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What	  is	  Unique	  	  
About	  WFIRST/AFTA?	  

•  SystemaFc	  planet	  census	  at	  “snowline	  
distances”	  

•  Free-‐floaFng	  planets	  to	  Earth-‐mass	  and	  below	  
•  Accurate	  planet	  masses	  for	  representaFve	  
sample	  (i.e.,	  subject	  to	  mild,	  well-‐understood	  
selecFon)	  

•  Accurate	  distances	  from	  here	  to	  GalacFc	  
Center	  (for	  representaFve	  sample):	  “GalacFc	  
distribuFon	  of	  planets”	  
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Mass	  RaFo	  is	  the	  Primary	  Observable	  

q	  =	  mp/Mstar	  
Observable	  
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We	  must	  measure	  the	  mass	  of	  the	  lens	  star	  
to	  measure	  the	  mass	  of	  the	  planet.	  



3	  Ways	  WFIRST	  will	  Measure	  Lens	  
Masses	  

1. Lens	  Flux	  
2. Microlens	  Parallax	  
3. Astrometric	  Microlensing	  
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The	  measured	  moFon	  
of	  the	  light	  centroid	  as	  
a	  funcFon	  of	  Fme	  gives	  
a	  measurement	  of	  the	  
source-‐lens	  relaFve	  
proper	  moFon.	  



OpFcal	  HST	  Imaging	  

An	  immediate,	  opFcal	  HST	  
survey	  of	  the	  WFIRST	  fields	  
will	  allow	  proper	  moFon	  
measurements	  for	  22%	  of	  
WFIRST	  stars	  à	  Direct	  
verificaFon	  of	  WFIRST	  
microlens	  astrometry.	  

Reliable	  microlens	  astrometry	  measurements	  are	  vital	  to	  
measuring	  planet	  masses	  with	  WFIRST.	  



OpFcal	  HST	  Imaging	  

Colors	  of	  stars	  in	  WFIRST	  
field	  à	  temperature,	  
exFncFon,	  metallicity	  
	  
WFIRST	  relaFve	  
astrometry	  +	  GAIA	  
absolute	  astrometry	  +	  
HST	  colors	  à	  Detailed	  
structure	  of	  the	  galaxy	  	  



Kepler	  Gould	  1994	  ApJL,	  421,	  75	  
Spitzer	  



Gould	  1994	  ApJL,	  421,	  75	  

19
94
Ap
J.
..
42
1L
..
75
G

Spitzer	  



– 26 –

Fig. 2.— Lightcurve and residuals for planetary model of OGLE-2014-BLG-0124 as observed
from Earth by OGLE in I band (black) and by Spitzer at 3.6µm (red), which was located

∼ 1AU East of Earth in projection at the time of the observations. Simple inspection of
the OGLE lightcurve features shows that this is Jovian planet, while the fact that Spitzer
observed similar features 20 days earlier demonstrates that the lens is moving ṽ ∼ 105 km s−1

due East projected on the plane of the sky (Section 3). Detailed model-fitting confirms and
refines this by-eye analysis (Section 5). Note that in the left inset, the Spitzer light curve is

aligned to the OGLE system (as is customary), but it is displaced by 0.2 mag in the main
diagram, for clarity.

Udalski	  et	  al.	  2014,	  ApJ,	  submiied,	  arXiv:	  1410.4219	  



AO	  ObservaFons	  

BaFsta	  et	  al.	  2014,	  ApJ,	  780,	  54	  
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significance of the result can only be evaluated with a full detection efficiency/sensitivity
analysis including events with no known planets. Second, Gould et al. (2010) report the
frequency of planets and claim that a typical lens star mass is 0.5 M!, but the lens star
masses are measured for only six of their 13 microlensing events, and these show a variety
of masses including several K dwarfs.

For three of the Gould et al. (2010) events without mass measurements, no estimate of the
host mass is possible, and the masses of the other four are estimated using a Bayesian estimate
based on the observed microlensing properties and a Galactic model prior, which tends to
favor M dwarfs since they are the most common stars. We implicitly assume that all stars
are equally likely to host a planet at a given separation, even though core-accretion theory
and RV studies indicate that the probability of having a planet should depend on stellar
mass. In the case of MOA-2011-BLG-293, I found the Bayesian probability distribution for
the lens mass peaks at 0.4 M!, but there is a significant probability for the lens star to be
more massive (Yee et al. 2012). Since the mass ratio in that event is large (q ∼ 0.005), one
could argue for an additional Bayesian prior giving preference to larger stellar masses since
the planet is so massive. Hence, because the results of a Bayesian analysis depend on the
input priors, actually measuring the masses of the lenses is vitally important to confirming
that they are M dwarfs and for using the frequency of microlensing planets to distinguish
between planet formation by core accretion and formation by gravitational instability.

The mass of the host star is usually well-estimated for transit and RV surveys, but in
microlensing we often have very little information about the lens stars. By definition, when a
microlensing event occurs, the source and lens are superposed. During the event, the source
is magnified and contributes the majority of the light. Even when the source is unmagnified,
since microlensing observations are conducted in very crowded fields, other, unrelated stars
often fall within the seeing-limited PSF, which is at best FWHM∼1′′. Figure 4 compares
seeing-limited and AO observations of MOA-2011-BLG-293, showing the high density of
stars. Thus, the light from the lens stars cannot be isolated with normal, seeing-limited
observations, so the lens masses are generally unknown.

Figure 4: CTIO H-band images of MOA-2011-BLG-293 showing the magnified (left) and
unmagnified (center) target. The red box matches the area of the baseline image from Keck
(right), which reveals many stars of similar brightness to the unmagnified target.

Measuring the Frequency of Planets Around M Dwarfs

I will solve the problem of lens star masses using AO images from a large telescope. The
increased resolution allows the combined light from the source and lens star to be isolated
from any blended stars. The source flux is measured from the microlensing fit, and then any

6
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High-‐resoluFon	  imaging	  of	  known	  microlensing	  events	  
can	  directly	  measure	  the	  lens	  flux	  (and	  mass).	  	  



Microlens	  Astrometry	  of	  Black	  Holes	  
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The	  astrometric	  
microlensing	  effect	  for	  
stellar	  mass	  black	  holes	  
is	  large	  enough	  to	  
measure	  with	  current	  
capabiliFes.	  



MlensàDlens	  
Measured	  distances	  can	  be	  used	  to	  
probe	  the	  relaFve	  frequency	  of	  
planets	  in	  the	  bulge	  and	  the	  disk.	  



Ground-‐Based,	  Near-‐IR,	  Microlensing	  
Survey	  – 7 –

b
(d

eg
)

! (deg)

-3

-2

-1

0

1

2

3

-3-2-10123
0

10

20

30

40
—

5
4
3
2
1
0

A
H

N
1
M

⊕
(d

eg
−

2
)

Fig. 1.— The tentative WFIRST

field on background of extinction

(shading; Gonzalez et al. 2012)

and OGLE microlensing events

(black points). This field has been

chosen to optimize the Earth-

mass planet rate (colored points)

based on our current understand-

ing, extrapolations, and assump-

tions.

• the near-IR event rate,

• the relative bulge-to-disk planet frequency.

Replacing or improving these assumptions is necessary for accurately predicting the planetary

yields and optimally selecting the WFIRST fields.

1.3. Microlensing Techniques

The third need is continued development of microlensing techniques.

The WFIRST microlensing mission will produce an enormous data set whose analysis will be

a massive undertaking. Aside from the quantity of data, WFIRST will routinely measure higher-

order light curve effects (Appendix B) that are rarely observed from the ground. During the run up

to the launch of WFIRST , it is vital to develop human potential and experience with microlensing

as well as the analysis tools that will be used for the WFIRST microlensing mission. As such, we

place particular emphasis on programs that will develop the techniques important to WFIRST.

TentaFve	  
WFIRST	  field	  
based	  on	  our	  
current	  
understanding,	  
extrapolaFons,	  
and	  
assumpFons.	  
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ExFncFon	  map:	  Gonzalez	  et	  al.	  2012	  
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ExFncFon	  map:	  Gonzalez	  et	  al.	  2012	  

Measured	  microlensing	  opFcal	  
depths	  are	  as	  much	  as	  2.8σ	  off	  
from	  galacFc	  model	  
predicFons	  à	  30—60%	  
difference	  in	  microlensing	  
event	  rates.	  



Major	  ObservaFonal	  Programs	  
•  Directly	  support	  WFIRST	  science	  and	  reduce	  its	  scienFfic	  

risk:	  	  
–  Early,	  opFcal,	  HST	  imaging	  of	  the	  WFIRST	  field	  
–  	  A	  preparatory,	  ground-‐based,	  microlensing	  survey	  in	  
the	  near-‐IR	  	  

•  Develop	  techniques	  for	  measuring	  (planet)	  masses:	  	  
–  Satellite	  parallax	  observaFons	  using	  Spitzer,	  Kepler,	  
and	  TESS	  

– HST	  or	  AO	  flux	  measurements	  of	  lenses	  in	  ground-‐
based	  microlensing	  events	  

– Measurements	  of	  microlens	  astrometry	  for	  black	  
holes	  	  



SAG	  11	  Report:	  arXiv:1409.2759	  
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