
E.	
  Gillen1,⋆,	
  	
  S.	
  Aigrain1,	
  	
  A.	
  McQuillan1,	
  	
  
J.	
  Bouvier2,	
  	
  S.	
  Hodgkin3,	
  	
  S.H.P.	
  
Alencar4,	
  	
  C.	
  Terquem1,	
  	
  J.	
  Southworth5,	
  	
  	
  
N.	
  Gibson6,	
  	
  A.	
  Cody7,	
  	
  M.	
  Lendl8,	
  	
  M.	
  
Morales-­‐Calderón9,	
  	
  F.	
  Favata10,	
  	
  J.	
  
Stauffer7	
  and	
  G.	
  Micela11!

1 University of Oxford, Dept. of Physics, 2 
Laboratoire d'Astrophysique de Grenoble, 

3 Institute of Astronomy, University of 
Cambridge, 4 Universidade Federal de 

Minas Gerais, 5 Astrophysics	
  Group,	
  Keele	
  
University,	
  6	
  ESO,	
  Garching,	
  7 Spitzer 

Science Centre, Caltech, 8 Observatoire	
  de	
  
Genève,	
  Université	
  de	
  Genève,	
  9	
  Centro	
  de	
  

Astrobiología	
  (INTA-­‐CSIC),	
  10	
  ESA,	
  11 
Observatorio	
  Astronomico	
  di	
  Palermo 

A new, low-mass, pre-main sequence 
eclipsing binary with evidence of a 

circumbinary disk 

	
  	
  	
  	
  Abstract	
  
	
  

We	
  present	
  the	
  discovery	
  of	
  a	
  double-­‐lined,	
  detached	
  
eclipsing	
   binary	
   (EB),	
   comprising	
   two	
   pre-­‐main	
  
sequence	
  M-­‐dwarfs,	
   in	
   the	
  3	
  Myr	
  old	
  NGC	
  2264	
  star-­‐
forming	
  region.	
  Eclipses	
  were	
  detected	
  in	
  this	
  system,	
  
during	
  a	
   conanuous	
  23-­‐day	
  observaaon	
  of	
  NGC	
  2264	
  
by	
   the	
   CoRoT	
   space	
   mission	
   in	
   2008.	
   Mula-­‐epoch	
  
opacal	
   and	
   near-­‐IR	
   follow-­‐up	
   spectroscopy	
  with	
  VLT/
FLAMES	
  and	
  WHT/ISIS	
  yielded	
  a	
  full	
  orbital	
  soluaon.	
  
	
  
	
  

	
  
We	
   derive	
   fundamental	
   stellar	
   parameters	
   by	
  
modelling	
   the	
   light	
   curve	
   and	
   radial	
   velocity	
   data,	
  
finding	
  that	
  the	
  two	
  stars	
  travel	
  on	
  essenaally	
  circular	
  
orbits	
   with	
   a	
   period	
   of	
   3.8745745	
   ±	
   0.0000014	
   days	
  
and	
  have	
  masses	
  of	
  0.67	
  ±	
  0.01	
  and	
  0.495	
  ±	
  0.007	
  M¤	
  
with	
  corresponding	
  radii	
  of	
  1.30	
  ±	
  0.04	
  and	
  1.11	
  ±	
  0.05	
  
R¤	
  	
  

The	
   CoRoT	
   light	
   curve	
   also	
   contains	
   large-­‐amplitude,	
  
rapidly	
  evolving	
  out-­‐of-­‐eclipse	
  variaaons,	
  which	
  are	
  	
  
	
  

	
  
difficult	
   to	
   explain	
   with	
   star	
   spots	
   alone.	
   SED	
  
modelling	
   of	
   the	
   system’s	
   broadband	
   opacal	
   and	
  
infrared	
  magnitudes	
  reveals	
  a	
  mid-­‐IR	
  excess,	
  which	
  we	
  
model	
   as	
   emission	
   from	
   a	
   small	
   amount	
   of	
   dust	
  
located	
  within	
  the	
  inner	
  cavity	
  of	
  a	
  circumbinary	
  disk.	
  
In	
  turn,	
  this	
  opens	
  up	
  the	
  possibility	
  that	
  some	
  of	
  the	
  
out-­‐of-­‐eclipse	
   variability	
   could	
  be	
  due	
   to	
  occultaaons	
  
of	
   the	
   central	
   stars	
   by	
   material	
   located	
   at	
   the	
   inner	
  
edge	
  or	
  in	
  the	
  central	
  cavity	
  of	
  the	
  circumbinary	
  disk.	
  

3.	
  	
  	
  Fundamental	
  Parameters	
  
	
  

Masses	
   and	
   radii	
   for	
   young,	
   detached,	
   double-­‐lined	
   EBs,	
  
such	
  as	
  this,	
  can	
  be	
  determined	
  model	
   independently	
  (see	
  
Table	
   1)	
   and	
   are	
   extremely	
   valuable	
   in	
   tesang	
   pre-­‐main	
  
sequence	
   (PMS)	
   stellar	
   evoluaonary	
  models.	
  On	
   the	
   PMS,	
  
evoluaon	
   is	
   rapid,	
   the	
   models	
   are	
   sall	
   sensiave	
   to	
   their	
  
iniaal	
   condiaons	
   and	
   we	
   currently	
   have	
   very	
   few	
  
constraints	
  (see	
  Fig	
  3).	
  
	
  

4.	
  	
  Spectral	
  Energy	
  Distribu:on	
  (SED)	
  
	
  

Stellar	
  evoluaonary	
  models	
  esamate	
  the	
  system’s	
  age	
  at	
  5-­‐7Myr	
  (Fig	
  
3).	
  We	
   therefore	
   seek	
   evidence	
   for	
   circum-­‐stellar	
   or	
   circum-­‐binary	
  
material	
   in	
   the	
   SED.	
   We	
   find	
   a	
   mid-­‐IR	
   excess	
   which	
   cannot	
   be	
  
explained	
   by	
   emission	
   from	
   two	
   naked	
   photospheres	
   alone	
   but	
  
which	
  can	
  by	
   incorporaang	
  dust	
  emission	
   in	
  the	
  vicinity	
  of	
  the	
  two	
  
stars.	
   One	
   might	
   expect	
   a	
   circumbinary	
   disk	
   to	
   be	
   present	
   with	
  
material	
   streaming	
   through	
   its	
   central	
   cavity	
   onto	
   circumstellar	
  
disks.	
  
However,	
  due	
  to	
  the	
  close-­‐separaaon	
  of	
  the	
  stars	
  (see	
  Table	
  1),	
  any	
  
circumstellar	
   disks	
   would	
   not	
   be	
   expected	
   to	
   contain	
   dust.	
   We	
  
therefore	
   akempted	
   to	
  model	
   the	
  mid-­‐IR	
   excess	
   as	
   emission	
   from	
  
dust	
   in	
   a	
   circumbinary	
  disk	
  but	
   found	
   the	
   resulang	
  emission	
   to	
  be	
  
insufficient.	
   We	
   find	
   that	
   the	
   dust	
   temperatures	
   required	
   match	
  
those	
  expected	
  from	
  within	
  the	
  central	
  cavity	
  of	
  a	
  circumbinary	
  disk	
  
(see	
   Fig	
   4).	
   The	
   amount	
   of	
   dust	
   required	
   is	
   very	
   small	
   (~10-­‐13	
  M¤)	
  
such	
   as	
   one	
   could	
   expect	
   to	
   find	
   in	
   accreaons	
   streams	
   from	
   a	
  
circumbinary	
   disk.	
   A	
   schemaac	
   representaaon	
   of	
   the	
   proposed	
  
system	
  geometry	
  is	
  shown	
  in	
  Fig	
  5.	
  

5.	
  	
  Future	
  Work	
  
	
  

CoRoT	
   re-­‐observed	
  NGC	
  2264	
   in	
  Dec	
  11	
   /	
   Jan	
  12	
  as	
  part	
  of	
   a	
   co-­‐ordinated	
  
program	
  including	
  Spitzer,	
  CFHT	
  and	
  VLT/FLAMES.	
  	
  
Simultaneous	
  CoRoT	
  and	
  Spitzer	
  photometry	
   (spanning	
  38,	
  23	
  and	
  28	
  days	
  
respecavely	
  for	
  CoRoT	
  and	
  Spitzer	
  [3.6]	
  and	
  [4.5];	
  Fig	
  6)	
  show	
  that	
  the	
  out-­‐
of-­‐eclipse	
   variability	
   is	
   sall	
   present	
   with	
   both	
   similariaes	
   and	
   differences	
  
seen	
  in	
  the	
  separated	
  bandpasses.	
  	
  
These	
  will	
  be	
  analysed	
  jointly	
  with	
  the	
  ame-­‐dependent	
  Hα	
  emission	
  seen	
  in	
  
the	
   FLAMES	
   spectra	
   (Table	
   2),	
   and	
   with	
   CFHT	
   light	
   curves	
   obtained	
   the	
  
following	
  month,	
  to	
  refine	
  the	
  parameters	
  of	
  the	
  central	
  binary	
  components	
  
and	
  to	
  invesagate	
  the	
  source	
  of	
  the	
  out-­‐of-­‐eclipse	
  variability	
  in	
  more	
  detail.	
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Combined	
  spectral	
  
type:	
  ~	
  M2	
  

Fig	
   1:	
   a)	
   CoRoT	
   lightcurve	
  
from	
  the	
  2008	
  observaaons	
  
with	
   Gaussian	
   Process	
  
modelling	
   of	
   the	
   out-­‐of-­‐
eclipse	
   (OOE)	
   variability.	
   b)	
  
r e m o v i n g 	
   t h e 	
   O O E	
  
variability	
   ready	
   for	
   stellar	
  
eclipse	
   modell ing	
   with	
  
JKTEBOP.	
   c)	
   phase	
   folded	
  
lightcurve	
  from	
  (b)	
  with	
  the	
  
JKTEBOP	
   best	
   fit	
   (red).	
  
Zoomed	
   in	
   regions	
   around	
  
primary	
   (d)	
   and	
   secondary	
  
(e)	
  eclipses	
  show	
  the	
  best	
  fit	
  
through	
  the	
  eclipses.	
  

Fig	
  3:	
  Mass-­‐Radius	
  relaaon	
  for	
   low	
  mass,	
  detached-­‐EBs	
  with	
  
Baraffe	
  et	
  al.5	
  model	
  isochrones	
  (coloured	
  lines).	
  Black	
  points	
  
depict	
  known	
  EBs6	
  and	
  this	
  system	
  is	
  shown	
  in	
  red.	
  
	
  

Fig	
  4:	
  SED	
  (cyan	
  points;	
  ugriz,	
   JHK	
  and	
  
Spitzer/IRAC)	
   with	
   upper	
   limits	
   in	
   the	
  
far-­‐IR	
   (cyan	
   triangles).	
   The	
   black	
   line	
  
and	
  magenta	
   points	
   show	
   the	
   best-­‐fit	
  
model	
   comprising	
   of	
   two	
   naked	
  
photospheres	
  with	
   a	
   small	
   amount	
   of	
  
hot	
   dust	
   in	
   the	
   inner	
   cavity	
   of	
   the	
  
circumbinary	
   disk.	
   The	
   stellar	
   and	
   hot	
  
dust	
   terms	
   are	
   shown	
   separately	
   as	
  
the	
  grey	
  solid	
  and	
  dashed	
  green	
   lines,	
  
r e specave l y .	
   A l so	
   shown	
   f o r	
  
completeness,	
   but	
  not	
  used	
   in	
   the	
  fit,	
  
is	
  the	
  expected	
  emission	
  from	
  a	
  razor-­‐
thin	
  circumbinary	
  disk	
  extending	
  down	
  
to	
   22	
   R¤	
   (brown	
   dashed	
   line).	
  
Unfortunately	
   strong	
   nebula	
   emission	
  
in	
  the	
  far-­‐IR	
  precludes	
  obtaining	
  direct	
  
evidence	
  for	
  the	
  circumbinary	
  disk.	
  

Fig	
   6:	
   Simultaneous	
  
CoRoT	
   (top	
  panel)	
  and	
  
Spitzer	
   (IRAC	
   channels	
  
1	
   and	
   2,	
   middle	
   and	
  
bokom	
   respecavely)	
  
lightcurves	
   from	
   the	
  
2 0 1 1 / 2 0 1 2	
  
observaaons.	
   All	
   show	
  
o u t -­‐ o f -­‐ e c l i p s e	
  
variability	
   in	
   addiaon	
  
to	
  the	
  stellar	
  eclipses.	
  

Table	
   1:	
   System	
   parameters,	
   indicaang	
  
the	
  derived	
  masses,	
  radii	
  and	
  separaaons,	
  
as	
  well	
  as	
  selected	
  parameters	
  fiked	
  for	
  in	
  
the	
  light	
  curve	
  and	
  radial	
  velocity	
  analysis.	
  

Fig	
   5:	
   Schemaac	
   representaaon	
   of	
  
the	
   system	
   geometry	
   to	
   scale.	
  
Primary	
  and	
  secondary	
  stars	
  (red	
  and	
  
blue)	
   are	
   shown	
   with	
   circumstellar	
  
disks	
   set	
   to	
   expected	
   theoreacal	
  
sizes7,8.	
   A	
   circumbinary	
   disk	
   (brown)	
  
with	
   inner	
   radius	
   as	
   predicted	
   by	
  
theory9	
   is	
   indicated	
  with	
   the	
   locaaon	
  
of	
  the	
  dust	
  used	
  in	
  the	
  SED	
  modelling	
  
shown	
  in	
  green	
  (not	
  to	
  scale).	
  

2.	
  	
  Spectra	
  
	
  

We	
   performed	
   both	
   low	
   and	
   medium	
   resoluaon	
  
spectroscopy	
  to	
  infer	
  the	
  combined	
  spectral	
  type	
  of	
  M2	
  and	
  
extract	
   radial	
   velociaes	
   (RVs)	
   respecavely	
   (see	
   Table	
   2	
   and	
  
Fig	
  2).	
  
We	
   determine	
   RVs	
   by	
   cross-­‐correlaang	
   with	
   MARCS	
  
theoreacal	
  model	
  spectra4	
  and	
  model	
  each	
  cross	
  correlaaon	
  
funcaon	
   as	
   the	
   sum	
  of	
   2	
  Gaussians	
   plus	
   a	
   stochasac	
   noise	
  
term,	
  which	
  is	
  described	
  by	
  a	
  GP	
  (see	
  Fig	
  2b).	
  Our	
  RV	
  orbital	
  
soluaon	
  is	
  shown	
  in	
  Fig	
  2c.	
  

Table	
   2:	
   Spectra	
   taken	
   to	
   derivethe	
  
combined	
   spectral	
   type	
   and	
   radial	
  
velocoaes	
  
	
  

Fig	
   2:	
   a)	
   Low-­‐res	
   opacal	
   spectra	
  
around	
   Hα	
   showing	
   the	
   deep	
  
molecular	
  absorpaon	
  bands	
  of	
  TiO,	
  b)	
  
CCF	
   (black)	
   modelled	
   with	
   a	
   2-­‐
Gaussian	
   model	
   and	
   GP	
   (green	
   and	
  
blue,	
   offset	
   for	
   clarity)	
   with	
   the	
  
combined	
   model	
   (red)	
   and	
   1σ	
  
confidence	
   interval	
   (pink	
   shaded	
  
region).	
   c)	
  Radial	
   velocity	
   soluaon	
   for	
  
both	
   stars,	
   with	
   FLAMES	
   and	
   ISIS	
  
spectra	
  indicated	
  by	
  dots	
  and	
  crosses,	
  
respecavely.	
   The	
   horizontal	
   grey	
  
doked	
   line	
   depicts	
   the	
   systemic	
  
velocity,	
   which	
   is	
   in	
   agreement	
   with	
  
the	
   cluster’s	
   recessional	
   velocity	
   to	
  
within	
  1σ.	
  	
  

a	
  

b	
  

c	
  

primary	
  

secondary	
  

Fig	
  2	
  b)	
  CCF	
  (black)	
  modelled	
  with	
  a	
  2-­‐
Gaussian	
   model	
   and	
   GP	
   (green	
   and	
  
blue,	
   offset	
   for	
   clarity)	
   with	
   the	
  
combined	
   model	
   (red)	
   and	
   1σ	
  
confidence	
   interval	
   (pink	
   shaded	
  
region).	
   c)	
   Radial	
   velocity	
   soluaon	
   for	
  
both	
   stars,	
   with	
   FLAMES	
   and	
   ISIS	
  
spectra	
   indicated	
  by	
  dots	
   and	
   crosses,	
  
respecavely.	
   The	
   horizontal	
   grey	
  
doked	
   line	
   depicts	
   the	
   systemic	
  
velocity,	
   which	
   is	
   in	
   agreement	
   with	
  
the	
   cluster’s	
   recessional	
   velocity	
   to	
  
within	
  1σ.	
  	
  

1.	
  	
  	
  CoRoT	
  Lightcurve	
  
	
  

The	
  CoRoT	
   space	
   satellite	
   takes	
  ame	
  series	
  photometry	
   in	
  a	
  broad	
  300-­‐1000nm	
  bandpass	
  
with	
  a	
  ame	
  sampling	
  of	
  512	
  seconds.	
  The	
  CoRoT	
  lightcurve	
  from	
  the	
  2008	
  observaaons	
  (Fig.	
  
1a)	
  shows	
  out-­‐of-­‐eclipse	
  variaaons	
  in	
  addiaon	
  to	
  the	
  stellar	
  eclipses.	
  
The	
  amplitude	
  and	
  evoluaonary	
  amescale	
  of	
  these	
  variaaons	
  make	
  it	
  extremely	
  difficult	
  to	
  
reproduce	
  with	
  stellar	
  acavity	
  models	
  alone.	
  	
  
We	
   are	
   looking	
   into	
   alternaave	
   possibiliaes,	
   such	
   as	
   a	
   combinaaon	
   of	
   occultaaons	
   by	
  
circumbinary	
  material	
  and	
  accreaon-­‐related	
  variability.	
  

Modelling	
  the	
  light	
  curve	
  
	
  

To	
   extract	
   useful	
   informaaon	
   on	
   the	
  
binary	
   components,	
   we	
   first	
   need	
   to	
  
model	
   and	
   remove	
   the	
   out-­‐of-­‐eclipse	
  
variability,	
  which	
  we	
  do	
  using	
  Gaussian	
  
Processes1	
  (GPs;	
  see	
  Fig	
  1a).	
  	
  
We	
   subtract	
   the	
   GP	
   fit	
   and	
  model	
   the	
  
residuals	
   using	
   JKTEBOP2,	
   specifying	
   a	
  
quadraac	
   limb	
   darkening	
   descripaon	
  
with	
   coefficients	
   set	
   according	
   to	
  
surface	
   temperature	
   and	
   log	
   g	
  
esamates	
   from	
   stellar	
   atmospheric	
  
models3.	
  Figs	
  1b	
  and	
  c	
  shows	
  the	
  best-­‐
fit	
  JKTEBOP	
  model	
  through	
  the	
  primary	
  
and	
  secondary	
  eclipses	
  

1a	
  

1b	
   1c	
  

3.	
  	
  	
  Fundamental	
  Parameters	
  
	
  

Masses	
   and	
   radii	
   for	
   young,	
   detached,	
   double-­‐lined	
   EBs,	
  
such	
  as	
  this,	
  can	
  be	
  determined	
  model	
   independently	
  (see	
  
Table	
   1)	
   and	
   are	
   extremely	
   valuable	
   in	
   tesang	
   pre-­‐main	
  
sequence	
   (PMS)	
   stellar	
   evoluaonary	
  models.	
  On	
   the	
   PMS,	
  
evoluaon	
   is	
   rapid,	
   the	
   models	
   are	
   sall	
   sensiave	
   to	
   their	
  
iniaal	
   condiaons	
   and	
   we	
   currently	
   have	
   very	
   few	
  
constraints	
  (see	
  Fig	
  3).	
  
	
  

Fig	
  3:	
  Mass-­‐Radius	
  relaaon	
  for	
   low	
  mass,	
  detached-­‐EBs	
  with	
  
Baraffe	
  et	
  al.5	
  model	
  isochrones	
  (coloured	
  lines).	
  Black	
  points	
  
depict	
  known	
  EBs6	
  and	
  this	
  system	
  is	
  shown	
  in	
  red.	
  
	
  

-­‐	
  we	
  modelled	
  the	
  SED	
  to	
  look	
  for	
  evidence	
  of	
  dust	
  emission	
  in	
  the	
  
environment	
  of	
  the	
  two	
  stars,	
  and	
  there	
  is	
  definitely	
  an	
  IR	
  excess	
  
compared	
  to	
  the	
  SED	
  expected	
  from	
  the	
  two	
  stars	
  alone	
  
-­‐	
  in	
  a	
  PMS	
  close-­‐binary	
  system	
  one	
  can	
  expect	
  a)	
  circumstellar	
  disks	
  
around	
  each	
  star	
  extending	
  up	
  to	
  1/3	
  a	
  and	
  b)	
  a	
  circumbinary	
  disk	
  
around	
  both	
  stars	
  with	
  an	
  inner	
  cavity	
  of	
  radius	
  ~	
  1.5a	
  (this	
  is	
  what	
  Fig	
  5	
  
illustrated),	
  but	
  neither	
  would	
  explain	
  the	
  SED:	
  the	
  circumstellar	
  disks	
  
would	
  be	
  too	
  hot	
  for	
  dust	
  to	
  survive,	
  and	
  the	
  circumbinary	
  disk	
  too	
  cool	
  
to	
  have	
  much	
  effect	
  on	
  the	
  SED	
  at	
  Spitzer/IRAC	
  wavelengths.	
  
-­‐	
  we	
  therefore	
  model	
  the	
  IR	
  excess	
  as	
  coming	
  from	
  a	
  small	
  amount	
  of	
  
dust	
  [give	
  amount]	
  in	
  the	
  inner	
  cavity	
  of	
  circumbinary	
  disk,	
  as	
  seen	
  in	
  
some	
  other	
  (non	
  eclipsing)	
  PMS	
  binaries	
  [ref	
  Jensen],	
  and	
  this	
  fits	
  the	
  
SED	
  well.	
  This	
  could	
  be	
  a	
  sing	
  that	
  low-­‐level	
  accreaon	
  through	
  the	
  cavity	
  
is	
  ongoing	
  

Stellar	
   evoluaonary	
   models	
   esamate	
   the	
   system’s	
   age	
   at	
   5-­‐7Myr	
   (Fig	
   3).	
   We	
  
therefore	
   seek	
   evidence	
   for	
   circum-­‐stellar	
   or	
   circum-­‐binary	
  material	
   in	
   the	
   SED.	
  
We	
  find	
  a	
  mid-­‐IR	
  excess	
  which	
  cannot	
  be	
  explained	
  by	
  emission	
  from	
  two	
  naked	
  
photospheres	
  alone	
  but	
  which	
  can	
  by	
  incorporaang	
  dust	
  emission	
  in	
  the	
  vicinity	
  of	
  
the	
  two	
  stars.	
  One	
  might	
  expect	
  a	
  circumbinary	
  disk	
  to	
  be	
  present	
  with	
  material	
  
streaming	
  through	
  its	
  central	
  cavity	
  onto	
  circumstellar	
  disks.	
  
However,	
  due	
  to	
  the	
  close-­‐separaaon	
  of	
  the	
  stars	
  (see	
  Table	
  1),	
  any	
  circumstellar	
  
disks	
  would	
  not	
  be	
  expected	
   to	
  contain	
  dust.	
  We	
   therefore	
  akempted	
   to	
  model	
  
the	
   mid-­‐IR	
   excess	
   as	
   emission	
   from	
   dust	
   in	
   a	
   circumbinary	
   disk	
   but	
   found	
   the	
  
resulang	
  emission	
  to	
  be	
  insufficient.	
  We	
  find	
  that	
  the	
  dust	
  temperatures	
  required	
  
match	
   those	
  expected	
   from	
  within	
   the	
  central	
   cavity	
  of	
  a	
   circumbinary	
  disk	
   (see	
  
Fig	
  4).	
   The	
  amount	
  of	
  dust	
   required	
   is	
   very	
   small	
   (~10-­‐13	
  M¤)	
   such	
  as	
  one	
   could	
  
expect	
   to	
   find	
   in	
   accreaons	
   streams	
   from	
   a	
   circumbinary	
   disk.	
   A	
   schemaac	
  
representaaon	
  of	
  the	
  proposed	
  system	
  geometry	
  is	
  shown	
  in	
  Fig	
  5.	
  

5.	
  	
  Future	
  Work	
  
	
  

CoRoT	
   re-­‐observed	
  NGC	
  2264	
   in	
  Dec	
  11	
   /	
   Jan	
  12	
  as	
  part	
  of	
   a	
   co-­‐ordinated	
  
program	
  including	
  Spitzer,	
  CFHT	
  and	
  VLT/FLAMES.	
  	
  
Simultaneous	
  CoRoT	
  and	
  Spitzer	
  photometry	
   (spanning	
  38,	
  23	
  and	
  28	
  days	
  
respecavely	
  for	
  CoRoT	
  and	
  Spitzer	
  [3.6]	
  and	
  [4.5];	
  Fig	
  6)	
  show	
  that	
  the	
  out-­‐
of-­‐eclipse	
   variability	
   is	
   sall	
   present	
   with	
   both	
   similariaes	
   and	
   differences	
  
seen	
  in	
  the	
  separated	
  bandpasses.	
  	
  
These	
  will	
  be	
  analysed	
  jointly	
  with	
  the	
  ame-­‐dependent	
  Hα	
  emission	
  seen	
  in	
  
the	
   FLAMES	
   spectra	
   (Table	
   2),	
   and	
   with	
   CFHT	
   light	
   curves	
   obtained	
   the	
  
following	
  month,	
  to	
  refine	
  the	
  parameters	
  of	
  the	
  central	
  binary	
  components	
  
and	
  to	
  invesagate	
  the	
  source	
  of	
  the	
  out-­‐of-­‐eclipse	
  variability	
  in	
  more	
  detail.	
  

5.	
  	
  Future	
  Work	
  
	
  

CoRoT	
   re-­‐observed	
   NGC	
   2264	
   in	
   Dec	
   11	
   /	
   Jan	
   12	
   as	
  
part	
  of	
  a	
  co-­‐ordinated	
  program	
  including	
  Spitzer,	
  CFHT	
  
and	
  VLT/FLAMES.	
  	
  
Simultaneous	
   CoRoT	
   and	
   Spitzer	
   photometry	
  
(spanning	
   38,	
   23	
   and	
   28	
   days	
   respecavely	
   for	
   CoRoT	
  
and	
   Spitzer	
   [3.6]	
   and	
   [4.5])	
   show	
   that	
   the	
   out-­‐of-­‐
eclipse	
  variability	
   is	
  sall	
  present	
  with	
  both	
  similariaes	
  
and	
   differences	
   seen	
   in	
   the	
   separated	
   bandpasses.	
  
These	
   will	
   be	
   analysed	
   jointly	
   with	
   the	
   ame-­‐
dependent	
   Hα	
   emission	
   seen	
   in	
   the	
   FLAMES	
   spectra	
  
(Table	
   2),	
   and	
   with	
   CFHT	
   light	
   curves	
   obtained	
   the	
  
following	
   month,	
   to	
   refine	
   the	
   parameters	
   of	
   the	
  
central	
   binary	
   components	
   and	
   to	
   invesagate	
   the	
  
source	
  of	
  the	
  out-­‐of-­‐eclipse	
  variability	
  in	
  more	
  detail.	
  

4.	
  	
  Spectral	
  Energy	
  Distribu:on	
  (SED)	
  
	
  

We	
  modelled	
  the	
  SED	
  to	
  look	
  for	
  evidence	
  of	
  dust	
  emission	
  in	
  
the	
  environment	
  of	
  the	
  two	
  stars,	
  and	
  there	
  is	
  definitely	
  an	
  IR	
  
excess	
   compared	
   to	
   the	
   SED	
   expected	
   from	
   the	
   two	
   stars	
  
alone.	
  
In	
  a	
  PMS	
  close-­‐binary	
  system	
  one	
  can	
  expect	
  a)	
  circumstellar	
  
disks	
   around	
   each	
   star	
   extending	
   up	
   to	
   ~1/3	
   of	
   the	
   binary	
  
separaaon7,8	
   and	
   b)	
   a	
   circumbinary	
   disk	
   around	
   both	
   stars	
  
with	
  an	
  inner	
  cavity	
  of	
  radius	
  ~	
  twice	
  the	
  binary	
  separaaon9,	
  
but	
   neither	
   would	
   explain	
   the	
   SED:	
   the	
   circumstellar	
   disks	
  
would	
   be	
   too	
   hot	
   for	
   dust	
   to	
   survive,	
   and	
   the	
   circumbinary	
  
disk	
  too	
  cool	
  to	
  have	
  much	
  effect	
  on	
  the	
  SED	
  at	
  Spitzer/IRAC	
  
wavelengths.	
  
We	
   therefore	
   model	
   the	
   IR	
   excess	
   as	
   coming	
   from	
   a	
   small	
  
amount	
   of	
   dust	
   (~5×10-­‐13M¤)	
   in	
   the	
   inner	
   cavity	
   of	
   the	
  
circumbinary	
  disk,	
  as	
  seen	
  in	
  some	
  other	
  (non	
  eclipsing)	
  PMS	
  
binaries10,	
  and	
  this	
  fits	
  the	
  SED	
  well.	
  This	
  could	
  be	
  a	
  sign	
  that	
  
low-­‐level	
  accreaon	
  through	
  the	
  cavity	
  is	
  ongoing.	
  
	
  

Fig	
  4:	
  SED:	
  cyan	
  points	
  =	
  ugriz,	
  JHK	
  and	
  Spitzer/IRAC.	
  Cyan	
  traingles	
  =	
  	
  upper	
  limits	
  (due	
  
to	
  strong	
  nebula	
  emission).	
  Black	
  line	
  and	
  magenta	
  points	
  =	
  best-­‐fit	
  model	
  	
  
rey,	
  hot	
  dust	
  =	
  green.	
  Brown	
  =	
  circumbinary	
  disk	
  
with	
  the	
  individual	
  stellar	
  (grey)	
  and	
  hot	
  dust	
  (green)	
  components	
  shown	
  separately.	
  
Included	
  for	
  completeness,	
  but	
  not	
  used	
  in	
  the	
  fit,	
  is	
  the	
  expected	
  emission	
  from	
  a	
  
circumbinary	
  disk	
  extending	
  down	
  to	
  22	
  R¤	
  (brown	
  dashed	
  line).	
  Unfortunately	
  strong	
  
nebula	
  emission	
  in	
  the	
  far-­‐IR	
  precludes	
  obtaining	
  direct	
  evidence	
  for	
  the	
  circumbinary	
  
disk.	
  
	
  
	
   Fig	
  5:	
  Schemaac	
  

representaaon	
  of	
  the	
  
proposed	
  system	
  geometry.	
  
The	
  size	
  and	
  separaaon	
  of	
  
the	
  stars	
  are	
  to	
  scale.	
  	
  

2.	
  	
  Spectra	
  
	
  

We	
   performed	
   both	
   low	
   and	
  medium	
  
resoluaon	
   spectroscopy	
   to	
   infer	
   the	
  
combined	
   spectral	
   type	
   of	
   M2	
   and	
  
extract	
   rad ia l	
   ve loc iaes	
   (RVs)	
  
respecavely	
  (see	
  Table	
  2	
  and	
  Fig	
  2).	
  
We	
  determine	
  RVs	
  by	
  cross-­‐correlaang	
  
with	
   MARCS	
   theoreacal	
   model	
  
spectra4.	
   In	
  Fig	
  2a	
  we	
  model	
   the	
  cross	
  
correlaaon	
  funcaon	
  (CCF,	
  black)	
  as	
  the	
  
the	
   sum	
  of	
   2	
  Gaussians	
   (green)	
   plus	
   a	
  
stochasac	
   noise	
   term,	
   which	
   is	
  
described	
  by	
  a	
  GP	
  (blue,	
  both	
  offset	
  for	
  
clarity),	
   and	
   indicate	
   the	
   combined	
  
model	
  (red)	
  and	
  1σ	
  confidence	
  interval	
  
(pink	
   shaded	
   region).	
   Our	
   RV	
   orbital	
  
soluaon	
   is	
   shown	
   in	
   Fig	
   2b.	
   FLAMES	
  
and	
   ISIS	
   spectra	
   are	
   indicated	
   by	
   dots	
  
and	
   crosses,	
   respecavely.	
   The	
  
horizontal	
  grey	
  doked	
   line	
  depicts	
   the	
  
systemic	
   velocity,	
   which	
   is	
   in	
  
ag reement	
   w i th	
   the	
   c lus te r ’ s	
  
recessional	
  velocity	
  to	
  within	
  1σ.	
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Table	
  2	
  

3.	
  	
  	
  Fundamental	
  Parameters	
  
	
  

Masses	
   and	
   radii	
   for	
   young,	
   detached,	
   double-­‐lined	
   EBs,	
  
such	
  as	
  this,	
  can	
  be	
  determined	
  model	
  independently	
  (see	
  
Table	
   1)	
   and	
   are	
   extremely	
   valuable	
   in	
   tesang	
   pre-­‐main	
  
sequence	
  (PMS)	
  stellar	
  evoluaonary	
  models.	
  On	
  the	
  PMS,	
  
evoluaon	
   is	
   rapid,	
   the	
  models	
   are	
   sall	
   sensiave	
   to	
   their	
  
iniaal	
   condiaons	
   and	
   we	
   currently	
   have	
   very	
   few	
  
constraints.	
  The	
  figure	
  shows	
  the	
  Mass-­‐Radius	
  relaaon	
  for	
  
low	
   mass,	
   detached-­‐EBs	
   with	
   Baraffe	
   et	
   al.5	
   model	
  
isochrones	
   (coloured	
   lines).	
   Black	
   points	
   depict	
   known	
  
EBs6	
   and	
   this	
   system	
   is	
   shown	
   in	
   red.	
  We	
   note	
   that	
   this	
  
system	
   lies	
   in	
   a	
   very	
   sparsely	
   populated	
   region	
   of	
   the	
  
diagram,	
   highlighang	
   its	
   value	
   and	
   also	
   that	
   both	
  
components	
   lie	
   on	
   the	
   same	
   isochrones	
   (~5-­‐7Myr),	
   in	
  
agreement	
  with	
  model	
  predicaons.	
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