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• The purpose of these slides is to provide additional details on the processing of data from 
the Roman Galactic Bulge Time Domain Survey in support of the Exoplanet Microlensing 
Investigation

• The primary description of this pipeline is contained in “SSC Support for Roman ROSES 
2022 Call for Proposals”

• This processing at the Roman Science Support Center (SSC) at IPAC is designed to meet 
the science goals of the Exoplanet Microlensing Investigation

Purpose
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• SSC: MSOS (Microlensing Science Operations System) 
– Implement and operate microlensing light curve pipeline 
– Implement and operate event identification and characterization pipeline 
– Implement and operate detection efficiency pipeline
– Send data products to SOC for archiving

• SOC
– Process all microlensing data through standard WFI Level 1 and 2 pipeline
– Archive microlensing data products

• Project Infrastructure Team (PIT)
– Scientific analysis of microlensing survey, including planet occurrence rates and other Level 1 science 

requirements
– Assist SSC in verification and validation of data products

Roles and Responsibilities
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MSOS Pipeline High-level Data Flow
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MSOS Pipeline Outline

• Introduction
– Roman Galactic Bulge Time Domain Survey

• MSOS pipeline
– High-level description

• High-level science flow
• Temporal modes
• Pipeline mapping to data products
• High-level pipeline flow

– Photometry Pipeline and Light Curve Processing
• Image Analysis
• QA
• Prototype codes and analyses
• Lens-flux Analysis

– Event Identification and Characterization
• Microlensing Event Identification
• Lensing Model Classification
• Physical Parameter Determination

– Detection Efficiency
• Completeness and Reliability
• Rhie method analysis
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Roman Galactic Bulge Time Domain Survey

Exoplanet Microlensing Investigation Goal
Statistical census of exoplanetary system from 1 AU  to free-
floating planets  with masses greater than Mars.  Expected yield 
for 1,400 bound exoplanets,   including 200 with mass smaller 
than 3 Earth mass.

Design Reference Mission Observing Strategy
Ø 7 WFI fields in crowded Galactic Bulge (~2 square 

degree centered on 𝑙, 𝑏~0.8, −1.4 deg)
Ø 6 seasons during 5 year primary mission
Ø 62 days per season
Ø 15 minutes cadence to observe all 7 fields

Raw data products
~41,000 epochs per field (primary filter, 𝑊146)
~900 epochs per field in two additional filters
~2×10! monitored stars 

Figures (Penny et al. 2019): 
§ expected exoplanet sensitivity map in the planet mass 

vs semi-major axis 2d space
§ simulated Roman microlensing event (2 seasons) with a 

planetary anomaly
§ notional field layout and expected exoplanet 

microlensing rate (background: H-band extinction, 
Gonzalez et al. 2012)
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• Introduction
– Roman Galactic Bulge Time Domain Survey

• MSOS pipeline
– High-level description

• High-level science flow
• Temporal modes
• Pipeline mapping to data products
• High-level pipeline flow

– Photometry Pipeline and Light Curve Processing
• Image Analysis
• QA
• Prototype codes and analyses
• Lens-flux Analysis

– Event Identification and Characterization
• Microlensing Event Identification
• Lensing Model Classification
• Physical Parameter Determination

– Detection Efficiency
• Completeness and Reliability
• Rhie method analysis

MSOS Pipeline Agenda
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MSOS Pipeline High-level Science Flow



9

MSOS Pipeline Temporal Modes

• First 30 days
– Generate initial reference catalog
– No data products available during this period but will be produced and made available to archive once 

complete
• Daily Pipeline

– Produce updates to light curve catalog
– Data made available via archive within 2 days of receipt
– Every 8 days

• Update reference image

• End-of-season pipeline
– Recalculate light curve catalog using most recent reference catalog and PSF models
– Identify variable objects and microlensing events
– Characterize microlensing events

• End-of-survey pipeline
– Re-process data from all seasons
– Determine detection efficiency
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• Reference frame 
– wide filter: every 8 days
– other filters: per season

• Object Catalog
– id (linked to Light Curve, Variability and Microlensing Catalogs)
– position, flux, FWHM: per  8 days
– proper motion, trigonometric parallax: per season/survey
– flags: variability, blending, QA

• Light Curve Catalog
– DIA photometry solution, per exposure
– PSF photometry solutions, per exposure
– optimized light curves for microlensing event, season

• Variability Catalog
– Variability metrics

• Microlensing Event Catalog: 
– model parameters and QA : single and double lens or source with higher order effects
– physical parameters of the lens system
– constraint on the lens flux

• Detection efficiency
– false negative and false positive rates

• photometry analysis (pixel-level injections)
• identification and characterization (pixel and catalog-level injections)

– microlensing detection efficiency
• single lens: as a function of duration, impact parameter
• binary lens (Rhie method): microlensing (𝑞, 𝑠) and physical (mass, separation) parameter spaces, per event and average

• Reddening and extinction maps

MSOS Data Products

Level-3

Level-4
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MSOS Pipeline mapping to data products
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• Introduction
– Roman Galactic Bulge Time Domain Survey

• MSOS pipeline
– High-level description

• High-level science flow
• Temporal modes
• Pipeline mapping to data products
• High-level pipeline flow

– Photometry Pipeline and Light Curve Processing
• Image Analysis
• QA
• Prototype codes and analyses
• Lens-flux Analysis

– Event Identification and Characterization
• Microlensing Event Identification
• Lensing Model Classification
• Physical Parameter Determination

– Detection Efficiency
• Completeness and Reliability
• Rhie method analysis

MSOS Pipeline Agenda
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Photometry Pipeline and Light Curve Processing
Image Analysis

daily pipeline

Relative Astrometry Regularization

ePSF perturbation DIA Analysis

PSF photometry

8-day pipeline

Reference Frame Object Catalog

PSF shape analysis

first 30 days of survey

end of season/survey analysis

extinction and reddening maps

proper motion and trigonometric parallaxes

re-processing daily/8-day microlensing events
Ø Light curve photometry 

optimization
Ø Lens-flux analysis

daily pipeline

8-day pipeline
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Image Analysis (1)

Reference Frame module flow chart 

• “effective” PSF (ePSF) procedure introduced for 
the analysis of undersampled  data (Anderson 
and King 2000) and used thereafter in particular 
for the analysis of HST and Spitzer/IRAC data

• The Reference Frame is effective and 
oversampled in the same sense as the ePSF 

• The Reference Frame is a stacked realization of the 
astrophysical scene built out of 8-days worth of 
data, given their corresponding astrometry solution

• The mechanism for evaluating the “residual 
exposure”, the blotted Reference Frame minus 
a single exposure, is at the basis of the 
Difference Image Analysis (DIA)

• The Roman/WFI detector is undersampled
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• Relative astrometry (intermediate product)
– linear transformation versus Reference Frame using input detector Geometric Distortion Solution and 

exposure World Coordinate Systems
• ePSF evaluation (intermediate product)

– “effective” PSF following procedure from Anderson & King (2000) - for undersampled detectors
– ePSF for the Reference Frame with variations for each exposure handled perturbatively

• Reference Frame
– noiseless effective and oversampled (along the same lines of the ePSF) stacked (8-days of data for 

wide filter) realization of the astrophysical scene, input for the following:
• Object Catalog
• DIA analyses
• PSF shape evaluation
• lens-flux analysis (end of season/survey, microlensing events only)

• Object Catalog (based upon the Reference Frame, updated every 8 days)
– identification and photometry for the ensemble of the monitored objects

Image Analysis (2)
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• Regularization (intermediate product)
– procedure to bring each given exposure to the same ePSF model of the Reference Frame (a technical 

point: the procedure does not involve the use of the ePSF)
• regularized exposures, input for the Reference Frame
• regularized residual exposure, input for the DIA analyses

• DIA analyses
– differential DIA photometry for the ensemble of the Object Catalog
– search for new transients 

• PSF Photometry
– analysis carried out on the input (Level 2) exposure with adapted ePSF model per exposure
– procedure for each catalog object (the “target”)

• remove all known neighbor stars
– PSF-fitting for the flux with fixed position of the target star
– PSF-fitting for both flux and position of the target star

• PSF-fitting for target and neighbor stars with fixed position

Image Analysis (3)



17

• Light Curve Photometry Optimization (end of season/survey, microlensing events only)
– DIA: optimization Reference Frame and centroid (given microlensing model)
– PSF: optimization ePSF model, optimization neighbor stars and simultaneous two-star fit

• PSF shape analysis (8-days): FWHM measurement based upon residual of the Reference 
Frame after subtraction of neighbor stars: PSF-fitting after convolution with a pre-defined 
set of gaussian

• Proper motion and trigonometric parallax (end of season/survey): least square 
minimization given the astrometry as a function of time and the corresponding spacecraft 
position (standard procedure following eg Kirkpatrick et al. 2019)

• Reddening and Extinction Maps (intermediate product, needed for microlensing event 
characterization analysis)
– standard procedure based, eg, on Nataf et al. (2013), Nataf et al. (2016) 

• characterization of the Red Clump: magnitude and color (all the available filters)
• reddening: the difference of the observed from the reference Red Clump color
• extinction: linear regression red clump magnitude versus reddening

Image Analysis (4)
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• Data quality assessment for each product
• Specific QA Level 5 requirements to be tested on the data

– relative photometric statistical precision per exposure
– relative photometric systematic precision over a season
– relative photometric systematic precision across seasons
– relative astrometric statistical precision per exposure
– relative astrometric systematic precision over a season
– photometry absolute calibration
– photometry relative zero precision
– FWHM precision, per measurement
– FWHM precision, along the survey

Image Analysis: QA
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Image Analysis: ePSF model

analysis for undersampled detectors 
with effective PSF (ePSF) procedure 
Anderson & King (2000)

key parameters:
§ star selection
§ oversampling factor
§ spatial extension

𝑃!" = 𝑠∗ + 𝑓∗ 𝜓$ 𝑖 − 𝑥∗, 𝑗 − 𝑦∗

-𝜓$ 𝑖 − 𝑥∗, 𝑗 − 𝑦∗ =
𝑃!" − 𝑠∗
𝑓∗

the use of the ePSF is ubiquitous throughout the photometry analysis

note: the prior ePSF model may be identically null
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Image Analysis: Object Catalog

q key parameters
§ number of iterations
§ sky determination
§ object/star selection threshold values

o isolation
o signal-to-noise
o “slow down” thresholds for nearby 

stars identification
§ photometry (ePSF)

o maximum number nearby stars fitted 
simultaneously (baseline plan: 2)

q iterative analysis: 
§ residual image subtracting current model 
§ (slowly) identify new objects as local maxima 
§ update catalog photometry solution 

q search and characterization of point-like objects carried out on the 
Reference Frame given the corresponding ePSF model

Object Catalog flow chart
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Image Analysis: Relative Astrometry

first solution for Level 2 data:
Ø average ePSF model

iterated solution for Level 2 data:
Ø perturbed ePSF model

solution for regularized Level 2 data:
Ø average ePSF model

Object Catalog initialization
§ distortion-free pixel coordinate system
§ pixel to Galactic coordinates(eg, GAIA) 

transformation

Relative astrometry solution per exposure versus 
the Object Catalog pixel coordinate system
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• Analysis based upon a point source Roman/WFI simulation developed within the SIT 
– astrophysical scene and detector layout from Penny et al. (2019)
– PSF model from Roman adaption of STScI/WebbPSF  (Perrin et al. 2014)

• Simulation for a series of 750 dithered exposures for the Wide filter (as for 8-day pipeline)
• Prototype codes for the analysis by Jay Anderson (SIT)

– Reference Frame
– Object Catalog
– Regularization
– ePSF extraction

Image Analysis
Prototype codes and analyses 

1 2

3 1. single exposure: 10!" area of a WFI detector, includes ~200
stars with 𝑊146 < 25

2. Reference Frame: stacked (×8 days of data), oversampled 
(×8) and effective realization of the astrophysical scene

3. residual image = Reference Frame – model Catalog Object 
(Catalog Object build using ePSF model extracted from the 
Reference Frame) 

W146

underlying distribution
recovered distribution
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Image Analysis
Prototype codes and analyses 

Figures from Jay Anderson

Regularization
Analysis for a series of simulated exposures with jitter
§ PSFs residual before (white) and after regularization
§ Jitter pattern is different in each exposure vs average 
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Photometry Pipeline and Light Curve Processing
Lens-flux Analysis 

• Refined photometry analysis (at the 
image level), restricted to the selected 
sample of microlensing events, to 
constrain the lens flux using information 
from both the MOSOS Object Catalog 
and  the underlying microlensing model

• The photometry analysis is carried out 
on stacked images built analogously to 
the Reference Frame, for all available 
filters 

• The expected maximum lens-source 
separation along the 5 years of the 
survey is of about 0.3-0.4 pixels

• Analysis procedure as outlined in 
Bennett, Anderson, Gaudi (2007)
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• Introduction
– Roman Galactic Bulge Time Domain Survey

• MSOS pipeline
– High-level description

• High-level science flow
• Temporal modes
• Pipeline mapping to data products
• High-level pipeline flow

– Photometry Pipeline and Light Curve Processing
• Image Analysis
• QA
• Prototype codes and analyses
• Lens-flux Analysis

– Event Identification and Characterization
• Microlensing Event Identification
• Lensing Model Classification
• Physical Parameter Determination

– Detection Efficiency
• Completeness and Reliability
• Rhie method analysis

MSOS Pipeline Agenda
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Event Analysis: Overview

• Three Components
– Microlensing Event Identification
– Lensing Model Classification
– Physical Parameter Determination

• Timescales:
– End-of-season

• Detect new events
• Refine model(s) for known events

– End-of-survey
• From “scratch”

• Default values selected for all parameters
– Can be adjusted if needed after testing or validation
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Event Analysis I: Microlensing Event Identification

• Based on procedures applied to ground-based 
microlensing surveys

– Identify and characterize photometric brightenings
– Identify, characterize, and flag contaminants

• Chromaticity
• Brightening concurrence
• Low-amplitude variability

– Evaluate lensing morphology congruence
– Community packages exist for several areas

• Input Products
– Light Curve Catalog
– Object Catalog

• Output Products
– Object Catalog (updated)
– Variable Object Catalog
– Microlensing Event Catalog
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cf. Mróz+ (2019,2017); Sumi+ (2011); Kim+ (2018a)

Event Analysis I: Microlensing Event Identification

The Astrophysical Journal, 795:42 (8pp), 2014 November 1 Poleski et al.

Figure 1. Light curve of OGLE-2008-BLG-092 microlensing event. Models fitted to OGLE-III (Section 3.2) and OGLE-IV (Section 3.1) photometry are presented
by lines. The bottom panel shows the models residuals. The inset shows the planetary subevent. The OGLE-IV baseline flux was aligned to the OGLE-III for plotting.
(A color version of this figure is available in the online journal.)

Table 1
Single Lens Parameters

Quantity Unit Planetary Primary Secondary
Subeventa Subeventb Subevent

t0 days 4541.208(29) 4727.39(47) 5379.571(46)
u0 1.51(20) 1.5502(65) 0.523(25)
tE days 0.629(58) 38.56(49) 17.94(52)
ρ 2.66(13) 0c 0c

fb/fs 0d 0d 0.016(73)
χ2/dof 372.0/349 368.6/343 427.2/378

Notes.
a The fit is based on OGLE-III data with primary lensing signal subtracted.
b Seven OGLE-III epochs closest to planetary anomaly were removed before
this fit was performed.
c Data do not constrain value of ρ.
d Value fixed based on secondary subevent results.

additional parameter

ρ ≡ θ∗

θE
, (2)

where θ∗ is the angular radius of the source. The parameters of
a separate fit for each subevent are shown in Table 1. Note that
we have allowed fb as a free parameter for the final subevent
(due to the secondary star in OGLE-IV data), but have imposed
fb = 0 in the remaining two (OGLE-III data) subevents.

Setting fb at zero is appropriate under the assumption that the
source is the same for all three subevents. In principle, one must
consider that one or both of the OGLE-III subevents results
from lensing of a faint source that is blended with the principal,
very bright source. However, given that less than 10% of the
light comes from sources other than the one that was lensed
in the OGLE-IV subevent, this implies that fb/fs > 10 for
either of the other subevents (if it is not due to the same bright
source). Imposing this constraint leads to unacceptably bad fits
for both subevents. Note that Jaroszyński et al. (2010) found an
acceptable binary-source fit to two OGLE-III subevents before
the OGLE-IV subevent was discovered.

The Einstein timescales tE,i (index i numbers consecutive
subevents) are related to the masses Mi by

tE = θE

µ
; θE =

√
κMπrel; κ ≡ 4G

c2 AU
= 8.1

mas
M#

, (3)

where µ and πrel are the lens-source relative proper motion
and parallax, respectively. Because the internal motions of the
system are much smaller than the system motion across the line
of sight, we approximate µ as the same for all subevents. Then
the mass ratios between lenses generating subevents are qi,j ≡
Mi/Mj = (tE,i/tE,j )2. We then find ratios q1,2 = 2.66 × 10−4

and q3,2 = 0.22. Similarly, the separation in units of θE,2
(i.e., primary) can be estimated from si,j & |t0,i − t0,j |/tE,j,
yielding s1,2 & 5 and s3,2 & 17. Even θE,2 can be estimated
once θ∗ = 14.25 µas has been evaluated (see below) from
θE,2 = (θ∗/ρ1)(tE,2/tE,1) = 0.33 mas. This then gives an angular
scale to the system and the basis to estimate the lens masses
and distance (see Section 4). The planet–host separation is
s1,2θE,2 ∼ 1.6 mas, which for lenses lying in the Galactic bulge
corresponds to about 15 AU (projected). In the same manner,
the projected separation of the primary and the secondary stars
is 48 AU. The assumption of bulge lens (as opposed to disk lens)
gives also the primary mass of about 0.7 M#, with an upper limit
M < 1.2 M#, regardless of lens location.

The geometry of this system is illustrated in Figure 2. In
the interest of maximum precision, we carry out more rigorous
calculations in the next section, but these confirm the very simple
arguments outlined here.

3.2. Detailed Model

Binary lenses have three parameters beyond those of the
single lenses: projected separation (s1,2), mass ratio (q1,2), and
α1,2—the angle of the lens–source relative motion with respect
to the binary axis. One can find more accurate than above
(but still approximate) values of these parameters and ρ by
using simple geometry, scaling to appropriate θE, and correcting
s1,2 → s1,2 − 1/s1,2 (Han 2006). These are compared to the
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limits on the frequency of Jupiter-mass planets have been placed over
an orbital range of 1–10 AU, down to M% planets15–17 for the most
common stars of our galaxy.
On 11 July 2005, the OGLE Early Warning System18announced the

microlensing event OGLE-2005-BLG-390 (right ascension
a ¼ 17 h 54min 19.2 s, declination d ¼ 2308 22 0 38 00 , J2000) with a
relatively bright clump giant as a source star. Subsequently, PLANET,
OGLE and MOA monitored it with their different telescopes. After
peaking at a maximummagnification of Amax ¼ 3.0 on 31 July 2005,
a short-duration deviation from a single lens light curve was detected
on 9 August 2005 by PLANET. As described below, this deviation was
due to a low-mass planet orbiting the lens star.
From analysis of colour-magnitude diagrams, we derive the

following reddening-corrected colours and magnitudes for the
source star: (V 2 I)0 ¼ 0.85, I0 ¼ 14.25 and (V 2 K)0 ¼ 1.9. We
used the surface brightness relation20 linking the emerging flux
per solid angle of a light-emitting body to its colour, calibrated
by interferometric observations, to derive an angular radius of
5.25 ^ 0.73 mas, which corresponds to a source radius of
9.6 ^ 1.3R( (where R( is the radius of the Sun) if the source star
is at a distance of 8.5 kpc. The source star colours indicate that it is a
5,200 K giant, which corresponds to a G4 III spectral type.
Figure 1 shows our photometric data for microlensing event

OGLE-2005-BLG-390 and the best planetary binary lens model.
The best-fit model has x2 ¼ 562.26 for 650 data points, seven lens
parameters, and 12 flux normalization parameters, for a total of 631
degrees of freedom.Model length parameters in Table 1 are expressed
in units of the Einstein ring radius RE (typically,2 AU for a Galactic
Bulge system), the size of the ring image that would be seen in the
case of perfect lens–source alignment. In modelling the light curve,
we adopted linear limb darkening laws21 with G I ¼ 0.538 and
GR ¼ 0.626, appropriate for this G4 III giant source star, to describe

Figure 1 | The observed light curve of the OGLE-2005-BLG-390
microlensing event and best-fit model plotted as a function of time. Error
bars are 1j. The data set consists of 650 data points from PLANET Danish
(ESO La Silla, red points), PLANET Perth (blue), PLANET Canopus
(Hobart, cyan), RoboNet Faulkes North (Hawaii, green), OGLE (Las
Campanas, black), MOA (Mt John Observatory, brown). This
photometric monitoring was done in the I band (with the exception of the
Faulkes R-band data and the MOA custom red passband) and real-time
data reduction was performed with the different OGLE, PLANETand MOA
data reduction pipelines. Danish and Perth data were finally reduced by the
image subtraction technique19 with the OGLE pipeline. The top left inset
shows theOGLE light curve extending over the previous 4 years, whereas the
top right one shows a zoom of the planetary deviation, covering a time
interval of 1.5 days. The solid curve is the best binary lensmodel described in
the text with q ¼ 7.6 ^ 0.7 £ 1025, and a projected separation of
d ¼ 1.610 ^ 0.008RE. The dashed grey curve is the best binary source
model that is rejected by the data, and the dashed orange line is the best
single lens model.

Figure 2 | Bayesian probability densities for the properties of the planet
and its host star. a, The masses of the lens star and its planet (M * andMp

respectively), b, their distance from the observer (DL), c, the three-
dimensional separation or semi-major axis a of an assumed circular
planetary orbit; and d, the orbital period Q of the planet. (In a,M ref refers to
M% on the upper x axis andM(on the lower x axis.) The bold, curved line in
each panel is the cumulative distribution, with the percentiles listed on the
right. The dashed vertical lines indicate the medians, and the shading
indicates the central 68.3% confidence intervals, while dots and arrows on
the abscissa mark the expectation value and standard deviation. All
estimates follow from a bayesian analysis assuming a standardmodel for the
disk and bulge population of the Milky Way, the stellar mass function of

ref. 23, and a gaussian prior distribution for DS ¼ 1.05 ^ 0.25RGC (where
RGC ¼ 7.62 ^ 0.32 kpc for the Galactic Centre distance). The medians of
these distributions yield a 5:5þ5:5

22:7 M% planetary companion at a separation
of 2:6þ1:5

20:6 AU from a 0:22þ0:21
20:11 M( Galactic Bulge M-dwarf at a distance of

6.6 ^ 1.0 kpc from the Sun. The median planetary period is 9þ9
23 years. The

logarithmic means of these probability distributions (which obey Kepler’s
third law) are a separation of 2.9 AU, a period of 10.4 years, and masses of
0.22M( and 5.5M% for the star and planet, respectively. In each plot, the
independent variable for the probability density is listed within square
brackets. The distribution of the planet–star mass ratio was taken to be
independent of the stellar mass, and a uniform prior distribution was
assumed for the planet–star separation distribution.

LETTERS NATURE|Vol 439|26 January 2006

438

P. Mróz et al.: Two new free-floating planet candidates from microlensing

15.30

15.32

15.34

15.36

15.38

15.40

15.42

15.44

15.46

M
ag

ni
tu

de

OGLE
MOA
Wise

OGLE-2012-BLG-1323

tE = 0.155 ± 0.005 d

� = 5.03 ± 0.07

6157 6158 6159 6160 6161 6162 6163 6164 6165
HJD - 2450000

�0.04

�0.02

0.00

0.02

0.04

R
es

id
ua

l

13.95

14.10

14.25

14.40

14.55

14.70

14.85

15.00

M
ag

ni
tu

de

OGLE
KMT CTIO
KMT SAAO
KMT SSO

OGLE-2017-BLG-0560

tE = 0.905 ± 0.005 d

� = 0.901 ± 0.005

7856 7857 7858 7859 7860 7861 7862 7863
HJD - 2450000

�0.04

�0.02

0.00

0.02

0.04

R
es

id
ua

l

Fig. 1. Light curves of two ultrashort microlensing events. Upper panel:
OGLE-2012-BLG-1323. Lower panel: OGLE-2017-BLG-0560. Both
events show strong finite-source effects, which allows us to measure
their angular Einstein radii.

represent 68% confidence intervals of marginalized posterior
distributions.

To describe the brightness profile of the source star, we
adopted the square-root limb-darkening law, described by two
parameters � and ⇤ (which are filter-dependent; Yoo et al.
2004). If allowed to vary, � and ⇤ are strongly correlated. We
thus kept limb-darkening coefficients constant, using the limb-
darkening models of Claret & Bloemen (2011; see Table 1 for
their numerical values). We used ATLAS models and assumed
a solar metallicity, microturbulent velocity of 2 km s�1, and sur-
face gravity of log g= 2.0 (� and ⇤ are weakly dependent on
log g if log g  2.0), as is appropriate for giant sources.

The archival light curve of OGLE-2017-BLG-0560 shows
low-amplitude (0.02 mag), semi-regular variability that is typ-
ical of OGLE small amplitude red giants (Wray et al. 2004).
The strongest pulsation period in the 2017 data is 18.9 d. As the
effective duration of the event (3 days) is much shorter than the
pulsation period, we expected that the inferred model parame-
ters should not be strongly influenced by the variability of the
source. Additional modeling, in which we assume that the flux
of the source varies sinusoidally with a period of 18.9 d, results in
almost identical microlensing parameters (within the error bars)
to those of the model with the constant source.

We also searched for terrestrial parallax signal (Gould et al.
2009; Yee et al. 2009; Freeman et al. 2015) in the light curve of
OGLE-2012-BLG-1323, but the �2 improvement was insignif-
icant (��2 = 1) and the limits on the microlens parallax were
very poor. We did not fit the parallax model to the light curve
of OGLE-2017-BLG-0560 because of the low-level variability
of the source.

Finally, we also searched for possible binary lens models.
Short-duration events may be caused by close binary lenses
(when the projected separation s, in Einstein radius units, is
much smaller than 1), when the source crosses a small triangle-
shaped caustic that is far (⇠1/s) from the center of mass. The
expected light curves are asymmetric, unless the source is larger
than the caustic. In that case the light curve may superficially
look like an extended-source point-lens event, except that it
has a more extended tail. We found that the best-fitting close
binary models are disfavored by ��2 of several hundred for
OGLE-2012-BLG-1323 and even more for OGLE-2017-BLG-
0560. The latter event has a large amplitude (⇡1 mag), but the
peak magnification in close binary models is usually much lower
than that, unless the source is small (⇢ < 0.001) and the light
curve is asymmetric. We cannot rule out that the lens is a
wide-orbit planet; we discuss these cases in Sect. 4.3.

4. Physical parameters

4.1. Source stars

Model parameters can be translated into physical parameters of
the lens provided that the angular radius of the source star is
known. Here we use a standard technique (Yoo et al. 2004) of
measuring the offset of the source from the centroid of red clump
giants in the calibrated color–magnitude diagram in a 20 ⇥ 20
region around the event (about 5 pc⇥ 5 pc at the Galactic center
distance; Fig. 2). Because we lack color observations collected
during the two events, our best estimate for the color of the
source is the color of the baseline star. This is further supported
by the lack of evidence for blending in the I-band light curves
and the low probability of bright unmagnified blends. As the
intrinsic color (Bensby et al. 2011) and dereddened brightness of
the red clump (Nataf et al. 2013) are known toward a given direc-
tion, we are able to calculate the dereddened color and brightness
of the source. Subsequently, we use color–color (Bessell & Brett
1988) and color–surface brightness (CSB; Kervella et al. 2004)
relations for giants to measure the angular radius of the source
star1. We also use the color–temperature relations of Houdashelt
et al. (2000a,b) and Ramírez & Meléndez (2005) to estimate
the effective temperature of the source. The angular Einstein
radius is ✓E = ✓⇤/⇢ and the relative lens-source proper motion (in
the geocentric frame) is µrel,geo = ✓E/tE. The heliocentric correc-
tion (v�,?⇡rel/au, where v�,? is the Earth’s velocity projected on

1 As both sources are very red, it is important to determine how well
the empirical CSB relations are calibrated in this range. The relation
of Kervella et al. (2004) was derived for giants with colors 0.9< (V �
K)0 < 2.5, but it agrees well with the earlier relation by Fouque &
Gieren (1997), which is valid in a wider color range. Groenewegen
(2004) published a CSB relation for M giants (3.2< (V � K)0 < 6.1),
which gives angular radii that are systematically 10% lower than
those based on Kervella et al. (2004): ✓⇤ = 10.9± 0.7 µas (OGLE-2012-
BLG-1323) and ✓⇤ = 29.8± 1.9 µas (OGLE-2017-BLG-0560). Adams
et al. (2018) recently published a new CSB relation for giants
(�0.01< (V � I)0 < 1.74), from which we find ✓⇤ = 11.5± 0.9 µas
(OGLE-2012-BLG-1323) and ✓⇤ = 32.3± 2.3 µas (OGLE-2017-BLG-
0560), in good agreement with our determination.
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• Light Curve Magnification Computation Algorithms:
– VBBL: Publicly available (Bozza+ 2020,2018; Bozza 2010)
– ICRS: Provided by MicroSIT (Bennett 2010; Bennett & Rhie 1996)

• Posterior Distribution Sampling:
– sfit: Provided by MicroSIT
– EMCEE: Publicly available (Foreman-Mackey+ 2013; Goodman & 

Weare 2010)

• Tiered Model Calculation and Selection
– Finite-source single-lens modeling
– Finite-source binary-lens modeling

• Peak identification
• Template fitting
• Higher-order effects

– Alternative solution exploration
– MCMC analysis for best-fit models

Event Analysis II: Lensing Model Classification
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Event Analysis III: Physical Parameter Determination

• Properties of ‘Source’ System (i.e., the background star)
– Follow procedure of Yoo+ (2004)
– Derive de-reddened photometric characteristics
– Determine filter-specific (linear) limb-darkening coefficients

• Re-run MCMC modeling

– Constrain physical properties

• Properties of ‘Lens’ System (i.e., the planetary system)
– Planet and host star masses

• If higher-order effects measured, compute directly
• Else, apply Bayesian prior from Galactic model

– Source distance
• If trigonometric parallax measured, compute directly
• Else, apply Bayesian prior from Galactic model

– Lens distance and orbital semi-major axis
• If higher-order effects measured, compute directly
• Else, apply Bayesian prior from Galactic model

– Adopt Galactic model of Poleski+ 2020 (based on Clanton & Gaudi 2014)
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• Introduction
– Roman Galactic Bulge Time Domain Survey

• MSOS pipeline
– High-level description

• High-level science flow
• Temporal modes
• Pipeline mapping to data products
• High-level pipeline flow

– Photometry Pipeline and Light Curve Processing
• Image Analysis
• QA
• Prototype codes and analyses
• Lens-flux Analysis

– Event Identification and Characterization
• Microlensing Event Identification
• Lensing Model Classification
• Physical Parameter Determination

– Detection Efficiency
• Completeness and Reliability
• Rhie method analysis

MSOS Pipeline Agenda
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Detection Efficiency: Rationale and Procedure

q The detection efficiency is a necessary ingredient to 
address the occurrence  rate issues, and in particular the 
Planet Frequencies  SRD requirements

q The goal of the detection efficiency is to assess how 
well the pipeline is able to recover the signal: to 
identify and characterize microlensing events and 
distinguish them from other flux variations

q The data analysis over Roman data provides a 
sample of (microlensing) exoplanets and 
corresponding microlensing and physical 
parameters 

High-level science flow
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Detection Efficiency: Processing Flow
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• Rationale of the method
– assess whether a given (binary) planetary model can be detected from the data

• Input products
– Light Curve Catalog
– Microlensing Catalog (the ensemble of detected events searched for exoplanets)
– Astrophysical prior (grid of values to be tested for binary microlensing magnification model)

• Output products
– Detection Efficiency as a function of the binary microlensing parameters (q, 𝑠): per microlensing event and 

average
– Detection Efficiency as a function of planet mass and separation (physical units): per microlensing event and 

average
• Procedure

– catalog-level injection of a simulated binary lens model (with the underlying single-lens model parameters as 
in observed events), provided a noise model

– single lens model least square minimization to assess whether the planet can be detected
– efficiency is the fraction of detected events after marginalization over non-essential parameters
– efficiency in physical parameter space based upon prior on lens mass and distance

• Key parameters
– grid in the binary microlensing space and for finite source effect
– threshold ∆𝜒" for detection

Detection Efficiency
Rhie Method Analysis
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Roman Data Levels
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