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1. Mostly	follows	a	point	lens	à
dominated	by	a	single	star.

2. The	perturbation	occurs	at	high	
magnification	à caustic	is	small.

3. The	perturbation	is	small	(<	1	mag)
à Could	be	a	planet!

Why	is	this	a	Planet	Candidate?



Part	I:	Relating	
Caustics/Magnification	Patterns	
to	Light	Curves



A	model	with	mass	ratio	(q)	=	0.005	=	5	MJup/MSun



Caustic	Reflects	the	Full	Magnification	Pattern

Caustic Magnification	Pattern





There	is	a	strong	magnification	
change	at	a	fold.



A	cusp creates	a	spike	in	
magnification	outside	the	
caustic.



Two	cusps	à two	bumps



Light	curve	can	be	explained	by	a	planet!	But…

q =	0.005	



There	are	TWO	images	à TWO	solutions



The	planetary	caustics	are	different…

separation	=	s	=	0.55
“close”

s =	1.83
“wide”



The	central	caustics	are	the	same	
“s⟷ 1/s	degeneracy”

separation	=	s	=	0.55
“close”

s =	1.83
“wide”



Which	Trajectories	Produce	a	Similar	Light	curve?
A B C



Which	Trajectories	Produce	a	Similar	Light	curve?
A B C



Is	this	also	a	planet?

Shin	et	al.	2012	ApJ	746,	127



Is	this	also	a	planet?

NO.	q	=	0.729

Shin	et	al.	2012	ApJ	746,	127



Symmetries/Similarities	in	the	Magnification	
Pattern	Make	It	Non-Trivial	to	Solve	a	Light	curve

q	=	0.005
s	=	0.55
α =	138°

q	=	0.005
s	=	1.83
α =	138°

q	=	0.005
s	=	0.55
α =	220°

q	=	0.73
s	=	0.31
α	=	164°



Part	II:	Techniques	for	Finding	the	
Right	Model



The	𝜒2 surface	is	complex.



A	simple	downhill	algorithm	won’t	work.



A	simple	downhill	algorithm	won’t	work.



A	simple	downhill	algorithm	won’t	work.



One	Approach:	Markov	Chain	Monte	Carlo

Take	a	
small	step Is	it	better?

Yes No

Accept Randomly	decide	
whether	to	accept	or	

reject



Markov	Chain	Monte	Carlo	(Random	Walk)

•Advantage:	It	will	eventually	explore	all	of	parameter	
space	including	multiple	minima.

•Disadvantage:	It	may	take	the	age	of	the	universe	to	
do	it.



Hybrid	Approach:	Grid	Search	in	s,	q,	angle



If	the	grid	is	too	sparse,	solutions	are	missed.



If	the	grid	is	too	dense,	it	takes	too	long	(inefficient).



MCMC	+	Grid	Search

•Advantage:	It	can	improve	efficiency	of	MCMC	alone	
(fewer	parameters)
•Advantage:	Good	for	a	blind,	systematic	search

•Disadvantage:	There	is	an	art	to	selecting	the	grid	size



Alternative	Approach:	Light	Curve	Library



Light	Curve	Library

•Advantage:	Optimal	sampling	of	parameter	space
• Less	likely	to	miss	solutions
• Can	be	more	efficient

•Disadvantage:	Significant	effort	to	set	up.	Requires	a	
deep	knowledge	of	caustic	structures.



Partial	data =	More	degeneracies
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while seeding the other parameters at (t0, u0, tE) as de-
rived above, ρ = 10−3, and α at 10 equally spaced values
around a circle. We employ Markov Chain Monte Carlo
(MCMC) χ2 minimization to find the best grid-point
model. We then seed new MCMCs with local minima
on the (s, q) plane derived from this grid search. We find
that there are six other viable topologies (in addition to
the one heuristically derived in Section 3.1). Moreover,
very similar to OGLE-2017-BLG-0373, we find two dif-
ferent geometries (“wide 2” and “wide 3”) within the
topology identified in Section 3.1). We further divide
“wide 2” into “wide 2a” and “wide 2b” because this
broad minimum in the χ2 surface weakly separates into
two sub-minima. Figure 2 shows the source trajectories
for these nine different solutions. [h]

Figure 2. Source trajectory and caustic geometries for nine
solutions, representing seven different topologies.

3.3. Elimination of Some Topologies

These nine solutions are given in Tables 1 and 2. Three
of these solutions (“close 2”, “close 4” and “wide 4”)
have χ2 values that are substantially higher than the
others. Figure 3, which shows the light-curve fits over
the anomaly, implies that a major reason for this is a
very poor fit of the latter two (“close 4” and “wide 4”)
to the anomaly. We consider that these are eliminated.
The remaining solutions fit the anomaly reasonably well.
[h]
Figure 4 shows the overall form of the nine models,

and Figure 5 shows the residuals of the data for each
model. [h] [h] Figure 5 shows that the high χ2 of model
“close 2” is due to systematically high residuals during
four consecutive episodes of KMTC, KMTA, KMTC,
KMTA observations beginning HJD′ ∼ 7472.8, which is
explained by the long post-caustic “dip” of this model
in Figure 4. It also shows that the relatively high χ2 of
model “close 3” is primarily due to systematic residuals
near HJD′ ∼ 7471.2. Comparing to Figure 4, we see that

Figure 3. Zoom of fits for nine different model geometries of
KMT-2016-BLG-0212 over the anomaly. Solutions “close 4”
and “wide 4” have poor fits and are excluded.

this is due to the strong “dip” in this model just prior
to the caustic crossing. Finally, we note that although
“wide 1” has even higher χ2 than “close 3”, there are
no strong residuals within the range displayed in Fig-
ure 5. The main problem for this model comes from its
long “relative trough” (compared to “close 1”) after the
caustic exit, 7473 ! HJD′ ! 7480. See Figure 4. This
issue also impacts “close 3”, albeit at a lower level.

3.4. Summary of Surviving Models

This series of rejections leaves models “close 1”, “wide
2a”, “wide 2b”, and “wide 3”, which have mass ratios,
q = 3.7 × 10−2, q = 4.9 × 10−5, q = 8.3 × 10−5, and
q = 4.8 × 10−5, respectively. The first solution (“Class
I”) which, depending on the host mass, could be a brown
dwarf or a high-mass planet, is preferred over the other
three by ∆χ2 ≥ 6.8. Hence, it is favored, but not deci-
sively. The other three solutions have q ! 10−4.
This second class of solutions (“Class II”) are part of

the same topology, namely the one that was naively in-
vestigated in Section 3.1. Comparison to Table 2 shows
that the simple reasoning in that section predicted the
parameters of these solutions reasonably well.
This event is similar to the case of OGLE-2017-BLG-

0373 (Skowron et al., 2018). Also similar to that case,
there are multiple geometries within this topology that
are qualitatively similar but can differ significantly in
the mass ratio q. However, what is fundamentally dif-
ferent about the present case is that one of the alternate
topologies (which were not anticipated by the naive rea-
soning of Section 3.1) is competitive with (and indeed
slightly preferred over) the naive solution.
We note, however, that the two classes of solutions

differ by a factor 2.5 in their source flux fs, i.e., by
∼ 1mag in source magnitude (see Section 4.1). As we
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parameters of these solutions reasonably well.
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there are multiple geometries within this topology that
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Hwang	et	al.	2018	arXiv:1802.10246



Summary

• The	magnification	pattern	+	source	trajectory	determines	the	light	
curve
• Symmetries/similarities	in	the	magnification	make	it	hard	to	find	the	
true	solution
• Methods	for	searching	for	the	correct	model:
• MCMC	+	grid	search
• Light	curve	library



Part	III:	Resources



Resources:	Modeling

• MulensModel:	Python,	generates	models,	includes	examples	
https://github.com/rpoleski/MulensModel/releases/tag/v1.4.0

• pyLIMA: Python,	fits	models	to	data,	includes	examples			
https://github.com/ebachelet/pyLIMA/tree/master/pyLIMA

• VBBL	(Valerio	Bozza Binary	Lensing):	C++,	generates	models	
http://www.fisica.unisa.it/GravitationAstrophysics/VBBinaryLensing.htm



Resources:	Public	Data

• Exoplanet	Archive:	Data	from	Published	Planets	
https://exoplanetarchive.ipac.caltech.edu/

• Korea	Microlensing	Telescope	Network:	Data	for	Microlensing	Events	
from	2015	and	K2C9	data	are	fully	public.	
http://kmtnet.kasi.re.kr/ulens/

• UKIRT	Microlensing	Survey:	Data	for	all	stars	for	2015—2017	
campaigns	
https://exoplanetarchive.ipac.caltech.edu/docs/UKIRTMission.html



Microlensing	Data	Challenge:	“Solve”	293	WFIRST-
like	lightcurves http://microlensing-source.org/data-challenge-guidelines/




