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PTF	  Orion	  –	  2009/2010	  

•  Young	  transit	  search	  
in	  7-‐10Myr	  25-‐Ori	  
association	  

•  Part	  of	  Palomar	  
Transient	  Factory	  
survey	  

•  ~80	  s	  cadence,	  R-‐
band	  

•  ~7,000	  exposures,	  
~110,000	  light	  curves	  
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•  P	  =	  0.448413	  	  days	  

Dec	  2009/Jan	  2010	  

Dec	  2010	  
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•  Known	  WTTS	  
(Briceno	  et	  al.,	  
2005,	  AJ)	  

•  M3,	  ~0.4M¤,	  ~2.7	  
Myr	  old	  

PTFO	  8-‐8695	  



Original	  Keck+HET	  RV	  follow-‐up	  

Circular	  fit,	  fixed	  
to	  transit	  phase	  
	  
Eccentric	  fit,	  
fixed	  to	  transit	  
phase	  –	  	  maybe	  
unlikely?	  
	  
Sinusoidal	  
(circular)	  fit,	  
floating	  phase	  

•  Signal	  probably	  dominated	  by	  star	  spots	  since	  out	  of	  phase	  
•  Upper	  limit,	  Mp	  sin	  i	  ≤	  4.8	  ±	  1.2MJup	  	  =>	  	  Mp	  ≤	  5.5±	  1.4MJup	  	  

RV	  Folded	  on	  Transit	  Period	  
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Rossiter	  	  	  	  	  	  
effect...?	  



Whitened	  and	  Folded	  Light	  Curve	  

•  Transit	  shape	  is	  v.	  difficult	  to	  model	  with	  star	  spots	  

•  Periodogram	  analysis	  suggests	  stellar	  co-‐rotation	  	  

•  But	  -‐	  second	  year	  looks	  more	  grazing	  but	  deeper	  

•  2009	  data	  
•  2010	  data	  
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Stellar	  variability	  removed:	  



The Astrophysical Journal, 774:53 (15pp), 2013 September 1 Barnes et al.
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Figure 8. Best-fit self-consistent joint fit to both the 2009 and 2010 photometric data under the assumption that the stellar mass M∗ = 0.34 M⊙. The insets at top show
the model lightcurves, observed points (open diamonds), and synthetic images with the planet’s trajectory at five different epochs between 2009 and 2010. The time
of the 2009 observational photometry from van Eyken et al. (2012) is at far left, and the 2010 photometry is the inset at far right. The middle three insets show transit
lightcurve shapes and graphic depictions of what the transit might have looked like at three different times between the 2009 and 2010 observations, as predicted by
the fit parameters from Table 3. The bottom graph shows the model output over 1.1 yr from 2009.9 through 2011.0 UTC, with the times of the insets at top denoted
with colored vertical lines. As in the case of the 2010 individual fit shown in Figure 7, this joint fit predicts periods during which the planet does not transit at all during
the course of the system’s precession.
(A color version of this figure is available in the online journal.)

Table 4
Alignment Parameters from the Self-consistent, Joint Fit of the 2009 and 2010

van Eyken et al. (2012) Lightcurves as Propagated Back to the Time of the
2009 Transit

Back-propagated Alignment Parameters

0.34 M⊙ 0.44 M⊙

t0 30861500 s 30861370 s
i 69.◦1 72.◦7
λ 71.◦1 −76.◦1
ψ 10.◦7 12.◦8

Notes. Our model generates the same lightcurve using these as its initial values
as it does using the values at the 2010 epoch shown in Figure 3.

the 2010 transit individually, and 25◦ for the stellar obliquity ψ .
But when fitting for the 2010 transit along with the 2009 transit
and including precession, those uncertainties plummet to 5.◦2
and 0.◦3 respectively! What is going on here?

It turns out that the requirement that the 2010 initial conditions
propagate backward into the 2009 conditions via precession
constrains the system more tightly than do the transit geometries
necessary to generate the lightcurve shapes by themselves. With
the complex systemic precession as described in Section 4, the

initial conditions in 2010 must propagate into the conditions
that replicate the 2009 transit. This requirement very tightly
constrains the initial values for λ and ψ , for instance. It also
affects the planet mass Mp via the partition of the full spin-
orbit alignment angle ϕ into ϕp and ϕ∗. If the planet’s mass
is too small, then it is unable to pull the star around into the
orientation required for the other transit. If the planet’s mass is
too big, then it can pull the star around too much. Similarly, in
order for the system to arrive in the proper orientation at the right
time, the precession period directly constrains the combination
of R∗, Mp, and ϕ.

Essentially these constraints somewhat resemble those for
asteroids on a collision course with Earth. Even with uncertain
knowledge of an asteroid’s present-day orbital parameters, if
you were to know that it was going to collide with the Earth at
a certain time in the future, that would by itself give you much
more powerful knowledge of what its present-day parameters
must be even without better present-day observations. And
similar to the asteroid analogy, the further separated in time
the target is from the present, the better those constraints will
be. Thus future observations of PTFO 8-8695b transits should be
capable of driving parameters to such precision that the ultimate
uncertainties will be dominated by systematic errors instead of
measurement error.
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Grav.	  darkening	  +	  precession	  

•  Jstar	  ~	  Jorbit	  =>	  
star	  and	  orbit	  
both	  precess	  

•  Can	  find	  
simultaneous	  fit	  
of	  all	  data	  

•  Transits	  are	  
expected	  to	  
disappear	  at	  
times!	  

With	  M*=0.34M☉	  

(Barnes	  et	  al.	  2013)	  
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Current	  best	  vital	  stats	  (Barnes	  et	  al.	  2013)	  

•  High	  obliquity	  
•  V.	  near	  Roche	  
limit	  

φ	  =	  angle	  
between	  J*	  
and	  Jorbit	  
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More	  followup	  -‐	  Spitzer	  4.5	  µm	  (April	  2012)	  
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Variability	  
removed	  

Stellar	  light	  
curve	  

Ciardi	  et	  al.,	  ApJ	  submitted	  



Followup	  data,	  Keck	  NIRSPEC	  (Dec	  2012)	  
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Keck NIRSPEC (December 2012)
4

Ciardi et al  2014Ciardi et al. 2014

9 Jan 2014223rd AAS

y Goal to measure R-M effect (3 – 5 km/s)

….	  no	  obvious	  RM….	  

Ciardi	  et	  al.,ApJ	  	  submitted	  



2012	  LCOGT	  followup	  

Flares,	  but	  -‐	  
no	  transits…?!	  

MJD	  
N
or
m
al
is
ed

	  fl
ux

	  

(MJD	  =	  JD-‐2400000.5)	  

N
or
m
al
is
ed

	  fl
ux

	  

MJD	  
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Dec	  2012	  

Mar	  2013	  



It	  all	  fits….	  (almost)	  
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M*	  =	  0.34M¤	  model	  fit	  to	  PTFO	  data	  Spin-Orbit Precession: Transits come and go
5

y Revised Rp ~ 1.7 RJup , Mp ~3 Mjup Precise predictions 

9 Jan 2014223rd AAS

Jup jup
depend on stellar mass

y Barnes, van Eyken, Jackson, Ciardi & Fortney 2013
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LCOGT	  non-‐
transit	  2	  	  :-‐s	  

LCOGT	  non-‐transit	  1	  



LCOGT	  follow-‐up	  Nov	  2013-‐Jan	  2014	  
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~8,000	  data	  points	  



The	  Transits	  Return….	  
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•  Raw	  photometry	  straight	  from	  LCOGT/IPAC	  archive,	  differenced	  against	  
nearby	  stable	  star	  	  

•  Transit	  duration	  ~1/2	  its	  previous	  value	  

Stellar	  variability	  (star	  spots)	  

Transit	  

Nov	  2013	  



Later	  in	  season	  
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Flares(!)	  

Transits	  longer	  –	  
shape	  evolving	  

through	  season?	  

Need	  to	  push	  all	  through	  
the	  fits	  again,	  refine	  the	  

model.	  



Summary/to-‐do	  

�  LCOGT	  data	  to	  be	  properly	  reduced	  +	  more	  from	  
2014/15	  season.	  Total	  5	  yr	  baseline	  will	  help	  constrain	  
models.	  

�  Stellar	  v	  sin	  i	  should	  change	  with	  time	  

�  Follow-‐up	  visual	  companion	  with:	  
o  -‐	  Further	  AO	  
o  -‐	  DARKNESS	  (MKID-‐based	  high	  contrast	  imager	  with	  

P1640)	  

�  Multi-‐band	  photometry?	  

�  Orbital	  decay?	  Change	  in	  ephemeris?	  

�  Star-‐planet	  interactions?	  
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•  ~2.7Myr-‐old,	  P≈0.45d,	  hot	  Jupiter	  
•  Precessing,	  grav.	  darkened	  model	  fits	  data	  
•  Transits	  disappear	  and	  reappear	  

•  Poss.	  losing	  mass/evaporating	  
•  Strong	  flaring	  –	  maybe	  accretion	  events?	  
•  Hα	  profile	  wing	  consistent	  with	  emission	  

at	  planet	  orbit	  radius	  

	  

	  

	  
	  

	  

	  
	  



Extra	  slides	  
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Keck	  AO	  follow-‐up	  

•  Single	  faint	  additional	  source	  (left)	  
•  1.8"	  separation,	  6.96mag	  fainter	  
•  Source	  cannot	  account	  for	  transits	  
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Periodogram	  analysis	  

1	  d	  period	  
Transit	  period	  

•  1	  day	  is	  probably	  obs.	  window	  artifact;	  all	  other	  peaks	  are	  aliases	  
•  Effect	  of	  transit	  in	  models	  is	  small	  +	  no	  other	  periodicities	  evident	  
•  	  =>	  Star/orbit	  co-‐rotation	  –	  prob.	  not	  background	  binary	  

20
09

	  
20

10
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Model	  predictions	  (Barnes	  et	  al.	  2013)	  
For	  M*=0.34M☉	   For	  M*=0.44M☉	  

•  Further	  transit	  (or	  no-‐transit)	  observations	  can	  better	  constrain	  M*	  
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Multi-‐band	  photometry	  model	  of	  PTFO	  8-‐8695	  
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�  Gravitationally	  darkened	  transits	  are	  asymmetric	  and	  chromatic	  

�  Measurement	  of	  a	  model-‐consistent	  chromatic	  effect	  with	  ARCONS	  
would	  provide	  compelling	  evidence	  for	  our	  interpretation	  
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Planet	  in	  context	  with	  other	  exoplanets	  
The Astrophysical Journal, 755:42 (14pp), 2012 August 10 van Eyken et al.

Figure 10. Radius vs. mass for the known transiting planets (Section 3.3; data
taken from the NASA Exoplanet Archive). PTFO 8-8695b is marked as an upper
mass limit, highlighted by the large square. Iso-density contours are marked at
0.5, 1, 1.33 (Jupiter density), 5, and 10 g cm−3.
(A color version of this figure is available in the online journal.)

Taken together, the measured vr sin i∗ and the photometrically
derived vr give an estimated inclination of the stellar rotation
axis, i∗ = 42◦ ± 7◦. Comparing this with the measured or-
bital inclination, iorb = 61.◦8 ± 3.◦7, we see that there is weak
evidence for a possible misalignment between the orbital and
stellar rotation axes (consistent with the possibility of detecting
changes in the orbital inclination on relatively short timescales,
as mentioned in Section 3.1.2).

3.3. Implications

In Figure 10, we show the radius and mass of the companion
in relation to the currently known transiting exoplanets listed
in the NASA Exoplanet Archive,27 where we have indicated
the mass of the candidate as an upper limit only. It clearly lies
at the upper end of the gas-giant radius distribution, although
not unprecedentedly so. A significantly inflated atmosphere is
to be expected owing both to the system’s very young age, and
to stellar irradiation at the companion’s exceptionally small or-
bital radius. Planetary atmosphere models are currently not well
constrained in this regime due to the lack of known exoplan-
ets that are both young and close-in. Marley et al. (2007) and
Fortney et al. (2007) caution that evolutionary models should
be treated with care at ages up to 10 Myr or more, being highly
dependent on initial conditions and the formation mechanism
assumed. Indeed, Spiegel & Burrows (2012) suggest that com-
parison of atmospheric models with observations of exoplanets
at such young ages may be a good way of distinguishing be-
tween different formation scenarios. Both Spiegel & Burrows
(2012) and Marley et al. (2007) predict radii of around 1.6 RJup
for a 5 MJup planet at 3 Myr, for non-irradiated “hot-start” (grav-
itational collapse) model atmospheres; our error bars place our
measured radius (1.9 ± 0.2 R⊙) just above this value. Our ra-
dius lies substantially farther above the post-formation cold-start
(core collapse) isochrones, though comparison with the latter
models is confused by uncertainty in the formation timescale,
which is likely comparable to the age of the star. Accounting for

27 http://exoplanetarchive.ipac.caltech.edu

stellar irradiation could increase the theoretical radius further.
Increases of ∼10% or more are typical at ∼0.02 AU from a solar
like star (Baraffe et al. 2010; Chabrier et al. 2004), where the
incident flux is similar to that on our planet candidate (which
is closer in, but orbiting a lower-mass star). The companion’s
proximity to the Roche limit may also weaken the gravitational
binding of the object, further increasing its expected radius. Var-
ious other explanations are also proposed to explain the excess
“radius anomaly” that is increasingly found in other gas-giant
exoplanets (e.g., Baraffe et al. 2010; Chabrier et al. 2011). Our
estimated radius is therefore not unreasonable, but due to both
the model and observation uncertainties, a robust comparison
with theory is difficult.

The apparent companion to PTFO 8-8695 also orbits close
enough to its parent star that the consequent small size of its
Roche lobe may be relevant. Below a certain mass threshold, it
may not have sufficient self-gravity to hold itself together, and
thus may begin to lose mass. Following Faber et al. (2005) and
Ford & Rasio (2006), the Roche radius, RRoche, according to
Paczyński (1971), is given by

RRoche = 0.462(Mp/M∗)1/3a ! 0.462(Mp,max/M∗)1/3a

≈ 1.92 ± 0.16, (1)

where Mp,max is our previously estimated maximum mass for the
companion. Comparing with the measured companion radius
gives Rp/RRoche " 0.994 ± 0.094. Framing the argument
another way, we can rewrite the Roche formula to estimate the
Roche limiting orbital radius, RRoche, in terms of the measured
companion radius to find a/aRoche # 1.008 ± 0.095 at the
most—consistent with being at or within the Roche limit, within
the errors. The planet may be sufficiently inflated that it fills its
Roche lobe, and consequently may have lost mass in the past,
or be in the process of losing mass (thus maintaining itself at
the Roche limit).

4. CONCLUSIONS

We have detected transits from a candidate young planet
orbiting a previously identified corotating or near-corotating
≈2.7 Myr old M3 WTTS. Although we cannot completely rule
out a false positive due to source blends, we are able to rule out
confusion at the level of ∆H ≈ 4.3 mag beyond a separation
of 0.′′25, and argue qualitatively that a false detection due to
a blended eclipsing binary is unlikely. The companion is in
an exceptionally rapid 0.448413 day orbit, placing it among
the shortest of the currently known exoplanet periods (cf.,
Demory et al. 2011; Charpinet et al. 2011; Muirhead et al. 2012;
Rappaport et al. 2012). With an orbital radius only around twice
the stellar radius, it appears to be at or within its Roche limiting
orbit, with a/aRoche # 1.01±0.10, raising the possibility of past
or ongoing evaporation and mass loss. Perhaps the companion
has been migrating and losing any mass beyond its Roche lobe
as it does so; or perhaps it is continually being inflated to fill its
Roche lobe, with any material which overflows being stripped
away.

Although the transit photometry and the RV data both phase
fold on the same periods, there is an apparent offset in phase
between them. The most likely explanation is that the RV
signal is shifted or dominated by the effect of star spots; we
therefore suggest an upper limit on the (inclination independent)
companion mass of ≈5 MJup based on the amplitude of the RV
modulation. If it can be assumed that the object has had time
to reach a stable (or quasi-stable) state—i.e., that mass loss
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Discovery	  paper	  

New	  from	  grav.	  
darkening	  model	  
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