
Example	  transits	  from	  late	  2013.	  Colors	  indicate	  observatory	  site	  (elp	  =	  New	  Mexico;	  
coj	  =	  Australia;	  cpt	  =	  South	  Africa;	  lsc	  =	  Chile).	  Transit	  above	  leH	  is	  significantly	  shorter	  

duraKon	  than	  later	  in	  season	  (boLom	  right).	  
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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.

10

Es.mated	  at	  only	  ~3Myr	  old,	  PTFO	  8-‐8695b	  is	  a	  
candidate	  for	  the	  youngest	  transi.ng	  planet	  yet	  found,	  

and	  presents	  a	  poten.ally	  valuable	  snapshot	  of	  a	  close-‐in	  
pre-‐main-‐sequence	  planet	  s.ll	  in	  its	  infancy.	  Ongoing	  
inves.ga.on	  is	  pain.ng	  an	  unusual	  but	  increasingly	  
compelling	  picture:	  orbi.ng	  a	  rapidly-‐rota.ng,	  oblate,	  
and	  gravita.onally	  darkened	  T-‐Tauri	  star	  at	  just	  under	  a	  
half-‐day	  period,	  it	  appears	  the	  planet's	  orbit	  may	  be	  
inclined	  and	  precessing	  on	  .mescales	  as	  short	  as	  
hundreds	  of	  days	  –	  a	  .mescale	  easily	  accessible	  to	  

observa.on.	  The	  star	  shows	  substan.al	  flaring	  ac.vity,	  
and	  the	  planet's	  measured	  radius	  suggests	  that	  it	  may	  be	  
ac.vely	  be	  losing	  mass.	  The	  unusual	  proper.es	  of	  this	  
object	  make	  it	  par.cularly	  interes.ng	  for	  con.nued	  

inves.ga.on.	  

The	  object	  was	  first	  iden.fied	  in	  2009	  photometric	  data	  
from	  the	  Palomar	  Transit	  Factory	  (PTF)	  Orion	  survey	  (van	  
Eyken	  et.	  al	  2012),	  with	  radial	  veloci.es	  placing	  the	  mass	  
clearly	  in	  the	  planetary	  regime.	  We	  were	  able	  to	  fit	  the	  
data	  by	  fully	  modeling	  the	  orbital	  precession	  and	  gravity	  
darkening,	  though	  some	  degeneracy	  remained	  in	  the	  fit	  
(Barnes	  et.	  al,	  2013).	  More	  recently	  we	  have	  obtained	  

followup	  with	  Spitzer,	  Keck	  NIRSPEC,	  and	  the	  Las	  
Cumbres	  Observatory	  Global	  Telescope	  network	  (LCOGT)	  
to	  provide	  stronger	  constraints	  and	  fully	  confirm	  the	  
object.	  Preliminary	  analysis	  appears	  to	  be	  consistent	  
with	  the	  previous	  model	  fits	  for	  a	  0.34M☉	  host	  star.

• Star	  shows	  marked	  intrinsic	  variability,	  with	  transits	  superposed	  (top)	  
• Dis.nct	  varia.on	  in	  transit	  shape	  between	  2009/2010	  (above)	  
• Simple	  analysis	  of	  combined	  data	  gives	  first	  order	  picture:	  

-‐ Inflated	  hot	  Jupiter	  orbi.ng	  a	  ~10%	  oblate,	  co-‐rota.ng,	  M3	  T-‐Tauri	  star	  
-‐ Orbits	  at	  its	  Roche	  limit	  with	  P≈0.4484	  d

1)	  Original	  PTF	  Orion	  discovery	  data	  (van	  Eyken	  et	  al.	  2012)

Examples	  of	  a	  few	  of	  the	  transit	  light	  curves.	  Grey	  regions	  mark	  transit	  window.	  Red	  indicates	  flagged	  data	  points	  where	  photometry	  may	  be	  non-‐opKmal.	  

All	  transit	  data	  aHer	  folding	  and	  removing	  stellar	  variability	  	  

Approx.	  scale	  rendering	  of	  PTFO	  8-‐8695	  on	  basis	  of	  	  simple	  fit	  to	  original	  data	  

2)	  Modelling	  the	  transit	  shape	  change	  (Barnes	  et	  al.	  2013)

Barnes	  et	  al.	  2013	  developed	  full	  
transit	  models	  including	  stellar	  
oblateness,	  gravita.onal	  darkening	  
and	  orbital/stellar	  precession,	  to	  see	  
if	  it	  was	  possible	  to	  explain	  the	  
change	  in	  transit	  shape	  observed	  
between	  2009	  and	  2010.	  

• Able	  to	  fit	  the	  discovery	  data	  fully	  
consistently.	  

• Performed	  fit	  for	  two	  stellar	  
masses,	  0.34	  and	  0.44M☉	  
(corresponding	  to	  Seiss	  and	  
Baraffe	  stellar	  models).	  

• Star	  and	  planet	  orbit	  mutually	  
precess.	  

• In	  both	  cases,	  transits	  should	  
disappear	  for	  several	  months	  per	  
year.	  	  

• More	  data	  can	  independently	  
constrain	  the	  stellar	  mass.	  

• 0.34	  M☉	  model	  seems	  to	  predict	  
newer	  data	  quite	  well

4)	  Latest	  LCOGT	  data

Model	  fit	  for	  M*	  =0.34M☉.	  Upper	  panel	  shows	  system	  
orientaKon	  at	  different	  Kmes;	  center	  panel	  shows	  corresponding	  
model	  transit	  shapes,	  and	  e.g.	  fits	  to	  the	  data	  where	  present;	  
lower	  panel	  shows	  expected	  transit	  depth	  evoluKon	  during	  the	  
course	  of	  the	  year.

Predicted	  transit	  depth	  evoluKon	  over	  the	  years	  following	  the	  discovery	  data	  for	  the	  same	  model.	  
Comparison	  with	  new	  data	  (below)	  shows	  consistency,	  suggesKng	  the	  model	  may	  already	  be	  close	  to	  
a	  good	  fit.

Some	  of	  the	  fit	  parameters	  for	  the	  two	  models;	  most	  
parameters	  are	  quite	  similar	  -‐	  largest	  difference	  is	  in	  the	  

precession	  period.

Radial	  velocity	  (RV)	  data	  from	  the	  original	  
discovery	  paper	  shows	  an	  outlier	  that	  is	  consistent	  
with	  strong	  Rossiter	  McLaughlin	  effect,	  suggesKve	  
of	  a	  deep	  transit.	  Broken	  lines	  show	  Keplerian	  fits,	  
but	  main	  RV	  signal	  is	  interpreted	  as	  star-‐spot	  
dominated	  (sinusoidal	  solid	  line).

New	  radial	  velocity	  data	  with	  Keck	  NIRSPEC,	  Dec	  2012,	  
during	  transit	  window	  (edges/center	  marked	  by	  verKcal	  
dashed/solid	  lines).	  No	  Rossiter	  McLaughlin	  effect	  is	  
evident,	  suggesKng	  no	  transit,	  consistent	  with	  model.

Spitzer	  4.5µm	  photometry,	  Apr	  2012.	  Top	  panel:	  normalized	  
photometry,	  with	  solid	  line	  indicaKng	  fit	  to	  stellar	  variability;	  
boLom	  panel:	  stellar	  variability	  removed.	  Blue	  indicates	  transit	  
window.	  Transit	  is	  shallow,	  but	  evident,	  consistent	  with	  model.

FIT	  PARAMETERS	  FOR	  PTFO	  8-‐8695b

LCOGT	  photometry	  from	  early	  2013	  shows	  flares,	  but	  no	  
obvious	  transit	  (transit	  window	  edges/center	  marked	  by	  
verKcal	  dashed/solid	  lines).	  Model	  suggests	  should	  be	  a	  
shallow	  transit	  in	  Mar	  ’13	  	  —	  possibly	  below	  detecKon	  
threshold,	  or	  model	  fit	  needs	  refining.
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New	  data	  using	  the	  full	  LCOGT	  network	  
indicates	  the	  transits	  have	  now	  
returned,	  again	  consistent	  with	  the	  
model.	  

Longitude	  coverage	  of	  the	  LCOGT	  
network	  enabled	  many	  more	  transits	  to	  
be	  observed	  than	  would	  otherwise	  be	  
possible,	  as	  well	  as	  	  inves.ga.on	  of	  the	  
full	  period	  stellar	  variability	  on	  ~day-‐
long	  of	  .mescales.	  

Transits	  in	  Nov	  2013	  were	  significantly	  
shorter	  than	  previously,	  as	  might	  be	  
expected	  for	  more	  grazing	  transits;	  they	  
have	  lengthened	  during	  the	  course	  of	  
the	  season.	  

We	  are	  currently	  in	  the	  process	  of	  
including	  the	  new	  data	  in	  the	  model	  
fits.	  This	  should	  help	  pin	  down	  the	  
system	  parameters	  and	  remove	  
degeneracy	  in	  the	  solu.ons.

• Model	  is	  largely	  
consistent	  with	  
previous	  RV	  data	  
(len),	  as	  well	  as	  
new	  Spitzer,	  
Keck	  NIRSPEC,	  
and	  LCOGT	  data.	  

• Transit	  seems	  to	  
disappear	  as	  
predicted.

Near	  conKnuous	  photometry	  over	  48hrs	  combining	  data	  from	  LCOGT	  sites	  shows	  
form	  of	  stellar	  variability.

Dec	  17-‐18	  2013
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3)	  New	  data	  in	  relation	  to	  precession	  model	  for	  M*	  =	  0.34M☉
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• -‐	  2010


