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ABSTRACT

We present the description of the instruments and the first results of the PRime-focus Infrared Microlensing Exper-

iment (PRIME). PRIME is the first dedicated near-infrared (NIR) microlensing survey telescope located at the South

African Astronomical Observatory (SAAO) in Sutherland, South Africa. Among its class, it offers one of the widest

fields of view in the NIR regime. PRIME’s main goals are (1) To study planetary formation by measuring the frequency

and mass function of planets. In particular, we compare results from the central Galactic bulge (GB), accessible only

in the NIR by PRIME, with those from the outer GB by optical surveys. (2) To conduct concurrent observations with

NASA’s Nancy Grace Roman Space telescope. Due to the different lines of sight between the ground and space, we

detect slight variations in light curves, known as “Space-based parallax.” This effect allows us to measure the mass

of lens systems and their distance from the Earth. It is the only method to measure the mass of the free-floating

planets down to Earth-mass. We began the GB survey in February 2024 and analyzed images through June 1, 2025,

identifying 486 microlensing candidates and over a thousand variable stars, including Mira variables, which are useful

to study the Galactic structure. We issue real-time alerts for follow-up observations, supporting exoplanet searches,

and the chemical evolution studies in the GB. During the off-bulge season, we conduct an all-sky grid survey and

Target of Opportunity (ToO) observations of transients, including gravitational wave events, γ-ray bursts, and other

science.

Keywords: gravitational microlensing; exoplanet; Infrared astronomy
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1. INTRODUCTION

The gravitational microlensing observations toward

the Galactic bulge (GB) enable us to study the struc-

ture, kinematics and dynamics of the Galaxy (Paczyński

1991, Griest et al. 1991, Sumi & Penny 2016, Mróz et

al. 2019, Nunota, et al. 2024b), and the measurement

of the stellar and free-floating planets (FFP) mass func-

tions (MFs) (Paczyński 1991; Sumi et al. 2011; Wegg,

Gerhard & Portail 2017; Mróz et al. 2017, 2019, 2020a;

Koshimoto et al. 2023; Sumi et al. 2023) and exoplanet

searches (Mao & Paczyński 1991; Gaudi et al. 2008; Ben-

nett et al. 2010; Suzuki et al. 2016; Koshimoto et al.

2021b; Nunota, et al. 2024a).

To date, several tens of thousand microlensing events

have been detected toward the GB by various microlens-

ing survey groups: OGLE (Udalski et al. 1994, 2000;

Woźniak et al. 2001; Udalski 2003; Sumi et al. 2006),

MOA (Bond et al. 2001, Sumi et al. 2003), MACHO

(Alcock et al. 1997, Alcock et al. 2000b), EROS (Afonso

et al. 2003, Hamadache et al. 2006), WiSE (Shvartzvald

& Maoz 2012) and KMTNet (Zang et al. 2023). Thou-

sands of additional microlensing events are expected to

be detected in the coming years by MOA-II, OGLE-IV,

and KMTNet, which are currently in operation.

The magnification of a microlensing event is described

by (Paczyński 1986)

A(u) =
u2 + 2

u
√
u2 + 4

, (1)

where u is the projected separation of the source and

lens in units of the angular Einstein radius θE given by

θE = tEµrel =
√

κMπrel. (2)

Here, κ = 4G/(c2au) = 8.144mas/M⊙, the lens-source

relative proper motion is µrel, the lens-source relative

parallax is πrel = π−1
ℓ − π−1

s = 1 au(D−1
ℓ −D−1

s ). The

lens mass M , the distance Dℓ to the lens and the rel-

ative proper motion µrel are degenerate in the Einstein

timescale, tE = θE/µrel, where Ds is the distance to the

source star. This implies that the mass function of the

lens population must be determined statistically, based

on an assumed model of the stellar population density

and velocity distribution in the Galaxy. In other words,

the galactic characteristics — the population density

and kinematics — can be extracted from the observed

tE distribution.

However, all of these existing surveys operate at op-

tical wavelengths and are therefore limited to the outer

regions of the Galactic bulge (GB), at higher Galactic

latitudes, where dust extinction is relatively low. To ob-

serve the central region of the GB—i.e., at lower Galac-

tic latitudes, where stellar density and dust extinction

are higher—a near-infrared (NIR) telescope is required.

Observations in the central GB offer several advantages:

(1) the microlensing event rate is higher. (2) We can

measure the exoplanet occurrence rate in these dense

stellar fields and compare it to that in the outer regions

as measured by optical surveys. This allows us to inves-

tigate environmental effects on planet formation in the

Galactic scale. (3) We can study the structure of the

central GB, complementing the current optical surveys

of the outer GB.

So far, two NIR survey campaigns have been con-

ducted toward the central GB. The 3.8 m UKIRT tele-

scope on Mauna Kea, Hawaii, observed the GB in the H

and Ks bands with a cadence of 0.3-3 observations per

night (Shvartzvald et al. 2018). This was the first NIR

microlensing campaign. They found about one thousand

microlensing events in the central GB region, including

24 anomalous events, one of which was due to an exo-

planet detection (Han et al. 2025). However, the number

of detected events was limited because it was not a long-

term, dedicated survey. The VISTA Variables in the Via

Lactea (VVV) survey conducted wide-field, multi-epoch

observations of the GB and part of the disk in the Ks

band, reaching a depth of 18 mag over a total area of

560 square degrees (Minniti et al. 2010). VVV detected

approximately one million variable objects through hun-

dreds of observations conducted between 2010 and 2019.

The Red Clump (RC) giants and RR Lyrae observed in

the VVV survey are used to model the three-dimensional

structure of the Galactic bar and bulge (Gonzalez, Re-

jkuba, Minniti et al. 2011; Gran, Minniti, Saito et al.

2016; Simion, Belokurov, Irwin et al. 2017). Although

the survey was not specifically designed to detect mi-

crolensing events, it nevertheless identified 1,959 mi-

crolensing events toward the GB. However, its cadence

was not high enough to detect exoplanets (Navarro, Min-

niti, Pullen & Ramos 2020; Husseiniova, et al. 2021).

The WINTER 1-m telescope1 uses InGaAs sensors,

which are less sensitive than HgCdTe detectors, and is

located in the northern hemisphere. Therefore, it is

not well suited for the Bulge survey. The DREAMS

telescope2 conducts an all-sky monitoring survey in the

Southern Hemisphere. However, it has an even smaller

aperture (0.5 m) and employs less sensitive InGaAs sen-

sors.

NASA’s Astrophysics Division’s next flagship mission

the Nancy Grace Roman Space Telescope is a 2.4-meter

NIR and optical telescope, equipped with a wide-field

1 https://www.daniellefrostig.com/research/winter
2 https://dreams.anu.edu.au
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(0.28 deg2) NIR camera and optical coronagraph to be

launched in October 2026. Roman is planning to con-

duct the Roman Galactic Bulge Time Domain Survey

(GBTDS) in the NIR and is expected to detect approx-

imately ∼27,000 microlensing events and ∼1,400 exo-

planets, including 200 with masses less than 3 Earth

masses (Johnson et al. 2020), as well as around 1,000

free-floating planets (FFPs) (Sumi et al. 2023). The

candidate survey fields include five located in the outer

GB and one at the Galactic center, including the region

around Sgr A* Zasowski & Jha et al. (2025).

Microlensing surveys provide valuable datasets for the

study of pulsating stars as a by-product, as well demon-

strated, for example, by OGLE (Soszyński et al. 2017;

Iwanek et al. 2022). PRIME is also expected to discover

a large number of pulsating stars, such as Mira variables,

RR Lyrae variables, and Cepheids. Its multi-band NIR

time-series data will be particularly important for ex-

tending catalogs of variable stars in the highly reddened

regions toward the GB. At optical wavelengths, high in-

terstellar extinction has prevented the detection of even

bright Miras within ±1 degree of the Galactic plane by

OGLE (Iwanek et al. 2022) or Gaia (Mowlavi, et al.

2018; Lebzelter, et al. 2023). In contrast, the VVV sur-

vey has collected long-term Ks-band data over a large

area covering the GB and southern Galactic disk, dis-

covering many variable stars across the Galactic plane

(Sanders et al. 2022; Albarraćın 2025). However, a sig-

nificant fraction of Miras at the distance of the GB are

too bright and become saturated in the Ks-band im-

ages of VVV. PRIME can observe such bright Miras,

especially at shorter NIR wavelengths where interstellar

extinction is more significant. By combining time-series

data in multiple bands (ZY JH), it becomes possible to

detect variable stars toward the GB across a wide range

of interstellar extinction. The pulsating stars detected

in this way will be valuable tracers for studies of the

Galactic structure.

The Prime-focus Infrared Microlensing Experiment

(PRIME) is the first dedicated wide-field NIR microlens-

ing survey telescope, located at the Sutherland Obser-

vatory in South Africa. It has been built within the

frameworks of the collaboration of NASA and JAXA on

the Roman Space Telescope. In this paper, we present

the design and current status of the PRIME telescope,

as well as the survey plans for both the GB and off-bulge

seasons. We also report preliminary results from the first

observing season. An overview of the PRIME project is

provided in Section 2. Details of the telescope and cam-

era are described in Section 3. The survey strategy is

presented in Section 4, and the data reduction process

and initial results are summarized in Section 5. The all-

sky grid observations are described in Section 6. Finally,

discussion and conclusions are given in Section 7.

2. PRIME PROJECT

The PRIME project is a collaboration between the

University of Osaka, the Astrobiology Center (ABC),

NASA, the University of Maryland (UMd), and the

South African Astronomical Observatory (SAAO). It

represents one of Japan’s contributions to NASA’s Ro-

man Space Telescope mission, conducted through the

JAXA-led Roman-J project. The University Osaka and

the ABC led the construction of the telescope and its

dome, while the University of Osaka and the UMd

jointly developed the NIR camera, which incorporates

four NIR detectors provided by NASA’s Roman Project.

The SAAO played a central role in the construction of

the observatory building.

The primary goal of PRIME is to investigate the for-

mation mechanisms of exoplanets by conducting the first

dedicated NIR gravitational microlensing exoplanet sur-

vey toward the inner GB. This includes both precur-

sor and concurrent observations with the Roman Space

Telescope. Half of the telescope time will be allocated

to a time-domain survey of the GB whenever it is ob-

servable. The remaining 50% will be shared among

the partner institutions for their own scientific interests,

such as studies of variable stars, transiting exoplanet

searches, and ToO observations of gravitational wave

events, gamma-ray bursts, and other transient phenom-

ena.

The wide field of view (FOV) in the NIR provided by

PRIME enables survey observations of the inner GB at

low Galactic latitudes, including the region around Sgr

A, where the stellar density is higher than in the outer

GB at higher latitudes, which are typically targeted by
conventional optical surveys. Taking advantage of these

capabilities, the primary objectives of PRIME compared

to conventional optical surveys are as follows:

(1) We will increase the statistics of microlensing

events, including bound exoplanets and FFPs,

due to the higher event rate in the inner Galactic

bulge.

(2) We will measure exoplanet occurrence rates in the

high stellar density fields of the inner GB and com-

pare them with those in the outer GB observed by

conventional optical surveys. This allows us to in-

vestigate the environmental dependence of planet

formation.

(3) We will create maps of the microlensing event rate

and optical depth in the inner GB, which can be
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used to constrain Galactic structure — the popu-

lation density and kinematics — models . These

results will complement existing optical surveys of

the outer GB. These maps will also inform the se-

lection of target fields for the Roman Space Tele-

scope.

(4) After the launch of Roman in late 2026, PRIME

will conduct simultaneous observations of the same

fields as Roman. The slight difference in the line of

sight between the ground and space will produce

variations in the light curves—an effect known

as space-based microlens parallax (Udalski et al.

2015). This enables direct measurement of the lens

system’s mass and distance from Earth. It is the

only method currently available to measure the

mass of FFPs (Sumi et al. 2023; Koshimoto et al.

2023).

(5) We will detect variable stars, including Mira vari-

ables located in or behind the GB and disk, which

are too faint for 2MASS and too bright for VVV.

These stars will be valuable tracers for studying

the structure of the Galaxy.

3. PRIME TELESCOPE

3.1. Telescope

The PRIME telescope is a 1.8-m aperture NIR prime-

focus telescope (Figure 1 and see Table 1 for the

telescope properties). Its primary mirror is a 1.8-m

paraboloid with a focal length of 3792 mm (f/2.11),

made of AstroSitall. The mirror is coated with alu-

minum (Al) and silicon dioxide (SiO2) for durability,

providing a reflectivity of 92-95% in the 1000-1,800 nm

wavelength range. The wide FOV is achieved using

a prime focus corrector unit (PFU) consisting of four

spherical fused silica lens elements. The first element

has an edge diameter of 465.09 mm. The second ele-

ment, with a diameter of 305.44 mm, is mounted on a

tip/tilt mechanism that can be remotely adjusted using

three motors for fine optical alignment. Elements 1, 3

and 4 are fixed. The entire PFU can be moved to adjust

the focus. See Table for details of the optical specifica-

tions of the corrector lenses. The combined focal length

of the primary mirror and the corrector unit is 4125

mm (f/2.29). Figure 2 shows the optical design of the

telescope with ray tracing.

The 80% encircled energy diameter (EED) is designed

to be 14 µm (1.4 pixels, 0.7 arcsec) across the entire

FOV, which is sufficient under the typical seeing condi-

tions of approximately 1.4 arcseconds at Sutherland in

optical (Catala et al. 2013). Here, the observed full

width at half maximum (FWHM) of the point spread

Table 1. Optical specification of the PRIME
telescope

Item value

Primary material AstroSitall CO-115M

Primary diameter 1800mm

Conic Constant -1

Primary focal length 3792mm (f/2.11)

Mirror Coating Al+SiO2

Focus Prime focus

Combined focal length 4125mm (f/2.29)

Pixel scale 0.5 ”/pix on 10µm pixel

Number of Pixel 4096×4096 × 4 pixels

Field of view w/o gap 1.14◦ × 1.14◦ =1.29 deg.2

Field of view w/ gap 1.21◦ × 1.21◦ =1.45 deg.2

Bandwidth 830nm-1800nm

Table 2. Optical specifications of the corrector lenses

Element Diameter ROC1a ROC2a Thicknessb Distancec

(mm) (mm) (mm) (mm) (mm)

Lens1 465.09 357.49 411.92 44.54 2968

Lens2 305.44 1071.92 254.57 17.72 289.35

Lens3 270.01 plano 1364.84 19.97 129.67

Lens4 199.95 348.17 plano 18.99 243.54

aRadius of curvature of Surface 1 (closer to the primary) and 2.

b Axial thickness.

c Distance from the surface of the previous element along the optical
axis. (I.e, distance from the primary mirror for Lens1)

function (PSF) in our H-band images is ∼ 1.3 arcsec,

as shown in Section 5. The FOV is 1.14◦ × 1.14◦ = 1.29

deg2 excluding detector gaps, and 1.21◦ × 1.21◦ = 1.45

deg2 including them. Figure 3 shows the FOV of the

PRIME telescope in comparison with other telescopes

and the size of the full Moon. The optical system is

optimized for NIR observations, with a bandwidth of

830-1800 nm, covering the range from the Z-band to

the H-band.

The telescope has been installed on top of the pier,

6m above the ground, to improve the seeing.

The telescope is located at the Sutherland Observa-

tory in South Africa, at an altitude of 1780 m. The

observatory is operated by the SAAO. The observatory

building was constructed by SAAO with funding from

the National Research Foundation (NRF). Although the

construction of the building and the installation of the
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Figure 1. PRIME 1.8m telescope.

4844mm

Lens1
Lens2Lens3Lens4

Dewar window
Cold window

Focal plane

filters
831mm

Primary
mirror

Prime focus unit

Figure 2. The optical design of the PRIME telescope
with ray tracing. The top panel presents the entire optical
system. The rays traveling to the detector along paths near
the optical axis are blocked by the prime-focus camera in
reality. These are shown here for illustrative purposes only.
The bottom panel provides a close-up view of the prime-focus
lens unit.

PRIME VISTA

Roman UKIRT

Hubble

Moon

Figure 3. Field of view (FOV) of the PRIME telescope
(1.45 deg2, with gaps) compared to those of VISTA, Roman
(0.28 deg2), UKIRT, Hubble, and the full Moon.

telescope were delayed due to the COVID-19 pandemic,

both were completed in July 2022. Optical alignment

was carried out using the H-band test camera, YAMA-

cam, and the expected optical performance was con-

firmed (Yama et al. 2023).

3.2. PRIME-Cam

The main instrument of the PRIME telescope is a

wide-field NIR prime-focus camera, called PRIME-Cam

(Kutyrev et al. 2023; Durbak et al. 2024). The Uni-

versity of Maryland developed the camera at NASA’s

Goddard Space Flight Center (GSFC). It employs four

Teledyne H4RG-10 detectors, each with 4096×4096

pixels, 10µm pixel size, and a 2.5µm cutoff wave-

length—specifications identical to those used in the

Roman Space Telescope (Mosby, et al. 2020). Each

detector measures 40.96 mm×40.96 mm, and the to-

tal focal plane area is 86.83 mm×86.83 mm, including

a 4.91 mm gap between detectors (equivalent to 491

pixels).

The four detectors are read out by four ACADIA elec-

tronics located inside the dewar and two MACIE elec-

tronics located outside the dewar, with a readout noise

of 5 ADU per read (Loose et al. 2018). These detectors

and readout electronics are on loan from the NASA’s

Roman project as an in-kind contribution to PRIME.

ACADIA performs non-destructive readouts of all pix-

els using the Sample Up The Ramp (SUTR) method,

acquiring one frame every 2.86 seconds (Kutyrev et al.

in preparation).

3.3. Filters

The dewar window initially consisted of 9-mm-thick

fused silica and transmitted light in the 830-1800 nm
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range. However, it was replaced with a 6-mm-thick sap-

phire window in 2025 to prevent condensation. A cold

window made of BK7 is installed on the front surface of

the cold box to block the light outside of the 800-1900

nm science range thus effectively blocking thermal ra-

diation. Specifically, it blocks light from 1950-2200 nm

with an optical density (OD) greater than 3.5, and from

2200-3000 nm with an OD greater than 5, in combina-

tion with bandpass filters.

Each of the two filter wheels has four slots, providing

a total of eight available positions.

Wheel 1 includes a Z-band filter, a narrow-band (NB)

filter, a blocked position, and an open position. Wheel

2 contains standard Y -, J-, and H-band filters, along

with an open position. To use a specific filter in one

wheel, a blank must be selected in the other wheel. The

blocked position is used for taking dark frames. The

NB filter contains three narrow-band regions printed on

a single substrate, targeting low-OH sky windows in the

Y , J , and H bands. These are: (i) 1.063µm (NB1063),

which is useful for characterizing the H4RG-10 detec-

tors due to its low background; (ii) 1.243µm (NB1243),

corresponding to Hα at z = 0.9 and [O III] at z = 1.5;

(iii) 1.630µm (NB1630), corresponding to Hα at z = 1.5.

Each narrow band can be selected by combining the NB

filter in wheel 2 with one of the three broad-band filters

(Y , J , H) in wheel 1. All broad and narrow-band filters

block out-of-band light with an OD greater than 3.5,

to prevent ghosting. The throughput of the filters are

shown in Figure 4 and Table 3. The limiting magnitudes

(for a 100-second exposure at 5σ) are about 21.0, 20.1,

19.4, and 18.5 mag (Vega) in the Z, Y , J , and H bands,

respectively.

The typical sky background levels are approximately

∼300, ∼900, ∼1,000, and ∼3,000 ADU per 2.86-second

exposure in the Z, Y , J , and H bands, respectively,

varying by a factor of a few. Given that the potential

well of the detectors is about 100,000 electron, i.e, 60,000

ADU with a gain of ∼1.8[e/ADU], a single exposure in

the H-band is limited to four frames (frame 0-3), corre-

sponding to 2.86× 3 = 8.58 seconds. A 51-second total

exposure, composed of six such exposures, requires 140

seconds including overhead. Thus, observing 35 fields

takes approximately 82 minutes.

4. OBSERVATION

We observe the GB fields when they are visible, from

February to October, which accounts for approximately

50% of the total available telescope time over the year.

Figure 5 shows the PRIME observational fields toward

the GB. The microlensing event rate map in the I-band

derived from OGLE survey (Mróz et al. 2019) is overlaid

Figure 4. Throughput of the filters. The broad bands Z, Y,
J, and H are shown as purple, green, yellow, and red shaded
regions, respectively. The narrow bands NB1063, NB1243,
and NB1630 are represented by thick green, yellow, and red
lines, respectively.

Table 3. Filters of the telescope

band bandpass limiting maga

(nm) (mag)

Z 850-930 21.0

Y 970-1075 20.1

J 1170-1330 19.4

H 1490-1780 18.5

NB1063(Y ) 1063.0 ± 10 -

NB1243(J) 1243.3 ± 17.7 -

NB1630(H) 1629.6 ± 23.6 -

a5σ and 100 sec exposure.

as a color map. The black square grids and associated

labels indicate the PRIME observational fields, labeled

as GB#. The blue squares represent the 35 primary

GB fields. The cyan lines indicate 9 low-extinction fields

that overlap with MOA survey fields, which are shown in

magenta. The purple regions denote the over-guide can-

didate fields for the Roman Space Telescope’s RGBTDS

(Zasowski & Jha et al. 2025). The Galactic coordinates

of all these fields are listed in Table 4.

From the start of the 2024 season until June 1, 2025,

we primarily observed the 35 primary GB fields in the

H band. We take six exposures per visit with a dither-

ing radius of 10 arcseconds. Each exposure consists of

four frames, of which three are effectively usable since

the first frame (frame 0) is used to remove the bias.
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Figure 5. Observational fields of PRIME toward the GB.
The color map shows the microlensing event rate based on
OGLE data (Mróz et al. 2019). Black square grids and
field numbers indicate the PRIME fields, labeled as GB#.
The blue squares represent the 35 primary GB fields. Cyan
squares indicate 9 low-extinction fields that overlap with
MOA. Magenta boxes show the MOA fields, and the pur-
ple regions indicate the nominal Roman RGBTDS candidate
fields (over-guide). Sgr A* is located on GB94.

The total effective exposure time for six exposures is

2.86 × 3 × 6 = 51 seconds. Including overhead, each

visit takes approximately 140 seconds, resulting in about

82 minutes to complete one full cycle of the 35 fields.

This corresponds to approximately 4-9 visits per field

per night. (Note that prior to August 2024, we used 12

exposures per visit—resulting in an effective exposure

time of 103 seconds—without dithering, corresponding

to a cadence of 164 minutes.) Figure 6 shows a mosaic of

the observed images of the 35 primary fields, along with

the positions of 486 detected microlensing candidates

compared to the candidate Roman fields. Figure 7 dis-

plays the four-chip image of field GB94, which includes

Sgr A* at the Galactic center in chip 2. Figure 8 shows a

2000 × 2000 pixel sub-image of GB110, one of the most

densely populated stellar fields.

We also observed these fields in the J band with a ca-

dence of approximately three nights to obtain the J−H

color of the sources, which is useful for characterizing

their angular radii (Boyajian et al. 2014). In addition,

we observed nine low-extinction fields in the H-band

with a three-day cadence, overlapping with optical ob-

servations by MOA, in order to measure the H-band

magnitudes of the sources.

Note that, since June 2, 2025, we have modified our

observational strategy. See more details in the Appendix

A.

Table 4. Observational fields of PRIME
towards the GB in the galactic coordi-
nates.

Field l (◦) b (◦)

GB57 3.38681 2.01403

GB58 2.19681 2.01403

GB59 1.00681 2.01403

GB60 -0.18319 2.01403

GB61 -1.37319 2.01403

GB62 -2.56319 2.01403

GB63 -3.75319 2.01403

GB74 3.38681 0.82403

GB75 2.19681 0.82403

GB76 1.00681 0.82403

GB77 -0.18319 0.82403

GB78 -1.37319 0.82403

GB79 -2.56319 0.82403

GB80 -3.75319 0.82403

GB91 3.38681 -0.36597

GB92 2.19681 -0.36597

GB93 1.00681 -0.36597

GB94 -0.18319 -0.36597

GB95 -1.37319 -0.36597

GB96 -2.56319 -0.36597

GB97 -3.75319 -0.36597

GB108 3.38681 -1.55597

GB109 2.19681 -1.55597

GB110 1.00681 -1.55597

GB111 -0.18319 -1.55597

GB112 -1.37319 -1.55597

GB113 -2.56319 -1.55597

GB114 -3.75319 -1.55597

GB125 3.38681 -2.74597

GB126 2.19681 -2.74597

GB127 1.00681 -2.74597

GB128 -0.18319 -2.74597

GB129 -1.37319 -2.74597

GB130 -2.56319 -2.74597

GB131 -3.75319 -2.74597

Low extinction fields

GB124 4.57681 -2.74597

GB141 4.57681 -3.93597

GB142 3.38681 -3.93597

GB143 2.19681 -3.93597

GB144 1.00681 -3.93597

GB145 -0.18319 -3.93597

GB146 -1.37319 -3.93597

GB147 -2.56319 -3.93597

GB148 -3.75319 -3.93597
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Figure 6. Mosaic images of the 35 primary GB fields.
Galactic north is up, and east is to the left. The field bound-
aries are outlined in green and labeled with their field num-
bers (GB#). Sgr A* is located on chip 2 of GB94. Black
lines represent chip gaps. Red dots show the positions of
the 486 microlensing candidates. Purple regions indicate the
nominal Roman RGBTDS candidate fields (over-guide).

SgrA*

2 1

34

Figure 7. Images of the field GB94 with its 4 chips. Galac-
tic north is up, and east is to the left. Chip numbers are
shown in red. Sgr A* is located on chip 2.

5. DATA REDUCTION

The raw frame image are UINT16 and has a size of

34.7 MB ( 4230×4096 pix × 2 Bytes) per chip, and 23-

28 MB after compression. Here 4230 columns include

4096 columns of science pixels, 6 columns of ACADIA

Figure 8. The 2000×2000pixel sub-image of GB110, one
of the most stellar dense field, with 8.58 second exposure.

telemetry data at the start of the array and 128 columns

of reference voltage data at the end of the array. This

corresponds to approximately about 120 TB per year.

The acquired raw images are compressed and stored on-

site, then transferred to servers in Japan via the internet

and/or external hard drives. Image reduction follows

standard procedures for NIR detectors, with our own

implementation for non-linearity correction (Hamada et

al., in preparation), as described below: (1) Super-bias

subtraction: We acquired 10 SUTR exposures at each of

eight different thermal background levels, resulting in a

total of 80 exposures at the same detector temperature.

The measured fluxes range from 100 to 500 ADU with

17-second exposures, corresponding to 6 frames per ex-

posure. For each exposure and pixel, a linear fit was
performed using frames 1 to 5, excluding the first frame

(frame 0). We determined the intersection point of the

extrapolated fitted lines—this point is where the RMS is

minimized for each exposure and pixel. The super-bias

is defined as the average ADU value at these intersec-

tion points. This super-bias is then subtracted from the

raw science image frames. (2) Reference pixel correc-

tion: The detector is read out through 32 channels, each

with a size of 128×4096 pixels and similar bias levels.

Reference pixels form a 4-pixel-wide border along the

top, bottom, left, and right edges of the 4088×4088 ac-

tive pixel area. To remove column-dependent bias, the

median of the 128×4 reference pixels located at the top

and bottom of each output channel should be subtracted

from each column. Here we don’t use the reference pix-

els at the bottom for the first frame, frame 0, as these

are unstable. Here, we use only the top reference pixels
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for frame 0, while for frames 1, 2, and 3, we use both

the top and bottom reference pixels. (3) Non-linearity

correction: Infrared detectors are known to exhibit non-

linearity. Linearity curves, obtained at similar detector

temperatures, are used to correct each science frame.

This procedure is similar to that used for the H2RG de-

tector in JWST (Canipe, Robberto & Hilbert 2017),

but is based on our own implementation (Hamada et

al., in preparation). (4) Dark subtraction: Dark frames

are created from the slopes of 10 frames (correspond-

ing to 28.6 s exposure) taken with the blocked position.

These dark frames are then subtracted from each science

frame. (5) Up-the-ramp fitting: Final science images are

produced using up-the-ramp fitting. We refer to these

corrected images as “slope images.” which is UNIT 32

and has a size of 67.1 MB per chip, (6) Flat-fielding:

Twilight flat images are taken before and/or after each

night’s observations. Pixel response variations are cor-

rected using these flat-field frames. (7) Stacking: The

exposures obtained in a single visit are combined using

median stacking to produce deep images. This process

effectively removes most cosmic-ray hits and bad pix-

els. The stacked images are used for event detection,

while the original unstacked images are also analyzed to

preserve higher time resolution.

We show the distribution of PSF FWHMs in the ob-

served H-band images over approximately 14 months in

Figure 9. The median FWHM is 1.33 arcsec, and the

mode is 1.20 arcsec. This can be explained by the ex-

pected natural seeing of ∼1.1 arcsec in the H-band, esti-

mated from Differential Image Motion Monitor (DIMM)

measurements of 1.4 arcsec in the optical (Catala et al.

2013), a 50% EED of 0.45 arcsec (for the as-built optics),

and additional air turbulence inside the dome, although

the latter has not been quantified.

We process the slope images using Difference Image

Analysis (DIA) (Bond et al. 2001). The reference images

are constructed by stacking 12 exposures, corresponding

to a total exposure time of 103 seconds per field. DIA

can be performed within 5 minutes of acquiring the im-

ages.

The light curves are generated using PSF photome-

try on the difference images. The PSFs are estimated

from the reference images and then convolved with the

DIA kernel for each image to match the FWHM. The

photometric precision is assessed by calculating the stan-

dard deviation (σH) in the H-band light curves of about

69,000 non-variable stars that are resolved in the refer-

ence images within the GB94 field. In Figure 10, black

does show σH for a sub-sample of these stars as a func-

tion of H-band magnitude. The green, cyan, red, and

orange lines indicate the median values of all sample

Figure 9. The distribution of the observed PSF FWHM
in the H-band images over approximately 14 months. The
median is 1.33′′ (red line), and the mode is 1.20′′ (blue line).

as a function of H-band magnitude for chips 1, 2, 3,

and 4, respectively. The magenta filled circles represent

the median over all four chips. Table 5 summarizes the

median and mode of σH as a function of H-band mag-

nitude for each chip and for the combined sample. Chip

3 exhibits the best precision, while Chip 4 performs the

worst, reflecting their detector characteristics. The low-

est median and mode values are about 0.019-0.024 mag

and 0.016-0.020 mag at H = 12-13 mag, respectively.

For brighter magnitudes, σH increases slightly, likely

due to systematics and/or intrinsic stellar variability.

For fainter magnitudes, σH increases rapidly due to the

high stellar density in the GB fields.

New events are identified following a similar procedure
used in the MOA survey (Bond et al. 2001). On the

subtracted images, possible variable star objects are de-

tected using a custom implementation of the IRAF task

DAOFIND (Stetson 1987) that is adapted for difference

images. Light curves are then generated for the detected

objects. Simple preliminary cuts are applied to select

events showing instantaneous magnification relative to

the baseline and to remove a large fraction of artifacts,

while known variable stars are masked. Among the re-

maining objects, microlensing candidates are selected by

visual inspection, and the list of variable stars is contin-

uously updated for masking purposes. Finally, alerts

of the microlensing candidates are publicly posted on

the web. All artifacts are rejected and obvious variable

stars, while not alerted, are tagged for further studies.

Some irregular variables, transient variables, such as cat-
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Table 5. Photometric precision in GB fields as a function of H-band magnitude.

H Chip1 Chip2 Chip3 Chip4 All

med mod med mod med mod med mod med mod

(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)

11.6 0.041 0.038 0.025 0.020 0.000 0.000 0.000 0.000 0.028 0.020

11.8 0.029 0.028 0.023 0.020 0.030 0.026 0.031 0.026 0.027 0.020

12.0 0.024 0.022 0.023 0.020 0.021 0.018 0.025 0.022 0.023 0.020

12.2 0.021 0.018 0.022 0.018 0.020 0.018 0.024 0.020 0.021 0.018

12.4 0.020 0.018 0.022 0.018 0.019 0.018 0.024 0.020 0.021 0.018

12.6 0.020 0.018 0.022 0.018 0.020 0.016 0.024 0.020 0.021 0.018

12.8 0.021 0.018 0.022 0.018 0.020 0.018 0.024 0.020 0.022 0.018

13.0 0.021 0.020 0.023 0.018 0.020 0.018 0.025 0.022 0.022 0.020

13.2 0.022 0.020 0.023 0.020 0.021 0.018 0.026 0.022 0.023 0.020

13.4 0.023 0.020 0.024 0.022 0.021 0.018 0.027 0.024 0.024 0.020

13.6 0.025 0.022 0.026 0.022 0.022 0.020 0.029 0.026 0.026 0.022

13.8 0.026 0.024 0.028 0.024 0.024 0.022 0.031 0.026 0.027 0.024

14.0 0.028 0.026 0.031 0.026 0.026 0.024 0.033 0.028 0.030 0.026

14.2 0.030 0.028 0.034 0.030 0.028 0.026 0.037 0.032 0.033 0.028

14.4 0.034 0.032 0.038 0.034 0.031 0.028 0.042 0.034 0.037 0.032

14.6 0.038 0.036 0.043 0.040 0.035 0.032 0.047 0.040 0.041 0.036

14.8 0.044 0.042 0.050 0.046 0.039 0.036 0.054 0.044 0.047 0.044

15.0 0.051 0.048 0.057 0.054 0.044 0.040 0.061 0.052 0.054 0.050

15.2 0.058 0.056 0.066 0.062 0.051 0.048 0.071 0.062 0.062 0.058

15.4 0.068 0.062 0.077 0.074 0.059 0.056 0.082 0.072 0.071 0.068

15.6 0.079 0.074 0.089 0.084 0.068 0.066 0.096 0.082 0.082 0.080

15.8 0.091 0.088 0.105 0.100 0.080 0.078 0.112 0.098 0.095 0.092

16.0 0.107 0.104 0.122 0.116 0.093 0.092 0.131 0.118 0.109 0.102

16.2 0.124 0.120 0.145 0.132 0.108 0.104 0.153 0.132 0.124 0.116

16.4 0.148 0.136 0.184 0.160 0.127 0.124 0.178 0.170 0.146 0.124

16.6 0.183 0.182 0.000 0.000 0.148 0.142 0.232 0.186 0.193 0.142

aclysmic variables (CVs) or stellar flares, also feature on

the alert list because they are difficult to distinguish at

the onset of the brightening. Note that the preliminary

cuts are empirically refined to improve efficiency. There-

fore, an offline analysis with fixed thresholds should be

applied for statistical studies.

Figure 11 shows the slope images before and after DIA

for the microlensing events PRIME-2024-BLG-124 and

PRIME-2024-BLG-170, which were detected in the field

GB75 and GB78, respectively. Figure 12 displays the

light curve of these events.

We have preliminarily identified 284 microlensing can-

didates during the 2024 survey season3 and 202 candi-

dates up to June 1, 20254 before changing the strategy

(See the Appendix A). The list of the microlensing can-

3 https://moaprime.massey.ac.nz/prime2024
4 https://moaprime.massey.ac.nz/alerts/index/prime/2025

didates are shown in Table 6 and full list is available

electrically. The positions of these 486 candidates are

shown in Figure 6 for comparison with the candidate

Roman fields. One of the purposes of the PRIME bulge

survey is to provide the event distribution as input to

help define the Roman survey fields. Although the cur-

rent statistics are still insufficient, our results indicate

that the event rate is relatively higher in the current

candidate fields of Roman.

Among these candidates, 41 events exhibit deviations

from the point-source point-lens (PSPL) model, referred

to as ”anomalies.” Figure 13 shows an example light

curve of the binary microlensing event PRIME-2024-

BLG-066. The best-fit parameters are a mass ratio of

q = 0.139 ± 0.019, a separation of s = 1.531 ± 0.076,

and an event timescale of tE = 21.8 ± 2.9 days. A full

analysis of these anomalous events is beyond the scope

of this paper.
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Table 6. Microlensing candidates from 2024 season.

ID R.A. Dec. l b t0 tE u0 H0

(2000) (2000) (deg.) (deg.) (HJD-2450000) (day) (mag)

PRIME-2024-BLG-001 +17:58:38.0960 -27:33:35.9680 2.64501 -1.76469 10553.7730 54.92 0.1053 16.73

PRIME-2024-BLG-002 +17:54:22.4542 -27:51:04.9599 1.91929 -1.09544 10559.3619 32.23 0.0014 18.35

PRIME-2024-BLG-003 +17:57:20.7517 -26:37:48.7847 3.30717 -1.05153 10354.3834 28.09 0.7840 14.12

PRIME-2024-BLG-004 +17:38:04.0226 -27:32:01.3268 0.31354 2.15309 10351.3146 39.17 0.2165 13.80

PRIME-2024-BLG-005 +17:52:13.8296 -28:31:55.2943 1.09294 -1.03386 10359.8949 19.64 0.1389 16.73

Note—The full list is available electrically.

Figure 10. Photometric precision in the GB fields as a
function of H-band magnitude. The black points show the
standard deviation, σH , of light curves for a sub-sample of
69,000 non-variable stars in the GB94 field. Outliers with
larger σH values are likely due to remaining variable objects.
The green, cyan, red, and orange lines indicate the median
values in magnitude bins for chips 1, 2, 3, and 4, respectively,
while the magenta filled circles represent the median over all
chips.

6. ALL-SKY GRID FIELDS

When the GB fields are not observable we observe all-

sky grid fields, which can later serve as reference images

for identifying transient events. As of May 7, 2025, we

have observed approximately 13,000 deg2 in the J-band

(indicated by red dots), which corresponds to about 41%

of the sky accessible to PRIME shown in gray in Fig-

ure 14.

7. DISCUSSION AND CONCLUSIONS

PRIME is the first dedicated wide-field NIR mi-

crolensing survey telescope, located at the Sutherland

Figure 11. The slope images of the microlensing events
PRIME-2024-BLG-124 (top panels) and 170 (bottom panels)
before (left) and after (right) DIA processing with 50×50
arcsecs (100×100 pixels). The targets are marked with a
green cross.

Observatory in South Africa. It features one of the

widest fields of view among NIR telescopes of its class.

The telescope and camera were installed in 2022, and

observations began in mid-2023. We have preliminarily

analyzed the images from the start of the 2024 sea-

son until June 1, 2025, and identified 486 microlensing

candidates, along with more than a thousand variable

stars (Matsunaga et al. in preparations). Although the

current statistics are still insufficient, the spatial distri-

butions of these 486 candidates indicate that the event

rate is relatively higher in the current candidate fields

of Roman.
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Figure 12. The light curve of PRIME-2024-BLG-124 and
170, detected in field GB75 and GB78, respectively. The
vertical axis shows the differential flux (∆flux) in ADU. The
red lines indicate the best-fit models, with event timescales
of tE = 56.5 ± 2.0 days and 32.2 ± 0.6 days and and impact
parameters of u0 = 0.060 ± 0.0029 and 0.084 ± 0.002 and
H-band source magnitudes of Hs = 12.90 ± 0.20 mag and
Hs = 14.90 ± 0.20 mag, respectively.

We are currently working on improving the data anal-

ysis pipeline by fine-tuning it for the characteristics of

the PRIME images. We continue to issue real-time

alerts for microlensing candidates, which will encourage

follow-up observations by other telescopes for exoplanet

detection. One of the primary scientific goals of PRIME

is to study the frequency of exoplanets in the central GB

and compare it with that in the outer bulge.

Spectroscopic follow-up of highly magnified source

stars in the GB is highly valuable for studying the chem-

Figure 13. The light curve of a binary event PRIME-2024-
BLG-066, detected in field GB92. The vertical axis shows the
differential flux (∆flux) in ADU. The best fit parameters are
the mass ratio q = 0.139±0.019, separation s = 1.531±0.076,
event timescale tE = 21.8 ± 2.9 days.

Figure 14. PRIME All-Sky Grid fields in Equatorial Co-
ordinates. The purple and blue lines indicate the Galactic
equator and b = ±30◦, respectively. Red dots show the fields
observed as of May 7, 2025, covering 40.8% of the sky acces-
sible to PRIME (shaded in gray).

ical evolution of the bulge (Bensby et al. 2021). Events

discovered by PRIME provide opportunities to probe

the central regions of the bulge, which have been inac-

cessible to optical surveys.

The Roman GBTDS will carry out a high-cadence

NIR survey toward the GB as its exoplanet microlens-

ing program. Roman can observe the GB during the

spring and autumn seasons, for up to 72 days per sea-

son. The Roman Observations Time Allocation Com-

mittee (ROTAC) recently recommended an over-guide

allocation for GBTDS, consisting of 12.1-minute cadence

observations of six fields across six seasons of 70.5 days

each, resulting in a total observing time of 438 days dis-
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Figure 15. Same as Figure 5 for new observational fields of PRIME toward the GB since June 2 2025. The red, yellow, blue
and cyan squares represent the fields with cadence of 21.6min, 43.1min, 86.2min and 1day, respectively.

tributed over the 5-year prime mission (Zasowski & Jha

et al. 2025). The remaining four seasons will be covered

with a lower cadence of 3-5 days. After the launch of

Roman, PRIME will conduct concurrent observations to

measure space-based microlensing parallax, enabling the

determination of the mass and distance of lens systems

from Earth. PRIME will also be able to monitor bright

stars during the seasons not covered by Roman, helping

to fill observational gaps.

The GB survey data will reveal numerous variable

stars, including Novae, Cepheids, RR Lyrae, and long-

period Mira variables. These are standard candles—that

is, distance indicators—and are therefore useful for

studying the structure of the Galaxy (Matsunaga et al.

2009, 2011, 2017). In particular, Mira variables are rela-

tively bright and abundant, making them excellent trac-

ers of the Galactic structure. The PRIME GB survey

can detect variable stars of intermediate brightness to-

ward the bulge and disk regions, complementing exist-

ing surveys such as 2MASS, which targets bright vari-

ables, and VVV, which focuses on faint ones (Sanders et

al. 2022). The Japan Astrometry Satellite Mission for

INfrared Exploration (JASMINE) plans to target Mira

variables in the Galactic bulge as key scientific objects.

JASMINE aims to precisely measure their parallaxes

and proper motions to unveil the dynamical structure

and evolutionary history of the Galaxy (Kawata et al.

2024). Therefore, identifying suitable Mira variables in

advance through the PRIME survey is critically impor-

tant to maximize the scientific return of the JASMINE

mission.

During the off-bulge season, PRIME partner institu-

tions will conduct various scientific observations of their

interest, such as ToO observations of gravitational wave

events, γ-ray bursts, transient searches toward galaxy

clusters, and the all-sky grid survey.
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APPENDIX

A. NEW OBSERVATIONAL STRATEGY

Since June 2 2025, we have modified our observational strategy to increase the cadence by focusing on the Galactic

plane, a region that conventional optical surveys cannot access. Figure 15 shows the new PRIME observational fields

toward the GB and they are listed in Table 7. The red, yellow, blue, and cyan squares indicate fields with cadences

of 21.6 minutes, 43.1 minutes, 86.2 minutes, and 1 day, respectively. This strategy is similar to that adopted by the

MOA survey. The higher cadence allows us to improve the detection efficiency for microlensing exoplanet searches.
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Table 7. New observational
fields and cadence of PRIME
towards the GB since June
2025.

Field l (◦) b (◦)

Cadence: 21.6min (4obs./cycle)

GB76 1.00681 0.82403

GB77 -0.18319 0.82403

GB78 -1.37319 0.82403

GB94 -0.18319 -0.36597

GB110 1.00681 -1.55597

GB111 -0.18319 -1.55597

Cadence: 43.1min (2obs./cycle)

GB75 2.19681 0.82403

GB79 -2.56319 0.82403

GB109 2.19681 -1.55597

GB112 -1.37319 -1.55597

Cadence: 86.2min (1obs./cycle)

GB60 -0.18319 2.01403

GB92 2.19681 -0.36597

GB93 1.00681 -0.36597

GB95 -1.37319 -0.36597

GB113 -2.56319 -1.55597

Cadence: 1 day

GB74 3.38681 0.82403

GB80 -3.75319 0.82403

GB91 3.38681 -0.36597

GB96 -2.56319 -0.36597

GB97 -3.75319 -0.36597

GB108 3.38681 -1.55597

GB114 -3.75319 -1.55597
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Albarraćın, R., Zoccali, M., Olivares Carvajal, J. et al.

2025, A&A, 693, A28.

doi:https://dx.doi.org/10.1051/0004-6361/202452041

Alcock, C. et al. 1997, ApJ, 486, 697

Alcock C. et al., 2000b, ApJ, 541, 734

Bennett, D. P., Rhie, S. H., Nikolaev, S., et al. 2010, ApJ,

713, 837

Bensby, T., Gould, A., Asplund, M., et al. 2021, A&A, 655,

117

Bond I. A. et al., 2001, MNRAS, 327, 868

Boyajian, T. S., van Belle, G., & von Braun, K. 2014, AJ,

147, 47

Catala, L., Crawford, S.M., Buckley, D.A.H., et al. 2013,

MNRAS, 436, 590

Canipe, A., Robberto, M., & Hilbert, B., 2012, Technical

Report JWST-STScI-005167

Durbak, J., Kutyrev, A., Sumi, T., Cataldo, G., et al. 2024,

Proceedings of the SPIE, Volume 13103, id. 1310327.

doi:https://dx.doi.org/10.1117/12.3020680

Gaudi, B. S., Bennett, D. P., Udalski, A., et al. 2008,

Science, 319, 927

Gonzalez, O. A., Rejkuba, M., Minniti, D., et al. 2011,

A&A, 534, L14

Gran, F., Minniti, D., Saito, R. K., et al. 2016, A&A, 591,

145

Griest, K., et al. 1991, ApJ, 372, L79

Hamadache, C., Le Guillou, L., Tisserand, P., et al. 2006,

A&A, 454, 185

Han, C. Zang, W. & Udalski A. et al. 2025, A&A, 696, 126

https://dx.doi.org/10.1051/0004-6361/202452041
https://dx.doi.org/10.1117/12.3020680


16 Sumi et al.

Husseiniova, A, McGill, P., Smith, L. C. & Evans, N. W.

2021, MNRAS, 506, 2482

Johnson, S. A., Penny, M. & Gaudi, B. S., et al. 2020, AJ,

160, 123
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