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Abstract. I review various supersoft X-ray phases of mass-accreting (WDs). Response
of WDs to the mass accretion from the companion is divided into three cases: (1) optically
thick winds blow when the mass accretion rate to the WD exceeds a critical rate, Mo > My,
and the WD mass is steadily increasing with a relatively high rate of M, (2) supersoft
X-ray phases are observed for a narrow range of mass-accretion rates of My < M. <
M., i.e., hydrogen shell-burning without optically thick winds, (3) intermittent shell flashes
occur for lower mass-accretion rates of M,.. < M. First, as examples of the wind case,
I present a self-sustained model for long-term light-curve variations of the supersoft X-
ray sources, RX J0513.9-6951 and V Sge. Second, based on a universal decline law of
classical novae, I describe a theoretical duration of supersoft X-ray phase of classical novae
and compare them with observation. I also introduce the absolute magnitude of our free-
free emission model light curves, and derived theoretical maximum magnitude versus rate
of decline (MMRD) relations.
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1. Introduction

Supersoft X-ray sources (SSSs) are hydrogen
shell-burning white dwarfs (WDs) in binary
systems. Figure [I] plots positions of several
SSSsin the HR diagram, indicating that the po-
sitions are just coincident with loci of hydro-
gen shell-burning WDs with various masses.
There are theoretically three cases of the re-
sponse of WDs to the mass accretion rate from
the companion: (1) mass-accreting WDs blow
optically thick winds when the mass accretion
rate to the WD exceeds a critical rate, i.e.,
Moo > My ~ 1x107°M,, yr~! (Hachisu et al.
1996; |IKato & Hachisu| [1994)). Hydrogen shell-
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burning is stable and the WD mass is increas-
ing with a relatively high rate of M. We do
not observe supersoft X-rays because the pho-
tospheric temperature is relatively low and su-
per soft X-rays are self-absorbed by the wind
itself. (2) Only in a narrow range of the mass-
accretion rates of My < My < M., we have
steady SSSs. Hydrogen shell-burning is stable
and the WD mass is increasing with a rate of
Mee. See Figure [2] for this narrow strip in the
WD mass versus mass-accretion rate diagram.
(3) Hydrogen shell-burning is unstable to trig-
ger a shell flash on the WD when M. < My
and they are observed as novae or recurrent no-
vae. These WDs become a SSS only in a later
phase of the shell flashes.
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Fig. 1. Positions of several supersoft X-ray sources
and loci of hydrogen shell-burning WD models in
the H-R diagram (taken from!Nomoto et all | 2007).
The WD mass is attached to each curve. The solid
and dashed line-parts denote stable hydrogen shell-
burning, while the dotted line parts correspond to
unstable burning (nova WDs in a later phase and
in quiescence). In the dashed line parts, the opti-
cally thick winds are predicted to blow (Kato &
Hachisul 11994)), so that supersoft X-rays could be
absorbed by the wind itself and not be detected.
Positions of several supersoft X-ray sources are
plotted by squares, i.e., R09 (RX J0925.7-4758),
C87 (CALS87), C83 (CALS83), 1E (1E0035.4-7230),
RO0 (RX J0019.8+2156), R04 (RX J0439.8—-6809),
RO5 (RX J0513.9-6809).

2. Binaries with intermittent optically
thick winds

Optically thick winds blow from the WD
when the mass accretion rate to the WD
exceeds a critical rate (M) as shown in
Figures 2 and 3. If the wind collides with
the companion and strips off its surface, the
mass accretion rate to the WD could be
suppressed. We show two such examples of
SSSs, RX J0513.9-6951 and V Sge. The
Large Magellanic Cloud (LMC) transient su-
persoft X-ray source RX J0513.9-6951 (here-
after RX J0513) was discovered by ROSAT.
Its remarkable observational features are sum-
marized as follows: (1) Optical monitoring of
RX JO513 shows quasi-regular transitions be-
tween high (V_~ 16.6) and low (V ~ 17.4)
states (Alcocketal: 1996). (2) The duration of
the optical high state is ~ 60 — 150 days while
the low states last for ~ 40 days (Fig.4a). (3)

483
T T T T T T T
_4 - |
Optically Thick Wind
. (Accretion Wind)
— M
5 6 cr n
20 Stead H—burning
2 -8
=
o
o
—10 4
Iog(AM‘g/M®)= -3.5
—12 | N | N | N |
0.8 1 1.2 1.4
Myp/ Mo

Fig.2. Response of WDs to mass accretion in
the Mwp-M,. plane (taken froml Hachisu & Kato
2001). Stable hydrogen shell burning occurs when
M, > M. Strong optically thick winds blow when
MM > Mu The wind mass loss rate is Myina =
M. — M, and the WD mass is increasing with a
relatively high rate of M,,. Steady hydrogen shell
burning with no optically thick winds occur when
My < M. < M,,. There are no steady-state burning
when M,.. < My. Intermittent shell flashes (novae)
occur. The envelope mass, AM;g, at which hydrogen
shell flash occurs, is also shown (taken from Figure
9 of-Nemeto 1982).
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-
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Fig.3. Optically thick winds blow from the mass-
accreting WD (left) when the mass accretion rate
from a lobe-filling companion (right) exceeds a crit-
ical rate (M,.. > M.,). Winds collide with the com-
panion and strip off the surface layer. Stable hydro-
gen burning on the WD converts hydrogen into he-
lium and, as a result, the WD mass is increasing with
a relatively high rate of M,;.

Companion Star

Copious supersoft X-rays (~ 30 — 40eV)-were
detegted-only in the optical low state (Reinsch
etal. 2000). (4) The transitions between X-ray
off and on are very rapid, about one day or so,
while the optical transitions from high to low
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Fig.4. Numerical results of our RX J0513.9-6951 model taken from Hachisu & Kato] (2003a): (a) ob-
servational V magnitudes (Alcock et al.| [1996); (b) calculated V magnitudes (thick solid line) together with
B — V color (thin solid line); (c) mass accretion rate to the WD (M, thick solid line) and wind mass-
loss rate from the WD (M4, thin solid line), both in units of 10°Myyr~'; and (d) photospheric radius
of the WD envelope in units of R, (thick solid line) and surface temperature of the WD envelope in units
of eV (thin solid line). The model parameters are Myp = 1.3 M, Mys = 5.0x 107°M, yr', ¢ = 10.0,
and t,;, = 20.5 days. Direct fitting to the brightness of the observational light curves indicates an apparent

distance modulus of (m — M)y = 18.7.

occur over several days (e.g., Reinsch et al.
2000).

Long-term variations in the optical light
curves of RX J0513 are considered as a limit
cycle. We adopt a binary system consisting of
a WD, a disk around the WD, and a lobe-filling
main-sequence (MS) companion. An essential
thing is that WDs blow optically thick, strong
winds when M, > My ~ 1 x 107°°M yr!
(Hachisu et al.| [[9906) as illustrated in Figure B]
This condition is satisfied if the MS compan-
ion is ~ 2 — 3 M, because the mass-transfer
rate from the MS, Mys, is as large as a few
times 107°M,, yr~! or more.

When a rapid mass accretion to the WD
begins, the WD envelope expands to blow an
optically thick, strong wind. The strong wind
causes a quick rise of V magnitude because

the disk expands from a few to several times
the previous size. Since the irradiated disk is
the main source in the optical light, this expan-
sion of the disk area causes a magnitude rise
in the optical light. The wind mass loss rate in-
creases from zero to Mying ~ 1 X 1078 M yr~!
or more in a day, which is massive enough
to absorb supersoft X-rays. Thus, this phase
is the optical high and X-ray—off state. The
strong wind hits the MS companion and then
strips off its surface layer. The stripped gas is
lost from the binary. Therefore, the rapid mass
accretion is suppressed by the strong wind it-
self. As the wind mass-loss rate increases, the
mass-stripping rate eventually overcomes the
mass-transfer rate. Then, mass accretion to the
WD stops. The mass of the WD envelope is
now gradually decreasing, mainly as a result of
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Fig.5. Same as FigH]but for a Galactic SSS V Sge taken from Hachisu & Kato| (2003b). (a) One-day
means of the out-eclipse AAVSO data of V Sge (Simon & Matteil T999) against time (JD 2,448,000+).
(b) V-magnitude light curves (thick solid line) of our V Sge model (1.3 M, WD and 3.5 M, MS). The
calculated light curves are made by connecting the brightness at orbital phase 0.4. (c) and (d) are the same

as those in Fig@lbur for our V Sge model.

wind mass loss. The photosphere of the WD is
also gradually shrinking. This causes a gradual
decay of the optical light curve even if the disk
shape is the same. The wind eventually stops.

We expect copious supersoft X-rays after
the wind stops. The disk shrinks to a nor-
mal previous size. This causes a sharp ~ 1
mag drop in the optical light. A rapid mass
transfer from the MS to the disk resumes and
then the disk edge flares up. This phase corre-
sponds to the optical low and X-ray—on state.
Thus, the cycle is repeated. The numerical
results are shown in Figure @] See Hachisu
& Kato| (2003a) for more details. V Sge in
our Galaxy also shows quasi-periodic optical
high (soft X-ray—off) and low (soft X-ray—on)
states with the total period of ~ 300 days,
longer than RX J0513. A binary model sim-
ilar to RX JO513 is proposed to explain the

long term variation of the light curve. The main
differences from RX J0513 are that (1) the
mass transfer rate from the MS companion in
V Sge is much larger than that in RX JO513 as
shown in Figure Pland that (2) the metallicity
in V Sge is about three times larger than that in
RX J0513 and the wind is stronger.

These make the differences between two
objects. See Hachisu & Kato| (2Z003b) for more
details. The WDs in RX J0513 and V Sge are
now constantly growing in mass at a critical
rate of M,,. We expect that the WD masses in-
crease up to the Chandrasekhar mass and they
eventually explodes as a Type Ia supernova.
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Fig. 6. Nova model light curves squeezed by f; taken from [Hachisu & Katol (2010). Observational data
of the neon nova V1974 Cyg is added for comparison. Thirteen different WD mass models (0.7 — 1.3 M,
by 0.05 M, step). We squeeze or stretch the model light curve along time to fit with the observational data
of V1974 Cyg, i.e., ROSAT X-ray observation, optical, and JUE UV 1455A light curves. Here we set point
B on each model light curve near 7, (optical V peak). Here fi,x corresponds to a break of the model light

curve changing from a slope of #!'7 to 3.

3. Supersoft x-ray phases of classical
novae

Classical novae are a thermonuclear runaway
event on a WD in binary systems, in which
the WD accretes hydrogen-rich matter from
the companion star. When the accreted matter
reaches a critical value (M, see FigD), hy-
drogen at the bottom of the WD envelope ig-
nites to trigger a shell flash. The decay phase
of novae can be followed by a sequence of
steady state solutions (Kato & Hachisul [1994).
Using the same method and numerical tech-
niques as in|Kato & Hachisul (1994), Hachisu
& Katol (2006, 2010) have followed evolu-
tions of novae by connecting steady state so-
lutions along the decreasing envelope mass se-
quence. The mass of the hydrogen-rich enve-
lope is decreasing due to wind mass-loss and
nuclear burning. They solved a set of equa-

tions, consisting of the continuity, equation of
motion, radiative diffusion, and conservation
of energy, from the bottom of the hydrogen-
rich envelope through the photosphere assum-
ing spherical symmetry. Winds are accelerated
deep inside the photosphere so that they are
called “optically thick winds.” [Hachisu & Kato
(2006) have presented a unified model for IR,
optical, UV, and supersoft X-ray light curves
of the decay phase of classical novae. The op-
tical and IR luminosity are reproduced by free-
free emission from optically thin plasma. This
free-free emission flux at the frequency v is es-
timated from Equation (9) of [Hachisu & Kato
(20006), i.e.,

ey

where My is the wind mass-loss rate, Vph
the wind velocity at the photosphere, and R,
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Fig.7. Same as Fig[f] but for absolute magnitudes and real timescales (taken from Hachisu & Kato

2010). We have calibrated the free-free model light curves by a distance modulus of (m — M), = 12.3
for V1974 Cyg. The positions at point B in Figfe] are indicated by a magenta filled circle. We also show
the magnitude, My(15), at 15 days after the optical maximum by a magenta cross. Their average value of
My (15) = —=5.85+0.09 is also indicated in the figure for 0.9—1.15 M, WDs. Model UV and supersoft X-ray
light curves are omitted to simplify the figure except three WD masses (blue solid line for 1.1, red solid line

for 1.05, and green solid line for 1.0 M;).

the photospheric radius, all of which are taken
from the wind solutions. Assuming a black-
body spectrum with the photospheric temper-
ature of Ty, they have calculated the UV 1455

A light curve for a narrow energy band of
1445-1465 A (Cassatella et al. 2002) and
the soft X-ray light curve for a range of 0.2—
2.0 keV. The light curves of their optically
thick wind model are parameterized by the WD
mass (Mwp), chemical composition of the WD
envelope (X, Y, Xcno, Xne, and Z), and enve-
lope mass (Mcny0) at the time of the outburst.
Here X is the hydrogen, Y the helium, Xcno the
carbon-nitrogen-oxygen, Xn. the neon, and Z
the metallicity content of the envelope. The de-
cay timescale of a light curve depends mainly
on the WD mass and weakly on the chemi-
cal composition, whereas the maximum bright-
ness of a light curve depends strongly on the
initial envelope mass, Meny0. Figure [6] shows

their free-free emission model light curves cal-
culated from Equation (), i.e.,

%) {Mwp}

mg = -2.5 log { > Wmd} +const., (2)
Venten gy

for various WD masses, from Mwp = 0.7

to 1.3 My by step of 0.05 M. The subscript
(t/ f;) explicitly expresses that this is a function
of time while the superscript {Mwp} indicates
a model parameter of WD mass. This shows
that these model light curves are homologous
and their shapes are almost overlapped with
each other when they are properly squeezed or
stretched along time (squeezed by a factor f;).

When we squeeze the model light curves
by a factor of f; in the time direction (¢ = ¢/ f;
and v' = f,v), the flux is also changed as F),
fsF, because

d d
o _fSE' 3
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Fig.8. The maximum magnitude-rate of decline
(MMRD) relation against #3 time. Point B represents
the peak brightness of V1974 Cyg in Fig[d. The
black solid line passing through B is corresponding
to an MMRD relation of our model. Blue filled cir-
cles correspond to absolute magnitude of point B in
Fig[7 from 1.25 to 0.75 M, by 0.05 M, step. The
absolute magnitude My« at maximum is obtained
from calibration with V1974 Cyg of the distance
modulus (m — M)y = 12.3. Red filled star mark
represent the recurrent nova RS Oph. Two well-
known MMRD relations are added: Kaler-Schmidt’s
law (Schmidt [1957) labeled “MMRD1” (blue solid
lines), and Della Valle & Livio’s (1995) law labeled
“MMRD2” (magenta solid lines). Red filled circles
denote MMRD points for individual Galactic novae
taken from Table 5 of/lDownes & Duerbeck (2000).

For free-free emission, we have F| =
F;, =const and then have the following rela-
tion and can shift the model light curves in the
vertical direction as

my, = my — 2.51og f. 4)

Then the absolute V magnitudes can be written
as

My = my — (m — M)yy1974cye
= my, +2.5log fs — (m — M)y,v1974cyg- (5)
Here, mj, is the apparent V magnitude of

V1974 Cyg and we adopt the distance of d =
1.8 kpc (Chechel-etall 1993) and the absorp-
tion of Ay = 1.0, so m — M)yvioracyg =
12.3. The absolute magnitude of each light
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Fig.9. Supersoft X-ray on/off and “intrinsic” f,
time against “intrinsic” #; time taken from| Hachisu
& Kato (2010). We plot 10 novae, i.e., V1974 Cyg
1992, V382 Vel 1999, V1494 Aql 1999#2, V4743
Sgr 2002, V574 Pup 2004, V5116 Sgr 2005, V1281
Sco 2007, V2467 Cyg 2007, V458 Vul 2007, and
V597 Pup 2007#1.

curve is recovered in Figure [ for various
WD masses. The Maximum Magnitude ver-
sus Rate of Decline (MMRD) relation is of-
ten used to estimate the distance to novae.
In Figure[8, we show the result of Figure[].
This clearly demonstrates a trend that a more
massive WD has a brighter maximum magni-
tude (smaller My n.¢) and a faster decline rate
(smaller t; time). The relation between #3 (or t,)
and My ax for novae is called “the Maximum
Magnitude—Rate of Decline” (MMRD) rela-
tion. Here #3 (¢,) time is defined by 3-mag (2-
mag) decay time from maximum in units of
day. See!Hachisu & Kato (2010) for more
details. Nova light curves follow a universal
decline law, that is, several timescales of 1,
13, toreak, and fwing could be related with each
other in a linear regime. Here fiy is the time
at a break of our model light curve and tyinqg
is the time at which the optically thick wind
stops. Only the timescale of fy_puming (time
at the end of H-burning) is not a linear but
a non-linear regime. So we can derive rela-
tions among fH_burning» fwind> and 3 (or 12). Once
we determine t; (or t,) of individual novae
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from observations, we may theoretically esti-
mate the duration of a luminous supersoft X-
ray phase by using

X—on = lwind = (26 + 04) Toreak s (6)
1Xoft ~ ti—buming = (0.71 £ 0.1) (forea) >, (7)

tXoff ~ ti—buming = (0.17 £ 0.023) (wina)'~, (8)

f3 13/ fs
= ———=0.26+0.04, 9
Toreak tbreak/ fs ( )
and
t, = (0.6 £ 0.08) 3. (10)

It should be noted that the proportionality of
fwind 1O Tpreak> 1.€., twind/Toreak = 2.6, is a di-
rect result of our scaling law (the universal
decline law), because both fyreax and fying are
during the optically thick wind phase which
is the subject of universal decline law. Then
the fying 18 directly proportional to fyrex- On
the other hand, the turnoff time of hydrogen
shell burning, fH_puming, is nOt proportional to
Toreak OT fwind, because the duration of static hy-
drogen shell burning phase depends on hydro-
gen content X (amount of fuel) of the enve-
lope and WD mass (temperature) in a differ-
ent way from the optically thick wind phase, in
which the decay rate is determined mainly by
wind mass-loss not by hydrogen burning rate.
Therefore, Equations (7) and (8)) are empirical
laws obtained numerically, the power of which
is not 1.0 but approximately 1.5. It is very use-
ful if we can predict tx_on (® twing) and tx—of
(* tH-buming) from 73 time, because f3 is pop-
ular and widely used to define the nova speed
class, that is,

Ix—on * twind = (10.0 + 1.8) 13,
IX—off % tH-buming = (5.3 £ 1.4) (13)".

We have examined 10 classical novae and
showed them in Figure O] i.e., V1974 Cyg,
V382 Vel, V4743 Sgr, V1281 Sco, V597 Pup,
V1494 Aql, V2467 Cyg, V5116 Sgr, V574
Pup, and V458 Vul. In all 10 novae, a super-
soft X-ray phase was detected, so we can check
whether or not our prediction formulae of a su-
persoft X-ray phase work on these novae. They
are reasonably consistent with our prediction
formulae.

1)
12)
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4. Discussion

CHRISTIAN KNIGGE: A question to all
nova modelers. Really there are observa-
tional indications that the WD masses in CVs
are greater than in isolated WDs (Zorotovic,
Schreiber, & Gansicke 2011). But all nova
models suggest that the WD mass slowly de-
creases — so what’s wrong?

IZUMI HACHISU: In low mass WDs (g
0.6 M) shell flashes evolve very slowly (=
10 yr), so it may not look like a classical nova.
Enrichment of heavy elements in classical no-
vae suggest that the WD core material was
dredged up, indicating an erosion of the WD
core.
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