N

N
N

HAL

open science

Delays in dwarf novae I: The case of SS Cygni
M. R. Schreiber, J. -M. Hameury, J. -P. Lasota

» To cite this version:

M. R. Schreiber, J. -M. Hameury, J. -P. Lasota. Delays in dwarf novae I: The case of SS Cygni.
Astronomy and Astrophysics - A&A, 2003, 410, pp.239-252. 10.1051/0004-6361:20031221 .

04111187

HAL Id: hal-04111187
https://hal.science/hal-04111187
Submitted on 9 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

hal-


https://hal.science/hal-04111187
https://hal.archives-ouvertes.fr

A&A 410, 239252 (2003) Astronomy
DOI: 10.10510004-6361:20031221

& .
© ESO 2003 Astrophysics

Delays in dwarf novae I: The case of SS Cygni

M. R. Schreibet, J.-M. Hameury, and J.-P. Lasofa

1 UMR 7550 du CNRS, Observatoire de Strasbourg, 11 rue de I'Uniee®000 Strasbourg, France
e-mail:hameury@astro.u-strasbg. fr

2 Institut d’Astrophysique de Paris, 98bis boulevard Arago, 75014 Paris, France
e-mail:1lasota@iap. fr

Received 27 May 200BAccepted 25 July 2003

Abstract. Using the disc instability model and a simple but physically reasonable model for the X-ray, extreme UV, UV and
optical emission of dwarf novae we investigate the time lags observed between the rise to outbiiesteait dvavelengths.

We find that for “normal”, i.e. fast-rise outbursts, there is good agreement between the model and observations provided that
the disc is truncated at a few white dwarf radii in quiescence, and that the viscosity pararsetd).02 in quiescence and

~0.1 in outburst. In particular, the increased X-ray flux between the optical and EUV rise and at the end of an outburst, is a
natural outcome of the model. We cannot explain, however, the EUV delay observed in anomalous outbursts because the disc
instability model in its standard-prescription form is unable to produce such outbursts. We also find that the UV delay is,
contrary to common belief, slightly longer for inside-out than for outside-in outbursts, and that it is not a good indicator of the
outburst type.

Key words. accretion, accretion discs — instabilities — stars: individual: SS Cygni — stars: novae, cataclysmic variables —
stars: binaries : close

1. Introduction Provided that the mass transfer rate from the secondary cor-

Dwarf | . iables (CVS) in which th responds somewhere in the disc to this unstable branch, the
warf novae are cataclysmic variables (CVs) in which the 8fisc will not be steady. In quiescence, matter is accreted onto

F:retion disc is subject to a.thermal—viscous instability resultiqge white dwarf at a rate lower than the rate at which it is trans-
in recurrent outbursts lasting for a few days gnd s_eparatedf Yred from the secondary; the disc stays on the lower branch of
weeks (see Warner 1995 for an encycloped|c review of (_:,Yl"?e S-curve. The disc mass therefore grows, and, at some point,
and Lasota_2001 for a rece_nt review of the disc |n_stab|I_| reachemay; the temperature increases locally, and a heat-
model). Their study has received considerable attention, SINCE tronts forms that propagate towards the white dwarf and
these systems are often bright, usually vary on short time sc g\%ards the outer disc edge. Matter then accretes faster than
and are relatively easy to observe so they are an excellent &3hsferred from the white dwarf, the disc empties, and a cool-

ng ground fo_r the _mechar_usms trarysportmg ?‘”99"”“ mom?ﬁg front eventually starts from the outer edge of the disc that
tum in accretion discs which, despite very significant recegﬁngS the system into quiescence

progress, are not yet fully understood (see Balbus & Hawley
1998; Balbus 2002, for recent reviews). If the mass transfer rate is high, the accumulation time at
The disc instability model (DIM) is based on the existend&e outer disc edge can be shorter than the viscafigsthn
of a thermal-viscous instability in regions where hydrogen f§ne, and the instability will be triggered in the disc outer re-
partially ionized, and opacities depend strongly on tempei@ons; the outburst s of the outside-in type. On the other hand,
ture. If one plots a disc’s thermal equilibria as tieetive disc for low mass transfer rates, the viscous time is the shortest,
temperatureTeﬁ. at a given radius (Or equiva|ent|y for vis- and the outburst will be triggered at the inner edge; the out-
cous equilibria the mass transfer raf§ as a function of the burstis of the inside-out type. The limit between both types of
disc surface density, one obtains the well known S-curve, ierthrSt therefore depends SenSitively on parameters such as
which the upper (hot) and lower (cold) branches are stable 4§ mass transfer rate, and the viscosity; it is therefore impor-
the intermediate one is unstable. These branches are delimi@¥ to be able to determine the type of observed outbursts for
by two critical values o, Xax above which no cool solution Constraining these parameters. Models prediCt that the outburst

exists1 an(zmin below which no hot solution is possib|e_ ||ght curve is asymmetric in the outside-in case, with a Sharp
rise and a longer decay, whereas the rise and decay time should

Send gprint requests toM. R. Schreiber, be of the same order in the inside-out case. It is however not an

e-mail:mschrei@astro.u-strashg. fr easy task to guess the outside-in nature of an outburst from its
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light curve: models sometimes produce asymmetric outbursts 8
which are of the inside-out type (Buatéviard et al. 2001). 10
Another diference that has often been put forward to distin- et
guish both types of outburst is the existence of a delay between L ‘
the UV and the optical rise during an outburst, the so-called 44300 44400 44500
UV delay which has been measured for several dwarf novae. 8 B B S
As UV radiation is emitted close to the white dwarf, one would & ] ,15
naively expect that there should be a long delay in cases where . ! ) %}i DX . .f"‘., ] .
the outburst is triggered in the disc outer regions, and no delay 12 "'“'"'""*"“" b r*‘m W ks o
when the outburst starts at the inner disc edge. 191 Od — ‘49200‘ — 49300
Recently, time lags similar to the UV delay have been ob- : —— :
served between the optical rise, an increase of X-ray emission 8
and the EUV light curve (Mauche et al. 2001; Wheatley et al.v 10 &
2003). Especially the long orbital period, very bright dwarf 5
nova SS Cygni has intensively been monitored simultaneously ‘
at different wavelengths. For four outbursts the EUV delay has 49400 49500 49600
been measured and SS Cyg is the only dwarf nova system for g
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which the evolution of the X-ray emission throughout an out- a " 1 : ‘\ p"-! E
burst is available. As in the case of the UV delaytetiences in : T RN o1 co ]
the observed EUV delay have been interpreted as an indicator 12 """""’ w = "ﬂf*’?‘ hw ° ‘""“’
for the outburst type (Mauche et al. 2001; Cannizzo 2001). 50300 50400 50500

There has been a long debate about the ability of the DIM —— ——
to reproduced observed UV delays. Smak (1998) showed that 8 E £y % i EUV;: X P
the asserted inability of the DIM to reproduce delays results 10 f P ’:;‘ 1 Lt 0L,
from the inadequacy of the numerical scheme used. The out- 12 [ ¥f*s s woind Y ‘5:1%"-’ Ve, A ‘ﬁﬁ%
burst type, and hence the resulting delays, depend strongly on b—L— L L :
the modeling itself; in particular, it is very fiicult to obtain 51200 5}3302400000 51400

outbursts of the outside-in type when the outer disc edge is
kept fixed to a given value (Hameury et al. 1998). Similarl¥;ig. 1. Snapshots of the visual light curve of SS Cyg. The five panels
the heating of the outer regions bffexts such as the impac[ShOW parts of the light curve including the outbursts for which obser-
of the stream of matter flowing from the secondary, or tid4ptions in the UV, EUV, or X-ray range exist (see Table 1). Outbursts
torques dissipation also influences the nature of the outbursf@lied normal (anomalous) are marked with *n” ("a"). The data is
In this paper, contrary to the previous studies of the kaen from the AFOEV.
and other delays, we use a version of the DIM (Buatrdrd
et al. 2001) which allows describing of the SS Cyg outburst
cycle with the real parameters (especially the large disc siéggest a Bremsstrahlung origin from gas with tempera-
and mass-transfer rates corresponding to outside-in outburbi&gs of 2-20keV and luminosities of the order of a few
of this system. We use simple but reasonable assumptions aBélit dfo0€rg s* wherediqo is the distance in units of 100 pc
the emission from the boundary layer to investigate multYoshida et al. 1992; Done & Osborne 1997; Ponman et al.
wavelengths observations of this observationally best studit®95). Relating this X-ray luminosity to the emission from
dwarf nova. The paper is organized as follows. Having ré1€ boundary layer requires an accretion rate Mfcc ~
viewed the observations in Sect. 2 we present our model i d2,,9 S, assuming gravitational energy conversion onto
Sect. 3 and its predictions for SS Cygni in Sect. 4. Finally w1.0Mowhite dwarf.
compare our results with those of previous studies (Sect. 5) 4@l Cannizzo et al. (1986) present simultaneous observations in
discuss them in the light of the observations (Sect. 6). the UV and optical during an outburst and find the rise of the
UV flux being delayed to the optical by0.5days Auyv,o and
AUV,O.S in Table 1)
(3) Further simultaneous observations of SS Cyg at optical and
SS Cygni has become the classical dwarf nova system for &WV wavelengths have been published for four outbursts of
alyzing the mechanism of dwarf nova outbursts because a 85 Cygni (Mauche et al. 2001). Two of these outbursts are
tailed visual long term light curve of rather regular outbursalled “normal” outbursts (marked with “n” in Fig. 1 and
behaviour is available (see Fig. 1 for snapshots of the lighable 1) which refers to the observed fast optical rise. The time
curve and Cannizzo & Mattei 1992 for a detailed light curviag between the optical and the EUVAsyvo ~ Aguvos ~
analysis). In addition, SS Cyg has been intensively observed & days for these outbursts, i.e. the EUV delay is almost in-
shorter wavelengths: dependent on where one measures the delay. In contrast, the
(1) In quiescence as well as during outburst SS Cyg isEUV delay measured for the two “anomalous” outbursts (i.e.
as dwarf novae in general — a source of X-ray emisutbursts with a slow optical rise, denoted with a in Fig. 1 and
sion. Spectral fits to the X-ray flux observed in quiescendable 1) is essentially longer at the onset of the optical rise

2. Reviewing the observations
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Table 1.Outbursts of SS Cyg observed affdrent wavelengths and the resulting delays. The quan¥tie€<.s) denote the time lag measured

between the optical rise and the increase (decrease) of the X-ray emission. The UV and EUV delays are measured at the beginning of the optical
rise (index 0) and at the half the maximum optical flux (index 0.5) where also the Wifitbif the outbursts is measured. Outbursts with a slow

optical rise are called “anomalous” (type “a”) whereas the optical flux increases rapidly in the case of “normal” outbursts (type “n”).

Instrument JB-2440000 Xon [d] Xor [d] Aeuvo [dl Aeuvos [d]l Auvo [d] Auves [d] W [d] Type Ref.

\Voyager 4372 - - - - ~0.5 ~0.5 15 n (1)
EUVE 9220 - - 3.0 ~0.0 - - 17 a 2
EUVE 9530 - - 15 ~1.5 - - 15 n 2
EUVE & RXTE 10370 0.9 1.4 1.5 ~15 - - 8 n o (2),13) 4
EUVE 11335 - - >5 20.5 - - 8 a 2

References: (1) Cannizzo et al. (1986), (2) Mauche et al. (2001), (3) Wheatley (2000), (4) Wheatley et al. (2003).

but decreasing with increasing visual brightness (&ggv.o This picture is not only favoured by pure theoretical argu-
andAgyv s in Table 1). ments but it appears also reasonable considering the observa-
(4) Wheatley (2000) and Wheatley et al. (2003) present simtipns reviewed in the previous section. We therefore assume
taneous observations at optical, X-ray, and EUV wavelengthgre that the boundary layer is optically thin if the mass accre-
and finds: the hard X-ray flux increases 0.94(in Table 1) tion rate is belowM, = 10'® gs and optically thick other-
after the optical and half a day before the EUV rise, at whisMise. We assume that the optically thin boundary layer emits
point X-rays are abruptly shutfio X in Table 1 denotes hard X-rays proportional to the accretion rate beldy:
the time lag between the optical rise and the sudden decrease CMaccMug
of X-ray emission. At the end of the optical decline the X-rakx = LgL = “Rg (1)
emission rises again for approximately two days. . _ d . . _
Snapshots of the optical light curve corresponding to tH&'€ optically thick boundary layer is approximated with a
five outbursts for which simultaneous multi—-wavelength obsdtl@ckbody of the fiective temperature

vations exist (Table 1) are shown in Fig. 1. T4 LgL _ GMacdMug 2
" fono 4 Ry?  femo 47 Rud® 2Rua’
3. The model where fo, IS a parameter representing the fractional emit-

ting region of the boundary layer. Clearly, the boundary layer
We use here the version of the DIM described in Hameury et alill expand with increasing accretion rate, iy, increases
(1998) in which heating of the disc by the tidal torque angith M.c.. We approximate the expansion of the boundary layer
the stream impact have been incorporated (Buahd#d et al. with M, following Patterson & Raymond (1985a):
2001). We detail below the contribution of each constituent of . 028
the system to the light curve at various wavelengths; as we shall — 10-3 (M) (3)
see, the optical light curve is dominated by the accretion disc, 10t%gs?
with some contribution from the hot spot and the secondagy, Mace16 = Mac/ 1016 g 5.

star; the UV in outburst originates from the disc, and the bound- We are aware of the approximative nature of the above pre-

ary layer is the source of hard radiation. scription as the choice ¥, is somewhat arbitrary and we do
not take into account the time it may take the boundary layer

3.1. Contribution of the boundary layer to switch between the optically thin and optically thick state.
However, observations (see point 4 in the previous section) in-

The transition region between the accretion disc and the whdlieate that the transition is rather immediate and for the purpose

dwarf, the boundary layer is generally thought to be a souregthis paper our simple approach igftient.

of UV, EUV and hard X-ray photons. Approximately one half

of the accretion energ.y should be relegsed |.n th.IS region. 3.2 Thermal emission from the white dwarf

Although the detailed nature of this region is very uncer-

tain, simple models (Pringle & Savonije 1979; Tylenda 198The white dwarf contributes to the total emission, both in the

Patterson & Raymond 1985b) as well as more detailed calculé¥ and optical. Throughout this paper we assume that the

tions (Narayan & Popham 1993) suggest the transition frogffective temperature of the white dwarf g4 = 18 000K.

an optically thin X-ray emitting region to an optically thickWe neglect white dwarf cooling and assume thgi remains

boundary layer when the rate at which mass is supplied to ttmnstant; this is justified as long as one is interested only in

boundary layer from the accretion disc exceeds a certain vatbe initial phases of the outburst (in systems in which white

around 166 gs. Hence, for high accretion rates the opticallgwarf cooling has been observed, the cooling time is larger

thick boundary layer is expected to dominate the EUV and sdiian 10 days, Sion 1999). In view of the uncertainties asso-

X-ray emission of dwarf novae whereas for low accretion ratemted with the treatment of the boundary layer, it iffisient

the emission of X-rays is expected. to assume that the spectrum is that of a blackbody.
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Table 2.Binary parameter of SS Cyg.

Porw/hr 6.6

0.1
Mua/Mo 1.19
Msed/ Mo 0.70 0.01 E
< Rout > /10 cm 5.4
Rug/1CP cm 3.9 1k

o
—

3.3. The secondary star

zed 55004 flux

In the following (except when otherwise stated) we consider =0-01 :
that the secondary is a OM, main sequence star, wittifec- F
tive temperature 4000 K. The spectrum is taken from Kurucz

(1993). During an outburst, thefective temperature of the ir- o1
radiated hemisphere of the secondary increases, and the spec-
trum of the secondary becomes the sum of two blackbodies 0.01
with different éfective temperatures, but the same emitting

norm

area, provided the luminosity is averaged over the orbital pe- 200 300 400 500 600 700
riod. We assume here that: tld]

2 4 (Rwd 2 4 4 Fig. 2. Calculated long term light curves. From top to bottom: with-
To=T.+ (?) {TBL fem + Twd } (4) out truncation (model 5), with truncation (model 8), and finally with

truncation and assuming that the mass transfer rate varies slightly and

whereT; andT, are the &ective temperatures of the illumi-gyq0thiy (model 11).

nated and unilluminated hemispheres respectiVgly|s given
by Eg. (2), andais the orbital separation. Note that the disc lu-
minosity does not enter in Eq. (4), because its luminosity is

emitted perpendicular to the orbital plane, and only a smfl-lll Wﬁ cal_cullagedlrgsonc;%horgrgatic light curves ?t thr:eeEVL\@/e'
fraction of it can &ectively heat the secondary. engths { = (_ Q a )A) repre_sentatlve or the !
UV, and optical flux. For low accretion rates we addition-

ally assumed the energy released in the boundary layer be-
3.4. The hot spot ing related to X-ray emission. In Table 3 we have collected

gfa results of our comprehensive numerical investigation. In

In our model, a fraction of the energy released by the impat dicul wudied the infl £ 1h ¢ th
of the stream onto the disc is assumed to be thermalized, Jigticuiar we studie € Influence of Ihree so far rather un-
nstrained ingredients of the model, i.e. the inner boundary

is already included in the disc model. The remaining fractio dition. the vi i orand ) f :
is released in the hot spot, for which we assume a blackbor - Itrlmon' er\1/(|jscr05| y parameter and the mass transfer rate
spectrum with anféective temperature of 10000 K. In the fol- € secondary.

lowing we assume that one half of the stream impact energy is " 9éneral, the obtained UV emission is rising after the op-
emitted by the hot spot. tical flux but before the EUV increases. We find that the de-

lays depend strongly on where we measure them. In Table 3
_ o we therefore give values for time lags at the onset of the op-
3.5. Disc emission tical rise (index 0) and at half the maximum optical emission

The local spectrum of the disc is assumed to be given QQdeX 0.5).

Kurucz (1979, 1993). This assumption is probably not very

good, especially during quiescence, when the optical depthof. Fixed inner boundary

the disc is not large. Both the spectra observed during quies-

cence in e.g. HT Cas (Vrielmann et al. 2002) and the predictdg@suming that the disc extends down to the surface of the white
ones (Idan et al. 1999)fiéer from the simple stellar spectra. Fopwarf, i.e.R, = 3.9x 10° we performed calculations assuming
comparison, and also to get some hint on the uncertainty linkié¢e different mass transfer rates (models 1-5 in Table 3). As
to the precise modeling of the spectrum, we also calculate iheearlier calculations (e.g. Hameury et al. 1998) we find in
disc spectrum by summing blackbodies. this case the calculated light curve cycles consisting of several
short low amplitude outbursts followed by a larger one (see
Fig. 2). This form of the DIM cannot reproduce the observed
light-curve of SS Cyg and similar dwarf novae but it can be
In this section we present the results we obtain applying theed to study various density and temperature distributions in
model to a system with the orbital parameter of SS Cyg givéite pre-outburst disc. The delays listed in Table 3 refer to the
in Table 2. The mean outer radiysR,,; > is taken to be the long outbursts.

average of 1, ro, andrmax calculated in Table 1 of Paczynski  As expected, the width of these outbursts increases with
(2977). the mass transfer rate. For high mass transfer rates the

4. Results
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Table 3. Parameter and delays of calculated outbursts. The obtained delays depend on where one measures them; for the UV and EUV we
give values at the beginning of the optical rise (index 0) and at half the maximum optical emission (index 0.5) where also the width of the
outbursts (V) has been measureR,,; denotes the radius where the heating front stargglis the time lag between the optical rise and
increased X-ray emission. The tinxgg after the optical rise the boundary layer becomes optically thick and the expected X-rays afé shut o

Model M ah ac H30 Xon Xotr Aeuvo Aeuvos Auvo Auvos Rinit W
[10°gsT] [d] [d] [d] [d] [d] [d] [10 *cm] [d]
1 8.5 0.1 0.02 0 0.3 0.9 1.0 1.4 0.3 0.8 0.85 7
2 10 0.1 0.02 0 0 1.5 1.6 1.4 1.0 0.7 0.06 14
3 12.5 0.1 0.02 0 0 2.4 2.6 1.5 1.8 1.0 0.06 23
4 13.75 0.1 0.02 0 0.4 1.0 1.1 15 0.4 0.9 1.26 25
5 15 0.1 0.02 0 0.45 1.0 1.2 1.5 0.4 0.9 1.35 36
6 11 0.1 0.02 2 0 0.8 0.8 1.6 0.7 1.0 0.25 16
7 13.75 0.1 0.02 2 0 0.8 1.2 1.5 0.8 0.9 0.25 24
8 15 0.1 0.02 2 0.3 0.7 0.9 1.4 0.3 0.7 1.2 37
9 15 0.2 0.02 2 0.2 0.4 0.5 0.6 0.1 0.2 1.40 20
10 15 0.1 0.01 2 0.3 0.7 0.8 1.0 0.1 0.3 1.31 29
11 14.1 0.1 0.02 2 0 0.8 0.8 1.4 0.8 1.0 0.25 9
14.1 0.1 0.02 2 0 0.8 0.8 1.4 0.8 0.9 0.25 60
14.1 0.1 0.02 2 0.3 0.7 0.8 1.3 0.3 0.7 1.28 6
14.1 0.1 0.02 2 0.3 0.7 0.8 1.2 0.3 0.7 1.32 51

* Variable mass transfer rate {5%, see text).

accumulation time scale becomes shorter than the viscous difid Agyv,05. Neither the UV nor the EUV reach their maxi-
fusion time scale leading to outbursts of the outside—in typmum value before the disc has adjusted to the quasi station-
conversely, inside-out outbursts are expected at low mass traarg-outburst state. Concerning the X-ray emission our calcula-
fer rates. An exception from this rule is model 1, i.e. thions predict that the emission from the optically thin boundary
calculation with the lowest mass transfer rate. This happdager rises immediately when the inside—out heating front is
because the wide outburst is preceded by a large numbetritfgered. The slow increase of the mass accretion rate is dis-
low-amplitude inside-out outbursts during which the heatingayed by the relatively long lasting X-ray emission during the
front dies out before reaching the outer regions allowing masarly rise of the outburst (dotted line in the left panel of Fig. 3).
to accumulate there. Figure 3 shows the normalized flux densi-

ties at the relevant wavelengths and the heating front velocities L

for two calculations (models 1, 3) with the disc extending dow‘hl'z' Outside-in outbursts

to the white dwarf. The overall situation is very tfierent foroutside—inoutbursts
where the heating front ignites far away from the white dwarf
(models 1, 4 and 5). One should stress here that while inside-
out outbursts always start close to the inner disc edge, the
At first we consider the properties dfiside—outoutbursts outside-in outbursts may start relatively far from the outer rim;
(models 2, 3; left panels of Fig. 3): The optical rise begins in&s a result two heating fronts propagate and such outbursts are
mediately when the heating front starts even though this h&et really purely “outside-in” (see Buat-diard et al. 2001, for
pens close to the white dwarf. With the heating front reachigamples and discussion).

the outer regions of the disc, the optical rise gets faster and When the front reaches much earlier the outer parts of the
reaches its maximum value when the outer edge of the disc Hisc the optical flux increases sharply immediately after the in-
comes hot and the disc is expanding radially. At large radii tiséability has been triggered. In addition the entire optical rise is
velocity of the heating front increases due to tifteets of ad- shorter as there are two heating fronts in the disc; the outside—
ditional heating of the outer edge (Fig. 3). The UV emissian heating front is indeed the fastest one, but both fronts are
increases immediately after the ignition of the inside—out heéaster than a pure inside—out heating front (see the bottom pan-
ing front but the accretion rate in the inner regions of the digts of Fig. 3). Naively one could expect the UV and EUV de-
remains rather low. Hence, UV does not even reach one perdags to be longer than for inside-out outbursts because of this
of its maximum value during the early stages of the optical risiast optical rise and because the heating front has to reach the
The situation is similar but even more drastic for the EUV emigner disc before the UV and EUV fluxes significantly rise.
sion. The mass accretion rate onto the white dwarf stays fdowever, the opposite is true. In addition téfdrences in their
below M¢; until the heating front has reached the outer disc rpropagation direction, outside—in and inside—out fronftedin
gions. This explains the long delays at the onset of the opticaany other respects. Inside-out heating fronts must propagate
rise i.e.Ayv o andAguv,0. When the heating front has reachetuphill” against the surface-density and angular-momentum
more massive outer disc regions, the UV and the EUV emissigradients. This makes the propagatiorffidilt and such

are rising faster, leading to somewhat decreased délayss fronts can be subject to dying before reaching the outer disc

4.1.1. Inside-out outbursts
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Fig. 3. The predicted normalized optical (solid line) and UV flux (dashed—dotted) as well as the normalized boundary layer emission,

X-rays (dotted) and EUV (long dashed) for inside-out (left) and outside-in (right) outbursts. The intermediate panel shows a detailed viev
the outburst rise, and the scale is the same for both models. The bottom panels show the heating front velocity corresponding to the ri
the outbursts. The ignition radius is marked by the vertical dashed—dotted line. The long dashed line on the right gives the position of the
radius during quiescence. Having arrived at the outer edge, the plotted velocity gives no longer the speed of the heating front but that o
expansion of the disc.

(see Lin et al. 1985; Menou et al. 1999; Lasota 2001, for a dere slower than outside—in heating fronts but their velocity is
tailed discussion). In contrast, an outside—in heating front stac@mparable to that of inside—out heating fronts at small radii
in high surface density regions and has an easy way “downh{lfee Menou et al. 1999, for a detailed study of the properties of
sliding down along the gradients. They never die before fulfiliransition fronts). Consequently, the predicted duration of the
ing their task. Thus, for an outside—in front the accretion raitecreased X-ray flux (in the following called the “X-ray on”

in the inner regions of the disc as well as the accretion rat&te) is similar to that at the rise of an inside—out outburst (i.e.
onto the white dwarf increase much more rapidly than in the2 days).

case of an inside—out heating front. As a consequence, the UV Einally we want to place emphasis on the predicted ac-
shorterthan in the inside—out case. As the inward moving traRgli_10'3g s for both outburst types. Notice, although the
sition front is faster, the final stages of the rise are dominatggration of the “X-ray on” state corresponds to the observed
by the inside—out part of the heating front and by the adjugine, the calculated accretion rates during quiescence are sev-
ment of the disc to the quasi stationary state. Hence, the delgyg orders of magnitude lower than those deduced from obser-
measured closer to the maximumy{ os, Aeuv.0s) are nearly yations. This will be discussed in more detail in Sect. 6.
independent on the ignition radius.

The early rise of the accretion rate which is related to the ) ) )
X-ray flux is delayed relative to the optical by380.45days, 4-2- Truncation of the inner disc

'(':é;h;gusm; i)takes the heating front to reach the inner edBleJring the last decade it has been intensively discussed

whether an optically thick accretion disc extends down to the
white dwarf in quiescent dwarf novae. The main reason for this
4.1.3. Decline and quiescence discussion was the serious discrepancy between calculated ac-

cretion rates and those deduced from X-ray observations. Disc
Clearly, during the late optical decline of every outburst odruncation by evaporation (Meyer & Meyer-Hofmeister 1994)
model predicts an increase of the X-ray emission when thador by a magnetic field (Lasota et al. 1995; Hameury et al.
mass accretion rate decreases below §8* and the bound- 1997) could bring into agreement models and observations.
ary layer is expected to become optically thin. Cooling frontslso the alleged diiculties of the DIM with the UV-delay
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Fig. 4. Same as Fig. 3 but assuming the inner disc being truncated. AREn2 x 10° cm the heating front reaches the inner edge of the disc
indicated by the long dashed vertical line. Then the velocity decreases from the speed of the heating front to that of the inward expansion of the
disc governed by Eq. (5). Note that the scale of the intermediate panel is the same as in Fig. 3.

motivated interest in truncated discs. King (1997) suggestenito the white dwarf exceeds ¥y s shortly before the disc
that irradiation of the disc by the white dwarf can keep the imeaches the white dwarf. Such a small increas&lgfwould

ner disc in the hot ionized state leading to very low surfadead to somewhat higher values for the predicted duration of
densities in this regionand Livio & Pringle (1992) analyzed the “X-ray on” state and the early EUV delaigv.o) but not

the dfects of a weakly magnetized white dwarf. affect the conclusions of this paper.

To discuss in detail each mechanism which has been pro- tap|e 3 Jists the delays we obtained for threatent mass
posed in the context of SS Cygni is beyond the scope of thignsfer rates angs, = 2. Figure 4 shows the normalized flux
paper. For our purpose it is fiizcient just to assume the forma-gensities and heating front velocities for two outbursts. The op-
tion of an inner hole during quiescence. We assume here tha4) rise for inside—out outburst is faster than without trunca-
the inner disc radius is given by the “magnetospheric” radiusjon as the heating front is forced to startR > Rug, i.€. in @

R = Ry = 9.8x 10° MI§/7MWd_1/7'ug{)7 cm (5) region with higher surface density (Fig. 4). Therefore, the de-

laysAuvo andAgyy o are shorter than for inside—out outbursts
whereuzo is the magnetic moment of the white dwarf in unitsvithout truncation. The predicted EUV delay of outside—in and
of 10°°G cn?® (Hameury & Lasota 2002). inside—out outbursts becomes comparable whetgas re-

Clearly, because the accretion flow is disrupted by the magains significantly shorter for outside—in outbursts.

netic field, a boundary layer will not form when the disc IS Tyncation is also changing the situation for the early rise
truncated. Instead, matter flows along the field lines, and §8ihe accretion rate which is correlated to the predicted hard

kinetic energy is released in a shock at the surface of the whilgay flux. Considering the arrival of the heating front at the

dwarf. The spectral range of this emission depends on whetfg{e, edge two fiects have to be mentioned. First, the time

the flow is optically thin or not; for the sake of simplicity, W&t {akes outside—in heating fronts to reach the inner edge de-
use the same condition as for the boundary layer case. Tfjigases slightly because the heating front just has to reach
is an apparently crude approximation. Assuming, however, RS — Ry > Ruq. Second, once the heating front reactad

an antithesis that the flow becomes optically thick preciselye gisc starts filling the inner hole, i.8, is decreasing. This
when the disc reaches the surface of the white dwarf would Big,cess is rather slow compared to the heating front velocity
equivalent to a small increase W because the accretion ratgsee Fig. 4). The increase of the mass accretion rate is there-

1 Disc irradiation does not however have the same consequenf@€ less sudden and the small spike seen in Fig. 3 disappears.
as plain disc truncation; for a detailed analysis of disc irradiation sé8€ expected X-ray emission at the end of an outburst is also
Hameury et al. (1999); Stehle & King (1999); Schreiber &r@icke influenced by the presence of truncation. The initial velocity
(2001). of cooling fronts is rather high but as it propagates inward it
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Fig. 5. The same as Figs. 3 and 4 but foffdrent values of. From top to bottom the plots correspond to models 8, 10, and 9 (see Table 3 for
the predicted delays).

relaxes to an essentially lower speed which depends just onlth@nch of the S-curve correspondingdgi, decreases when

location of the front (Menou et al. 1999). Consequently, if thihe ratioan/a. becomes larger. Thus, in model 9 as well as

inner disc is truncated, the cooling front is reaching earlienodel 10 the part of the disc being truncated during quiescence

the inner edge which reduces the duration of the “X-ray ofisecomes larger (see Fig. 5).

state at the end of an outburst. Conversely, the accretion rate on the upper branch which
A final note on the ffects of truncation concerns the aceorresponds t&max iS increasing withey,/ac. Thus, after the

cretion rate during quiescence: the postulation of an inner holatside—in heating front passes the inner disc regions, the ac-

dramatically increases the predicted X-ray flux during quiesretion rate there is higher for models 9 and 10 reducing the

cence (compare Figs. 3 and 4). Instead df2@0*3g s ! with- predicted UV-delay. In the case of model 9 the UV delay is

out truncation we obtain noWlac ~ 3-5x 10%gs L. This additionally shortened as the higher valuexpfieads to faster

increase of the expected X-ray emission during quiescenceheating fronts (see Fig. 5).

sults from the fact that the DIM predicts accretion rates which Considering the EUV delay we find drastic changes only in

increase with radius while the disc accumulates mass. the case of increased, (compare model 8 and model 9). This
We want to stress that assuming evaporation (e.g. togethbows that the EUV delay is mainly governed by the viscous

with a radially extended optically thin boundary layer (Narayaime scale. Due to the increase®f it takes the disc less time

& Popham 1993; Medvedev & Menou 2002)) instead of # reach high accretion rates.

weakly magnetic white dwarf would lead to almost identical

results. L
4.4. Variations of the mass transfer rate

So far we presented light curves assuming the accretion disc
has adjusted to the prevailing constant mass transfer rate and is
The third part of Table 3 lists results obtained wittitelient going through the same outburst cycle all the time. Inspecting
values ofa. As long as this parameter is physically rather urkig. 1 indicates that for SS Cyg this is not the case: for exam-
constrained, analyzing the DIM requires discussiniedent ple the first as well as the forth panel show extremely irregu-
values ofa. We calculated again light curves withy = 2 lar outburst behaviour. In addition, no constant mass-transfer
but increased (decreasead) (ac). As we choose a high massrate model can reproduce alternating outside-in and inside-out
transfer rate NI, = 15x 10*%gs™) the outbursts are of the outbursts.
outside—in type. Considering the obvious irregularities in the light curve
Increasingan, (model 9, Fig. 5, bottom) or decreasing we should take into account mass transfer variations. Recently
(model 10, Fig. 5, middle) leads to smaller accretion rates dtirere has been a debate about the strength of possible mas:
ing quiescence. This is because the accretion rate on the lowansfer variations in dwarf novae. It has been shown that

4.3. Changing a
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Z Cam light curves can be explained assuming only small flutable 4. The predicted UV delay when using the same orbital param-
tuations £30%) of the mass transfer rate if additional heaster as Smak (1998). Models 1s and 2s are calculated using our model
ing of the outer edge is considered Buaehérd et al. (2001). described in Sect. 3 whereas in models 3s and 4s we used Smak’s
On the other hand the dwarf nova system RX And has ocdegatment of the boundary layer emission, and neglected (as he does)
sionally much stronger mass transfer variations and is b|endag,f1itional heating of the outer disc and irradiation of the secondary.

a Z Cam star and VY Scl star (Schreiber et al. 2002; Hameury _
& Lasota 2002). However, because the long term light curve Model My Auvo  Auvos Rinit w
of.SS Cygni is in general rather “r(_agular” we assume that varil- [10% gs!] [d] [d] [10%°cm]  [d]
ations of the mass transfer rate in SS Cyg do not exceed tnels

strength necessary to explain Z Cam stand$titsd use 8 0.9 0.6 0.075 22
_ _ 2s 10 01 05 1.2 37
Mir = Mur o(1 + 0.15 sinr tzoo)). ® 3 15 11 12 0078 9
wheret;q is the time in units of 100 days. This prescription 4s 30 0.4 11 2.44 10

for variations of the mass transfer rate is obviously arbitrary
but, nevertheless, the numerical experiment might give us a hint
about the nature of mass transfer variations in SS Cyg.

The disc reacts on the varying mass transfer rate with alt8fall for this system. In addition we note that Smak used an-
nating long and short outbursts. This is not surprising as egter approximation for the emission of the boundary layer and
lier calculations (e.g. King & Cannizzo 1998; Schreiber et dfie accretion disc during quiescence.

2000) have shown that the disc rather quickly adjusts itself to a To compare our results with Smak’s findings we again cal-
given mass transfer rate. Our calculations confirm the reseitate outburst using the model described in Sect. 3 but assum-
of Buat-Ménard et al. (2001) that small mass transfer vaiRg Mwg = 1Mo, Msec = 0.4 Mo, Pory = 4.2hr, < Rout >=
ations can lead to alternating inside—out and outside—in odt2x 10°cm andMy = 8,10x 10'®g s (models 1s and 2s in
bursts. Moreover, the long term light curve contains long arféble 4 which correspond to models 13 and 14 of Smak 1998).
short outbursts of both types. The resulting delays are giverMif¢ also performed simulations without including heating due
Table 3 (model 11). Evidently, smooth, periodic and small vaitie the stream disc impact and tidal dissipation, assuming that
ations of the mass transfer rate do not change anything as ttigyboundary layer luminosity is thermalized over the surface
do neither essentiallyféect the properties of the heating front®f the white dwarf, i.efem = 1 in Eq. (2), and neglecting irra-
nor influence the viscous time scale. diation of the secondary (models 3s and 4s in Table 4). Apart
from the diferent treatment of the lower branch of the S-curve
models 3s and 4s are identical to Smak’s simulations. Due to
5. Comparison with earlier calculations the absence of additional heating of the outer disc we require
e|J[jj‘i_gher values for the mass transfer rate to produce large out-
rtk%ﬁrsts, i.eMy = 1.5x 10 gst andM, = 3.0x 107 gs 2.
e resulting delays are listed in Table 4.

As the UV delay has been discussed intensively in the lit
ture we should relate our results to previous calculations. A
observational evidence for the existence of the UV delay es-~ o )
tablished several papers stating that the predicted delay is tooFi9ure & compares the contribution of disc, boundary layer,
short appeared (e.g. Cannizzo & Kenyon 1987). The reasdiaite dwarf, hot spot, and irradiated secondary for models s1

for this and later similar assertions are discussed in detail in ff&d S2. Emission from the disc dominates at UV as well as
excellent paper by Smak (1998). optical wavelengths. The irradiated secondary accounts for

In this paper Smak presented a model similar to the ofi¢0% Of the visual emission. In contrast, using Smak's pre-

specified in Sect. 3. Having calculated light curves for a set §f11Ption (models 3s and 4s; Fig. 7) the boundary layer con-
parameters Smak (1998) concluded that the DIM predicts cgfPutes significantly to the UV (middle panel in Fig. 7) and
rect UV delays if one uses the correct boundary conditions afgg!ecting irradiation of the secondary reduces the predicted
sufficiently large discs: the delay just depends on whether GRtical emission (top panel of Fig. 7). In addition, ignoring

outside—in (long delay) or an inside—out outburst (short delad§ating of the outer disc allows us to obtain outside-in out-
develops. ursts which are triggered at essentially larger radiiRi&. =

0
However, Smak (1998) did not consider heating of the di e 10°%cm. Due to these changes the UV-delay becomes
ger (see Table 4).

due to the stream impact and tidal dissipation. Without the’S&" o o o _
additional physical iects Smak was unable to obtain outside- Considering outside—in and inside—out outbursts our previ-
in (type A — in his terminology) outbursts for a binary withOUs findings are confirmed: the UV dglayl@gerfor inside-

SS Cyg parameters: the required high mass-transfer rates watf§j outbursts at the onset of the optical rise and comparable
correspond to steady accretion. Smak (1998) therefore usedse to the maximum. We note that in Smak’s calculations
nary parameter €fierent from those listed in Table 2, whichthe instability is triggered at larger radii. In model 13 of Smak

were not directly applicable to SS Cyg; in fact his discs are t6$998) the heating front starts Bfir = 3.5 x _1_Olocm whereas
we do not obtain a comparable large ignition radiRg;(in

2 |n fact SSCygni is expected to show the ZCam phenomend@ble 4). This is probably due to thefidirent treatment of the
(Buat-Ménard et al. 2001). lower branch of the S curve (Smak, private communication).
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Fig. 6. Comparison of inside—out (right) and outside—in (left) outbursts calculated using the same parameter as Smak (1998). The top ¥
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Fig. 7. The same as Fig. 6 but neglecting heating due to stream impact and tidal dissipation and using Smak’s approximation for the emis
from the boundary layer and the secondary (see text). Although the ignition radius is larger for the outside—in dRtpur<2.4 x 10 cm)
the UV delay (bottom panels) remains somewhat longer for outside—in outbursts (see also Table 4).

In Figs. 6 and 7 we also plotted the UV light curve calassume that truncation of the inner disc but due to evaporation
culated by summing blackbody spectra. In agreement witistead of a magnetic field However, their inner disc radius in
Smak’s finding, the UV blackbody light curves are somewhguiescence is comparable to the one used here and despite o
delayed £0.01-0.1 d) to the Kurucz ones. the diferent assumptions, the EUV delay they obtain (1 day)

Hameury et al. (1999) calculated the EUV delay for SS Cyig in good agreement with the value found here, showing that
parameters, assuming that EUV emission is directly propdine detailed mechanism causing the disc truncation is of little
tional to the accretion rate onto the white dwarf when the digoportance.
reaches its surface, i.e. when a boundary layer forms. They also
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Regarding the case study of Cannizzo (2001) we stress th8. The EUV delay
same diference as to Smak’s calculations: even for outside—in
outbursts the heating front does not start close to the outer efg 1. Normal outbursts

but at a distance of1-2x 10"cm from the white dwarf. .__At first we consider the so called normal outbursts (see Fig. 1
A.fmal note concems the EUV: both autho_rs (Canm_zzgnd Table 1). These outbursts are characterized by a fast optical
2.001’ Smak_199§_3) assume that th_e EUV delay is almost_ 'd?@'e and are therefore generally thought to be of the outside—in
tical to the t|n_1e it takes the heating front to reach the INNGI o We find the calculated EUV delay at half the maximum
edge of the dl_sc. Our model t_ake.s recent X-ray_ok_)servat|o ical flux Aeuv,05) being nearly independent on the radius at
(see Sect. 2) into account which indicate that this is not tr hich the heating front was triggered (Table 3) but in excellent

Moreover, our calculations predict that the EUV delay CIOS? 5 reementwith the observed delay. Our model predicts a some-

maximum is governed by the time it takes the disc to enter i t lower value at the onset of the optical rigey o) than
the quasi-stationary state whereas the delays at the begmnlnlg %?observed except for inside—out outbursts without trunca-

the optical rise also depend on properties of the heating frcm)lh_ We note thateyy o sensitively depends on the assumed

andMer. value of M, and the optical flux in quiescence (thfeetive
temperature of the secondary might be higher than 4000K as
6. Discussion: Model versus observations suggested e.g. by Webb et al. 2002). Of course, it would be pos-

In this section we compare our results with the observatio%'g e to perfectly match the observagy,q also in the case of

: : : . outside—in outbursts with truncation. To sum up, the model can
outlined in Sect. 2. It i;mot however the goal of this paper to

: - reproduce the EUV delay measured for normal outbursts.

try to reproduce the observations by using the whole paramé*

ter space. Instead, we analyzed systematic dependencies of the

model on rather unconstrained parameter to see whether cgn®-2. Anomalous outbursts

parison with observations may help to guess their values.
The standardr-model, even modified by truncation, various

types of heating etc., cannot reproduce the observed light curve
6.1. X-rays of anomalous outbursts. The model does never predict a rise

There has been only one SS Cyg outburst which was obserf8# comparable to that of the outburst observed in 1999
simultaneously in X-rays and EUV. The observed long deldy17d; Fig. 1, bottom panel). The observed rise time of the
(0.9 days) for the rise of the X-rays indicates that this outbu@fomalous outburst in 1993%d; Fig. 1, second panel from
was of the outside—in type as our calculations predict no defp) can only be reproduced if we assume that the disc extends
for inside—out outbursts. However, the X-ray delay predicted Spwn to the surface of the white dwarf (i.e. no truncation) and

the calculated outside—in outbursts is shorter than the obser{jéie additionally completely neglect both heating of the outer
one by a factor of2-3. disc due to the stream impact and tidal dissipation. In this case,

The obtained durations of the “X-ray on state” during theowever, the calculated light curve does not have the observed

optical rise 0.5days) as well as at the end of the outburd@t top which is as bad as the prediction of a too short rise
(~2days) are in perfect agreement with the observed ones (gg@ In addition, without truncation the model predicts several
Wheatley 2000; Wheatley et al. 2003). small outbursts between the larger ones which is not observed
Comparing the observed X-ray flux during quiescence wiffii9- 2), and also the predicted X-ray flux is far too small (see
the calculated mass accretion rate strongly suggests that theggts. 4.1 and 4.2).
ner disc is truncated. Truncation leads$itgheraccretion rates  In view of this incapacity of the model, trying to find the
during quiescence as accretion increases with radius while @@gresponding delays appears totally pointless. However, at-
disc accumulates mass. tempting to find models with time lags close to those observed
Concerning the X-ray delay and the duration of the “X-ragould be a useful diagnostic tool for future developments.
on” state one should note that our results are obviously sensi- As mentioned, we have to distinguish between the 1993
tive to Mer. (second panel Fig. 1) and the 1999 (bottom panel) event as their
properties are very fierent. Considering the 1999 eruption
we note that the long delay between the optical and the EUV
measured at the onset of the optical rise of the anomalous out-
Generally, the delay between the optical and the UV rise bsirsts (Table 1) is not reproduced even by rather long inside—
comparable to the observed one (which has always been fooud outbursts without truncation (i.e. model 3). Assuming the
to be of order of half a day, see above) for models 1-8, and ihher disc being truncated, the situation becomes even worse as
(see Tables 1 and 3). Although the delay is somewdrader Agyvo gets shorter. In addition, our simulations disagree with
for inside—out outbursts, the agreement between observatitmsobserved drastic decrease of the EUV delay with increasing
and calculations is independent on whether the heating fraptical flux (Table 1, Mauche et al. 2001). It is especially the
starts close to the white dwarf or not. Thus, the UV delayds observed slow optical rise and not the shape of the EUV light
a good indicator of the outburst-type. curve which difers from the predictions. Inspecting Fig. 1 we
The UV delay sensitively depends ar(see Sect. 4.3). We find the outburst being a part of strong deviations from regular
obtain good agreement with, = 0.1, anda. = 0.02. outburst behaviour: there was no quiescence at all between this

6.2. The UV delay
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outburst and the previous one. It is then not at all surprising that
the model cannot reproduce the EUV delay of this particular
outburst. Such a disruption of the light curve can only be dua 1
to a change in one of the parameters assumed here to be cén-
stant. The mass transfer rate could for example have changed
drastically, or the Shakura-Sunyaev parameterization of the v@-
cosity could have beerffacted by e.g. a magnetic flare in the=
disc; there are many possibilities, and it is far beyond the scop@
of this paper to investigate them in detail. o
For the 1993 outburst we note that our calculations hardly
agree with the long delay at the onset of the optical rise. 440 450
Especially if the inner disc is truncated (which is strongly t[d]
suggested by the quiescence X-ray flux) the obtained Valltgg 8. Normalized monochromatic flux at 100 A (solid line), inte
for Aguvo is smaller than observed even for inside—out ou . . ’ }
bursts whereas for the predicted time lags closer to the m dgg‘lglﬂglux (70-130 A; dotted line), and the EUV hardness ratio
imum the opposite holds. Of cours&gyy,o still depends on
the approximation of the boundary layer (eMe;) and the
optical emission during quiescence (secondary). We certainly Figure 8 confirms that the EUV light curve is well repre-
would be able to construct a delay of three days but in aggnted by the 100 A emission. The suitability of the monochro-
case the model predicts a significant delay closer to the maxatic light curves is further established in Fig. 9 where we
imum. This prediction of the model is firm as the EUV emispresent both the predicted normalized flux densities at 5500 A
sion reaches maximum when the disc has adjusted to the quagl 100 A (top panel) and the corresponding integrated optical
stationary state whereas the optical flux is already close 4ad EUV fluxes (bottom panel). Apparently, the light curves
maximum when the heating front has gone through the outg{d especially the predicted delays are very similar. The only
disc region. However, the obtained disagreement could be g@ference worth mentioning concerns the optical emission:
lated to the three low-amplitude anomalous outbursts precediiggnpared to the monochromatic light curves the relative con-
by ~20 days the anomalous 1993 outburst. tribution of the hot spot emission increases, which leads to rela-
tively brighter quiescence. Concerning the delays we conclude
that the monochromatic light curves can be considered as rep-
resentative for the emission in the corresponding bandpasses.
Mauche et al. (1995) present EUVE observations of SS Cyg
during the outburst in 1993 between August 17.1 and 23.
They find a remarkable correlation between the hard (72-90 )6 Absolute values
and soft (90-130A) count rate. Even during the rise of tHiscussing the absolute emission in addition to the normal-
outburst the ratio of the two remains constant. On the othieed monochromatic light curves requires to assume a distance
hand, more recent observations of another outburst show twitSS Cygni. Recently Harrison et al. (1999) measured a par-
the hardness ratio may change by a facto~8f (Wheatley allax using the HST Fine Guiding Sensor (FGS) and derived a
et al. 2003). Although our assumptions for the boundary laygistance ofl = 166+ 12 pc which is essentially larger than pre-
are quite rough, we calculate the hardness ratio predictedvigusly thought. We want to stress here that, according to the
the model to get a hint of the uncertainty linked to the blagkodel, the distance of SS Cygni cannot be 166 pc. In all the cal-
body approximation. culations performed for this paper the maximum accretion rate
AssumingNy = 4.4 x 10'°cm2, making use of the cross-hardly reacheMac. = 108 g st whichis far too low to explain
sections as a function of wavelength according to Morrison e observed visual brightness of the system if its distance in-
McCammon (1983) by interpolating their Table 2, we simuleed was 166 pc. As shown by Schreiber &nGicke (2002),
lated the evolution of the EUV spectrum during an outburgtt such a large distance SS Cyg would not be dwarf nova: the
Figure 8 shows the normalized integrated flux (70—130 Agccretion rate required to reproduce the observed visual bright-
monochromatic 100 A flux, and the hardness ratio defined @ss would certainly lead to stationary accretion
H = flux(70-90 A)yflux(90-130A) for model 1. We findH Instead of the large HSFGS distance we therefore assume
varying between 2 and 4 which appears to be in reasonadlgore traditional and, according to the model, more realistic
agreement with the count rate hardness ratio given by Wheat¥@jue for the distance of SS Cygni, i~ 100 pc (e.g. Warner
(2000) and Mauche et al. (1995). 1987; Bailey 1981; Kiplinger 1979). The order of the maxi-
mum monochromatic emission of the light curves presented in
Figs. 3-5 is the following: the lowest flux density is expected
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\
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6.4. The EUV spectrum

6.5. Bandpass fluxes

% Itis worth noting that problems with the small H&GS—parallax
So far we have presented monochromatic model light curi@ge been mentioned by North et al. (2002) too. The space velocity
and compared the obtained delays with the observed time laggy derive assuming = 166 pc is essentially larger than theoretically
Here we verify that our monochromatic approach is reasonaldgpected.
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at the optical wavelength-(.5 x 10-**ergcnr?st A1) fol-
lowed by the UV £3.3x 10 8ergcnt?s 1 A-1) and the EUV
(~2-12x 10 ergen?st A-1). These values are calculated
assuming an inclination af= 37'. The EUV emission depends
strongly on the assumed hydrogen column density. The rang
of values given above is determined assumiigbeing be-
tween 1010 cm 2 and 44x10°cm™. In Fig. 9 we also give
absolute band integrated optical and EUV{I80A) fluxes.
Comparison with Fig. 1 shows that the obtained max-
imum visual magnitude agrees well with the observations.2
Furthermore, our calculations predict that the maximum UV
flux density exceeds the optical one by a fact80 which is
also in very good agreement with the observations (Cannizzo
et al. 1986). The calculated absolute EUV emission is cer
tainly the most uncertain one as it does not only sensitivefy
depend onNy but also on uncertainties related to the tem§
perature and fractional emitting region of the boundary layer
Indeed, taking thesefiliculties into account, it has been shownf?
by Wheatley et al. (2003) that the range of blackbody luminosg
ties for which the observed EUV spectrum can be fitted is ua-
certain by more than one magnitude. Hence, trying to constr&in'® "
the model using absolute EUV fluxes seems not very prom@—
ing. Nevertheless, for completeness we note rough agreentent
between our calculations and the observations (see e.g. Mauche
et al. 1995; Mauche 2002) for large hydrogen column densities,
i.e.Ny = 108¥%cm=2.

rmalized fluxddensity
o

1079 |

110v
111

112

Fig. 9. Light curves of the long outside—in outburst we obtain assum-
ing small variations of the mass transfer rate (model 11). Top panel:
normalized flux density at 5500 A (solid line) and 100A (dashed
Although the main goal of this paper is to analyze the tind@e). Bottom panel: visual magnitude and integrated 70-130 A flux
lags in SS Cyg, the predicted long term light curve is an essaégsumingd = 100 pc.

tial feature which must agree with observations for the parame-

ters that best explain the delays. The outburst cycles depend on

the details of modeling. The parameter we chose lead to three

different cycles (Fig. 2). With the disc extending down to the heating front started or whether the inner disc is truncated.
white dwarf, we get several small inside—out outburst between The UV delay at the beginning of the optical rise is signif-
the major eruptions that are not observed. Truncation of the icantly longerwhen the heating front is triggered close to
inner disc suppresses these small outbursts and the light curvethe white dwarf.

consists only of large outbursts. If in addition small fluctuations The UV delay is not at all a good indicator for the outburst
of the mass transfer rate are included, it is possible to obtain al- tyPe and itis sensitive to the value@fWe find reasonable
ternating short and long outbursts of both types. Obviously, the @greement with observations feg = 0.02 andan = 0.1.

latter hypothesis is favoured. Getting irregularities comparabfe The agreement between observed and predicted EUV delay
to those seen in the observed light curve (see e.g. second ands satisfying for normal outbursts whereas the model fails to

last panel from the top in Fig. 1) requires a major revision of reéproduce anomalous outbursts. _
the model. 3. The increased X-ray flux observed between the optical and

the EUV rise is a natural outcome of outside—in outbursts.
] At the end of every outburst the model predicts a rise of the
7. Conclusion X-rays comparable to the observed one. X-ray observations
during quiescence strongly support the idea of truncation of
the inner disc.

6.7. The long term light curve

We present a physically realistic model for dwarf novae con-
sisting of the disc instability model (Hameury et al. 1998)
and simple but reasonable assumptions for the emission of the
boundary layer. We calculated dwarf nova light curves usingknowledgementsie are grateful to Chris Mauche for very help-
parameters appropriate for SS Cygni to investigate time lagBcomments and advice. This research has made use of the AFOEV
observed between the rise affdrent wavelengths. The resultslatabase, operated at CDS, France. MRS acknowledges funding by
from this study are: an individual Marie-Curie fellowship. This work has benefited from
developments made by V. Buatédard during his Ph.D. Thesis.
1. The UV delay strongly depends on where one measuresRL thanks Chris Mauche for enlightening discussions about various
Close to maximum it is nearly independent of where ttielays.
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