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ABSTRACT

We have fitted th&€handra Low Energy Transmission Grating spectrum of SS Cygni in orgbwith a single
temperature blackbody suffering the photoelectric ogaxfia neutral column density and the scattering opacity of
an outflowing wind. We find that this simple model is capableepfoducing the essential features of the observed
spectrum with the blackbody temperatdie~ 250+ 50 kK, hydrogen column densityy =~ 5.0732 x 109 cm2,
fractional emitting ared ~ 5.6:5% x 1073, boundary layer luminosityy =~ 538 x 10°® erg s, wind velocity
v~ 2500 km s?, wind mass-loss ratil,, ~ 1.1 x 10'® g 51, and arbitrary values of the wind ionization fractions
of 20 ions of O, Ne, Mg, Si, S, and Fe. Given that in outburstiteretion disk luminositygisk ~ 1 x 10%° erg s1,

Lt /Laisk & o.ostg;gg, which can be explained if the white dwarf (or an equatorét thereon) is rotating with an

angular velocity,q ~ 0.7:33

Hz, hencé/ysini ~ 2300 km s1.

Subject headings. accretion, accretion disks — binaries: close — novae, batanc variables — stars:
individual (SS Cygni) — X-rays: binaries

1. INTRODUCTION

According to simple theory, the boundary layer between the
accretion disk and the surface of the white dwarf is the dom-
inant source of high energy radiation in nonmagnetic cata-
clysmic variables (CVs). Unless the white dwarf is rotating
rapidly, the boundary layer luminosity, ~ GMygM /2Ry,
whereM,,q and Ry are respectively the mass and radius of
the white dwarf andM is the mass-accretion rate. Whihis
low, as in dwarf nova in quiescence, the boundary layer is op-
tically thin to its own radiation and its temperature is ofler
the virial temperatur@,i; = GMygmy /3kRyg ~ 10 keV. When
M is high, as in nova-like variables and dwarf novae in out-
burst, the boundary layer is optically thick to its own radia
tion and its temperature is of order the blackbody tempegatu
Tob = (GMwgM /870 FRE )1/4 ~ 100 kK.

the high inclination dwarf novae OY Car £ 83°; Mauche &
Raymond 2000) and WZ Sgeé £ 75°; Wheatley & Mauche
2004) are dominated by broad lines, while that of the low in-
clination dwarf novae VW Hyii(~ 60°; Mauche 1996) and
SS Cyg ( ~ 40°; Mauche, Raymond, & Mattei 1995) are dom-
inated by the continuum. U Gem# 70°; Long et al. 1996) is

a transitional case, as its EUV flux is partially eclipsed #ad
EUV spectrum contains of broad emission lines superposed on
a bright continuum.

The general case of the radiation transfer of the boundary
layer flux through the accretion disk wind is complicatedt bu
schematically we expect that in high inclination systemes th
EUV spectrum will be of the fornf, e (L—e™™), while in

low inclination systems it will be of the foria, e 7he ™, where
F. is the intrinsic boundary layer spectrunj,is the photoelec-

The compact nature of the boundary layer is established by!ric optical depth of the wind and the interstellar mediumd a
the narrow eclipses of the hard X-ray flux of high inclination ~ 7» iS the scattering optical depth of the wind. Mauche & Ray-

dwarf novae in quiescence (Wood et al. 1995; Mukai et al.

mond (2000) showed that the second version of this model de-

1997; van Teeseling 1997; Pratt et al. 1999a; Wheatley & West S¢ibes the main features of th&JVE spectrum of OY Car in

2003) and the short periodB [ 10 s~ 27(R3,,/GMyq)*/?] of
the oscillations of the soft X-ray and extreme ultravioletiy)
flux of nova-like variables and dwarf novae in outburst (Véarn
2004; Mauche 2004). However, axtended source of soft X-
ray and EUV flux is required to explain the lack of eclipses in
high inclination nova-like variables and dwarf novae inburst
(Naylor et al. 1988; Wood, Naylor, & Marsh 1995; Pratt et al.
1999b; Mauche & Raymond 2000; Pratt et al. 2004).

Using theExtreme Ultraviolet Explorer (EUVE) light curve
and spectrum of QY Car in superoutburst, Mauche & Raymond
(2000) argued that the source of the extended EUV flux of high-
M nonmagnetic CVs is the accretion disk wind. In this picture,
in high inclination systems the boundary layer is hiddentzy t
accretion disk for all binary phases, but its flux is scattenéo

superoutburst, and we show here that the first version of this
model describes the main features of Bleandra Low En-
ergy Transmission Grating (LETG) spectrum of SS Cyg in out-
burst. A preliminary discussion of this spectrum is supplie
by Mauche (2004), while the quasi-coherent oscillationthef
EUV flux is discussed by Mauche (2002).

2. CHANDRA OBSERVATION AND DATA ANALYSIS

Our pre-approved target-of-opportun@pandra LETG plus
High Resolution Camera (HRC) observation of SS Cyg was
performed between 2001 January 18'23" and January 17
10"50™ UT during the plateau phase of a wide normal (asym-
metric) dwarf nova outburst that began on January 12 (Fig. 1)

the line of sight by resonance transitions of ions in the wind When the observation began, SS Cyg had been at maximum op-

Because the scattering optical depths of these transitioms

much higher than the Thompson optical depth, the EUV spec-

tra of such systems should be dominated by broad lines.
Consistent with this picture, in outburst the EUV spectra of

1

tical light (V = 8.5) for approximatelyg days; long enough,

given the delay of approximately%ldays between the rise of

the optical and EUV light curves of SS Cyg (Mauche, Mattei,

& Bateson 2001), for the EUV flux to have reached maximum
and for the system to have reached a quasi-steady state. In-
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deed, the zero- andt first-order LETG/HRC count rates were  values of the wind radius = 10*° cm, densityn = 101° cm3,
roughly constant throughout the 47.3 ks observation atdds a and velocityv = 2500 km s, where the value of the wind ve-
4.9 counts $, respectively. locity was chosen to reproduce the observed blueshift of the
The files used for analysis were created on 2002 January 7 byabsorption lines. In the Sobolev approximation, the wind op
the pipeline data reduction software using CIAO 2.0 with AS- tical depthr, = (7€?/mec) NAX ) fij (gi/3gi) (dv/dr)™, where
DCS version 6.5.1. Events were extracted from the level 2 evt dv/dr = 2500 km 5'/10'° cm = 0025 s is the wind velocity
file, and the mean spectrum and source and background regiomyradient,)\;, fj, andg; are respectively the wavelengths, oscil-
masks were extracted from the level 2 phafile. The observatio |ator strengths, and statistical weights of the variousmasce
average fluxed spectrum (units of erg@s* A™Y) was derived  transitions (Verner, Verner, & Ferland 1998)are the elemen-
from the+ first-order pha source and background count spectratal abundances relative to hydrogen (Anders & Grevesse)1989
and the “canned first-order LETG/HRC effective area files X are the ionization fractions, and the other symbols havie the
distributed withChandra CALBD 2.21. To avoid the HRC chip  usual meanings. To account for the velocity of the wind along
gaps, the wave bands= 60.2—67.2 A for the positive spectral  the line of sight, the transition wavelengths were bluasHiby
order and\ = 49.9-57.2 A for the negative spectral order were A\j = Ajv/c. To match the observed widths of the absorption
excluded. The spectrum used for subsequent analysis cembin lines, the opacity for all lines was distributed as a Gaussiith
+ first orders and is binned up in wavelength by a factor of four FWHM = 1.0 A. Finally, we assumed that the source distance
to A\ =0.05 A. d = 160 pc (Harrison et al. 2000) and the white dwarf mass
As shown by Mauche (2004), the resulting LETG spectrum Mwa = 1.0 Mg, hence the white dwarf raditRyq = 5.5 x 10°
contains two distinct components: (1) an X-ray component M. )
shortward of 42 A consisting of a bremsstrahlung continuum  With these assumptions, the free parameters of the model
and emission lines of H- and He-like C, N, O, Ne, Mg, and are the boundary layer temperat(ig fractional emitting area
Si and L-shell Fe (most prominently B&/I11) and (2) an EUV f, hydrogen column densitiy, wind mass-loss ratél,, =
component extending from 42 A to 130 A that consists of a M Mo, and ionization fractionX. Operationally, the model
continuum significantly modified by a forest of broad absorp- Was fit to the data between 45 A and 125 A using a grid search
tion features (see Fig. 3). In the 72-130 A wave band, the N the variablesly, Ny, andm, with X =1 andf determined
LETG spectrum is essentially identical to that measurechby t Y the model normalization that minimizes® between the
EUVE short wavelength spectrometer during the 1993 August M0del and the data. The resulting best-fit model hagper
(Mauche, Raymond, & Mattei 1995) and 1996 October (Wheat- d€dree of freedorr; (do_f% = 5961596 = 3374 with Ty = 250
ley, Mauche, & Mattei 2003) outbursts of SS Cyg. The X-ray KK, Ny = 5.0 X 10° em®, £ =50 10, andm = 1.6 and
component of the LETG spectrum is not discussed here fyrther €ONtains 34 lines of @-O VI, NeV-NeVill, Mg v-Mg X,

but is understood to be due to the residual optically thiipor S V=SIXI, SVII-SX, Fevii-FeX, and Fexii-FeXxv (31 ions .
of the boundary layer. of six elements) that depress the continuum by at least 10%.

Next, Ty, Ny, andm were frozen anK was allowed to vary

“ . Chandra 1 for each of these 31 ions. Table 1 shows the evolutiogp?ads
8 - sequential steps were taken in this new parameter space. The
I resulting best-fit model hag?/dof = 33331565 = 213 with
9q ] f =5.6 x 102 and 41 lines of /—OVI, NeV—NeViIl , Mg V—
~ 10+ , Mg IX, SiVI=SilX, SVII, FeVll, FelX, FeXlll, and Fexv
— . Fi, 1 (20 ions of six elements) that depress the continuum by at lea
- S b 10%. The resulting contours gf andf in the [Ty, Ny] param-
S . e eter plane are shown in Figure 2 and the best-fit model is shown
L superposed on the data in Figure 3.
. T — With x?/dof = 2.13, the fit shown in Figure 3 is unacceptable
1915 1925 1935 1945 in a statistical sense, but it clearly reproduces the eisdéad-
JD—-2450000 tures of the observed spectrum. Ignoring the unmodel&d C
FIG. 1.— AAVSO light curve of SS Cyg (Mattei 2003). Black rectimg Hea emission feature at 41 A, the largest systematic residuals
marks the interval of th€handra LETG observation. between the model and the data are in the neighborhood of 48,

65, 86, and 92 A, where the data is above the model, but this
discrepancy probably could be accommodated in a more de-
3. SPECTRAL ANALYSIS tailed model by raising the continuum and increasing thedwin
To fit the EUV spectrum of SS Cyg, we used the simple opl;i_cal depth. The g(;ogne_ss_of the fict is duein Iahr_ge partdo th
model described by Mauche & Raymond (2000), which as- &' itrary variations of the ionization fractions, whichcdease
sumes that the boundary layer spectrum is that of a singleXZ/dOFc frgm 5961/1596 = 374 to 33331565 = 213 after 14
temperature blackbody suffering the photoelectric opaait steps Iny* space. The. reasons for the sequential Improvements
a neutral column density and the scattering opacity of an out 1 the fit documented in Table 1 are often clear [e.g., indngas
flowing wind. The boundary layer spectrum is then specified X(M@ VIIl) increases the depth of the model absorption fea-
(hence luminosityLy = 47 fR2,0T4), and hydrogen column the depth of the model absorption featuresxa67.6 A and
density Ny (assuming the Rumph, Bowyer, & Vennes 1994 = 69.0 A; zeroing outX(SiV) removes a strong model absorp-
cross section with H, Hel, and Hell with abundance ratios tion feature atc 96.4 A], but others are less so [e.g., increasing
of 1:0.1:0.01). The properties of the wind are specified by it X(FeVll) increases the depth of a number of absorption fea-
mass-loss rat® = 4rr2umynv = 7.0 x 10'° g s via fiducial
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tures longward ofc 102 A]. While the individual values of the ~ We conclude that our simple model is capable of producing rea
ionization fractions in Table 1 are not unreasonable, asta  sonably good fits to the data only if the ionization fractians
they make little sense physically. allowed to vary arbitrarily.

TABLE 1 _ 4. DISCUSSION
Model lonization Fractions ) )
We have fitted the&Chandra LETG spectrum of SS Cyg in

2

:\c/l)n VI zf o §210 outburst with a single temperature blackbody sufferingathe-
S.gV” """"" 3'2 1742 toelectric opacity of a neutral column density and the sciuty
FI N 16 4276 opacity of an outflowing wind. The best-fit model, shown in
S'ev """""" 0.0 4089 Figure 3, has parametefg = 250 kK, Ny = 5.0 x 109 cm™?,
MI wi 16 3938 f=56x103 M, =11x10*gs?, and the values of listed
F gxnl """"" 4'0 3775 in Table 1 K =1 otherwise). Assuming that the wind is opti-
Me v 2'5 3660 cally thin and photoionized by a 250 kK blackbody, the ranfge o
Mg vl 0'5 3567 ions present in the model requires that the ionization patem

........... . _ < <
FeXil vovenn..... 00 3511 15 logé < 5. . .
SIX . 0.0 3464 ~ Given these results, in outburst the_boundary layer Ium_mos
Ne Vil 06 3418 ity Ly = 4.7 x 10*® erg s*. A lower limit on the value of this
six .. O'O 3383 quantity is imposed by the value of the interstellar H column
Mg i 32 3352 density, which Mauche, Raymond, & Cérdova (1988) estimated
sivi T3 3333 to be 35 x 10 cm? based on the curve-of-growth of interstel-

lar absorption lines in high resolutidnternational Ultraviolet

Explorer spectra of SS Cyg in outburst. Fet < logé¢ < 5,

H and He are fully ionized, so the wind should have no photo-

electric opacity in the EUV bandpass, aNd should be equal

to the interstellar H column density. Wil = 3.5 x 10'° cm™

and Ty = 300 kK, Figure 2 shows thatt = 1.1 x 1073, hence

Ly = 1.7 x 10*® erg s*. At the other end of the/? ellipse,

with Ty = 200 kK andNy = 7.9 x 10*° cm™, f = 6.6 x 1072,

hencely, = 2.3 x 10°* erg s*. We conclude that a reason-

able estimate of the boundary layer luminodity ~ 538 x

i 1 10%3(d/160 pc¥ erg s*.

1900 A v v /e v c L o How does this compare with the accretion disk luminosity?

150 200 250 300 350 Polidan & Holberg (1984) used optical through far ultravio-
temperature (kK) let spectra of SS Cyg in outburst to determine thatx ~

1 x 10%(d/160 pc¥ erg s?, soLp/Laisk ~ 0.05'388. Theoret-

ically, we expect that this ratio is equal to one unless thi#evh

20.5]

FiG. 2.— Contours ofy? = [1.5,3,6] X2, (gray curves) and logf (black
curves) in the [Ty, Ny] parameter plane for the model described in 83. Re-

gions of parameter space shaded gray are excluded by thieeraguts that dwarf is rotating rapidly, in which CaSEbI/Ldisk =(1- W)Z,
Ny > 3.5x 109 cm™ and f < 1. Cross marks the parameters of the model  wherew = Qya/Qk (Rud), Qwd = 27/Pspin is the angular veloc-
shown in Fig. 3. ity of the white dwarf, and (Rua) = (GMya/R34)Y2 ~ 0.9

To see this, we used XSTAR v1.07 to calculated the ioniza- Hz is the Keplerian angular velocity of material just abotge i
tion fractions of a photoionized plasma for various valués o surface (Popham & Narayan 1995). The white dwarf can be
the ionization parameter= Ly /nr?. With Ly = 47 fR2 ;o T4 = spun up to the required rate .by accreting an amount of mass
4.7 x 10*3 erg s* and the fiducial values afandr, logé = 3.7. AM =My ~Mudi, whereMyg; is the initial white dwarf mass,
Assuming that the plasma is optically thin and that the pho- Mwa = Mg, (1-4k%w/3) %4 is the final white dwarf mass, and
toionizing source is a 250 kK blackbody, the XSTAR runs Kis the radius of gyration (Langer et al. 2000). Wkt 0.4 and
demonstrate that the ionization parameter must span tigeran w = 1= (Loi/Laisk)"/? ~ 0.78'398, AM ~ 0.13Myq ~ 0.1 Mg If
-1 5 log¢ < 5 to account for the range of ions present in the rapid rotation is the cause of SS Cyg’s low boundary layer lu-
model. minosity, the white dwarf angular velocifYywg = wQk (Ryd) ~

Given this result, we investigated whether it is possible to 0-7:63 Hz, hence the spin perioBy;n ~ 91 s (comparable
obtain good fits to the data with less arbitrary sets of idivga. 10 the period of the quasi-coherent oscillations), the trarta
fractions. In the first attempt, we fixed the model parameters VEIOCity Viot = QwaRwa ~ 38001350 km s™, and Vigtsini ~
Tor andNy at their nominal values, set the ionization fractions 2300 km §'. This last quantity is rather large, given that
equal to their peak values forl < logé < 5, and adjusteh ViotSini ~ 1200 km §' for WZ Sge and/gtsini < 400 km §*
and f. This model produced only a small improvement in the for six other nonmagnetic CVs (Sion 1999).

fit relative to that withX = 1, since the peak ionization frac- Finally, we note that in the single scattering limit, conser
tions differ by factors of only a few. In the second attemps, w  vation of momentum limits the mass-loss rate of a radiativel
weighted the ionization fraction distributioxg¢) by the func- driven wind toMmax = L /VoC, whereL is the system luminos-

tion eémn/¢€g¢/émax which suppresses the ionization fractions ity andV. is the wind terminal velocity. For SS Cyg in out-
at the lower and upper ends of the range. However, varying theburst,L = Lgisk+ L ~ 1 x 10%° erg s* andV,,, ~ 3000 km §?,
exponential cutoff§min andémax andm and f again produced SO Mmax &~ 1 x 1016 g s'. We derived a wind mass-loss rate
only a small improvement in the fit relative to that wixh= 1. My ~ 1 x 10'6 g s* for SS Cyg in outburst, sbly /Mmax~ 1.
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FIG. 3.—Chandra LETG/HRC spectrum of SS Cyg in outbur$tdck histogram) and the best-fit absorbed blackbody continusmopth blue curve), individual
ion spectralflue curves), and net model spectrurthick red curve). Units of flux density are 182 erg cnt? s A~L. Strongest lines in the model are labeled.

In 7 Sco (BO V), P Cyg (B1 13), ¢ Pup (O4 f), and Ori (BO shaping the EUV spectra of these systems, and that it returns
la) My /Mmax = 0.02, 0.22, 0.33, and 0.65, but in WR1 (WN5) reasonable estimates of the values of the physical paresnete
My /Mmax = 60 (Lamers & Cassinelli 1999), so we cannot con- that describe the boundary layer (effective temperaturst-e
clude from this result that a mechanism other than radiation ting area, luminosity) and wind (velocity and mass-loseyaf

pressure is needed to drive the wind of SS Cyg. high-M CVs. To make further progress in this area, we need
to expand the model from one dimension to three dimensions;
o. SUMMARY account for the velocity, density, and ionization struetaf the

We have fitted theChandra LETG spectrum of SS Cyg in ~ wind; and compute the paths of boundary layer photons as they
outburst with a single temperature blackbody sufferingoihe- scatter in the wind. This could be accomplished with a Monte
toelectric opacity of a neutral column density and the scat- Carlo radiation transfer code, which we are in the process of
tering opacity of an outflowing wind. Figures 2 and 3 show developing (Mauche et al. 2004).
that this simple model is capable of reproducing the essen-
tial features of the observed spectrum with~ 250+ 50 kK,

Ny =~ 5.0/%2 x 10" cm?, f ~ 5.6'5% x 103, Ly ~ 538 x Our pre-approvedChandra target-of-opportunity observa-
10*3 erg s?, and the wind velocity ~ 2500 km 5!, mass-loss  tion of SS Cyg was made possible by the optical monitoring
rateM,, ~ 1.1 x 10'® g 1, and ionization fractionX listed in and alerts provided by the members, staff (particularly BawW
Table 1 K =1 otherwise). Given that in outburst the accretion gen), and director, J. Mattei, of the AAVSO, and by the ef-
disk luminosityLgisk ~ 1 x 10°° erg $?, Lyi/Lgisk ~ 0.05'925, forts of Chandra X-Ray Observatory Center Director H. Tanan-
which can be explained if the white dwarf (or an equatoridtl be baum, Mission Planner K. Delain, and t@bkandra Flight Op-
thereon) is rotating with an angular velocity,q ~ 0.7:33 Hz, erations Team at MIT. We acknowledge with thanks the vari-
henceV,g:sini ~ 2300 km st. able star observations from the AAVSO International Dasaba

We have now used our simple one dimensional spectral contributed by observers worldwide and used in this researc
model to fit theEUVE spectrum of OY Car in superoutburst Support for this work was provided by NASA throu@ian-
(Mauche & Raymond 2000) and theghandra LETG spectra dra Award Number GO1-2023A issued by tandra X-Ray
of WZ Sge in superoutburst (Wheatley & Mauche 2004) and Observatory Center, which is operated by the Smithsonian As
SS Cyg in outburst. Although the model is unable to reproduce trophysical Observatory for and on behalf of NASA under con-
the asymmetries of the EUV emission features of OY Car and tract NAS8-39073. This work was performed under the aus-
WZ Sge, or to produce an acceptable fit to the EUV spectrum pices of the U.S. Department of Energy by University of Cali-
of SS Cyg even with arbitrary values of the ionization frant, fornia Lawrence Livermore National Laboratory under caatr
we believe that it captures the essential physics resplerfsib No. W-7405-Eng-48.
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