
WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

Exoplanetary Microlensing 
science with WFIRST 

 
Part II 

 
 
 

  Yossi Shvartzvald & Calen Henderson                 
NPP Fellows @ JPL 

 Sebastiano Calchi Novati  
 
 
 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 WFIRST Microlensing Primer Series 

I.  Basic Introduction to the Methodology and Theory of Gravitational 

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 Henderson 

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

Surveys (including WFIRST) 

              W, 02/Nov , Calen Henderson 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

  Microlensing basics summary 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

Event timescale 

 

 
       ≈20 d for 0.3𝑀↓⊙  

       ≈1 d for 𝑀↓𝐽  

( ), , , E
E L L S rel

rel

t M D D θ
µ

µ
=

Microlensing basics 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

Event timescale 

 

 
       ≈20 d for 0.3𝑀↓⊙  

       ≈1 d for 𝑀↓𝐽  

( ), , , E
E L L S rel

rel

t M D D θ
µ

µ
=

Microlensing basics 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

   Companion detection 
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1

422 Gaudi

A
nn

u.
 R

ev
. A

str
o.

 A
str

op
hy

s. 
20

12
.5

0:
41

1-
45

3.
 D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 O

hi
o 

St
at

e 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

05
/0

6/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.

q ~ 0.003 

Caustics 

Gaudi 2012 

Planetary caustic 

Central caustic 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

AA50CH10-Gaudi ARI 16 July 2012 12:29

a b

βx (θE) βx (θE)

β y
 (θ

E)

0

0
0.1

–0.1

0

0.01

–0.01

0

0.01

–0.01

0
0.1

–0.1

1 – 0.06 – 0.04 – 0.02 0 0.02–1

s = 1.67

s = 1.25

s = 1.11

s = 1.05

s = 1.00

s = 0.95

s = 0.90

s = 0.80

s = 0.70

s = 0.60

s = 1.43

s = 1.67

s = 1.43

s = 1.25

s = 0.80

s = 0.70

s = 0.60

Caustics
Intermediate
Wide
Close

Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1

422 Gaudi

A
nn

u.
 R

ev
. A

str
o.

 A
str

op
hy

s. 
20

12
.5

0:
41

1-
45

3.
 D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 O

hi
o 

St
at

e 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

05
/0

6/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.

q ~ 0.003 

Caustics 

Gaudi 2012 

Two planetary caustics 

Central caustic 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

AA50CH10-Gaudi ARI 16 July 2012 12:29

a b

βx (θE) βx (θE)

β y (θ
E)

0

0
0.1

–0.1

0

0.01

–0.01

0

0.01

–0.01

0
0.1

–0.1

1 – 0.06 – 0.04 – 0.02 0 0.02–1

s = 1.67

s = 1.25

s = 1.11

s = 1.05

s = 1.00

s = 0.95

s = 0.90

s = 0.80

s = 0.70

s = 0.60

s = 1.43

s = 1.67

s = 1.43

s = 1.25

s = 0.80

s = 0.70

s = 0.60

Caustics
Intermediate
Wide
Close

Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1
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Figure 4
(a) The red, magenta, and purple curves show the caustics for a planetary lens with mass ratio q = 0.003, and various values of s, the
projected separation in units of θE. The dotted gray lines show sections of the Einstein ring. The light blue dots show the location of
the planet. The host star is located at the origin of all the graphs as a Sun symbol. In the topmost graphs of both panels a and b, a
representative angular source size in units of θE of ρ = 0.01 is shown as a green dot, corresponding to a star with radius of ∼13R⊙ (i.e.,
a clump giant) in the Galactic Bulge. (b) Zooms of the central caustics for several values of s for the planetary lenses shown in graphs in
panel a. Trajectories that probe the central caustic correspond to events with small impact parameter u0 or events with high maximum
magnification. For q ≪ 1, the central caustic and approximate magnification patterns are essentially identical under the transformation
s ↔ s −1, particularly for s ≪ 1 and s ≫ 1. The degree of asymmetry, i.e., the length-to-width ratio, of the central caustic depends on s,
such that the caustic becomes more asymmetric as s → 1. Both figures adapted from Exoplanets, edited by Sara Seager. c⃝2012 The
Arizona Board of Regents. Reprinted by permission of the University of Arizona Press.

off-axis cusps, with the cusp corresponding to the tip of the arrow pointing toward the planet.
Sources passing roughly perpendicular to the planet/star axis near the tip of the central caustic
result in a positive perturbation from magnification due to the host star. Sources passing roughly
perpendicular to the axis but on the opposite side of the caustic, near the “back end” of the
arrowhead, result in a negative, trough-shaped perturbation from the single lens curve.

In the limit of q ≪ 1 and |s − 1| ≫ q , the size of the caustic scales as q for fixed s,
and the degree of asymmetry of the caustic depends only on s, increasing as s → 1. Also in
this limit, the size and shape of the caustics are invariant under the transformation s ↔ s −1

422 Gaudi

A
nn

u.
 R

ev
. A

str
o.

 A
str

op
hy

s. 
20

12
.5

0:
41

1-
45

3.
 D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 O

hi
o 

St
at

e 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

05
/0

6/
15

. F
or

 p
er

so
na

l u
se

 o
nl

y.

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

q ~ 0.003 

Caustics 

Gaudi 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

   Companion characterization 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

Planet-Star mass ratio 

 

 
Planet-Star separation 

 

 

Event timescale 

P

L

Mq
M

=

( ), , , E
E L L S rel

rel

t M D D θ
µ

µ
=

E

as
r
⊥=



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

Planet-Star mass ratio 

 

 
Planet-Star separation 

 

 

Event timescale 

P

L

Mq
M

=

( ), , , E
E L L S rel

rel

t M D D θ
µ

µ
=

E

as
r
⊥=

Bayesian analysis 
Assuming a Galactic model 

Yee et al. 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

Planet-Star mass ratio 

 

 
Planet-Star separation 

 

 

Event timescale 

P

L

Mq
M

=

( ), , , E
E L L S rel

rel

t M D D θ
µ

µ
=

E

as
r
⊥=

Bayesian analysis 
Assuming a Galactic model 

MOA-2011-293: 

tE=22 [d], q=0.005, s=0.55/1.83 

⇒ ML=0.43 Msun, D=7.1 kpc 

⇒ mp=2.5 MJup, r┴=1.0/3.4 AU 

Yee et al. 2012 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

Planet-Star mass ratio 

 

 
Planet-Star separation 

 

 

Event timescale 

P

L

Mq
M

=

( ), , , E
E L L S rel

rel

t M D D θ
µ

µ
=

E

as
r
⊥=

Yee 2015 

Finite source 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

 

- Finite source size 

 

 

 

 

*
*

E

θ
ρ

θ
=

Lens 

Einstein angle 

Point source 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

 

 

 

 

*
*

E

θ
ρ

θ
=

Lens 

Einstein angle 

Finite-size source 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

 

 

 

 

*
*

E

θ
ρ

θ
=

Bond et al. 2004 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

 

 

 

 

*
*

E

θ
ρ

θ
=

Bennett & Rhie 1996 

q=10-4 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

 

 

 

 

*
*

E

θ
ρ

θ
=

Bennett & Rhie 1996 

q=10-4 q=10-5 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

 

 

 

 Yee et al. 2014 

E
E

AU
r

π =
%

Satellite parallax 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

 

 

 

 Yee et al. 2014 

E
E

AU
r

π =
%

Satellite parallax 

Satellite parallax degeneracy 

Spitzer 

OGLE 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

 

 

 

 Yee et al. 2014 

E
E

AU
r

π =
%

Satellite parallax 

Satellite parallax degeneracy 

Spitzer 

OGLE 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

 

 

 

 Yee et al. 2014 

E
E

AU
r

π =
%

Satellite parallax 

Satellite parallax degeneracy 

OGLE 

Spitzer 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

 

 

 

 Yee et al. 2014 

E
E

AU
r

π =
%

Satellite parallax 

Satellite parallax degeneracy 

Spitzer 

OGLE 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

 

 

 

 Yee et al. 2014 

E
E

AU
r

π =
%

Satellite parallax 

Satellite parallax degeneracy 

Spitzer 

OGLE 

Spitzer 

OGLE 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 

Yee et al. 2012 

•  Source flux from model 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

 From lensing observables to physical parameters 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 

•  Source flux from model 

Batista et al. 2014 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 

•  Source flux from model 

•  Source+lens flux from 
AO / HST 

 From lensing observables to physical parameters 

Batista et al. 2014 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 

•  Source flux from model 

•  Source+lens flux from 
AO / HST 

•  Arithmetic…… 

•  Search for excess flux 

 From lensing observables to physical parameters 

Batista et al. 2014 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 

•  Source flux from model 

•  Source+lens flux from 
AO / HST 

•  Arithmetic…… 

•  Search for excess flux Yee et al. 2012 

 From lensing observables to physical parameters 

MOA-2011-293: 

Bayesian estimates: 

⇒ ML=0.43 Msun, D=7.1 kpc 

⇒ mp=2.5 MJup, r┴=1.0/3.4 AU 

From lens flux: 

⇒ ML=0.86 Msun, D=7.7 kpc 

⇒ mp=4.8 MJup, r┴=1.1/3.6 AU 
Batista et al. 2014 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 

•  Source flux from model 

•  Source+lens flux from 
AO / HST 

•  Arithmetic…… 

•  Search for excess flux Yee et al. 2012 

 From lensing observables to physical parameters 

MOA-2011-293: 

Bayesian estimates: 

⇒ ML=0.43 Msun, D=7.1 kpc 

⇒ mp=2.5 MJup, r┴=1.0/3.4 AU 

From lens flux: 

⇒ ML=0.86 Msun, D=7.7 kpc 

⇒ mp=4.8 MJup, r┴=1.1/3.6 AU 
Batista et al. 2014 

First ML planet possibly in the habitable zone 



WFIRST Microlensing - part II, IPAC, 28 Sept. 2016 
 

- Finite source size 

- Microlens parallax 

- Lens flux 

 

 

 

 

•  Source flux from model 

•  Source+lens flux from 
AO / HST 

•  Arithmetic…… 

•  Search for excess flux 

•  Source-lens separation 
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Batista et al. 2014 
the calibration induces big error bars, but this measurement is in
agreement with the previous one using only the flux ratio from
the Keck image.

4.1. Lens–Source Relative Proper Motion

The lens and the source appear resolved on the Keck images
(see Figure 3), 8.2122 years after the microlensing event was
observed, at the following coordinates: (R.A., decl. )source =
(18 06 05. 373, 30 43 58 03 )h m s - ¢ , (R.A., decl. ) (18lens

h=
06 05. 377, 30 43 57 99 )m s - ¢ .

The offset between the two objects is
( R.A., decl. ) (0. 046, 0. 040) (0. 001, 0. 001)D D = , i.e.,
a separation of 61.2 ± 1.0 mas. We multiplied by 4 the error
bar given by Starfinder to be conservative. This would imply a
heliocentric relative proper motion

(R.A., decl.) (5.63, 4.87) (0.12, 0.12) mas yr ,rel,helio
1m = -

i.e., 7.44 0.12rel,heliom = mas yr−1. We indeed consider the
Keck measurement to be nearly expressed in the heliocentric
frame because the difference is less than 0.2%1 (i.e.,

0.12 mas 61 masrel1p qD ~ ). In the Galactic coordinate
system, we find

l b( , ) (7.28, 1.54) (0.12, 0.12) mas yr .rel,helio
1m = -

To compare this measurement to the geocentric relative proper
motion, rel,geom , determined from the light curve model (Gould
et al. 2006; Bennett et al. 2015), we must convert it to the
inertial geocentric frame that moves at the velocity of the Earth
at the light curve peak. This conversion will be explained in the
next section as it is required in our Bayesian analysis.

4.2. Lens Mass from H-band Measurements

The measured magnitude in Hband is converted into
absolute magnitude using

M H A H A
D

DM 5 log
10 pc

(5)H H HL L
L= - - = - -

where AH is the extinction along the line of sight and DM the
distance modulus. At these Galactic coordinates,
l b( , ) (0.6769, 4.7402)= - , we assume a total extinction up

to the Galactic Center of A 0.374 0.02H = , as presented in
Bennett et al. (2015), who use the method of Bennett et al.
(2010) and the dereddened red clump magnitudes of Nataf
et al. (2013). To calculate the extinction at a given distance DL,
we use the following expression:

A
e

e
A

1

1
(6)

( )

( )H

D h b

D h b
H,L

sin

sin

L dust

GC dust
=

-

-

-

-

∣ ∣

∣ ∣

where hdust is the dust scale height, h 0.10 0.02dust = kpc
(Bennett et al. 2015) and DGC is the Galactic Center distance,
assumed to be 8.01 kpc, since at these coordinates
DM = 14.517 (Nataf et al. 2013).
We want to correlate the lens flux measurement (Equa-

tion (5)) with a calibrated population of main sequence stars.
To do so, we adopt isochrones from An et al. (2007) and
Girardi et al. (2002) that provide a mass–luminosity function
for different ages and metallicities of main sequence stars. We
choose ages from 500Myrs to 10 Gyrs, and metallicities within
the range 0.0 [Fe H] 0.2+⩽ ⩽ . These isochrones, plotted as a
function of the lens distance DL instead of its mass, assume that
we know the Einstein radius Eq of the microlensing system,
which constrains the mass–distance relation.
For the previous analyses using adaptive optics (e.g., Batista

et al. 2014; Bennett et al. 2014), we used the value of Eq from the
microlensing light curve modeling to build the isochrone profiles
as a function of the distance of the lens star. However, in the case
of OGLE-2005-BLG-169Lb, we also measure the heliocentric
relative proper motion, rel,heliom , between the source and the lens
since the two objects are resolved more than eight years after the
microlensing event. We then want to include this measurement in
the determination of the lens distance, especially since the
Einstein radius determined from the light curve (Gould et al.
2006; Bennett et al. 2015, see also Section 2), t t* *E Eq q= , has
large uncertainties (∼10%) due to the fact that the data only
covered the caustic exit of the event. Indeed, Eq can also be
constrained by the geocentric relative proper motion,

tE E rel,geoq m= . To update this value, we perform a Bayesian
analysis using both the constraints from the 2005 microlensing
light curve (tE, Eq , fS) modeled by Bennett et al. (2015)and
those from the Keck measurements ( rel,heliom , f fL S)as
prior distributionsto determine the properties of the lensing
system with the highest probabilities ( Eq , tE, rel,geom , DL, DS,

Figure 3. Left: Keck image of OGLE-2005-BLG-169 in Hband ( 24 21~ ´ ). Middle: a zoom on the target showing the lens on the upper left and the source. They
are separated by ∼61 mas. The extra star on the right was part of the measured blending in the microlensing light curve. Right: zoom on the target showing the flux
contours.
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