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Direct	Imaging	Reveals	Orbital	Motion



Direct	Imaging	Probes	New	Regions	of	Parameter	Space
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Highlighted in the figure are the different methods used to detect exoplanets, each of

which is sensitive to a different orbital separation and mass and thus these methods

are highly complementary in nature. The different detection methods of transit, radial

velocity and microlensing are described in greater detail below, while direct imaging

is discussed in the following section.
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Figure 4. Ensemble of confirmed planets and their mass period relation. The planets
detected by the four primary exoplanet detection techniques are highlighted in the
figure. Data for this figure is taken from the NASA Exoplanet Archive.

Radial Velocity : The first exoplanet discovered, 51 Peg b, was detected through

the radial velocity technique. An exoplanet orbiting a star will cause the center of

mass to shift away from the center of the star, inducing a wobble in the star as the

planet rotates around it. Through Doppler spectroscopy, we can measure the shift

induced by the orbiting companion to estimate the period and eccentricity and thereby

the minimum mass of the object. Since this method does not permit a measurement of
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Orbit	Fitting	Lets	Us	Study	Planets	&	Planet	Formation
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ASTROMETRY
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Orbital	Parameterization
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1.	semi-major	axis	(a)
2.	eccentricity	(e)
3.	epoch	of	periastron	passage	(T0)
4.	inclination	angle	(i)
5.	position	angle	of	nodes	(Ω)
6.	argument	of	periastron	(ω)
((	7.	period	(P)	))



Commonly	Used	Orbit	Fitting	Algorithms
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1.	Markov	Chain	Monte	Carlo	(MCMC)

**	awesome	gif	from	blog.revolutionanalytics.com



Commonly	Used	Orbit	Fitting	Algorithms

7

((	2.	Least	Squares	Monte	Carlo	(LMSC)	))



The	Problem

MCMC	algorithms	take	too	long	to	converge	when	
accessible	astrometry	covers	a	short	fraction	of	the	

total	orbit.
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GPI	H-band
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Keck/NIRC2



The	Solution

Orbits	for	the	Impatient	(OFTI)	
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Speedups	&	Tricks
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• Vectorized	array	operations	instead	of	loops

• Runs	in	parallel

• Minimum	Χ2 estimation

• Range	restriction p(
x)
	

x



Validation	with	MCMC
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Advantage	Over	MCMC
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OFTI >	MCMC… But	not	Everywhere
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OFTI uses	Independent	Steps,	while
MCMC	uses	Correlated	Chains
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Science	with	OFTI:	51	Eri	b
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Science	with	OFTI:	51	Eri	b
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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



Science	with	OFTI:	Widely	Separated	Companions
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3.4. Detection Probability

We calculate the detection probability for additional
companions in these eight systems over a range of masses
and separations. Our contrast curves can be converted into
sensitivity maps in mass and semi-major axis using evolu-
tionary models, the age and distance of the system and the
uncertainties on these values, and an underlying distribution of
planet eccentricities. Following Bowler et al. (2015a), we
generate a population of artificial companions on random,
circular Keplerian orbits with a given mass and semi-major
axis. Each synthetic planet is assigned an apparent magnitude
using an interpolated grid of the Cond hot-start evolutionary
models (Baraffe et al. 2003), the distance and age of the host

star, and the companion mass. We use the Cond evolutionary
models because they extend down to planetary masses,
although we note that different models can vary significantly
in their predictions for the same planet mass. We do not
explicitly account for this model-dependent error in our final
analysis. The fraction of companions falling above a contrast
curve compared to those falling below it yields the fractional
sensitivity at that grid point. We further take into account the
fractional field of view coverage for each target, which is
uniformly complete out to 4″ for our sample and drops to zero
beyond that. Iterating over masses between 0.5–100MJup and
semi-major axes between 1 and 1000 au yields sensitivity maps
for each target, which are shown in Figure 12 for this sample.
Depending on the distance and age of the target, our

Figure 11. Orbital parameter posterior distributions for ROXs 42B b. The distributions peak for ∼150 au, ∼2000 year orbits. More circular orbits are preferred, with
higher inclinations corresponding to longer periods. As in Figure 10, in the inset on the upper right, three different eccentricity posteriors are plotted corresponding to
three different priors. The purple, light blue, and dark blue posteriors correspond to a uniform, thermal, and β distribution respectively.

12
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Science	with	OFTI:	HD	984	B
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5

208.�48, T0 = 2105.80, P = 101.80 yrs, with �2 = 9.80.
Fits to the orbit are shown in Figure 2 and posterior
probability distributions and covariances of the orbital
parameters are shown in Figure 3. Meshkat et al. (2015)
do not perform an orbital fit in their analysis, but from
their two epochs believe the system to have a non-zero
inclination, which we have confirmed here.

Fig. 2.— Orbits drawn from the posteriors fit to the NaCo,
SINFONI and GPI epochs. Color in the left panel corresponds
to the epoch that the companion reaches a given location. The
small square box in the left panel shows the range of the panel to
the right. The resulting fit has a median 18 au (70 year) orbit,
with a 68% confidence interval between 14 and 28 au, an eccentric-
ity of 0.18 with a 68% confidence interval between 0.05 and 0.47,
and an inclination of 119� with a 68% confidence interval between
114� and 125�.
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Fig. 3.— Posterior probability distribution for the six orbital pa-
rameters fit by our rejection sampling method, and period derived
using Kepler’s third law and the mass of the star of 1.2 M�. For
the o↵-diagonal panels, 1 (red), 2 (blue), and 3 (green) � contours
enclose 68.27%, 95.45%, and 99.70% of all orbital elements.

7. PHOTOMETRIC AND SPECTROSCOPIC ANALYSIS

We first calculate the absolute magnitudes for
HD 984 B by integrating the companion-to-star spec-
tra, and correcting for the GPI filter transmission pro-
file and Vega zero points (De Rosa et al. 2016). The
J and H band apparent magnitudes were calculated to
be 13.28 ± 0.06 and 12.60 ± 0.05, respectively. Assum-
ing a distance to the star of 47.1± 1.4 pc (van Leeuwen
2007), the absolute magnitudes of the object in J and H
bands are 9.92± 0.09 and 9.23± 0.08, respectively. The

H band magnitude is consistent with the H band mag-
nitude reported in Meshkat et al. (2015). A rudimen-
tary spectral type can be ascertained using the J and
H band magnitudes as compared to other brown dwarfs
and low mass stars via a colour-magnitude diagram (see
Figure 4). When compared with literature brown dwarfs
and low-mass star from Dupuy & Liu (2012), these mag-
nitudes further corroborate the Meshkat et al. (2015) re-
sult of a late M-type object.

Fig. 4.— J � H colour magnitude diagram showing HD 984 B
relative to other known brown dwarfs and low mass stars (Dupuy
& Liu 2012). Brown dwarf and low mass star spectral types are
colour coded on a spectrum from dark purple (T types) to yellow
(M types). HD 984 B is shown as a black circle and is located
on the late M/early L dwarf cooling sequence. Photometry for
other planets is from Zurlo et al. (2016) (HR 8799 b,c,d,e), and
Lachapelle et al. (2015) (HIP 78530 b, GSC 06214-00210 b, RXS
J160929.1-210525 b).

For further characterization of the companion, we dis-
cuss the spectral analysis here. A more detailed analysis
of the spectral type requires attention to spectral noise
covariance, which arises from the coupling of neighbour-
ing wavelength channels in the spectra and is a result
of the finite resolution of GPI. This type of correlation
correction is necessary for proper error calculation. IFS
instruments observations often produce spectral noise co-
variance (e.g. Greco & Brandt 2016), and GPI data cubes
are also known to su↵er from this e↵ect, especially at
small separations close to the focal plane mask. Before
any comparisons to field objects can be made, this spec-
tral noise covariance needs to be characterized to avoid
biasing any analysis with improper error calculations.
Given the high SNR of detections, it may be possible
to fit higher frequency structures (e.g. spectral lines) in
the spectrum independently to the low frequency enve-
lope (the overall shape of the spectra). The noise char-
acteristics, especially the spectral noise correlation, may



Simulations	with	OFTI:	WFIRST	Discoveries	
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Simulations	with	OFTI:	WFIRST	Re-Observations
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Future	Hacks	and	Science

• more	orbits
• more	simulations
• the	eccentricity	distribution	of	Brown	Dwarfs
• add	systematics	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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