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* 6 seasons —each of 72 days 0.5
. . . 0
e 6 seasons spread over 4.5 years including first i
2 and last 2 bulge seasons E i L i
3 earlyseasons, 3 late seasons = 158 mn S ma s s . A
e 7 galactic bulge fields 2 e gﬂl 0.5
: 25k gt
* Filters: N . Ik
T2 1 0 i 5

 Wide band W149 (Each field once every 15
minutes) ~ 40000 images of each field

« F184 every 12 hours ~ 800 images of each
field

e 7087 or R0O62 (Red) every 12 hours ~ 800
images of each field

( [deg]
Credits: M. Penny
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« Solar panels restrict range
of Sun-spacecraft angle to
~72° range

« Can observe bulge for 72
days twice a year in Spring

and Autumn

(Note this does not correspond with the bulge
season on earth which is April - September )
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We need 2 of 3 following for mass measurements:

* Finite Source Effect
Angular Einstein Radius, ¢
* Lens Detection
Lens Flux in High resolution Follow up
* Microlensing Parallax Effect
Parallax vector

The primary requirement
for WFIRST Microlensing
survey is getting mass
measurements of at least
50% of the WFIRST
microlensing exoplanet
discoveries, where as
most light curve fittings
provide only with the
planet-host mass ratio.
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We need 2 of 3 following for mass measurements:

* Finite Source Effect
Angular Einstein Radius, ¢
* Lens Detection
Lens Flux in High resolution Follow up
* Microlensing Parallax Effect
Parallax vector



" Mass Measurements of
WFI RST M1crolensmg Exoplanets

WIDE-FIELD INFRARED SURVEY TELESCOPE
ASTROPHYSICS ¢ DARK ENERGY ¢ EXOPLANETS

~

- —
< a= 46M/(R,c?)
E
source
E
(4

Finite Source Effect

Lens Detection

)
f-i-
Sr
s
Q.
=)
O
a9
<

Parallax Effect

The planet and host
system is the lens system
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Finite Source Effect

Lens Detection

Parallax Effect

_________________
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Mass Measurements of

Mlcrolensmg Exoplanetsk

MOA- 2009 BLG 266

Gray line shows the
model without parallax |

Top View

residual
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5085 5086 5087
HJD - 2450000

My =056 + 1.7 Mg
Mp = 10.4+ 0.09 Mg,
a, = 32112 AU

Muraki et al 2011, Ap] 741, 22
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Mlcrolensmg Exoplanets

Finite Source Effect

Lens Detection

Parallax Effect

Satellite - Ground
Parallax with
Spitzer

Source

Lens

SPITZER

Satellite Parallax

OGLE-2015-BLG-0966

7160 7180

Results:

7200 7220 7240
HJD-2450000

My = 0.38 Mg
Mp =21 Mg

Street+, 2016,Apl, 819
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Will this work for WFIRST?

* WFIRST will observe in spring and autumn and measure mass

using orbital parallax
Lens Detection * Requires long- time baseline

* Satellite-ground parallax can be used with WFIRST and LSST

 WFIRST sources will be faint and may not be observed with other
ground facilities

* WFIRST season will not much overlap with ground bulge season

 WFIRST will be only 0.01 AU from earth in L2 as opposed to 1 AU

* For planetary events — will require rapid response or wide field
* Parallax and mass measurement for earth mass free floating planets
» LSST observing time needed on the overlapping period with WFIRST season

Finite Source Effect

LSATAM

Parallax Effect
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Stagel Stage 2

Input 2 a
Input | a
6 FROM M, = Mpt+My
LIGHT CURVE = MJM
MODELS q = Mp/My
q (6x107°)

Finite Source Effect

 Final Results

Lens Detection
Outputl

2 _ 4GMy(Ds—Dy) i
aE CDsDL i MH’ MP
| Dpa,
Output 2

Parallax Effect
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Mass — Luminosity
Empirical relation 234

1 =0es D
From PSF fitting to HST O¢ , s (known from
image light curve model)

Constrains | and Input 2 b
total target I. Henry and McCarthy (1993, AJ, 106, 773)
o 2. Delfosse et al (2000 A&A 364, 217)
brigshtness 3. Henry ecal (1999, Ap), 512, 864)
4. Kenyon and Hartmann (1995, Ap)S, 101, 117)

Input | b




’ ( WFIR’S‘I’ \

o
oV B

Finite Source Effect
Lens Detection

Parallax Effect

WIDE- FIELD INFRARED SURVEY TELESCOPE
ASTROPHYSICS ¢ DARK ENERGY ¢

V ass Measurements or

EXOPLANETS

E "mDM

-  OGLE

g CTIO-I

- CTIO—H

E Faulkes North

Evs. Single Lens Model
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Input | a
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MODELS

4GM [ (Ds—Dy)

Mlcrolensmg EX .planets |

Stage 2
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2 __
BE - C‘DsDL

Mass — Luminosity |

Empirical relation 234

(Solving)

Input 2 a
M=Mp+tMy, |
q-= MP/MH o :
q (6x10-5) Final Results
Outputl
\ M., Mp
S
T3 Dpa,
Output 2

From PSF fitting to HST
image
Constrains | and
total target

brightness

Input | b

Ds~ 8 kpc
L= BE S DL
O¢ , s (known from
light curve model)

Input 2 b

|. Henry and McCarthy (1993, A}, 106, 773)

2. Delfosse et al (2000 A&A 364, 217)

3. Henry etal (1999, Ap), 512, 864)

4. Kenyon and Hartmann (1995, Ap)S, 101, 117)
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Finite Source Effect

Lens Detection

Parallax Effect
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Mass Measurements Qf ;

NFIRST |
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Mass - Luminosity Relation

" Slope =3.95

A=138
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log (M/Mg)

0.5 1.0 15

Len). Source

Stagel

Input | a

6 FROM
LIGHT CURVE
MODELS

Stage 2

Input 2 a

M= Mp+My

q = Mp/My,
q (6x107°)

92— 4GM (Ds—Dy)
E C‘DsDL

Mass — Luminosity |

Empirical relation 234

(Solving)

|

Solutions

From PSF fitting to HST
image
Constrains | and
total target

brightness

Input | b

Ds~ 8 kpc
L= BE S DL
O¢ , s (known from
light curve model)

Input 2 b

M1crolensmg EX‘plane ts ;

____________________________

Final Results

Outputl

M., M;

D,a,

Output 2

|. Henry and McCarthy (1993, A}, 106, 773)

2. Delfosse et al (2000 A&A 364, 217)

3. Henry etal (1999, Ap), 512, 864)

4. Kenyon and Hartmann (1995, Ap)S, 101, 117)
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Stagel Stage 2

Input 2 a
Input | a
6 FROM M, = Mpt+My
LIGHT CURVE = MJM
MODELS q = Mp/My
q (6x107°)

Finite Source Effect

 Final Results

Lens Detection
Outputl

2 _ 4GMy(Ds—Dy) i
aE CDsDL i MH’ MP
| Dpa,
Output 2

Parallax Effect
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Empirical relation 234

1 =0es D
From PSF fitting to HST O¢ , s (known from
image light curve model)

Constrains | and Input 2 b
total target I. Henry and McCarthy (1993, AJ, 106, 773)
o 2. Delfosse et al (2000 A&A 364, 217)
brigshtness 3. Henry ecal (1999, Ap), 512, 864)
4. Kenyon and Hartmann (1995, Ap)S, 101, 117)
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OGLE-2005-BLG-169

F814W

oS ‘ b

Finite Source Effect

Lens Detection

Parallax Effect

F555W

cens R o b oo | ML =0.69=0.02M
m,=141x09M
Follow-up taken with a, =35+x03 AU Follow-up taken with
HST 6.5 years after the a. =402 AU Keck AO 8.3 years after
d *~-0.6
peak of the event the peak of the event

D, =4.1+04 kpc
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0.9F

Finite Source Effect

Lens Detection

o
N

Parallax Effect

Mass (Mo)

F555W

B ‘ i

0.6

0,5 Loa 3 g e .1 M
Follo\ 3000 3500 4000 4500 5000||Ow_up taken with
Distance (pc)
HST 6.5 years arter tne A 022 neck AO 8.3 years after
peak of the event

the peak of the event
D, =4.1+04 kpc
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OGLE-2005-BLG-169

F814W

oS ‘ b

Finite Source Effect

Lens Detection

Parallax Effect

F555W

cens R o b oo | ML =0.69=0.02M
m,=141x09M
Follow-up taken with a, =35+x03 AU Follow-up taken with
HST 6.5 years after the a. =402 AU Keck AO 8.3 years after
d *~-0.6
peak of the event the peak of the event

D, =4.1+04 kpc
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OGLE-2003-BLG-235/MOA-2003-BLG-53 Planetary Host Star HST = ACS/HRC
If the lens and source . . : v - -

are too close, lens can
be detected through
centroid shift method

Finite Source Effect

Lens Detection
If lens and source have

Parallax Effect different colors then
their centroids will shift
different amount in
follow-up images in
different passbands

NASA, ESA, D. Bennett (University of Notre Dame), and J. Anderson (Rice University) STScl-PRC06-38b
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"ass Measurements of

OGLE-2014-BLG-0124 6, (finite—source effects)

m, (microlens parallax)
F, (lens flux): KECK!!

No finite Source Effect Detected
Finite Source Effect

Lens Detection

Parallax Effect

| (OGLE) [mag]

i
=)
:~.
n
n
©
=
7]
e
(]
-

Spitzer 3.6 um

Residual (mag)

3 4 5
Lens Distance D, [kpc]

6800
HJD-2450000

Udalski+ 2015 Credits: C. Henderson

'1crolensmg Exoplanets-- -
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OGLE-2014-BLG-0124

Finite Source Effect No finite Source Effect Detected

: From Beaulieu+ 2017:
Lens Detection

M, =0.89 M,
M, =0.64 M,
D,= 3.5 kpc

Parallax Effect

C. Henderson Talk Thu: 11.00-
11.10 am Session. 310. Extrasolar
Planets V

B AN T
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WFI RST Mlcrolensmg Exoplanets

6, (finite—source effects)
m, (microlens parallax)
F, (lens flux): KECK!!
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3 4 5
Lens Distance D, [kpc]
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Finite Source Effect

Lens Detection

Parallax Effect

NOT ALL EXCESS FLUX IS PRIMARILY DUE TO THE LENS

The excess flux could
be due to the binary
companion to the
source, lens or a
nearby unrelated
star.

MOA-2008-BLG-310

Bhattacharya+2017
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Finite Source Effect I .
08"
Lens Detection £
2 06
Parallax Effect S 04!
0.2t

O3 2 25 26 27 28 29

Calibrated Lens Magnitude

We can still get the upper limit on host and planet masses

MOA-2008-BLG-310

Bhattacharya+2017
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* WEFIRST will follow-up its own dlscoverles |tW|IIbe aself foIIow upsurvey o

* The primary methods of mass measurements will be lens detection + finite source effect or
lens detection + parallax

* |tis already shown with only 8 images in each passbands in HST that this method works
* With >20000 images we will be able to map the PSF more precisely

In preparation of WFIRST:

 KSMS (Keck Strategic Mission Support)
* 10 half nights each year for 2 years
* Observe High-Res Follow Up of at least 60 events including planetary and stellar binary to further develop
the mass measurement method
e Open Source Microlensing Light Curve Fitting Routines including fitting planetary events
* PyLIMA (Led by E. Bachelet) Talk: Wed 2.50-3.00 pm E. Bachelet Session 228. Extrasolar Planets IV
 MulLAN (Led by C. Ranc)
e VBBinarylLensing (Led by V Bozza)
* Mulens Model (Led by R Poleski)
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Challenges

* There are only 3 multi-planet systems discovered. We are still understanding multi-
planet and other complicated light curve fittings.

* For lens detection presence of binary contaminations need to be considered. Luckily
even in presence of companions we can still put an upper limit on exoplanet mass.

* More man power — to increase the small community:
e UKIRT Microlensing data release
(https://exoplanetarchive.ipac.caltech.edu/docs/UKIRTMission.html)
* MOA 2006-2014 data release around 2019
* DATA CHALLENGE (http://microlensing-source.org/data-challenge/)
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Microlensing
Data Challenge

WFIRST will complete our census of the planetary population by
using microlensing to discover a large sample of planets between
1-10 AU from their host stars. But many unresolved challenges
must be met to maximize the science return from this mission!

Faster, more efficient Thorough exploration of
modeling and analysis high-dimensional parameter

! ) space with degeneracies
Modeling triple-

lens events e .
Accurate classification of

We challenge the community to WFIRST lightcurves

develop new techniques and
tools to tackle these problems.

Newcomers to the field are
welcome!

A series of simulated
WFIRST challenge
datasets will be made
available starting

Feb 2018. For more
details, see

poster 158.06 and:

http Ilmmrolerismg-source orgldata challenge

Releasing in International
Microlensing Conference
2018 in Auckland, New
Zealand

Jan 25 —-128, 2018

https://www.physics.auc

kland.ac.nz/en/about/int

ernational-microlensing-
conference.html

Codes: http://microlensing-source.org/software/
Resources: http://microlensing-source.org/resources/
Tutorials: http://microlensing-source.org/learning/
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Microlensing
Data Challenge

and variable stars
Challenge 2 (2019):

Distinguish and model binary and triple

' Challenge 3 (2020):

1 Whole Survey Analysis with 100,000
light curves of dlfferent cases

http Ilmlcrolensmg-sodrce org/data- challenge

Releasing in International
Microlensing Conference
2018 in Auckland, New
Zealand

Jan 25 —-128, 2018

https://www.physics.auc

kland.ac.nz/en/about/int

ernational-microlensing-
conference.html

Codes: http://microlensing-source.org/software/
Resources: http://microlensing-source.org/resources/
Tutorials: http://microlensing-source.org/learning/
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Microlensing
Data Challenge

WFIRST will complete our census of the planetary population by
using microlensing to discover a large sample of planets between
1-10 AU from their host stars. But many unresolved challenges
must be met to maximize the science return from this mission!

Faster, more efficient
modeling and analysis

Modeling triple-
lens events

We challenge the community to
develop new techniques and
tools to tackle these problems.

Newcomers to the field are
welcome!

A series of simulated
WFIRST challenge
datasets will be made
available starting

Feb 2018. For more
details, see

poster 158.06 and:

Thorough exploration of
high-dimensional parameter
sSpace with degeneracies

Accurate classification of
WFIRST lightcurves

A.-t;rgldata-chahlllenge)

Releasing in International
Microlensing Conference
2018 in Auckland, New
Zealand

Jan 25 —-128, 2018

https://www.physics.auc

kland.ac.nz/en/about/int

ernational-microlensing-
conference.html

Codes: http://microlensing-source.org/software/
Resources: http://microlensing-source.org/resources/
Tutorials: http://microlensing-source.org/learning/

STAY TUNED!!!



