e OGLE
(The optical Gravitational Lensing Experiment)

Collaborators

Dr B. A. Varghese
Prof Diana Kjurkchieva
Mr Valentin



Study of Irradiation Effects in Close
Binary Components

M. Srinivasa Rao

April 17-18, 2006



Basic information

What is a binary system 7

Two components of a system which revolve in close
elliptical (Or circular) orbits around their common
center of gravity.

Binary nature can be discovered in several different
ways. From the furthest to the nearest, these are
(1) Common Proper Motion Pairs (2) Astrometric Bi-
naries (3) Visual Binaries (4) Eclipsing Binaries (5)
Spectroscopic Binaries

Close binary: System of main sequence stars with
radii of the order 10% to 15% of their separation falls
into this category and reasonbly common (for much
smaller than this inmost cases, hardly any reflection
effect).

The close binaries classified into three varieties
(1) Detached systems : Both stars well inside Roche
lobes Ex: 8 Aurigae

(2)Semi Detached systems : One star fills it’s Roche
lobe FEx: Algol (BPersi)

(3) Contact systems : Both stars fills their Roche
lobes Ex: 44 BootisB



Figure 1: Schematic diagram of reflection of radiation from a point source

Reflection Effect: In a close binary system each com-
ponent will receive the radiation from its mate ( com-
panion) which should evidently heat the side facing
the other. If a star is to remain in a radiative equilib-
rium, it is obvious that all the energy received from
outside must be reemitted, without altering the rate
of escape from the deep interior. This phenomenon
is known as the Reflection effect inevitable in close
binaries.

Roche Lobe: The Roche lobe is a mathematically de-
fined surface that exists around each star in a binary
system
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Figure 2: Schematic diagram of rod model
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Figure 3: Schematic diagram of reflection of radiation from an extended surface

Figure 4: Schematic diagram of the distorted atmosphere of the component



1 Calculation of irradiation from the secondary component

We shall consider the equation for an equipotential
surface of rotating star (or tidally and rotationally
distorted surface of a star) is given by Peraiah (1970)

ap’ sin® @ + Bp° sin® 6 + (’y sin® 0 + J)p3
—(1-Q)p+1=0 (1)
where
J = Q(3 sin” @ cos ¢ — 1) (2)
and 0 and ¢ are the colatitude and the azimuthal an-
. r
gles respectively. Further, p = — where r and rp are

the radius at any point on the surface and the radius
at the pole respectively and

|

_f<7°p>3_ 1 (rp>3_ _ my (re)\3
7T ox? re) ’ Q—2,u re) ’ 'u_m1<R>'

Here X is the ratio of angular velocities at the equa-
tor and pole, f is the ratio of centrifugal to gravity

forces at the equator, ™2 is the mass ratio of the two
my

components and "€ is the ratio of the radius at the

equator to the separation between the centres of grav-
ity of the two components.

Now we shall consider a rotation of a single star. The
effects of rotation are to reduce the source function
considerably and it is interesting to note that the
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variation of S runs almost parallel to various velocity
gradients. The source functions are reduced consid-
erably when rotational velocities are introduced. The
reduction is almost an order of magnitude from V¢
=1 to V,,+=8. The main reason for dilution is that
when rotation increases the equatorial parts tend to
extend and the density of radiation field decreases. As
we are considering uniform rotation, constant velocity
gradients would reduce the radiation field uniformly
which explains the reason why the source functions
are almost parallel to each other for V., =1, 4, and
8.

we obtain a profile with a slight emission in the
wings. However when V., is increased to 4 mean
thermal units the wings become boarder whereas the
core of the line becomes narrower. When V. is in-
creased to 8 mtu the lines becomes broader uniformly
and emission in the wings disappear. When the ex-
pansion velocity increases we find P-Cygni type pro-
file which become more prominent when Vg = 6.
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2 Results and discussion

The effects of rotation are to reduce the source func-
tion considerably and it is interesting to note that the
variation S runs almost parallel to various velocity
gradients. The source functions are reduced consid-
erably when rotational velocities are introduced. The
reduction is almost an order of magnitude from V
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Figure 7: Source functions are plotted against the optical depth
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Figure 9: The ray source functions versus the optical depths along the ray for re =0.1, 0.5. Continuous
line for ray 1, dashed line for ray 6, dashed-dotted for ray 12 and dotted line for ray 18 are given above.
Panel a) Vy = 0, Vg = 0, Panel b) shows the source functions versus Rimp plotted for %:0.1, 0.5
Source functions for self radiation continuous line (Sg), distorted for different source function dashed line
of the distorted atmosphere (Sr), total source function (S) dashed - dot. Panel ¢) shows the fluxes against
z(= (v — v,)/Avp) where vo and v are the frequency points at the line centre and at any point in the line

and Avpy is the standard frequency interval such as Doppler width. Fluxes due to self radiation are shown
by the continuous line, those due to distorted source function by dotted line, and those due to total source

function by the dashed line .
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=1 to V,5¢=8. The main reason for dilution is that
when rotation increases the equatorial parts tend to
extend and the density of radiation field decreases. As
we are considering uniform rotation, constant velocity
gradients would reduce the radiation field uniformly
which explains the reason why the source functions
are almost parallel to each other for V,,=1, 4, and

8. The source functions very similar for 5 = 2 and

10. When the geometrical extension is increased the
fall in the source functions corresponding to V, ¢ 18

large in the case of an atmosphere g = 10 then that

of % = 2. This 1s so because we have chosen the same
optical depth in both cases and therefore the density

in the atmosphere with gzl() is less than that in the
atmosphere with 322. This effect is enhanced when

the rotational velocities are increased. .
In Figs. 3(a) (b) (c) we have presented for 222 the

line profiles observed at infinity for Vg=0, 3, 6 mean
thermal units respectively. In each of these figures
we have also presented profiles for V,44=1, 4, 8 mean
thermal units. In Fig. 3(a) we note that all profiles
are symmetric. For V. =1, we obtain a profile with
a slight emission in the wings. However when V., .t
is increased to 4 mean thermal units the wings be-
come boarder whereas the core of the line becomes
narrower. When V..t is increased to 8 mtu the lines

becomes broader uniformly and emission in the wings
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disappear. When the expansion velocity increases we

find P-Cygni type profile which become more promi-
nent when Vg =6 (Fig. 3(c)). In Fig. 4 (a), (b), (c)

the flux profiles have been plotted for 3210. These
are similar as given in Fig. 3 (a)(b)(c).

3 Method of calculation

We perform all the calculations in the 3-dimensional X-Y-Z Carte-
sian geometry as shown in figure 1. We assume a spherical shell of
the primary star with inner and outer radii R;;; and R+ respec-
tively. The center of the star is at the origin of coordinates. We
assume that radiation is incident from a point source at B moving
on a circle of radius R in the X-Z plane. We calculate the radi-
ation field reflected from the spherical shell. We divide the shell
into several circular slices such MNPQ) parallel to Z-Y plane, with
their centers lying on X-axis. We consider the transfer of radiation
along the lines such as QS9RO. Therefore in the X-Y-Z Cartesian
coordinate system we should be able to determine the coordinates
of any point.

We assume that the secondary component is situated at the point
B and a ray from B intersects the outer surface at S; and passes
through the point Sy on the line QS;RO. Let the coordinates of the
points S and B (in figure 1) be (z1,y1, 21) and (x9, y2, 29) respec-
tively. The equation of this line is given by

x—xlzy—ylzz—zl (3)

To — X1 Y2 — U1 29 — 21

By knowing the coordinates of the points Sy and B in advance,

the coordinates of the points S; are obtained by solving equation (1)
and the equation of the sphere, whose center is at A. The equation

14



Figure 10: Shows the Schematic diagram of the Cartesian co-ordinate system in X-Y-Z geometry
of the sphere is given by
2 .2, .2 _ 12
The length of the segments are calculated using distance formula.
We need to avoid all points where the incident radiation does not

reach such as the shadow cone cast by the central star. We calculate
the equation of the cone from the enveloping the sphere

o’ +y*+2° =Rl (5)
This is given by
(#* + 9> + 22 — R (25 + v + 25 — R%)
— (x5 + yys + 225 — RiQn)2 = 0. (6)

The points that lie in the shadow of this cone should satisfy the
relation

(> +y*+2°—R%) (v3+y5+2 —R%)
—(zz3 +yy; + 225 — R§y)* <0 (7)
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Figure 11: Schemetic diagram of shadow cone casted by the central star

all those points which satisfies the relation are eliminated from cal-
culation.

We estimate the radiation field that is transfered along the line
segments such as S1S9 to obtain the source function along the lines

QS2RO. We employed the procedure described in Peraiah (1982).

3.1 Calculation of radiation filed due to irradiation

We shall briefly describe the calculation of the source functions de-
rived in the 1-dimensional rod model. The total source function
including the diffuse radiation field given by

S§(r) = S*(7) +w(r)lp(r)hie™ + (1= p(r) Le™ 7], (8)

Sq (1) =5 (1) +w(n)[(1 —p(r)Lre ™+ p(r)le” T 7], (9)

where ST(7) and S™(7) are the source functions at the optical
depth 7 (for details see Peraiah (1982)). w(7) is the albedo for single
scattering and p is the phase function equal to % in this case. We
set w(7) = 1 which corresponds to pure scattering in the medium.
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I; and I, are the incident specific intensities at the boundaries at
7 = 0 and 7 = T respectively. For isotropic scattering S = S
and equation (6) and (7) will reduce to

1 1
) 2
where T is the total optical depth at the point where the source
function is calculated. We set 7 = 0 at point S (see figure 1) where
the incident ray enters the medium, and we set 7 = T' at the point

S, = [+ 1)+ =[Le "+ Le T, (10)

So where the source function is calculated.
1+ [T =71 —p]

It(r)y=1 11
(7) = (1)
e 7 71— )
_ —7|l—-p
I = 12
") = W= (12)
I"(r=T)=0= 1, (13)
I(r=0) =1, (14)
therefore .
I"r=T)=hL—= 15
=T =hi o (15)
I-(1) =0, (16
At 7 =T, the source function becomes,
1 1
S, = §[I+ +1]+ §[Ile—T]. (17)

Introducing equation (9) and (10) into the above equation with

p= %, we obtain

1 2
“I [

2 24T
Using the above analysis we can calculate the source functions ac-

S, = +e77). (18)

cording to one-dimensional rod model.
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In addition to the irradiation from the secondary component we
have the radiation from the primary star itself. In the next sec-
tion we shall describe method of calculation of self radiation of the
primary component.

3.2 Calculation of self radiation of the primary component

The radiative transfer equation in a spherically symmetric approx-

imation is
W L =)o)
+o(r)I(r,p) = o(r)[Ss(r) — I(r, p)), (19)
where
Ss(r) =% " p(r, e, 1)1 (r, ) (20)

Here I(r,u) is the specific intensity of the ray making an angle
cos™! p with the radius vector. The quantities o(r) and S,(r) are
the absorption coefficient and the source function respectively and
P(r, i, p') is the phase function for isotropic scattering and function
is normalised such that

1 ,+1
5o p(r, g, )1 (ry p)dp' = 1 (21)

and  p(ryp,p) >0 and —1<upu, p <1

3.3 Brief description of the numerical method for solving the radiative transfer
equation in spherical symmetry

The solution of radiative transfer equation (17) in spherical symme-
try is developed by using discrete space theory of radiative transfer
Peraiah and Grant (1973). In general the following steps are fol-
lowed for obtaining the solution.
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(i) We divide the medium into a number of ”cells” whose thickness
is less than or equal to the critical (7.;;). The critical thickness is
determined on the basis of physical characteristics of the medium.
Terit €NSUres the stability and uniqueness of the solution.

(ii) Now the integration of the transfer equation is performed on
the ”cell” which is two-dimensional radius - angle grid bounded by
70y Trt1] X [/Lj_%, uj+%] where ;1= > Cr,j=1,2...,J, where
C}, are the weights of Gauss Legendre formula.

(iii) By using the interaction principle described in Peraiah and
Grant (1973), we obtain the reflection and transmission operators
over the ”cell”.

(iv) Finally we combine all the cells by the star algorithm described
in Peraiah and Grant (1973) and obtain the radiation field.

3.4 Boundary conditions
The boundary conditions are assumed as follows

Uvp(mr="T,pu;) =1  forall puls (22)

U (t=0,u;) =0 for all ps (23)

Equation (20) represents the incident radiation on the atmosphere
where the radius is minimum, and equation (21) represents the
boundary condition at maximum radius, for w = 1.

3.5 Calculation of total source function

If J(r) is the mean intensity then the total source function Sy (z, y, 2)
is given by

Sr(z,y,z) = Sp(z,y,2) + J(x), (24)
this means that total source function (Sy) is sum of the source
functions due to self radiation of the primary star (S;)and the irra-

19
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Figure 12: Shows the comparison of self radiation represented by line dash, reflected radiation represented
by the line dash dot and the total radiation is represented by continuous line along the Y-axis in case 1

diation from the secondary component which is assumed as point
source (.S,).

4 Brief description of the computational procedure

We have used the following data:

Rip = 10*cm, Ryt = 5 x 10%%cm, R=10"cm where Ry, Royt 1s
the inner and outer radius of the primary star and R is the separation
between two components. We assumed a constant electron density
of 102cm™3. As mentioned earlier, we calculate the intensities along
the lines such as QS9RO in a given circular slice. These slices are
designed as K= 1, 2, 3,... where the slice with designed K= 1
corresponds to that at x = Ry, that with K= 11 corresponds
to that at * = 0 and that with K= 21 corresponds to that at

r = —Rgyt- We give unit incident intensity at the surface r =

20



05 |- 1 o5} ]
7N
[ — ] I / \_,.___
QL 11y ) A o I I
-04-02 0 02 04 -04-02 0 02 04
Y x10" ¥x10"

Figure 13: Shows the comparison for case2. The notation is same as case 1

Royt- We set the secondary component coordinates which is a
point source as (Z3, Y2, 22) where the radiation is incident on the
primary component. We consider the following, cases and calculate
the direction cosines of the lines which are parallel to the Z-axis and
also parallel to the line of sight. We can consider many number
of cases keeping secondary component in different positions in a
circular orbit. We can obtain many possible cases but we consider
following cases.

Case 1: z9 =R, 4ys=0, 2=0;

Case 2: x9 = Rsiny, 22 =0, 29=Rcos?;and

Case 3: 29 =0, y=0, 2z0=R.

In the above cases we have placed the secondary component on
the X-axis at a distance R in case 1 i.e., (x9 = R, yo =0, 2 = 0);
In case 2, the secondary component is placed between X and 7 axis
as the line making 45° with X-axis i.e., (o = Rsinf, y2 = 0,
7y = Rcos%); and in case 3, the secondary component is placed on

21
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Figure 14: Shows the comparison for case3. The notation is same as case 1

the Z-axis with distance of R i.e., (zo =0, yo =0, 20 = R).

5 Results and Discussion

Using the above mentioned data we have plotted figures 2 to 4
reflected radiation represented by dash dot line, self radiation rep-
resented by dash dash line and total radiation is denoted by con-
tinuous line for K= 8, 14 in a scattering medium along Y-axis. In
all the above three cases we observe that the self radiation is same
and also it is constant throughout the atmosphere of the primary
component and also decreases towards the limb.

Case 1: In figure 2(a, b) the irradiation from the secondary compo-
nent is small, when compared to the self radiation of the primary
star. This is due to the fact that we have considered secondary com-
ponent as a point source which is at a distance of R= 10" cm from
the primary component. The contribution of reflected radiation is
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Figure 15: Shows the contour plot for casel for (a) reflected radiation (b) self radiation (c) total radiation

small and there is no quantitative differences between self radiation
and the total radiation curves in the figure 2(a, b) for K=8 and
14. So self radiation is dominating factor in this case but still the
effect of irradiation can not be neglected. We can see the effect of
irradiation in figure 5(a, b, c).

The surface of for primary component shows changes in intensity
in figure 5(b). We also can observe irradiation effect on the primary
component in figure 5(a) facing the secondary component. This
happens because the atmosphere of the star with a close companion
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0.0

Figure 16: shows contour map for (a) reflected and (b) total radiation for case 2

is influenced by two interaction mechanisms 1) gravitational inter-
action results in a distortion of the outer layers of the star and 2)
the radiative interaction results in a warming of surface layers. So
we observe intensity variation in figure 5(a). Figure 5(c) shows the
brightness distribution of the total radiation (self+irradiation).

Case 2: In figure 3(a, b) we can see the reflected radiation is almost
constant in the atmosphere of the primary component and consider-
able amount of irradiation is added from the secondary component
to the self radiation of the primary component in figure 3(a). The
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Figure 17: shows contour map for (a) reflected and (b) total radiation for case 3

total radiation behaves as the self radiation, but one can clearly
see the curves are separated in figure 3(a) because irradiation con-
tributed more substantially.

In figure 3(b) we see that reflected radiation is stronger in the range
Y| < 0.2 than outside this range and contribute significant amount
of radiation going towards the center of the star due to scattering
processes and is a dominating factor in that range. The total radia-
tion almost behaves like reflected radiation in the range |Y| < 0.2.
While modeling the close binary system one should not neglect the
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irradiation effect which plays an important role.

We also can observe similar features in contour maps of figure 6(a,
b) which shows reflected and total radiation. Due to the angle of
incidence, the shadow cone casted by the central star is changed
and also. brightness distribution is shown in figure 6(a) and total
radiation in 6(b).

Case 3: In figure 4(a, b) we see that K= 8 and K= 14 the reflected,
self and total radiation is same by symmetry. In comparison with
casel and case2 the reflected radiation is more in this case. This
is because primary component receives the radiation directly from
the secondary. We also can observe that intermediate regions have
combined radiation (ie., irradiation which is coming towards the
centre of the star and the self radiation of the primary star) filed. So
due to this reason the maximum radiation is occurs central regions
primary component. We also plotted the contour for reflected and
for total radiation distribution in this case in figure 7(a, b).
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6 Conclusions

e While modeling binary sytem reflection effect has to be considered.
e This effect place an important role on spectral lines

e Proximity of secondary is important because as it close
to the primary it contribute more radiation

e Position of the secondary important

7 future work

We would like to study the irradiation effects when secondary com-
ponent is an extended surface and the effect of gravity darkening in
a binary system in XYZ-geometry.
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Figure 18: Light curves

8 OGLE Data

OGLE ( The optical Gravitational Lensing Experiment). The Pho-
tometric data of 2580 binary stars were collected during 1997 - 2000.
Eclipsing binary stars are among the most important sources of in-
formation on stellar parameters like mass, radius, luminosities etc.

The detected data of eclipsing binary were divided into three clas-
sical types.

EA —— (Algol type) (Spherical or slightly ellipsodial components)
EB —— (68 Lyr type) (Ellipsodial components)
EW —— (W Uma type) (Ellipsodial components periods are shorter

than 1 day) These type of contact binary stars are surprisingly com-
mon in the solar neighborhood
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Figure 19: OGLE II fields in the LMC. Dots include positions of eclipsing stars. North up and East to left
in the Digitized sky survey (DSS)

The data analysis is in the follwing way:

1) We have to choose good light curve with secondary minimum at
the phase at 0.5

2) We have begin with I, B, V data, if it has a mini-um number of
data points select that data. In this case we have chosen only I data
because B and V data have not sufficient points.

3) The data have to be phased

4) We have to convert the data into flux. So finally we have the
data (Phase, flux). Using some software package (Binmaker2) I
could produce the synthetic light curve.

5) As a final step I have to feed this data in Wilson, R. E, Devinney,

29



0.5 0

=3
g

1 1.9 2

V-1 | mag

Figure 20: Colour-magnitude diagram of eclipsing binaries in the LMC. Solid dots, crosses and triangle
mark EA, EB, and EW type objects respectively
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Figure 21: NO, Field, Star, RA, DEC, X,¢y, Y,es, P(d), Tp, Iz, Ampl I(mag), Sec. Ecl(Phase), Sec.
EC](Depth)I(mag); Idepth; Vdepth; Bdeptha TYPe, Notes
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Tahle 1: Definition of Eclipse Stages

STAGE RANGE APPEARANCE

Ho Eclipse p=iR + R .

Shellow Eclipse (R, +R,)>p= JRi - RS

Deep Eclipae |'Ef - Ri >priR,— R,

Arnmular or <{R - R.)
Total Eclipse P L

Figure 22: condition

E. J code to get the physical parameters of the stars.
Binary maker

Binary maker is commercially available software package devel-
oped by david Bradstreet (Eastern colleg eof pensylvania) to vi-
sualize light and radial velocity curves and the appearance of the
system itselt with varying phase.

1) Light curve can tell us star shapes, and various kinds of surface
brightness and the orientation information

2) Light curve can provide a picture of binary with an unknown
scale, while radial velocitycurve can provide absolute scale but no
picture.

3) Velocity curves of both the stars are needed to compute the
scalling information, although radial velocities for just one of the
stars give useful, but incomplete information.
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2 Wikson- iraphic Interface
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FIGUHE F.1. The limit of an eclipse of an over-contact systom,

Figure 23: Light curves ggr a over contact system
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Figure 24: Light ctittves shallow eclipses
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Figure 25: Light curves deep eclipses
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Input data for Binmaker code:
1) latitude grid No

reflection 1

(
(
(
(
(
(
(
(
(
(10)
(11)
(12)
(13) reflection 3
(14)
(15)

36



Rk Velocity

Figure 26: Synthetic light curve
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For deriving the physical parameters of each system we can fix two
crucial parameters like temperature and the mass ratio (as derived
from the spectroscopy). The temperature is always assumed as that
approximate for the spectral type and the mass ratio will be derived
from the radial velocity curve. Since we can get multiple solution
of the system. That is way we apply Binmaker2 code, where we
can get global minimum parameters of the system and secondly it
is independent of correlations between parameters of describing the
system.
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Figure 27: Schematic diagram of diffuse radiation field

(U;;H) _ (t(n+1,n) r(n,n+1)) ( Uf{l)Jr(Z?L%)(%)

U, r(n+1,n) t(n,n+1) )\ U, Yo

n n+7

The r and t matrices and the vectors % are the internal sources
which can be expressed in terms of the matrices.
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Figure 28: Schematic diagram of interaction principle

a) Classification based on the shape of the light curve

E Eclipsing binary systems. These are binary systems with orbital
planes so close to the observer’s line of sight (the inclination i of the
orbital plane to the plane orthogonal to the line of sight is close to
90 deg) that both components (or one of them) periodically eclipse
each other. Consequently, the observer finds changes of the apparent
combined brightness of the system with the period coincident with
that of the components’ orbital motion.

EA Algol (Beta Persei)-type eclipsing systems. Binaries with spher-
ical or slightly ellipsoidal components. It is possible to specify for
their light curves the moments of the beginning and end of the
eclipses. Between eclipses the light remains almost constant or
varies insignificantly because of reflection effects, slight ellipsoidality
of components, or physical variations. Secondary minima may be
absent. An extremely wide range of periods is observed, from 0.2 to
.= 10000 days. Light amplitudes are also quite different and may
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reach several magnitudes.

EB Beta Lyrae-type eclipsing systems. These are eclipsing systems
having ellipsoidal components and light curves for which it is impos-
sible to specify the exact times of onset and end of eclipses because of
a con- tinuous change of a system’s apparent combined brightness
between eclipses; secondary minimum is observed in all cases, its
depth usually being considerably smaller than that of the primary
minimum; periods are mainly longer than 1 day. The components
generally belong to early spectral types (B-A). Light amplitudes are
usually | 2 mag in V.

EW W Ursae Majoris-type eclipsing variables. These are eclipsers
with periods shorter than 1 days, consisting of ellipsoidal compo-
nents al- most in contact and having light curves for which it is
impossible to specify the exact times of onset and end of eclipses.
The depths of the primary and secondary minima are almost equal
or differ insignifi- cantly. Light amplitudes are usually j 0.8 mag
in V. The components generally belong to spectral types F-G and
later.
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