
A STUDY OF SYNTHETIC AND OBSERVED H� SPECTRA OF TT HYDRAE

Ján Budaj,
1
Mercedes T. Richards, and Brendan Miller

Department of Astronomy and Astrophysics, Penn State University, 525 Davey Laboratory, University Park, PA 16802;

budaj@astro.psu.edu, mtr@astro.psu.edu, bmiller@astro.psu.edu

Receivved 2004 Novvember 22; accepted 2005 January 6

ABSTRACT

The formation and properties of accretion disks and circumstellar material in Algol-type systems are not very
well understood. In order to study the underlying physics of these structures, we have calculated synthetic H�
spectra of TT Hya, which is an Algol-type eclipsing binary with an accretion disk. Both the primary and secondary
stars were considered in the calculations, as well as a disk surrounding the primary. The Roche model for the
secondary star was assumed. The synthetic spectra cover all the phases, including primary eclipse, and are com-
pared with the observed spectra. The influence of various effects and free parameters of the disk on the emerging
spectrum was studied. This enabled us to put some constraints on the geometry, temperature, density, and velocity
fields within the disk. Differences found between the observed and synthetic spectra unravel the existence of a gas
stream, as well as a hotter disk-gas interaction region. An additional cooler circumstellar region between theC1 and
C2 Roche surfaces is suggested to account for various observed effects. A new computer code called SHELLSPEC
was created for this purpose and is briefly described in this work as well. It is designed to solve simple radiative
transfer along the line of sight in three-dimensional moving media. The scattered light from a central object is
taken into account assuming an optically thin environment. Output intensities are then integrated through the two-
dimensional projection surface of a three-dimensional object. The assumptions of the code include LTE and
optional known state quantities and velocity fields in three dimensions.

Subject headinggs: accretion, accretion disks — binaries: close — binaries: eclipsing —
novae, cataclysmic variables — radiative transfer — stars: individual (TT Hydrae)

Online material: color figure

1. INTRODUCTION

TT Hydrae (HD 97528, HIP 54807, SAO 179648, V ¼
7:27 mag, � ¼ 11h13m, � ¼ �26

�
280) is a typical Algol-type

eclipsing binary system with an orbital period of Porb ¼
6:95 days (Kulkarni & Abhyankar 1980) and consists of a hot-
ter B9.5 Vmain-sequence primary and a cooler evolved K1 III–
IV secondary star filling its Roche lobe. There is evidence of the
circumstellar material in the form of an accretion disk (Plavec
& Polidan 1976) surrounding the primary, as well as an indi-
cation of a gas stream (Peters & Polidan 1998). Kulkarni &
Abhyankar (1980) obtainedUBV photometric observations and
photometric elements of the system. These observations were re-
examined by Etzel (1988), who found from photometry, spectro-
photometry, and spectroscopy TeA ¼ 9800 K, v sin i ¼ 168 �
5 km s�1 for the primary, and TeA ¼ 4670 4850 K for the
secondary. He also suggested, on the basis of the Inglis-Teller
formula, that the gas producing the UV excess and Balmer line
emission has an electron number density lower than 1012 cm�3.
He also estimated a distance of 193 pc to the binary. Eaton&Henry
(1992) estimated v sin i ¼ 43 � 3 km s�1 for the secondary. Plavec
(1988) studied the IUE spectra of TT Hya and concluded from
the presence of Fe ii absorption lines that the vertical dimen-
sion of the accretion disk is significant and is at least compa-
rable to the diameter of the primary. He estimated a distance to
the system of 194 pc and pointed out that the presence of su-
perionized emission lines of Si iv, C iv, and N v poses a ques-
tion about the source of the ionization. Peters (1989) estimated
from the eclipses of the H� emission region that a fairly sym-

metrical disk fills up to 95% of the Roche lobe radius. More-
over, she argued that the disk must be rather flat, with the ver-
tical dimension comparable to or less than the diameter of the
primary. The mean electron number density in the disk was es-
timated to be�1010 cm�3. The depth of the H� absorption was
found to be strongly variable with phase and was deepest shortly
before and after primary eclipse, a feature also observed in other
Algols (e.g., Richards 1993). Peters (1989) also suggested that
the additional absorption in the center of the H� line probably
comes from the dense inner region of the accretion disk. She
also observed that the H� core is blueshifted relative to the
primary by about 50 km s�1 and interpreted this as evidence of
the mass outflow.

Sahade & Cesco (1946) determined the orbital parameters of
the primary and identified an eccentric orbit from the Ca iiH and
K lines. Popper (1989) measured radial velocities of the primary
and secondary and found that the motion of the secondary was
consistent with the circular orbit (K ¼ 132 km s�1) but that of
the primary was not. Van Hamme & Wilson (1993) reanalyzed
the light and velocity curves separately and simultaneously and
used a physical model to obtain the following parameters: sep-
aration a ¼ 22:63 � 0:12 R�, effective temperature of the pri-
mary T1 ¼ 9800 K and secondary T2 ¼ 4361 K, radius of the
primaryR1 ¼ 1:95 R� and secondaryR2 ¼ 5:87 R�, mass of the
primaryM1 ¼ 2:63 M� and secondaryM2 ¼ 0:59 M�, andmass
ratio q ¼ 0:2261 � 0:0008. Albright&Richards (1996) obtained
the first Doppler tomogram to reveal an indirect image of the
accretion disk.Hipparcos (Perryman et al. 1997) obtained a paral-
lax of 6:50 � 0:95 mas. Peters & Polidan (1998) observed red-
shifted absorption in N i , N ii lines in their far-UV spectra at the
phase 0.95 and interpreted it as evidence of the gas stream and
inferred the rate of inflow to be greater than 10�12 M� yr�1. Most
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recently, Richards & Albright (1999) studied the H� difference
profiles and properties of the accretion region and put TTHya into
the context of other Algol binaries.

It would be interesting to verify the above estimates, conclu-
sions, and interpretations on more physical grounds using some
more sophisticated methods involving synthetic spectra that
would take into account the circumstellar matter. Unfortunately,
there are not many tools available for such a task at present.

There are sophisticated computer codes for calculating and in-
verting light curves or spectra of binary stars with various shapes
or geometry including the Roche model (Lucy 1968; Wilson &
Devinney 1971; Mochnacki & Doughty 1972; Rucinski 1973;
Hill 1979; Zhang et al. 1986; Djurasevic 1992; Drechsel et al.
1994; Vinkó et al. 1996; Hadrava 1997; Bradstreet & Steelman
2002; Pribulla 2004). In these codes, the stars are assumed to
be nontransparent and stripped of any circumstellar matter. An
interesting approach for studying extended semitransparent at-
mospheres of some eclipsing binary components was developed
by Cherepashchuk et al. (1984). Often the three-dimensional
model of the circumstellar matter (behavior of state quanti-
ties and velocity field) is known or expected as a result of hy-
drodynamic simulations or observational constraints (see, e.g.,
Karetnikov et al. 1995; Richards & Ratliff 1998). Unfortunately,
three-dimensional non-LTE (NLTE) calculations and spectral
synthesis including complex hydrodynamics are difficult to carry
out, so one alternative has been to perform a simple volume in-
tegration of emissivity, which is often too oversimplified for
the particular problem.

On the other hand, highly sophisticated model atmospheres
and spectrum synthesis codes have been developed assuming
NLTE and plane-parallel atmospheres of hot stars (Hubeny 1988;
Hubeny & Lanz 1992, 1995; Hubeny et al. 1994), spherically
symmetric atmospheres (Kubát 2001), or stellar winds (Krtička
& Kubát 2002). There are also sophisticated stationary plane-
parallel line-blanketed model atmospheres and spectrum synthe-
sis codes for a large variety of stars assumingLTE (Kurucz 1993a,
1993b; Smith & Dworetsky 1988; Piskunov 1992; and many
others). However, these are very specialized codes and their main
purpose is to calculate the spectrum emerging from a stellar at-
mosphere, and it is difficult to apply them to the various cases
outlined above. An exception is the special case of circumstel-
lar matter in the form of accretion disks in cataclysmic variables
(CVs). In this case, the disk is approximated by a set of geomet-
rically thin, but optically thick, static local atmospheres and the
output radiation is a sum of properly Doppler-shifted local emerg-
ing intensities (Orosz & Wade 2003; Wade & Hubeny 1998; la
Dous 1989). However, the case of optically thin disks or accre-
tion disk winds, the Sobolev approximation is used (Proga et al.
2002; Long & Knigge 2002; Rybicki & Hummer 1983). Linnell
&Hubeny (1996) developed a package of codes that can calculate
light curves or spectra of interacting binary stars including an
optically thick (nontransparent) disk. However, it is often neces-
sary to solve the radiative transfer in a moving disk at least along
the line of sight, as demonstrated by Horne & Marsh (1986).
Nevertheless, their calculations assumed a linear shear and ne-
glected stimulated emission, continuum opacity, and scattering, as
well as a central star.

In this paper, we attempt to bridge the gap in the previously
mentioned approaches using our new code SHELLSPEC. It is a
tool that solves in LTE the simple radiative transfer along the line
of sight in an optional optically thin three-dimensional moving
medium. Optional transparent (or nontransparent) objects such
as a spot, disk, stream, jet, shell, or stars, as well as an empty
space, may be defined (or embedded) in three dimensions and

their composite synthetic spectrum calculated. The stars may
have the Roche geometry and known intrinsic spectra. The code
is quite a multipurpose, independent, and flexible tool that can
also calculate a light curve or a trailing spectrogram when nec-
essary, or it can be used to study various objects or effects. In x 2,
we describe the basic astrophysics included in the code. In x 3,
we briefly mention numerical methods used in the code. In
x 4.1, we study in more detail the effects of various input pa-
rameters on the spectrum of a star that has a circumstellar disk.
Budaj & Richards (2004) made preliminary calculations for a
single star with a disk with parameters similar to TT Hya. How-
ever, these were based on the stellar parameters found by Etzel
(1988), a wedge-shape geometry of the disk with a relatively
large inner radius (2.5 R�), and no limb darkening of the primary
star. More realistic stellar parameters by Van Hamme & Wilson
(1993) and a slab-shaped disk geometry are used in this work.
Then in x 4.2, we make more detailed calculations of the system
for different phases involving both stars and a disk and compare
our new synthetic spectra with real observations of TT Hya.

2. BASIC ASTROPHYSICS

This section describes the basic astrophysics included in the
code. For more detailed information and a manual for the code,
the reader is referred to Budaj & Richards (2004).

2.1. Radiative Transfer

In the following analysis, the calculations are carried out in
the observer’s Cartesian frame with z pointing toward the ob-
server. The radiative transfer equation along the line of sight is

dI� ¼ (�� � ��I�)dz; ð1Þ

where I� is the specific monochromatic intensity at the fre-
quency �, �� is the opacity, �� is the emissivity, and z is the dis-
tance along the beam. It is convenient to split the opacity into
two contributions, the true absorption �� and the scattering ��:

�� ¼ �� þ ��: ð2Þ

Assuming LTE, the line opacity corrected for a stimulated
emission is stated simply as

�line
� ¼ (1� e�h�=kT )NlBluh�’lu(� � �0)(4�)

�1; ð3Þ

where h is Planck’s constant, h� is the energy of the transition
from the lower level l to the upper level u, k is Boltzmann’s
constant, T is the temperature, Nl is the population of the lth
state of the corresponding ion, and Blu is the Einstein coefficient
for the whole solid angle. The velocity field enters the equation
via the shifted normalized Voigt profile ’lu(� � �0), where

�0 ¼ �lu 1þ vz(z)

c

� �
; ð4Þ

where �lu is the laboratory frequency of the line and vz ¼ v =n is
the radial velocity (positive toward the observer), or projection
of the local velocity vector v to the line-of-sight unit vector n.
The Einstein coefficient, Blu, is related to the oscillator strength,
flu, by

Blu ¼
4�2e2flu

mech�lu
; ð5Þ
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where e and me are the electron charge and mass, respectively,
and c is the speed of light. The shape of the Voigt profile is
determined by the thermal and the microturbulent broadening,
v trb, characterized by the Doppler half-width

��D ¼ �

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kT

m
þ v2trb

r
; ð6Þ

as well as by the damping broadening characterized by the frame
damping parameter

a ¼ 	

4���D

; ð7Þ

where the damping constant

	 ¼ 	nat þ 	Stark þ 	VDW ð8Þ

includes the contribution from the natural, Stark, and Van der
Waals broadening. In the case of LTE, all the line opacity is due
to the true absorption process; i.e.,

� line
� ¼ � line

� : ð9Þ

We also included four other continuum opacity sources: the H i

bound-free opacity, the H i free-free opacity, Thomson scat-
tering, and Rayleigh scattering on neutral hydrogen, denoted by
�H ibf
� , �H iA

� , �TS
� , and �RS

� , respectively.
The total true absorption �� is the sum of the three opacity

sources:

�� ¼ � line
� þ �H ibf

� þ �H iA
� : ð10Þ

The total scattering �� is

�� ¼ �TS
� þ �RS

� : ð11Þ

The thermal emissivity associated with the true absorption
can then be written as

� th� ¼ B�(T (z))��; ð12Þ

where B� is the Planck function for the local value of the
temperature. For scattering emissivity we have

� sc� ¼
Z Z

�(� 0; �; n0; n)I(� 0; n0) d� 0 d!
0

4�
; ð13Þ

where �(� 0; �; n0; n) is the scattering coefficient containing the
general redistribution function. It is this term that causes the
main difficulty, since apart from redistributing the frequencies
(� 0 ! �), it also couples the radiation in one direction n with
the radiation field in all other directions n0. However, in many
applications (e.g., optically thin shells) this term can be either
neglected or governed by the scattering of light from the central
object. We assume coherent isotropic scattering (as seen from
the scattering particle frame) from a blackbody or from a central
spherical star with precalculated surface intensity I�� or flux F�

� .
In this case the emissivity reduces to

� sc� ¼ �� J�; ð14Þ

where J� is the mean intensity. Ignoring limb darkening, J�
can be approximated by

J� �
I��1!

4�
; ð15Þ

where ! is the solid angle subtended by the central star and

!

4�
¼ 1

2
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R�

r

� �2
s2

4
3
5; ð16Þ

where R� is the radius of the central star and r is the distance
from the center (of the star/grid) and

�1¼ � 1� v1
c

� �
; ð17Þ

v1¼� r = (v� v�)

r
þ vz; ð18Þ

where v is the velocity field vector at the given point specified
by the vector r and v� is the velocity of the center of mass of
the central object.

For R�/rT1, an approximation including the limb darken-
ing and the nonisotropic dipole phase function g(n0; n) ¼ 3

4
½1þ

(n0 = n)2� can be used:

�sc� ¼ 3

4
1þ r2z

r2

� �
�� J�; ð19Þ

where

J� �
F�
� 1

4�

R2
�

r 2
; ð20Þ

where

F�
� 1
¼ �I�� 1

1� u

3

� �
; ð21Þ

where u is the limb-darkening coefficient.
The total emissivity is then

�� ¼ �th� þ �sc� ; ð22Þ

and the total source function is

S� ¼
��
��

: ð23Þ

The radiative transfer equation along the line of sight is solved
(see x 3), and the flux, F� , from the object at the Earth is then
obtained by the integration of the output intensities through the
two-dimensional projection surface of the three-dimensional
object.

2.2. Roche Geometry

Both objects, star and companion, may have shapes according
to the Roche model for detached or contact systems. Descrip-
tions of the Roche model can be found in Kopal (1959), Limber
(1963), Plavec & Kratochvil (1964), Mochnacki & Doughty
(1972), Hilditch (2001), and many other papers and books. Most
of them use cylindrical coordinates, but we assume a Cartesian
coordinate system (x; y; z) centered on one of the stars ( labeled
as 1) such that the companion (labeled as 2) is at (1, 0, 0) and re-
volves around the z-axis in the direction of the positive y-axis.
Let the mass ratio, q, always be m2 /m1, or ‘‘companion/star,’’
and q < 1 will indicate that the central star is heavier while q >
1 means the central star is lighter. We also assume synchronous
rotation; i.e., the stellar surface rotates with the orbital period.
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Then, the normalized Roche potential, C(x; y; z), is expressed
as

C ¼ 2

(1þ q)r1
þ 2q

(1þ q)r2
þ x� q

1þ q

� �2

þ y2; ð24Þ

where

r1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
; ð25Þ

r2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(x� 1)2 þ y2 þ z2

q
: ð26Þ

The Roche surface of a detached component is defined as an
equipotential surfaceCs ¼ C(xs; ys; zs) passing through the sub-
stellar point (xs; ys; zs) (point on the surface of the star in be-
tween the stars, 0 < xs < 1; ys ¼ zs ¼ 0), which is localized by
the ‘‘fill-in’’ parameter fi 	 1. We define this by

fi ¼
xs

L1x
; fi ¼

1� xs

1� L1x
; ð27Þ

for the primary and the secondary, respectively. Here L1x is the
x-coordinate of the L1 point at (L1x; 0; 0). The Roche equi-
potential surface Cs of a contact system will be defined by the
fill-out parameter 1 < fo 	 2:

fo ¼
C1� Cs

C1� C2
þ 1; ð28Þ

where potentials C1 and C2 correspond to the potentials at the
L1 and L2 points, respectively. First, we calculate L1, L2,Cs, and
x-boundaries of the object using the Newton-Raphson iteration
method in the x-direction, and then the three-dimensional shape
of the surface is solved using the Newton-Raphson iteration in
y- and z-coordinates with a precision of about 10�5.

Gravity darkening is taken into account by varying the sur-
face temperature according to the following law (Claret 1998):

T

Tp
¼ g

gp

 !


; ð29Þ

where g is the normalized surface gravity, 
 is the gravity-
darkening exponent, and Tp and gp are the temperature and gravity
at the rotation pole, respectively. The normalized gravity vector
is ggg ¼ (Cx;Cy;Cz) and

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C 2
x þ C 2

y þ C 2
z

q
; ð30Þ

where

Cx ¼
@C

@x
; Cy ¼

@C

@y
; Cz ¼

@C

@z
: ð31Þ

The gravity-darkening factor of the surface intensity is then
calculated as

fGD ¼ B�(T )

B�(Tp)
: ð32Þ

Note that there is an imminent singularity in the calculations in
the vicinity of the L1and L2 points, since gravity falls to zero,
which drags temperatures (a denominator in many equations) to
zero. We avoid the problem by setting the lowest possible value
of g /gp ¼ 10�4. Limb darkening is taken into account using
equation (42) and by calculating the cosine of the angle � be-

tween the line-of-sight unit vector n ¼ (nx; ny; nz) and a normal
to the surface:

cos � ¼ � n = ggg

g
¼ � nxCx þ nyCy þ nzCzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C 2
x þ C 2

y þ C 2
z

q : ð33Þ

The reflection effect is not included in the present version.

3. NUMERICAL PERFORMANCE

3.1. Solving the Radiative Transfer Equation

A number of optional objects (including transparent, non-
transparent, and empty space) can be defined within the model,
and the line of sight may cross several of them within a few grid
points. A simple and stable method is needed to cope with such
velocity, density, and temperature fields, which are optional and
are allowed to be noncontinuous. Our problem is that of the in-
tegration of a first-order ordinary differential equation with known
initial values at one boundary. The equation of the radiative
transfer along the line of sight at the frequency � is integrated
with an analog of the midpoint method (Budaj & Richards
2004). It can be written in the discretized form

Iiþ1 � Ii

ziþ1 � zi
¼ �iþ1=2 �

�iþ1=2(Iiþ1 þ Ii)

2
ð34Þ

and simply integrated via the recurrent formula

Iiþ1 ¼
Siþ1=2

Aþ 1=2
þ Ii

A� 1=2

Aþ 1=2
; ð35Þ

where

A ¼ 1

�iþ1=2(ziþ1 � zi)
ð36Þ

and

Siþ1=2 ¼
�iþ1=2

�iþ1=2
; I1 ¼ 0; ð37Þ

where

�iþ1=2 ¼
�i þ �iþ1

2
; �iþ1=2 ¼

�i þ �iþ1

2
: ð38Þ

If the line of sight happens to hit a nontransparent object, the
integration starts on the other side of the object with the bound-
ary condition

I1 ¼ I�(�2) fLD fGD; ð39Þ

or

I1 ¼ B�2 (TeA) fLD fGD; ð40Þ

where �2 is the Doppler-shifted frequency in the comoving
frame corresponding to the frequency � of the observer’s frame,

�2 ¼ � 1� v�z
c

� �
; ð41Þ

and v�z is the radial velocity of the surface of the nontransparent
object where it intersects the line of sight. Here I� is the surface
intensity of the nontransparent object perpendicular to the sur-
face in the comoving (frozen to the surface) frame. If I� is not
available, it can be calculated, e.g., using equation (21) from the
known surface flux. Rotation of the nontransparent objects is
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fully taken into account here by including it into the calcu-
lations of v�z . The quantity fLD is a limb-darkening factor:

fLD ¼1� uþ u cos �; ð42Þ

where u is the limb-darkening coefficient and � is the angle
between the normal to the surface of the nontransparent object
and the line of sight. The quantity fGD is a gravity-darkening
factor, which is important in the case of Roche geometry (see
the x 2.2) and in which case TeA ¼ Tp is the temperature at the
rotation pole of a detached star or the temperature at the rotation
pole of the more massive star in the case of a contact system;
otherwise, it is the common effective temperature of the spher-
ical star. If the line of sight happens to pass through an empty
space, this region is skipped and the integration continues with
Iiþ1 ¼ Ii.

The SHELLSPEC code enables the user to look at the object
from different points of view and to calculate the corresponding
spectra. The input model of the shell is defined in its ‘‘body
frozen’’ Cartesian coordinates (x00; y00; z00) with the z00 axis cor-
responding to the intrinsic rotation axis of the model. The spec-
trum is always calculated in the observer’s ‘‘line of sight’’
Cartesian frame [(x; y; z) with z pointing to the observer], which
has the same center of coordinates.

3.2. Additional Information and Adopted Routines

The code assumes the known behavior of state quantities: tem-
perature T, density �, and electron number density ne. Solar abun-
dances are assumed (Grevesse & Sauval 1998), but the user is
allowed to change all the element abundances. The level popula-
tions are obtained from the Boltzmann and Saha equations. Par-
tition functions (routine pfdwor) were taken from the UCLSYN
code (Smith & Dworetsky 1988; Smith 1992). A FORTRAN77
code containing the partition function routines is also available in
Budaj et al. (2002). The Gaunt factors (routines gaunt and g free)
and Voigt profile (routine voigt0) are calculated with the sub-
routines taken from the SYNSPEC code (Hubeny et al. 1994). If
the damping constants are not known, they are estimated in the
code in a way analogous to the SYNSPEC code. We also adopted
the atomic data for chemical elements (routine state0) from
SYNSPEC and routines locate and hunt from Press et al. (1986).
We also used a few sections from our previous original codes for
calculations of radiative accelerations in stellar atmospheres of hot
stars (Budaj & Dworetsky 2002). Apart from the above, the code
was written from scratch and provides an independent tool to
study a large variety of objects and effects; cgs units are used
within the code and the paper if not specified otherwise.

4. APPLICATION TO ACCRETION DISKS
IN TT HYA TYPE SYSTEMS

4.1. The Effects of Various Free Parameters
on the Emerging Spectrum

Before we modeled the complex spectrum of the two stars
and the disk, we studied the effects of various free parameters
on the spectrum. To comprehend the problem more easily we
restricted our calculations to the following assumptions. We
neglected the secondary and studied only the primary star sur-
rounded by a disk. The primary was treated as a spherical black-
bodywith the following parameters: effective temperature TeA ¼
9800 K, massM ¼ 2:63 M�, radius R ¼ 1:95 R� (Van Hamme
& Wilson 1993), and limb darkening u ¼ 0:5. The disk was
characterized by a slab of vertical half-width � ¼ 2 R�, which
was further constrained by two spherical surfaces with the inner

radius Rin ¼ 2 R� and the outer radius Rout ¼ 10 R�. The elec-
tron number density of the disk was set to ne ¼ 3 ; 109 cm�3,
density� ¼ 5 ; 10�15 g cm�3, temperatureT ¼ 7000K,microtur-
bulence v trb ¼ 0 km s�1, and inclination i ¼ 82N84. We adopted
the following velocity field v of the disk:

! (r) ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
G
M

r 3
;

r
v ¼ w < r; ð43Þ

whereM is the mass of the central object, G is the gravitational
constant, and w and r are the angular velocity and radius vec-
tors, respectively. The above prescription for the velocity re-
duces to the well-known Keplerian velocity field in the limit of
zero vertical thickness of the disk. The calculations were per-
formed on the Cartesian three-dimensional grid with the typical
resolution in the disk plane of 121 ; 121 points. Figures 1, 2,
and 3 illustrate the effects of varying just one of these free pa-
rameters of the system.

The top of Figure 1 displays the effect of increasing the ver-
tical half-thickness of the disk from 0.5 to 5 R�. The overall emis-
sion increases as we increase the emitting space volume, and the
central absorption decreases mainly for the thicker disks. This
occurs because the central depression is partly produced by the ma-
terial projecting onto the star and there is more material in the
Keplerian disk that does not project onto the stellar disk (sur-
face) for thicker disks, thereby filling the central absorption.
This is not true for very thin disks, as it essentially causes the disk
and its line profile to diminish and both emission and central ab-
sorption approach the continuum level. Contrary to the case of
the wedge-shaped disk (Budaj & Richards 2004), we observe that
in a slab disk geometry the blue/red line profile wings of the thick
disks (� > 3 R�) do not change much and emission peaks get
slightly closer.

The middle section of Figure 1 displays the effect of changing
the outer radius of the disk from 6 to 14 R�. The emission in-
creases as the emission volume increases. This parameter has a
strong effect on the position of the emission peaks and width of
the central depression. The peaks get closer and the central de-
pression narrower for larger radii as more matter is involved at
lower Keplerian velocities. The depth of the central absorption
varies very little, since the amount of the matter projected onto
the stellar surface does not vary as much as in the previous case.
This absorption first deepens as the overall emission becomes
more pronounced and then for Rout > 12 R� weakens as the frac-
tion of the gas projecting on the stellar disk decreases. The blue
and red wings of the line are not affected at all.

The bottom part of Figure 1 displays the effect of increasing
the inner radius of the disk from 2 to 8 R�. Contrary to the outer
radius, the inner radius has little effect on the emission from the
beginning when it is a small fraction of the outer radius, since it
does not change the emission volume noticeably. The changes
are mainly seen in the far wings of the profile, since the higher
Keplerian velocities are involved. It is only when it approaches
the outer radius that the overall emission starts to decline and the
line weakens as the emission volume decreases, and the shape
of the profile acquires the newU-type shape with a central hole.
This shape indicates that the central depression is created by
two different mechanisms (see below).

In Figure 2 (top left), we inspect what happens if we vary the
stellar radius from 1.5 to 3.0 R�. The stellar radius certainly
affects the amount of matter projected onto the stellar surface,
but it also raises the continuum level and dilutes the emission
from the disk. This is the main reason why the emission weakens
for bigger stars. At the same time, the central absorption gets
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wider because the matter projected onto the stellar disk spans a
broader radial velocity interval. When varying the stellar radius,
it may happen that the star overlaps the inner radius of the disk.
In such a case, the program sets both radii to be equal.

We also illustrate here the line profiles if the disk were viewed
from different inclination angles (Fig. 2, top right). Starting from
edge-on, i ¼ 90�, the two emission peaks have the lowest inten-
sity, and we also observe the largest separation of the emission

peaks and the deepest central depression. This is where we en-
counter the highest radial velocities and also where most of
the disk projects onto the stellar surface. As the inclination de-
creases and we begin to see the disk pole-on, the emission peaks
increase and their separation and central depression vanish,
eventually merging into single-peak emission for i ¼ 0�. One can
also see that the central depression is caused by two different
effects. The velocity field and geometry of the disk itself can

Fig. 1.—Top left: Effect of varying � (vertical half-width of the disk) from 0.5 to 2 R�; top right: effect of varying vertical half-width of the disk from 2 to 5 R�;
middle left: effect of varying the outer radius of the disk from 6 to 9 R�; middle right: effect of varying the outer radius of the disk from 9 to 14 R�; bottom left: effect
of varying the inner radius of the disk from 2 to 5 R�; bottom right: effect of varying the inner radius of the disk from 5 to 8 R�.

BUDAJ, RICHARDS, & MILLER416 Vol. 623



produce the U or V type of depression. Superposed on that is
the absorption by the cool matter projected onto the hotter stel-
lar surface, which quickly diminishes if viewed out of the disk
plane.

It is interesting to explore how the shape of the profile changes
if the geometry of the disk changes. The prescription for the ve-
locity field remains the same. In Figure 2 (bottom left), we com-
pare two profiles: One is obtained for the slab-shaped disk with
the standard parameters listed above. The other disk has the shape
of a rotating wedge with the wedge angle � ¼ 28�, which pro-
duces emissions of similar strength to the slab disk model. All
other parameters were the same. It is clear that the main difference
is in the wings, which are more pronounced in the slab model,
since there is more matter closer to the star in that model than in
the wedge model.

Apart from the state quantities and velocity field, every space
point can be assigned a value of microturbulence. It is included
in the calculation of thermal broadening as an additional thermal
motion and can thus be used to model chaotic velocity fields on
a scale smaller than the mean free path of a photon. It turns to be
a useful free parameter, since the mass transfer may not be a
smooth process and the velocity field of the spiraling gas in the
disk may well depart from the circular Keplerian orbits and be
turbulent, and these departures may easily exceed the sound ve-
locity, which is of the order of 10 km s�1. Figure 2 (bottom right)
illustrates the effect of increasing the microturbulence in the disk
from 0 to 60 km s�1. Note that the inner radius Keplerian disk

velocity is about 500 km s�1. The emission peaks are gradually
smoothed and are broader. The behavior of the central absorption
is more complicated and interesting. From the beginning it gets
narrower and even deeper because of the desaturation effects of
the microturbulence, but then the smoothing effect prevails. The
microturbulence affects the optical depth along the line of sight.
While the surface of the star is seen at an optical depth of ap-
proximately 1.5 (at the frequency of the line center) without the
microturbulence, it is seen at optical depths of 0.7 and 0.4 for
microturbulence of 20 and 40 km s�1, respectively. Without the
turbulence and assuming the input parameters mentioned above,
the line opacity was found to be about 3 orders of magnitude
higher than the continuum opacity in the line center. Thomson
scattering was the most important continuum opacity source and
was a factor of 300 higher than the hydrogen bound-free contri-
bution, while H bound-free opacity was a factor of 20 higher than
the hydrogen free-free opacity, and H free-free opacity a factor of
30 higher than Rayleigh scattering opacity in the disk. This pat-
tern, however, will be very sensitive to the state quantities, wave-
length, and line absorption coefficient.

Figure 3 (top left) displays the effect of increasing the electron
number density of the disk from 1 ; 109 to 5 ; 109 cm�3. Here we
assume that hydrogen is almost fully ionized, in which case the
density is linearly proportional to the electron number density.
This strongly enhances the emission peaks and slightly deepens
the central absorption. This huge impact on the emission can be
understood, since the equivalent width in the optically thin case is

Fig. 2.—Top left: Effect of varying the radius of the star from 1.5 to 3.0 R�; top right: effect of changing the inclination of the disk from 90� to 30�; bottom
left: effect of the geometrical shape of the disk; bottom right: effect of increasing the microturbulence in the disk from 0 to 60 km s�1.
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proportional to the population of the particular level, which in turn
is proportional to the total H i population. However, the ioniza-
tion fraction of neutral hydrogen is proportional to the electron
number density, and if the latter is also proportional to the density,
it follows that the total H i population increases with the square
of the density or the electron number density assuming the hy-
drogen abundance and temperature are fixed (nH i /nH ii � nH i /
nH � nH i /� � ne � �). As a consequence, the equivalent width,
EQW, should also behave like�nH i � �2 � n2e , which is seen in
Figure 3.

Since the emission is so sensitive to the density, we also
studied the effect of different density profiles (Fig. 3, top right).
Let the density and electron number density be inhomogeneous
and have a power-law dependence on the distance from the star,
namely, � � r . This was achieved by varying the exponent
edendc 
  from 0.0 to �2.0 and by normalizing the synthetic
spectrum to the same emission peak strength. It is apparent from
the figure that the line profiles for lower exponents are broader
and have steeper wings while those for higher exponents have a
narrower and smaller central depression. This can easily be ex-
plained, since the lower exponents emphasize the matter close
to the star with higher Keplerian velocity while the opposite is
true for the higher exponents. Contrary to what was found by
Budaj & Richards (2004) for a wedge-shaped disk with an in-
ner radius of 2.5 R�, the position of the emission peaks in a

slab disk model with Rin ¼ 2 R� is much more sensitive to this
exponent.
Figure 3 (bottom left and bottom right) also displays the

effect of varying the temperature of the disk over the interval
5000–20,000 K. The emission is strongest at about 7000 K and
declines toward higher temperatures as the fraction of neutral
hydrogen declines because of ionization. The emission also de-
clines toward cooler temperatures as it decreases the population
of the lower level from which the H� originates. At the same
time, the temperature of the disk has a strong effect on the depth
of the central absorption, which grows toward the cooler tem-
peratures. For temperatures T < TeA, the line source function
along the line of sight hitting the stellar surface steps down from
the stellar surface to disk and toward the observer. For higher
temperatures T > TeA, this component of the source function
steps up, reducing the central depression. For temperatures both
cooler and hotter than 7000 K, the line-to-continuum emissivity
decreases (the continuum is provided mainly by the star and is
essentially constant) and the line disappears from the spectrum,
forcing the central depression to merge with continuum as well.
This is the reason why the central depression also ceases below
6000 K, even though the line source function steps down. The
cooler disks, if they were denser, could produce even deeper
central absorption. Nevertheless, one can see that disks or re-
gions with temperatures below 5000 K or above 30,000 K are

Fig. 3.—Top left: Effect of varying the density and the electron number density of the disk; ne varies from 1 ; 109 to 5 ; 109 cm�3, � � ne; top right: effect of
varying the exponent  of the power-law behavior of the densities � � r  in the disk from 0 to �2; bottom left: effect of varying temperature of the disk from 5000 to
7000 K; bottom right: effect of varying temperature of the disk from 7000 to 20,000 K.
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not capable of producing strong Balmer line emissions and that
most such emissions observed in the Algols or CVs must orig-
inate from the aforementioned temperature regions.

We would like to emphasize that these calculations do not
aim to calculate the physical model of the disk. The model is
assumed to be known. The previous calculations illustrate the
effect of varying just one free parameter at a time while keeping
all the others fixed. In many cases this may not represent the
real behavior of the system, since some quantities may be more
or less interlocked, such as temperatures and electron number
densities.

4.2. Modeling of the Observed Spectra of TT Hya

Now that we understand the influence of various parameters
on the emerging spectrum, we can proceed to fit the complex
spectrum of TT Hya.We used 23 observed spectra from 1994 of
Richards & Albright (1999), complemented by 24 new spectra
from 1996/1997. A detailed study of these spectra will be pub-
lished in B. Miller et al. (2005, in preparation) and will include
the actual measurements of the intensity of the central depres-
sion and the emission peaks.

We performed some new and more sophisticated calculations
of synthetic spectra in which both stars and a disk were con-
sidered. The primary was treated as a rotating solid sphere,
while the surface of the secondary was modeled in terms of the
Roche model. The stellar properties were based on the absolute
parameters of the system obtained by Van Hamme & Wilson
(1993) and are summarized in Table 1. Since our code accepts
the polar temperature, Tp, for the Roche model rather than
the average surface temperature, we adopted the value Tp ¼
4600 K, which is slightly higher than the average temperature
T ¼ 4361 K obtained by Van Hamme & Wilson. Their V-band
limb-darkening coefficients were adopted here. Values for the
surface gravity of log g ¼ 4:23 for the primary and log g ¼ 2:66
for the secondary were assumed. First, we obtained the model
atmospheres of both stars by interpolating in the Kurucz (1993b)
TeA log g grid and assuming solar abundances and a micro-
turbulence of 2 km s�1. Next, we calculated the intrinsic syn-
thetic spectra emerging from these atmospheric models (flux
from the unit area of the surface) using the code SYNSPEC
(Hubeny et al. 1994) modified by Krtička (1998). Here again,
solar abundances and a microturbulence of 2 km s�1 were as-
sumed. These synthetic intrinsic spectra were then assigned to
the primary and secondary for the calculation of the complex
spectra of both stars and the disk using SHELLSPEC. On the
basis of the lessons learned in the previous section, we manip-
ulated the free parameters of the disk so that the observed spectra
could be reproduced. We assumed that the electron number
density is equal to the hydrogen number density. A good fit to the
observations was achieved with the realistic parameters for the
disk. These values are also summarized in Table 1.

Figures 4 and 5 depict both the observed spectra, as well as
our synthetic fits for a few representative phases at both quad-
ratures and during both eclipses to illustrate the most interesting
effects. The observed spectra display red and blue emission fea-
tures, as well as a central depression. The observed far wings of
H� stretching beyond the emission peaks in Figure 4 do not
seem as deep as in the synthetic spectra. This is not a continuum
rectification problem. These shallower observed wings were
previously noted by Peters (1989) and interpreted as an emis-
sion stretching up to 30 8 from the line center. However, these
observed far H� wings in TT Hya differ from single-star stan-
dard spectra or from synthetic ones most probably because the

atmospheric regions of the primary are more complicated. A
number of additional effects could be expected here, such as a
suction (‘‘spray gun’’) effect of a disk moving over the atmo-
sphere, centrifugal forces, and disk-atmosphere interaction with
higher turbulence or temperatures. All of them tend to reduce
the effective gravity of the atmosphere of the primary and the
atmosphere-disk transition region. Note that the effective grav-
ity is essentially zero in the disk. This could change the T-� be-
havior of the atmosphere, mimic lower log g, reduce the pressure
broadening, and, consequently, cause shallower line wings or
shell spectra. It might be misleading to interpret these shallower
wings as an emission (Peters 1989). The emission peaks and the
central depression depend strongly on the phase, as best illus-
trated in Figure 6, for all observed and synthetic spectra. A dis-
cussion of the phase dependence of H�, shown in Figures 4, 5,
and 6, follows.

4.2.1. First Quadrature

The first quadrature (Fig. 4; phase 0.217) seems to have the
simplest spectrum. Here we see a remarkably good agreement
between the observed and theoretical profiles. Both emission
peaks have approximately similar strength. A little bump on the
red side of the central depression is the intrinsic H� line of the
secondary.

TABLE 1

Adopted Properties of TT Hya

Parameter Value Source

Primary

M ........................................................ 2.63 M� VW

R ......................................................... 1.95 R� VW

log g.................................................... 4.23 . . .
T ......................................................... 9800 K VW, E

v sin i................................................... 168 km s�1 E

u.......................................................... 0.5 VW

a.......................................................... 22.63 R� VW

Secondary

M ........................................................ 0.59 M� VW

log g.................................................... 2.66 . . .
Tp ........................................................ 4600 K BRM

u.......................................................... 0.8 VW


 ......................................................... 0.08 L

Disk

i .......................................................... 82N84 VW

� ......................................................... 2 R� BRM

Rin ....................................................... 2 R� BRM

Rout ..................................................... 10 R� BRM

� (Rin).................................................. 4 ; 10�14 g cm�3 BRM

ne(Rin)................................................. 2 ; 1010 cm�3 BRM

T ......................................................... 6200 K BRM

 ......................................................... �1 BRM

v trb ...................................................... 30 km s�1 BRM

Notes.—Designations: u = limb-darkening coeDfficient, a = separation of
the components, Tp = temperature at the rotation pole, 
 = gravity-darkening
exponent, i = inclination,� = vertical half-thickness, Rin = inner radius, Rout =
outer radius, � (Rin) = density, ne(Rin) = electron number density,  = exponent
of the density power law, v trb = microturbulence. Secondary was assumed to
have synchronous rotation and to fill the Roche lobe.

References.—VW: Van Hamme &Wilson 1993; E: Etzel 1988; L: Lucy
1968; BRM: this work.
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4.2.2. Secondary Eclipse

As we proceed toward secondary eclipse, the blue emission
gets apparently stronger than the red emission. This should not
happen if the disk is symmetric and its source function does not
depend on the phase. However, this effect is also observed in the
synthetic spectra (see Figs. 6 and 4; phase 0.475) and is caused
by the shadowing of the secondary by the disk. Just before
secondary eclipse the receding parts (red emission) of the disk
project onto the surface of the secondary. This imposes different

boundary conditions for intensity, which is zero in the blue
emission but nonzero in the red emission. An extra absorption
of the secondary’s light in the receding part of the disk causes
the red emission to be reduced. This effect should be balanced in
the middle of the eclipse, as seen in Figure 6. If this explanation
is correct, the reverse (stronger red emission) should be ob-
served after the middle of the eclipse at phases 0.5–0.6. Unfor-
tunately, these phases are not well covered by the observations
of B. Miller et al. (2005, in preparation), but Figure 4 of Peters
(1989) confirms that this is really the case. At the same time during
secondary eclipse both emission peaks grow slightly. This is
mainly because the stellar continuum drops during the eclipse and
the contribution of the emission to the total light can becomemore
pronounced. This is also reproduced in the synthetic spectra, but
the observed emission peaks are still stronger than the theoretical
ones, which indicates that we may have underestimated the
temperature of the secondary at this phase or overestimated the
adopted limb darkening of the secondary. This might also be due
to the reflection effect, which is not considered in our calculations.

Fig. 4.—Synthetic spectra (solid line) compared with the observed H� spectra
(dotted line) of TT Hya at different phases. The vertical line indicates the labo-
ratory wavelength. The systemic (gamma) velocity of the system (9.25 km s�1)
was subtracted from the observed spectra. The numbers to the right of the spectra
indicate the epoch and phase of the observations.

Fig. 5.—Synthetic (solid line) and observed (dotted line) H� spectra of
TT Hya during total eclipse. The numbers to the right of the spectra indicate the
epoch and phase of the observations. The vertical line indicates the laboratory
wavelength. The systemic (gamma) velocity of the system (9.25 km s�1) was sub-
tracted from the observed spectra.
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The blue emission extends to higher radial velocities (Fig. 4).
This is not predicted by the synthetic spectra, and our inter-
pretation is that this is evidence of the gas stream. At this phase
in the blue emission we are looking through more inhomoge-
neous regions encompassing the gas stream and disk-stream
interaction regions, which have higher than average radial
velocity and can be rather turbulent, exhibiting the strongest
departures from circular Keplerian velocities. This is probably
also the reason why the observed central depression is displaced
slightly to shorter wavelengths. The observed central depres-
sion gets very deep at these phases and reaches a minimum at
about the middle of secondary eclipse. It is deeper than in the
theoretical spectra. This huge depression could be caused by
the combination of several effects: (1) at this phase the intrin-
sic H� lines of both stars overlap, which deepens the central
depression; (2) the reduction of the emission peaks by an addi-
tional absorption of light from the secondary by the disk might
deepen the depression as well; (3) as pointed out above, if the
surface of the secondary were hotter at this phase, it would make
the intrinsic line of the secondary, as well as the overall central
depression, deeper; and (4) the eclipse of the secondary lowers
the stellar continuum and changes both emission and absorption.

Something unexpected happens after the eclipse during phases
0.6–0.7: the blue emission increases again. This does not seem
to be a temporal effect, as can be seen in the earlier observations
of Peters (1989; Fig. 4). One could expect to observe the reverse
from the opposite line of sight within phases 0.1–0.2, but this is
not the case. Could there exist some other circumstellar material
apart from the disk and the stream in the system that contributes
to the emission? If this source were projected onto the surface
of the secondary at phases 0.6–0.7, it might have the same effect
as the disk at phases 0.4–0.5 and might increase the relative

strength of the blue emission. If this were the case, on symmetry
grounds, we could expect the reverse (red emission stronger) at
phases 0.3–0.4. There is only a very weak indication in Figure 6
that this might be the case. Independent data of Peters (1989)
indicate the same effect, that the red emission is slightly stronger
at phases 0.3–0.4. However, if this matter projects onto the
secondary during 0.6–0.7 and 0.3–0.4, then it would have to be
outside the Roche lobe of the primary. This will most likely be
somewhere between the C1 and C2 Roche surfaces.

4.2.3. Second Quadrature

The emission at the other quadrature (Fig. 4; phase 0.790)
looks similar to that at 0.217 and is well reproduced in the cal-
culations, but now the observed central depression is weaker.
The central absorption is smallest shortly after the quadrature at
about 0.79–0.86 (Fig. 6). Our interpretation is that this is evi-
dence of the hot spot or hotter disk regions projecting onto the
stellar surface of the primary, which increases the source func-
tion along the line of sight and reduces the central depression. A
little bump now seen on the blue side of the central depression is
the intrinsic secondary H� line.

4.2.4. Eclipse of the Disk

The next four phases depicted in Figure 4 (phases 0.926–
0.944) represent the eclipse of the approaching part of the disk,
and one can follow in both observed and theoretical spectra how
the blue emission progressively ceases. The behavior of both
emission peaks is thus explained fairly well with our model.
Red emission seems to be stretching more to the red than pre-
dicted, but this is just the manifestation of the same effect ob-
served close to the secondary eclipse for the blue emission. This
time, before the primary eclipse in the red emission, we observe

Fig. 6.—Behavior of the emission strength and central absorption depth of H� during the orbit of TT Hya. Triangles show the highest normalized intensity of the
blue emission peak; circles show the intensity of the red emission; diamonds show the depth of the central depression; long-dashed line shows the synthetic central
depression; solid line shows synthetic red emission; short dashes show the synthetic blue emission. The vertical lines indicate the start and the end of primary and
secondary (partial) eclipse. [See the electronic edition of the Journal for a color version of this figure.]

SYNTHETIC AND OBSERVED H� SPECTRA OF TT HYA 421No. 1, 2005



the gas stream with higher receding velocities than expected
from circular Keplerian orbits. However, the observed central
absorption is again deeper than expected. Total eclipse, which
follows, is discussed on a separate figure (Fig. 5) because of the
different intensity scale.

The last four spectra in Figure 4 (phases 0.066–0.085) cover
egress out of the disk eclipse. This time, one can observe how
the red emission associated with the receding part of the disk
emerges. Again, the behavior of the emission peaks is repro-
duced fairly well in the calculations; however, the observed cen-
tral depression is much deeper than expected from ourmodel and
poses the most serious problem. To some extent it may be caused
by the similar effect invoked for the explanation of the depres-
sion near secondary eclipse, i.e., overlap in radial velocities of
stellar components (which operates only outside total eclipse this
time). We also encounter the eclipse of the low-velocity emis-
sion regions that spill into the central absorption, which deepens
the absorption. This is apparently not enough. There are several
possible explanations for this additional absorption just before
and after the primary eclipse. It can be ascribed (1) to the main
body of the disk and assumed that the cooler disk regions project
onto the hot surface of the primary slightly before but mainly
after total eclipse. We reject this idea, since such cooler regions
in the main body of the disk should manifest in asymmetric
emission peaks at the quadratures, which are not observed. An-
other alternative is (2) to ascribe these deep H� cores to the in-
ner and more dense regions of the disk, as suggested by Peters
(1989). This might have no significant effect on the emission
peaks, but there is another problem with this interpretation,
which is the strong phase dependence of this feature. There is no
obvious reason why this absorption, if originating from inner
disk regions, should be phase dependent. One could assume that
an inner disk region close to a hot spot or a direct impact of the
gas stream is hotter, but thematter would quickly cool toward the
equilibrium value on timescales much shorter than a Keplerian
period of the inner disk. Moreover, an enhanced absorption in
the cores of H� is observed only shortly before and after the
primary eclipse and quickly changes and disappears within 0.1
orbital period between phases 0.85–0.95 and 0.05–0.15. Such
an enhanced absorption is observed at the same phases in other
Algols, e.g., 
 Per (Richards 1993), which does not have a per-
manent accretion disk. This leads us to suggest possibility (3),
that this effect could be associated with some cooler matter in the
vicinity of the secondary star or L2 point. One could speculate
that it may have the form of a slightly asymmetric envelope or a
‘‘tail’’ accompanying the secondary during its orbital motion or
perhaps circumstellar matter populating the region between the
C1 and C2 critical Roche surfaces. In either situation, it is
plausible that such matter could be present between C1 and C2
and could get there easily, since the secondary already fills the
C1 surface and is a magnetically active star. The disk itself
reaches almost up to the Roche lobe of the primary, and there is
no reason to believe that it should have an abrupt end just before
the Roche surface and not spill beyond the surface. The leading
region (in the sense of the orbital movement) of such a second-
ary’s envelope should be slightly hotter or less dense than the
rear or tail of the envelope, since the excess absorption is deeper
after primary eclipse.

There is still more to understand. Note that just before pri-
mary eclipse starts (0.90–0.95), the red emission is enhanced
while the blue emission is being eclipsed. The opposite, even
more pronounced effect is observed after the eclipse (0.05–
0.10), when the red emission emerges out of eclipse as the blue
emission gets fainter. It is not clear whether these features are

permanent or transient or why the noneclipsed emission should
be affected during the eclipse of the other emission. Possible
explanations include (1) that the disk itself contributes signifi-
cantly to the total continuum and this contribution is reduced
during the disk eclipse or (2) the primary is being shadowed by
the extra matter between C1 and C2 (as suggested above). We
made a test calculation for phase 0.0 with and without the disk
and found that the contribution of the uneclipsed disk to the
whole light in the continuum at H� at this phase was only about
5 ; 10�4. Thus, the second option would be more plausible. If
the effect is real and the explanation correct, one could expect a
drop in the R-band photometry light curve at the corresponding
phases by about 0.05 mag.

4.2.5. Total Eclipse

Finally, Figure 5 exhibits the spectra during total eclipse. This
is an important verification of the disk model, since at this phase
themain source of light, the primary star, as well as the inner disk
regions, is obscured. The spectral lines of the secondary star can
be seenmore clearly, and they indicate that the temperature of the
secondary is probably slightly higher than the value of 4361 K
found by Van Hamme & Wilson (1993). We adopted a temper-
ature of 4600 K at the rotation pole of the secondary, which is
reduced by about 200 K on the back side of the secondary be-
cause of gravity darkening. These phases also demonstrate that a
slight decrease in the radial density profile of the disk is neces-
sary to obtain better agreement with the observations. This radial
density profile is described with the power-law behavior � ¼
�in(r /rin)

 in our model, and the exponent  ¼ �1 seems to fit
the data best. Both emission peaks agree fairly well with the
synthetic spectra. It is interesting that the red emission looks
slightly wider than the blue emission. This is themanifestation of
the same effect as described above at the phases just before
primary eclipse or of the reversed effect seen close to secondary
eclipse when the blue emission was wider because of the en-
hanced departures from a Keplerian velocity field due to the gas
stream and stream-disk interaction. However, at total eclipse the
main contribution seen is that from the remote part of the disk
close to the Roche lobe and out of the disk plane. These areas
may exhibit the strongest departures from our simple prescrip-
tion of the Keplerian velocity (single star model), which might
explain why the synthetic central depression is wider.
The calculated central depression during primary eclipse is

slightly stronger than expected. This can be due to several reasons:
First, the red emission,which iswider, overlaps the absorption and
also skews it toward the blue. Second, the synthetic spectra were
calculated for the temperature of 4600K,whichmay be attained at
the rotational pole, but the actual temperatures we observe at the
back side of the secondary are lower by about 200 K and the
intrinsic Balmer lines of the secondary would be noticeably
weaker at such temperatures. Here we would like to point out that
the skewof the central depression to the blue at these phases (close
to the primary and secondary eclipse) can be easily misinterpreted
as evidence of mass outflow. At the other phases, such as quad-
ratures, departures from the circular Keplerian orbit may occur,
causing a shift of the central absorption to either side. That is why
we feel that such a blueshifted central depression is not proof of
the mass outflow from the disk and that this conclusion of Peters
(1989) should be revisited.

4.2.6. Reliability of the Free Parameters of the Disk

Since there are so many free parameters of the disk, we cannot
claim that our fit is a unique solution. Nevertheless, as shown in
the previous section, the parameters affect the spectrum in specific
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ways that we now understand more clearly (see Figs. 1, 2, and 3).
Consequently, such calculations can be used to put an independent
constraint on many of these parameters. The calculations are not
very sensitive to the inner radius of the disk, but they seem to
indicate that it reaches the surface of the star; moreover, the
density of the disk seems to increase toward the star. This is
expressed by the negative exponent . However, the exponent is
best constrained from the emission strength during the total
eclipse, which is also sensitive to the temperature of the second-
ary, and if the latter is wrong, a spurious value of  could be
obtained. If we had adopted the cooler temperature of the sec-
ondary derived byVanHamme&Wilson (1993), the effect would
be to lower the continuum andmake the emission peaks relatively
stronger and the exponent would have to be evenmore negative.
The outer radius can be set much more reliably, since it strongly
affects the separation of the emission peaks. The Roche lobe ra-
dius of the primary is about10.6R�, so our value is realistic and is
about 95%of theRoche lobe. This is in perfect agreement with the
value suggested by Peters (1989), who estimated that the disk
spans 95% of the Roche lobe. The exact agreement is a coinci-
dence, since in practice the disk probably does not have an abrupt
end but rather dissolves smoothly.

The vertical dimension of the disk is significant and is of
the order of the dimension of the primary star. It agrees with the
estimates of Peters (1989) and Plavec (1988), since it is in the
region where both their estimates overlap. The temperature of
the disk that we obtained should be viewed as a characteristic
temperature of the H�-emitting regions. In reality, there may be
strong local departures from such a homogeneous model. Re-
gions with temperatures between 5000 and 30,000 K will con-
tribute significantly to the Balmer line emission, but both cooler
and hotter regions may manifest at different wavelengths or
spectral lines and an image of the disk can change depending
on the spectral feature studied. The temperature was inferred
mainly from the central depression, which is strongly variable,
and there may be other effects that are beyond the scope of the
paper and may turn out to be important, such as NLTE effects, a
better treatment of the line absorption coefficient, and scattering
at optically thick wavelengths.

The densities are quite well determined, since the overall
emission is very sensitive to this parameter. Nevertheless, in
reality, again strong local departures can be expected from such
a simple density profile. The densities we obtained throughout
the disk decline from ne ¼ 2 ; 1010 cm�3 at the inner radius to
ne ¼ 4 ; 109 cm�3 at the outer radius. They are in very good
agreement with the estimate of Peters (1010 cm�3; 1989). The
assumed microturbulence is very uncertain. In the case of an
optically thin disk, it should be viewed as a departure from the
Keplerian velocity field rather than a local turbulence, and
we can claim only that these departures will not be higher than
about 80 km s�1. However, these departures may be higher in
the gas stream. Consequently, we can claim that the single-star
disk model with a Keplerian velocity field (as given by eq. [43])
can reproduce the shape of the line fairly well. The regions of
the disk out of the orbital plane and close to the Roche lobe are
most vulnerable to departures from this model.

The Voigt profile is generally not a good approximation for
hydrogen lines; however, it can be justified in the case of emis-
sion lines originating from low-density regions where the line

profile is determined mainly by the three-dimensional velocity
field. Finally, we would like to point out that the parallax mea-
sured by Hipparcos corresponds to a distance of about 154 �
25 pc, which is not in very good agreement with the previous
estimates of Etzel (1988) and Plavec (1988), who both obtained
distances of about 194 pc. If the new distance is confirmed
by future parallax measurements, then either the geometrical
scale (semimajor axis) and stellar radii are smaller than those ob-
tained by Etzel (1988), Plavec (1988), or Van Hamme &Wilson
(1993) or the temperatures of the stars, mainly that of the pri-
mary, might have to be reduced slightly.

5. SUMMARY AND CONCLUSIONS

We have developed a new computer code called SHELLSPEC.
This is to our knowledge the only tool that can produce the syn-
thetic light curves and synthetic spectra of interacting binaries tak-
ing into account optically thin moving circumstellar matter. The
code was applied to the well-known eclipsing Algol-type binary
system TT Hya, which has an accretion disk. Synthetic spectra of
the system for all phases were calculated by taking into account a
spherical primary and a Roche lobe–filling secondary, as well as a
disk. For the first time, it has been verified by calculations of syn-
thetic spectra that the double-peaked emission in TTHya, and thus
also in other long-period Algol-type eclipsing binaries, originates
from circumstellar matter in the form of an accretion disk with a
Keplerian velocity field.

The effect on the spectrum of various free parameters was
studied. The temperature and inclination of the disk have the
strongest effect on the depth of the central depression, while the
outer radius of the disk, the radial density profile, and the in-
clination affect mainly the position and separation of the emis-
sion peaks. The overall strength of the emission is regulated
mainly by the density and temperature. The central depression
was found to be created by two different effects: the geometry
and the velocity field of the disk itself and the cool matter pro-
jected onto the hotter stellar surface.

Realistic estimates of the densities, temperature, geometry,
and dynamics of the disk were obtained as a result of these cal-
culations. However, there are differences between the observed
and synthetic spectra, which assume a simple circular Keplerian
disk. These can be attributed mainly to the gas stream or stream-
disk interaction. The presence of an additional source of cir-
cumstellar matter in the system between the C1 and C2 Roche
surfaces is suggested to account for the deep absorption in the
H� cores detected near primary eclipse and various other ob-
served features.
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