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A B S T R A C T 

Many high-state cataclysmic variables (CVs) exhibit blue-shifted absorption features in their ultraviolet (UV) spectra – a 
smoking-gun signature of outflo ws. Ho we ver, the impact of these outflows on optical spectra remains much more uncertain. 
During its recent outburst, the eclipsing dwarf nova V455 And displayed strong optical emission lines whose cores were narrower 
than expected from a Keplerian disc. Here, we explore whether disc + wind models developed for matching UV observations of 
CVs can also account for these optical spectra. Importantly, V455 And was extremely bright at outburst maximum: the accretion 

rate implied by fitting the optical continuum with a standard disc model is Ṁ acc � 10 

−7 M � yr −1 . Allowing for continuum 

reprocessing in the outflow helps to relax this constraint. A disc wind can also broadly reproduce the optical emission lines, but 
only if the wind is (i) highly mass-loaded, with a mass-loss rate reaching Ṁ wind � 0 . 4 Ṁ acc , and/or (ii) clumpy, with a volume 
filling factor f V � 0 . 1. The same models can describe the spectral evolution across the outburst, simply by lowering Ṁ acc and 

Ṁ wind . Extending these models to lower inclinations and into the UV produces spectra consistent with those observed in face-on 

high-state CVs. We also find, for the first time in simulations of this type, P-Cygni-like absorption features in the Balmer series, 
as have been observed in both CVs and X-ray binaries. Overall, dense disc winds provide a promising framework for explaining 

multiple observational signatures seen in high-state CVs, but theoretical challenges persist. 

Key words: accretion, accretion discs – stars: dwarf novae – nov ae, cataclysmic v ariables – stars: winds, outflows – stars: V455 

Andromedae. 
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 I N T RO D U C T I O N  

ataclysmic variables (CVs) are close binary systems containing a 
rimary accreting white dwarf (WD) and a secondary star that fills
ts Roche lobe (see e.g. Warner 1995 ; Hellier 2001 for a re vie w).
f the WD has a relatively weak magnetic field, the gas transferred
rom the secondary forms an accretion disc around the WD. Dwarf 
ovae (DNe) in outburst and nova-like (NL) variables, collectively 
eferred to as high-state CVs, are subtypes of CVs whose ultraviolet 
UV) – optical continuum is reasonably approximated by the steady 
tandard disc model (Shakura & Sunyaev 1973 ) with an accretion rate
˙
 acc ∼ 10 −8 M � yr 

−1 
. 1 NLs normally stay in a bright state with a high

isc accretion rate, while DNe show recurrent outbursts reflecting a 
udden increase of the accretion rate due to disc instability (see Osaki
996 ; Lasota 2001 ; Hameury 2020 ; Kimura 2020 for re vie ws). In
erms of the basic physical characteristics of the accretion disc, such 
 E-mail: tampo@kusastro.kyoto-u.ac.jp 
 While some literatures, including recently Godon et al. ( 2017 ), have argued 
or departures from a standard disc mode in disc-dominated high state CVs, 
any, if not all, of these discrepancies can be attributed to uncertainties in 

he atmospheres of the disc, see Hubeny & Long ( 2021 ). 
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2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
s the accretion rate ( ∼ 10 −8 M � yr 
−1 

), temperature ( ∼ 10 4 −5 K),
nd radius (a few tens ×R WD where R WD is the WD radius), the discs
n NLs and DN outbursts are thought to be identical to each other. 

As first shown in observations obtained with the International 
ltraviolet Explorer, UV spectra of high-state CVs contain P-Cygni- 

ike profiles of C IV λ1550and other resonance lines (e.g. Heap
t al. 1978 ; Krautter et al. 1981 ; Cordova & Mason 1982 ; La Dous
991 ; Long et al. 1994 ; Prinja & Rosen 1995 ; Knigge et al. 1997 ),
hich is bona-fide evidence for the presence of winds (see Mauche
 Raymond 1997 ; Froning 2005 ; Proga 2005 for re vie ws of CV
inds). By analysing and modelling these UV resonance lines, 

he geometries and kinematics of biconical outflows arising from 

tandard Shakura–Sunyaev discs have been studied. For example, 
igh-inclination systems show narrower line profiles during eclipses 
han away from eclipses. Shlosman, Vitello & Mauche ( 1996 ) and
nigge & Drew ( 1997 ) (and references therein) interpret this as the
ccultation of the inner rapidly rotating disc wind, which rotates 
aster than the outer disc wind considering conservation of angular 
omentum. The P-Cygni profiles of CV winds are slightly different 

rom those of stellar winds; the deepest absorption is located at
2000 km s 

−1 
from the rest wavelength rather than around the bluest

dge. This point suggests a slow acceleration in CV disc winds
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0003-0196-3936
http://orcid.org/0000-0002-1116-2553
http://orcid.org/0000-0002-3493-7737
mailto:tampo@kusastro.kyoto-u.ac.jp
https://creativecommons.org/licenses/by/4.0/


1200 Y . T ampo et al. 

M

(  

o  

m  

1  

&  

t  

w  

h  

l  

1  

a  

a  

n  

N  

a  

w  

o
 

b  

a  

I  

e  

R  

f  

e  

a  

S  

C  

h  

c  

b  

&
 

o  

s  

s  

t  

i  

g  

l  

 

a  

D  

m  

o  

a
 

w  

t  

s  

r  

w  

d  

–  

F

2
P

V  

B
0  

Table 1. The adopted binary parameters for V455 And (this paper) and RW 

Tri ( M15 ). 

V455 And RW Tri 
(this paper) ( M15 ) 

WD mass M WD [M �] 0.8 0.8 
WD radius R WD [cm] 7 × 10 8 7 × 10 8 

WD temperature T WD [K] 40 000 40 000 
Secondary mass M 2 [M �] 0.08 0.6 
Mass ratio ( M 2 / M WD ) q 0.1 0.75 
Orbital period P orb [h] 1.35 5.57 
Inclination i [ ◦] 75 75 
Disc maximum radius R disc [cm] 2 . 2 × 10 10 2 . 4 × 10 10 
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e.g. Drew 1987 ; Mauche & Raymond 1987 ). There is no direct
bservational method to measure the mass-loss rate, but through
odelling the UV spectrum, various authors (Shlosman & Vitello

993 ; Vitello & Shlosman 1993 ; Knigge, Woods & Drew 1995 ; Long
 Knigge 2002 , hereafter LK02 ) have found that the typical ratio of

he wind mass-loss rate to the disc accretion rate is 0.01–0.1. The
ind acceleration mechanism is thought to be line-driving, although
ydrodynamic simulations have failed to achieve the required mass-
oss rates (Pereyra, Kallman & Blondin 1997 ; Proga, Stone & Drew
998 , 1999 ; Higginbottom et al. 2024 ). These calculations assume
 steady disc with Ṁ acc = 10 −9 – 10 −7 M � yr 

−1 
and typically yield

 ratio of the mass-loss rate to the accretion rate of 10 −5 –10 −3 . We
ote that, more recently, P-Cygni profiles have been detected in some
Ls in optical (e.g. Kafka & Honeycutt 2004 ; C ́uneo et al. 2023 )

nd perhaps in X-ray spectra (Balman, Schlegel & Godon 2022 ) as
ell. Ho we ver, optical and X-ray P-Cygni profiles hav e nev er been
bserved in DN outbursts to the best of our knowledge. 
Disc winds have also been invoked to explain the puzzling

ehaviour of the so-called SW Sex-type NLs. These are defined
s eclipsing NLs that exhibit strong single-peaked Balmer and He
I λ4686 emission lines in their optical spectra (e.g. Thorstensen
t al. 1991a ; Thorstensen, Davis & Ringwald 1991b ; Mart ́ınez-Pais,
odr ́ıguez-Gil & Casares 1999 ; Schmidtobreick 2015 ). Since line

ormation in a Keplerian disc viewed at high inclinations cannot
xplain these single-peaked profiles, disc winds offer a promising
lternative interpretation of these peculiar line profiles (Honeycutt,
chlegel & Kaitchuck 1986 ; Hoare 1994 ; Hellier 1996 ; Murray &
hiang 1996 , 1997 ; Ribeiro & Diaz 2008 ; Matthews et al. 2015 ,
ereafter M15 ). We note that other mechanisms, such as an accretion
urtain of the magnetic WD and/or an elongated hotspot, have also
een suggested (Williams 1989 ; Hoard et al. 2003 ; Dhillon, Smith
 Marsh 2013 ). 
Recently, Tampo et al. ( 2022 , hereafter T22 ) presented a series of

ptical spectra of an eclipsing DN V455 And obtained during its 2007
uperoutburst. These exhibited strong, narrow, and (in some cases)
ingle-peaked emission lines at the outburst maximum, similar to
hose in SW Sex-type NLs. These line profiles are hard to understand
f the lines are formed purely in the atmosphere of a standard
eometrically thin accretion disc. It is therefore natural to ask if
ine formation in a disc wind may help to explain these observations.

In this paper, we present the state-of-the-art Monte Carlo ionization
nd radiative transfer simulations of disc winds associated with a
N outburst. Our goal is to determine the degree to which disc wind
odels similar to those previously used to reproduce the UV spectra

f high-state CVs can reproduce the optical spectra of V455 And
round its outburst maximum. 

The remainder of this paper is organized as follows: In Section 2 ,
e first summarize what is known about V445 And and then describe

he spectral features that T22 ascribed to a disc wind during its
uperoutburst. In Section 3 , we provide a brief description of the
adiative transfer code PYTHON as used in this effort. In Section 4 ,
e present the results of our simulations. We discuss the nature of the
isc wind in V455 And and its implication for other high-state CVs
and for the line-driving mechanism more generally – in Section 5 .
inally, in Section 6 , we provide a summary of our main results. 

 T H E  OBSERVATIONA L  DATA  SET  A N D  T H E  

E AK  AC C R E T I O N  R AT E  

455 And is a short-orbital-period ( P orb = 0 . 05630921(1) d; Araujo-
etancor et al. 2005 ; hereafter A05 ) and low-mass-ratio CV ( q ≤
 . 1; A05 ; Kato & Osaki 2013 ). The WD temperature of V455
NRAS 532, 1199–1211 (2024) 
nd in quiescence is consistent with that expected from the time-
veraged accretion rate of 3 × 10 −11 M � yr 

−1 
(Szkody et al. 2013 ).

t underwent the WZ Sge-type DN outburst in 2007 and reached
8.6 mag in optical at its outburst maximum (Kato et al. 2009 ; Kato

015 ). Time-resolved photometry has revealed grazing eclipses both
n quiescence ( A05 ) and during the outburst (Kato et al. 2009 ; Matsui
t al. 2009 ), indicating an inclination i ≈ 75 ◦ ( A05 ). According to the
aia Early Data Release 3, the distance of V455 And is 75.6 + 0 . 3 

−0 . 2 pc
Bailer-Jones et al. 2021 ; Gaia Collaboration 2021 ). Assuming this
istance and the binary parameters of V455 And (see also Table 1 ),
he absolute magnitude at optical maximum, M V � 4.2 mag, implies
 very high disc accretion rate of ∼10 

−7 
M � yr 

−1 
according to the

tandard disc model. 
This accretion rate estimate is interesting, because it lies in the

egion where steady hydrogen burning might take place during
utbursts (c.f. King, Rolfe & Schenker 2003 ). Ho we ver, whether
uclear burning would actually be triggered presumably depends
n factors such as the mass and temperature of the hydrogen-rich
nvelope on the WD (and hence on the time since the last nova
ruption of the source). These issues are beyond the scope of our
nvestigation here, although we will explore some wind models
n which a luminous, soft X-ray emitting boundary layer (BL) is
ncluded, with L BL = L disc (i.e. soft X-ray BL model in high-state
Vs; Pringle 1977 ). That said, if steady burning is, in fact, taking
lace in V455 And during the outburst, the expected soft X-ray and
olometric luminosities could be around two orders of magnitude
igher than even this. A typical optical absolute magnitude of
upersoft X-ray sources in Šimon ( 2003 ) is indeed ≥2 mag brighter
han that of V455 And as well. Unfortunately, the only available UV
r soft X-ray observations were during the outburst decline (Senziani,
kinner & Jean 2008 ; see Section 3.4.3 ), which makes it more
ifficult to constrain the peak accretion rate and X-ray luminosity. 
As we shall see, our own modelling of the continuum also suggests

 high peak accretion rate, although the range of viable values we
nd is wider, 10 −8 M � yr −1 � Ṁ acc � 10 −7 M � yr −1 . The reason
or this is that the wind itself can also contribute significantly to the
ptical continuum flux, by reprocessing high-energy disc emission
o longer wavelengths. 

T22 analysed a set of spectra obtained during its 2007 outburst.
hey argued that the optical spectra of V455 And around the outburst
aximum contained signatures of emission from a disc wind in the

ine profiles. Fig. 1 presents the low-resolution ( R ≈ 1400) spectra
bserved at the Bisei Astronomical Observatory from T22 . The
pectrum around the outburst maximum (on BJD 2454350.04; top
pectra in Fig. 1 ) shows the strong (equivalent width (EW) of H
< −60 Å), broad-based (full width of zero intensity FWZI ≈ 5000

m s 
−1 

), but narrow-peak ed (single-peak ed in H α) emission lines of
almer and He II . Considering the high-inclination nature of V455
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Figure 1. The optical spectra of V455 And during its 2007 superoutburst. The 
top panel shows the flux-calibrated spectra on BJD 2454350.04, 2454356.08, 
and 2454363.03 from upper to lower. The bottom panels represent the 
normalized and zoomed spectra around He II λ4686(left) and H α (right). 
The original data was taken from T22 . 
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nd, these emission lines resemble those in SW Sex-type NLs. The 
ime-resolved spectra did not show any significant changes in radial 
elocities or eclipses over the orbital phases, suggesting that the 
mitting source cannot be related to the hotspot or the irradiated 
econdary star, but most likely originated in the disc wind. These 
pectral features are different from other DNe, especially from WZ 

ge which is thought to share the high-inclination nature with V455 
nd. WZ Sge at its outburst maximum showed the Balmer absorption 

ines and the double-peaked He II λ4686 with the peak separation of
1000 km s 

−1 
, implying the irradiated disc origin for the optical

pectral lines (Baba et al. 2002 ; Kuulkers et al. 2002 ; Nogami &
ijima 2004 ). Moreo v er, the trends of the spectral features in WZ
ge-type DNe, such as line EWs versus inclinations, support this 

dea (see Tampo et al. 2021 and references therein). 
Spectra obtained later during the outburst plateau on BJD 

454356.08 and 2454363.03 (middle and bottom spectra in Fig. 1 )
howed weaker and double-peaked Balmer and He II emission lines. 
he typical peak separations of emission lines on BJD 2454356.08 
nd 2454363.03 were 600 and 900 km s 

−1 
, respectively. At least the

arger of these is compatible with the Keplerian velocity near the 
uter edge of the disc. Of course, this does not necessarily mean that
hese emission lines are formed in the disc. Later, Tovmassian et al.
 2022 ) confirmed these results on V455 And. 

 M O N T E  C A R L O  SIMULATION  O F  

ONIZATION  A N D  R A D I AT I V E  TRANSFER  

n an attempt to model the spectrum of V455 And, we have used
he Monte Carlo ionization and radiative transfer code PYTHON 

2 

 LK02 ). When presented with a kinematic prescription for a biconical 
 PYTHON is a collaborative open-source project available at https://github. 
om/ agnwinds/ python . 

(  

c  

i  

i  
ind arising from the surface of an accretion disc, this code can be
sed to calculate the ionization structure of the wind and then to
imulate the output spectra for comparison to observations. Although 
YTHON was originally developed to simulate the UV spectra of high- 
tate CVs ( LK02 ; Noebauer et al. 2010 ), various impro v ements hav e
ade it possible to also model the optical spectra ( M15 ; Inight et al.

022 ). The code is intended to be fairly general, and PYTHON has
lso been used for simulations of spectra of young-stellar objects 
Sim, Drew & Long 2005 ), X-ray binaries (Koljonen et al. 2023 ),
GN/quasars (Higginbottom et al. 2013 , 2014 ; Matthews et al. 2016 ,
020 ; Matthews, Knigge & Long 2017 ), and tidal disruption events
Parkinson et al. 2020 , 2022 ). 

.1 Calculation scheme 

YTHON consists of three main sections ( LK02 ). The first section is
or reading the user inputs and defining the wind geometry, kinemat-
cs, and simulation grids. After this, the second section, the ionization
alculation, estimates the wind ionization and temperature structure 
y flying the Monte Carlo energy pack ets (‘ r-pack ets’) through the
efined wind geometry. These ionization cycles are iterated until 
he wind structure gets thermally stabilized. In the third and final
ection, the spectrum calculation, the synthetic spectrum is obtained 
y determining the emissivity from each grid cell and correctly 
racking/weighting its contribution to the observed flux for any given 
iewing angle. Our simulation setup has generally followed M15 , 
nless explicitly noted otherwise. 

.2 Binary parameters of V455 And 

or the purposes of our calculations, we have used the binary
arameters listed in Table 1 . V455 And is a typical low-mass-ratio,
hort-orbital-period, and eclipsing WZ Sge-type DN (see Section 2 
nd A05 ; Kato 2015 ). A05 arbitrarily applied the WD mass M WD 

s 0.6 M �, but no dynamical mass estimations have been performed
o far on V455 And. We fixed at M WD = 0 . 8 M � as Tovmassian
t al. ( 2022 ), which is the median value of the WD mass in ordinary
Vs (Zorotovic, Schreiber & G ̈ansicke 2011 ; Pala et al. 2022 ). The
D radius R WD is set as 7 × 10 8 cm, following the standard mass–

adius relation in WDs (Fontaine, Brassard & Bergeron 2001 ). A05
nd Szkody et al. ( 2013 ) reported the WD temperature before and
fter the outburst at around 11 000 K. The lower limit of the WD
emperature is given by this value, but as we model this system in
utburst, the WD temperature should be hotter (Sion 1995 ; Piro,
rras & Bildsten 2005 ). Since the WD contributes very little to the
 v erall emission from the system in the situations we are modelling,
e fixed the WD temperature T WD at 40 000 K, also following
K02 , M15 . The WD temperature of ∼ 40000 K is observed in
Ls (Townsley & G ̈ansicke 2009 ) and expected in DN outbursts

Sion 1995 ). Based on the V455 And nature as a WZ Sge-type DN,
he secondary mass M 2 and the mass ratio q are set as 0.08 M � and
.1, respectively. We assume the tidal truncation radius (Paczynski 
977 ) to be the maximum disc radius R disc . Applying the abo v e WD
ass, orbital period, and mass ratio we get R disc = 2 . 2 × 10 10 cm.
ll the simulated spectra are calculated as the inclination i = 75 ◦

 A05 ) unless otherwise specified. 
The other spectral synthesis calculations of high-state CVs using 

YTHON by LK02 , M15 , Noebauer et al. ( 2010 ), and Inight et al.
 2022 ) assumed typical binary parameters for CVs abo v e the so-
alled period gap (that is, P orb ≥ 3 h and q ≥ 0.3; right column
n Table 1 ). We note that, although M15 originally adopted the
nclination of RW Tri as i = 80 ◦, we here present the results assuming
MNRAS 532, 1199–1211 (2024) 

https://github.com/agnwinds/python
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M

Figure 2. A cartoon showing the geometry and some key parameters of the 
biconical wind model by Shlosman & Vitello ( 1993 ). 
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.3 Disc wind model 

.3.1 Geometry and kinematics 

or this study, we have adopted the prescription for a smooth
iconical outflow first proposed by Shlosman & Vitello ( 1993 ).
his prescription has been used in several previous studies as it is
hysically plausible, relatively flexible, and has a reasonably small
umber of parameters. The basic wind geometry is shown in Fig. 2 .
he winds emanate from a disc between the radii r min and r max , and

ts inner and outer opening angles are θmin and θmax , respectively. The
aunch angle of a wind streamline from a launch radius r 0 (where
 min � r 0 � r max ) is given by 

( r 0 ) = θmin + ( θmax − θmin ) 

(
r 0 − r min 

r max − r min 

)γ

, (1) 

here the exponent γ controls the concentration of the streamlines;
n this work we set γ = 1, corresponding to uniform angular spacing.
he poloidal velocity field v l along the wind streamline from r 0 is
iven by 

 l = v 0 + ( v ∞ 

( r 0 ) − v 0 ) 
( l/R v ) 

α

( l/R v ) 
α + 1 

, (2) 

here v 0 is the launch velocity and v ∞ 

( r 0 ) is the terminal velocity.
 v and α are the acceleration length and the acceleration exponent,
NRAS 532, 1199–1211 (2024) 

Table 2. PYTHON parameters describing the geometry and kinema
The other two models, Models I and II, are optimized to explain th

A 

Parameters LK02 

Disc accretion rate Ṁ acc [M � yr 
−1 

] 1 × 10 −8 

Wind mass-loss rate Ṁ wind [M � yr 
−1 

] 1 × 10 −9 

Acceleration length R v [cm] 7 × 10 10 

Acceleration exponent α 1.5 
Volume filling factor f V 1 

BL luminosity L BL [erg s 
−1 

] –
BL temperature T BL [K] –
espectively, which control the wind acceleration along the stream-
ine. The rotational velocity v φ is determined to conserve the specific
ngular momentum of the initial Keplerian rotation at r 0 around the
rimary WD, such that 

 φ = 

(
GM WD 

r 0 

)1 / 2 
r 0 

r 
. (3) 

e fixed r min = 4 R WD , r max = 12 R WD , θmin = 20 ◦, θmax = 65 ◦,
 0 = 6 km s 

−1 
, and v ∞ 

( r 0 ) = 3 v esc ( r 0 ), where v esc ( r 0 ) is the escape
elocity at r 0 , for all the calculations presented in this article, which
re the same values adopted by Shlosman & Vitello ( 1993 , also see
K02 , M15 ). These parameters hav e relativ ely minor impacts on

he resulting spectra, compared to the parameters we allow to vary:
ccretion rate Ṁ acc , wind mass-loss rate Ṁ wind , volume filling factor
 V , acceleration length R V , and exponent α. 
Here, we present the results of five wind models. Table 2 presents

he summary of the wind parameters. The first three wind models
the reference wind models) are the ones from LK02 , M15 , while
he binary parameters are updated for the ones of V455 And in this
aper (see Table 1 ). Model A was devoted to reproducing the UV
pectrum of Z Cam in LK02 , while Models B and X are more focused
n reproducing the optical spectra of RW Tri ( M15 ). The other two
odels, Models I and II, are introduced in this paper to explain the

bserved spectrum of V455 And around its outburst maximum. As
an be seen in Table 2 , we applied higher disc accretion rates in both
odels I and II than those of the reference models, following the

xpected accretion rate using the binary parameter of V455 And (see
ection 2 ). 
We note that we have calculated an e xtensiv e grid of models

xploring different wind acceleration parameter sets and ratios
f mass-loss to accretion rates assuming the wind mass-loss rate
˙
 wind = 10 −9 M � yr 

−1 
; none of these reproduced the observations. In

ll of our tests, the only part of parameter space capable of reconciling
he simulations with the observations corresponds to models with
ind mass-loss rates Ṁ wind ≈ 10 −8 M � yr 

−1 
. The summary of this

arameter surv e y will be published as a subsequent paper (Tampo et
l., in preparation). 

.3.2 Atomic data 

ollowing Sim et al. ( 2005 ) and M15 , we applied the hybrid approach
o calculate the ionization and excitation state of the atoms; the
acro-atom model for H and He (Lucy 2002 , 2003 ), but the simple

two-level) atom model for other metals. The atomic data are the
ame as the calculations in M15 , which has been adopted from
igginbottom et al. ( 2013 ) for the metals, from Sim et al. ( 2005 )

or H, and from Badnell et al. ( 2005 ) for He. 
tics of the wind. Models A, B X are taken from LK02 , M15 . 
e V455 And spectrum (see Section 4 ). 

Model 
B X I II 

M15 M15 this paper this paper 

1 × 10 −8 1 × 10 −8 5 × 10 −8 1 × 10 −7 

1 × 10 −9 1 × 10 −9 2 × 10 −8 1 × 10 −8 

1 × 10 11 2 × 10 11 7 × 10 10 7 × 10 10 

4 4 1.5 1.5 
1 1 1 0.1 

– – 1 . 1 × 10 35 2 . 2 × 10 35 

– – 10 5 10 5 

ecem
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Disc winds in dwarf novae 1203 

3

W  

o
U  

o  

t
e  

w

c
w
r
(
1  

b  

f  

t
n  

p
s
a

3

A
W  

W  

e  

m
P
s  

s

3

P
d
(  

a
K
s
S

(  

H  

s
l
d  

e
w
r

3

T  

W
R

c

3

3

W  

o  

B
o
a  

d
 

t  

a  

d  

b

2  

i  

w  

t  

r  

o  

o  

o
 

s  

o  

e  

t
o  

s  

o  

s  

t
 

d  

t  

i
a  

t
c  

a  

c  

T  

(
S  

t
F  

(  

r  

t  

i  

p  

B
X  

t  

t  

o

u
L  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/1/1199/7704456 by Southam
pton U

niversity user on 13 D
ecem

ber 2024
.3.3 Clumping of winds 

e also allow the wind to have a clumpy structure. In terms of
bserv ations, v ariable absorption components of P-Cygni profiles in 
V (e.g. Woods, Drew & Verbunt 1990 ; Prinja et al. 2000 ) and in
ptical (Kafka & Honeycutt 2004 ; C ́uneo et al. 2023 ), as well as
ime-variable absorbers detected in X-rays (Saitou et al. 2012 ; Dutta 
t al. 2023 ), suggest the presence of clumpy structures in CV disc
inds. 
PYTHON contains a simple version of clumping, called ‘micro- 

lumping’ (Matthews et al. 2016 ). This microclumping technique 
as originally developed for the modelling of stellar winds to 

eproduce strong emission lines while keeping a low mass-loss rate 
Hamann, Koesterke & Wessolowski 1995 ; Hamann & Koesterke 
998 ; Hillier & Miller 1999 ). In this scheme, the density is enhanced
y the factor D, while the volume filling factor is reduced by
 V = D 

−1 . The clump sizes are assumed to be much smaller than the
ypical photon mean free path and thus the inter-clump medium does 
ot affect the output spectrum. The result of this approach is that any
hysical process linear in density is unaffected, while any processes 
caling the density square (i.e. collisional excitation, recombination) 
re enhanced by a factor of D. 

.4 Sources and sinks of radiation 

s sources of radiation, we consider the accretion disc, primary 
D, and BL. In the models calculated here, we treat the disc and
D as purely reflecting. Our model does not include emissions from

ither the hotspot or the secondary star. This is justified by the low
ass-transfer-rate and low-mass-ratio nature of V455 And. Ho we ver, 

YTHON can calculate an eclipsed spectrum by the Roche-lobe-filling 
econdary star, which requires one to specify the orbital period, P orb ,
econdary mass, M 2 , and the orbital phase φorb . 

.4.1 Accretion disc 

YTHON is capable of calculating the emission from an accretion 
isc as either a multitemperature blackbody standard disc model 
Shakura & Sunyaev 1973 ) or a stellar atmosphere model with the
ppropriate surface gravity and temperature. The disc follows the 
eplerian rotation around the primary WD. When spectra from the 

tellar atmospheres are used, the spectra have been calculated using 
YNSPEC 

3 based on stellar atmospheres obtained from either Kurucz 
 1991 ) ( T eff ≤ 50 000 K) or calculated with TLUSTY ( T eff > 50 000 K;
ubeny & Lanz 1995 ). We break down the disc into multiple annuli

uch that each annulus contributes an equal amount to the bolometric 
uminosity. Following M15 , we use a standard geometrically-thin 
isc with a Shakura & Sunyaev ( 1973 ) temperature profile, with
ach annulus treated as a blackbody for the ionization cycles, but 
ith stellar atmosphere models for the spectral cycles to obtain more 

ealistic spectra. 

.4.2 White dwarf 

he WD is set to be located in the centre of the disc. We include the
D as a blackbody radiation source with temperature T WD and radius 
 WD . In our models, we fixed T WD = 40000 K and R WD = 7 × 10 8 

m (Table 1 ). 
 http:// nova.astro.umd.edu/ Synspec43/ synspec.html 4
.4.3 Boundary layer 

e have included a BL in Models I and II, mainly to account for the
ptical He II lines in the spectra during the outburst plateau phase (on
JD 2454356.08 and 2454363.03; see Section 5.2 ). The formation 
f these lines typically requires an EUV-bright SED component, but 
t these later times, Ṁ acc � 5 × 10 −9 M � yr −1 , and the maximum
isc temperature is ≤ 60000 K. 
The BL in high-state CVs is generally thought to be optically

hick (e.g. Pringle 1977 ; Mauche 2002 ). Therefore, we treat the BL
s a point source of blackbody radiation located at the centre of the
isc with temperature T BL = 10 5 K and luminosity L BL equal to the
olometric luminosity of the accretion disc (see Table 1 ). 
There is only report of X-ray observations obtained during the 

007 outburst (Senziani et al. 2008 = ATel #1372). The BAT
nstrument on Swift detected the system in hard X-rays (14–25 keV),
ith a peak flux corresponding to L 14 −25 keV � 7 × 10 31 erg s −1 at

he Gaia parallax distance. This peak was seen on BJD 2454358,
oughly one week after our first observation, which is the main focus
f our paper. Even this peak hard X-ray luminosity corresponds to
nly � 0.3 per cent of the disc luminosity at the time of our first
bservation. We therefore neglect this component in our modelling. 
V455 And was also detected as a bright (0.77 count s 

−1 
) soft X-ray

ource by the XRT instrument on Swift during the outburst, around
n BJD 2454361, roughly 11 d after our first observation (Senziani
t al. 2008 ). It is therefore interesting to ask if this is compatible with
he boundary layer in our models. Unfortunately, no direct estimate 
f the neutral hydrogen column density along the line of sight to the
ystem, N H , is av ailable. Ho we ver, the nearby distance and the lack
f any obvious interstellar Lyman α absorption in the far -ultra violet
pectra (Araujo-Betancor et al. 2005 ; Szkody et al. 2013 ) suggest
hat N H is low. 

In order to arrive at a quantitative estimate, we note that the
istance of V455 And is almost identical to that of VW Hyi, and
he total Galactic extinction along both lines of sight is also virtually
dentical (corresponding to E B−V � 0 . 095). If we assume that N H 

long both lines of sight is comparable as well, we can adopt
he well-determined column density for VW Hyi ( N H � 6 × 10 17 

m 

−2 
; Polidan, Mauche & Wade 1990 ) as an estimate for V455 And

lso. Using WebPIMMs 4 , we then find that the observed count rate
orresponds to L BL � 2 × 10 35 erg s 

−1 
for our adopted T BL � 10 5 K.

his is in good agreement with our model for the first observation
BJD 2454350), though significantly brighter than we assume in 
ection 5.2 for BJD 2 454 363 near the end of the outburst. Ho we ver,

his inference is subject to significant systematic uncertainties. 
 or e xample, the BL luminosity we assume for BJD 2 454 363
 L BL � 10 33 erg s 

−1 
) becomes consistent with the Swift /XRT count

ate observed on BJD 2 454 361 if the BL temperature is changed
o a still reasonable value of T BL � 2 × 10 5 K. Unfortunately, there
s no soft X-ray or UV information in this ATel during the earlier
art of the outburst to constrain the evolution of the inner disc and
L luminosity. Although the power-law component detected in hard 
-rays can contribute to a part of the soft X-ray flux, as long as

he total EUV/soft X-ray flux from multiple radiation sources is at
he same (or lower) level as the optically thick BL model, simulated
ptical spectra would be similar. 
It should finally be acknowledged that, although there are some 

nambiguous observational examples of optically thick BL (e.g. 
ong et al. 1996 ; Kimura et al. 2023 ), there is still significant debate
MNRAS 532, 1199–1211 (2024) 

 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3pimms/ w3pimms.pl 

http://nova.astro.umd.edu/Synspec43/synspec.html
https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 3. The flux-calibrated spectrum (top panel) and normalized line 
profiles of H α (right-bottom) and He II λ4686(left-bottom). The black lines 
represent the V455 And spectrum around the outburst maximum (BJD 

2454350.04), while the cyan, blue, and purple lines show the simulated results 
of Models A, B, and X, respectively. 
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egarding the existence/properties of BLs in high-state CVs (e.g
ukai 2017 ). We therefore note that including the BL does not make

ny significant difference for the overall output spectra for Models
 and II near outburst maximum. In our models for this epoch, the
isc accretes rapidly enough and is hot enough to produce sufficient
E)UV radiation even without a BL contribution. We note in passing
hat adding such a component may also provide a rough way to allow
or the possibility that the WD in V455 And undergoes steady nuclear
urning near outburst maximum, given the very high accretion rate
mplied by the optical brightness of the source (c.f. Section 2 ). Of
ourse, if the system really becomes a steady-burning supersoft X-
ay source near outburst maximum, the soft X-ray component could
e significantly stronger than in our models. 

 RESU LTS  

n this section, we first compare the observed and synthesized spectra
rom the reference wind models (Models A, B, and X) to check what
espects these models can and cannot explain the observations of
455 And. Then we present the models (Models I and II) tuned to
atch the observations. 

.1 Reference wind models 

n Fig. 3 , we show the simulated spectra from models that use the
ame wind parameters as LK02 , M15 (Models A, B, and X). The
lack lines represent the optical spectrum of V455 And observed on
JD 2454350.04 (i.e. around the outburst maximum). The spectral

esolution of these observations is R ∼ 1400 and the spectrum
resented in this figure is outside of the eclipse ( φorb ≈ 0 . 7). The
op panel shows the o v erall flux-calibrated spectrum and the bottom
anels show the line profile of H α (right) and He II λ4686(right) nor-
alized by the continuum. The coloured lines present the simulated

pectra smoothed to the spectral resolution of the observations (cyan;
odel A, blue; Model B, purple: Model X from M15 ) at D = 75.6 pc,

 = 75 ◦, and φorb = 0 . 5. We note that a bump seen around 4650 Å
 −2500 km s 

−1 
in the bottom left panel) is the C III /N III Bowen blend,

hich is not included in our atomic model. Table 3 summarizes the
bserved and the simulated line fluxes and EWs of H α, H β, and He

I λ4686. 
Although the simulated spectra show the strong emission lines of

almer, He I , and He II , their profiles are not strong enough to explain
he observations. Moreo v er, only Model X reproduces the reasonable
t to the continuum level. We here summarize the four points that

hese reference models do not match with the observations; the
odels show ( 1 ) the weaker emission lines than the observations

oth in terms of line fluxes and EWs (the simulated H α EWs are
 −25 Å while that in the observation is < −60 Å), ( 2 ) the narrow

ine profiles at the base with the FWZI of ≤ 3000 km s 
−1 

compared to
NRAS 532, 1199–1211 (2024) 

Table 3. The observed and simulated line flux and EW of H α, H β, and 
at D = 75.6 pc, i = 75 ◦, and φorb = 0 . 5. Since the EW is defined for abso

H α

EW [ Å] Flux [erg s 
−1 

cm 

−2 
] EW [ Å] 

V455 And −68.1(1.4) 3.85(3) ×10 −11 −25.2(6) 
Model A −15.4(1) 2.36(1) ×10 −12 −2.6(1) 
Model B −19.4(2) 8.55(3) ×10 −12 −9.5(1) 
Model X −20.6(2) 1.31(1) ×10 −11 −10.4(1) 
Model I −67.8(2) 3.18(1) ×10 −11 −17.0(1) 
Model II −80.0(3) 4.83(2) ×10 −11 −21.8(2) 

Note. ∗This value can be contaminated with the Bowen blend and He I λ47
he observations with the FWZI of ≥ 4000 km s 
−1 

, ( 3 ) the smaller line
ux and EW ratios of He II λ4686 o v er H β, and ( 4 ) the double-peaked
mission profiles with a clear central dip. 

In Fig. 4 , we compare the effects of the primary eclipse on the
pectra for different mass ratios. This is ef fecti vely a comparison
etween the spectra expected for CVs with short ( ≤2 h) and long
 ≥3 h) orbital periods. We focus on Model B here, comparing results
or the binary parameters of V455 And (DN: q = 0 . 1 and i = 75 ◦;
agenta) and RW Tri (NL: q = 0 . 75 and i = 75 ◦; green; M15 ; see

ight column in Table 1 ). The solid lines show the line profile at
hase φorb = 0 . 5 (i.e. outside of the eclipse), while the dashed lines
how the line profile at phase φorb = 0 . 0 (i.e. in primary eclipse). By
omparing the solid lines, which stand for the out-of-eclipse epochs,
t is clear that the change of the binary parameter does not have
ny major effect on the line profiles. However, the eclipse has a
reater impact on the line profile in the q = 0 . 75 case due to the
arger size of the secondary star. In the q = 0 . 1 case, the H α EW
ncreases less than 10 per cent between inside and outside of the
clipse, while this increase is ∼ 70 per cent for the q = 0 . 75 case.
n observations, V455 And did not show any strong evidence of
He II λ4686. The orbital parameters of the simulated spectra are set 
rption lines, emission lines give negative EWs. 

H β He II λ4686 

Flux [erg s 
−1 

cm 

−2 
] EW [ Å] Flux [erg s 

−1 
cm 

−2 
] 

2.68(2) ×10 −11 −27 . 0(3) ∗ 5.39(3) ×10 −11 ∗
1.28(3) ×10 −12 −8.1(1) 3.82(3) ×10 −12 

1.05(1) ×10 −11 −10.3(1) 1.34(1) ×10 −11 

1.49(2) ×10 −11 −8.0(1) 1.45(2) ×10 −11 

2.52(1) ×10 −11 −25.2(2) 4.04(2) ×10 −11 

4.11(2) ×10 −11 −31.5(2) 6.47(3) ×10 −11 
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Figure 4. The line profiles of He II λ4686(top) and H α (bottom). The lines 
show the model using the same Model B wind parameters at the same 
inclination of 75 

◦
but using the different binary mass ratio of V455 And 

( q = 0 . 1; magenta) and RW Tri ( q = 0 . 75; green), respectively. The solid 
and dashed lines represent the line profile at orbital phase φorb = 0 . 5 (i.e. out 
of eclipse) and orbital phase φorb = 0 . 0 (i.e. primary eclipse). 
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n eclipse on its line profiles ( T22 ; Tovmassian et al. 2022 ). On
he other hand, the increase of EWs around the primary eclipses is
ommonly observed in the time-resolved spectra of SW Sex-type 
Ls (e.g. Rodr ́ıguez-Gil et al. 2001 ). Therefore, in the disc wind
odel, the different behaviour of the time-resolved spectra around 

he primary eclipses are simply understood as the different sizes of
he secondary star between WZ Sge-type DNe and SW Sex-type 
Ls. Future observations of eclipsing systems with various mass 

atios may benefit understanding the wind structure. 

.2 Custom disc wind models: matching V455 And with dense 
nd/or clumpy outflows 

ere, we present two models (Models I and II; Table 2 ) that
uccessfully reproduced the spectral features of V455 And around 
he outburst maximum. Model I is characterized by its high wind 

ass-loss rate, reaching 40 per cent of the underlying disc accretion 
ate. This mass-loss to accretion rate ratio is remarkably higher than 
he disc wind models applied for UV spectra in other high-state CVs
1–10 per cent; e.g. Vitello & Shlosman 1993 , LK02 ). Model II has a
elatively normal mass-loss rate to accretion rate ratio of 10 per cent,
ut is characterized by the clumpy wind structure with the volume 
lling factor f V = 0.1. Hamann & Koesterke ( 1998 ) noted that the
icroclumping scheme tends to reduce the mass-loss rate required 

o wind-formed lines by a factor of 
√ 

D , which is comparable to the
ifference in the mass-loss to accretion rates ratios between Models I
nd II. Indeed, f V � 0 . 1 is often adopted in stellar winds (e.g. Hillier
 Miller 1999 ). Meanwhile, both in Models I and II, we applied the
ind acceleration law the same as in Model I. 
Fig. 5 presents the simulated spectra of Model I (magenta on the
eft-hand panel) and Model II (red on the right-hand panel), along
ith the observations (black) and Model B (blue) for comparison. 
he spectra of Models I and II show a series of strong emission lines
ssociated with H I and He II , while the He I lines are relatively weak,
s observed. The line fluxes and EWs of the Balmer and He II λ4686
ines in both Models I and II are within a factor of 1.6 from the
bserved values (Table 3 ). The Balmer FWZIs reach ∼ 5000 km s 

−1 
,

s observed, while those of He II λ4686 are ∼ 4000 km s 
−1 

, slightly
arrower than the observed values. We note that the observed FWZI
f He II λ4686 can be affected by the Bowen blend (around 4650 Å)
nd He I λ4713 though. On the other hand, both Models I and II show
at-top emission line profiles rather than the single-peaked profiles 

n the observations. The dips at the line centres of Models I and II
re much shallower than those in Models A, B, and X. 

Fig. 6 shows the kinematic and ionization structure of the wind
f Model I (left) and Model II (right). The ionization parameter
 represents the ratio of the number density of ionizing photons

that is, photons with hν ≥ 13 . 6 eV ) to the local hydrogen density
equation 13 of M15 ). It is calculated based on all of the ionizing
hotons passing through a given cell, although in practice the disc
omponent dominates the luminosity near the H-ionizing threshold. 

Because of the intrinsically increased mass-loss rates, the electron 
ensities of the disc winds in Models I and II are indeed an order of
agnitude higher than those in Models A, B, and X (also see fig. 5

n M15 ). Moreo v er, the gentler acceleration (smaller acceleration 
xponent) in Models I and II than in Model B go v erns the v ertically
hicker dense region below R V , which results in the broader FWZI.
he o v erall result is a larger line-forming region with low ionization
arameters, higher line emissivity, and stronger emission lines in 
erms of both line fluxes and EWs in Models I and II. 

We note in passing that the H α:H β line flux ratio observed in
455 And of 1.44(2) is considerably less than the value of 2.86 for

ecombination in the low-density limit (Osterbrock & Ferland 2006 ) 
see also the right-handed panel of Fig. 8 ). Both the reference models
nd the custom models presented here show also show lower ratios,
.26(1) and 1.18(1) for Models I and II, respectively. These low ratios
r ‘flat Balmer decrements’ are expected, if as is the case, most of
he line flux arises from regions of high density ( � 10 12 cm 

−3 ), as
s discussed for the case of the X-ray binary MAXI J1820 + 070 by
oljonen et al. ( 2023 , see their fig. 9). 
The broad-band angle-averaged spectral energy distributions are 

resented in Fig. 7 for Model I (left) and Model II (right). The
lack lines represent the input spectra composed of the primary 
D, BL, and accretion disc. These input emissions are absorbed 

nd re-emitted through the disc wind and then integrated as the
utput spectra (Model I; magenta, Model II; red). The wind absorbs
hotons efficiently at the Lyman and He II edges (912 and 228 Å,
espectively), and then strongly reprocesses and re-emits in the UV–
ptical wavelengths, especially in recombination lines. 

 DI SCUSSI ON  

.1 The need for a high mass-loss rate and/or a clumpy disc 
ind in V455 And 

ur results show that to explain the observed spectral features of
455 And, achieving a high electron density via either a high wind
ass-loss rate or a clumpy wind structure is crucial. The required
ind mass-loss rate in the V455 And case ( Ṁ wind � 10 −8 M � yr 

−1 
;

odels I and II) is intrinsically an order or more of magnitude higher
han in the reference models and in other literature ( Ṁ wind � 10 −9 
MNRAS 532, 1199–1211 (2024) 
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M

Figure 5. Same figures as Fig. 3 , but for Model I (left-hand panels; magenta) and Model II (right-hand panels; red). 

Figure 6. Wind structure of Model I (left) and Model II (right). The upper -left, upper -right, middle-left, middle-right, lower -left, and lower -right panels show 

the structure of electron number density n e , electron temperature T e , ionization parameter U , poloidal velocity V pol over rotational velocity V rot , H α emissivity 
εH α , and He II λ4686 emissivity εHe II λ4686 , respectively. 

M  

b  

a  

c  

s  

l  

1  

fi
r  

h  

r  

o  

a  

P  

v  

t  

1

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/1/1199/7704456 by Southam
pton U

niversity user on 13 D
ecem

ber 2024
 � yr 
−1 

; Models A, B, and X). This comparatively high Ṁ wind may
e reasonable, at least in a relative sense: as discussed in Sections 2
nd 3 , the accretion rate at outburst maximum in V455 And may be
lose to 10 −7 M � yr 

−1 
(compared to ∼ 10 −8 M � yr 

−1 
in typical high-

tate CVs). Line-driven wind models predict that the wind mass-
oss rate is roughly proportional to the disc accretion rate (Proga
999 and references therein), and in a magneto-centrifugal wind, for
xed properties of the magnetic lever arm, a linear Ṁ wind ∝ Ṁ acc 

elationship is also expected (Pudritz et al. 2007 ). The intrinsically
NRAS 532, 1199–1211 (2024) 
igh accretion rate in V455 And could be due to the low mass-transfer
ate nature of DN outbursts (i.e. Z Cam-type DNe show brighter
utburst maxima than standstills; Stehle, King & Rudge 2001 ), the
dditional angular momentum loss through tidal instability (Lin &
apaloizou 1979 ; Osaki & Meyer 2002 ), and/or a very low disc
iscosity in quiescence in WZ Sge-type DNe, which naturally leads
o higher accretion rates at outburst maximum (Mineshige & Osaki
985 ; Osaki 1995 ). 
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Figure 7. The packet-integrated spectra for all viewing angles of Model I 
(left) and II (right). The black lines represent the total input spectrum (the sum 

of the WD, BL, and disc), while the coloured lines show the output spectra. 
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It therefore seems reasonable that V455 And might have a higher 
ccretion rate and associated mass-loss rate than other high-state 
Vs. Ho we ver, if Model I is closer to the right model for V455 And

n outburst, the magnitude of this mass-loss rate, at 40 per cent
f the accretion rate, represents a big challenge to wind-driving 
echanisms in CVs. Current dynamical simulations of line-driven 
inds in CVs estimate the mass-loss to accretion rate ratio as ≈ 10 −3 

Drew & Proga 2000 ) or even � 10 −5 (Higginbottom et al. 2024 ) if
ore realistic physics is accounted for. Although a clumpy structure 

n winds can reduce the required net wind mass-loss rate (i.e. Model
I; Inight et al. 2022 ), this poses a different theoretical challenge,
ecause neither the degree of clumping nor the clumping mechanism 

s well constrained. 
The wind acceleration parameters, which in reality should be 

inked to the wind driving mechanism, strongly impact the optical 
pectra as seen in the differences between Models A, B, and X (see
lso Shlosman & Vitello 1993 ). M15 (Models B and X) reproduced
he RW Tri spectrum by updating the acceleration parameters ( R V 

nd α) from Model A. In our Models I and II, we instead use the
ame acceleration parameters as Model A, which was originally 
esigned to reproduce the UV spectra of CVs. Thus, while the 
odels adopted for V455 And imply a uniquely high mass-loss 

ate, the underlying wind kinematics and driving mechanisms may 
ot be particularly different from those in other CVs. Other spectral 
ynthesis calculations for high-state CVs using PYTHON adopted 
cceleration parameters α = 1.0–2.2 and R V = 5 × 10 10 –2 × 10 11 

m (Noebauer et al. 2010 ; Inight et al. 2022 ). Moreo v er, Inight et al.
 2022 ) adopted a very low filling factor f V = 0 . 008 to reproduce the
trong optical emission lines in a NL ASAS J071404 + 7004.3. This
omparison proposes a relati vely lo w acceleration exponent (and 
hat this implies about wind acceleration physics) may be common 

o high-state CVs. 
In principle, disc winds may also have a significant impact on the

volution of the underlying binary system. For example, Cannizzo 
 Pudritz ( 1988 ) studied the angular momentum loss through disc
inds assuming a magneto-centrifugal wind. Although the inferred 
ass-loss rate of � 10 

−8 
M � yr 

−1 
in V455 And is 1–2 orders of

agnitude higher than those in previously studied high-state CVs, 
he ratio of the mass-loss rate o v er accretion rate is broadly similar
nce a clumpy wind structure is considered. Thus, provided that most
f the accretion in DNe takes place during outbursts, any impact of
he disc wind on binary evolution is likely to be similar in V455 And
nd other wind-driving CVs. 
.2 Can a decline in accretion and mass-loss rates explain the 
pectral evolution across the outburst? 

n terms of studying accretion physics, the biggest advantage of 
Ne compared to NLs is that DN outbursts are a transient event.
s presented in T22 and Tovmassian et al. ( 2022 ), the emission

ine profiles changed greatly throughout the V455 And outburst. The 
ashed and dotted–dashed lines in Fig. 1 show the spectra of V455
nd on BJD 2454356.08 ( + 6 d from the modelled spectrum) and
JD 2454363.03 ( + 13 d from the modelled spectrum), respectively,

aken from T22 . The enlarged panels show that the single-peaked
 α around the outburst maximum changed dramatically into the 
ouble-peaked and weaker profiles in later epochs. 
To assess whether the decrease of disc accretion and wind mass-

oss rates can explain the observed spectral evolution, we conducted 
dditional simulations designed to approximate the V455 And system 

ecaying from outburst maximum. Although many other parameters 
i.e. disc radius, WD temperature) should change throughout the 
utburst, for simplicity, we fixed all the binary and wind-related 
arameters including the Ṁ wind / Ṁ acc ratio (40 and 10 per cent for
odels I and II, respectively) and the volume filling factors, as well as
 BL = L disc . Hence, the only adjustable parameter was the intrinsic
isc accretion rate. To match the continuum flux level around H α, we
dopted the disc accretion rates of Ṁ acc = 5 × 10 −9 and 5 × 10 −10 

 � yr 
−1 

for the spectra on BJD 2454356.08 and 2454363.03, respec-
ively. In the left-hand panels of Fig. 8 , the magenta (Model I) and
ed (Model II) lines show the simulated spectra for Ṁ acc = 5 × 10 −9 

dashed) and 5 × 10 −10 M � yr 
−1 

(dotted–dashed). The right-hand 
anel of Fig. 8 presents the evolution of the H α and H β line fluxes
f V455 And (black circles), Model I (magenta squares), and Model
I (red triangles). These simulated spectra of Models I and II for BJD
454356.08 reasonably produce the observed Balmer and He II line 
uxes, EWs, and line FWZIs ( ≈ 3000 km s 

−1 
). The peak separations

 ≥1000 km s 
−1 

) tend to be larger than the observations, which was
lso seen in the simulated spectra for those around the outburst
aximum. The simulated spectra for BJD 2454363.03, ho we ver, 

roduced both H α and He II λ4686 emission line with the peak
eparation of ≥ 1500 km s 

−1 
, and have a larger discrepancy from the

bservations in the line fluxes. Therefore, at this epoch, the optically
hin region in the outer disc surface (i.e. disc corona or atmosphere)
ay become a more dominant source of the emission lines, rather

han the disc winds from the inner disc. Proga ( 1999 ) showed the
ind mass-loss rate is proportional to the disc accretion rate abo v e
 few 10 

−9 
M � yr 

−1 
, while it dramatically drops below this critical

ccretion rate. Our calculations also implies that, at an accretion 
ate Ṁ acc � 10 −9 M � yr 

−1 
, disc winds with similar kinematics and

eometry but with a decreasing accretion rate dominate the spectral 
volution in V455 And. 

.3 Could disc winds with high mass-loss rates be present in 

ther high-state cataclysmic variables? 

lthough our primary focus in this article was on reproducing the
455 And optical spectra at the outburst maximum, PYTHON also 

llows us to investigate the simulated spectrum o v er a wider wave-
ength range and at other inclinations. Fig. 9 shows the calculated 
pectra of Models A (green), B (blue), I (magenta), and II (red) in the
V (left-hand panels) and optical (right-hand panels) wavelengths. 
he panels inserted in UV spectra show the normalized spectrum, 
nd those in the optical spectra show the H α and H β profile. 

As in the optical, the UV fluxes of Models I and II are brighter than
hose of Models A and B by a factor of ∼3–5. This is essentially due
MNRAS 532, 1199–1211 (2024) 
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M

Figure 8. Left-hand panel: black dashed and dotted–dashed lines represent the observations on BJD 2454356.08 and 2454363.03, respectively. Magenta and 

red lines are the simulated spectra using wind Model I and Model II assuming the disc accretion rate Ṁ acc = 5 × 10 −9 (dashed) and 5 × 10 −10 M � yr 
−1 

(dotted–dashed). Right-hand panel: the evolution of H α and H β line flux of V455 And (black circles), Model I (magenta squares), and Model II (red triangles). 
The thick solid, dashed, and dotted lines represent the flux ratio of 1, 2, and 3 of H α o v er H β. 
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o the increased disc accretion rate in Models I and II. Ho we ver, the
ormalized spectrum is less sensitive to the change in the continuum.
lthough Models I and II are not optimized for UV spectra, for

xample, the most prominent P-Cygni profiles of C IV λ1550 and N
 λ1240 have a similar shape to each other between Model A and
odels I and II at all the presented inclinations. On the other hand,
 V λ1371 appears to be v ery sensitiv e to the mass-loss rate; Models I

nd II with i = 30 ◦ and 50 ◦ show clear P-Cygni profiles in O V λ1371,
hile Models A and B do not. 
Moreo v er, our simulations predict that if Models I and II were

bserved in lower-inclination systems (e.g. i= 30 
◦

and 50 
◦
), their

 α and H β sho w asymmetric and e ven P-Cygni profiles. This
s the first time that these optical P-Cygni profiles are produced
n simulations of disc wind models with kinematic prescriptions.
ince some NLs are known to show asymmetric and/or P-Cygni
rofiles in H α with variable absorption depths (Kafka & Honeycutt
004 ; Inight et al. 2022 ; C ́uneo et al. 2023 ), this suggests that the
haracteristic disc wind structure of V455 And is not unique, but may
e a common feature, at least in some NLs at some epochs with the
ighest mass-transfer rates (and hence the highest accretion rates).
ne possible explanation for missing these UV and optical trends in
igh-state CVs in previous literature is that, historically, modelling
isc winds in CVs might have been biased to choose lower mass-loss
ate models based on poorly constrained distances and inclinations,
hich is easier to understand both in simulations (e.g. Proga 1999 )

nd in real situations. 
Some X-ray binaries also show P-Cygni and/or asymmetric

ine profiles in optical (Mu ̃ noz-Darias et al. 2016 ; Mata S ́anchez
t al. 2018 ; Mu ̃ noz-Darias et al. 2019 ) and in the UV (Castro
egura et al. 2022 ), which usually implies the existence of
omparati vely cool, lo w-ionization material in outflo ws. Radiation
ressure in all forms (e.g. electron scattering, bound-free, and
ound–bound) may contribute to driving these outflows (Tomaru
t al. 2019 ; Higginbottom et al. 2020 ), but irradiation-powered
NRAS 532, 1199–1211 (2024) 
hermal e xpansion (e.g. Be gelman, McKee & Shields 1983 ; Woods
t al. 1996 ) and/or magnetic/centrifugal forces (e.g. Blandford &
ayne 1982 ) is likely to be the dominant driving mechanisms. Castro
egura et al. ( 2022 ) and soon after Mu ̃ noz-Darias & Ponti ( 2022 )
iscuss the co-existence of multiphase wind structure based on
he simultaneous detection of wind-originated features at different
avelengths. Our simulated spectra for V455 And (Fig. 9 ) support

his idea by showing that UV and optical wind features can be
aturally formed in different parts of a single continuous outflow
ith a stratified thermal and ionization state. 

 SUMMARY  

e have presented spectral synthesis calculations of disc winds
n high-state CVs using the Monte Carlo ionization and radiative
ransfer simulation code PYTHON . Our primary aim is to test whether
isc + wind models can account for the observed spectra of the
Z Sge-type DN V455 And near outburst maximum. These spectra

isplayed a blue continuum punctuated by strong, broad-based, and
arrow-peaked emission lines of the Balmer and He II series. These
ine profiles are inconsistent with emission from a rotating accretion
isc. If current estimates of the distance and inclination are correct,
445 And is very luminous at outburst maximum for a dwarf nova. If

he continuum emission arises from a steady state disc, an accretion
ccretion rate of Ṁ acc ≈ 10 −7 M � yr 

−1 
is required. Our primary

esults from modelling these features as arising in a disc wind can
e summarized as follows: 

(i) To explain the spectral features of V455 And, our disc wind
odels require a wind mass-loss rate Ṁ wind ≈ 10 −8 M � yr 

−1 
, and

ither (1) a high wind mass-loss to disc accretion rate ratio reaching
0 per cent, and/or (2) a clumpy wind structure with similar volume
lling factors as in stellar winds. Such models feature larger line-
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Figure 9. The simulated spectra of Model A (green), B (blue), I (magenta), and II (red) in UV (left) and optical (right) wavelength. The assumed inclinations 
are 30 

◦
, 50 

◦
, and 75 

◦
from upper to lower panels. The panels inserted in the UV and optical panels show the normalized UV spectra, and the H α and H β

profiles, respectively. Vertical dashed lines represent the rest wavelengths of Ly α, O V λ1371, C IV λ1550, He II λ1640, He II λ3202, He II λ4686, and H α from 

left to right. 
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orming regions with high electron densities and produce relatively 
trong emission lines, as observed. 

(ii) The estimated wind mass-loss rate in V455 And is 1–2 orders
f magnitude higher than the previous CV wind models. By consid- 
ring a clumpy wind structure, a wind mass-loss to disc accretion rate
atio can be reduced to 10 per cent. This high mass-loss rate is likely
ttributed to the high accretion rate of V455 And at its outburst
aximum. On the other hand, the wind acceleration parameters, 
hich should be associated with the wind driving mechanism, are 

airly similar to those used to model disc winds in other CVs. 
(iii) We also calculated wind models assuming the same kine- 
atics but decreased mass-loss and accretion rates. These models 

eproduce the observed spectra during the decay phase reasonably 
ell, especially in terms of the line fluxes and EWs of the Balmer
nd He II lines. Therefore, the disc wind is likely the dominant factor
xplaining not only the spectra around the outburst maximum but 
lso the o v erall spectral evolution in V455 And. 

(iv) We also presented simulated spectra for lower-inclination 
ases. Although the UV continuum fluxes in the V455 And wind
odels are a factor of 3–5 brighter than previous CV wind models,

he normalized spectra and P-Cygni profiles in UV wavelengths are 
uch less sensitive to the mass-loss rate than the continuum. The
almer lines in these spectra show asymmetric and even P-Cygni 
rofiles, which have been observed in some (but not all) NLs. These
oints suggest that previous wind models might have been biased 
o wards lo wer wind mass-loss rates and that winds similar to that in
MNRAS 532, 1199–1211 (2024) 
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455 And may be present in some NLs and possibly in some X-ray
inaries with clear wind features. 

C K N OW L E D G E M E N T S  

T acknowledges support from the Japan Society for the Promotion
f Science (JSPS) KAKENHI Grant Number 21J22351 and the JSPS
verseas Challenge Program for Young Researchers. Partial support

or KSL’s effort on the project was provided by NASA through grant
umbers HST-GO-16489 and HST-GO-16659 and from the Space
elescope Science Institute, which is operated by AURA, Inc., under
 ASA contract N AS 5–26555. The authors also thank Stuart A. Sim,
icolas Scepi, and Austen Wallis for their valuable discussion. A part
f calculations in this work made use of the Iridis 5 Supercomputer
t the University of Southampton. 

ATA  AVA ILA BILITY  

he PYTHON codes used to perform these simulations are available
rom the sites https:// github.com/agnwinds/ python . The data files
sed to generate the figures presented here are available upon request.

E FEREN C ES  

raujo-Betancor S. et al., 2005, A&A , 430, 629 
aba H. et al., 2002, PASJ , 54, L7 
adnell N. R. , Bautista M. A., Butler K., Delahaye F., Mendoza C., Palmeri

P., Zeippen C. J., Seaton M. J., 2005, MNRAS , 360, 458 
ailer-Jones C. A. L. , Rybizki J., Fouesneau M., Demleitner M., Andrae R.,

2021, AJ , 161, 147 
alman S ¸ . , Schlegel E. M., Godon P., 2022, ApJ , 932, 33 
egelman M. C. , McKee C. F., Shields G. A., 1983, ApJ , 271, 70 
landford R. D. , Payne D. G., 1982, MNRAS , 199, 883 
annizzo J. K. , Pudritz R. E., 1988, ApJ , 327, 840 
astro Segura N. et al., 2022, Nature , 603, 52 
ordova F. A. , Mason K. O., 1982, ApJ , 260, 716 
 ́uneo V. A. et al., 2023, A&A , 679, A85 
hillon V. S. , Smith D. A., Marsh T. R., 2013, MNRAS , 428, 3559 
rew J. E. , 1987, MNRAS , 224, 595 
rew J. E. , Proga D., 2000, New Astron. Rev. , 44, 21 
utta A. , Rana V., Mukai K., de Oliveira R. L., 2023, ApJ , 957, 33 
ontaine G. , Brassard P., Bergeron P., 2001, PASP , 113, 409 
roning C. S. , 2005, in Hameury J. M., Lasota J. P.eds, ASP Conf. Ser. Vol.

330, The Astrophysics of Cataclysmic Variables and Related Objects.
Astron. Soc. Pac., San Francisco, p. 81 

aia Collaboration , 2021, A&A , 649, A1 
odon P. , Sion E. M., Balman S ¸ ., Blair W. P., 2017, ApJ , 846, 52 
amann W. R. , Koesterke L., 1998, A&A, 335, 1003 
amann W. R. , Koesterke L., Wessolowski U., 1995, A&A, 299, 151 
ameury J. M. , 2020, Adv. Space Res. , 66, 1004 
eap S. R. et al., 1978, Nature , 275, 385 
ellier C. , 1996, ApJ , 471, 949 
ellier C. , 2001, Cataclysmic Variable Stars. Springer, Berlin 
igginbottom N. , Knigge C., Long K. S., Sim S. A., Matthews J. H., 2013,

MNRAS , 436, 1390 
igginbottom N. , Proga D., Knigge C., Long K. S., Matthews J. H., Sim S.

A., 2014, ApJ , 789, 19 
igginbottom N. , Knigge C., Sim S. A., Long K. S., Matthews J. H., Hewitt

H. A., Parkinson E. J., Mangham S. W., 2020, MNRAS , 492, 5271 
igginbottom N. , Scepi N., Knigge C., Long K. S., Matthews J. H., Sim S.

A., 2024, MNRAS , 527, 9236 
illier D. J. , Miller D. L., 1999, ApJ , 519, 354 
oard D. W. , Szkody P., Froning C. S., Long K. S., Knigge C., 2003, AJ ,

126, 2473 
oare M. G. , 1994, MNRAS , 267, 153 
NRAS 532, 1199–1211 (2024) 
oneycutt R. K. , Schlegel E. M., Kaitchuck R. H., 1986, ApJ , 302, 388 
ubeny I. , Lanz T., 1995, ApJ , 439, 875 
ubeny I. , Long K. S., 2021, MNRAS , 503, 5534 

night K. et al., 2022, MNRAS , 510, 3605 
afka S. , Honeycutt R. K., 2004, AJ , 128, 2420 
ato T. , 2015, PASJ , 67, 108 
ato T. , Osaki Y., 2013, PASJ , 65, 115 
ato T. et al., 2009, PASJ , 61, S395 
imura M. , 2020, Observ ational and Theoretical Studies on Dwarf-nov a

Outbursts, Springer Thesis, 1 edn, Springer, Singapore 
imura M. , Kashiyama K., Shigeyama T., Tampo Y., Yamada S., Enoto T.,

2023, ApJ , 951, 124 
ing A. R. , Rolfe D. J., Schenker K., 2003, MNRAS , 341, L35 
nigge C. , Drew J. E., 1997, ApJ , 486, 445 
nigge C. , Woods J. A., Drew J. E., 1995, MNRAS , 273, 225 
nigge C. , Long K. S., Blair W. P., Wade R. A., 1997, ApJ , 476, 291 
oljonen K. I. I. , Long K. S., Matthews J. H., Knigge C., 2023, MNRAS ,

521, 4190 
rautter J. , Klare G., Wolf B., Duerbeck H. W., Rahe J., Vogt N., Wargau W.,

1981, A&A, 102, 337 
urucz R. L. , 1991, in Crivellari L., Hubeny I., Hummer D. G.eds, NATO

Advanced Study Institute (ASI) Series C, Vol. 341, Stellar Atmospheres—
Beyond Classical Models. D. Reidel Publishing Co., Dordrecht, p. 441 

uulkers E. , Knigge C., Steeghs D., Wheatley P. J., Long K. S., 2002, in
G ̈ansicke B. T., Beuermann K., Reinsch K.eds, ASP Conf. Ser. Vol. 261,
The Physics of Cataclysmic Variables and Related Objects. Astron. Soc.
Pac., San Francisco, p. 443 

a Dous C. , 1991, A&A, 252, 100 
asota J.-P. , 2001, New Astron. Rev. , 45, 449 
in D. N. C. , Papaloizou J., 1979, MNRAS , 186, 799 
ong K. S. , Knigge C., 2002, ApJ , 579, 725 
ong K. S. , Wade R. A., Blair W. P., Davidsen A. F., Hubeny I., 1994, ApJ ,

426, 704 
ong K. S. , Mauche C. W., Raymond J. C., Szkody P., Mattei J. A., 1996,

ApJ , 469, 841 
ucy L. B. , 2002, A&A , 384, 725 
ucy L. B. , 2003, A&A , 403, 261 
art ́ınez-Pais I. G. , Rodr ́ıguez-Gil P., Casares J., 1999, MNRAS , 305, 661 
ata S ́anchez D. et al., 2018, MNRAS , 481, 2646 
atsui R. et al., 2009, PASJ , 61, 1081 
atthews J. H. , Knigge C., Long K. S., Sim S. A., Higginbottom N., 2015,

MNRAS , 450, 3331 
atthews J. H. , Knigge C., Long K. S., Sim S. A., Higginbottom N.,

Mangham S. W., 2016, MNRAS , 458, 293 
atthews J. H. , Knigge C., Long K. S., 2017, MNRAS , 467, 2571 
atthews J. H. , Knigge C., Higginbottom N., Long K. S., Sim S. A.,

Mangham S. W., Parkinson E. J., Hewitt H. A., 2020, MNRAS , 492,
5540 

auche C. W. , 2002, in Howell S. B., Dupuis J., Golombek D., Walter F.
M., Cullison J.eds, ASP Conf. Ser. Vol. 264, Continuing the Challenge of
EUV Astronomy: Current Analysis and Prospects for the Future. Astron.
Soc. Pac., San Francisco, p. 75 

auche C. W. , Raymond J. C., 1987, ApJ , 323, 690 
auche C. W. , Raymond J. C., 1997, in Jokipii J.R., Sonett C.P., Giampapa

M.S., eds, Cosmic Winds and the Heliosphere. University of Arizona,
Tucson, p. 111 

ineshige S. , Osaki Y., 1985, PASJ, 37, 1 
u ̃ noz-Darias T. , Ponti G., 2022, A&A , 664, A104 
u ̃ noz-Darias T. et al., 2016, Nature , 534, 75 
u ̃ noz-Darias T. et al., 2019, ApJ , 879, L4 
ukai K. , 2017, PASP , 129, 062001 
urray N. , Chiang J., 1996, Nature , 382, 789 
urray N. , Chiang J., 1997, ApJ , 474, 91 
oebauer U. M. , Long K. S., Sim S. A., Knigge C., 2010, ApJ , 719,

1932 
ogami D. , Iijima T., 2004, PASJ , 56, S163 
saki Y. , 1995, PASJ, 47, 47 
saki Y. , 1996, PASP , 108, 39 

https://github.com/agnwinds/python
http://dx.doi.org/10.1051/0004-6361:20041736
http://dx.doi.org/10.1093/pasj/54.1.L7
http://dx.doi.org/10.1111/j.1365-2966.2005.08991.x
http://dx.doi.org/10.3847/1538-3881/abd806
http://dx.doi.org/10.3847/1538-4357/ac6616
http://dx.doi.org/10.1086/161178
http://dx.doi.org/10.1093/mnras/199.4.883
http://dx.doi.org/10.1086/166241
http://dx.doi.org/10.1038/s41586-021-04324-2
http://dx.doi.org/10.1086/160291
http://dx.doi.org/10.1051/0004-6361/202347265
http://dx.doi.org/10.1093/mnras/sts294
http://dx.doi.org/10.1093/mnras/224.3.595
http://dx.doi.org/10.1016/S1387-6473(00)00007-5
http://dx.doi.org/10.3847/1538-4357/acf838
http://dx.doi.org/10.1086/319535
http://dx.doi.org/10.1051/0004-6361/202039657
http://dx.doi.org/10.3847/1538-4357/aa7f71
http://dx.doi.org/10.1016/j.asr.2019.10.022
http://dx.doi.org/10.1038/275385a0
http://dx.doi.org/10.1086/178021
http://dx.doi.org/10.1093/mnras/stt1658
http://dx.doi.org/10.1088/0004-637X/789/1/19
http://dx.doi.org/10.1093/mnras/staa209
http://dx.doi.org/10.1093/mnras/stad3830
http://dx.doi.org/10.1086/307339
http://dx.doi.org/10.1086/378605
http://dx.doi.org/10.1093/mnras/267.1.153
http://dx.doi.org/10.1086/163997
http://dx.doi.org/10.1086/175226
http://dx.doi.org/10.1093/mnras/stab830
http://dx.doi.org/10.1093/mnras/stab3662
http://dx.doi.org/10.1086/424618
http://dx.doi.org/10.1093/pasj/psv077
http://dx.doi.org/10.1093/pasj/65.6.115
http://dx.doi.org/10.1093/pasj/61.sp2.S395
http://dx.doi.org/10.3847/1538-4357/acd933
http://dx.doi.org/10.1046/j.1365-8711.2003.06639.x
http://dx.doi.org/10.1086/304519
http://dx.doi.org/10.1093/mnras/273.2.225
http://dx.doi.org/10.1086/303607
http://dx.doi.org/10.1093/mnras/stad809
http://dx.doi.org/10.1016/S1387-6473(01)00112-9
http://dx.doi.org/10.1093/mnras/186.4.799
http://dx.doi.org/10.1086/342879
http://dx.doi.org/10.1086/174107
http://dx.doi.org/10.1086/177832
http://dx.doi.org/10.1051/0004-6361:20011756
http://dx.doi.org/10.1051/0004-6361:20030357
http://dx.doi.org/10.1046/j.1365-8711.1999.02483.x
http://dx.doi.org/10.1093/mnras/sty2402
http://dx.doi.org/10.1093/pasj/61.5.1081
http://dx.doi.org/10.1093/mnras/stv867
http://dx.doi.org/10.1093/mnras/stw323
http://dx.doi.org/10.1093/mnras/stx231
http://dx.doi.org/10.1093/mnras/staa136
http://dx.doi.org/10.1086/165865
http://dx.doi.org/10.1051/0004-6361/202243769
http://dx.doi.org/10.1038/nature17446
http://dx.doi.org/10.3847/2041-8213/ab2768
http://dx.doi.org/10.1088/1538-3873/aa6736
http://dx.doi.org/10.1038/382789a0
http://dx.doi.org/10.1086/303443
http://dx.doi.org/10.1088/0004-637X/719/2/1932
http://dx.doi.org/10.1093/pasj/56.sp1.S163
http://dx.doi.org/10.1086/133689


Disc winds in dwarf novae 1211 

O
O  

P
P
P  

P  

P
P
P
P
P
P  

P
P  

P
P
P  

 

R
R  

S
S  

S
S
S
S
S
S
S
S
S
T
T
T  

T
T  

T  

T
V
W

W
W
W  

Z

T

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/1
saki Y. , Meyer F., 2002, A&A , 383, 574 
sterbrock D. E. , Ferland G. J., 2006, Astrophysics of Gaseous Nebulae and

Active Galactic Nuclei. University Science Books 
aczynski B. , 1977, ApJ , 216, 822 
ala A. F. et al., 2022, MNRAS , 510, 6110 
arkinson E. J. , Knigge C., Long K. S., Matthews J. H., Higginbottom N.,

Sim S. A., Hewitt H. A., 2020, MNRAS , 494, 4914 
arkinson E. J. , Knigge C., Matthews J. H., Long K. S., Higginbottom N.,

Sim S. A., Mangham S. W., 2022, MNRAS , 510, 5426 
ereyra N. A. , Kallman T. R., Blondin J. M., 1997, ApJ , 477, 368 
iro A. L. , Arras P., Bildsten L., 2005, ApJ , 628, 401 
olidan R. S. , Mauche C. W., Wade R. A., 1990, ApJ , 356, 211 
ringle J. E. , 1977, MNRAS , 178, 195 
rinja R. K. , Rosen R., 1995, MNRAS , 273, 461 
rinja R. K. , Ringwald F . A., W ade R. A., Knigge C., 2000, MNRAS , 312,

316 
roga D. , 1999, MNRAS , 304, 938 
roga D. , 2005, in Hameury J. M., Lasota J. P.eds, ASP Conf. Ser. Vol. 330,

The Astrophysics of Cataclysmic Variables and Related Objects. Astron. 
Soc. Pac., San Francisco, p. 103 

roga D. , Stone J. M., Drew J. E., 1998, MNRAS , 295, 595 
roga D. , Stone J. M., Drew J. E., 1999, MNRAS , 310, 476 
udritz R. E. , Ouyed R., Fendt C., Brandenburg A., 2007, in Reipurth B.,

Je witt D., K eil K.eds, Protostars and Planets V. Uni versity of Arizona
Press, Tucson, p. 277 

ibeiro F. M. A. , Diaz M. P., 2008, PASJ , 60, 327 
odr ́ıguez-Gil P. , Mart ́ınez-Pais I. G., Casares J., Villada M., van Zyl L.,

2001, MNRAS , 328, 903 
aitou K. , Tsujimoto M., Ebisawa K., Ishida M., 2012, PASJ , 64, 88 
chmidtobreick L. , 2015, in Proceedings of Science, The Golden Age of Cat-

aclysmic Variables and Related Objects—III (Golden2015). Proceedings 
of Science, Trieste, p. 34 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
enziani F. , Skinner G., Jean P., 2008, Astron. Telegram, 1372, 1 
hakura N. I. , Sunyaev R. A., 1973, A&A, 500, 33 
hlosman I. , Vitello P., 1993, ApJ , 409, 372 
hlosman I. , Vitello P., Mauche C. W., 1996, ApJ , 461, 377 
im S. A. , Drew J. E., Long K. S., 2005, MNRAS , 363, 615 
ion E. M. , 1995, ApJ , 438, 876 

ˇ imon V. , 2003, A&A , 406, 613 
tehle R. , King A., Rudge C., 2001, MNRAS , 323, 584 
zkody P. et al., 2013, ApJ , 775, 66 
ampo Y. et al., 2021, PASJ , 73, 753 
ampo Y. et al., 2022, PASJ , 74, 460 
horstensen J. R. , Ringwald F . A., W ade R. A., Schmidt G. D., Norsworthy

J. E., 1991a, AJ , 102, 272 
horstensen J. R. , Davis M. K., Ringwald F. A., 1991b, AJ , 102, 683 
omaru R. , Done C., Ohsuga K., Nomura M., Takahashi T., 2019, MNRAS ,

490, 3098 
ovmassian G. , G ̈ansicke B. T., Eche v arria J., Zharikov S., Ramirez A., 2022,

ApJ , 939, 14 
ownsley D. M. , G ̈ansicke B. T., 2009, ApJ , 693, 1007 
itello P. , Shlosman I., 1993, ApJ , 410, 815 
arner B. , 1995, Cataclysmic Variable Stars. Cambridge Univ. Press, 

Cambridge 
illiams R. E. , 1989, AJ , 97, 1752 
oods A. J. , Drew J. E., Verbunt F., 1990, MNRAS, 245, 323 
oods D. T. , Klein R. I., Castor J. I., McKee C. F., Bell J. B., 1996, ApJ ,

461, 767 
orotovic M. , Schreiber M. R., G ̈ansicke B. T., 2011, A&A , 536, A42 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 532, 1199–1211 (2024) 

 Access article distributed under the terms of the Creative Commons Attribution License 
roduction in any medium, provided the original work is properly cited. 

/1199/7704456 by Southam
pton U

niversity user on 13 D
ecem

ber 2024

http://dx.doi.org/10.1051/0004-6361:20011744
http://dx.doi.org/10.1086/155526
http://dx.doi.org/10.1093/mnras/stab3449
http://dx.doi.org/10.1093/mnras/staa1060
http://dx.doi.org/10.1093/mnras/stac027
http://dx.doi.org/10.1086/303671
http://dx.doi.org/10.1086/430588
http://dx.doi.org/10.1086/168831
http://dx.doi.org/10.1093/mnras/178.2.195
http://dx.doi.org/10.1093/mnras/273.2.461
http://dx.doi.org/10.1046/j.1365-8711.2000.03111.x
http://dx.doi.org/10.1046/j.1365-8711.1999.02408.x
http://dx.doi.org/10.1046/j.1365-8711.1998.01337.x
http://dx.doi.org/10.1046/j.1365-8711.1999.02935.x
http://dx.doi.org/10.1093/pasj/60.2.327
http://dx.doi.org/10.1046/j.1365-8711.2001.04965.x
http://dx.doi.org/10.1093/pasj/64.4.88
http://dx.doi.org/10.1086/172670
http://dx.doi.org/10.1086/177066
http://dx.doi.org/10.1111/j.1365-2966.2005.09472.x
http://dx.doi.org/10.1086/175129
http://dx.doi.org/10.1051/0004-6361:20030655
http://dx.doi.org/10.1046/j.1365-8711.2001.04223.x
http://dx.doi.org/10.1088/0004-637X/775/1/66
http://dx.doi.org/10.1093/pasj/psab036
http://dx.doi.org/10.1093/pasj/psac007
http://dx.doi.org/10.1086/115874
http://dx.doi.org/10.1086/115902
http://dx.doi.org/10.1093/mnras/stz2738
http://dx.doi.org/10.3847/1538-4357/ac930a
http://dx.doi.org/10.1088/0004-637X/693/1/1007
http://dx.doi.org/10.1086/172799
http://dx.doi.org/10.1086/115115
http://dx.doi.org/10.1086/177101
http://dx.doi.org/10.1051/0004-6361/201116626
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 THE OBSERVATIONAL DATA SET AND THE PEAK ACCRETION RATE
	3 MONTE CARLO SIMULATION OF IONIZATION AND RADIATIVE TRANSFER
	4 RESULTS
	5 DISCUSSION
	6 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

