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IPAC WFIRST Microlensing Primer Series

I.  Basic Introduction to the Methodology and 
    Theory of Microlensing Searches for Exoplanets 

W, 21/Sept: Yossi Shvartzvald 

II.  Lens Companion Detection and Characterization 
W, 28/Sept: Yossi Shvartzvald 

III.  Results from and Future Directions for 
  Ground-based Microlensing Surveys 

W, 12/Oct: Calen B. Henderson 

IV. Results from and Future Directions for
 Space-based Microlensing Surveys

W, 2/Nov: Calen B. Henderson 



Observational Microlensing 
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Science Goals: Quality versus Quantity 

Addressing (relatively) Unexplored 
Demographic Questions 

1	 Free-floating planets 

2	 Galactic distribution 

3	 Cold and bound exoplanets 
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Planetary Mass Budget 
Microlensing (FFPs) 

Direct Imaging 

<0.4

1: Bowler (2016) arXiv:1605.02731

Transit + RV + 
Microlensing 
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Galactic Distribution of Exoplanets 
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Standard Observables 

Single Object Lens 

Einstein Timescale: tE
(Finite Source Size: ρ)

Two-body Lens 

Mass Ratio:  q
Projected Separation: s

Parameters
Lens Mass:          Ml

Lens System Distance:  Dl

?

Why conduct microlensing from space? 
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Standard Observables 

Single Object Lens 

Einstein Timescale: tE
(Finite Source Size: ρ)

Two-body Lens 

Mass Ratio:  q
Projected Separation: s

Parameters
Lens Mass:   Ml

Lens System Distance:  Dl

?

Why conduct microlensing from space? 

Ml	=	θE	/	(κπE)	
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But what does satellite parallax mean? 

Found at: 
http://www.astronomy.ohio-state.edu/~henderson/k2c9_parallax_animations/ 
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Credit: NASA/JPL-Caltech 

Credit: Krzysztof Ulaczyk 

Microlens Parallax Satellite I. Spitzer 
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Microlens Parallax Satellite I. Spitzer 
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Mp = 0.5 MJ 

M* = 0.7 M¤ 

Dl = 4.1 kpc 

ainst,proj = 3.1 AU 

Microlens Parallax Satellite I. Spitzer 
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Microlens Parallax Satellite I. Spitzer 
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Mp = 0.5 MJ 

M* = 0.7 M¤ 

Dl = 4.1 kpc 

ainst,proj = 3.1 AU 

σπE 
(OGLE) ≈ 22% 



Microlens Parallax Satellite I. Spitzer 
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Mp = 0.5 MJ 

M* = 0.7 M¤ 

Dl = 4.1 kpc 

ainst,proj = 3.1 AU 

σπE 
(OGLE) ≈ 22% σπE 

(Spitzer) ≈ 2.5% 



Credit: NASA JPL/Caltech 

Galactic Distribution of Exoplanets 
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Fig. 1.— OGLE-2015-BLG-0966 lightcurve. Combined data from 10 telescopes (color coded)

trace the ground-based light curve nearly continuously. With the exception of the ∼ 6 hr
post peak bump, it is well characterized by a high-magnification point-lens Paczyński (1986)
curve. As described in the text, five of the seven parameters (t0, u0, tE,α, ρ) needed to

describe this curve can be read off lightcurve or extracted with very simple analysis. The
remaining two (s, q) (planet-star separation and mass ratio) require more detailed modeling.

The Spitzer lightcurve is aligned to the OGLE scale so that equal “magnitudes” represent
equal magnifications. The microlens parallax πE can be well-estimated simply by comparing

the Spitzer and ground-based light curves. See Section 3. (OGLE and MOA data are binned
for display in the Figure, but not in the fit. Ground-based data points with uncertainties
> 0.2 mag are suppressed in the figure to avoid clutter, but are included in the fit.)

OGLE-2015-BLG-0966 

Mp ≈ 21 MEarth 

M* ≈ 0.38 M¤ 

Dl ≈ 3 kpc 
 

[σ ≈ 10%] 
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Fig. 1.— Timeline (HJD′) of Spitzer observations. Each Spitzer “week” of observations is

color-coded. The triangle indicates the date the microlensing targets were submitted to the
Spitzer Science Center for observations during the corresponding “week” indicated by the
light bands. The solid sections of the bands indicate the blocks allocated to microlensing

observations, which were taken approximately once per day. The black, vertical lines indicate
the specific observations of OGLE-2014-BLG-0124. These observations were more sparse

early in the Spitzer campaign and became more dense as the event neared peak (as seen
from Earth) and was discovered to host a planet.

HJD’	=	HJD	-	2450000	

Limitations of Spitzer Campaigns 

Udalski+ (2015) ApJ, 799, 237 
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Enter K2’s Campaign 9 

* Postage stamps added later to C9a (34) & C9b 
(61) target lists for ongoing events (70 unique) 

Area* 
Cadence 

Events* 
Start 
End 

Duration 

3.74 deg2 

30 min 
106 (expected) 
22/April, 14:04 UT 
2/July, 22:34 UT 
71.4 days 

Found in Henderson+ (2016), PASP, 128, 124401 
Uses methodology of Poleski (2016) MNRAS, 455, 3656 
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OGLE 
LCOGT 
KMTNet LCOGT 

KMTNet 
LCOGT 
KMTNet 

MOA 

Wise 

Automated Survey	

Simultaneous Ground-based Resources 
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OGLE 
LCOGT 
KMTNet 
LCOGT 

MiNDSTEp 
LCOGT 
KMTNet 
LCOGT 

MiNDSTEp 

MiNDSTEp 

LCOGT 
KMTNet 
LCOGT 

MOA PLANET 

MiNDSTEp 
Wise 

Automated Survey	 High-cadence Follow-up 

Simultaneous Ground-based Resources 
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OGLE 
LCOGT 
KMTNet 
LCOGT 

MiNDSTEp 
DECam 

VST 

CFHT 

LCOGT 
KMTNet 
LCOGT 

MiNDSTEp 

MiNDSTEp 

LCOGT 
KMTNet 
LCOGT 

SkyMapper 

MOA 

WIYN 

PLANET 

MiNDSTEp 
Wise 

Automated Survey	
Multiband Monitoring	

High-cadence Follow-up 

Simultaneous Ground-based Resources 
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OGLE 
LCOGT 
KMTNet 
LCOGT 

MiNDSTEp 
DECam 

VST 
SMARTS 

CFHT 
UKIRT 
IRTF 
Keck 

Subaru 

LCOGT 
KMTNet 
LCOGT 

MiNDSTEp 
IRSF 

MiNDSTEp 
LT 

LCOGT 
KMTNet 
LCOGT 

SkyMapper 

MOA 

WIYN 

PLANET 

MiNDSTEp 
Wise 

Automated Survey	
Multiband Monitoring	

High-cadence Follow-up 
Near-infrared Source Fluxes	

Simultaneous Ground-based Resources 
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Preliminary K2C9 Parallax Inventory 

Total events 

Bound Planets 

FFP Candidates 

Stellar Binaries 

Long-timescale 

109 (179) 

3 

9 

8 

13 

Values are, generally, lower limits!! 
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Bound Planetary Candidate! 
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* RTModel by Valerio Bozza - University of Salerno *
OB160241 -Model: Binary Lens 1 09 June 2016 UT 14:33:16
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From Valerio Bozza’s real-time modeling: 
http://www.fisica.unisa.it/GravitationAstrophysics/RTModel.htm 

q =  
Mp 

M* 

~ 0.03 

Preliminary!
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From K2 Project Office 
Courtesy K. Colón 



From K2 Project Office 
Courtesy K. Colón 
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Photometric Challenges Downloaded from The MAST



Calen B. Henderson 

Photometric Challenges Downloaded from The MAST

4”



Moving Forward – Photometry Challenges: 
Blending in Kepler 
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Moving Forward – Photometry Challenges: 
Kepler Event Recovery 

Causal Pixel Model 

…

Input pixels 

Microlensing Model 
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Moving Forward – Photometry Challenges: 
Kepler Event Recovery 

Raw Pixel Light Curve 
(i.e., data!) Causal Pixel Model Output light curve! 
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Moving Forward – Photometry Challenges: 
Kepler Event Recovery 

Raw Pixel Light Curve 
(i.e., data!) Causal Pixel Model Output light curve! 

Dun Wang 
Graduate Student, NYU 
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1	 Spitzer 

Moving Forward: 
K2C9 Synergies 
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Moving Forward: 
K2C9 Synergies 

2	 K2C11 

1	 Spitzer 
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Moving Forward: 
K2C9 Synergies 

1	 Spitzer 

2	 K2C11 

3	 Non-microlensing science! 
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Community Interface 

Your target here!!?!

Created by: 
G. Barentsen, T. Barclay, R. Poleski 
http://k2c9.herokuapp.com/ 

Created and curated by: 
R. Akeson, R. Street 
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WFIRST-AFTA 
 

Section 2: WFIRST-AFTA Science 49 

rable to (about 60% of) the yield of planet candidates 
from Kepler’s prime mission, although of course 
WFIRST-AFTA’s planets will be located beyond the 
“snow line”, a region that is largely disjoint from that ac-
cessible to Kepler. With an additional seventh season, 
WFIRST-AFTA will detect another 440 planets, for a 
total of roughly 3040 bound planets. As illustrated in 
Figure 2-31, while massive planets can be detected 
over nearly the entire range of separations between 
0.03-30 AU, lower-mass planets can only be detected 
over a narrower range of separations of 0.1-10 AU. At 
least 15% of the detected bound planets will have mass 
less than three times the mass of the Earth and 
WFIRST-AFTA will have significant sensitivity down to 

planets of roughly twice the mass of the 
Moon. WFIRST-AFTA will measure the 
mass function of cold planets to ~3%-
15% in bins of one decade in planet mass 
down to the mass of Mars.  

2.4.2.7.2 Estimating the Frequency of 
Habitable Planets 

Microlensing's sensitivity to planets 
falls rapidly for projected separations 
smaller than the Einstein radius. At pro-
jected separations of the order of 1/3 of 
the Einstein ring radius or smaller we ex-
pect the size of planetary deviations of 
the order of 1% or smaller. For typical 
combinations of the lens and source dis-
tances, a solar-mass star has an Einstein 
radius of ~4 AU, compared to a habitable 
zone that stretches from ~1-1.7 AU (Kop-
parapu et al. 2013). Therefore, the sig-
nals of rocky habitable zone planets will 
be short and of small amplitude (~1% or 
less), so careful control of photometry 
systematics to a millimagnitude or less on 
bright stars will be essential for reliable 
detections. Figure 2-32 shows an exam-
ple WFIRST-AFTA simulated light curve 
of the perturbation due to an Earth-mass 
habitable-zone planet, demonstrating the 
low amplitudes and short durations ex-
pected for such detections. Furthermore, 
the detection probabilities for low-mass 
planets at projected separations much 
less than the Einstein ring are also small, 
implying that the signals of Earth-mass 
habitable-zone planets will be rare, even 
if the intrinsic frequency of such planets is 
high. Finally, because the ratio of the 

habitable zone distance to the Einstein ring radius 
scales as the host mass M1.5, WFIRST-AFTA will only 
be able to detect habitable zone planets around stars 
close to or above the mass of the sun. This is in con-
trast to Kepler, which is most sensitive to (and has 
found) planets in the habitable zones of M- and K-dwarf 
stars, but is less sensitive to such planets orbiting solar-
mass stars. Note however, that the old age of the bulge 
means that stars more massive than the Sun have al-
ready evolved off the main sequence.     

Table 2-5 lists the expected number of habitable 
zone planets that WFIRST-AFTA will find. Assuming 
that there is one Earth-mass planet in the habitable 

Figure 2-31: The colored shaded regions show approximate regions of 
sensitivity for Kepler (red) and WFIRST-AFTA (blue). The solar system 
planets are also shown, as well as the Moon, Ganymede, and Titan. Kepler 
is sensitive to the abundant, hot and warm terrestrial planets with separa-
tions less than about 1.5 AU. On the other hand, WFIRST-AFTA is sensi-
tive to Earth-mass planets with separations greater than 1 AU, as well as 
planets down to roughly twice the mass of the moon at slightly larger 
separations. WFIRST-AFTA is also sensitive to unbound planets with 
masses as low as Mars. The small black points show planets detected by 
radial velocity, ground-based transits, direct imaging, and microlensing 
surveys (i.e., all known exoplanets not found by Kepler). The small red 
points show candidate planets from Kepler, whereas the small blue points 
show simulated detections by WFIRST-AFTA; the number of such discov-
eries will be large, with roughly 2600 bound and hundreds of free-floating 
planet discoveries. Thus, WFIRST-AFTA and Kepler complement each 
other, and together they cover the entire planet discovery space in mass 
and orbital separation, providing the comprehensive understanding of 
exoplanet demographics necessary to fully understand the formation and 
evolution of planetary systems. Furthermore, the large area of WFIRST-
AFTA discovery space combined with the large number of detections es-
sentially guarantees a number of unexpected and surprising discoveries. 

Spergel+ (2015) arXiv:1503.03757 

Microlens Parallax Satellite III. WFIRST 
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Microlens Parallax Satellite III. WFIRST 
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Launch 

Orbit 

Survey Duration 

 

Survey Area 

Number of fields 

Bound Exoplanets 

Free-floating 

2024/2025 

L2 

432 d 

   (6 72 d seasons) 

0.281 deg2 

10 

~3000 

~300 

Spergel+ (2015) arXiv:1503.03757 



Microlens Parallax Satellite III. WFIRST 
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smaller number of fields could further increase the 
yields of low-mass planets, although of course this 
would come at the expense of the number of high-mass 
planet detections. It may also be possible to increase 
the sensitivity to other classes of planets that are at the 
edges of the sensitivity of WFIRST-AFTA, e.g., very 
small separation planets and massive habitable plan-
ets. As outlined in Appendix K, optimizing the survey 
strategy with respect to the survey parameters and 
target planet population is an important future activity.     

As outlined in the operations concept (§3.10), we 
assume a total of 6 microlensing seasons of 72 days 
each. Because of the proximity of the Galactic center to 
the ecliptic, the moon moves through our target fields 
two to three times per season, resulting in losses of 4 to 
5 days per lunation due to the moon avoidance angle. 
Thus for our nominal 6 seasons observing campaign, 
there are a total of 357 days of observations. We also 
consider the yields for an extended campaign of 7 sea-
sons, which yields a total of 417 days of observations. 

Each field will be observed every 15 minutes in the 
wide W149 filter, and once every 12 hours in the Z087 
filter. The exposure times in these filters will be 52 secs 
(W149) and 290 secs (Z087). Due to the layout of the 
detectors in the focal plane, ~85% of the survey foot-
print is observed for the full time while the remaining 
15% is observed only in either the Spring or Fall sea-
sons.  

Figure 2-30 illustrates an example simulated micro-
lensing event, which includes the signal of a Gany-
mede-mass planet, with roughly twice the mass of the 
moon. The clear, unmistakable, and unambiguous 
planet signature highlights two of the intrinsic strengths 
of the microlensing method, namely that the majority of 
planetary signals are detected at high 
confidence (in this case with a total signal-
to-noise ratio of roughly 27), and the sig-
nals are not prone to astrophysical false 
positives. 

  Expected Results 2.4.2.7

2.4.2.7.1 Bound Planets 
The basic results are summarized in 

Box 2, Table 2-4, and illustrated in Figure 
2-31. In order to highlight the intrinsic 
sensitivity of the survey, Figure 2-31 
shows the region of parameter space 
where WFIRST-AFTA is expected to de-
tect at least 3 planets, assuming that eve-
ry star has one planet at the given mass 

and semimajor axis. For example, if every star has a 
planet with a mass of 0.1 M⊕ and a semimajor axis of 1 
AU, WFIRST-AFTA will detect roughly three such plan-
ets. Table 2-4 then reports the predicted yields for 
planets of a range of masses assuming the Cassan et 
al. mass function, where we have averaged the yields 
for a given mass over a range of semi-major axes be-
tween 0.03-30 AU.   

We find that for the nominal six-season observing 
campaign, WFIRST-AFTA will detect roughly 2600 
bound planets in the range of 0.1-1,000 M⊕ and semi-
major axes in the range of 0.03-30 AU. This is compa-

M/MEarth WFIRST-
IDRM 

(432 days) 

WFIRST-
DRM1 

(432 days) 

WFIRST-
DRM2 

(266 days) 

WFIRST-
AFTA 

(357 days) 

WFIRST-
AFTA 

(417 days) 
0.1 22 30 18 50 58 
1 208 233 173 367 429 
10 575 793 551 1030 1203 
100 470 629 439 726 849 
1000 298 367 261 426 497 
Total 1701 2052 1442 2599 3036 
Table 2-4: Predicted yields for bound planets for various mission de-
signs. The yields adopted the planet distribution function for cold ex-
oplanets as measured from ground-based microlensing surveys by Cas-
san et al., and normalized to the most recent microlensing event rates 
(Sumi et al. 2013) measured in fields that overlap a subset of the WFIRST-
AFTA target fields.  

Figure 2-30: Example of a microlensing event light curve 
from simulations of a WFIRST-AFTA exoplanet survey, 
illustrating the signal of a planet with a mass of roughly 
twice the mass of the Moon (roughly the mass of Jupi-
ter’s giant moon Ganymede) orbiting a 0.29 solar mass 
star with a semi-major axis of 5.2 AU. The detection is 
highly significant, with a Δχ2 =710, roughly correspond-
ing to a 27 σ detection. 

WFIRST-AFTA 
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higher. The lowest mass free-floating planet that 
WFIRST-AFTA is sensitive to is set by the source-
diameter crossing time that is critically sampled by 
WFIRST-AFTA's 15-minute cadence, while at the same 
time providing enough photons for a significant detec-
tion of magnification at each epoch. These criteria re-
sult in an optimum free-floating planet mass of the order 
of 0.1 MEarth (roughly the mass of Mars), and a relatively 
sharp cutoff below about 10-3 MEarth (roughly half the 
mass of Pluto).    

One complication with identifying free-floating 
planets is that they can be mistaken for planets on very 
wide orbits. Indeed, a planet at a large separation 
(greater than a few tens of AU, Han et al. 2005) from its 
host can produce an identical light-curve to that pro-
duced by a free-floating planet, with no detectable 
magnification due to the host star, unless the source 
trajectory has a special geometry aligned with the host-
planet separation axis. It is therefore impossible to de-
termine whether such short timescale light curves are 
due to bona fide free-floating planets, or instead due to 
a bound planet in a wide orbit around a faint star. How-

ever, by analyzing blended light (or the lack thereof), 
together with analysis to rule out subtle binary-lens 
magnification features in the light curve, it will be possi-
ble to put strong limits on the brightness of any distant 
host. Follow-up AO imaging with JWST or ELTs may be 
able to further constrain such scenarios (see §2.7).   

Rather than thinking in terms of a bound/free-
floating dichotomy, it may be more productive to think in 
terms of the total mass budget of loosely bound objects 
with binding energies lower than a certain threshold. As 
shown in Figure 2-33, WFIRST-AFTA will be able to 
measure the mass budget of loosely- or un-bound ob-
jects down to a total mass of one Earth masses per 
star, over nearly 6 orders of magnitude in mass, from 
objects the mass of Pluto (10-3 MEarth) to the mass of 
Jupiter (300 MEarth). At its most sensitive point, it will 
measure the mass down to less than 0.1 Earth masses 
per star for objects the mass of Mars (i.e., down to a 
limit of one such object per star). The loosely- or un- 
bound mass function that WFIRST-AFTA measures will 
be a boon to planet formation studies, potentially ena-
bling an era of `precision planet formation`. This is be-

Figure 2-33: WFIRST-AFTA will be uniquely sensitive to free-floating planets down to the mass of Pluto. On the left is 
shown the 95% confidence upper limit on the abundance of free-floating objects that WFIRST-AFTA would infer if it 
did not detect any free-floating planets. The abundance is plotted as the total mass of ejected objects per star, rather 
than the number of ejected objects. For comparison, we show (a) the Jupiter-mass free-floating planet abundance 
that was measured by Sumi et al. (2011), (b) the mass distribution of solar system objects, (c) the Cassan et al. (2012) 
mass function that was used for the free-floating planet realization in Figure 2-31 and yields in Table 2-4, (d) predic-
tions of the number of planetesimals and planets ejected in dynamical simulations of newly-formed systems with 
gas giant planets, assuming that only 20% of stars form giant planets (Raymond et al. 2010, 2011) and (e) the upper 
limit on the abundance of compact objects as measured by the MACHO and EROS surveys (Alcock et al. 1998) and 
from 2 years of Kepler data (Griest et al. 2014). Also shown in the lower panel are the masses of Solar System ob-
jects (planets, dwarf planets and moons), with the planets and dwarf planets color-coded by their semimajor axis - 
objects like those with blue hues would stand a reasonable (Neptune, Uranus) or high chance of being identified as 
free-floating planets by WFIRST-AFTA due to their large distance from the sun. On the right is an example of the de-
tection by WFIRST-AFTA of a free-floating Mars-mass planet. From Penny et al. 2015b. 
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Fig. 2.— Light curves of the five UKIRT microlensing events.
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