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Direct	Imaging	Reveals	Orbital	Mo,on	

hTp://www.manyworlds.space/wp-content/uploads/2017/01/BVXrHQM-Imgur.gif	



Orbit	Fi:ng	Lets	Us	Study	Planets	&	Planet	Forma,on	
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ASTROMETRY	
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Orbit	Fi:ng	Algorithms:	the	Industry	Standard	
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Markov	Chain	Monte	Carlo	(MCMC)	

**	awesome	gif	from	blog.revolu,onanaly,cs.com	

hTp://blog.revolu,onanaly,cs.com/2013/09/an-animated-peek-into-the-workings-of-bayesian-sta,s,cs.html	



The	Problem	
	

MCMC	algorithms	take	too	long	to	converge	when	
accessible	astrometry	covers	a	short	frac,on	of	the	

total	orbit.	
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GPI	H-band	
GPI	J-band	
Keck/NIRC2	



The	Solu,on	
		

Orbits	for	the	Impa,ent	(OFTI)		
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OFTI	Advantage	Over	MCMC	
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OFTI	uses	Independent	Steps,	while	
MCMC	uses	Correlated	Chains	

8	

1Lo
w

er
 1

-σ
  R

at
io

1

M
ed

ia
n 

R
at

io

102 104 106 108 1010

Number Tested

1

U
pp

er
 1

-σ
  R

at
io



Science	with	OFTI:	HD	95086	b	
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4 Rameau J. et al.

Figure 2. (Left:) Schematic diagram of the HD 95086 system in the sky plane. The astrometric measurements of HD 95086 b are plotted
(black circles - NaCo L 0, red triangles - GPI K

1

, blue squares - GPI H), as well as a hundred representative orbital fits randomly drawn
from the rejection sampling analysis using the inclination-restricted (i = 155± 5�) prior. The inner and outer dust rings are indicated as
the gray shaded regions, based on the average values from Su et al. (2015). For both dust rings, an inclination of i = 155� and a position
angle of 110� were assumed (Su et al. 2015). For clarity, the astrometric measurements are also shown within an inset. (Right:) The
separation (top right) and position angle (bottom right) of HD 95086 b measured between 2013 and 2016. Symbols and lines are as in the
left panel.

ting used in Nielsen et al. (2014), using the same priors
on parameters as above. As in De Rosa et al. (2015) we
found excellent agreement between the two methods, as
shown in the diagonal elements of Figure 3.
In addition to these Monte Carlo techniques, the

method for constraining orbital parameters over short
orbital arcs presented in Pearce et al. (2015) was applied
to the astrometry of HD 95086 b. The angle between the
projected separation and velocity vectors was calculated
as ' = 96.7+9.4

�9.2 deg, and a value of the dimensionless

parameter B of 0.52+0.20
�0.16. Comparing these to the mini-

mum inclination and eccentricity contours of Pearce et al.
(2015), the orbital parameters of HD 95086 b can only be
constrained to e � 0.15+0.31

�0.15, and i  59.1+9.6
�13.8 deg (cor-

responding to i � 120.9+13.8
�9.6 deg). In each case, uncer-

tainties on the measured positional o↵set of HD 95086 b
were propagated in a Monte Carlo fashion. While these
limits are consistent with the values in Table 1, they are
significantly less constraining.

4. CONSTRAINTS ON ADDITIONAL PLANETS

The point source sensitivity of the GPI data was esti-
mated by measuring the noise in concentric annuli in the
residual LOCI images. The throughput was computed
by injecting fake planets in the raw data that were re-
duced with the same coe�cients as the science images.
The most sensitive GPI observations were obtained on
2015 April 8 at K

1

band (see Figure 1), and the deepest
NaCo L 0 detection limit was taken from Rameau et al.
(2013a). The planet-to-star contrast was converted into
predicted mass with the AMES-COND (Bara↵e et al.
2003) model. An optimized version of the Monte Carlo
based MESS tool (Bonavita et al. 2012) was used to gen-
erated random on-sky positions of planets in order to

compute detection probabilities over a separation range
of 1–1000 au, with a 2 au step size, and a planet mass
range of 0.5–20 M

Jup

, with a 0.5 M
Jup

step size. The dis-
tributions of the orbital parameters were the same as for
the orbit fitting. For each point in the mass–semimajor
axis grid, ten thousand orbits were randomly generated,
and the fraction of planets which would have been de-
tected in either the GPI or NaCo observations was used
as the completeness at that point. The final complete-
ness map built is shown in Figure 4 (left).
The architecture of the HD 95086 system can now be

constrained based on the first estimates of the orbital pa-
rameters of planet b and on the detection limits reached
with the current ensemble of observations. Su et al.
(2015) suggested that the belts that produce the dust
properties inferred from the SED and the Herschel im-
ages are separated by a dust-free gap from ⇠8 to ⇠80 au.
They proposed four non-exhaustive scenarios to explain
the large size of the gap. While there are currently large
uncertainties in the exact location of the dust rings, and
a large number of alternative multiple planet configura-
tions which may explain the disk gap, the current obser-
vational constraints can be used to explore the four spe-
cific scenarios presented in Su et al. (2015). By assuming
a system in which the disk and planet(s) are co-planar,
the orbital parameters of HD 95086 b, and the associated
completeness for additional companion (Figure 4, right
panel), allows us to:

• rule out scenario A in which the planet b would be
responsible for clearing the entire gap with an ec-
centricity of ⇠0.7. Based on the orbit fit presented
in Table 1, an eccentricity of e > 0.40 for planet b
can be excluded at the 95% confidence level, and
therefore planet b is unlikely to alone account for



Simula,ons	with	OFTI:	WFIRST	Discoveries		
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Future	Hacks	and	Science	

•  more	orbits	
•  more	simula,ons	
•  the	eccentricity	distribu,on	of	Brown	Dwarfs	
•  add	systema,cs	parameters	
•  fit	radial	velocity	&	imaging	combined	datasets	
•  explore	Nyquist	sampling	problems	for	smaller	
orbital	periods	(Eric	already	working	on	this)	

•  …and	much	much	more!		
	

What	can	OFTI	do	for	you?	
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