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Binary-Lens Equation
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Binary-Lens Topologies
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6 Features

Time of Peak
Height of Peak
Width of Peak

Time of Perturbation
Height of Perturbation
Width of Perturbation

& 6 Parameters

t 0
u 0
t E

Trajectory angle: o

P]
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anet-star separation: s

anet/star mass ratio: q



Planetary Central Caustics
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‘| Features

Time of Peak
Height of Peak
Width of Peak

Time of Perturbation
Height of Perturbation
Width of Perturbation

Smearing of Caustic

& 7 Parameters

t 0
u 0
t E

Trajectory angle: o

P]
P]

anet-star separation: s

anet/star mass ratio: q

t *=p*t_E



How Microlensing Finds Planets
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Total Magnification
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5. OBSERVATIONAL REQUIREMENTS

Two distinct steps are required to observe a planetary
system by microlensing. First, one must single out a disk star
which happens to be microlensing a bulge star. Second, one
must observe this star often enough to catch the deviation in
the light curve due to the planet, The first step involves the
observation of millions of bulge stars on the order of once per
day. The second step involves the observation of a handful of
stars many times per day. In the following we give a rough
outline of what is required for each of these steps.

While observations from one site would be useful, there‘arc
advantages to be gained by observing from several sites. First,

two telescopes that were totally committed. Third, in view of
the fleeting nature of the events, it would seem prudent to build
in some redundancy in case of bad weather at a particular site.
Thus, the optimal scheme would employ, say, a dozen tele-
scopes. Each of these would be committed to carry out two
observations per night. During the near-December season,



6 Features

Time of Peak
Height of Peak
Width of Peak

Time of Perturbation
Height of Perturbation
Width of Perturbation

& 6 Parameters

t 0
u 0
t E

Trajectory angle: o

P]
P]

anet-star separation: s

anet/star mass ratio: q



Clear Division Between
Known Knowns & Known Unknowns

Planet/star mass ratio Planet mass

Separation in units of System distance

Einstein radius Planet/star projected

physical separation



And 1nevitably




And 1nevitably: Unknown Unknowns




And 1nevitably: Unknown Unknowns

Planet/star 3-D separation
Planet Orbital Motion
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OGLE-2005-BLG-390

“Classical-Followup™ Planetary Caustic
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Source Centered on Point Lens
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Mass-Ratio Estimate
a la Gould & Loeb

q=(A_p/2)(t_p/t_E)*2
A_p=0.2
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First Microlensing Planet
Pronounced Finite Source Effects
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Magnification

First Microlensing Planet
Perfect Fold Caustic Crossing
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Mass-Ratio Estimate
a la Gould & Loeb
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Second Microlensing Planet
Weak Finite Source Effects

I magnitude
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residual

0. Well-measured from lightcurve

—=>0_ = 0,/p

] | I I I I I I I I I I LI I | I_JI

14 _FL'_Ed-_[::-lum]:l-

- Source e ]
L I I I 1 Lj L '| L [T = l.'. ]
- MOA Wige
2 [ cTio-1 128 ¢
¢ Danish - Canopus 1.2 F
5 [ IRSP=1 5000 N
1o T tRsp-n L8 Fve EPon T
| - HHOR s111 5112 1
0.5 -




residual

n., semi-measured from lightcurve
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MOA-2009-BLG-266
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Generic Caustic Exit
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MOA-2009-BLG-266

Planet Parameters 1I: harder
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Minor Image Analytic Formulae
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MOA-2009-BLG-266
Minor Image Planetary Caustic
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Planet Lenses Often Have Parallax

O Features

3 Point-Lens

Time of Perturbation
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n of Caustic Cer.

Symmetric Distortion

Anti-symmetric Dist.

& 9 Parameters

t 0,u O, t E
Trajectory angle: o

Planet-star separation: s

Planet/star mass ratio: q
t *=p*t_E
n_E,perp

n_E,parallel



Point-lens magnfication
Start: Binary-Lens Equation
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Why 1s this a Fifth-Order Equation?
C=2- Z > _Ei
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Magnitication (A): For each image, 1
1) Check that it solves lens equation
2) Calculate A_1 from determinant
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Quadrupole/
Pejcha & Heyrovsky (2009)
Gould (2008)

Pure gradient: Monopole (pt lens)
Mild curvature: Quadrupole
Stronger curvature:

Extreme curvature: New Method



Monopole/Quadrupole/Hexadecapole
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2.5"log(A) Source Radii
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Contour Integration: Gould & Gaucherel (1997)
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Contour Integration

Fastest INDIVIDUAL FS calculation

Disad

vantage 1: Limb Darkening -> many cont.

Disad

vantage 2: Cusp lens-solver hang-ups

Neither fatal (see below)

Major improvements from Bozza (2010)
MNRAS 408 2188 (code not public)



Inverse Ray Shooting (General)
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uzv—z —_—— £ = e
: v — Ymil? Mot

do i=1,n Pick source boundary
pick: y_i Examine each pt u_i
image plane point in: weight by LD
calculate: u_i out: discard

source plane point Sum up weights

store (u_1<-->y_1)
enddo
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Inverse Ray Shooting

Advantages
Automatically includes LD

Always works

Disadvantage

Very expensive to shoot lens plane



IRS 1: Map-Making

Dong et al. 2006 ApJ 642 842

Shoot entire annulus relevant to event
Store rays & hex-tiles on source plane
Use hex-tiles for interior, rays for edge
All (s,q) light curves use ONE map

Disadvantage: requires fixed “°s”
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IRS 2A: Loop Linking

Dong et al. 2006 ApJ 642 842
Make contour (as 1n Gould+Gaucherel)

Except slightly bigger
Shoot rays within images (IRS general)

Advantage: avoids contour problems

Disadvantage: costs more than contour



Contour Integration: Gould & Gaucherel (1997)

(a) / Source
Caustic
"

"
Einstain A — -{H-_ ) } LT T
< > E PiMi—1, b ] /‘_;1 i—1 i»

(b} / Radius i=1])
x( U ) Critical
. Curve




IRS 2B: Adaptive Images

Bennett 2010, AplJ, 716, 1408

Begin with 1image centers (point lens)
Expand coverage to source boundary
Radial coord, boundary-sensitive integ.
Advantage: precision with fewer rays

Disadvantage: costs more than contour



Linear Limb Darkening




Limb Darkening Applications

Point Lens

2 3
Ay = (7~ 1) = [1 ; (i _ 1)r]
0 5

Hexadecapole

0 2 4
Afinite = Ap(r ) + Aa(r7) + Ay (07

2
_ 4y 4 22 (1 ~ lr) , A (1 - Hr)

2 2 35
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