this.The quantity of dark urrent itself an be estimated if there is a dark frame (orset of dark frames that are averaged) of the same integration length as the sienedata frames, but di�erent times an be extrapolated from a master dark sine itis expeted (and found in pratie) that dark urrent is almost ompletely linearwith exposure time. However, some CCDs (typially non-MPP devies) show darkspikes whih are generated in the surfae, often by damage from energeti protons,whih is partiularly an issue for spae based detetors. For this reason, it is alsoexpeted that dark urrent will inrease with the age of the detetor. Further studyof dark urrent and dark spikes in CCDs is found in Tanikawa et al. [1976℄. A darkframe should be suitable for use in any data assuming the temperature di�erene isnegligible. The use of a dark frame of a time equal to the exposure time also meansthat siene data frames do not require to be debiassed as a dark frame inludes this31



o�set. Typial behaviour however is to do a series of darks at inreasing steps ofexposure time and generate a `master' dark frame, whih extrapolates the amountof dark urrent per pixel for an arbitrary exposure time. Suh a proess will stillrequire the use of a bias frame to remove the o�set.3.3.4 Flat �eldsThe last type of noise to take into aount via alibration is the �xed-pattern noise,and this is aomplished by at �elding. The frame should be illuminated by auniform soure (suh as quartz lamp, or a twilight sky) so as to give a steadyount rate to all pixels. Flat �elds must be of a high ount rate (though learlyless than saturation) to ensure the signi�ant majority of the noise is in the �xed-pattern regime. Very low ounts will be readout noise dominated, whereas theintermediate rates will be dominated by shot noise (ditated by the S0 and S 12dependene respetively, where S is the signal). One a signi�ant number of at�elds have been reorded, these are typially averaged by a median algorithm, andthen divided by the average value. In many ases the lamp is not uniform, so theat is ollapsed to one dimension and a polynomial �t to this is then subtratedfrom the original alibration frame. The result should be a �eld with all the values� 1 with variations on the perent level. All siene data is then divided by thisframe to aount for the inter-pixel variation; at this point, assuming the at �eldis an aurate representation of the pixel-nonuniformity, �FP an be eliminatedfrom the S/N equation sine PN = 0 (x3.2.6). Flat �elds should not depend uponCDS time as the dominant noise should not be in the readout regime, but theywill depend upon the �lter used in the light path. One aspet of this is the simplefat that ontaminants upon the surfae of the �lter will a�et the pixel sensitivity,but other fators also tend to ome into play. Longer wavelength photons tendto penetrate deeper into the silion where manufaturing proesses suh as aidething make small di�erenes in thikness and sensitivity. Flat �elds annot orretfor etaloning, however, due to the strong dependene upon wavelength and angleof inidene (implying that the target will generate a di�erent etaloning patternthan the at-�eld lamp or twilight sky). Note that at �eld frames should be biassubtrated.3.3.5 Flux alibrationWhile not neessary for all data, turning the ADU values into mJy or magnitudesgives a value that an be utilised and ompared to external data sets independent32



of detetor. Standard stars, whih are non-variable and have well measured mag-nitudes in several olour bands are regularly utilised for ux alibration (modernphotometry has gravitated towards using the SDSS �lter system). The standardmust be observed with the same CCD gain and �lters used for the siene frames togive a useable alibration. For the magnitude system, the equation of importane ism� = �2:5 log10(C�) + x�; (3.10)where � represents the �lter used, m� is the literature magnitude of the standardstar, C� represents the ounts from the instrument, and x� is the instrumental zero-point in band � to be omputed. One x has been solved for in eah of the apparentbands, the atual magnitudes of the target star an be determined. However, forpreise olour measurements (partiularly away from zenith), extintion must betaken into aount. In this ase, magnitudes above the atmosphere should be quoted.Stable omparison stars an be used to give a �t to magnitudes per airmass assuminga run on a target lasts a suÆient length of time (typially hours), where airmassX in the simplest ase is assumed to beX = se(z); (3.11)where z is the zenith angle, whih is the degrees from loal zenith. Due to timeonstraints when observing, the typial workow involves imaging a set of standardsat a variety of airmass in the twilight hours in the neessary �lters, whih is usuallyaurate enough for all but the most demanding olour work.3.4 SpetrosopyCompared to photometry where the observer studies the broadband ux of an objet,spetrosopy involves spreading the light out over the hip and looking at a range ofit. This allows a level of analysis otherwise impossible with photometry, inludingthe study of spetral emission and absorption lines present in the system. Theformer of these ome from the fat that in the ase of optially thik gas, photons atthe wavelength of a spetral line have a shorter mean free path. When re-emittedat the ooler surfae, the light appears fainter in omparison to the ontinuum fromthe hotter interior. In optially thin onditions, ollisional exitation and photo-ionisation an produe extra ux at partiular wavelengths, resulting in emissionlines. Calibration is similar to the photometry ase, with a few notable additions.33



For example, the at �elds now depend upon the grism (used to spread the lightout) and potentially the beam slit in the spetrograph as well as the �lter (detailedfurther in 4.4.1). Most spetrograph detetors have an extended region of the hipwhih is not exposed to light whih an be used to measure the bias level for eahand every frame.3.4.1 Ar line alibrationTo aurately pinpoint the features deteted in a spetrum, the wavelength salemust be alibrated. This is not neessarily stati; instrumental exure as the tele-sope is moved and rotated an potentially ause features to move on the order ofseveral pixels. Ideally, images of an emission line lamp (suh as helium, argon, et)will be taken before and after an observation. For long runs, the images shouldbe alternated with target exposures while the telesope is kept traking the targetposition. These atomi exitation lines are known with extremely good preision.When redution of the data begins, these lines an therefore be identi�ed and a �tis performed (using a polynomial typially of 3-5 orders) that mathes pixels to aspei� wavelength. An important feature of ar line images is that eah line shouldessentially be a delta funtion, so the width of these ar lines is a measure of thespetral resolution of the instrument.3.4.2 Flux alibrationWhile using a standard star, as with the ase for photometry, a model of the stan-dard that relates wavelength to (relative) ux must be mathed against what isobserved. This is to aount for various spetrograph features inluding vignetting(natural or instrumental light fallo� towards the edges) in the system, whih anget extremely pronouned towards the borders of a CCD hip. One this �t is per-formed, the ounts per mJy is known for a spei� wavelength and an be usedto ux alibrate the target. The granularity of the model an a�et the quality ofresults, sine if model data points are spaed too far apart, various features (whihmay be instrumental) will not be orreted properly and will a�et the �nal uxvalues. As expeted, the ux alibration frames must be using the same �lter andgrism as the target data.
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3.5 SummaryThe detetors used for astronomy - ranging from the traditionally used wide-�eldbut awkward photographi plates to the eÆient, but omplex CCDs of the modernera - have been detailed. The two major ategories of observations (photometri andspetrosopi) were outlined along with the methods used to redue suh data intothe �nal produts used for siene. Taking into onsideration the many hallengesand ompromises involved in making an eÆient sienti� harge-oupled devie,the next hapter disusses Ultraam and Ultraspe, two astronomial instrumentsdesigned spei�ally for observing atalysmi variables.
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Chapter 4Ultraam & Ultraspe:detetors for the study of CVsInitially begun in 1999 as a ollaboration between the universities of SheÆeld andSouthampton (now Warwik), Ultraam [Dhillon et al., 2007b℄ is a photometerspei�ally designed with the study of atalysmi variable systems in mind. Theprojet was funded by PPARC (now STFC), and the instrument saw �rst light in2002. Following this suess, a similar instrument named Ultraspe [Dhillon et al.,2007a℄ was ommissioned as a test of the pratiality of new CCD tehnologies in2006, and works as a amera for the EFOSC2 spetrograph. These instrumentsshare many ommon hardware elements and a software pipeline, and have beenused extensively for the researh presented here. This hapter will briey introduethese instruments, the design hoies made to meet the neessary siene goals, andthe implementation of the hardware and software.4.1 Siene goalsAs explained in x2, CVs show rapid variability ompared to the majority of stel-lar phenomena. This is partiularly true for elipsing CVs in whih the elipsesmay be over in a few short minutes. If the observer wishes to aurately exam-ine the geometry of the system by studying when partiular parts of the system areelipsed, however, the detetor may require a time resolution on the order of seondsor less. The instrument should have olour bandpasses that are arefully de�ned,on a sienti�ally aepted system, so that any results may be readily ompared.The sienti� use of very short exposure times would also be lessened without theability to aurately time suh events, so an instrument of this kind must be able36



to synhronise with an external and aurate lok and keep itself updated at alltimes. Finally, due to the manner of operation of a visitor instrument at a profes-sional observatory, it would be bene�ial that there be reasonable sope within theinstrument to perform observations of non-CV objets, so as to make the instrumentmore appealing to others.4.2 The ommon hardware stakWhile Ultraam and Ultraspe are di�erent detetors, they have similar roles andrely upon the same basi amera tehnology. For this reason, exluding the CCDsand any hardware that is spei�ally relevant to photometry or spetrosopy re-spetively, most of the layout and setup of the instruments is the same. The ritialhardware elements of the two instruments will now be briey detailed.4.2.1 GPS timingBoth Ultraam and Ultraspe use a GPS devie to preisely set the system timer.The serial onnetion to the GPS is polled periodially and the internal systemtimer is then set and omputes times in between these polling events. Eah frameis then timestamped before readout begins and this is sent along with the framedata to a bu�er before being written to disk. It should be noted that in early 2010,the Ultraam GPS was hanged. The newer Meinberg GPS ahieved a preision ofbetter than 1ms, whereas estimates of the older system indiated better than 10ms(V. Dhillon, private ommuniation).4.2.2 CCD ontroller & rak hardwareOther shared equipment between Ultraspe and Ultraam inludes a San DiegoState University CCD ontroller (referred to as SDSU) and a set of hardware in-stalled on a rak with the instrument on the telesope. This inludes an instrumentontrol PC, disk array, temperature monitoring system, and networking swithes.The instrument ontrol PC has a bi-diretional link to the SDSU ontroller anddisk array, as well as taking input from the GPS via a serial link. Aess to thisPC is usually via opper or �bre ethernet on a private network, and the use of aserver/lient arhiteture allows not only any external PCs with the appropriatesoftware to drive the ameras, but multiple PCs to interat with the instrument anddata being olleted at the same time. 37



Figure 4.1: A shemati of the key layout of the Ultraam instrument. Light entersthrough a (hangeable) ollimator onneted to the telesope, and is then split o�using dihrois to eah arm whih onsists of a �lter slot and CCD detetor. TheSDSU (CCD) ontroller is mounted at the bottom of the instrument. The blueand green data ables are of onsiderably longer length than the red, the greaterimpedane of whih an inrease the e�ets of CCD problems suh as self-lokingand substrate boune, whih will be disussed in x8.2.4.3 Ultraam4.3.1 Collimators & beam-splittersThe Ultraam photometer possesses the ability to reord three bands simultaneously,potentially giving the observers information on the target olour. This feature isseen as important for moving Ultraam forward not only for the study of CVs, butalso are stars, and extrasolar planets amongst others. After the light leaves thetelesope, it passes through the ollimator, foussing the resulting beam into Ultra-am's light path. Sine the ollimator is separate, a di�erent one an be attahedfor eah telesope, giving the instrument a hane to partiipate at varying obser-vatories. To date, Ultraam has been operated at the VLT UT3 8m, WHT 4.2m,and the NTT 3.5m (using the WHT ollimator, whih gives a wider �eld of viewand some vignetting towards the edges of the �eld). The light path is then splitinto three by using two highly eÆient beam-splitters, e�etively giving three pathstermed \red", \green", and \blue", with the blue path diverging �rst at the top ofthe instrument, and the red light going all the way through to the bottom, whih isnearest the ontroller. A shemati of this layout an be seen in �gure 4.1.38



4.3.2 Ultraam CCDsWith three light paths, Ultraam has the requirement of three independent CCDs,but also detetors that run at suÆiently high speeds and with a low noise level sothat faint objets an be readily deteted. For almost all of its targets, Ultraamwill be reeiving few photons (due to an inherently faint target or the high-timeresolution) and so maximising the quantum eÆieny was the primary goal in mostdeisions. Firstly, bak-illuminated CCDs are used as detailed in x3.2.3. This isbeause the neessary eletronis (gate eletrodes, et.) plaed on the front obsurepotential sites for photo-eletrons to be generated, hene lowering the quantumeÆieny. Seondly, eah of the three Ultraam CCDs are oated to provide anoptimal QE for the bandpass they are to over. The red and green CCDs use abroadband anti-reetion oating whereas the blue CCD has a speial UV oating.This latter oating works by reproessing photons of these shorter wavelengths to alonger one that more readily interats with the silion.For speed and eÆieny onerns, eah of the three hips also employ frametransfer tehnology. While the imaging area for eah CCD is 1024x1024 pixels,there is an area of the same size on the other side of the array transfer gate whihis light shielded. When the integration time is ompleted, the harge pakets in thelight-sensitive area are then rapidly loked in the parallel (vertial) diretion intothe shielded \storage" area, where they are read out. The reasoning behind this isthat while vertial loking an happen extremely fast, the slowest element of thesystem is always the harge sampling; thus everything from that point thereon isbottleneked by this delay (the horizontal and vertial loks). For a full 1024x1024pixels, this imaged area an be transferred to the storage area via vertial lokingin 24:8ms, whereas the full readout will take several seonds. Suh a method alsoallows Ultraam to operate without a shutter whih would otherwise be requiredto avoid smearing of the image as light fell upon it as it was read out. Henewith Ultraam, while the storage area is being proessed, the image area is ativelyintegrating one more, improving the eÆieny of the system. This still leaves thefastest exposure time in Ultraam equal to the readout time of the CCD, however,so to derease this the �rst step is to employ two ampli�ers. This works as two setsof readout eletronis: when loked through the ATG, olumns on the left handside of the hip go to the left ampli�er and vie versa. This e�etively halves thereadout time, whih now in a standard full-frame Ultraam setup would equal 6:2s.Another method o�ered in Ultraam is an alternate \fast" mode readout, whih usesa muh lower ts sample-and-hold time in the CDS iruit, but thus inreases the39



readout noise 1 . Pixel binning an be employed, of ourse, whih an get readouttimes down to the order of � 1s, but to break this barrier, windowing is required.A ommon objetive with astronomial observations is to observe point soures,though sometimes several, whih take up a tiny fration of the CCD. By only readingout partiular setions of the hip (\windows"), the readout speed an be inreasedsigni�antly sine the unwindowed pixels are loked but not sampled. The pixels inthe serial register of a CCD are larger to support vertial binning, and this in turnallows a higher lok speed in the serial diretion (full wells are harder to transferand larger pixels have larger wells). Beause of this, it an be seen that with a small,square window, inreasing the height of the window will a�et the readout speedmore than inreasing the width beause eah pixel in a row is loked down ontothe horizontal register simultaneously. Inreasing the height by 1 adds a vertiallok and a width multiple of horizontal loks whereas inreasing the width by 1simply adds an extra horizontal lok for eah row. Other subtle ways an inreasethe speed with windowing, suh as plaing the windows nearer to the ampli�ers onthe hip.Finally, Ultraam supports \drift mode", for the highest speed operations(to date, the highest speed siene run was � 400Hz). In this ase, after eah pair ofwindows is integrated, it is shifted in the readout diretion by the number of parallelloks equal to the vertial extent of the window. One pair of windows is read out ata time as they reah the readout register. Beause light would otherwise be fallingon regions of the hips exposed to starlight, a mask must be inserted into the beamto blok the rest of the hip. Another subtlety a�ets operation speed here; namelythe fastest drift mode runs will our when an integer number of windows �ts onthe vertial extent of the hip (if this is not the ase, there must be a set of parallelloks equal to the remainder whih e�etively ount as wasted time).Ultraam is ooled using Peltier devies with water to exhange the heat. Aow sensor inside the water tubes will ut power to the CCD ontrollers should waterow ease, preventing overheating. The absene of a ryostat makes the instrumentmore ompat and easier to operate as no re�lling will be required, but it does meanthe CCDs run at a omparitively high temperature. The hoie of a fully inverted(MPP) CCD in Ultraam ensures that the dark urrent is low despite of this designhoie.1In the Ultraam software stak, this readout/CDS time is oasionally referred to (inorretly)as \gain". Modifying the CDS sample time will have no impat upon the detetor e�=ADU
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4.4 Ultraspe4.4.1 EFOSC2Spetrosopy is inherently more omplex than photometry, and requires muh morehardware to implement. Rather than design a whole new spetrograph, Ultraspeats as a replaement amera for the ESO Faint Objet Spetrograph and Camera 2(EFOSC2), whih has been mounted upon the ESO 360 (3.6m) and NTT telesopes.The spetrograph onsists of a slit (to selet the objet of interest and mask therest of the �eld), a ollimator, a �lter wheel, and a grism wheel. A grism meansa ombination of a prism and a grating that disperses ollimated light around adesigned entral wavelength. The Ultraspe projet proured two highly eÆient,high resolution volume phase holographi (VPH) grisms for use with EFOSC2 (seeBarden et al. [1998℄ for further information on VPH grisms).4.4.2 Ultraspe CCDBeause Ultraspe only employs one light path (from EFOSC2) rather than thetriple-arm used in Ultraam, only one CCD is required. Due to the spreading of thelight, ount rates are expeted to be markedly lower than with Ultraam, and heneframe rates equivalently less. Ultraspe employs di�erent CDS sampling times,frame transfer, and windowing operation as with Ultraam, however Ultraspe onlyhas a single ampli�er and does not o�er drift mode. This puts a pratial upperlimit on the speed of Ultraspe at � 30Hz. When the slit and grism are removedfrom EFOSC2, Ultraspe ats in a similar manner to a single-arm Ultraam.The extremely low ount rates expeted o�ered a great possibility for testingthe use of L3CCD/EMCCD tehnology; where signal eletrons are ampli�ed result-ing in readout noise that is e�etively negligible. The priniple is not dissimilar tothe photomultiplier as disussed in x3.1.2. An alternate serial register (termed the\avalanhe" register) reates a huge instrumental gain by the proess of seondaryemission before it is passed to the sense node, and the voltage applied an be variedleading to a di�ering amount of seondary emission. In Ultraspe, this amount ofseondary emission (or seondary gain) is modi�ed by an \HV gain" (high-voltagegain) parameter between 0 and 9, whih inreases the voltage applied to the L3 reg-ister from 0V (no seondary to emission) to 50V. This extra register will also su�erfrom degradation should it be exposed to extremely large ount rates, and so shouldbe turned o� exept for when it is needed. The use of suh tehnology absolutelyrequires Ultraspe to be ryogenially ooled to temperatures on the order of 160K.Any dark urrent thermo-eletrons would be equivalently multiplied by the L3 reg-41



ister and at temperatures similar to Ultraam this would defeat the purpose of suhtehnology beause, even when inverted, the small amount of dark urrent would bemultiplied and beome indistinguishable from signal. At Ultraspe temperatures,dark urrent is estimated to be on the order of 1e�/pixel/hour, whih is negligible.EMCCD multipliative noiseWhile the HV gain in Ultraspe allows marketing of itself as a \zero read-noise"instrument, the very proess of inluding a gain register adds a ompliation. Inatual pratie, eah stage of the serial gain register only has a small probability ofgenerating a seondary eletron, and many stages are employed sequentially to makethe gain onsiderable. At any stage with n eletrons, eah of them independentlygoes through the same multipliaton proess for the next stage. A ritial parameterto determine is the variane of the gain introdued by the r sequential stages, whihis a measure of the noise aused by this gain register.The analysis of this noise soure in EMCCDs was �rst undertaken by Mat-suo et al. [1985℄, and was determined to be a speial ase of the Galston-Watsonbranhing proess as desribed by Harris [1963℄. The �rst step is to investigate thesoure of this noise by using this branhing proess, and, in order to do so, a fewde�nitions are �rst required. In probability theory, a moment generating funtion(MGF), � of a random variable X is de�ned as�X(t) := E(etX ) t 2 R; (4.1)where E(X) means the expetation of X. Hene �0(t) = et. The �rst derivative ofan MGF at t = 0 is thus desribed byE(Xn) = dn�Xdtn ����t=0: (4.2)Similarly, the seond derivative is used to obtain the variane.Starting from a single eletron at the stage r = 0, and assoiating the distri-bution with a random variable N, the mean gain g after r stages isgr = E(Nr) = 1Xn=0P (Nr = n)n: (4.3)The MGF for this ase of the Galston-Watson branhing proess [Harris, 1963℄ is�Nr+1(t) = (1� p)�Nr(t) + p�N 2r(t); (4.4)42



where p is the probability of multipliation within a stage. Performing the dif-ferentation at t = 0 gives d�Nr+1dt = (1� p)gr + 2pgrgr+1 = (1 + p)gr; (4.5)using the fat that gr = E(Nr). Also, given that �(t = 0) = 1 for any MGF, it isfound that gr = (1 + p)r; (4.6)whih is what may be antiipated. Continuing to the seond derivative,d2�Nr+1dt2 = (1� p)d2�Nrdt2 + 2p�d2�Nrdt2 + 2p�d�Nrdt �2 ; (4.7)whih, after simplifying beomesE(N2r+1) = (1 + p)E(N2r ) + 2pg2r : (4.8)Using the standard equation �2 = E(X2) � E(X)2 (where �2 is the variane) inonjuntion with equation 4.6, it is found that�N 2r+1 = (1 + p)E(N2r ) + 2pg2r � [(1 + p)(1 + p)r℄2= (1 + p)(�N 2r + (1 + p)2r) + 2p(1 + p)2r � (1 + p)2(1 + p)2r= (1 + p)�N 2r + p(1� p)(1 + p)2r: (4.9)This equation is desribed by the reurrene relation�N 2r = 1� p1 + p(g2r � gr): (4.10)As the number of stages, r, beomes large, gr ! 1. Also, sine p is small, thisequation tends to �Nrgr !r1� p1 + p � 1: (4.11)This implies that the spread in the gain is equivalent to its mean. Also as p ! 1,�Nr ! 0, implying that the gain would in suh a simple ase would be 2r, asexpeted.With the soure of this extra noise apparent from the branhing model pre-sented above, it must be quanti�ed. Consider the variane, given a mean input of43



� ounts per exposure with a probability distributionP (n) =Xm PP (mj�)Qm(n); (4.12)where PP (mj�) is the probability of m ounts given the mean rate � and Qm(n) isthe probability of output n given input m. The mean isE(n) = Xn nP (n) (4.13)= Xm PP (mj�)Xn nQm(n): (4.14)Now utilising the fat that Qm(n) is equivalent to the sum of m independent singleeletron input distributions (this is a speial ase of a binomial distribution alleda Bernoulli trial) where g is the mean gain,E(n) = Xm PP (mj�)gm (4.15)= g�: (4.16)Equivalently it is also seen thatE(n2) =Xm PP (mj�)Xn n2Qm(n): (4.17)Sine E(X)2 = E(X2)+�2, and that the variane of the Qm distribution is equal tothe sums of the individual events (again, due to the proess being a Bernoulli trial),E(n2) = Xm PP (mj�)(m2g2 +m�2) (4.18)= g2(�2 + �) + �2�: (4.19)Using both the expressions for E(n) and E(n2), the variane in the output afteravalanhe/L3 multipliation given the mean input rate � isVar(nj�) = (g2 + �2)�: (4.20)The output variane is thus inreased byg2 + �2g2 = 1 + �2g2 ; (4.21)44



whih is termed the exess noise fator (ENF). Utilising equation 4.11, whih as-sumed a small probability of multipliation and a large number of gain stages,ENF ! 2, meaning the proess of using the seondary gain to make readout noisenegligible inherently adds a fator of p2 to the noise in equation 3.5.4.5 The ommon software stakAs both Ultraam and Ultraspe are designated `visitor' mode instruments, theyrequire their own full and independent software stak to operate without inputor information from the observatory and telesope software. Sine they are bothintended to operate on multiple telesopes, the software must also be generalised soas to be adaptable to varying hardware on�gurations and arhiteture. Full detailsare given in Beard et al. [2002℄. All the protools used in the software ommuniationin Ultraam are ommon, non-proprietary methods, inluding HTTP for the streamand XML for the ontent, whih has the added bonus of being self-desriptive.Taking the modular approah, Ultraam is split into four main piees of soft-ware. There is a amera driver, whose main goal is to on�gure the SDSU andsend it the appropriate \appliation". This ode is DSP and omes from a entralrepository, where eah appliation gives the SDSU ontroller a set of instrutionsto perform a partiular task; these inlude power on/o�, full frame readout, win-dowed readout, and drift mode. The SDSU ontroller in turn deals with the CCDeletronis and passes the raw data bak to the shared software bu�er, as well asa synhronisation pulse ditating the start of exposure. Software threads that dealwith SDSU ommuniation as well as the bu�er are run with \real-time" sheduling;in theory this should allow all the neessary information and data to be stored inmemory on demand from the SDSU even if the other user-spae software elementsare not ready yet. In addition to this the PCI ard that reeives the raw frame datafrom the SDSU ontroller uses Diret Memory Aess (DMA), meaning that themajority of data does not in fat have to pass through the CPU at all. The datahandler deals with the GPS and timestamping, as well as saving the �nished dataprodut to disk one all the appropriate information (raw data, status, timestamp)are present in the shared bu�er. The optional �le server will then serve out indi-vidual frames from the �nished produt to the end-users, allowing data redutionor real time monitoring by the observer. Finally, oordinating all these is the Ultra-am/spe driver appliation, whih is the observer interfae program. Here, the userinputs information suh as target name and �lters, then piks a mode (full-frame,drift mode, et.), sets up the windowing and binning if desired, then \posts" the45



Figure 4.2: A shemati of the ow of information in the Ultraam software stakwith endpoints meeting the hardware and end-user.appliation to the amera driver and data handler before beginning the sequeneof exposures. This �nal operation involves retrieving a template from the XMLrepository for the desired mode, using it to set the desired user on�guration andsend it to the other piees of software to appropriately on�gure them. A shematiof this data ow an be seen in �gure 4.2.Ultraspe an harness the entirety of this software stak. The only realhanges are in fat the DSP ode for the SDSU ontroller, sine Ultraspe has asingle CCD without the split ampli�er, and also an alternate output register. Whenat an observatory, the amera ontroller, data handler, and �le server are all runon an SMP rak PC mounted near the instrument (so it an onnet to the SDSUontroller). The atual user interfae software is on a remote PC in the observingbuilding, onneted by ethernet (preferably a �bre link). In theory, any disruptionon the observer PC should not ause a malfuntion with the rak software, and theinstrument should keep running. The observer PC an also be exhanged for anyother as long as it an run the Java interfae lient.46



4.6 SummaryThe layout and design of Ultraam and Ultraspe have been desribed along withtheir hoies of CCD detetor and other hardware to ahieve their sienti� goals ofbeing ideal instruments for the observation of CVs while retaining some exibilityfor other targets. Ultraam data will be presented in x6, whereas improvements tothe Ultraam software and alibration of the �lter system is detailed in x8. As arelatively new instrument, the tehnial details of data redution for Ultraspe willbe visited in x9, along with initial spetrosopy and spetro-photometry.With the siene behind CVs and detetors now desribed, the next hapterwill proeed to examine EX Dra, an elipsing CV system, using optial spetrosopyfrom CCDs and UV data from a spae-based Digion devie, whih was present onthe Hubble Spae Telesope.
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Chapter 5Dis-rim absorption in CVs: thease for EX DraEX Dra (also known as HS 1804+6753) is an elipsing atalysmi variable withreurrent aretion-driven variability resulting in outbursts triggering typially everyfew weeks. EX Dra was originally deteted in the Hamburg Quasar Survey [Badeet al., 1989℄ with a V magnitude of 14.5 and was oÆially lassi�ed as a dwarf novasome years later [Barwig et al., 1994℄. Outbursts were noted to be on the order of 1- 2.3 magnitudes in V, with an orbital period of 5.04 hours, implying a system withan orbital separation suh that magneti braking is the primary reason for angularmomentum loss. Spiral shoks have also been reported in the aretion dis in theBalmer and helium lines [Joergens et al., 2000℄. The mass ratio and inlinationrespetively have been determined to be q = 0:72 � 0:06, and i = 85� 2Æ [Baptistaet al., 2000℄.This hapter will utilise a mixture of optial and ultraviolet data to investi-gate properties of EX Dra. The ombination of several years of optial spetrosopygives an opportunity to investigate the di�erenes present between its quiesent andoutburst states, and the UV spetra o�ers the potential to study wind-driven lines,an area of ontinued study in the �eld of CVs.Many studies of atalysmi variables have shown that observations of at-alysmi variables are a�eted by obsuration, either by the aretion dis itselfor from other material present in the system. It has been indiated that EX Draitself has a white dwarf surrounded by extended loud that is three times its ra-dius [Baptista et al., 2000℄ - when the entral objet is treated as a white dwarfalone, mass-radius relations give unreasonably low values of M1 = 0:2M�. WithOY Carinae (another dwarf nova), there is strong evidene that the boundary layer48



Telesope Instrument Start UTC (Duration) State CommentsWHT ISIS June 10, 1995 00:12 (3.6h) Low Cloudy. Seeing 0.7"-1.2".June 11, 1995 00:01 (4.0h) Low Some loud. Seeing 1.0"-1.3".June 11, 1995 22:30 (5.1h) Low Clear. Seeing 1.0"-1.3".July 27, 1996 22:56 (3.9h) High Clear. Seeing 1.3"-2.0".July 29, 1996 00:09 (4.9h) High Clear. Seeing 1.4"-2.0".30" CCD Sept 05, 1996 20:52 (1.4h) Low30" CCD Sept 13, 1996 20:25 (2.4h) HighHST FOS Sept 13, 1996 03:24 (12.2h) High Two full orbital periods.JGT CCD Sept 14, 1996 20:24 (4.8h) HighCaha TWIN July 21, 2000 20:26 (5.6h) High Cloud. Seeing 2.0"-3.0".Table 5.1: Journal of observations. A high state means the system was in outburst.white dwarf is `veiled' by an Fe-II urtain of absorbing material [Horne et al., 1994℄.This material was antiipated to be in the upper atmosphere of the dis near theouter rim. Knigge et al. [1997℄ showed that absorbing gas of similar temperatureand olumn density also ould explain observations of another system, Z Cam. Inboth ases, the use of ultraviolet spetra was essential in deteting the absorptionlines and attributing them to the urtain. Finally there is the remarkable ase ofDW UMa, where the dis ompletely obsures the line of sight to the inner dis andwhite dwarf, resulting in a redution in UV ux during the high state at a timewhen the optial ux is 3 magnitudes brighter than in the low state [Knigge et al.,2000℄. From the above ases mentioned, it is lear that partially obsured primarystars are not unommon within CV systems. Presented here are several sets ofspetra and photometry of the dwarf nova EX Dra, this inludes ontinuous HSTobservations for over 12 hours, one of the longest observed dwarf novae with thistelesope. As will be shown, these data sets reveal extensive evidene of obsuration.5.1 Observations and data redutionOur observations omprise of spetrosopy and photometry taken at UV and optialwavelengths, resulting in omprehensive overage of EX Dra from 1100 to 9200�Aaross both quiesent and outburst states. For spei� dates and details see table5.1.
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5.1.1 Optial spetrosopyInitial spetrosopy was taken using ISIS, a twin-arm spetrograph mounted on the4.2m William Hershel Telesope in La Palma [Clegg, 1992℄. It o�ers simultaneousspetra in two bands known as the red and blue arm, the former typially used toover the H-� regime, and the other H-� or H-. The spetra from 2000 were takenwith the TWIN spetrograph based at the Calar Alto observatory using the 3.5mtelesope [Graser, 1998℄.The 1995 ISIS run used the R1200R grating in the red arm and the holo-graphi H2400B grating in the blue arm, resulting in wavelength ranges of 4200-4500�A in blue and 6400-6800�A in red with resolutions of 1.23�A and 0.57�A respe-tively. The 1996 ISIS data used the R1200B grating (blaze, not holographi) in theblue arm and again R1200R in red. This resulted in a slightly longer wavelengthin blue of 4600-5000�A ompared to the 1995 data (resolutions were measured to be1.64�A and 1.23�A). Slit widths were 1.0" and 1.25" respetively. The 2000 TWINrun used the T05 grating in blue with 3700-4800�A with resolution 1.85�A and T06 inred resulting in 8000-9200�A at 2.43�A. The red arm was heavily polluted by tellurilines but was primarily targeting the Ca-II triplet. The observations down to H-with ISIS typially required exposure times of 3-5 minutes. The red H-� bands hadsigni�antly higher ounts and hene had 1-2 minute exposure times. With TWIN,the exposure times were equal throughout most of the run, but the slit was set at1.5" due to the highly variable seeing.The ground-based spetra from ISIS and TWIN were redued using theSTARLINK pakage with the PAMELA routines developed and written by T.R.Marsh. The proedures involve debiasing, at-�elding (3.3), urved spetra traing,ar-line alibration (3.4), sky �tting, and an optimal extration [Marsh, 1989℄. Aomparison star on the slit was used to orret for transpareny variations, and awide-slit exposure was used to orret for the slit loss fator. Some of the 1995 data,notably in the blue-arm, were slit-loss orreted using ustom routines due to theextremely faint nature of the omparison whih aused diÆulty with the �ttingproedure. Sine the spetra were not notably urved, this ustom routine initiallytook the top and bottom thirds of eah spetrum and ollapsed them, with a straightline being �tted between the two points where maximum ounts were deteted. Agaussian with a �xed position determined by the line but variable width and heightwas then �tted to the full frame, and the ounts within summed (polynomial skysubtration was used). Finally, all data sets had a ux standard star allowing thedata to be put onto an absolute ux sale. It should be noted that there were noat �eld alibrations taken for the 1996 data.50
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5.2 Dis-rim absorption in EX-Dra5.2.1 Evidene from the UV dataThe ontinuum light urves shown in �gure 5.4 show signi�ant hanges betweenwavelength bands. A pronouned ikering behaviour is seen whih is most empha-sised prior to the �rst elipe (at HJD 50339.18) and between the two elipses at HJD50339.34. While this an be seen at all wavelengths, if the ratio of the maximum tominimum out-of-elipse ux is examined, it is found that while in the 1200-1400�Arange this 3:2, this dereases to 2:5 at 1400-1600�A, then 2:2 in the 1600-1800�A bandand is only 1:5 of the zeroth order light urve. These light urves were examinedfor periodi signals suh as the white dwarf spin, but none were found.To examine the possibility that there is obsuration along the line of sightleading to this rapid variability present in the light urve, we an utilise the wind-driven emission lines present in the UV spetrum. The large number of UV photonsfrom the dis at to push the nearby material outwards sine the absorbed photonis from a preferred diretion, but the re-emitted photon is in a random diretion. Ine�et, these photons from the are sattered into the observer's line of sight at somedistane away from the primary (see �gure 5.6), and so depending on the distane,should be a�eted less by any line of sight obsuration. Continuum subtrated lighturves of these lines together with the ontinuum for omparison are shown in �gure5.7. The amount of ux in mid-elipse immediately gives information with regardsto the loation of these lines in the system. HeII is seen as a at-bottomed elipsewith near-zero ux indiating that it is fully elipsed and hene it does not extendfar from the dis. Lines from SiIV to CIV show an inreasing amount of mid-elipseux and a U-shaped elipse proving that these must be extended away from the disand are not ompletely elipsed. This is as antiipated; CIV is a resonane line andwill hene be strongly a�eted by sattered photons from the wind whereas HeII isnot. Most importantly, it is seen that CIV, NV, and SiIV show a steady ux at thesame time the heavy ikering behaviour in the ontinuum is observed. HeII showstraes of ikering but it is learly less pronouned, and does not show the ontinuumfeature present at HJD 50339.18. This appears to give evidene towards the theoryof obsuration along the line of sight, potentially in the dis rim, however this maynot be onlusive due to the time sale that the wind an vary on (� Rwind=vwind).At a typial wind veloity of a few km/s this results in a timesale of a few minutes,not a dissimilar period to many of the ikering features observed.If there is a line of sight absorption, it is important to onsider physialsoures for suh a phenomenon. HST FOS data of OY Carinae presented in Horne55



Figure 5.6: A diagram (not to sale) demonstrating the observation of a satteredCIV resonane line from EX Dra. UV photons push CIV material away from theinner dis and are hene sattered at suh a distane that they are only partiallyelipsed by the red dwarf to the observer's line of sight. Dis lines like HeII will beentirely elipsed.et al. [1994℄ showed a highly variable ontinuum in the average spetrum attributedto an `FeII urtain', showing deepest absorption between 1600 and 2500�A. The FeIIlines desribed are theorised to be in the outer dis, but require Mah � 6 veloitydisturbanes in suh a senario for the data to �t. The FOS spetrum (�gure 5.3) forEX Dra shows a relatively smooth ontinuum in omparison to OY Car, however thespetrum does not extend to the higher wavelengths used by Horne et al. [1994℄. Nosingle absorption feature seen an be easily attributed to intervening iron lines, andthis small number of features is ompounded by a lak of syntheti spetra of theorret wavelengths. While past work has shown that the �tting of UV absorptionfeatures is of great use [Lanz et al., 1992; Shore and Aufdenberg, 1993; Knigge et al.,1997℄, EX Dra would require data at wavelengths more suited for the observationof the FeII lines to de�nitively reah a onlusion on the soure of the obsuringmaterial. The optial data is now examined for orroborating information.5.2.2 Evidene from the optial dataThe quiesent optial spetra taken in 1995 (see the top of �gure 5.2) show a re-markable hange in line pro�les over the ourse of three nights. Initially, the �rstnight shows H and H� with weak emission (1.04 and 4.4 mJy respetively) anda heavily absorbed fration of the line in the entre. These lines return to a moretypial state (3.14 and 10.68 mJy) over the ourse of the next two nights. Thisentral absorption omponent also appears to exaggerate the line widths, where it56
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is found that the FWHM of H hanges from 2990 km/s when the absorption ispresent to 1570 km/s afterwards. HeI (6678�A) is also heavily a�eted by the samephenomenon, to the extent it is nearly undetetable on the �rst night. The mea-sured width is 4750 km/s with a peak of 0.55mJy above the ontinuum on night 1,returning to 1501 km/s and 1.29 mJy by the third night. It is also of note that theontinuum is 0.5 mJy lower on average than the other quiesent observations. Con-sidering that the system is not near an outburst state at this point, it seems likelythat the ontinuum ux hanging is the result of obsuration of the dis and whitedwarf, and the absorption seen in the ores of the emission lines is along the line ofsight. This an be adequately explained by material in the system's dis-rim, whihabsorbs ux from the white dwarf and inner dis and also hanges on a suÆienttimesale to math the observations.5.3 Radial veloitiesA traditional radial veloity analysis of several emission lines is now performed withthe optial and UV spetra by ross-orrelation. The white dwarf radial veloity,K1, is determined by measurement of lines assoiated with the inner part of the dis(eg. Balmer lines), whereas alium lines are measured for the ompanion star. Ameasurement of both provides a spetrosopi method for determining the system'smass ratio.Following the method of Shneider and Young [1980℄, the wavelength of aspetral line is solved for by omputing1Z�1 S(�)K(�� �)d� = 0; (5.1)where S is the emission line and K is a suitably de�ned funtion for the data(desribed below). This equation will equal zero at the position where K bestmathes S. While K an be a simple step funtion, a typial form of K isK(x) = exp��(x� a)22�2 �� exp��(x+ a)22�2 �: (5.2)This proess onvolves the spetrum with two gaussians with separation 2a and awidth �, and is a far better solution with digital data, partiularly in a low signal-to-noise regime. One the o�set of eah line has been determined in eah spetra
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they are �t to a sinusoid of the formV (t) =  +K sin 2� (t� t0)P � �; (5.3)where  is the radial veloity o�set, K is the amplitude of the radial veloity inkm/s, t is the mid-exposure time, � is the phase o�set and P and t0 are de�nedby the ephemeris. For the purposes of �tting, the ephemeris of Fiedler et al. [1997℄is adopted, where it was previously determined that K1 = 167 � 3km/s and K2 =223�1km/s. In addition to this, Billington et al. [1996℄ adopted K2 = 210�15km/sby exluding data points from spei� phases to redue the e�et of radiation-indued distortion. These two values for K2 are onsistent given the unertaintyquoted.Analysis of the radial veloities was performed using the traditional methodof a `diagnosti diagram'. By hanging the width and separations of the gaussians�tted above, for eah ase a radial veloity amplitude, phase o�set, and �=K (where� is the error) is found. Sine the �tting method revolves around the unlikelysenario of a Keplerian dis (in reality, distortions in the outer dis from the brightspot are signi�ant), the wings of the dis lines are expeted to give a more realistiradial veloity. At some point however, the gaussian wings trail into noise, and thediagnosti diagram is a tool for attempting to determine at what point the gaussianparameters aurately reet the true radial veloity of the line being measured.Distortions in the dis will give rise to an greater measurement of the amplitude K,so a region on the diagnosti diagram where K is at a minimum, with a stable �=Kand small phase o�set is the most reliable estimate of the radial veloity using thismethod. In some snearios, the diagnosti diagram onverges towards a preferableK, whereas on some oasions there are no width/separation ombinations thatgive a suÆiently low phase o�set. This is likely indiating that the bright spotis signi�ant in the dis, and that any K values quoted from suh data should beregarded as questionable at best.5.3.1 Optial spetra: Balmer lines and CaIA ommon issue found when attempting to measure the Balmer lines of CVs is alarge phase shift (�) relative to the ephemeris [Shafter, 1983℄. In addition to this,where � was small, the value of �K/K grew large. Even when disarding the learlyabsorbed �rst night of 1995, every Balmer line measured onverged with a relativephase shift of greater than +0:1. The values at the point of lowest phase shift weredetermined to be 179:9 � 10:4km/s for H, and 155:9 � 13:6km/s for H�. HeII59
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Line K (km/s)  (km/s) � Redued �2HeII 116:5� 8:0 0:0� 6:1 0:2� 0:08 2.0SiIV 185:9� 7:4 66:2� 5:6 0:3� 0:05 1.3NV 169:7� 8:9 611:5� 6:6 0:1� 0:06 11.4CIV 196:0� 5:2 394:9� 3:8 0:0� 0:03 3.5Table 5.2: Emission line radial veloities from HST FOS UV spetra. Note that for HeII was assumed to be the instrumental o�set and was subtrated from theo�set of eah line.are detailed in table 5.2. In addition to this, departures from the typial radialveloity sinusoid in both HeII and CIV are found. The former shows a suddenblue-shift upon elipse, as is assoiated with a rotating objet being elipsed. CIValternatively shows a distint red-shift on the order of 200km/s prior to elipse,with little blue-shift afterward. In the ase of CIV this may be a signature of arotating dis wind [Knigge and Drew, 1997℄. Suh dis winds may be expeted tohave a \P Cygni" pro�le, a feature that onsists of a ombination of a satteredresonane line and the blue-shifted absorption that omes from gas along the line ofsight to the UV soure. The sum of the omponents gives a onsistently red-shiftedline, whih ould explain the large veloity o�set observed in the NV and CIV lines.However, when the absorbed part of a P Cygni spetral line is elipsed, this leadsto an e�etive inrease in ux from the blue side of the line, meaning a blue-shift isobserved. With CIV, there is a ounter-intuitive red-shift seen just before elipse.This remains a mysterious feature that is urrently unexplained.5.4 Doppler tomographyDoppler tomograms of the spetra were produed to further analysis; this is theproess of mapping a series of spetra into two-dimensional veloity spae. Thisis possible sine the measurement of a line in a spetrum gives a projetion ofveloity along the line of sight. In essene, eah S-wave present in the spetra trailorresponds to a pixel (Vx; Vy) in the map, suh thatVR =  � Vx os 2��+ Vy sin 2��: (5.4)For the proess performed here, a maximum entropy method [Marsh and Horne,1988℄ was used, whih employs a `goodness of �t' (�2) statisti to determine howfar to optimise the image; these datasets ahieved �2 values of between 1.2 and1.5. The theoretial seondary lobe and stream veloities are overlaid on the maps.62



Eah of the doppler map �gures onsists of a trail of the original spetrum data,followed by the omputed doppler tomogram, then the trail that would be requiredto produe the previous map (exluding elipse regions) and �nally the residuals ofthe omputed trail subtrated from the data trail as a measure of the quality of thedoppler map. The tomogram itself in the seond panel also has the seondary starand theoretial gas stream superimposed as a solid line.Maps for the quiesent 1995 data are shown in �gures 5.11, 5.12, and 5.13.For the 1996 outburst data, only the seond night of data is shown in tomogramformat in �gure 5.14 due to insuÆient phase overage on the �rst night. The 2000outburst map an be seen in �gure 5.15.It should be noted that the H map on the �rst night of the 1995 run had aonsiderable absorption feature in the line entre whih the doppler tomography op-timisation method annot reprodue. To improve the map, a 2-dimensional gaussianwas added to the data before the map was optimised, and then it was subtratedafterward.5.4.1 Slingshot prominenesOn all three nights in 1995, signi�ant emission in H� is seen from the seondary,with an extended region outside of the omputed Rohe lobe towards lower veloities.The same e�et an be seen to a lesser extent in the 1996 H� map and the 2000 CaIImap. This low veloity omponent does not model well and an be seen repeatedlyin the residuals. Looking individually at the spetra, it is learly present even duringmid-elipse with a ux density of 1.5mJy, and when subtrated from the H� linepro�le, the single peak beomes a muh more learly de�ned double peak typialof an aretion dis line. Produing a light urve from this region near the zeroveloity o�set (�gure 5.16), it is found that the ux drops by 80% simultaneouslywith the elipse of the white dwarf, but there is also a shallower dip at phase 0.5 by35%. This low veloity ombined with its apparent relation to the seondary starmakes it seem likely that this phenomenon is explained by a slingshot prominene onEX Dra's seondary, previously seen on another dwarf nova IP Peg [Steeghs et al.,1996℄. Ative magneti regions on the seondary star experiene a entrifugal foreassoiated with the stellar rotation and gravitational fore from the white dwarf.The result is that magneti �eld lines are pulled outward until the gravitational foreand magneti tension balane the entrifugal fore. In a atalysmi variable system,the shape of the binary potential means that material is less strongly bound on theinner fae of the seondary, and is a likely plae for stable loops to form. Plasma63
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speed. However, this is less than the gas speed within the dis, and thus ausesshoks to form. This has been looked upon as a method of transferring angularmomentum outward through the dis, but is generally onsidered too weak to be ofsigni�ane, partiularly during quiesene. Large, hot diss are required to generatestrong spiral waves whih agrees with the observations sine the phenomenon hasonly been seen during outburst. As in Joergens et al. [2000℄, it is found here thatthe shoks are most learly present in HeI and less so in HeII, and also that theupper right spiral (as shown in the tomogram) is higher in intensity than the other.Another possible soure of these features is the distortion of the outer aretion disby a tidal interation, giving some of this region a greater vertial extent whih isthen irradiated by the inner omponents [Ogilvie, 2002℄.5.5 SummaryUsing a ombination of optial and UV spetra, this hapter showed that strongvariability in the out-of-elipse ux is present in EX Dra. Heavy entral absorptionpresent in the optial emission lines and analysis of the wind-driven UV lines suggeststhat obsuring material along the line of sight ould be an explanation for this e�et.Previous analysis of obsuring material suh as the iron lines in the atmosphereof the outer dis as found by Horne et al. [1994℄ o�ers potential physial reasonswith a similar type of system, though the atual nature of the variability seen inEX Dra annot yet be on�rmed. Further UV data at slightly higher wavelengthsould help in narrowing down whether FeII material is present in EX Dra or not,and while the urrent data on the wind-driven lines presented shows interestingfeatures, these prove diÆult to explain and indiates that the understanding ofwinds in CVs in general is not omplete. The onept of radial veloity analysisand Doppler tomography was also introdued and applied to EX Dra, noting thepossible presene of \slingshot prominenes" on the donor star. While prominenesare well doumented with single stars, the observations displayed in this hapterseem muh learer than those previously doumented for binary systems by Steeghset al. [1996℄. There was also evidene for spiral shoks. The phenomenon of spiralshoks has now been reported in several systems only during outburst, a patternwhih EX Dra ontinues, though it is at this stage diÆult to determine whether theobservations are better mathed by an irradiated dis-edge with a vertial extent.Further investigation into boundary layers and dis obsuration will now bepresented in the next hapter for the CV system Z Cha, this time with Ultraamphotometry and X-ray data from the spae-based telesope, XMM-Newton.70



Chapter 6Measuring the boundary layerof Z Cha
6.1 IntrodutionZ Cha is a dwarf nova whih was disovered by Mumford [1969℄, and the system'selipses and nature were detailed some years later in Warner [1974℄. The most om-prehensive study of the system is detailed in Wood et al. [1986℄, giving parametersof the system obtained through the average of many elipses. It was found that themass ratio q = M2M1 = 0:15 � 0:003, the inlination i = 81:75Æ � 0:15Æ, and the disradius RDa = 0:0195 � 0:0004, where a is the orbital separation. The nature of theentral objet has been debated several times, with an analysis of the ontat pointsof optial data implying that the lower white dwarf may be obsured in the visualband by the dis [Smak, 1986℄. It was shown, however, that these observations ouldbe explained by an extended, optially thik toroidal boundary layer forming duringoutburst. Modelled white dwarf light urves did seem to on�rm the presene ofan entire white dwarf in the optial band from data in its low state [Wood, 1987℄.During quiesene, the �rst X-ray observations Z Cha have been shown to agreewith the theory of the optially thin boundary layer around the white dwarf [vanTeeseling, 1997℄.Elipse timings have revealed that a quadrati ephemeris was needed to pre-dit aurate mid-elipses for the system [Cook and Warner, 1981℄, and the possi-bility of a third body was initially disussed by Wood et al. [1986℄. Further workon the ephemeris progressed from a ubi form [van Amerongen et al., 1990℄ to asinusoidal one [Baptista et al., 2002℄ that was attributed to the Applegate e�etApplegate [1992℄, whih will be disussed in x6.6.2.71



In 2003, another dwarf nova, OY Car, was observed with 51 kiloseonds ofXMM-Newton time. Several disrepanies in the X-ray elipse in omparison to theoptial were noted, inluding an apparently shorter ingress/egress duration and thatthe elipse appeared narrower [Wheatley and West, 2003℄. Beause the ingress andegress lengths depend upon the size of the emitting region, it was onluded that theunusual di�erene in the elipse ingress/egress duration was aused by a vertiallydisplaed emitting region. Therefore it was onluded that the X-ray emitting regionwas in fat from the polar regions of the white dwarf (spei�ally, the upper region).In this hapter, the nature of the boundary layer in Z Cha will be probedby use of simultaneous optial and X-ray data provided by XMM-Newton, with thegoal of furthering the understanding of the boundary layer and how well it om-pares to existing models of CVs. Another ritial fator whih will be investigatedis whether the white dwarf is obsured by the aretion dis in observations, anaspet often overlooked in analysis of optial light urves whih an have signi�antimpat upon determining system parameters suh as the radius of the white dwarf.The omparison of the optial and X-ray elipses will also be used to determinewhether the polar emission proposed for OY Car may be present in this systemalso. Finally, the new elipses will be used to ompute a new ephemeris for Z Cha,and the remarkable variations in the system's period will be disussed. Many sys-tems are beginning to show similar sinusoidal variations after extensive monitoring(see Rihman et al. [1994℄ for a few lassi ases) and it is still a matter of debateas to the underlying physial soure for this period altering mehanism.6.2 ObservationsA omplete listing of the observations is given in table 6.1.6.2.1 XMM-Newton X-ray observationsThe X-ray data from XMM-Newton onsists of observations using the EPIC MOS[Turner et al., 2001℄ and PN [Str�uder et al., 2001℄ photon ounting CCD ameraswith a total of 101 kiloseonds time. The observations utilised the thin optial �lterto avoid loss of soft X-rays for the objet while still bloking the optial and UVux that the ameras are sensitive to. The data event �les were proessed usingthe XMM SAS pipeline using the latest alibration �les. Bakground subtrationwas performed for all spetral data, though the extrated light-urves had minimalbakground ux and thus no orretion was performed. In total, 11 full elipses ofZ Cha were reorded. The average X-ray elipse in soft, medium, and hard X-rays72



Instrument (Telesope) Date Start (UTC) End (UTC) CommentsEPIC (XMM) 2003-12-19 20:45:522003-12-21 00:56:09OM (XMM) 2003-12-19 21:36:05 21:54:2523:22:16 23:45:352003-12-20 02:23:08 03:20:07 Corrupt telemetry08:22:52 08:44:3110:06:57 10:33:3613:38:12 14:06:3115:26:01 15:57:4019:03:59 19:28:5820:40:25 21:22:0422:34:30 23:01:09Ultraam (VLT) 2005-05-07 23:58:50 00:34:38 Seeing 0.6", variable transmission2005-05-10 23:05:43 00:09:16 Seeing 0.6-1.5", photometri2005-05-15 22:56:47 23:55:11 Seeing 0.6-1.2", photometri2005-05-17 22:47:11 00:08:36 Poor weather. Seeing 1-2", 40-80% transpareny2005-05-21 23:45:57 00:41:34 Seeing 0.6-1.5", 80% transparenyUltraspe (ESO 3.6m) 2008-02-10 05:58:20 07:21:14 Seeing 1.5", average transpareny.Ultraam (NTT) 2010-04-27 00:45:28 01:04:10 Seeing 1.2", photometri.

Table6.1:Journalofobservations.
73



−0.5 0 0.5

0.2

0.4

0.6

Phase

Hard X−Rays

0.2

0.4

0.6
Medium X−Rays

0.2

0.4

0.6

C
ou

nt
 r

at
e

Soft X−Rays

10

20

30 Optical

Figure 6.1: Mean elipses obtained from XMM-Newton, binned on a loal ephemeris.From the top downwards: OM optial B band; soft X-rays (0.1 - 1.0 keV); mediumX-rays (1 - 2.5 keV); hard X-rays (2.5 - 10 keV).74



an be seen in the bottom three panels of �gure 6.1.6.2.2 XMM-Newton optial observationsXMM also ontains the Optial Monitor [Mason et al., 2001℄ whih uses a 30mtelesope to provide photometry simultaneous with the X-ray data. For these ob-servations, the OM telesope was used in `fast mode' to obtain timing data for asmall region around the target. The B �lter was used, and while 11 elipses wereagain reorded, one su�ered a timing glith due a telemetry error and thus wasdisarded from further analysis. The average optial light-urve an be seen in thetop panel of �gure 6.1.6.2.3 Ultraam optial observationsUltraam (x4.3.1) was used in 2005 on the UT3 VLT telesope at Paranal, Chile,with 0.5 seond exposures. Five elipses were reorded in varying onditions. Afurther elipse was reorded in 2010 on the NTT at La Silla, Chile with 1.5 seondexposures. To orret for transpareny variations a omparison star one arminuteaway was used that appears to be a K star with measured magnitudes of r0 = 13:65,g0 = 14:72, and u0 = 16:88. The red star that is present approximately 5 arseondsfrom Z Cha [Rayne and Whelan, 1981℄ was masked from the photometri apertureslinked to the position of Z Cha. In all ases, the r' g' u' �lters were utilised, andthe usual bias and at �eld orretions were applied. Colour values were orretedfor extintion using a long sequene of exposures on the standard star G 93-48on a photometri night, and also for the (minor) bandpass di�erenes between theUltraam SDSS �lters and the oÆial SDSS equivalents (detailed in x8). It wasnoted that the ikering from the bright spot was muh higher in the 2005 elipseswhen ompared to the 2010 data. The Ultraam elipses an be seen in �gure 6.2.6.2.4 Ultraspe optial observationsA single elipse of Z Cha in 2008 was aquired using Ultraspe (x4.4) at the ESO 3.6mtelesope in La Silla, Chile. The exposure time was 3.6 seonds; seeing onditionsvaried between 0.8\ and 1.2" but were photometri.
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6.3 The boundary layer of Z Cha6.3.1 Optial elipse modellingTo determine the nature of the emitting regions in Z Cha, a modelling approah isused to determine the system parameters by �tting the optial light urves, and thenusing these results for analysis of the X-ray data. Photometri methods desribedin detail in many plaes suh as Warner [1995a℄, begin with determining the elipsewidth whih is a funtion of q and i. These two parameters are disentangled via theuse of the bright spot ontat points. Sine the stream should only be a funtion ofq, a unique mass ratio and hene inlination an be determined for the light urvevia the use of the theroetial alulations of the ballisti gas stream [Lubow andShu, 1975℄.The modelling method used here utilises omputer ode whih treats eahof the four main omponents in a CV system (white dwarf, seondary, dis, andbright spot) as separate olletions of at elements, eah one having the propertiesof area, position, orientation and luminosity. The omputed light urve is thereforethe summation of all light ontributions towards the diretion of the observer, takinginto aount neessary elipses. Eah element, with a vetor angle � towards Earth,has its light ontribution altered by a limb-darkened Lambert's law suh thatI / �(1� � + ��); (6.1)where � = os �, and � is the limb darkening oeÆient. Finite length exposures areaounted for by omputing multiple light ontributions during the exposure time,and are averaged together using a trapezoid weighting sheme.The white dwarf is modelled as a linearly limb darkened sphere, whereas theseondary is Rohe distorted. The dis is symmetri, with a height spei�ed byh(R) = h0R�; (6.2)where h0 and � are �t parameters, as well as the dis radii. However, for this aseh0 = 0:02 and � = 1:5 sine these parameters were diÆult to onstrain in the datagiven it was quiesent observations and the dis is always expeted to be thin. Thesurfae brightness of the dis is determined by a power law in radius, and the overalllevel de�ned by an outer dis temperature. This brightness is translated to a lightontribution by assuming a blakbody spetrum at a entral wavelength of a �lterspei�ed. The bright spot is modelled as a series of elements along a straight line77



in the orbital plane, with the brightness spei�ed byS / �xl �� exp h��xl �i ; (6.3)where x is the distane along the line de�ning the bright spot, � and  are powerlaw exponents, and l is the sale length. The maximum brightness is at the pointx = l��� 1 ; (6.4)whih is positioned on the ballisti gas stream at RBS , the distane away from thewhite dwarf, whih is also a �t parameter. The gas stream alulations are as perLubow and Shu [1975℄, and sine  was ausing degeneraies in the �tting proeduresand was not required for a good bright spot �t in the data, it was �xed at 1. Limbdarkening is aounted for by using �xed values expeted for a white dwarf of itstemperature [Robinson et al., 1995℄. All omponents were initially �tted with alow resolution grid and a Nelder-Mead \simplex" algorithm before moving on toa Levenberg-Marquardt minimisation with a high resolution grid. The number ofgrid elements was inreased until the hi-squared stabilised. Other parameters anddisussion about the ode is supplied in the appendix of Copperwheat et al. [2010℄.Providing the model is suÆient to give no major disrepanies in the �t,it an be argued that suh a tehnique is inherently more aurate and less biasedthan attempting to determine the ontat points of the white dwarf and bright spotvia numerial derivatives (as in Wood et al. [1986℄). However, sine the XMM-Newton OM instrument has an aperture of only 30m, the set of elipses obtainedwith Ultraam (using the 8.2m VLT) that have high signal-to-noise were used forthe �tting method. Subsequently, the mass ratio q, system inlination i, and whitedwarf radius RWD were �xed for the later XMM-Newton OM models.With q and i as free parameters, the �t results in values that are inonsis-tent with those determined by Wood et al. [1986℄ by a fator of � 10 the quotedunertainty (�0:0035). This is explained further in x6.5, where it is argued that thiswas not likely a real hange, but is aused by the di�ering analytial methods andikering perturbing q and i whih are extremely orrelated in the modelling meth-ods. Over a limited range, a derease in q with a respetive inrease in i results in anear idential �t. As the several elipses obtained showed signi�ant night-to-nightdi�erenes with variable weather onditions, it was opted to hoose q and i to bethose determined by Wood et al. [1986℄, as it was felt that the greater number ofelipses used in the paper gave a more aurate depition of mean state of Z Cha.78
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The �tting proeeded by �xing these values and then re�tting the other parametersfree as before. This gives us a master set of parameters to ontinue with using aombination of the mass ratio and inlination from Wood et al. [1986℄ and the whitedwarf radius, dis, and bright spot parameters from the g' band Ultraam data.This band was hosen beause it had the highest signal-to-noise and also seemed tobe least a�eted by any ikering e�ets. The r' and g' band �ts produed valuesof q, i, and dis radius to within their margin of error. The u' band data valuesshowed some divergene from the other two bands, likely due to the signi�antlyworse signal-to-noise, but also potentially due to the fat the integration times werethree times longer in this hannel. The white dwarf radius is found to be 0:0164a(where a is the orbital separation), and the bright spot is found to be at 0:32a on adis extending to 0:38a. These parameters are summarised in table 6.2.Theoretial errors in the �tted omponents from the Levenberg-Marquadtalgorithm were noted to be unrealistially low, so the �nal �t unertainties wereomputed using a Markov-hain Monte Carlo (MCMC) proess. A Markov hain isa system that undergoes transitions between a �nite series of states in a hain-likemanner, where eah transition depends only upon the urrent state and not pastones. In this ontext, eah state is a set of �t parameters that generates a lighturve, and an ensemble of `random walkers' is used to explore the multi-dimensionalspae. Whereas a traditional Monte Carlo proess will evaluate the spae uniformly,steps in an MCMC proess will be orrelated. After eah trial, if the �2 is foundto be lower, then it is aepted and it beomes the urrent step. If this is not thease, there is still some probability of the new trial beoming an aepted state.Parameters of the MCMC are tuned to ahieve an aeptane rate of � 25%, withadequate mixing so that there are no �t parameters that end up stuk in loalminima. Ultimately there will be a onvergene of the �t parameters, though howlong this will take is diÆult to determine, partiularly with dozens of parameters.In the proess used here, a million iterations were performed in order to sample theprobability distribution to ahieve a more realisti range of the error.Subsequently this model was used to �t the average OM light urve, keepingthe mass ratio, inlination, white dwarf radius and limb darkening �xed. The disand bright spot parameters were started from the Ultraam results but allowed tobe free; we expet there to be some di�erene here as there was a 2 year gap betweenthe two sets of data. This �nal optial �t from the average OM data then allows fordiret omparison with the X-ray data, and was also used as a basis to �t the entralelipse times in eah individual OM elipse, whih is disussed in x6.6.1. This �tahieved a redued hi-squared of 1.11. 80



There remains one important issue to be addressed if we are to onsider theoptial parameters reliable enough to provide a model for the X-ray data; that is,whether the entral objet we see is truly an entire white dwarf or if it is partiallyobsured by the aretion dis. The latter senario was suggested by Smak [1986℄from an analysis of the white dwarf ontat points in optial data. However, itwas suggested in the same paper that detailed analysis of the light urves wouldgive a more satisfatory result, whih is now investigated with the Ultraam optialmodel. In the ase of a white dwarf emitting from the upper hemisphere only, it isexpeted that the radius of the white dwarf would have to inrease in an attemptto math the ingress and egress, whih is indeed what is found. Our previous whitedwarf radius of 0:0164a inreases to 0:018a. Importantly, we also see an inreased�2 from 16 to nearly 40 (see �gure 6.3), aused by signi�ant residuals mostly inthe ingress (it should be noted the di�erene between the two white dwarf modelsare ompletely negligible in the OM data due to the lak of S/N with the 30mtelesope). The diÆulty with this senario is presented in Wood [1987℄ whih showssyntheti white dwarf elipses for various emitting regimes, inluding a distintlyasymmetri elipse in the ase of an obsured lower hemisphere (see Fig. 1 (b)). Afurther test is performed by estimating the seondary star radial veloity K2 fromthe data using PK22�G = M1 sin3 i(1 + q)2 ; (6.5)where M1 is inferred from the Eggleton mass-radius relation [Verbunt and Rappa-port, 1988℄, inluding a small oversize fator of � 3% due to the o�set from zerotemperature whih is then heked against syntheti white dwarf models desribedin Holberg and Bergeron [2006℄, adjusting to math. In Wade and Horne [1988℄,a detailed study is performed to determine K2 = 430 � 15 km/s. Given the whitedwarf radius found for a uniformly emitting white dwarf (M1 = 0:90 � 0:03M�),K2 = 415 � 15 km/s is onsistent with this. With only the upper hemisphereemitting however (M1 = 0:72 � 0:03M�), the radial veloity amplitude dereasesresulting in K2 = 380 � 15 km/s. The underlying reason for this di�erene is the�tted white dwarf radius, whih is used in turn to ompute M1. Hene, given thatthe �t residuals indiate that the �2 more than doubles when using only an upperwhite dwarf, and also that the omputed K2 beomes inonsistent with previousstudies when using the white dwarf radius determined from suh a senario, theX-ray �tting proeeded with on�dene that the entire white dwarf is seen in theoptial data. 81
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Parameter Value Soureq 0.149 � 0.003 Wood et al. [1986℄i (Æ) 81.3 � 0.3 Wood et al. [1986℄RWD=a 0.0164 � 0.0004 UltraamRD=a 0.359 � 0.010 UltraamRBS=a 0.317 � 0.002 UltraamTable 6.2: Table of parameters used in �nal models for elipse omparison purposes.6.3.2 X-ray elipse modellingThe average light-urve from the PN and MOS data was extrated by mappingeah event diretly to a phase and then extrating in bins of phase. This avoids anypotential issues introdued by the proess of re-binning data. Due to the ontinuallyhanging nature of Z Cha's ephemeris, a loal ephemeris was omputed from theOM optial data for the phase mapping.The �nal OM �t parameters were then used to produe a model onsistingonly of a entral objet (ie. the dis and bright spot were disabled). Also, sine it isexpeted that the X-rays ome from an optially thin region near the white dwarf,limb darkening as well as the modelling of Lambert's law were removed from theentral objet. This law is a omputation of the projetion e�et (suh that areaelements nearer the limb of the star show less ux towards the line of sight) and whendisabled the entral objet e�etively beomes a limb-brightened dis with a radiusmathing that of the white dwarf in the optial data. The only parameter allowedto vary is a slope in the out-of-elipse ux, whih is arti�ial, but approximates theloal gradient in the X-ray ux. This ensures that the majority of the hi-squaredwill originate from the ingress/egress and their assoiated ontat points.From the observations, there appears to be signi�antly di�erent amounts ofabsorption between the hard and soft X-rays as seen from the XMM light urves(�gure 6.1) and also from the spetral analysis performed in x6.3.3. For this reasonthe 0.1-1.0keV (soft) regime was extrated separately from the 1.0-10keV (hard)regime. This split ahieves roughly equal ount rates in eah band.The hard X-raysThe initial model with the limb-brightened dis and invariant radius resulted in agood �t to the hard X-ray data with �2 = 0:92. This indiates that the entirewhite dwarf is seen in hard X-rays as with the optial ase. To investigate whetherthe emission area of these hard X-rays was restrited to spei� areas upon the83



Figure 6.5: Diagram depiting the \vertial emission extent" parameter modelled,whih ditates the amount of the objet, in latitude, above and below the equatorthat will be emitting ux.white dwarf surfae, the model was modi�ed to allow di�erent emitting regimes andre�tted. The `vertial emission extent' parameter de�nes how far out (in latitude)from the equator of the white dwarf the emission region is modelled in terms of theradius, whih is explained visually in �gure 6.5.In �gure 6.4, the emission extent shown for the entire white dwarf, a thikequatorial band that is half of the white dwarf (from the middle of the lower hemi-sphere to the middle of the top hemisphere; meaning an extent of 0.5) and a thinequatorial band (an extent parameter of 0.1). A steady inrease in �2 is found asthe model moves from the whole white dwarf emitting to a thinner band (0.92 to1.07). Stepping these models in frations of 0.05 of the vertial emission extent, the�2 rises steadily with a smaller emitting fration, as plotted in �gure 6.6. It is foundthat, to 90% on�dene, the hard X-ray emission omes from an extent of greaterthan 95% of the white dwarf radius.The soft X-raysStarting again with the entire white dwarf emitting (the initial assumption as withthe hard X-rays), it is very lear that the limb-brightened dis does not �t the data;ahieving a �2 of 1.4 (the middle panels of �gure 6.4). The light urve appears tofall less rapidly in ingress and rise more rapidly in egress than the model performs.This is similar as to what was found by Wheatley and West [2003℄ with OY Car,and was attributed to emission from the polar aps of the white dwarf. Againperforming a test with a thin and thik equatorial band �nds that neither �ts in asatisfatory manner. However, by restriting the emission region to the upper whitedwarf only (right-hand series of panels, �gure 6.4), it is found that the �2 redues to0.93. Finally, the test of thin and thik equatorial upper bands is performed, oneagain �nding that the �2 grows worse with a dereasing vertial emission extent.84
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impat parameter, p, of a point in the shell is de�ned asp =pr12 � (r �E)2; (6.6)where r1 is the radius of the white dwarf, E is the vetor towards Earth, and r isthe urrent position vetor. By using �gure 6.7, and the hord rule (AO)(OB) =(CO)(OD), eah grid element on the entral objet has its ux F0 altered by one ofthe following equations to give the �nal element ux FF (p) = F0( p(r1 +H)2 � p2 �pr12 � p2 p <= r12p(r1 +H)2 � p2 r1 < p < r1 +H ) ; (6.7)where H is the material sale height. In this extended shell, (AO)(OB) = (R �P )(R + P ), where R = R1 +H, whih results in (AO)2 = (R1 + H)2 � p2. Sinewhen beyond the edge of the white dwarf we are atually seeing (AO)(OB), a fatorof 2 must be inluded in this ase. When R1 < H, we do not see this, and theextra pR21 � P 2 omes from the onsideration that we are only looking at an areaelement P away from the white dwarf entre. A quik veri�ation an be performed,beause in the ase of H = 0, the P � R1 fator beomes zero. This gives a funtionthat produes least ux at the entre and then inreases rapidly as it reahes theouter limb before inreasing by a fator of 2 just outside the edge of the white dwarf(where one sees twie the shell material). This then drops o� sharply in aordanewith the H parameter.Due to the sharp derease in ux at the edge of the boundary layer and thedisontinuity between the two regimes, the number of verties in the model wasinreased substantially. It was determined that � 800; 000 grid points representingthe white dwarf were suÆient for the hi-squared to stabilise and hene reah areliable representation of the model. The sale height has a very shallow gradient inhi-squared spae, so instead of �tting, the models were manually stepped in termsof H, while �xing the radius of the white dwarf to be the value from the optialdata as before. The result for both regimes an be seen in �gure 6.8. The best saleheights are found to be Hhard = 0:0018a = 1:76 � 108 m and Hsoft = 0:0004a =3:92 � 107 m. The sale height in the soft band is determined to be smaller than0:00016a = 1:57 � 108 m with 90% on�dene and the hard band sale height isbetween 0:0003a � 0:003a = 2:94 � 107 � 2:94 � 108 m, also with 90% on�dene.
86



Figure 6.7: Example of the hord rule in terms of parameters used to determinethe sale height of emitting material in a white dwarf. In this �gure, (AO)(OB) =(CO)(OD).
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6.3.3 The X-ray spetrumTo determine the origin of the orbital modulations seen in �gure 6.1, ten phase binsof the XMM-Newton data were extrated to model using the XSPEC software. Sinethere were lear signs of absorption in the light-urve, a partial overing frationabsorber was inluded (aounting for intervening dis material), and then a mekalmodel [Liedahl et al., 1995℄ at two separate temperatures, whih also inorporatesplasma density and abundane (relative to solar quantities). While it is lear thatthe system will in fat be found at a range of temperatures, this is approximated bytwo temperatures in an attempt to model the hot and old material together. Thesemekal parameters were free, but fored to �t over all phase bins simultaneouslyas it was not expeted that there would be phase dependene with temperatureand abundane. The absorber parameters were �tted with eah bin, representing ahanging level of obsuration along the line of sight.The resulting �ts are seen in �gure 6.9, with a �nal redued hi-squared of0.95 for the 3594 total spetral bins. There is a lear distintion between the soft andhard X-rays, where there is evident absorption present for energies lower than 1keV;this mathes with the disovery in the previous setion that there is a onsiderableamount of absorption of the soft X-rays. The mekal temperatures were determinedto be kT1 = 8:05 � 0:275keV and kT2 = 1:52 � 0:12keV, whereas the abundanewas A = 0:696� 0:03, where all unertainties are for a 68% on�dene margin. Thevariation of the �t parameters with orbital phase an be seen in �gure 6.10, wherethe hydrogen olumn e�etively remains �xed at 0:1 � 1022m�2 exept for a peakat phase 0.8 to 0:7� 1022m�2. The overing fration shows a double-hump pro�lewith peaks at 0.95 at phases 0.4 and 0.8. The normalisation shows a slightly lowervalue around phase 0 as expeted, but otherwise maintains a at and featurelesspro�le.6.3.4 The area of the X-ray emission upon the white dwarfFor onstraining the emission region of the white dwarf in CV systems, the brightersoures suh as HT Cas were originally targeted, with Wood et al. [1995℄ �ndingthat there was indeed an elipse of the X-rays, and Mukai et al. [1997℄ provid-ing a onstraint upon the emitting area of up to a maximum of 15% larger thanthe white dwarf radius. These measurements, along with the determination thathard X-rays were being emitted during the low state gave signi�ant support tothe general view of theboundary layer, though the observations of OY Car duringsuperoutburst raised questions due to the omplete lak of an X-ray elipse [Naylor88
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6.3.5 The sale height above the white dwarfThe elipse of Z Cha itself in X-rays was reported by van Teeseling [1997℄ providinga onstraint of RBL < 1:4RWD. While it has already disussed that the datapresented shows onvining evidene that the entire surfae of the white dwarf isemitting, this still leaves the possibility that it may ome from an area larger thanthe white dwarf. The modelling of a sale height above the primary was performed,whih onstrained RBL � 1:18RWD at a 90% on�dene margin for hard X-rays.The result from the soft X-ray emission also agrees with the general piture of theboundary layer; it should ome from a ooler temperature region and hene have alower sale height. A rough approximation of the atmospheri sale height, H, isgiven by H = kTmg (6.8)Where T = 8:05keV from the spetral �tting, g = 106m=s2 (from GMWD=RWD)and m is the average partile mass whih is taken as half the mass of a proton (fromionisation). The boundary layer atmosphere is expeted to have an exponentialfallo� with bremsstrahlung emission, in whih the intensity is proportional to thedensity squared. This means thatI / �e� kTmg�2 � e�2 kTmg (6.9)Sine the model used in the X-ray �tting uses the `emission sale height' rather thanthe `density sale height', all ompared values must be done to 0:5H = kT=2mg.Taking this into aount, the sale height is found to be 1:54� 108m (0:094RWD).The best �t for the hard X-rays indiates 0:11RWD , whih shows good agreement.Taking the upper limit of the temperature from the spetral �t with the 68% on-�dene margin results in 0:10RWD. It is also important to investigate the e�etthat hanging RWD has upon these results. When using RWD = 0:0151a (from thealternate Ultraam model disussed in x6.3.1), a smaller sale height of 0:076RWDis found for hard X-rays, whih in that ase means the �t is slightly smaller thanthe alulated value (though both results are onsistent).6.3.6 The trunated inner disThe �tted line-of-sight olumn density (m�3) allows the alulation of the surfaedensity of the inner dis of Z Cha. We �nd this to be very low 10�3g m�3 (usingsolar abundanes and masses), and may even be an overestimate given the modelused. There are good reasons for believing this �t; while the overing fration in91



the model ditates how strongly the soft X-rays are absorbed, the olumn densityhas the property of ditating at how high an energy the `turn-o�' point of thisabsorption ours, as higher energy photons will require a greater olumn densityto be a�eted. It is found that the energy at whih the deteted photons beomelearly absorbed is at the 1keV level; the hosen boundary between the hard and softX-ray regimes used. Inreasing the olumn density would push this value to higherenergies, and the X-ray modelling would then indiate an obsured white dwarf inthe hard X-ray band, whih is inonsistent with the rest of the observations. Sinethe whole lower half of the white dwarf has dis material of this olumn density infront of it, an estimate of the minimum radial extent of the dis an be made fromRin = RWDtan ��2 � i� = 6:9RWD: (6.10)See �gure 6.11 for a diagram showing this. Typial values from dis instabilitymodels have surfae densities, �, on the order of 10-100 g/m�3 [Warner, 1995a;Lasota, 2001℄. Sine our � is 4-5 magnitudes lower than the standard dis models outto � 7RWD, it is reasonable to onlude that this part inner dis may be trunated,though the dis outside this region may be of a more typial surfae density.Many arguments have been put forward for the latter ase to explain a varietyof issues, suh as an observed delay between the optial and UV outburst light-urves[Meyer and Meyer-Hofmeister, 1989℄ and longer than expeted reurrene times (insystems suh as WZ Sge, see Hameury et al. [1997℄). Livio and Pringle [1992℄ suggestthat during quiesene, the inner aretion dis is evauated by the presene of amagneti �eld on the white dwarf of the order � 104G, whih an push materialoutwards if the white dwarf is rapidly spinning, exept during outburst where thee�et an be overome. King [1997℄ argues that the irradiation of the dis by entralomponent ionises the inner dis, shifting into a high state and thus aounting forthe low surfae density. Finally there has also been the model of a oronal siphonow [Meyer and Meyer-Hofmeister, 1994℄ whih alls for the evaporation of the innerpart of the dis due to the interation between the ool dis and the hot orona.One other reason many of these arguments are brought into play is thatstandard dis instability models have predited quiesent aretion rates far belowwhat has been observed from the inner dis with X-ray instruments. For example,with SS Cyg [Wheatley et al., 2003℄, and also Z Cha itself by van Teeseling [1997℄.A quiesent aretion rate of _M > 10�12M�=yr was found, with a similar numberdetermined by Wood et al. [1986℄ from optial data. Integrating over the observedX-ray wavelengths, a peak (absorbed) ux of 6:6� 10�13ergs=m2=s is found. This92



Figure 6.11: The estimation of the radius of dis seen through that is obsuring thelower white dwarf at an observed inlination angle.value is extrapolated to an unabsorbed bolometri luminosity at a distane of 97p[Wood et al., 1986℄, and hene an estimate of the inner dis quiesent aretion isfound from _M = 2LBLRWDGMWD : (6.11)This results in _M = 3:40 � 1013g=s = 5:37 � 10�13M�=yr. This is an order ofmagnitude less than the result previously determined from van Teeseling [1997℄, andindiates that this measurement of the inner dis aretion rate is not anomalous.Sine the dis instability model requires the surfae density of the quiesent dis tobe less than the ritial surfae density at all points, it must satisfy the following[Lasota et al., 1995℄_M(r) � 4:1 � 1014t�16 r3:119 M�0:371 � �0:01��0:79 ; g s�1 (6.12)with t6 being the outburst reurrene time in 106 s, r9 being the radius in 109m, M1 being the white dwarf mass in solar masses, and � being the visosityparameter. Using a reurrene time of 51d [Warner, 1995b℄ and the model radiuswith its related mass (x6.3.1), the aretion rate is found to be _M � 1:14�1014gs�1 =2:21 � 10�12M�=yr. This on�rms that these observations of Z Cha suggest anaretion rate in line with the standard dis instability model. However, it stillleaves � that is orders of magnitude less than suh models predit, partiularly at7RWD.6.4 The seond absorption siteFigure 6.1 shows two notable absorption dips that weaken towards higher energies.Given their loation in phase, the one prior to elipse is almost ertainly the dis-93



stream impat as this an be seen to be most prominent where the bright spot uxis rising in the optial band, and is at the expeted phase 0:8. The seond dip seen isweaker and with less width in phase. It has been shown by Lubow [1989℄ that someof the stream ould pass over the dis and impat on the other side at a phase of� 0:5, though in this ase it appears to be at a phase of � 0:3. The alternative viewis that the dis possesses an extended vertial height at phase 0:3 whih is partiallyabsorbing the X-rays. This is a partiularly interesting solution as it has alreadybeen shown that the hard X-rays pass through the dis material but the soft X-raysdo not. Another result to ontribute evidene to this theory is that while the impatpoint shows an inrease in overing fration and olumn density, the smaller impatpoint is onsists only of an inrease in overing fration by the model �t. If bothwere attributable to dis-stream impats, then a similar rise in olumn density atthe seond point would be antiipated. The soure of suh phase-dependent vertialthikening has been attributed to tidal e�et [Ogilvie, 2002℄.6.5 The system parametersPerforming the �t as desribed in x6.3.1 on the average Ultraam elipse with q andi as free parameters resulted in q = 0:18 and i = 80:4Æ, whih are inonsistent withthe previous analysis performed [Wood et al., 1986℄. Despite the apparent good �twith very high signal-to-noise data, suh a hange must be examined arefully sinethese values should not be variable. There are two important di�erenes betweenour optial light urve analysis and that performed by Wood et al. [1986℄; �rstlythere is the number of elipses. We have 5 ompared to 29, although ours are frommuh larger telesopes. A large number of elipses is still preferable when faedwith suh a deviation however, sine there is a lear di�erene between night-to-night elipses, partiularly at these levels of S/N. There is a notable quantity ofikering present in the light urves that would be made negligible by a larger stakof elipses to average, and also the atual shape of the elipse is varying a signi�antamount from night-to-night. This is potentially aused by the dis, as some nightsshow a sharper ingress/egress, whereas others show a smoother transition typiallyassoiated with a stronger dis. These fators present signi�ant diÆulties whenmodelling the averaged light urve. The bright spot and sharpness of the ontatpoints, whih prove hallenging to �t due to the fators mentioned, provide strongonstraints upon q in the model. In e�et, it is not ot believed that there is asuÆiently aurate light-urve of the atual average of Z Cha in quiesene. Theseond di�erene is the method itself; the tehnique presented here utilises a model94



based upon physial parameters and then simply tries and optimise the hi-squared.Wood et al. [1986℄ use a numerial derivative method to determine the ontatpoints. While a limb darkening parameter is added in the model ode used here(based upon the white dwarf temperature), Wood et al. [1986℄ neglet this entirely,but this is unlikely to explain the di�erenes found. If the individual elipses are�tted alone with the resulting values of q and i plotted against one another, a learstraight line an be �tted through them, indiating strong orrelation (individually�tted mass ratios are found between 0.162 and 0.185). This is not surprising, as bothparameters are e�etively working on the ontat points in an opposing manner. Forthis reason, it is onluded that the unertainty on q and i is more than that quotedin Wood et al. [1986℄. More importantly, the q and i parameters of Wood et al. [1986℄lie learly on the same q-i line as the data presented here. Hene, the distribution ofparameters in the individual �ts omes from the variation in the elipse shape (likelythe dis) and ikering from night to night, and the general o�set towards higher qmay be from a bias in one method or the other; of whih the only lear onlusionan ome from analysing the other set of data with the same method. Despite thiso�set, the greater number of elipses taken by Wood et al. [1986℄ presents a bettermeasure of the average elipse light urve of Z Cha (partiularly given the night-to-night variability observed) and was the reason that these q=i parameters were hosenand �xed in the modelling performed here. Finally, if either set of q and i is piked,the di�erene on the white dwarf radius is 0:0013a (resulting in RWD = 0:0151a forthe data presented here with all parameters free). This produes a slightly smallersale height parameter than with the q=i parameters from Wood et al. [1986℄ butit remains onsistent, and makes no di�erene upon the onlusion regarding thevertial emission sale height on the white dwarf.6.6 The elipse times6.6.1 The sinusoidal ephemerisFor eah of the optial elipses obtained, the same �t was performed as detailedin x6.3.1, using the model from the average optial light urve and allowing the T0to vary until the hi-squared was lowest. Given a number of entral elipse times,an ephemeris an be alulated, onsisting of an HJD equating to an arbitrary`yle zero' and a period. This an then be extended to quadrati, ubi, or evensinusoidal form. Suh an ephemeris is typially analysed in the form of an O-Cplot, whih plots the di�erene in time between the observed elipse time and thealulated elipse time against the yle number. Utilising the previous timings95



listed in van Amerongen et al. [1990℄ along with Robinson et al. [1995℄ and Baptistaet al. [2002℄, the 7 Ultraam optial elipses, 10 XMM OM elipses, plus a furthertwo from Ultraspe, a new ephemeris was �tted with a least squares method. Atable of the new measured white dwarf mid-elipse times an be seen in table 6.3.The di�erene between the observed and alulated T0 points was �tted using asinusoidal ephemeris. This hoie is motivated by the fat it was determined byBaptista et al. [2002℄ that the sinusoidal omponent was relevant in an F-test to99.9% on�dene whereas a quadrati ephemeris was not. The starting parametersfor the �t were taken from the same paper. Eah epoh was weighted equally (thatis, sequential elipses were downweighted by their quantity); this is beause theresiduals far outweigh the unertainty on eah data point. The new O-C plot anbe seen in �gure 6.12. The best �t ephemeris isJD = T0 + PE + � os�2� (E � �)� (6.13)T0 = 2440264:68323(11) daysP = 0:0744992829(13) days� = 0:001046(65) days� = 12:79(20) � 103yles = 18:36(78) � 103ylesThis form allows for a ylial variation with an e�etive amplitude �, with �ontrolling the phase o�set and  the frequeny. An error of 5�10�5d was assignedto previously quoted values without errors. The mid-elipse times from the new �tshave an error of the order 2s. While it remains to be seen with ertainty whetherthis sinusoidal motion will be truly periodi, following on from previous suggestionsregarding a third body in the system [Wood et al., 1986; Dai et al., 2009℄, the best�t to suh a ase reults in mass m3 sin i3 = 19:9� 2:1MJ , period P3 = 56:35� 1:37years, and eentriity e = 0:17 � 0:03. Unertainties were obtained with a MonteCarlo method.6.6.2 The origin of the elipse time variationsThe omputed O-C plot shows the onsiderable variation in Z Cha's period, whih,from peak to peak is urrently in exess of three minutes. A third body seems afeasible reason for this observed variation, however aution must be advised on anypresumptions made from urrent data as not a whole sinusoid has yet been reorded,whih means that this �t is also not yet stable. Even the addition of the single96
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Elipse time (BJMD) Soure Telesope52992.907348(29) XMM OM 30m52992.981867(29)52993.205282(27)52993.354318(33)52993.428817(26)52993.577881(25)52993.652274(40)52993.801328(24)52993.875841(34)52993.950336(32)53498.0121821(22) Ultraam VLT UT3 8.2m53500.9922010(64)53505.9836285(26)53507.9951018(19)53512.0180207(20)54506.284757(32) Ultraspe ESO 3.6m55313.037681(14) Ultraam NTT 3.58mTable 6.3: Listing of new white dwarf mid-elipse times, baryentri orreted andin the TT time system.2010 elipse altered parameters signi�antly, and the newly omputed ephemeris isoutside the unertainties quoted in the previously published values. The error valueson the third body parameters are also likely to be largely underestimated for thissame reason. While the Monte Carlo method may give reasonable errors for this �t,realisti unertainties will only be ahieved by studying the e�et that the numberof elipse timings has on the �t, whih was not performed at this time.Given the 56:35�1:37 year period, this behaviour will not likely be on�rmedfor some time, assuming the system ontinues upon its urrent predited trend ofvariation. Residuals also indiate large disrepanies even with this sinusoidal �t,with some elipses still approximately 20 seonds away from their predited T0 times.It should be noted that these residuals are not sinusoidal in nature, and while thepoints after 1995 seem to indiate there is further behaviour here to be modeled,an attempt to �t another body to aount for these does not result in a notablyimproved �t.Another potential andidate for this variation is the Applegate e�et [Ap-plegate, 1992℄. In priniple, the seondary star undergoes deformations aused bythe hanging distribution of angular momentum generated by a magneti torquewithin the star. This hange in shape ouples to the orbit and drives a hange in98



the system's period. From Applegate [1992℄,�PP = 2�O � CPmod = 2�� (6.14)Where � and  are from our omputed sinusoidal ephemeris as per x6.6.1.It has been shown that using suh a model to explain behaviour in objetssuh as Algol stars and other CVs indiates suh a phenomenon an drive a hangeof �PP � 10�5. Using the new ephemeris parameters, we �nd for Z Cha that �PP =3:6�10�7, whih is two orders of magntiude smaller, indiating this would seem to bea feasible mehanism. A key element in separating the Applegate e�et from a thirdbody would be determining whether the sinusoidal O-C funtion is stritly periodi(favouring the brown dwarf) or shows regular, but variable behaviour where manyyles may exist. This variation would also manifest synhronously with a hangein lumonisty of the seondary star, on the order of �LL = 0:1 [Applegate, 1992℄. Ithas been shown that the �P in many binary systems that show an O-C behavioursimilar to Z Cha is not stritly truly periodi [Rihman et al., 1994℄, leading to theproposal that the Applegate mehanism ould indeed drive this varying nature of ZCha's elipse times [Baptista et al., 2002℄. The notable residuals (up to 30s) presentin the O-C �t may give weight to this.A onlusive method of determining whether the Applegate e�et an aountfor the observations is to onsider whether the required energy from the seondarystar an drive the variation in period. The method provided by Applegate [1992℄onsidered the transfer of angular momentum from within the star to a thin outershell, hene inreasing the oblateness of this outer omponent. This paper utiliseda �xed outer shell of 0:1M�, however the total seondary mass of Z Cha is 0:12M�[Wade and Horne, 1988℄, meaning that suh an assumption would plae almost theentire mass of the ompanion star in its thin outer shell; learly an unaeptablesenario. Instead, the alulations proeed using the method laid out by Brinkworthet al. [2006℄, whih generalises the approah by Applegate [1992℄ by splitting a starof arbitrary mass into an inner ore and an outer shell by integrating over �niteranges of radii. To do this, the density of the star is required as a funtion of itsradius, whih is provided by the Lane-Emden equation with an n = 1:5 polytrope(a fully onvetive seondary star) and the expansions in Clayton [1968℄ for aroundthe zero point where the funtion diverges. Angular momentum is transferred fromthe ore to the shell, leading to a hange in their angular frequenies, whih a�etstheir oblateness and therefore leading to a hange in the quadrupole moment. Usingthis, it is found that the minimum energy required for the omputed �PP with the99
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in x8 taken into aount. To begin with, the extintion at the site was examined byusing a long photometri observation of a non-variable star. Sine this objet wentthrough an airmass range of 1.3-2.2, this was long enough to quite learly see thee�ets the atmosphere was having upon the data. When onverted to a magnitudesversus airmass plot, a straight line �t was performed on eah arm resulting in kr =0:059, kg = 0:136 and ku = 0:46. Using a previous estimate for the zero point ofUltraam (T.R. Marsh, private ommuniation), for this objet it was found thatu' - g' = 1.009 and g' - r' = 0.494. The theoretial extintion plots presented inx8.1.3 suggest that kr = 0:071, kg = 0:150 and ku = 0:490. Here it was seen that thetheoretial extintion overompensated by 20% in r', 10% in g', and 6% in u', almostertainly due to the fat that the atmosphere onditions in Paranal are better thanthose in La Palma.Beause the extintion depends upon a measurement that itself already usesthe assumed zero point, this proedure was iterated upon to �nd a new zero point.The SDSS standard star G93-48 was observed on a nearby night with exellentonditions and was used for this alulation. The (atual) extintion orretionfound on the previous target was applied, and the zero point for eah olour bandwas found with mx = �2:5 log(fx) + px; (6.15)where mx is the observed magnitude (in bandpass x), f is the observed ux (inounts) of the target and p is the zero point. These values were found to be pr =27:495, pg = 28:131 and pu = 26:137. The proess an now begin again to ensurethe olours of the �rst target (and hene the extintion) are orret, whih in turnleads to another zero point. In pratie this is found to onverge very rapidly. Analternate set of zero points were alulated for the standard star SA 113-260 on adi�erent night and found to be pr = 27:583, pg = 28:165, and pu = 26:127. The g'and u' zero points are within the standard unertainty of the SDSS system. Thered band is slightly less �xed with a shift of 0.07 mags.Next, the olour of Z Cha's omparison star was determined. This was foundto be g' - r' = 1.05 and u' - g' = 2.14. The theoretial extintion for this olour wasread from the appropriate �gures in x8.1.3 and then orreted by the perentageslisted earlier whih aount for the site di�erenes. The extintion oeÆients weredetermined to be kr = 0:057, kg = 0:136 and ku = 0:462 mags/airmass. From theoptial modelling performed, the ontribution of the the white dwarf to the total ux(out of elipse) is used to �nd the olour whih then must be orreted. Sine the
101



Z Cha ux is divided by that of nearby ompanion star to orret for transparenymt �m = �2:5 log�C ftf� ; (6.16)where mt, ft are the target magntiude and ux, m, f is the omparison magnitudeand ux, and C is a orretion fator to �nd. Using the extintion orretion inmagnitudes per airmass (kt for target and k for omparison)C ftf = 10 12:5m�mt10 12:5 (kt�k)X : (6.17)So the ux ratio of the target to omparison star must be orreted by the fatorC = 10 12:5 (kt�k)X ; (6.18)where X is the airmass. The result of the olours obtained and plotted againstwhite dwarf models is shown in �gure 6.14. It an learly be seen that the satter ofthe points for the determined white dwarf olours is greater than their unertainty.One partiular point, loated at g' - r' = -0.45, u' - g' = 0.18 was from a night ofpartiularly variable transpareny, indiating that even when are is taken in theredution and orretion of the target, there is still some residual e�et upon thedata that is being transferred to the �tting proess. Previous studies of Z Cha haveindiated that the temperature is of the order of 15,700K [Robinson et al., 1995℄.While the average elipse does ross into this regime at the 90% on�dene level,the fat remains that this only happens beause of the suspset data point from thenight with variable onditions. When eliminated, the average moves towards thered and away from the models. If the data were to lie in the regime predited by themodels, it would indiate a onsistent lak of g' band ux (the points are too red ing' - r' and too blue in u' - g'). IP Peg has been shown to have a partiularly variableu' band ux whih also makes the white dwarf olour disrepant with the expetedmodels, and was explained by absoprtion due to dis material [Copperwheat et al.,2010℄. Suh an argument annot be made in this ase for Z Cha however, and theonsistent lak of g' ux is not easily explained.6.8 SummaryThis hapter showed that after onstruting a CV model from Ultraam photometry,suh a model an not only be used to onlusively prove that the white dwarf isunobsured in the optial band but an also be utilised in the omparison of X-ray102
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data to onstrain the emitting region of the boundary layer. The dis was shownto obsure soft X-rays, but somewhat surprisingly, not be dense enough to obsurethe hard X-rays, in apparent disagreement with expeted surfae densities from thestandard dis-instability models. This disrepany is attributed to a \trunated"inner dis, for whih several possible models are suggested, but at this time annot beonviningly narrowed down. It is also of note that the inner-dis aretion rate wasin line with suh models, in ontrast to previous studies of the same system [vanTeeseling, 1997℄. This is of partiular interest beause trunation methods havebeen previously used to explain an inreased aretion rate when ompared to dis-instability models. Sine the analysis performed here shows independent evidenefor the presene of dis trunation in Z Cha, it would seem this phenomenon ouldbe present in CV diss even without an anomalous aretion rate.In addition, the preise timings from Ultraam and XMM were also utilisedto investigate the ephemeris of Z Cha, whih has been showing a strong modulationover the past 30+ years of observations. Due to energy onstraints, the reason forthis variation is most likely the presene of a third body - a brown dwarf - presentin the system.The next hapter will utilise data from a new instrument, \X-Shooter", whihoperates on a wide spetral range. The subjet will be the atalysmi variable OYCar, and as will be shown, X-Shooter's range allows a simultaneous measurement ofboth the white dwarf and the seondary star, and ould provide an essential soureof information for CV observers in the near future.
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Chapter 7X-Shooter observations of OYCarIn the north of Chile at the Paranal observatory, the ESO instrument \X-Shooter"has reently ome online and has begun proessing requested targets. This instru-ment operates in an entirely di�erent regime ompared to Ultraam and Ultraspe:while the exposure times are long (on the order of minutes), X-Shooter has extremelywide wavelength overage, from 3000�A in the near-UV to 25000�A in the infra-red,ahieved by the use of an ehelle grating in three arms. Presented here is an ini-tial analysis of OY Car data, giving a onlusive and unambiguous measurementof K2 for the �rst time in this system, along with a K1. Together these providea measurement of the system's mass ratio q, independent of previous photometrimethods. In addition to this, detetions of FeI and FeII lines as reported by Horneet al. [1994℄ are presented together with their radial veloities and line strengths.7.1 Observations and data redutionThe servie mode X-Shooter observations of OY Car were taken during February2010. The X-Shooter data was proessed with the latest pipeline as of November2010. Results from this show a greatly improved throughput ompared to previousversions of the pipeline due to better traking of the slit along the urved pathsthe ehelle grating produes. Signal-to-noise is generally good in the UV and visualarms, but it dereases sharply in the infra-red until the traking is lost ompletely,hene only half of the infra-red range is atually useable. The infra-red is also heavilya�eted by telluris. Extrated average spetra of the IR, visual, and UV arms anbe seen in �gures 7.1, 7.2, and 7.3 respetively.105
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Figure7.1:Extrationofthered/IRarmfromtheOYCarX-Shooterdata.
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Figure7.2:Extrationofthegreen/VISarmfromtheOYCarX-Shooterdata.
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7.2 Testing the photometri method with X-ShooterThe system parameters for OY Car have been a soure of disussion in many pa-pers [Vogt et al., 1981; Shoembs and Hartmann, 1983; Cook, 1985; Wood et al.,1989℄. Typially, the mass ratio q, and white dwarf radius RWD, have been de-termined through photometri means. This generally involves examining ontatpoints in elipses, and using various ombinations of assumptions suh as whitedwarf mass-radius relations or that the seondary star is of a spei� type. Ideally,the photometri q is baked up with a spetrosopi q. This useful relation an beseen by starting from Kx = 2�axP sin i; (7.1)where ax is the the separation for star x (where a = a1 + a2) and P is the orbitalperiod. Then, using Kepler's law,a3 = G(M1 +M2)P 24�2 : (7.2)Utilising M1a1 =M2a2, a = a1M1 +M2M2 ; (7.3)whih an be rearranged to �nd that(Mx sin i)3(M1 +M2)2 = PK3x2�G : (7.4)Hene it is seen that K1K2 = M2M1 = q: (7.5)K1 is usually a very diÆult parameter to determine by measurement, asfound in x5. The dis lines dominate over those of the white dwarf, and the sim-ple assumption that the dis is irular proves invalid, beause of the stream-disinterations. The seondary lines are not a�eted by suh problems, and hene ameasurement of K2 an be valuable in onstraining system parameters. However,beause the seondary star is the least luminous part of the system, any signatureof it is usually obsured in the optial band making K2 quite an elusive measure-ment in most CVs. Fortunately, X-Shooter extends out to the infrared, where theseondary's luminosity will peak due to its � 3000K temperature. Here, a learmeasurement of K2 was found in the form of KI at 12539.34�A (�gure 7.4). Using agaussian �t to the pro�le for eah spetrum, the radial veloity of this line is foundto be 480:5 � 1:5km/s, and a plot of this from �t an be seen in �gure 7.5.109
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Figure 7.4: Trail of the KI line in X-Shooter OY Car data.
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In addition to this, the onsiderably fainter MgII 4481.327�A line was found inthe visual arm of X-Shooter. This line is assoiated with the white dwarf atmosphere[Holberg et al., 1997; G�ansike et al., 2007℄ and sine it is not expeted to be presentin the aretion dis, should provide an unambiguous measurement of K1 withoutthe usual diÆulties assoiated with the bright spot or a non-irular dis. Thereis, however, a nearby helium line (4471�A) whih, while learly separate, ould a�etthe measurement. The trail of the MgII line is presented in �gure 7.6. The radialveloity measurement an be seen in �gure 7.7 with a �t to all data points and a �texluding the data points near elipse whih are quite learly non-sinusoidal. In theformer ase, K1 = 78:5 � 1:5km/s, and in the latter K1 = 103:7 � 1:19km/s. It isnotable, however, that the lower veloity result is at phase � = 0:015�0:02 (whih isat the white dwarf phase to within the unertainty) whereas the higher veloity resultis at � = 0:040 � 0:02. This seems to indiate that the result is at least partiallya�eted by the HeI line whih would expeted to be at a higher veloity omingfrom the dis. The lower K1 is also more in line with the antiipated values thathave been inferred in literature over the years, of whih a summary and omparisonis detailed in table 7.1. As antiipated, with the spetrosopi method, K1 is thegreatest soure of unertainty when determining q. The measured K1 and K2 valuesare both higher than those derived in Wood and Horne [1990℄, as is the mass ratio.Although mass ratios near this value (or higher) have been predited in older papers,most reent estimates from photometri methods predit � 0:102� 0:11. Assumingthat the K2 measurement with X-Shooter is orret, whih seems reasonable givenits �t, the K1 required to math suh a q is 49 km/s. The losest values to thosemeasured here are found in Shoembs and Hartmann [1983℄, who measure a K1 fromthe Balmer lines and apply a orretion using a model by Hensler [1982℄, resultingin K1 = 75� 15km/s (the K2 value is then predited assuming the orret K1).It is of note that the results by Wood et al. [1989℄, Shoembs et al. [1987℄ andCook [1985℄ who all predit a q � 0:10 use the photometri method from separatemeasurements of the bright spot ontat points. This would imply that these brightspot points are measured suÆiently well for this method, and that if this mass ratiois inorret, the method may be at fault. To ahieve a higher value of q, the point atwhih the stream impats the dis must be moved further upstream, as opposed tothe typial photometri method assumption of the stream impating at the brightestpoint (the `light entre'). However, even at its most extreme position, this still onlyleads to q = 0:135 [Wood et al., 1989℄. The ontrary set of results suh as Vogtet al. [1981℄ and Shoembs and Hartmann [1983℄ whih predit q � 0:15, is more inline with the result ahieved here. These use measurements of K1 to determine q,111



q K1 K2 Referene Soure0.163-0.216 78.5-103.7 480.5 This thesis X-Shooter0.102 46-48 455-470 Wood and Horne [1990℄ 1,20.1 45 440 Wood et al. [1989℄ 1,20.11 54 475 Shoembs et al. [1987℄ 1,2,30.11 59 535 Cook [1985℄ 1,30.2 75 375 Berriman [1984℄ 2,40.15 70 481 Shoembs and Hartmann [1983℄ 4,50.45 125 275 Bailey and Ward [1981℄ 3,40.15 69 472 Vogt et al. [1981℄ 3,4Table 7.1: Comparison of q, K1, and K2 from various soures. The assumptionsused are as follows; 1: stream trajetory, 2: white dwarf mass-radius relation, 3:main sequene seondary star, 4: K1, 5: bright spot position.and involved attempts at measuring the white dwarf using the high-veloity wingsof Balmer lines. These however, are expeted somewhat to be distorted by theassymmetri dis (as noted in x5). While it would be a surprise that even the MgIIline measured here (whih should only be present in the white dwarf) is a�eted,the result is similar enough to previous attempts at measuring K1 to raise suspiion,partiularly with the e�etive nature of the photometri method for other systems(suh as Z Cha as disussed in x6). The other option is that K2 may be inorret,potentially aused by a radiation indued distortion. However, given the very good�t to K2 produed by X-Shooter, and also that suh a distortion would have tobe extremely large (� 780km/s with the deteted K1) to bring q in line with thephotometri method, this seems somewhat unlikely. Sine there is plenty of signal-to-noise in the X-Shooter data, further attempts with a higher time resolution maybe of assistane in determining any non-sinusoidal distortion present and give a moreaurate K2.The two options to reonile the views of the spetrosopi and photomet-ri methods are, �rstly, that the same distortion of the dis lines is a�eting theMgII line in some manner and moving it to a higher veloity. Seondly, there is asystemati error in the positioning of the bright spot whih is a�eting the photo-metri measurement of q. Given the strikingly di�erent �ts that an be made to theMgII line depending on the elimination of a few points (varying from 78:5 � 103:7km/s), it would be premature and unlikely to onsider the photometri method iswrong, and that in all probability K1 is still the biggest problem in measuring qspetrosopially for CVs. 112
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Figure 7.6: Trail of the MgII line in X-Shooter OY Car data.
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Figure 7.8: A portion in wavelength of the trailed OY Car data in the UV arm fromX-Shooter. All the absorption lines seen an be attributed to iron.7.3 Iron lines in the spetrum of OY CarThe high spetral range and resolution of X-Shooter also lead to another observation.A ursory glane at the spetrum and trails reveal a wealth of observed lines, mostof them attributed to FeI with some FeII (see �gure 7.8. These iron lines wereshown to be veiling the white dwarf UV spetrum by Horne et al. [1994℄, thoughthe atual loation of this material was unertain. The theory put forward was thatthe material may our in the upper atmosphere of the outer aretion dis sinethe other option, that the material is atually loated at � 5RWD, would mean theview of the upper white dwarf hemisphere was unobsured, whih was inompatiblewith their observations.A rough estimate of the radial veloity of the observed lines was used to\straighten" the trailed spetra, at whih point they were averaged together and anidenti�ation of the lines in the UV and VIS arms of X-Shooter data was performed,listed in table 7.2. Avoiding the blends, the remaining iron lines were �tted with ashared o�set from their rest wavelengths and invidual peak heights with a sharedsaling fator. The radial veloity urve and varying peak height with phase isshown in �gure 7.9.The unorreted �t results in KFe = 83:7 � 1:7, but sine this �t is learly114



Line �A Line �A Line �AFeII 3089.38 FeI 3120.44 FeI 3125.65FeII 3133.05 FeII 3154.20 FeII 3162.80FeI 3168.85 FeII* 3180.15 FeII* 3187.30FeII* 3193.86 FeI 3196.93 FeII 3210.44FeII 3213.31 FeI 3228.25 FeI* 3234.61FeI* 3237.22 FeI 3239.43 FeI 3242.26FeI* 3249.19 FeII 3259.05 FeI 3262.01TiII ? 3278.29 FeII* 3281.26 FeII* 3323.06FeI* 3329.52 FeI* 3336.26 FeI* 3342.29FeI 3349.72 FeI* 3361.95 FeI* 3368.50TiII* ? 3372.80 FeI 3380.11 FeI 3383.98FeII 3388.13 FeI* 3394.80 FeI* 3403.40FeI 3409.59 FeI 3422.66 FeI 3433.57FeI* 3442.36 ?? 3460.90 CaI 3474.76FeI 3483.01 FeI 3505.06 FeI* 3565.58FeI* 3570.25 FeI* 3581.65 FeI 3614.56FeI* 3619.77 FeI 3625.14 FeI* 3631.46TiII ? 3641.33 KI ? 3648.50 FeI* 3686.26FeI 3760.05 FeI 3762.20 CaII 3933.67CaII 3967.47 FeI 4046.06 MgII 4481.13FeI* 4584.72 FeII 4923.92 FeII 5018.43FeII* 5169.03Table 7.2: Table of measured lines in the UV and VIS arms of X-Shooter in OYCar, exluding the usual Balmer and helium lines. An asterisk indiates that theline is a doublet or blend, in whih ase the line is identi�ed as the one with thehighest transition strength.
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Figure 7.10: A diagram (not to sale) showing an example of a stream trajetoryand impat points predited by Lubow [1989℄ and found in OY Car and Z Cha.Material that ows over the dis edge preferentially impats half an orbit later.distorted by the non-sinusoidal points near the elipse, a �t exluding these pointsdrops the �2 (with 28 points) from 361 to 60 and results in KFe = 116:7�0:86. Theo�set  = 78:6� 0:63. This is notably similar to the measured K1, and hene seemsto agree with the view of the absorbing material present in the dis as the radialveloity appears to be traking the white dwarf. The saling of the line strengthsshows a double-peaked behaviour, with low points at phases 0.45 and 0.85, in asimilar fashion to the X-ray absorption found in Z Cha in x6. Given that the brightspot beomes a signi�ant proportion of the ux at phase 0.8 due to foreshortening,and that the extent of the material from the impat is several times the dis saleheight [Lubow and Shu, 1975℄, it may be plausible that the dis/stream impat isthe ause for the absorption. The seond absorption point an be explained bymaterial passing over the dis edge and \swinging around" to impat the dis nearthe stream periastron, shown by Lubow [1989℄, as shown in �gure 7.10. The pointsof absorption math those predited by [Lubow and Shu, 1975℄ muh better thanthe observations of Z Cha in x6, but it should one again be mentioned that thealternative is a dis with a tidally thikened outer rim [Ogilvie, 2002℄. Distinguishingbetween these two options would be an interesting point of researh in the future.7.4 SummaryThis hapter showed the enormous advantages of using an instrument with a widespetral range for the study of atalysmi variables. A measurement of K2 of OYCar was shown for the �rst time, along with K1 whih provided a ompletely inde-pendent measurement of q by whih to ompare the photometri method previousapplied to determine system parameters in OY Car. The presene of numerous FeIand FeII lines was also detailed, with a radial veloity suggesting an outer dis lo-ation and a \double-humped" modulation in line strength whih ould either be117



attributed to a seond stream-dis interation or a tidally thikened dis rim.The attention of the thesis will now turn to instrumentation. During theourse of this work it was found to be neessary to perform a areful examinationof the Ultraam �lters in an attempt to determine the olour of the white dwarf inZ Cha (x6). These alibrations will be shown in the next hapter, along with aninvestigation into Ultraam's CCDs and software designed to greatly improve theworkow of operating with the now extensive arhive of Ultraam data.

118



Chapter 8Improvements to the UltraamsystemUltraam, whih was introdued in x4.3.1, has now been operating for eight yearsand has produed a wealth of refereed papers on subjets ranging from neutronstars and are stars to its more native realm of atalysmi variables. As with allinstruments, Ultraam is onstantly evolving and being improved in many areas, ofwhih three will be detailed in this hapter. Initially the photometri auray ofthe �lters will be examined, followed by a CCD phenomenon known in Ultraam as\peppering", whih has so far limited the range of target brightness/exposure lengththat the instrument an operate at. Finally, a separate and automated softwarepipeline for indexing and ataloguing the now 4TB+ of Ultraam (and Ultraspe)data will be presented, along with the relevant updates to the user interfae andbakend software to aommodate these features.8.1 Calibration of the Ultraam SDSS �ltersFrom its initial onept, Ultraam was designed to use the Sloan Digital Sky Survey[York et al., 2000℄ �lters. This is omprised of �ve �lters (u'g'r'i'z') enompassing3000-11000�A, e�etively overing the entire useful response of a modern CCD. Whilethe �lter bandpasses do not overlap due to a strong uto� (aused by the shortpassglass design and longpass interferene �lm), they feature a wide plateau rather thana single individual peak wavelength and this assists the study of faint objets whenompared to older �lter systems like the Johnson �lter system [Johnson and Morgan,1953℄. The optial path of eah �lter is made to be the same length by using neutralglass to give equal thiknesses. The only �lter that does not have a uto� at the119



long wavelength end is the z' �lter, due to a lak of materials that at upon suhwavelengths. However, this turns out to be irrelevant in modern astronomy as theCCD response rapidly tails to zero at these wavelengths (x3). In fat, the detetorresponse ditates the system response in the ase of z' more than the �lter itself.The SDSS �lter bands are also designed to avoid ommon night sky lines suh as OI5577�A and HgI 5460�A, whih was a problem sometimes assoiated with the Thuanand Gunn griz �lter system [Thuan and Gunn, 1976℄. Sine the SDSS system uses amonohromati \AB" magnitude system, it is not prone to alibration unertaintieswith the Johnson system, whih was based on omparing eah objet to � Lyr(Vega). An objet in the AB system will have an equal magnitude in eah passbandif f� is onstant. The atual alibration of the system is done by measuring severalF subdwarfs whih have at spetra with low metalliity. Every �lter is de�ned tobe give zero magnitudes when a ux density f� of 3631 Jy is deteted. This allowsompatibility (or at least similarity) with other AB systems that preeded it.The Ultraam �lters are opies of the SDSS �lters not only for the bene�ts ofthis system, but to also easily o�er omparison with the vast databases produed bythe Sloan survey. Typially this �lter set is referred to as u'g'r'i'z' within Ultraam,though the \prime" has been queried. The origin of the prime omes from thefat SDSS unintentionally ended up with one set of �lters on USNO-40 that wasslightly altered due to dehydration of the interferene �lm in a vauum dereasingthe e�etive refrative index. There is no partiular reason for this notation withinUltraam, but it has been kept for onsisteny sine it has now been marked as suhfor many years. In setions below, where both the SDSS �lters and the Ultraamlone �lters are disussed in omparison, the oÆial SDSS �lters are desribed usingthe prime notation and the Ultraam �lters with a apital, ie. u' vs. U.8.1.1 The system responseThe AB magnitude of an objet is de�ned by [Fukugita et al., 1996℄m = �2:5 log R d(log �)f�S�R d(log �)S� � 48:6; (8.1)where f� is the ux density (at frequeny �), and S� is the system response. Toinitially determine S, lab measurements of eah of the �lters were performed (withresults supplied by the �lter manufaturer), determining the fration of light trans-mitted in steps of wavelength. In addition to this, the CCD quantum eÆienymust be taken into aount, as well as the oatings upon the �lters and CCD as well(obtained from their respetive data sheets). Other materials in the light path in-120



Arm SurfaesBlue Aluminium (x2), CaF2, LLF1 (x2), CCD broadband oating,SK16 (x2)Green Aluminium (x2), LLF1, CaF2, Dihroi 1, CCD broadband oating,LAK10 (x2), Fused siliaRed Aluminium (x2), CaF2, LLF1, Dihroi 1, Dihroi 2,CCD midband oating, LAK22 (x2), SF1Arm FiltersBlue u', NBF3500�AGreen g', HeII, Blue ontinuum, NBF4170�ARed r', i', z', Red ontinuum, Sodium, H� broad, H� narrowTable 8.1: List of surfaes neessary in omputing the quantum eÆieny of eahlight path in Ultraam, and the separate �lters available for eah arm.luding the dihrois, ollimator, and aluminium mirrors of the telesope (assumedlean) were also onsidered. Software was written to ompute a transmission (interms of quantum eÆieny) for given ombinations of surfaes. Those used in theomputations of the light paths are shown in table 8.1. Linear interpolation wasused to ensure eah of the surfaes was on the same wavelength sale and there is theassumption that every surfae has a quantum eÆieny of exatly zero outside theirspei�ed ranges to avoid anomalies in the numerial integration. The resultant plotsshowing the transmission regime and quantum eÆieny of eah Ultraam �lter inthe red, green, and blue arms an be seen in �gure 8.1.8.1.2 Comparing the Ultraam �lter set to SDSSNow S� has been omputed, a magnitude m an be determined from a ux f� input.Starting from equation 8.1, and onverting from � to � (where d�d� = �2 ), the twointegrals to perform are R S�f��d� and R S�=�d�, where the fators of � ome fromthe appropriate Jaobian transformations. Template spetra of standard star typesfrom Pikles [1998℄ were used, as well as white dwarf models from Holberg andBergeron [2006℄ to serve as f�. Computing these values for eah olour band, theolour-olour plot of the output through the Ultraam �lters an be seen in �gure8.2. A similar task an now be performed but instead using the SDSS r', g', and u'�lter throughput data whih is available on the SDSS website (a diret omparisonof the system responses an be seen in �gure 8.3). Using the same set of models,the set of values r' - R, g' - G, and u' - U for g' - r' and u' - g' an be determined.This gives an estimate of the di�erene between the two sets of �lters for a given121
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Figure 8.1: Ultraam system response for all available �lters. Top: blue arm. Mid-dle: green arm. Bottom: red arm.
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Figure 8.6: The peppering phenomenon in Ultraam CCD1 (red arm) in both leftand right ampli�ers just before the onset of saturation.8.2 The \peppering" phenomenon in UltraamThe name \peppering" is given to an e�et that is present in all the Ultraam CCDsat some level, observed to be at a well fration just before the onset of saturation.It is typially haraterised by a \noisy" irle near the entre of the hip, and hasbeen alarming enough in appearane to instrut all observers to avoid the pepperinglevel; �gure 8.6 shows an example frame from the red CCD showing the problem.The diagonal lines show a typial oating pattern and the blurred streak near themiddle of the hip indiates a loal saturation e�et whereby harge is spilling inthe vertial diretion as it is loked. Below that in the irular shape is a spekledregion whih is the problem area.The phenomenon has been seen as early as the �rst telesope run, usuallyon at �eld operations as one has to reah a signal level beyond the shot-noiselimiting region to get a good measure of the pixel non-uniformity. It was originallysuspeted that peppering was a funtion of harge level alone, as it appeared loseto saturation and there is some fration of vignetting meaning that the entre ofthe hip will saturate �rst. From study of at �eld runs that go ompletely through127



Figure 8.7: The division of two sequential at �eld frames in the peppering regime.The pattern divides out almost ompletely.the saturation level though, it is lear that this is not true, and there is a spatialomponent involved. While the peppering regime will inrease in radius (and infat, eventually approximate a teardrop shape towards the bottom of the hip),some areas of the hip will never go into peppering, and instead go diretly tosaturation.The pattern varies from run to run, but is not random. The frame-to-framepattern over a period of time will in fat be equal and divides out perfetly. Anexample of this is shown in �gure 8.7, whih are sequential at-�eld frames. Herethe entre regime of the hip shows no peppering at all. The thin ring surrounding itomes from the fat the seond frame has a brighter sky level and so the pepperingregime has extended outward. The pattern from a di�erent night, however, is notthe same.Taking a long at �eld run from 2009, 50 by 50 pixel areas were hosen nearthe entre of the hip for eah CCD with the mean ounts and variane measuredfor eah exposure. The result of this is seen in �gure 8.8. The mean ounts within awindow rise smoothly until the onset of saturation at 65,535 ADU - hene no ountsare lost within the sampling window. Despite the dark/light spekled appereane,128



this does not seem to be a normal harge transfer issue (also suggested by the fatthis ours in a irular regime, whereas a transfer issue would ause the samee�et to all rows above the onset). This means that peppering is not a disaster foraperture photometry, as almost ertainly all the ounts are going to be olletedunless the aperture is very small. The onset of peppering beomes very lear in theplot of variane, marked by a sudden disontinuity in what should otherwise be asmooth urve with a log slope of 1/2 (from shot noise). The numerial derivativeof the log variane is in fat a reliable and aurate method for determining theonset of peppering. While it is typially aepted that the red hannel exhibitspeppering at � 50; 000 ADU upward, a single run in 2009 was observed to havepeppering in this hannel ouring at as low as 29; 000 ADU. This indiates thatshould the peppering regime wish to be avoided, at �elds that ross the pepperingregime (whih are not usually taken as they are e�etively wasted data) are neededto de�nitively determine the trigger level at the time. The last thing the plot revealsis the notable utuation in the variane in the blue and green hannels whih isapparently missing in the red hannel. This double peaked behaviour is quite visiblein the CCD images very lose to the saturation point (�gure 8.9), manifesting astwo rings that move outward.During live testing, the only things that have been observed to have had ane�et upon the peppering have been the parallel vertial lok times after inversionduring frame-transfer (D. Atkinson, private ommuniation), whih were settledupon to be 24 miroseonds per lok. This redued the phenomenon but maintaineda high transfer speed. A few possible options exist to explain the di�erene betweenthe red and the blue/green peppering e�ets. Firstly, the red hip has a slightlydi�erent manufaturing proess to enhane it for that end of the spetrum. Seondly,the red hip has a slightly higher lok swing (lok voltage amplitude), whih wasimplemented as a side e�et of this hip being somewhat di�erent in pratie. Thehigher swing brought the dark urrent level down to the same as the other twohips, as the higher amplitude drives it further into inversion. Thirdly, the red hipis simply muh loser to the SDSU ontroller, and thus has a short able. Theblue and green ables are longer, but of the same length. Given the dependeneupon parallel lok rates, the reason the peppering is preferentially seen towardsthe enter of the hip is adequately explained by lok propagation. The resistaneto ground eah pixel sees is greatest at the entre of the array. This is beause theground onnetions are usually at the edges of the hip, and so in the entre, thepath to ground is longer. At a suÆiently high lok frequeny, the time onstant(� = RC, where R is resistane and C is apaitane) aused by self wave shaping129
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Figure 8.9: The green Ultraam CCD with the entral wells beyond the saturationpoint. Two rings of peppering are seen whih shrink and eventually merge into asingle ring before disappearing altogether as the ount level is lowered.begins to a�et what should be the dominant time onstant set by the externallok [Janesik, 2001℄. In pratie, this extra resistane due to the long groundpath shapes (distorts) the lok swing nearer the entre of the array, and is learlypresent at some level beause the saturation/blooming in Ultraam always begins inthis region. A weaker lok swing means that the potential between the olletingand barrier phases is lessened whih in turn means less well apaity in this regionof the hip. Charge is most eÆiently transferred between pixels on a CCD viafringing �elds, with the ultimate limit being thermal di�usion. Unfortunately as awell nears its apaity, the e�et of the fringing �eld beomes negligible. Potentially,a lok swing that was too fast with a pixel near full-well ondition would ause a\harge bak-up" problem, whereby the small fringing �eld at this signal level meansthere is insuÆient time for all the harge to di�use to the next phase in the givenlok yle. This will result in the remnant eletrons olleting in the next nearestpotential well, aounting for the modulation loss. Examining neighbouring pixelsin the vertial diretion does reveal a mild orrelation (�gure 8.10). If this is anaurate depition of what is ourring, the remaining questions are what is in fatausing this problem when it omes out of inversion, and how may it be �xed.While most solutions for this appear to revolve around slowing the parallellok times, partiularly the delay after integration (whih would derease the fram-131
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Figure 8.10: The vertial pixel orrelation in a peppered area of the blue CCD.erate of Ultraam and also inrease the smearing of the image), several suggestionshave been made (P. Jorden, private ommuniation) that may progress investigationinto the e�et. Firstly, drive the CCDs less into inversion. This will have the sidee�et of inreased dark urrent. Seondly, modulating one of the CCD phases duringintegration whih will yle the inversion periodially. An investigation into whethertemperature has an e�et upon the phenomenon ould also help narrow down thephysial ause. Finally, there is the issue of the peppering pattern apparently being�xed for a length of time before hanging. Ultraam, being a visitor instrument, isquite prone to eletromagneti interferene, espeially when data ables are plaedlose to power ables. If these ables had a varying resistane to ground, this ouldpotentially a�et the lok propogation e�et, with the resistane hanging withthe interferene and thus telesope position. An exhange of ables between theblue/green and red arms ould prove revealing as to whether impedane in the dataables is a fator with this problem.
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8.3 The Ultraam arhive softwareUltraam has been run at least one per year (sometimes three times) sine 2002,with up to 80GB of raw data generated per night. More reent runs with theinstrument at the NTT in La Silla, Chile have involved operating Ultraam fornearly 2 months during winter, meaning that the atual quantity of data beinghandled is now growing exeptionally large. Negleting issues suh as transport andbakup of the data sets, there is still the more pratial diÆulty of �nding one dataset in over 8,000 or even remembering what targets have been observed with theinstrument. Initially this was done from a generated HTML page for eah night,using sripts. While this has suÆed until now, as it o�ers a method for browsingthe data, there is still no onvenient mehanism for searhing for a target.Other issues have beome inreasingly prevalent during the atual observa-tion phase. Most of these originate with the fat that Ultraam is operated as avisitor instrument, and so has no integration with the telesope software. The ob-server must enter a target name and the �lters used every time there is a hange.Inevitably, errors reep in as target names are spelled inorretly or are desribedby an alias, and eah observer ended up desribing the �lters used in their own style(with or without primes, with or without spaes between arms, et.). The only wayto tell apart the type of the data taken is to examine it or hope the observer haswritten aurate omments for the appropriate set of exposures.The Ultraam arhiver software introdued here reti�es most of these prob-lems. The ore of the entire ode base is built around the onstrution and utilisationof an SQL (Strutured Query Language) database, whih uses a simple languagethat is ideally suited to performing the types of searhes needed in large data sets.The \bak-end" software is reated with the funtion of building this database andinterating with it and the Ultraam data at a low level. The \front-end" software isa web-based interfae that transparently performs queries and returns informationon searhes and requested data for the end-user.All of the software is designed to be simple to maintain, modular, ross-platform and open soure. The front-end, bak-end, SQL database and �le serveran potentially eah be on a ompletely independent omputer system, and the owof information is onisely shown in �gure 8.11. The �rst and last goals limit thehoie of languages and servers onsiderably. The front-end was written in the PHP5.2 language, whereas the bak-end is in Python 2.5. Both of these languages areopen soure and have partiular strengths. For example, PHP is not typially used(or often available) as a ommand-line language, whereas Python is still maturing133



Figure 8.11: Flow diagram of the interating omponents of the Ultraam arhivesoftware.for web-development. The HTTP server was hosen to be Apahe 2.2 whih is a well-known, robust server that an equally host on Linux as Windows. The last diÆultywas that while the bak-end ode ould potentially harness a lot of the algorithmsmade for the Ultraam software pipeline, this software is not ross platform or opensoure (due to the inlusion of SLALIB), plus it requires a large dependeny stak.8.3.1 The bak-end softwareThe ode responsible for database generation and low-level interation is the \UAC"module for Python. This is split into various namespaes that inlude ua.meta,ua.raw, ua.astro, ua.db, and ua.simbad. The reason for this is that only nees-sary funtions related to a sript an be loaded, as the import overhead in Python anbe large. In addition to this, ua.meta an be imported with a \plain" Python instal-lation, whereas ua.raw requires the Numpy module and ua.db requires MySQLdb(again, both are freely available and open soure), so the atual dependeny stakan be very low.The disassoiation with the Ultraam pipeline does require that the bak-endsoftware be able to diretly read the raw Ultraam data, however. Most informationan be extrated from the aompanying XML �le, but timestamps are only in theraw frame headers, and it was deided that it would be useful to store preview imagesof eah run as well. The ua.meta ode deals with the XML (and user omments),as well as timing orretion and estimation of the atual yle time (to predit theduty yle). The ua.raw ode an aess individual frames and de-multiplex theminto individual arrays, plus perform osmeti operations that produe useful previewimages. Eah of these piees of ode either adds to or modi�es a Python ditionarythat desribes all the useful information obtained (this data is not hidden away in a134



user-de�ned lass). The ua.simbad ode an perform objet lookup queries to theonline simbad database with an arbitrary query format, but by default returns the\aepted" objet name, loation, and magnitudes. Finally, ua.db ats as a bu�erbetween the user and MySQLdb diretly, generating queries from the ditionary andother parameters supplied.A subtle problem is identifying eah Ultraam run individually. Internally,the Ultraam server is only aware of the �les for a partiular observing night (startingfrom \run001") whih are then arhived and leared out at the beginning of the nextnight. Using a GPS start time should in theory give a unique timestamp for everyrun, but potentially the GPS may be disonneted or satellites may not be visibleto generate the timestamp. The �le timestamp should again not be onsidered arobust measure as the data that ends up on the Ultraam storage array whih isimported is a opy, and the timestamp may not be preserved. There is also thepath of the individual data set, but sine Warwik and SheÆeld maintain theirown opies of the Ultraam data, enforing a partiular struture would make thesoftware inexible to di�erent network arhitetures. It was deided that the SHA-1heksum would be used to identify an Ultraam raw data �le, whih is a 160 bitone-way ipher based upon the �le ontents. While slow to generate (the wholedata �le must be read), it will generate a unique ode that not only identi�es therun, but an be used to verify the data has not been hanged. Even a \power on"run of 24 bytes (whih does not ontain any frame data) an typially be uniquelyidenti�ed due to the timestamp. There is a small probability that in the ase of aGPS failure/disonnet two of these power on data �les may be idential, but theseare not usually of any interest to the observer. One at least one frame is present inan Ultraam data �le, the hanes of a SHA-1 ollision beome vanishingly small,even without a timestamp.8.3.2 The UAC SQL databaseAn SQL database onsists of a series of tables with a ertain struture of �eldsthat ontain data (termed entries). For the Ultraam arhive, a semi-normalisedstruture is adopted that optimises query speed and auray while maintaining amanageable set of tables. The largest table (in terms of �elds) is the one ontainingan entry for eah data set. A new data entry is only made by the import ode ifthe SHA-1 hash is unique. This new entry then gets a new number termed a \UACID" whih is a unique (and human-friendly) integer that identi�es a spei� runwithin the database software. The images table is the largest in size, where eahimage is parented to a UAC ID (so more than one image an belong to a single135



run). Other tables inlude �lters, grisms, telesopes, and for the purposes of thefront-end software, a users table. The ua.meta ode attempts to disassemble thestring of �lters by mathing long �lter names (suh as \HAlpha",\Sodium", et.)�rst and then deals with the remaining haraters. One a �lter in eah arm ispositively identi�ed, the �lter �elds in a data run entry beomes an integer for theID in the �lters table. A similar proess is performed for the grism and telesope�elds. Another important table is the one ontaining a list of targets. Eah targetwill have a unique ID together with a SIMBAD name (whih the ode will prefer),a possible list of aliases (whih are automatially updated every time a new one isfound), and a right asension and delination. One aspet of the data table that isnot normalised is the inlusion of a \ags" �eld. This is in fat just a 64-bit number,where eah bit an be attributed to a spei� ag name, and is used for delaring thedata type (automatially inferred by the bak-end software from the user omments)and other useful information. A new addition here was the inlusion of ags thatspeify aution (suh as indiating that a data run is atually an aquisition, orthere is a timing glith) or that the data is ompletely useless (as marked by anobserver or a CCD failure in a alibration set).8.3.3 The \front-end" softwareThe front-end written in PHP has no dependenies other than a modern languageversion and a ompatible web server. Most of the ode is written in an objet-oriented style with the HTML ompletely separated from the atual ode via use oftemplates. This means that the front-end layout an be hanged merely by bringingup the template �les in an HTML editor, and the style by editing the CSS (CasadingStyle Sheet) �le. Should extra funtionality be required, the objet-oriented styleresults in a onise ode format that is not entirely dissimilar to Java, with most ofthe objets automatially performing their neessary funtionality simply by theirinstaning (for example, query dialogs will retain their entries between submissions,so that they an be edited and tweaked). A large lass will generate UAC ompatiblequeries from an array passed to it, and inludes a layer of seurity so that, optionally,only runs with a spei� ID or belonging to a ertain PI will return in searhes forspei� user aounts.Aounts with a spei�ed aess level are granted the ability to modify themeta-data in the database. As mentioned, errors will undoubtedly our whenentering information during an observing run; perhaps the �lters are wrong or whatwas previously thought to be junk data is atually useful. The front-end ode allowsusers to add extra omments to spei� runs and update the database aordingly136



(these hanges are logged in a messages table).Finally there is the apability of a user (with suÆient aess level) to requesta data set. The request proess is in fat simply the posting of a new entry to ajobs table where a job server (whih polls the database) will exeute a spei� set ofode depending on the job type. The data set will be opied (and ompressed) fromthe storage arhive to the �le server with a randomised path (to prevent anonymousaess). One prepared, the job is marked omplete and optionally an email an besent to the user with a download link. The job server inludes dependeny in thesense that one job an only exeute one another is done, whih allows for a seondtask to be submitted that will lear the data from the �le server after a set amountof time.8.3.4 Improvements to the observer interfae softwareThe presene of a master database of targets and an aepted \ag" system to markthe data type allows for several improvements to the user interfae presented to theobserver during a run. The �lters text box has been replaed with three drop-downboxes with �lters appropriate to eah arm, preventing oniting styles and errors.Chek-boxes are supplied that ag the run type (data, at-�eld, bias, tehnial, et.).Finally the target name an now be veri�ed before starting a run. The appliationwill onnet diretly to the UAC database and query the target names to see if thesupplied name is an aepted one or an aepted alias. If this fails, it will then querythe SIMBAD database similarly. Should both return a negative result, the user willbe warned. In some ases, the target will have no name (suh as for GRBs, optialtransients), in whih ase the observer is enouraged to mark the oordinates inthe observer omments log and the target an be lassi�ed later when the data isimported.8.4 SummaryThis hapter detailed three separate investigations that led to the improvement ofUltraam as an overall system. For observers onerned about the photometriauray of the �lters, the di�erene between the SDSS �lters and the Ultraamequivalents have been examined, and for most ases found to be under 0.1 mag.Should very aurate absolute photometry be required, the ode produed hereould predit this, given a template spetrum that approximated the desired target.Seondly, another onern to observers, \peppering" was shown to be simply amodulation problem and not an atual loss of harge, downgrading this issue from137



severe (indiating unuseable data) to quite low (an inrease in noise). Possibleourses of ation are suggested for Ultraam to further trak down the soure of thisissue and perhaps o�er a orretion. Finally, a newly developed arhive system wasdesribed that not only allows for inreased produtivity during data redution, butalso observing due to the inlusion of a normalised database that indexes targets,�lters, and grisms for Ultraam (and Ultraspe).The next hapter will examine early ommissioning data of Ultraspe. Un-like Ultraam, it is still a relatively new instrument and requires areful attentionto extrat aurate data. The hapter will detail the alibration of ritial CCDparameters, and investigate and o�er orretions for several issues that a�et thequality of the data. This will be followed up with preliminary sienti� data to showthe e�et and apability of the redution.
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Chapter 9Calibration and redution ofUltraspe dataThe virtues of Ultraspe when used for observing atalysmi variables and similarphenomena have been desribed in detail in x4. Essentially, it allows spetra tobe obtained at omparitively high frame rates, so that they an be studied at anotherwise impossible time resolution. Ambitious projets already investigated withUltraspe inlude phase-binned spetra from the Vela pulsar (whih has a periodof 89ms). Ultraspe saw �rst light in Deember of 2006 with a short 3-night runat the ESO 3.6m telesope in La Silla, Chile, and returned in February of 2008for further testing and the �rst siene produts. Using ommissioning data fromUltraspe, preliminary results will be shown as an example of the output that thedata alibration and orretion pipeline detailed here an do.9.1 Observations and data redutionThe data used here are from three separate targets; OY Car, Z Cha, and QS Vir.The �rst two targets have been introdued in x6. QS Vir is a detahed system whereno mass transfer is taking plae and onsists of a DA white dwarf and a dMe whitedwarf. Its status as a possible \hibernating" CV has been proposed [O'Donoghueet al., 2003℄, but brought into question by Parsons et al. [2010b℄, who onlude it isa pre-atalysmi binary.Observations of all three targets were taken with Ultraspe during February2008 on the ESO 3.6m telesope, using the EFOSC2 G3 grism for OY Car andQS Vir (3750�A 5150�A), and the VPH656 holographi grating for Z Cha (6350�A6830�A). Conditions for OY Car were variable, but orreted by a omparison target.139



Z Cha and QS Vir had photometri onditions with 1"-2" seeing. Redution of theUltraspe data is detailed in the next setion. All the observations are listed withtimes of observation in table 9.1.9.2 Ultraspe alibration and data redutionWhile a basi redution utility is present in the Ultraam/spe pipeline, it wasprimarily designed to monitor live observations and as suh only o�ers basi features.No aurate numbers for key quantities suh as gain and readout noise have beenpreviously olleted for Ultraspe. Also there are a number of features present inthe data whih must be taken into onsideration for an aurate redution; theseinlude a low-bias tail, spurious harge, and eletron trapping, whih will now bedealt with in turn.9.2.1 Calibration of CCD parametersAs disussed in x3, readout noise and gain are ritial parameters for a CCD, sinethey de�ne tangible values suh as dynami range and signal-to-noise. Firstly, thenormal gain (e�=ADU) is determined, separate to the \avalanhe" or \HV gain"whih de�nes how many eletrons are produed in the seondary-emission register(e�=e�). This an simply be done by reading out from the normal output withUltraspe.The formal de�nition of gain in terms of the physial CCD eletronis isshown in equation 3.6. While, in theory, eah of these parameters ould be measured,it is hallenging to do so in a preise manner and even more diÆult to do so one theinstrument is assembled and the CCD is hidden away inside. Instead, parametersare measured via a useful pratial method instead. Starting fromS = PK ; (9.1)where S is the signal (ADU), K is the amera gain onstant (e�=ADU) and P isthe number of deteted photons per pixel, the error propagation is onsidered andit is found that the variane is�2S = � ÆSÆP �2 �2P +� ÆSÆK�2 �2K + �2R: (9.2)The readout noise has been added in the last term whih is e�etively the outputampli�er noise oor. If it is assumed that K has negligible variane (�2K = 0) then140



OY Car (Ultraspe, G3 grism)Date Start (UTC) End (UTC)4th February 2008 06:17 08:195th February 2008 02:22 02:4904:30 06:356th February 2008 03:39 07:357th February 2008 00:58 01:4004:27 05:1806:53 07:498th February 2008 04:07 06:4208:50 09:2910th February 2008 04:10 05:56Z Cha (Ultraspe, VPH656 grism)Date Start (UTC) End (UTC)5th February 2008 01:43 02:0103:32 04:1408:18 09:248th February 2008 00:49 01:0307:53 08:409th February 2008 03:44 04:1705:21 05:5907:06 07:4210th February 2008 01:15 02:0005:17 05:55QS Vir (Ultraspe, G3 grism)Date Start (UTC) End (UTC)6th February 2008 07:49 08:487th February 2008 05:45 06:418th February 2008 06:55 07:409th February 2008 08:19 05:59Table 9.1: Journal of observations.
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the seond term vanishes and ÆSÆP = 1K from di�erentiation, resulting in�2S = ��PK �2 + �2R: (9.3)Making the assumption that the output is shot-noise limited, hene �2P = P thisresults in K = S�2S � �2R : (9.4)This is a remarkable result, beause the amera gain an now be determined throughmeasurements of data from the CCD alone. Measurements of �S an be performedby using a at illumination soure and then inreasing the exposure time in steps toover the full range of the CCD. Due to the three separate noise soures (x3.2.5), ifa plot of logS against log �S is made, three di�erent regimes are observed that aredetermined by independent variables. The read noise oor will not depend upon thesignal and hene have no gradient. The shot noise is pS and will thus have a slopeof 1/2. Finally the �xed pattern noise is diretly proportional to the signal and willhave a slope of 1. It should be noted that if logarithms of equation 9.4 are taken,logK = log S � log(�2S � �2R); (9.5)then, assuming that the data is shot-noise limited, �R = 0 and sine �S = 1, thismeans that log �S = 0. Thus it is found that, where the shot-noise slope intersetsthe x axis, the result is K, the amera gain onstant. This analysis was performedfor Ultraspe data, with the resulting photon transfer urve being seen in �gure 9.1.The gain of Ultraspe was found to be 15e�=ADU with a pixel non-uniformity of0.3%. These parameters are expeted to be �xed, as the former is determined bythe CCD eletronis and the latter by the CCD manufaturing proess.Calibration ontinues next with CCD parameters that are expeted to hangewith time, suh as readout noise and the seondary \avalanhe" gain. These anbe determined from a suÆient quantity of bias frames in the orret mode. Whenplotted as a histogram, the peak will be the bias level, with the width of the featurerepresenting the unertainty in this level, and hene the read noise. In a standardCCD there should be no other features, but in an EMCCD, a long tail towardsthe higher ount level should be visible due to the nature of some eletrons passingthrough the gain stage. Using a model for an EMCCD (T.R. Marsh, unpublished),parameters determined previously are �xed, suh as K, the bias level, and thenumber of ampli�ation stages whih are known. The other parameters are �tted,inluding the readout noise, seondary gain, and also the probability of lok indued142



Figure 9.1: The photon transfer urve generated from Ultraspe data of a at-�eldwith inreasing exposure time.
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Year Readout mode HV gain g (e�=e�) �R (ADU) P(CIC)2006 Medium 3 691 1.89 9:65 � 10�52008 Fast 9 2689 4.1 4:92 � 10�42009 Fast 9 2750 3.28 2:81 � 10�4Table 9.2: The mean avalanhe gain, readout noise, and probability of lok induedharge for Ultraspe in 2006, 2008, and 2009. Sine the gain and readout noise willhange depending upon the readout mode and HV gain parameter, the most ommonvalues used during the year are given.harge (dealt with in x9.2.3). The resultant plots an be seen in �gure 9.2 for 2006,2008, and 2009, with the relevant numbers detailed in table 9.2. The e�et of lokindued harge on the best �t an be seen in �gure 9.3. The abnormal long tail thatis not predited by the model is dealt with in x9.2.2.The e�etive gain of an EMCCDMost redution software will only supply a single gain variable whih is used foromputing the variane of the input data and hene determine reliable unertain-ties. The e�etive gain must be determined, whih onsists of both the CCD andavalanhe gain to supply as input. In x4.4.2 the variane of an EMCCD was om-puted in eletrons; if this is onverted to ADU using G(e�=ADU)�2 = ��RG �2 + 2g2SeG2 ; (9.6)where Se is the signal in eletrons. By de�nition, the signal after the avalanheregister is S0e = gSe, and the signal in ADU will be S = S0eG whih results in�2 = ��RG �2 + 2� gG�S: (9.7)Taking R to be the readout noise in ADU, the �nal result is:�2 = R2 + SG2g ; (9.8)where G2g is the e�etive gain. For Ultraspe this is � 0:01.The VPH656 grismSine no ar line map was available for EFOSC2/VPH656, one is presented herein �gure 9.4 for referene, using the standard argon lamp available with EFOSC2.144
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Figure 9.2: Ultraspe gain, spurious harge, and readout noise model �tting for2006 (top), 2008 (middle), 2009 (bottom). The extended low bias tail is partiularlynotable in 2006, starting at logP � 10�2, but is well ontrolled by 2009, where itstarts at logP � 10�6 with the lowest values a further two orders of magnitudedown. 145
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Figure 9.3: Best �t for an EMCCD model with and without inluding a probabilityof expeted unstrutured lok indued harge to Ultraspe data.The residuals when using a 4-term polynomial for wavelength alibration resultedin 0.0256�A.9.2.2 The low bias tailFigure 9.2 showed a notable disrepany with the model of an EMCCD as seenby a long tail at low ADU; this is indiating there is a greater than preditedquantity of pixels with a low ount. This seems in omplete ontrast to the basion�guration of the CCD - the bias level is an arti�ial o�set to ensure that allpossible numbers deteted by the devie an be output as an unsigned integer.There is no physial way to detet negative ounts, and sine the bias level shouldnot be hanging by any easily detetable fration, this feature was investigated.Performing lowpass uts on the bias frames with the observed low tails did not giveany insight into the problem. Oasionally there was a gradient of a�eted pixels,but sometimes only lines of a�eted pixels. When a similar histogram was omputedfor the OY Car data, it was noted the tail beame even more extended and withan inreased probability, indiating that infalling light was proportional with thelow bias tail. This was on�rmed by performing lowpass uts on the OY Car dataand then adding the frames, as shown in �gure 9.5. Here it is seen, somewhat146
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surprisingly, that the pixels that are abnormally low diretly represent the data; theprobability of an abnormal ount is diretly proportional to the ux. When eah ofthe lowpass ut frames was examined individually against their equivalent highpassuts, it immediately beame apparent that an abnormally low pixel diretly traileda high ux pixel in the serial readout diretion (ie. horizontally). This orrelationof pixel value against adjaent pixel value an be seen in �gure 9.6.A �t to this orrelation an be performed but is typially made awkward sim-ply due to the statistis involved; a very large number of frames must be proessedto get a good display of the orrelation. Proeeding in a rude manner, the �t-ting method performed was to �nd the minimum adjaent pixel value for eah pixelvalue, and only aept those that were sequentially dereasing (shown in �gure 9.6).For the 2006 data, this was found to be 3758 ADU � 0:0461376 ADU=ADU. Thisis a measure of the e�et a pixel ount has upon an adjaent pixel ount for theseabormal pixels, and an be used as a partial orretion for this e�et.Sine there is no way for harge to be distributed in suh a manner leadingto values less than the bias level before the sampling stage, the CDS iruit wasmarked as the likely ulprit. It has sine been on�rmed that the video proessoris responsible (S. Tulloh, private ommuniation), due to its AC oupling. As theiruit was ating as a highpass �lter, if the lower 3dB point was inorretly set toohigh, it aused a negative overshoot on the following pixel when a signal resemblinga delta funtion was passed through. In e�et, some proportion of the �rst pixel'ssignal is being added to the zero point for the next one sampled, so a greater valuethan the real zero point is subtrated resulting in the e�et observed. Starting fromthe right-hand side of the hip (ie. the diretion of readout for the avalanhe mode),taking the fration of the pixel's ount above the bias level and adding this to thefollowing pixel undoes this arti�ial e�et. See �gure 9.7 to ompare the originalhistogram with the orreted data for 2006.Modi�ations to the video iruit for the 2008 data resulted in a orrelationthat an be seen in �gure 9.8. It is signi�antly weakened but now in fat under-shoots slightly rather than overshoots, meaning that low bias pixels are inverselyproportional to ux, albeit at a lower proportion to 2006. This problem appearsto have been reti�ed to a negligible level from 2009 onwards, and appears to beommon in this type of CCD, as testing has shown it is present in QUCAM as well.9.2.3 Spurious hargeSpurious harge manifests in all CCDs that use inversion, the proess whereby thegate voltage is driven negative and holes reombine with midband onduting ele-148



Figure 9.5: Lowpass uts of the Ultraspe OY Car data at 3535 ADU (top), 3530ADU (middle), and 3525 ADU (bottom).
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Figure 9.6: Pixel ounts against their adjaent pixel ounts for 2006 OY Car data.A strong orrelation is seen indiating that bright pixels are having an abnormala�et on their neighbours. The red line is a �t to the minimum adjaent pixel valuefor eah pixel value, e�etively measuring this orrelation.trons at the surfae, reduing dark urrent (x3.2.4). This is mandatory in the aseof Ultraspe, beause dark urrent will be ampli�ed when using \avalanhe" gain,thus negating the bene�t of suh a the eletron-multiplying proess as the darksignal will be indistinguishable from the atual signal. Typially, spurious hargemanifests as random spikes that appear as signal harge (and the noise it arries issimilarly haraterised by shot noise). During inversion, when holes are driven tothe interfae layer and ollet beneath the gates, some of these may beome trapped.When the gate voltage is swithed bak to its non-inverted state, some of these holesare aelerated bak towards the main silion layer with suÆient energy to auseimpat ionisation; this reates eletron-hole pairs, and these eletrons are olletedin the nearest potential well. Oasionally spurious harge an be mistaken for darkurrent (as they both possess shot noise), but the former will depend upon loking,not exposure time as with the latter. Also, due to arrier mobility, spurious hargewill beome a greater problem with a lower temperature, in ontrast to dark urrent.The proess of transferring harge down a CCD is termed `loking', and isperformed by a lok signal whih e�etively hanges the potential barrier betweenphases and thus shu�es the harge pakets along. This lok signal has an assoiatedswing (amplitude) and rise time (the rate of hange of potential), whih an have150
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Figure 9.7: Counts histogram for 2006 OY Car data before and after the removal ofthe orrelation between neighbouring pixels.
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Figure 9.8: Neighbouring pixel ount orrelation plot for 2008 data.great e�et upon the performane of a CCD. While a stronger lok swing andfaster lok rise time will worsen the problem of spurious harge as the holes willbe aelerated further (whih inreases linearly with the number of transfers), thee�et is still usually on the order of a few eletrons. Thus, in a normal CCD, suhan e�et is masked by the read noise. This hanges when using an EMCCD asthey are olleted as signal eletrons and are thus subjet to the same gain as anyphoto-eletron.It was noted that Ultraspe appears to su�er a higher than usual quantity ofspurious harge when powered on, and that this harge appears to have struture.Figure 9.9 shows a frame from Ultraspe with gain enabled after power on, witha straight line through the summed rows ahieving a good �t. This quite learlyshows the linear relationship of spurious harge with loking. Performing this same�t on a sequential series of exposures, the gradient of these bias frames is plottedagainst time in �gure 9.10. It an be seen that after power on, a vertial gradientwith an amplitude of � 20ADU from bottom to top will be seen, but that this ise�etively halved after 10 minutes. This time dependeny an be well-modelled by
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an exponential with a linear term, in this ase�Y��X = 15:2 exp�0:229t�0:0294t + 3:93; (9.9)where t is the time in minutes sine power on 1. Sine the exponential term beomesnegligible at large time, it is found that the struture in the spurious harge shouldbe eliminated after 133 minutes of run time. Random spurious harge events willstill be present, but they should lak the vertial gradient struture. Further setsof bias exposures with the HV gain enabled would allow further investigation of thee�et, partiularly with the new 2009/2010 on�guration of the instrument whihis likely to have hanged.The soure of this spurious harge ould be imagined to be related to theoperation of the eletronis during power on. A large eletri �eld ould potentiallydrive a large number of holes into the interfae. Their positioning must be rea-sonably uniform aross the interfae so as to ahieve the struture seen (the linearproportionality with rising lok edge means that the top row will have undergonethe most loks and thus possess the most spurious harge in this ase). Sine �g-ure 9.10 shows a derease in the parallel gradient during time between exposures,this indiates that a signi�ant number of these holes are deaying over time. Theremaining trapped holes do not deay so rapidly, and it is here that loking willhelp to remove them.While potentially a minor issue to photometri auray, Ultraspe is mostlypowered on in the mid-afternoon for alibrations, meaning that any vertial gradientshould have vanished by the time of atual target observations. Any alibrationstaken with the normal ampli�er will make the spurious harge gradient invisibledue to the readout noise, and in fat there should be little reason for the seondarygain to be on for alibrations. The only potential issue this ould ause is if therewas a system rash during the middle of the night when the HV gain was requiredfor observing. Sine with Ultraspe the slit is plaed along the serial diretion, anysigni�ant mean gradient would be removed by linear sky bakground subtration,but would still add a small quantity of shot noise.1These values are for 2008 data, sine long runs of HV gain biases are not done frequently. Sinethe operating temperature was hanged in 2009 it is likely that Ultraspe will now reah a stablespurious harge state more quikly.
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Figure 9.9: Top: a bias frame from Ultraspe straight after power on with avalanhegain enabled. Bottom: the sum of eah row from the same frame with a straightline �t. 154
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Figure 9.10: The parallel gradient of Ultraspe in relation to time sine power on.The �t is modelled as an exponential plus a linear term. The instrument wentthrough several stop/start yles during the taking of this data.9.2.4 Eletron trapsWhile the CDS iruit overshoot and spurious harge gradient detailed in the previ-ous setions are for the most part, subtle issues that only partially a�et the qualityof the redued data, there remains one �nal problem that is muh more signi�antand readily notieable, whih is harge trapping. An example of this an be seen in�gure 9.11, whih shows 2008 data of Z Cha. In the upper frame (the omparisonstar) nearly 1 in 10 olumns shows an extended trail in the parallel diretion, withthe more extensively a�eted olumns also showing a `gap' of harge on the side ofthe slit opposite the tail. The net e�et of this is the signal harge (the desired signaleletrons from the target) on these olumns appears shifted to a higher position andextended. A typial extration will sum along the slit and hene will show singleolumn dropouts of varying mangitude. This problem beomes two-fold when usingutilities suh as STARLINK as the sky area will now be polluted by this trailingharge and an exess will be subtrated from the already diminished olumns.This is generally onsidered a loal CTE problem in regards to the CCD, asthe harge is not being ompletely transferred with eah lok yle. Due to thespeed Ultraspe is operated at, the e�et an not usually be seen in single frames dueto the very low ount rate, but, as shown, is immediately apparent when summed.155



Figure 9.11: 3000 summed frames from raw Ultraspe data of Z Cha in 2008. Thedata was read out in two windows whih spanned the entire width of the hip (ofwhih only a setion is shown) but the height of the windows is as seen. The slit isin the serial (horizontal) diretion, with the lower objet being Z Cha itself and theupper showing its omparison star. The level ut on both images is idential.
156



Further study has shown that it only appears to a�et data taken via the eletron-multiplying mode and that fainter targets (suh as Z Cha) are more heavily a�etedthan brighter ones (OY Car).Eletron trap theoryThe ulprit for this is eletron traps within the CCD in the parallel diretion. Trapsare broken down into four ategories; design traps, proess traps, bulk traps, andradiation-indued traps [Janesik, 2001℄. The last option is almost entirely found inspae-based detetors for obvious reasons, and bulk traps are aused by impuritiesin the silion and are typially on�ned to single eletron traps (whih hene beomethe ultimate limiting parameter of global CTE). These two types of traps are usuallyfound as proportional traps (extrating a quantity of harge from a paket that isproportional to its quantity) whereas for Ultraspe it is seen that a �xed quantityof harge is extrated sine the e�et was seen to be worse in fainter targets.Loal harge traps formed due to a proess in the CCD's manufature arenot partiularly unommon, whereas a design trap is an error in the atual layout ordoping of the CCD, whih reates a �xed (though unintentional) potential barrierwhih ats as a trap. The former option is onsidered to be the most likely here(as again, QUCAM does not exhibit exatly the same issue, implying it is not adesign error), although the atual ause for most proess traps is speulative. Onepossible model for the phenomenon is shown in �gure 9.12. If there is a small holein the oxide layer, the nitride layer is now lose to the n-hannel and eletrons willollet at this interfae and ause a potential \bump". Like any potential well,suÆient eletrons will �ll the trap and subsequent ones will fall over and hene betransferred orretly along the parallel diretion as expeted, but those that remainrequire energy to esape. This energy mostly omes from thermal exitation, whihis used in de�ning a trap's emission time onstant, whih in a bulk trap is [Kim,1979℄ �E = exp(ETkT )�evthNC ; (9.10)where ET is the trap energy level beneath the ondution band, vth is the eletronthermal veloity, �e is the eletron ross setion and NC is the density of states in theondution band. Using typial silion and eletron values, �evthNC � 2:8� 1011s.Methods for orreting a�eted Ultraspe dataDuring the 2009 run, the temperature of Ultraspe was inreased by 10K, whihsigni�antly redued this problem, as now the eletrons are re-emitted on muh157



Figure 9.12: A shemati for a possible ause of a loal trap in a CCD. A \pinhole"in the oxide layer allows eletrons to build up at the interfae reating a smallpotential barrier.smaller timesales. This has the drawbak of generating an inreased dark urrent,but this was onsidered a reasonable trade-o�, due to this being quite a pronounedissue, and one that ours frequently in the regime where Ultraspe is designed tobe operated. Eletron trapping will always be present on some level, however, andsine data from 2006 and 2008 had already been taken, methods to retify the datawere investigated.No orretion needs to be taken on normal readout data. In this ase, thereare a large number of photoeletrons falling onto the CCD, and the traps will almostinstantly be �lled by the bakground sky level photons, plus there is a read noiseoor. When observing faint targets (or targets with a very high time resolution),fewer photons mean that the traps are �lled less quikly, and so the e�et is morepronouned. Knowing the exat loation of these harge traps requires a very faintbut uniform light soure that illuminates the CCD, and then a at-�eld (but in gainmode) an be performed whih should show sudden drops where the harge trapsare present. Unfortunately this does require an extremely weak uniform light tosee the traps and also not damage the avalanhe register, and, to date, suh a maphas not been reated for Ultraspe. It is obvious, however, that there are not manytraps per olumn; examining the two slits in �gure 9.11 does not show any suddendips in the middle of the slits, indiating that the harge traps must be ahead of thedata. However, there must be more traps between the target and omparison slitdata as there are learly more trails in the omparison slit whih is higher on theCCD. 158



There are two potential objetives with suh a problem. The �rst is to simplyattempt to �nd how far the harge extends out from the slit and inlude it in thesum. While this will add in extra sky shot noise, the readout noise is still negligible,as the seondary gain will be on, and thus the degradation of the spetrum shouldnot be signi�ant. The seond is to in fat orret the original image, and then anymanner of tools that the end user typially prefers an be used instead. The formermethod bene�ts from modelling to predit how far the harge trail extends (insteadof rudely just masking the entire olumn for inlusion in the mask); in the seondmodelling is a neessity so the proess an be reversed. Modelling also has anotheradvantage, in that it an predit harge that may be missing from the original data.The extremely deep trap that is present on olumn 82 (again, see �gure 9.11) has atrail that learly extends out of the windowing region. Thus, atual photo-eletronshave been skipped out of the sampling proess and even summing the entire olumnwill not restore this harge. Modelling of eletron trapping in CCDs and the reversalof this proess has been performed for the heavily degraded Hubble detetors andis detailed in Massey et al. [2010℄.The onvolution methodSine the e�et of a trap on the data is to apparently \smear" it out aross theolumn with an exponential pro�le that originates from its emission onstant, onesimpler method is to attempt to �t a onvolution of a gaussian with an exponen-tial (of a spei� height and fallo�, representing the trap's depth and probabilityof emission). The initial gaussian was found from a �tted gaussian to una�etedolumns, and an o�set to math the sky bakground was added in. This resulted ina reasonable but learly not perfet �t, with most of the diÆulty arising from anambiguity in determining the peak of the gaussian. A mo�at pro�le did not helphere (� � 5 indiated that the shape was indeed very gaussian already) beause itappeared to have quite a at peak that the funtion ould not math.This is, in fat, quite learly due to the �t being performed on the sum ofthe data. The � 3000 spetra were of varying ux, and the at of a loal trap on agaussian is to \eat into" the side of the gaussian (as eletrons are dropped into thetrap) whih e�etively moves its peak to a lower pixel in the parallel diretion. Fromexamining sums of high-ount and low-ount frames, it an be seen that the peakof the gaussian moves depending upon the inoming ux from the target during thegiven exposure. By simply splitting the spetra into two sets that are above andbelow the mean, signi�antly better �ts are ahieved with muh less unertainty inthe gaussian parameters, whih is shown in �gure 9.13.159
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Figure 9.13: A single olumn from Ultraspe data of Z Cha, split into a low ountregime below the mean of the spetra (top), and a high ount regime above themean (bottom). In eah ase, a onvolved mo�at pro�le with an o�set is �tted tothe data and overlaid.

160



While this method was not expeted to o�er a partiularly good �t sine (asdisussed in the next setion) the proess of harge-trailing is not a linear proess, theresults are reasonable for suh an easy method, not omputationally expensive (onegaussian, one exponential, and a onvolution per olumn) and provides a possibleway to at least measure the extent of the tail in the generation of an extrationmask.Modelling the eletron trappingUnsatis�ed with the de�enies in the simple gaussian onvolution, the investigationmoved to a model that approximates the atual physis of the issue. Here, a trapobjet that has a spei� depth (number of eletrons it an hold) and probabilityof emission (its emission onstant) is reated. Diagrammatially, this is shown in�gure 9.14.The initial, single-trapped gaussian ase provided a rough �t for a trailedolumn (see the bottom panel of �gure 9.15) but was learly worse than the onvo-lution model ase, whih was initially disouraging despite the fat all parameterswere free. Sine the position of the trap (or traps) was unknown but seemingly notwithin the slit area, the trap was plaed far before the data so it would be in asteady-state ondition before the data reahed it. The two strange \jumps" in themodel in this ase are worth disussing and are perfetly reasonable in terms of themodel used. The left side of the gaussian rises more slowly than typial before the�rst apparent disontinuity when it begins rising muh more sharply. This slow riseis aused by the harge trap �lling, and only a ertain amount, P of what is ap-tured is released per lok. When the trap is ompletely �lled, the harge paketsbeing loked past are summed in addition to what is being emitted, ausing this�rst jump in the model. The latter jump is for the opposite reason, where the trapis no longer in a full state and what remains of the gaussian goes ompletely intothe trap to try and �ll it. These disontinuities are not immediately apparent inthe data, however, and are a soure for the high �2 along with a gaussian pro�lethat appears too broad. However, sine it an envisioned that the point the trap�lls and empties will depend strongly upon the ux in any one exposure, it an beunderstood that with many staked images to what is being �tted, these two pointswill be smoothed out as they vary from frame to frame.Another alternative is that there are indeed more than a single trap in aolumn, of whih varying ombinations are shown in the other panels in �gure 9.15.These further traps work to smoothe out these features, resulting in a believable �twith 3 pairs of eletron traps (6 total, but only 3 di�erent depths and probabilities161



Figure 9.14: Shemati of the eletron trapping objet model in the simple senarioof a single harge paket, whih is shu�ed towards the left after eah lok yle.The trap has a depth D and emission probability P , and the harge paket has aquantity of eletrons S. 162



Ultraspe image A = I + ÆExtra simulated readout B = I + 2Æ + Æ2A+A�B C = I � Æ2Simulated readout of C D = I + Æ � Æ2 � Æ3A+ C �D E = I + Æ3Simulated readout of E F = I + Æ + Æ3 + Æ4A+E � F G = I � Æ4Table 9.3: Step by step proedure of the forward iterative algorithm used to removetrailing in images, where I is the original image (desired, but not available) and Ærepresents the trailing proess in the readout.and a �2 of 0.79. In this ase, the �t is to the faintest third of the spetra (� 1000)to try and narrow down the gaussian ambiguity further, but one ould antiipatesplitting the data set further to try and get more aurate �ts to eah regime. Theideal ase, a �t to eah exposure, is ompletely impossible due to the handful ofphotons present.Reversal of harge trapping via a forward algorithmUsing the six eletron trap model disussed in the previous setion, the potential toreverse suh a proess to retrieve the original data is examined. A suessful methoddetailed in Bristow [2003℄ uses a lever forward algorithm that works in iterationto redue the e�et of trailing. Considering the ideal image is I and Æ representsthe eletron trailing, the proedure is detailed in table 9.3. In essene, if the modelsimulates the readout trailing, then the di�erene between the `simulated' image(I + 2Æ + Æ2) and twie the original image (I + Æ) results in an image loser to I(I � Æ2). This proess an be repeated as many times as deemed neessary. Whilethe iteration will never analytially reah I, Æ beomes insigni�ant very quikly inpratie. The single iteration result an be seen in �gure 9.16.While the iteration proess is very quik, it is still a time-onsuming pro-edure to �t every single olumn with the model desribed. Whereas the CCDmodelled in Massey et al. [2010℄ had a trap density greater than 1 per pixel, it islikely that the signi�ant traps in Ultraspe are few in number (as it is a new CCDand is not subjet to high-radiation onditions), and some olumns are likely leanto detetable levels. Attempting to �t all six traps to every olumn results in �ttingproblems with some, usually agged by unphysial parameters resulting from the�t (suh as negative depth). For the data redution presented here, the simpleronvolution method is used to quikly gauge the length of eah olumn trail and163
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Figure 9.15: Fits to a olumn of Ultraspe data with varying numbers of eletrontraps and parameters. 164
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Figure 9.17: The simple normal extration of the OY Car spetrum (bottom) againstthe masked extration (above) to take into aount eletron trailing. The olumnat � 920 is unreoverable.
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240,000 data points per olumn). Simply saling the trap depth by the number ofstaked exposures is not feasible without knowing the quantity of traps in a olumnwith reasonable ertainty; the smoothing out of the disontinuous points formed bya trap an be reated either by further numbers of traps or by the staking proessitself. Should further problems with harge trapping arise with Ultraspe, reationof suh a map would be key to furthering models by removing this unertainty.The model urrently also neglets the possibility of seondary apture. Sinethe emission of eletrons from the traps is typially muh less than the parallel loktimes in a CCD at normal operating temperature, emitted eletrons have a �nitepossibility of being re-aptured and then trailed again. While a small e�et, it hasbeen noted as a measured improvement to the model used for the Hubble CCDs inMassey et al. [2010℄. The more advaned models used to orret damage to CCDs inspae missions typially model louds of eletrons with traps in a volume at di�erentenergy levels. This an produe an e�et that is observed with some bulk trapswhereby �lling one trap atually reates energy states that an open up anothertrap. It is for this reason that applying fat-zero to suh bulk trap a�eted CCDsdoes not signi�antly help. It has been reported that these traps an sometimesbe eliminated or redued by annealing; heating up a CCD and then ooling itbak down to temperature again [Bautz et al., 2005℄. While poorly understood,it is hypothesised that the annealing proess allows these unstable arbon defetsto form metastable omplexes when moved towards room temperature. It shouldbe stressed that these types of bulk traps (e�etively damaged silion) are almostertainly not the types of trap seen in Ultraspe; thus suh a proess would not beexpeted to hange the Ultraspe CCD, and extending to a volumetri modellingode - while more physially aurate - is most likely unneessary.9.3 Results9.3.1 Z Cha on the rise to superoutburstDuring the observation period dating 10th February 2008 to 12th February 2008,spetra of Z Cha taken happened to oinide with one of its rarer superoutbursts.Using the standard star LTT 3864 to provide a ux alibration of the data sets, theontinuum ux is traked over the several sets of exposures and then the Ultraspemeasurements are overlaid with AAVSO data, whih an be seen in �gure 9.18.It is somewhat unfortunate that the VPH656 grism was being used for thisset of observations, sine it means only H� and the nearby helium line ould bemonitored as opposed to a wide spetral range. This limits the amount of analysis167
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Figure 9.19: Average spetra from observations of Z Cha in suessive runs. Theinitial sets of data (near the bottom) show a typial quiesent behaviour at � 1mJybefore a sudden dip in ux followed by a sharp rise.that an be done with the data. Presented in �gure 9.19 is the average spetrumfrom eah observing epoh, showing it in a typial quiesent state with a ux densityof � 1mJy, before atually dropping by 0.5mJy within 4 hours, rising to � 2mJyonly 90 minutes later and then being found at 28 mJy the following day. AAVSOindiates that Z Cha reahed in exess of 90mJy two days later (not observed) andthen proeeded to settle again over the next 3-4 days. The H� emission beomes amuh smaller fration of the ontinuum light as expeted, starting from nearly twiethe ontinuum in quiesene and dropping to only one third of the ontinuum in thelast observed epoh. It is also seen that the HeI (6678�A) line beomes more apparentduring outburst, inluding a entral absorption omponent that dips beneath theontinuum.Finally, as proof that Ultraspe an indeed provide good spetrophotometrydue to its low readout noise and high frame-rate, �gure 9.20 shows the light-urveof Z Cha extrated from a data run in 2008 with a model �t to it using systemparameters of Z Cha from Wood et al. [1986℄.
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Figure 9.20: A light urve of Z Cha extrated from a set of Ultraspe spetra. A�t using parameters from Wood et al. [1986℄ is shown as a solid line, with residualsbeneath.9.3.2 The Rossiter-MLaughlin e�et and QS VirBeing a detahed system, QS Vir has strong hydrogen absorption lines from thewhite dwarf atmosphere whih are usually polluted or entirely hidden in CV systemsby dis emission lines. In a similar fashion to the way dis lines are elipsed, reatinga subsequent red and blue shift depending on whih part of the dis is obsured, thepartial elipse of the white dwarf should reate a shift in the wavelength of theseabsorption lines, beause the entral objet is spinning. This spin is onsiderablyless than the rotation of the inner dis however, and so would produe a muh weakere�et. In addition to this, the white dwarf is also muh smaller than the dis andso the length of time over whih the e�et would be observed is a fration of thatotherwise. The phenomenon was �rst detailed almost simultaneously by Rossiter[1924℄ and MLaughlin [1924℄.Satisfying both the requirements for high time resolution and good signal-to-noise that are required observe the e�et, Ultraspe and a few other instruments arelikely the only hoies to aomplish suh a feat. Using the four elipses of QS Virfrom 2008, these were phase-binned into 2s bins, and the hydrogen absorption lineswere �tted with gaussians (with a shared o�set from their rest wavelength). This170
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e�et of the redution ode were presented, along with possible avenues for improve-ment of the redution in the future. Z Cha was shown on the rise to superoutburst,and the diÆulty of measuring the rotation of the white dwarf in QS Vir via theRossiter-MLaughlin e�et was disussed, showing that even with the low noise andhigh speed of Ultraspe, a onsiderable number of elipses will be required to reahthe neessary S/N for a detetion.The �nal hapter will now ompile all the results obtained during the workpresented in this thesis.
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Chapter 10ConlusionsObservations of the atalysmi variable systems EX Dra, Z Cha, and OY Car havebeen presented, and were analysed using a variety of data from di�erent wavelengthsand instruments. Firstly, several data sets show that the white dwarf is indeedobsured by the dis in some manner. While a seemingly likely senario due toour viewing angle with respet to the system, the e�et an be subtle and requiresareful analysis of the data to provide a de�nitive onlusion. In x5, this was shownby the use of the wind emission lines driven by UV photons, whereby instead of theikering light-urve from the ontinuum, a steady and unvarying ux was observed.In x6, it was shown that the lower hemisphere of the boundary layer (and henewhite dwarf) was obsured in the soft X-ray band. This was ahieved by using�tted models, and was found to agree with the spetral analysis of the absorbingomponent. The obsuration of the white dwarf in OY Car originally reported byHorne et al. [1994℄ is again found in x7. The observation of dozens of FeI andFeII lines allowed for detailed measurements to be performed. These same iron linesould potentially be the soure of veiling material for EX Dra as well, though lak ofdata at suÆient wavelengths prevents an absolute onlusion on this point. Again,the importane of data at a range of wavelengths should be stressed, partiularlywhen examining this phenomenon. While optial spetra for EX Dra showed unusualbehaviour during quiesene that helped build a piture for the dis-rim obsurationin the system, use of optial data alone with Z Cha would simply onlude that thedis does not obsure the ux from the white dwarf. Future observations of EX Drawith UV data in an extended range should easily be able to onlude whether ironlines are responsible for the veiling of the inner dis and white dwarf. A greaternumber of CV observations at the neessary UV wavelengths would not only helpdetermine how ommon the presene of veiling iron material is in these objets,173



but also drive forward the development of LTE (loal thermodynami equilibrium)models of suh gas, perhaps onlusively determining where this material lies.A seond important onlusion from the areful modelling of the boundarylayer of Z Cha in x6 is that the inner dis is trunated. While no other data presentedhere had X-ray wavelengths to perform a similar analysis on, it is believed that thepresene of this extremely low surfae density inner dis in a system that otherwiseappears to omply with standard dis instability models may suggest trunateddiss are more ommon than previously thought. A route for further study wouldbe a areful reanalysis of the OY Car XMM-Newton data previously presented byWheatley and West [2003℄. The vertially o�set emission that was argued for inthe paper an alternatively be explained by the obsuration of the lower pole, andif this is found to be the ase for soft X-rays as with Z Cha, the likely onlusionof a similarly low-density inner dis may follow. With the inreasing amount ofX-ray data available to those studying CVs and onstant improvement to detetorsin this region, the next logial step in this �eld after the on�rmation of trunateddiss is determining the orret model for the ause of this e�et; of whih there areurrently many ompeting entries.Thirdly, using elipse timings from high speed Ultraam (and Ultraspe) dataombined with XMM-Newton, it is found that the Applegate e�et [Applegate, 1992℄fails to aount for the observed period variations in Z Cha (x6) by two orders ofmagnitude when using a generalised alulation originally performed by Brinkworthet al. [2006℄. Studies of other binaries showing ontinued hange in their periodshas also failed to attribute any of the observations to the Applegate e�et [Parsonset al., 2010a℄, one again onluding as with Z Cha, that a third body providesthe only viable explanation. If this observed trend ontinues, it would result in asigni�ant fration of elipsing binary systems ontaining a third body, and almostall of them having to be brown dwarfs. The ounter-argument to this point is thata third body an almost always be used to math these period variations in somemanner, meaning that onlusive evidene of a third body will require monitoring ofthe period variations for several yles. In the ase of Z Cha, this would take over aentury should the �tted period of 54 years remain unhanged. At this urrent pointin time, the inreasing number of systems showing this sinusoidal period hange isintriguing, but little beyond areful long-term study will reveal for ertain the exatsoure of these variations.Finally, two sets of data (Z Cha in x6 and OY Car in x7) showed the pos-sibility of a seond absorption point in the emission light-urves, theorised to be aseond dis-stream interation as disussed by Lubow [1989℄. X-ray light urves of174



Z Cha show two signi�ant points of absorption, one at approximately the typiallyexpeted bright spot impat phase, and the other around half an orbit later. A sim-ilar phenomenon was found in the line strengths of the measured iron lines in OYCar. The alternative model put forth by Ogilvie [2002℄ is a tidally thikened disrim, whih seems logial from the results of x6 sine it was determined the seondpoint is aused merely by an inrease in the overing fration of the model, not aninreased olumn density as what may be expeted if the stream was ontinuingaround the dis and impating again. It is also true that the ontinuing streamshould prefentially impat at a ertain point whih does not seem to math wellwith what is observed. Conlusive proof is diÆult to obtain from the urrent data,but the fat that suh a phenomenon seems to be present in so many other X-rayobservations of CVs should in time reah a onlusion on this matter.In addition to the study of atalysmi variable systems, improvements toboth the Ultraam and Ultraspe instruments have been detailed, providing in-reased auray and produtivity as they ontinue to grow as premier astronomialinstruments for the study of CVs and other objets that require high time resolution.Theoretial extintion oeÆients and a detailed omparison of the Ultraam�lters to their SDSS equivalents were determined in x8, with the result that thedi�erene is almost always � 0:1 mag for all but the most extreme olour objets.The \peppering" phenomenon in Ultraam was investigated and found not to beas problemati as originally thought, partiularly for aperture photometry. Sineounts are preserved, photometri auray is not ompromised, though there willbe a marked derease in signal-to-noise due to the modulation loss. Corretion ofthis problem will inrease the useable dynami range of Ultraam and allow a greatermargin for error in utilisation of Ultraam for brighter targets; several experimentswere proposed in the hapter to ontinue the investigation. These suggestions shouldbe ated upon the next time Ultraam is returned to the laboratory, and may helpto narrow down the ause for this e�et. A similar study of CCD features related toUltraspe was performed in x9, showing that eah of the features an be aountedfor or even orreted, with a signi�ant improvement to the resulting data. It wasalso shown that reonstrution of the original image una�eted by eletron trappingis entirely feasible, and alibration of a \harge trap map" for Ultraspe will allowmany parameters to be onstrained, removing the ambiguity urrently present. Thisshould result in an aurately reonstruted image without degeneray problems.With no signi�ant issues remaining with Ultraspe, any future observations shouldbe of a sienti� quality that mathes the instrument's original goals, and it is hopedthat the next run will result in several published journal papers as a testament to175



this. Finally, a new, open-soure, modular software pakage with a small depen-deny stak was detailed, that provides a low-level interfae to Ultraam (and Ul-traspe) raw data and automati indexing of data using a entral database. Othersoftware an then diretly (or via higher-level written routines) leverage the on-tents of this database for their own purposes. This has led to an improvement inthe observing workow of Ultraam by enabling a target database and easier andmore robust lassi�ation of data. The software should be of great bene�t now thatthe instruments are operating for months at a time and generating even greaterquantities of data. Future developments of this will involve a publi/private a-ess system with a �le server, and also the ontinual evolution of the software as itontinues to math the updates and improvements to Ultraam, suh as thew newsub-milliseond GPS whih has reently been installed.In summary, using a ombination of multi-wavelength observations, it isfound that eah of the three atalysmi variable systems reported on here showsigns that the white dwarf is partially obsured by material in some fashion that ispresent in the dis. Instruments that observe at short wavelengths suh as X-Shooterand FOS have positively identi�ed intervening dis material in OY Car and EX Dra,whereas the high time resolution of Ultraam ombined with XMM-Newton allowedonstraints of the white dwarf emission region for Z Cha, as well as ontinued mon-itoring of its period variations. While these phenomena remain far from being wellunderstood, ontinued observations of atalysmi variables and ontinued evolu-tion and improvement of the instruments used to observe them should provide aninreasing amount of data to aid astronomers with. With X-Shooter now providingreal sienti� data, and most of the details of Ultraspe dealt with and doumented,it is hoped that the near future may shed further light on these and other aspetsof atalysmi variable systems.
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