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We study the vertical structure of a thin a—disk [1] in a Type Ia supernova (SN Ia) progenitor system. Accurate
equation of state and opacity of solar composition material are used. The results show pronounced features in the
disk structure in the regions of ionization and molecule dissociation. We analyze the mass distribution in the disk,
aiming to find the system parameters at which this mass distribution could explain the high velocity features (HVF)
in SN Ia spectra [2]. We conclude that accretion disks are unlikely candidates for explaining the HVF.

PACS: 97.10.Gz, 97.60.Bw, 95.30.Lz, 44.40.4a, 44.25.+f, 42.25.Bs, 05.70.Ce, 05.20.-y, 02.70.Bf, 02.60.Lj

1. INTRODUCTION

Disk structures are ubiquitous in the Universe. They
are formed when gas is drifted by gravitational force
to the center of attraction, in the process decreas-
ing its angular momentum by transporting it to the
gas layers farther from the center via some viscosity
mechanism. What is loosely called “gas” may in real-
ity be plasma, it may contain solid particles, depend-
ing on the specific situation. Viscosity is believed to
be turbulent/convective eddy viscosity, it may have
magnetic origin; microscopic molecular viscosity is
negligible to play any role. The heat being released
by the viscosity, as well as other heat sources like irra-
diation by the central object, hot inner regions of the
disk, other objects in the disk environment, is trans-
ferred to the disk surface and radiated into space.
The heat production in the disk normally leads to the
gas temperature increasing towards the disk equato-
rial plane; thermal pressure of the gas supports the
gas vertical distribution (in z—direction, along the
average gas momentum vector, perpendicular to the
disk plane of symmetry), prevents it from collapsing
to the equatorial plane.

Various phenomena in the disks, instabilities of
the disks in their environment lead to intricate struc-
ture formation (galaxies, protoplanetary disks). Ra-
diation from various disk regions is observed by as-
tronomers, from subtle spectral features due to rela-
tively dim protostellar and circumstellar disks, to ac-
tive galactic nuclei and quasars, the brightest objects
in the Universe, which are powered by accretion.

Different approximations are used for modeling
different types of disk systems, or even different re-
gions within the same disk, as certain effects impor-
tant in one regime (e.g. radiation pressure, radial
thermal energy advection, magnetic fields, disk self-
gravity, irradiation by the nearby bright sources) are
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not important in the other ones. In this paper we
study vertical structure of circumstellar disks, with
parameters typical of the progenitor of type Ia su-
pernova (SN Ia) system. Our interest is twofold:

1. Analyzing the role of accretion discs (AD) in
high-velocity features (HVF) in the spectra of SN Ia,
now considered ubiquitous [3,4]. HVF are absorption
lines in the spectrum, in particular Call infrared (IR)
triplet near 800 nm, seen blueshifted at velocities
~ 17000... 29000 kms~* (up to 40000 in SN 1994D),
higher than the expansion velocity of the photosphere
of the SN Ia ejecta. HVF are observed before, and
up to ~a week after SN Ta maximum light, then they
fade. Several explanations were proposed for this fea-
ture. One generic model [2] not requiring Ca over-
production or any modifications to the now standard
SN Ta scenarios is that these high-velocity lines are
produced in a shell formed from circumstellar mater-
ial (CSM) and outermost SN Ia ejecta as the former
is overrun by the latter. The circumstellar material
is assumed of standard solar composition.

This model was successfully tested by several
groups against observations. It requires substantial
mass of the shell: 5... 7 x 1073M, for SN 2005cg [4],
~ 0.02Mg, for SN 2003du [2], 0.1Mg for SN 1999ee
[5], 0.2M¢ for SN 2005hj [6]. Large fraction of this
mass originates from the CSM located in the vicinity
of the SN Ia center, at distances < 1.5 x 10'% cm (for
SN 2003du [2], from HVF timing considerations).

According to a single-degenerate scenario, SN Ia
is a result of a thermonuclear explosion of a WD [7]
that reached nearly Chandrasekhar mass (Mcp ~
1.38Mg) by accreting mass from a companion star,
through Roche lobe overflow. Accretion disk (AD) is
thus a natural candidate for the nearby mass.

2. In our simulations we use real equation of state
(EOS) and opacities of solar composition gas [8-10],
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as the estimates of the disc mass found in the lit-
erature differ significantly, likely depending on the
approximations used. As a result we are able to ob-
serve interesting features of the disk structure, in par-
ticular in the regions where Hs molecules dissociate,
where H and He ionize. While we only present our re-
sults for the specific value of the central object mass
(1.37 Mg, slightly under-Chandrasekhar WD) and a
range of accretion rates relevant for SN Ia, similar
features are observed for other disk parameters, and
may have observational consequences. We integrate
the structure equations to radii smaller than the WD
radius (and a larger envelope around it formed as a
result of accreted fuel burning on the WD surface) to
spot all these features.

2. THEORY AND NUMERICAL METHOD

Circumstellar disks around compact objects with rel-
atively low accretion rates are described by a thin
a—disk model [1]. Parameter « defines effective kine-
matic viscosity coefficient, v = acsH, where ¢, is the
sound speed in the disk material, H is a characteris-
tic scale height of the disk. This prescription assumes
that characteristic turbulent velocity is acg, and char-
acteristic turbulent eddy size is of order H. In orig-
inal formulation [1] the vertical structure of AD (i.e.
distribution of density p, pressure P, temperature T,
heat flux F, etc. along vertical z—direction) was not
studied in detail. Rough estimate H = c¢;/Q) was
made, where 2 is the Keplerian angular velocity at a
given radius r in the disk. We use prescription

23 \'/* p
v=c¢ ( a M) p {1 +
from [11] for direct comparison of the results. The
square brackets here seem to take into account scale
height (the height above the given point at which
pressure changes by a factor of e) decreasing with z,
due to increasing g, = GMz/(r? 4+ 22)3/2, the verti-
cal component of gravity of the central object (nearly-
Chandrasekhar WD in our study, M = 1.37TMg). We
used this prescription verbatim, albeit keeping these
brackets is inconsistent with the thin disk approxi-
mation used, which neglects other effects ~ (z/r)2.
It is claimed in [11] that relating € to « as
a = 3-271/2¢ yields description equivalent to original
a—model near the disk equatorial plane. We could
not reproduce that estimate; instead we get € = « if
H is defined as a scaleheight at z = 0. When original
prescription [1] with H = ¢4/ was used in our com-
putations (it is used this way by many authors) we
really got results close to those with recipe (1) with
e = a. We still define a — € correspondence below
as a = 3-271/2¢ in agreement with [11]. a = 0.07 is
adopted as the base value, corresponding to ¢ = 1/30
in [11]; values of « close to this are considered appro-
priate for circumstellar disks based on observations.
It should be kept in mind that this may correspond
to a = 0.033 for the other definition of H used.

—1/2
QGMpZ2 (1)
Pr3

194

As ¢s < Qr radial pressure gradient is too small
to support resting gas in radial graviatational field,
dp/dr < grp. The gas thus rotates with almost Ke-
plerian velocity, which by far exceeds its radial drift
velocity, v, < vg. The heat is produced due to vis-
cous friction between adjacent differentially rotating
layers of gas; this determines vertical heat flux F":

i 1 2

z 4 7

radial heat flux is neglected in a thin disk. This heat
is transported mainly by radiation and convection
towards the disk photosphere, and is radiated into
space. We use exact solution for the temperature
gradient needed for transporting F' in the upper ra-
diative region of AD [12], in grey atmosphere approx-
imation. At large optical depth 1 < 7(z) = fzoo kpdz
(Rosseland mean opacity « is used) this simplifies to
diffusion approximation often used [11]:

T —3kpF

dz - 160’5]ng37 (3)

osp being Stefan-Boltzmann constant. When the
found pure radiative dT'/dz exceeds adiabatic gra-
dient Chandrasekhar instability drives convection,
which transfers the heat in such regions; we set con-
vective temperature gradient then as:

dT T OWT @
dz STy

Rosseland mean opacities are taken from [9,10] for
solar composition disc [13]. Equation of state (EOS),
including 2 are taken from [8].

We solve numerically a boundary-value problem

for Egs. (2)—-(4) and dp/dz = —g.p with boundary

conditions: Fl.—og = 0, Fl.—,, = Fy = 3SMM

values for P,—,, and T,—,, consistent with Fy and
Temzy = To. To Was fixed at 1079, zy was found by
requiring F'|,—o = 0 when integrating down from z.

rad

conv

3. RESULTS

We varied accretion rate, shown in the figures if dif-
ferent from its default value of M = 10~6Mg yr—;
and «, the default value being o = 0.07. We show the
results for M € [4x1078;2x 10~ M yr~! that cov-
ers (still controversial) rates typical of SN Ia progeni-
tors [14-16]. ’s in the range we study are used in the
literature for various disk systems. Lower a values
are seen to produce thicker and more massive disks.
a = 0.01 is used for T Tauri stars [17], « = 0.001 was
proposed for FU Orionis outbursts. However, larger
values of @ ~ 0.07 and above are currently consid-
ered appropriate for circumstellar disks in post-main
sequence binaries.

Fig. 1 shows profile of AD photosphere z, =
Zr—g/3. It is plotted divided by 7; z;/r = const
would correspond to conical disk shape. The inner
thick disk region is radiation pressure dominated. At
r < 4 x 10° cm the disk is predominantly convec-
tive, in agreement with [11]. It is mostly radiative
at r € [7 x 10%;3 x 101°] cm; comparable proportions



of radiative and convective regions are observed at
r € [5x 1019 1.2 x 10']em. The structure is more
complex than in [11], likely due to varying opacity in
this region due to lines of heavy elements accounted
for in this work. The dip after r ~ 1.2 x 10! cm is
due to Helll recombining into Hell, as may be in-
ferred from equatorial temperature profile in Fig. 2.
The disk becomes convective abruptly, but contrary
to [11] it becomes radiative back at r ~ 4 x 10'%2cm
(where hydrogen has become molecular, after the
wide region where H and He recombine and Hy mole-
cules form); 3 more transitions occur at larger radii,
as hydrogen o changes. The disk regains about a
half of its pre-dip slope at r =~ 10'3cm; the slope
declines slowly at larger radii through 10'6cm we in-
tegrated to. Similar features are observed for all M
we tried.
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Fig. 1. Integral slope of AD photosphere zr /7, at
M =10"Mg yr=! and various o
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Fig. 2. Equatorial temperature and half-mass of

AD at M = 10~SMg yr=t. Photospheric tempera-

ture T'(z;) is independent of «

>

Ju—
(=]

—_
(=}
L

0.5dm/dS, g cm”
=

° 10" 10" 10® 10”10
r, cm

10
Fig. 8. Half surface mass density of AD,
1/2[% p(r,z)dz as a function of radius, at
M =10"Mg yr—?

‘ _____ dMIdt =107 M, yr'| | dMldt =2x10°
—em dMIdt=4x10" | |- dMJdt =10
faldy == dMIdt =5x10"
SR — dMJdt =2.5x10”
N ‘-l 3 )
014 =TT .
~ .\'.'-‘
10° 107 10° 10° 10" 10" 10”7 10" 10"
7, cm

Fig. 4. Dependence of z.(r)/r on accretion rate
dM/dt (in units of Mg yr=!) at a = 0.07
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Fig. 5. Half surface mass density of AD at various
accretion rates dM/dt. o = 0.07

Fig. 3 shows surface mass density vs radius. The
disk profile and surface density at o = 0.07 and dif-
ferent accretion rates are shown in Figs. 4 and 5. 2D
distributions of density and temperature in the inner
part of the disk are shown in Figs. 6 and 7.

It is seen in Fig. 2 that AD radius must exceed
~ 3 AU for its mass to reach 0.01M¢. As the disk ra-
dius is smaller that that of the WD Roche lobe, this
means that only largest supergiants (SG) could serve
as the WD companions for such massive disks. It is
still possible to observe sufficient line-of-sight mass
density when watching close to the disk equatorial
plane — at smaller radii. Fig. 8 shows anisotropy

in mass distribution, for 3 radii chosen. Equivalent
spherical CSM mass is me(0) = 2dm/df/ cos6. It
is seen that m.(0) (twice the value shown in Fig. 9)
varies in [4 x 1073;9 x 1072] M, for AD parameters
shown, at rap ~1 AU. However, anisotropy of the
mass distribution disagrees with observations [18].

Fig. 6. Density distribution in the inner part of
AD. a=0.07, M =10~ M yr—!
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Fig. 7. Temperature in the inner part of AD.
a=0.07, M =10"5Mgyr—!
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Fig. 8. Angular density of the mass distribution.
Angle 0 of the line-of-sight is measured from the
disk equatorial plane. Five sets of disk parameters
are shown, differing in accretion rate, indicated
in the legend at the respective curves (in units of
Mg yr=t.) The group labeled “le — 6a” corresponds
to M = 1075, a = 0.009; in the rest of the models
a = 0.07. 3 curves are shown for each model, for
disk radii 1.55 x 1011, 1.55 x 10" and 6.17 x 1013 cm.
Smaller radii correspond to lower curves
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Fig. 9. dm/df at 0 = 0 as a function of radius.
Note that to get an inferred CSM mass of 10~2 Mg,
the disk radius must exceed 10'2cm even at very
low a« = 0.0045. For the base model we study
(o = 0.07, M = 1079) the disk radius should be
10'3cm, implying a SG companion

4. DISCUSSION

The results for the disk mass distribution are thus
hard to reconcile with observed ubiquity of HVF, as-
suming ADs the main source of the CSM mass re-
quired by impact model [2]. The disks must have
substantial radii to have sufficient projected mass

196

density even in their equatorial plane. Disks in bi-
naries with Main Sequence stars are too light by a
factor of 103...10%. Only SG companions seem to al-
low for disks of sufficient radius; such larger disks are
pronouncedly flatter, dm/df drops by a factor of 10
within ~ 6° off equatorial # = 0 plane. Such mass
distribution is at odds with current observations [18].
Significantly lower o would alleviate both of these
discrepancies.

Better treatment of convection would alter the
results somewhat. Temperature gradient would in-
crease, so would the disk mass density; the disk would
become flatter at the same time. The difference
should not change the conclusions qualitatively, as
comparison with radiative regions suggests.

The dust was assumed in thermal and hydrostatic
equilibrium with gas. If it settles down to z = 0 fast
in radiative regions that would decrease opacity, thus
the temperature gradient.

The disk self-gravity was neglected, as the total
disk mass does not exceed a few hundredth of solar
mass. Gravity of the companion was found to alter
the layers above AD photosphere substantially, but
not have much effect on the inner layers and total
disk mass.

AD irradiation by the WD and its companion
was ignored. The bump in the disk photosphere
at 7 ~ 1.2 x 10* cm is high enough to shield the
outer regions from the central object radiation; ir-
radiation effect is insignificant at the bump and at
smaller radii. The radiation from the bump (with
surface T ~ 10*K) and from the companion star is
intercepted by the disk. Irradiation usually makes
disks lighter and geometrically thicker [17]; AD mass
is still strongly concentrated towards z = 0.

It is unlikely that disk effective opening angle may
be made larger due to impact with ejecta, as the lat-
ter runs through the disk with highly supersonic ve-
locity. The outer, massive disk layers might broaden
due to strong radiation from the growing SN Ia pho-
tosphere, before being hit by the ejecta. The total
disk mass would then have to be of order 0.01M to
lead to the observed HVF; this requires yet smaller
a or more extended disk. Under no circumstances a
disk in a binary system with a main-sequence star
as a WD companion is a plausible candidate for the
circumstellar mass sufficient to explain the HVF via
mechanism [2]. High temperatures of the gas in the
disk at distances of order a few million kilometers
would lead to H or He lines visible in early SN Ia
spectra, contrary to observations. What the origin
of the circumstellar mass in WD-MS binaries is (or
whether HVF have some other, not CSM origin) thus
remains an open question, requiring further theoret-
ical and observational study.
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O BEPTUKAJIbHON CTPYKTYPE AKKPEIIMOHHBIX JTMICKOB
B IIPEJINTECTBEHHUNKAX CBEPXHOBBIX THUIIA Ia

A.B. 2Kueaao

Mbl u3yvaem BePTUKAJIbHYIO CTPYKTYPY TOHKOIO Q-aucKa [1] B cucreme npejinecTBeHHUKA CBEPXHOBOMN THU-
na Ia (CH Ia). Ucnosb3oBanbl TouHOe ypaBHeHue cOCTosiHUus U KO3(hDGMUIMEHTbl HEIPO3PAYHOCTH BEIIECTBA
COJIHEYHOTO COCTaBa. Pe3yspTaThl JEMOHCTPUPYIOT BHIPAYKEHHBIE OCOOEHHOCTH B CTPYKTYPE AKMCKA B 00JIa-
CTSAX JIUCCOIMANNN MOJIEKYJI W MOHU3ANNU. AHANMU3UPYETCS PACTIPEeIeHNe MACChl B JAUCKE C TIEIBI0 HANTH
[apaMerpbl CUCTEMbI, IIPA KOTOPBIX 9TO PACIPE/IETEHAE MOLJIO Obl 00bSICHUTD BHICOKOCKOPOCTHBIE OCOOEHHO-
cru (BCO) B cuekrpax CH Ia [2]. Mbl jenaeM BBIBOJ, 9TO KIACCHYECKHE AKKPEIUOHHBIE JHCKU SABJIAIOTCH
MaJIOBEPOSATHBIMU KaHaugaramu s oobsicaenus BCO.

IIPO BEPTUKAJIbHY CTPYKTYPY AKPEIINHUX ONCKIB
Y IIOITEPEAHVNKAX HAJHOBUX THUIIY Ia

A.B. 2Kueaao

Mu BuBYAEMO BePTHKAJIbHY CTPYKTYPY TOHKOIO a-aucky [1] B cucremi mnonepexnuka naauoBol tuiy la
(HH Ia). 3acrocoBani To9HE piBHSAHHS CTAHy 1 HENPO30PICTh PEUOBUHU COHSAYHOrO CKaLy. Pesynbraru Je-
MOHCTPYIOTh BUPasKeHi 0COOJUBOCTI B CTPYKTYPI AUCKY B OOJACTIX JAUCOLIAI{i MOJIEKYJT Ta ionizamii. AuaJri-
3YETHCS PO3IMOILT MACH B JUCKY 3 METOIO 3HAMTH MapaMeTpHu CUCTEMH, NIPH AKHUX [e# PO3MOo/Iii Mir 6u OyTu
nosicHeHHAM ocobsuBocreii 3 BenukuMu msugkoctamu (OBII) B cnekrpax HH Ia [2]. Mu po6umo BHCHOBOK,
IO KJACH4HI akpeuiiini 1ucKku He € npasBiaonoaibHuMu Kasauaaramu ajs noscaenas OBII.
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