Microlensing III:
Higher-Order Effects and Degeneracies

Andy Gould (Ohio State)
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To measure parallax:
Standard Observer-Plane Rulers
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1-D Parallaxes Are “Common”
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+owur (square peg: round hole)

Component of T toward Sun




(round peg: round hole)
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Macho 97-41: Obvious Orbital Motion
(But No Parallax)
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EROS-BLG-2000-5
Parallax + Orbital Motion
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Parallax from Triple-Peak Events

MICROLENS MASS MEASUREMENT USING TRIPLE-PEAK EVENTS

Jin H. AN AND ANDREW GOULD
Department of Astronomy, Ohio State University, 140 West 18th Avenue, Columbus, OH 43210;

jinhan@astronomy.ohio-state.edu, gould@astronomy.ohio-state.edu
Received 2001 October 2 accepted 2001 November 13; published 2001 December 3

ABSTRACT

We show that one can measure the effects of microlens parallax for binary microlensing events with three
well-measured peaks, two caustic crossings plus a cusp approach, and hence derive the projected Einstein radius
1. Since the angular Einstein radius 6, is measurable from finite-source effects for almost any well-observed
caustic crossing, triple-peak events can yield the determination of the lens mass M = (c¢*/4G)r.8;. We note that,
to a certain extent, rotation of the binary can mimic the effects of parallax, but it should often be possible to
disentangle parallax from rotation by making use of the late-time light curve.

An & Gould 2001, Apl, 563, L111
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OGLE-2011-BLG-0420

quantity close (ug < 0)
M 0.024+ 0.001 M-
M, 0.0088 +0.0005 M:
(9.3 £0.5 M)
Dy (kpc) 2.1 +0.1
projected separation (AU) 0.19 +0.01

close

pElI‘ElIT]E'.[E'.I“ U ~ 0 Ug = 0
fmgf 5427.4 5410.8
t; (HID) H766.110 | 5766.109
g 0.031 -0.030
tg (days) 34.89 35.27
0.287 0.290
q 0.388 0.368
Q 2.387 -2.383
0 0.049 0.049
Te. N -1.03 -1.15
TE B 0.23 0.19
ds/dt (yr') -2.44 2.48
do/dt (yr') -8.09 7.08
KE/PE 0.36 0.32




Planet Lenses: + Projected Motion
11 Features & 11 Parameters

3 Point-Lens t 0,u0,t E
3 Binary-Lens o 0,s_0,q
Width of Caustic Cr. t *=p*t E
Symmetric Distortion ©_E.perp

Anti-symmetric Dist.

n_E,parallel
Rotational Motion

Radial Motion

yY_perp = do/dt
y_parallel = (ds/dt)/s_0



(KE/PE)_perp: Ratio of Transverse
Kinetic to Potential Energy
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Complete Orbital Motion
13 “Features” & 13 Parameters

3 Point-Lens t 0,u0,t E
3 Binary-Lens o 0,s_0,q
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OGLE-2011-BLG-0417
Complete Orbital Solution
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OGLE-2011-BLG-0417
Complete Orbital Solution

Farameters

Standard Mode] Parallax Orbital+Parallax
¥ 2 rdof 441572627 230172625 1735/2621
fn (HILDY ) 5817.302 £ 0.018 5815.867 £ 0.030 5813.306 £ 0.059
B 01125 £ 0.000] —00971 £ 00003 —0.0992 £ 0.0005
g (davs) (0,74 + 0.08 79.59 £ 0.36 92.26 £ 0.37
5] 0La01 £+ 0.001 (0.574 £ 0.00] 0.577 £ 0.00]
g 0402 £ 0.002 0,287 £+ 0.002 (0,202 £ 0.002
e {rad ) 1.030 4+ 0.002 —0.95] £ 0.002 —{.850 £ 0.004
e (103 31T+ 001 238 002 2294002
TR N 0,125 £ 0.004 0,375 £ 0.015
TEE —0. 111 £ 0.005 —0.133 £ 0.003
ds) fde (vrT ) 1,314 £ 0.023
doefdt (wr— 1) 1168 £ 0.076
5 0467 £ 0020

ds) fadr (yr- L

—0.192 £ 0.036




OGLE-2011-BLG-0417
Complete Orbital Solution
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; Parameter OGLE-201 [-BLG-0417

M (M) 0,74 £ 0.03

My M) 057 £ 0.02

Mz i Mz 017 £ 0.01

= g (mas ) 244 £ 002

po (mas vi— ) 9.606 £ 0.07

Iy (kpc) (.89 £ 0.03

a ALY 1.15 £ 0.04

- Fivyr) 1.44 £ 0.06
& 0.68 £+ 0.02

! (deg) 1695 £ .04




OGLE-2011-BLG-0417
Complete Orbital Solution
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OGLE-2011-BLG-0417
Predictions for RV
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OGLE-2011-BLG-0417
Predictions for RV

Takle 1- MicroLEns MEASUREMENTS

M MM, P " i cal (1 It Iy

(M) [yr) ey} [dexg) (deg] (HJIN (kpc)

Value 0677 {22 1.42% EEE 60063 341824 125374 S5686.344 0.5l
Error 0.047 ({03 0.11% (LET 1.554 26335 1615 6 960 0.058
C.C. 1O {304 0,101 511 0.024 {.(Hk= 1.511 0153 0.065

C.C. 0.304 1000 0.055 L1150 01561 (1.3 {302 {11115 0136

C.C. 0.1 IS5 1.0 .118 0.523 .48 {1385 {1754 0.791
K 0.511 {150 0.118 10 0.217 0.247 {151 1485 0.211
.C. 0.0r24 .161 0.523 |

. 0.0K& (G5 O.484 |

2.C. 0.511 {

[ {

[ [

217 1O 0.257 1141 1.TE] 0.0a%

0247 0.257 1.(HK] 1EET 0113 0518

I T 05895 151 0.141 0.G56T 1 O} i1.141 0465
JC. 0133 {
G 0065 |

LML 0.756 I485 0.781 {1013 141 100K 0367
136 0.791 X111 0.0as i1.518 {65 i1_36T 1.0

Takle 2= PrEnrcmions por BY MeasurREMENTS

H P e I £t M, i,

(ki s—%) vyl (e HIDON [Nz (kg

Valoe 6352 1.423 0688 3J41.E24 SES6.344 052 04951
Error 0340 0113 0027 2 655 G960 O.O36 [
C.C. 1000 036G 0_8%E 473 01.503 OLE95E 0267
C.C. 1365 1.00H] 0.118 454 (.T56 (LR 0791
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C.C. 0.4T: 0,434 0247 1 WM 0013 0. .518
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C.C. 065G 001 0.511 {[I_{M1E 0.133 1.000 1.H5
C.C. 0267 0.7l 0211 . .51E 367 0065 1000

Gould et al. 2013, AplJ, 786, 126



OGLE-2009-BLG-020
Predictions for RV

OGLE-2009-BLG-020
1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

o Residuald
LJ

E 1 1 1 1 1 1 1 1
4380 4850 490 4910 4820 48G0
HID" [days]

Skowron et al. 2011, AplJ, 738, 87



OGLE-2009-BLG-020
Predictions for RV
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OGLE-2009-BLG-020
Predictions for RV
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OGLE-2009-BLG-020
Predictions for RV
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Jin An: Close/Wide Degeneracy
(At Lowest Order) [d & (]
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Jin An: Wide/Close Degeneracy
(At Second Order)
|Shape Parameter: s = c_2/c_1]
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Different caustics -> Same lightcurve

An 2005, MNRAS, 356, 1409
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1-D Parallaxes Are “Common”
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Ecliptic Degeneracy

Begins 1n 'constant acceleration' model

u0 --> -u0 Smith, Mao, & Paczynski
(2003)




Ecliptic Degeneracy

Embedded in ‘jerk parallax' formalism

u 0 --> -u_ 0 SMP (2003)
lu_Ol<<1 ==> jerk-par Gould (2004)

F F
T, || = TE,||; g, = —(mg,1 + T 1),

4 yr SIN (Fop
S Y Y (

i * :I. - :I. i 3|'|Il2
cos2i) sin” 3. + sin“y))



Ecliptic Degeneracy
Jiang et al.: Exact Degenercy (3__=0)

u0 -->-u0 SMP (2003)
lu_Ol<<1 ==> jerk-par Gould (2004)
(uO Eperp) ke (U’O Eperp) Jiang et al. (2004)
4 yr 1M [T,
T T 3 e 372

( cos?e) sin” 3. + sinzw]:' -



Ecliptic Degeneracy
Skowron et al. 2011, AplJ, 738,87
generalize to binaries

u O --> -u0
lu_Ol<<1 ==> jerk-par

(U T o) ~(U, T )

0’ E ,perp E ,perp

(u,,T ,0) ->

E ,perp

(uO’TCE,perp ’O(')

(uO’TCE,perp ,oco,doc/dt) ->

-(u T erp 0Ly, dov/dt)

O’

SMP (2003)
Gould (2004)
Single

Static Binary
Rotating Binary



Xallarap vs. Parallax
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Xallarap vs. Parallax
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