
Article

Physics of Eclipsing Binaries: Motivation for the New-

Age Modeling Suite

Pavlovski, K., Prša, A., Degroote, P., Conroy, K., Bloemen, S., 
Hambleton, Kelly, Giammarco, J., Pablo, H., Tkachenko, A. and 
Torres, G.

Available at http://clok.uclan.ac.uk/14589/

Pavlovski, K., Prša, A., Degroote, P., Conroy, K., Bloemen, S., Hambleton, Kelly, Giammarco, J., 

Pablo, H., Tkachenko, A. and Torres, G. (2013) Physics of Eclipsing Binaries: Motivation for the 

New-Age Modeling Suite. EAS Publications Series, 64 . pp. 259-268. ISSN 1633-4760  

It is advisable to refer to the publisher’s version if you intend to cite from the work.
http://dx.doi.org/10.1051/eas/1364036

For more information about UCLan’s research in this area go to 
http://www.uclan.ac.uk/researchgroups/ and search for <name of research Group>.

For information about Research generally at UCLan please go to 
http://www.uclan.ac.uk/research/ 

All outputs in CLoK are protected by Intellectual Property Rights law, including
Copyright law.  Copyright, IPR and Moral Rights for the works on this site are retained 
by the individual authors and/or other copyright owners. Terms and conditions for use 
of this material are defined in the http://clok.uclan.ac.uk/policies/

CLoK

Central Lancashire online Knowledge
www.clok.uclan.ac.uk

http://clok.uclan.ac.uk/policies/
http://www.uclan.ac.uk/research/
http://www.uclan.ac.uk/researchgroups/


Setting a New Standard in the Analysis of Binary Stars 
K. Pavlovski, A. Tkachenko and G. Torres (eds)
EAS Publications Series, 6 4  (2013) 269-276

PHYSICS OF ECLIPSING BINARIES: MODELLING IN THE  
NEW ERA OF ULTRA-HIGH PRECISION PHOTOMETRY

S. B lo e m e n 1’2 , P . D e g r o o te 2 , K . C o n r o y 3 , K .M . H a m b le to n 4’5 , 

J .M . G ia m m a r c o 6 , H . P a b l o 7 a n d  A . P r s a 5

Abstract. R e c e n t u l t r a - h ig h  p re c is io n  o b s e r v a t io n s  o f  e c l ip s in g  b in a 

r ie s , e s p e c ia l ly  d a t a  a c q u ire d  b y  t h e  Kepler s a te l l i te ,  h a v e  m a d e  a c 

c u r a te  l ig h t  c u rv e  m o d e l l in g  in c re a s in g ly  c h a l le n g in g  b u t  a lso  m o re  

re w a rd in g . In  t h is  c o n t r ib u t io n ,  w e  d is c u s s  lo w -a m pl i tu d e  s ig n a ls  in  

l ig h t  c u rv e s  t h a t  c a n  n o w  b e  u s e d  to  d e r iv e  p h y s ic al  in fo rm a t io n  a b o u t  

e c l ip s in g  b in a r ie s  b u t  t h a t  w e re  u n a c c e s s ib le  b e fo re  t h e  Kepler e ra . A  

n o ta b le  e x a m p le  is t h e  d e te c t io n  o f  D o p p le r  b e a m in g, w h ic h  le a d s  to  

a n  in c re a s e  in  f lu x  w h e n  a  s t a r  m o v es  to w a r d s  t h e  sa te l l i t e  a n d  a  d e 

c re a s e  in  f lu x  w h e n  i t  m o v es  aw ay . S im i la r ly , R p m e r d e la y s , o r  l ig h t  

t r a v e l  t im e  e f fec ts , a ls o  h a v e  t o  ta k e n  in to  a c c o u nt  w h e n  m o d e l l in g  th e  

s u p re m e  q u a l i ty  d a t a  t h a t  is  n o w  a v a i la b le . T h e  d e te c t io n  o f  o f fse ts  b e 

tw e e n  p r im a r y  a n d  s e c o n d a ry  e c lip s e  p h a s e s  in  b in a rie s  w i th  e x tr e m e  

m a s s  r a t io s ,  a n d  t h e  o b s e r v a t io n  o f  H o rn e r d e la y s  in  t h e  s ig n a ls  o f  p u l- 

s a to r s  in  b in a r y  s ta r s ,  h a v e  a l lo w e d  u s  to  d e te r m ine  t h e  o r b i t s  o f  s e v e ra l  

b in a r ie s  w i th o u t  t h e  n e e d  fo r  s p e c tro s c o p y . A  t h i r d e x a m p le  o f  a  s m a l l -  

s c a le  e f fec t  t h a t  h a s  t o  b e  ta k e n  in to  a c c o u n t  w h e n m o d e l l in g  sp ec if ic  

b in a r y  s y s te m s ,  a r e  le n s in g  e f fec ts . A  n e w  b in a r y  lig h t  c u rv e  m o d e l l in g  

c o d e , PHOEBE 2 . 0 ,  t h a t  ta k e s  a l l  th e s e  e f fec t  in to  a c c o u n t  is c u r r e n tly  

b e in g  d e v e lo p e d .
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1 Introduction

In recent years, satellites such as Kepler (Borucki et al. 2010) and CoRoT 
(Auvergne et al. 2009) have performed photometric observations of eclipsing bi
nary stars at unprecedented precision and duty cycle. Of the roughly 190 000 
stars that the Kepler satellite has observed, more than 1 per cent is identified 
as an eclipsing binary. This results in a sample that is large enough to perform 
statistical studies (see the catalog papers Prsa et al. 2011; Slawson et al. 2011; and 
Kirk et al. 2013, in prep.), while every individual light curve by itself allows one to 
study an individual target in unprecedented detail. Kepler light curves of eclips
ing binaries show features that were not seen before, but now become apparent 
because of the high accuracy of the brightness measurements and the time span of 
the observations of up to 4 years for many of the targets. In this contribution, we 
discuss recent studies of Doppler beaming in Section 2. Next, we briefly discuss 
features that can be attributed to light travel time delays in Section 3 and the 
effect of gravitational lensing in Section 4.

2 Doppler beaming

When the first month of Kepler data was released at the end of 2009, two binaries 
were found that not only showed eclipses, ellipsoidal modulation and reflection 
effects, but also persistently showed a difference between the two ellipsoidal max
ima that appear per orbital cycle. The reason for these differences turned out to be 
Doppler beaming, also known as (Doppler) boosting. Doppler beaming was first 
observed by Maxted et al. (2000) in ground based data, but at low significance. 
The first two binaries with clear Doppler beaming signals found in Kepler data 
were KPD 1946 -I- 4340, a binary with an orbital period of 9.7 h consisting of a 
subdwarf B star and a white dwarf (Bloemen et al. 2011), and KOI-74, which has 
an orbital period of 5.2 d and consists of a main sequence A star and a low-mass 
white dwarf (van-Kerkwijk et al. 2010).

Doppler beaming is a combination of three effects that are all caused by the 
motion of a star relative to the observer:

1. Light gets beamed towards the direction of motion of the source. This causes 
a star to appear slightly brighter when it moves towards the observer in its 
binary orbit;

2. The photon arrival rate is enhanced when the star moves towards the ob
server. This also causes the star to appear brighter when it moves in the 
direction of the observer;

3. The Doppler shift of the spectrum relative to the bandpass of the instrument. 
Depending on the spectrum on the source, the observed flux will be slightly 
increased or decreased.

Prior to the launch of Kepler, Loeb & Gaudi (2003) already discussed the effect for 
systems with planets and Zucker et al. (2007) discussed the case of binary stars,
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th e re b y  p r e d ic t in g  th e  d is c o v e ry  o f  “B e a m in g  b in a r ie s ” . T h e  b e a m in g  a m p l i tu d e  

c a n  b e  a p p r o x im a te d , fo r  r a d ia l  v e lo c i t ie s  m u c h  lo we r t h a n  th e  s p e e d  o f  l ig h t ,  b y

Fx = F0,x ( l  -  f l y )  , (2.1)

in  w h ic h  F\ is t h e  o b s e rv e d  f lu x  a n d  F0,x th e  e m i t t e d  f lu x  (L o e b  &  G a u d i  2 0 0 3 , n o 

ta t i o n  a s  in  B lo e m e n  e t a l. 2 0 1 1 ). B is th e  s o -ca l le d  b e a m in g  fa c to r ,  w h ic h  in c lu d e s  

th e  th r e e  e f fe c ts  d e s c r ib e d  a b o v e : B = 5 -I- d  In  F\ / d  In  A. T h e  b e a m in g  fa c to r  th u s  

d e p e n d s  o n  th e  s p e c tr u m  o f  t h e  s t a r  a n d  th e  w a v e le ng th  o f  th e  o b s e rv a t io n s . F o r  

b r o a d b a n d  p h o to m e tr y ,  o n e  h a s  to  u se  a  p h o to n  w e ig hte d  b a n d p a s s - in te g r a te d  

b e a m in g  fa c to r

/ m  _  Jex^FxBdX 

[ } JexXFxdX ( 2.2)

in  w h ic h  is  th e  re s p o n s e  fu n c t io n  b a n d p a s s .

I f  th e  l ig h t c o n t r i b u t i o n  o f  o n e  s t a r  is n e g l ig ib le c o m p a re d  to  th e  o th e r ’s, as  

is th e  c a s e  fo r  th e  tw o  Kepler b in a r ie s  in  w h ic h  th e  e ffec t w as  d is c o v e re d  f ir s t, 

m e a s u r in g  th e  a m p l i tu d e  o f  th e  e f fec t g iv es  a  d i r e ct  p h o to m e tr i c  m e a s u r e m e n t  o f  

th e  r a d ia l  v e lo c i ty  a m p l i tu d e  o f  t h e  s ta r .  I n  b o th  c a se s , s p e c tro s c o p ic  m e a s u re 

m e n ts  w e re  in  p e r fe c t  a g r e e m e n t  w i th  th e  p h o to m e tr ic  v a lu e s  (B lo e m e n  et al. 2011 ; 

E h r e n re ic h  et al. 2011 ; B lo e m e n  et al. 2 0 1 2 ). T h e  u n c e r ta in ty  o n  th e  p h o to m e t r i c  

v a lu e s  is in  b o th  ca se s  d e te rm in e d  b y  th e  u n c e r ta inty  o n  th e  s p e c tr u m - d e p e n d e n t  

b e a m in g  fa c to r  r a th e r  t h a n  b y  th e  m e a s u re d  b e a m in g  a m p l i tu d e .  O n e  s h o u ld  b e  

c a re fu l ,  th o u g h ,  w h e n  in te r p r e t i n g  th e  D o p p le r  b e a min g  s ig n a l w h e n  a  b in a r y ’s 

c o m p o n e n ts  b o th  c o n t r ib u te  s ig n i f ic a n t ly  to  th e  t o ta l  l ig h t.  I n  t h a t  c a se , th e  

D o p p le r  b e a m in g  s ig n a ls  o f  b o th  s ta r s  w il l ( a t  le a st  p a r t l y )  c a n c e l e a c h  o th e r  o u t .

A s  a n  e x a m p le  o f  w h a t  a  l ig h t  c u rv e  w i th  D o p p le r  b ea m in g  lo o k s  like  a n d  h o w  

i t  is b u i l t  u p , w e sh o w  th e  l ig h t  c u rv e  o f  K P D  1946 +  4340 in  F ig u r e  1, a s  p r e s e n te d  

in  B lo e m e n  et al. (2011). T h e  g re e n  d a t a  p o in ts  sh o w  th e  p h a s e fo ld e d  l ig h t  c urv e , 

a n d  th e  b la c k  l in e s  th e  m o d e l c r e a te d  u s in g  LCURVE C o p p e rw h e a t  et al. (2010). I n  

th e  d if f e re n t p a n e ls ,  f ro m  to p  to  b o t to m ,  th e  m o d e l is m a d e  m o re  s o p h is t ic a te d  

b y  a d d in g  th e  e f fe c ts  o f  e c l ip se s , re f le c t io n , e l l ip so id a l m o d u la t io n , g r a v i t a t i o n a l  

le n s in g  a n d  b e a m in g .

A s  s h o w n  b y  Z u ck e r  et al. (2 0 0 7 ), th e  a m p l i tu d e  o f  th e  D o p p le r  b e a m in g  e ffect 

d ro p s  a t  a  s lo w er r a te  w i th  in c re a s in g  o r b i t a l  p e r io d  t h a n  re f le c t io n  e f fec ts  a n d  

e l l ip s o id a l m o d u la t io n .  A s  s u c h , th e  b e a m in g  e ffec t w il l  b e  th e  d o m in a n t  e f fec t 

in  lo n g -p e r io d  b in a r ie s . I t s  d e te c t io n  in  b in a r ie s  w i th  p e r io d s  o f  te n s  o f  d a y s  o r  

lo n g e r ,  th o u g h , is l im i te d  b y  o u r  u n d e r s ta n d in g  o f  lo n g - te rm  in s t r u m e n ta l  t r e n d s  

in  o b s e rv e d  l ig h t c u rv e s  a n d  o u r  a b i l i t y  t o  re m o v e  s u c h  t r e n d s  w i th o u t  to u c h in g  th e  

a s t ro p h y s ic a l  s ig n a l . T h e  a p p a r e n t  m is m a tc h  b e tw e e n th e  e x p e c te d  a n d  o b s e rv e d  

D o p p le r  b e a m in g  s ig n a l  in  K IC  5 0 0 6 8 1 7  (B e c k  et al. 2 0 1 3 , s u b m it te d )  is p r o b a b ly  

r e la te d  to  s u c h  a  d e t re n d in g  issu e .

In  th e  c a s e  o f  a  b in a ry  w i th  a  c i r c u la r  o r b i t ,  th e  s ig n a ls  o f  D o p p le r  b e a m in g , 

e l l ip so id a l  m o d u la t io n ,  a n d  re f le c t io n  c a n  a l l b e  mo d e lle d  w i th  s in e  c u rv e s . T a k in g  

in to  a c c o u n t  th e  r ig h t  p h a s e  o f fse ts  b e tw e e n  th e  thr e e  e f fec ts  (b e a m in g  is m a x im u m  

a t  p h a s e  0 .2 5 , e l l ip s o id a l m o d u la t io n  a t  0 .2 5  a n d  0.7 5  a n d  re f le c t io n  a t  0 .5 ) a n d
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Orbital phase

Fig. 1. Phase-folded, binned light curve of KPD 1946 + 4340 (green) and our best fitting 
model (black). In the top panel, only the eclipses and reflection effects are modelled. 
In the second panel, ellipsoidal modulation is added. In the third panel, gravitational 
lensing is taken into account as well, which affects the depth of the eclipse at orbital phase 
0.5. The bottom panels show the full model -  taking into account Doppler beaming -  
and the residuals (grouped by 30 in green and grouped by 600 in black). Originally 
published in Bloemen et al. (2011).

periods (beaming and reflection go with the orbital period, ellipsoidal modulation 
at twice the orbital period), one can describe a light curve of a non-eclipsing 
binary with a circular orbit fairly well using such three sine curves, and one can
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e v e n  d e t e c t  b in a r ie s  u s in g  th i s  t r ip le - s in e  m o d e l  (“B E E R ” m o d e l ,  s e e  S h p o r e r  

et al. 2 0 1 1 ; F a ig le r  &  M a z e h  2 0 1 1 ; F a ig le r  et al. 2 0 1 2 , 2 0 1 3 ) .

O n  a  s m a l le r - s c a le  le v e l, b e a m in g  o f  l i g h t  b y  a  r o ta t i n g  s t a r  le a d s  to  a  p h o 

to m e t r i c  a n a lo g u e  o f  t h e  R o s s i te r - M c L a u g h l in  e f fe c t ( R o s s i te r  1 9 2 4 ; M c L a u g h l in  

1 9 2 4 ) t h a t  is  s e e n  in  r a d ia l  v e lo c i ty  m e a s u r e m e n t s  o f  e c l ip s in g  b in a r ie s .  T h e  p a r t  o f  

t h e  s t e l la r  s u r f a c e  t h a t  m o v e s  to w a r d s  t h e  o b s e rv e r d u e  t o  t h e  r o t a t i o n  o f  t h e  s t a r ,  

a p p e a r s  s l ig h t l y  b r ig h t e r  t h a n  th e  p a r t  m o v in g  a w a y. D u r in g  e c l ip s e , t h e  e c l ip s e  

d e p t h  w i l l  th e r e f o r e  b e  s l ig h t ly  e n h a n c e d  w h e n  a  b lu e s h i f te d  p a r t  o f  t h e  s te l l a r  

s u r fa c e  is  e c l ip s e d .  C o m p u t a t i o n s  o f  h o w  la rg e  th i s e f fe c t is  a r e  p r e s e n te d  in  G r o o t  

( 2 0 1 2 ) ,  a n d  S h p o r e r  et al. (2 0 1 2 )  d is c u s s  t h e  p r o s p e c t s  o f  m e a s u r in g  s p in - o r bi t  

m i s a l ig n m e n ts  u s in g  th i s  s ig n a l .

A  c o r r e c t  m o d e l l i n g  o f  t h e  D o p p le r  b e a m in g  s ig n a l  is  n o t  o n ly  r e q u i r e d  to  

c o r r e c t l y  e x p l a in  t h e  l i g h t  c u r v e s  o f  c e r t a in  b in a rie s ,  i t  a l so  a l lo w s  o n e  t o  g e t  

in f o r m a t io n  a b o u t  t h e  r a d ia l  v e lo c i ty  a m p l i t u d e s  o f t h e  s ta r s ,  a n d  th e r e f o r e  g iv e s  

in f o r m a t io n  t h a t  c o n s t r a in s  t h e  m a s s  r a t i o  o f  th e  sy s te m . T h e  e f fe c t  th e r e f o r e  

h a s  t o  b e  in c lu d e d  in  m o d e l l i n g  c o d e s .  T o  m o d e l  K P D 1 9 4 6  +  4 3 4 0 , t h e  e f fe c t 

w a s  im p le m e n te d  in  LCURVE fo l lo w in g  th e  e q u a t io n s  pr e s e n t e d  a b o v e .  F o r  w id e  

f i l t e r s ,  a n d  s t a r s  t h a t  d o  n o t  h a v e  s t r o n g  s p e c t r a l l i n e s  a r o u n d  t h e  e d g e s  o f  t h e  

f i l t e r s  (w h ic h  c a n  t h e n  s h i f t  in  o r  o u t  o f  t h e  b a n dp a s s ) ,  t h e  l i n e a r  a p p r o x im a t io n  

p r e s e n t e d  in  2 is  v e r y  g o o d .

3 Light travel tim e effects

Kepler h a s  a lso  a l lo w e d  t h e  c h a r a c te r i s a t i o n  o f  b in a r ie s  a n d  m u l t ip le  s y s te m s  

th r o u g h  l ig h t  t r a v e l  t i m e  e f fe c ts  ( a ls o  k n o w n  a s  R pm e r  d e la y s ) .  T h e s e  a r e  a p 

p a r e n t  in  e c l ip s in g  b in a r ie s  t h a t  h a v e  a  t e r t i a r y  co m p a n io n ,  w h e r e  d e v i a t i o n s  f ro m  

a  c o n s ta n t  p e r io d  a r e  s e e n  in  t h e  o b s e r v e d  e c l ip s e  t im in g s .  S u c h  e c l ip s e  t im in g  

v a r ia t io n s  a r e  d is c u s s e d  in  C o n r o y  et al. (2 0 1 3 )  a n d  C o n r o y  et al. ( t h i s  v o lu m e ) . 

A l th o u g h  e c l ip s e  t im in g s  a r e  h a r d  t o  m e a s u r e  r e l ia bly  d u e  to ,  e.g., s p o t  m o d u la 

t io n s  a n d  p u l s a t i o n s ,  t h e y  c a r r y  e n o r m o u s  d ia g n o s t ic  in f o r m a t io n  a b o u t  t h e  s iz e s  

o f  o r b i t s  a n d  th e re f o r e  m a s s e s  o f  c o m p o n e n ts  o f  m u lt ip le - b o d y  s y s te m s .

L ig h t  t r a v e l  t i m e  d e la y s  c a n  a ls o  b e  o b s e r v e d  in  b in a r y  s y s te m s  t h a t  d o  n o t  

h a v e  c o m p a n io n s . A  n ic e  i l l u s t r a t io n  is  t h e  e f fe c t o f  l i g h t  t r a v e l  t im e  o n  t h e  s ig n a l  

o f  a  p u ls a t in g  s t a r  in  a  b in a r y  o r b i t .  A n  in c re a s ing  l i g h t  t r a v e l  t i m e  w h e n  t h e  s t a r  

m o v e s  a w a y  f ro m  t h e  o b s e r v e r ,  m a k e s  th e  p u ls a t io n  pe r i o d s  a p p e a r  lo n g e r .  T h is  

is  s h o w n  in  T e l t i n g  et al. (2 0 1 2 ) ,  w h e r e  t h e  l i g h t  t r a v e l  t i m e  a c r o s s  t h e  o r bi t  o f  a  

b in a r y  is  m e a s u r e d  u s in g  t h e  s ig n a l  o f  s t e l la r  o s c il l a t io n s  f ro m  a  s u b d w a r f  B  s ta r .  

T h e  m e a s u r e d  s iz e  o f  th e  o r b i t  is  in  a g r e e m e n t  w i th t h e  v e lo c i t ie s  m e a s u r e d  f ro m  

s p e c t r o s c o p y  a s  w e l l  a s  D o p p le r  b e a m in g .  T h e  l ig h t  t r a v e l  t i m e  e f fe c t c a n  a lso  b e  

e x p la in e d  a n d  m o d e l le d  u s in g  a  D o p p le r  m o d u la t i o n  of  t h e  p u ls a t io n  f re q u e n c ie s ,  

w h ic h  m a k e s  i t  p o s s ib le  t o  a ls o  d e t e c t  i t  u s in g  F o ur ie r  t r a n s f o r m s  ( S h ib a h a s h i  &  

K u r t z  2 0 1 2 ) . N o te  t h a t  in  t h e  c a s e  o f  a  b in a r y  in  wh ic h  b o t h  c o m p o n e n ts  sh o w  

s t e l la r  p u ls a t i o n s ,  t h e  d e t e c t i o n  o f  s u c h  f r e q u e n c y m o d u la t i o n s  in  p r in c ip le  o f fe r  

o n e  t h e  (s o  f a r  u n e x p l o i te d )  p o s s ib i l i t y  t o  d is e n tan g le  t h e  p u ls a t io n  s p e c t r a  f ro m  

t h e  tw o  s ta r s .
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A n o th e r  e x am p le  o f a  m e th o d  to  d e te c t  th e  s ize  o f a b in a ry  o rb it  u s in g  l ig h t 

tra v e l  t im e  d e lays  is p re se n te d  b y  K a p la n  (2010): wh en  a  b in a ry  h a s  a  c irc u la r  o rb it  

a n d  a  m ass  ra t io  t h a t  is s ig n if ic an tly  d iffe ren t fro m  u n ity , p r im a ry  a n d  se co n d a ry  

ec lipses a re  in  re a l i ty  s e p a ra te d  in  t im e  by  h a lf  th e  o rb i ta l  p e r io d , b u t  th e  o b serv ed  

t im e  d iffe ren ce  is s lig h tly  d if fe re n t, b ecau se  th e  s ta rs  th a t  e m it a n d  b lo ck  l ig h t a re  

a t  a  d i ffe re n t d is ta n c e  fro m  th e  o b se rv e r d u r in g  p rim a ry  a n d  se co n d a ry  ec lipse. A 

m ea su re  o f th is  t im e  d iffe rence, in  c o m b in a tio n  w ith  a  m e a su re m e n t o f th e  v e lo c ity  

o f on e o f th e  s ta rs  th ro u g h  D o p p le r  b e a m in g , a llow s one to  m ea su re  th e  m ass ra t io  

d ire c t ly  fro m  p h o to m e tr ic  t im e  series. T h e  f irs t d ete c t io n s  o f su ch  t im e  o ffsets 

w h ere  p re se n te d  b y  B lo em en  et al. (2012) for K O I-7 4  (56 ±  17 s) a n d  B arlo w  et al.
(2012) fo r a n  sd B  +  M  d w a r f  b in a ry  (2.06 ±  0.12 s). V ery  recen tly , K a p la n  et al.
(2013) re p o r te d  th e  f irs t d e te c t io n  u s in g  g ro u n d  b ase d  d a ta  in  U l t ra c a m  D h il lo n  

et al. (2007) o b se rv a t io n s  o f N L T T 11748.

T h a n k s  to  a ll  th e se  rec e n t ex am p les o f  l ig h t tra v e l t im e  o b se rv a tio n s , i t  h as 

b eco m e  c le a r t h a t  l ig h t t ra v e l  t im e  h a s  to  b e  ta k e n in to  a c c o u n t in  m o d ellin g  

co de s r a th e r  th a n  assu m in g  t h a t  a ll l ig h t t h a t  is em it te d  a t  on e p o in t in  t im e  

reach es th e  o th e r  b o d ies  in  th e  sy s te m , a n d  th e  ob serv e r, in s ta n ta n e o u s ly .

4  Lensing

S eve ra l s tu d ie s , e.g. M a rsh  (2001), show ed  th a t  g ra v i ta t io n a l  len s in g  c an  b e  im 

p o r ta n t  in  ec lip sin g  b in a ry  s ta rs  w i th  a  c o m p a c t c om p o n e n t. W h e n  th e  w h ite  

d w a r f  ec lipses i ts  c o m p a n io n , l ig h t from  th e  c o m p a nio n  g e ts  b e n t  a n d  am p lif ied . 

A s a  re s u l t ,  th e  ec lipse is a  b i t  less deep . S a h u  & G il li la n d  (2003) show ed  th a t  in 

a  sy s te m  w ith  a  ty p ic a l w h ite  d w a r f  a t  1 a u  o f a  m ain -se q u en ce  s ta r ,  th e  len sing  

effect w ill sw am p  th e  ec lipse s ig n a l com p le te ly . A lth o u g h  a  ty p ic a l  w h ite  d w a r f  is 

E a r th -s iz e d , a  t r a n s i t  o f a  w h ite  d w a rf  a t  1 a u  o f  a  s ta r  is th e re fo re  easily  d is t in 

g u ish a b le  fro m  a n  E a r th - l ik e  p la n e t a t  th e  sam e  d ista n c e  fro m  i ts  h o s t s ta r .

T h e  f irs t t im e s  th a t  lens in g  e ffec ts h a d  to  b e  ta k en  in to  a c co u n t w h en  m o d 

e ll ing  th e  l ig h t cu rve , a re  th e  s tu d ie s  o f th e  Kepler l ig h t cu rv es o f  K P D  1946 +  4340 

(B lo em en  et al. 2011) a n d  K O 1-256 (M u irh e a d  et al. 2013). In  th e  case o f 

K P D  1946 +  4340 th e  ec lipse d e p th  is re d u c e d  b y  ~ 1 2 p e r  c e n t, a n d  as su ch , n e 

g lec tin g  th e  lens in g  effect w ou ld  lead  to  a n  u n d e res t im a t io n  o f  th e  w h ite  d w a r f ’s 

ra d iu s  b y  ~ 6  p e r  cen t.

5 Conc lus ions and P H O E B E  2 .0

T h a n k s  to  th e  av a ilab i l i ty  o f s u p e rb  l ig h t cu rv es for h u n d re d  th o u sa n d s  o f s ta rs  

o b se rv ed  b y  th e  Kepler a n d  C o R o T  sa te l l i te s , e ffects su ch  as D o p p le r  b eamin g , 

lens in g , a n d  lig h t t ra v e l t im e  d e lays  h av e b e e n  seen  in  a  g row in g  n u m b e r  o f ec lips

in g  b in a r ie s . T h e se  e ffec ts a llow  a  m u ch  b e t te r  c h ara c te r is a t io n  o f b in a ry  s ta rs , 

so m e tim es even  s ig n if ic an tly  red u c in g  th e  n eed  fo r fo llow -up sp ectro sco p y . In  m o st 

w id e ly  u se d  b in a ry  l ig h t cu rv e  m o d e llin g  co des, su ch  as  th e  W ilso n -D ev in n ey  cod e 

(see e.g., W ilso n  & D ev in n ey  1971; W ilso n  & v an  H a m m e  2010) an d  th e  P H O E B E
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package bu ilt on top  of it (P rsa & Zw itter 2005), these effects are no t yet in
cluded. O ther, less generally applicable codes such as LCURVE have been adapted , 
b u t have im portan t lim itations, such as the need for circular orb its in the case 
of LCURVE. As explained in P rsa  et al, th is volume, we have therefore recently 
s ta rted  developing PHOEBE 2.0, which includes the above effects b u t also offers 
higher flexibility in term s of system s (binaries, multiples, accretion d iscs,. . . )  and 
in ternal consistency, as well as im provements in surface d iscretization et cetera.

A nice exam ple of the m any im provements in PHOEBE 2.0  is the way D oppler 
beam ing is im plem ented. T he look-up tab les th a t are used to  get the flux of a 
surface elem ent have been given an ex tra  dim ension (next to  the standard  ones such 
as w avelength /bandpass, effective tem peratu re  and surface grav ity), which is the 
rad ia l velocity. R a th er th an  com puting the flux and correcting for the D oppler 
beam ing effect, the shift of the spectrum  is now included in the tables, which 
is m ore accurate th an  using the linear approxim ation since it can also account 
for, for example, a  spectra l line th a t shifts in or ou t of the  bandpass. Since in 
PHOEBE 2.0  every surface element has its own rad ia l velocity value associated to  
it, which includes b o th  o rb ita l movement and stellar ro ta tion , the photom etric 
analogue of the Rossiter-M cLaughlin effect is natu ra lly  included w ithout adding 
fu rther com plexity to  the model.

T he new code is discussed in D egroote et al. (th is volume), and m ultip le papers 
th a t are in preparation.
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