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Wide binaries in an ultra-faint dwarf galaxy: discovery, population
modeling, and a nail in the coffin of primordial black hole dark matter
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ABSTRACT

We report the discovery and characterization of a wide binary population in the ultrafaint dwarf
galaxy Bootes I using deep JWST/NIRCam imaging. Our sample consists of 52 candidate binaries
with projected separations of 7,000 - 16,000 au and stellar masses from near the hydrogen-burning
limit to the main-sequence turnoff (~ 0.1 - 0.8 Mg). By forward-modeling selection biases and chance
alignments, we find that 1.25 + 0.25% of Bootes I stars are members of wide binaries with separations
beyond 5,000 au. This fraction, along with the distributions of separations and mass ratios, matches
that in the Solar neighborhood, suggesting that wide binary formation is largely insensitive to metal-
licity, even down to [Fe/H] ~ —2.5. The observed truncation in the separation distribution near 16,000
au is well explained by stellar flyby disruptions. We also discuss how the binaries can be used to con-
strain the galaxy’s dark matter properties. We show that our detection places new limits on primordial
black hole dark matter, finding that compact objects with M 2 5 Mg cannot constitute more than
~1% of the dark matter content. In contrast to previous work, we find that wide binaries are unlikely
to provide robust constraints on the dark matter profile of ultrafaint galaxies given the uncertainties
in the initial binary population, flyby disruptions, and contamination from chance alignments. These
findings represent the most robust detection of wide binaries in an external galaxy to date, opening a
new avenue for studying binary star formation and survival in extreme environments.

1. INTRODUCTION

Binary stars with separations s > 1000 au offer a
powerful tool for studying stellar and galactic dynamics.
The population demographics of such wide binaries are
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initially shaped by star formation processes, and sub-
sequently altered by dynamical processes. Due to their
large cross sections and low binding energies, wide bi-
naries are particularly susceptible to gravitational per-
turbations. They are sensitive to small-scale structure
in the gravitational potential — such as encounters with
field stars, molecular clouds, and dark matter (DM) sub-
halos (e.g., Chandrasekhar 1944; Heggie 1975; Bahcall
et al. 1985; Weinberg et al. 1987; Chanamé & Gould
2004; Yoo et al. 2004; Quinn & Smith 2009; Jiang &
Tremaine 2010; Monroy-Rodriguez & Allen 2014; Geller
et al. 2019; Michaely & Perets 2020; Hwang et al. 2021;
Hamilton 2022; Modak & Hamilton 2023; Ramirez &
Buckley 2023; Hamilton & Modak 2024) — as well as
to larger-scale variations in the host galaxy’s potential
(e.g., Kaib & Raymond 2014; Correa-Otto & Gil-Hutton
2017).

The prospect of using wide binaries as dynamical
probes is particularly compelling in ultra-faint dwarf
(UFD) galaxies. Unlike larger galaxies, UFDs are ex-
pected to retain steep central DM cusps, as their shal-
low gravitational potentials are less affected by bary-
onic feedback (e.g., Oniorbe et al. 2015; Fitts et al. 2017;
Wheeler et al. 2019; Lazar et al. 2020; Muni et al. 2025).
Moreover, UFDs are among the most DM-dominated
galaxies known (e.g., Strigari et al. 2008; Simon 2019),
so wide binaries in these environments are more sensi-
tive to DM (relative to other stars) than in the Milky
Way. Within the scale-free framework of the cold dark
matter paradigm, the high DM densities of UFDs also
imply a large population of subhalos, which can unbind
wide binaries. Moreover, because UFDs formed during
the early Universe (~ 13-14 Gyr ago) and underwent
little subsequent star formation (e.g., Brown et al. 2014;
Simon 2019; Savino et al. 2023; Durbin et al. 2025),
their ancient stellar populations allow wide binaries am-
ple time to undergo dynamical interactions with passing
substructures or tidal fields. As a result, the wide binary
population in UFDs, or its absence, provides direct con-
straints on DM substructure, as well as the long-term
dynamical history of dwarf galaxies (e.g., Penarrubia
et al. 2016; Kervick et al. 2022; Livernois et al. 2023).

Nevertheless, detecting wide binaries in UFDs proves
challenging. Their large distances (at least 10s of kpc)
and intrinsically faint stellar populations make charac-
terizing wide binaries difficult. Unlike wide binaries
in the solar neighborhood identified by Gaia (e.g., El-
Badry et al. 2021), these systems usually lack astromet-
ric parallaxes and proper motions, making it harder to
confirm physical association. One previous attempt us-
ing the Hubble Space Telescope (HST) provided ten-
tative signals, but was limited by low significance and

uncertain contamination rates (Safarzadeh et al. 2022).
The capabilities of the James Webb Space Telescope
(JWST) can directly address these challenges. Its high
spatial resolution and deep near-infrared sensitivity en-
able the detection of resolved binaries with masses near
the hydrogen-burning limit (~ 0.1 M) at the distances
of UFDs (e.g., Weisz et al. 2024).

In this paper, we present a robust detection and char-
acterization of the most distant wide binaries identi-
fied to date, residing in the ultrafaint galaxy Bodtes
I, based on deep JWST/NIRCam imaging. This rep-
resents one of the most ancient, metal-poor, and dark
matter-dominated environments in which wide binaries
have been observed.

The remainder of the paper is organized as follows.
In Section 2, we describe the construction of the wide
binary sample and characterize its basic properties in
Section 3. Section 4 compares this population to Milky
Way wide binaries, and Section 5 compares it to another
ultrafaint galaxy, Reticulum II. Section 6 uses the wide
binary detection to constrain dark matter properties,
including a novel constraint on MACHO dark matter
(Section 6.1). Finally, we summarize our key conclusions
in Section 7. Additional details about the modeling are
provided in Appendices A and B, while Appendices C
and D include the full binary catalog and their F322W2
images.

2. CONSTRUCTING THE WIDE BINARY SAMPLE
2.1. Observational Properties of Bootes I

A promising target for studying wide binaries in dwarf
galaxies is the UFD, Bootes I (Boo I). First discovered
in the Sloan Digital Sky Survey (Belokurov et al. 2006),
Boo I has a total absolute magnitude My = —5.9, total
stellar mass M, = 2.9 x 10* Mg (McConnachie 2012),
and mean stellar metallicity of [Fe/H] ~ —2.55 (Norris
et al. 2010). The stellar population in Boo I is uni-
versally old, being consistent with a single short-period
burst of star formation ~ 13 Gyr ago (e.g., Brown et al.
2014; Durbin et al. 2025). Boo I also exhibits a high
mass-to-light ratio (> 100) relative to other UFDs, con-
sistent with it being DM-dominated (e.g., Mutioz et al.
2006; Martin et al. 2007; Koposov et al. 2011; Hayashi
et al. 2023).

At a distance of 66 + 3 kpc (Dall’Ora et al. 2006; Na-
garajan et al. 2022), Boo I has a half-light radius of ~ 10
arcminutes (191 £8 pc; Jenkins et al. 2021) and exhibits
an elongated stellar morphology (e.g., Belokurov et al.
2006; Roderick et al. 2016) with an ellipticity of € ~ 0.3
(see also Longeard et al. 2022). Simulations suggest that
the galaxy’s elongated stellar structure is due to tidal
stripping during its orbit around the Milky Way (Fell-
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hauer et al. 2008). These features highlight Boo I" s
complex orbital past and motivate the study of its wide
binary population as a tracer of both stellar dynamics
and dark matter structure (e.g., Peiarrubia et al. 2016).

2.2. Summary of Observations

The data used in this study were obtained as part of
JWST Cycle 2 GO Proposal 3849 (PI: Gennaro). This
program targets the ultra-faint dwarf galaxy Bootes I
using JWST/NIRCam to study resolved stellar popula-
tions and the initial mass function (Ding, Gennaro et al.
in prep).

Observations were conducted using NIRCam’s full-
frame imaging mode with simultaneous exposures in
the F150W (short wavelength) and F322W2 (long wave-
length) filters. A 2x3 non-overlapping mosaic was ob-
tained to cover a wide field, with 20 dithers per mo-
saic tile to improve sampling and mitigate detector arti-
facts. Each exposure used the MEDIUMS readout pat-
tern with 9 groups per integration. The total integration
time per tile is 18896.715 s (= 5 hrs) for each of the six
tiles (~ 32 hrs total). The resulting images that reach
depths sufficient to detect stars down to mgi50w ~ 29th
mag with sufficient signal-to-noise (SNR> 5).

A full description of the data reduction steps and
photometry techniques will be given in the main pa-
per on PID 3849 (Ding, Gennaro et al., in prep); here
we give a high-level summary. We used the *.uncal
files provided in MAST and performed ad-hoc subtrac-
tion of the features known as wisps using code and tem-
plates (version 3) provided by STScI'. For each of the
6 mosaic tiles, we ran the jwst pipeline on the wisp-
subtracted *.uncal images to produce both flat-fielded,
flux-calibrated images for each of the 20 dithers (*.cal
files) as well as distortion-free mosaics that combine the
20 dithers (*.12d files). Point-spread function photome-
try was performed using the DOLPHOT (Dolphin 2000,
2016a) modules specific to JWST using the *.i2d as
references and performing photometry on the individual
*.cal files. All magnitudes reported in this paper use
the Vega system.

2.3. Identifying Boo I Stars

To isolate old, metal-poor stars in Boo I, we apply a se-
ries of quality cuts to remove extended sources, spurious
detections, and sources with colors and magnitudes in-
consistent with being stars at a distance of ~ 66 kpc. We
first filter based on the DOLPHOT photometric diag-

L https://jwst-docs.stsci.edu/known-issues-with-jwst-data,/
nircam-known-issues/nircam-scattered-light-artifacts#
NIRCamScatteredLight Artifacts-wispsWisps

nostics for each source, including the Sharpness, Crowd-
ing, Object Type, Flag, and signal-to-noise (SNR).

Sharpness (sharp) measures how much a source’s light
profile deviates from the point-spread function (PSF) in
that filter, and it is useful for identifying image artifacts
and background galaxies. Crowding (crowd) quantifies
how much brighter a source would appear (in magni-
tudes) if nearby stars were fitted independently rather
than simultaneously, indicating the level of blending in
crowded regions. Furthermore, each object is assigned a
type classification (Object Type) by DOLPHOT, which
can be either type 1 (bright star), 2 (faint star), 3 (elon-
gated source), 4 (hot pixel), or 5 (extended source) Dol-
phin (2000). The flag parameter can be 0 if a star is
recovered extremely well, 1 if the photometry aperture
extends off chip, 2 if there are too many bad or saturated
pixels, 4 if the center of the star is saturated, or 8 if it
is an extreme case of one of the above. Dolphin (2000)
suggests adopting flag < 3 in general or flag < 2 for
precision photometry; we conservatively adopt the lat-
ter.

We apply quality cuts inspired by Warfield et al.
(2023) and Weisz et al. (2024), with some modifications
tailored to wide binaries, which can be marginally re-
solved. Good detections are defined as sources with:

1. SNRgis0y > 12

2. SNRg3oou2 > 6

3. sharpz,soy < 0.01

4. sharpzs,ou, < 0.05
5. crowdpisoy < 0.25

6. crowdgagoys < 0.6

7. flagpison < 2

8. flagrsooue < 2.

9. Object Type < 2.

To emphasize, the primary focus of this study is on
wide binaries: stellar pairs with angular separations
0 < 0.2”. Such close pairs could be partially blended and
mistakenly filtered out by standard DOLPHOT qual-
ity cuts. In particular, the F322W2 bandpass, since it
reaches longer wavelengths, has a lower resolution and
thus is more susceptible to blending effects than F150W.
The F322W2 images of the wide binary candidates in-
deed confirm this (Appendix D). To account for blend-
ing, we adopt stricter quality cuts in the F150W band,
where resolution is higher, and slightly relaxed thresh-
olds in F322W2 to avoid excluding real wide binaries.


https://jwst-docs.stsci.edu/known-issues-with-jwst-data/nircam-known-issues/nircam-scattered-light-artifacts##NIRCamScatteredLightArtifacts-wispsWisps
https://jwst-docs.stsci.edu/known-issues-with-jwst-data/nircam-known-issues/nircam-scattered-light-artifacts##NIRCamScatteredLightArtifacts-wispsWisps
https://jwst-docs.stsci.edu/known-issues-with-jwst-data/nircam-known-issues/nircam-scattered-light-artifacts##NIRCamScatteredLightArtifacts-wispsWisps
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Still, the F322W2 cuts are consistent with previous stud-
ies of stellar populations (Weisz et al. 2024). The SNR
threshold of 12 in F150W and 6 in F322W2 is more
conservative than the SNR > 5 cut used by Weisz et al.
(2024) in their stellar catalog, and similar to the stricter
SNR > 10 adopted by Warfield et al. (2023) for star-
galaxy separation. Overall, we find that the minimum
SNR does not change our results.

After applying the above cuts, the initial sample is re-
duced by 99% to 14,394 objects. Lastly, we require that
sources be near the main sequence, enforced by a visual
cut on the color-magnitude diagram (CMD). We first se-
lect sources with colors 0.1 < (mpi150w —ME32ow) < 0.8,
then compare to a 13 Gyr, [Fe/H]= —2.5 isochrone
(the lowest metallicity available) from PARSEC v2.0
(Bressan et al. 2012; Chen et al. 2014, 2015; Nguyen
et al. 2022), appropriate for Boo I’s old (e.g., Durbin
et al. 2025), metal-poor population (e.g., Hughes et al.
2008). The main sequence cut requires that sources’
colors are within £0.4 mag of the isochrone at the
faint end (F150W~ 28), which continuously decreases
to £0.1 mag at the bright end (F150W~ 22). We
adopt such a generous main-sequence cut, particularly
at the faint end, to retain blended sources that could
be wide binaries. The selection, nevertheless, effec-
tively removes background galaxies and spurious detec-
tions near diffraction artifacts, which typically exhibit
(mp1sow — Mrs2aw) 2 1. The final main-sequence sam-
ple of Boo I members contains 11,522 sources.

Figure 1 summarizes the filtering process. Of the ini-
tial ~ 5 x 10° sources detected by DOLPHOT with
mrisow < 29 (left panel), photometric quality cuts keep
only ~ 14,000 (middle panel), but contamination re-
mains, for example, a vertical strip to the right of the
main sequence, representing foreground stars. Applying
a main-sequence cut (rightmost panel) reduces the sam-
ple to ~ 11,500 candidate Boo I members that lie along
the main sequence. This constitutes our parent sample
for wide binary identification.

While background galaxies could still pass the pho-
tometric quality cuts, the CMD cut is expected to re-
move almost all of them. In the left panel of Figure
1, synthetic photometry of galaxies from the Hubble
Ultra Deep Field (HUDF), translated into the relevant
JWST filters, is plotted on the CMD. For each galaxy in
the HUDF, we use publicly available photometric mea-
surements to derive the best-fitting spectrum template,
which includes dependency on galaxy mass, star forma-
tion history (with a prescription for emission line fluxes),
and redshift, using the methodology described in Pacifici
et al. (2012, 2013) The best-fit templates are then used
to derive synthetic photometry in the NIRCam pass-

bands. Nearly all of these synthetic points lie redward
of the main sequence, and therefore do not make it into
our final sample (see also Appendix A).

2.4. Wide Binary Search

To identify potential wide binary candidates in Boo
I, we compute the two-point correlation on the stellar
sample. For each star, we search for companions within
an angular separation of 3.15”, corresponding to a pro-
jected distance of 1 pc at Boo I's distance (66 kpc). 1
pc represents a conservative upper limit for our search.
Beyond ~ 10° au (0.5 pc), all wide binaries are expected
to be unbound by weak stellar flybys (Appendix B),
and empirically, we find that they can only be distin-
guished from chance alignments at much smaller sepa-
rations (~ 0.1 pc, see below). For close matched pairs
with § < 0.25”, we apply a looser main-sequence cut
and only demand that the total color and magnitude of
the binary lies on the main-sequence. The looser cut is
implemented to allow blended sources (often blended in
F322W2) to make the sample. For sources that match
to more than one star within the separation threshold,
we keep only the closer pair. While unlikely, some of
these duplicate matches could be resolved triples (e.g.,
Tokovinin 2022; Shariat et al. 2025)

Because the search is based solely on projected sepa-
rations, it inevitably includes chance alignments. To es-
timate the chance alignment rate, we generate a shifted
catalog by displacing each star in the original catalog
by 5” in a random direction (following Lépine & Bon-
giorno 2007; El-Badry et al. 2021). Displacing by 5" pre-
serves the overall source density while ensuring that any
recovered pairs are strictly chance alignments, by con-
struction. We then perform a nearest-neighbor search on
this shifted catalog, keeping only the pairs that are re-
solved according to the contrast sensitivity (see Section
2.5) and have a combined CMD location on the main-
sequence to mitigate blending. We repeat this process
30 times to reduce statistical noise, shifting in a random
direction each time. The final separation distribution of
chance alignments is taken as the average over the 30 re-
alizations, with 1o scatter computed in each separation
bin.

Figure 2 shows the separation distribution of all
nearest-neighbor pairs in Boo I (blue curve) compared to
the expected distribution from chance alignments (black
points), derived from the shifted catalogs. At large sep-
arations (s = 2 x 10* au), the observed distribution is
consistent with all pairs being chance alignments, whose
occurrence rate scales with area: dN/ds ~ 27s.

At smaller separations (s < 12,000 au), there is a clear
excess of observed pairs relative to the chance alignment
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Figure 1. Selection of main-sequence stars from NIRCam photometry. From left to right, we show (a) all photometric sources,
(b) sources that pass the DOLPHOT star filters outlined in Section 2.3, and (c) sources on the Boo I main sequence. The
blue points show the CMD location of galaxies in the Hubble Ultra Deep Field, with JWST photometry synthesized from SED
models. The last panel shows a 13 Gyr, [Fe/H] = -2.5 isochrone (purple dashed) with assumed distance modulus p = 19.11
(Dall’Ora et al. 2006). Background galaxies rarely coincide with the main sequence, indicating that very few enter our final

sample.

baseline. As shown in the bottom panel of Figure 2,
the excess fraction fexcess = (Nreal - Nchance)/Nchance
reaches 100-400%, consistent with a genuine wide binary
population. To evaluate the statistical significance of
the observed excess in the range 7,000 < s/au < 16,000,
we generate 500 randomly shifted catalogs and compute
the fraction that contain as many or more pairs than the
observed data. In the real sample, we observe 52 pairs
in the separation range, while the shifted catalogs yield
an average of 34.4 + 5.6. Only 1.2% of the randomized
catalogs produce as many or more pairs than observed,
corresponding to a p-value of 0.012, thus confirming the
excess is indeed statistically significant. At larger sep-
arations (s 2 16,000 au), fexcess &~ 0, consistent with
chance alignments. Based on this threshold, we identify
52 pairs with s < 16,000 au (or # < 0.25”) and define
these as our candidate wide binaries.

For the separation range of candidate wide binaries,
Figure 2 includes a zoomed-in panel showing the sep-
aration distribution with linear bins. Despite the con-
trast sensitivity favoring wider separations and the ex-
pectation that chance alignments increase linearly with
s, the observed number of pairs declines steadily from
10,000 — 15,000 au, before rising again due to chance
alignments. The monotonic decrease over many bins
provides additional strong evidence towards the pres-
ence of an intrinsic wide binary population whose sep-
arations are shaped by the underlying distribution and
dynamical disruption.

Our final sample of 52 wide binary candidates with
projected separations less than 16,000 au contains both
physically bound wide binaries and chance alignments.
Later in the paper (Section 4.2), we quantitatively de-

termine the fraction of them that are true wide binaries.
The full binary candidate list, along with basic proper-
ties of each system, is available in Appendix C.

Figure 3 shows the F150W images of each wide bi-
nary candidate. The images span 1”7 x 1", centered
on the primary (brighter) star, whose source ID is la-
beled above the image. We also provide the mass of the
primary (M;) and secondary (Ms) in each image with
the primary star’s source ID above it. The mass is de-
termined using a 13 Gyr, [Fe/H]= —2.5, PARSEC v2.0
isochrone (Bressan et al. 2012; Chen et al. 2014, 2015;
Nguyen et al. 2022) with solar alpha abundances. By
interpolating the My150w of the isochrone, which has a
typical uncertainty of 0.015 mag for the faintest wide
binary candidates in our sample (see Section 3.1), we
determine the mass. Note, however, that uncertainties
in the distance (£3 kpc; Dall’Ora et al. 2006) can also
cause a systematic uncertainty in the reported masses
of £0.02 M. The images are displayed with a square-
root stretch using a minimum pixel count of 10. The
maximum pixel count is chosen 1500, 2500, and 7500
for stars with mpisow > 26, 24 < mpisow < 26, and
mp1sow < 24, respectively, to enhance visibility of faint
features. All candidate binaries have angular separa-
tions < 0.25”, with the angular scale shown on the top
left of the figure.

The images reveal that the binary systems are cleanly
resolved in the F150W filter, with minimal blending,
supporting our decision to apply stricter photometric
cuts in F150W than in F322W2. In contrast, the
F322W2 images (Appendix D) exhibit noticeable blend-
ing among the candidate pairs. For this reason, we re-
quired that the combined color of each binary lies on the
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Figure 2. Two-point correlation for stars in Boo I. We show the projected separation distribution for all Boo I stars (blue)
compared to the expected distribution from chance alignments (black), derived using 30 randomly shifted catalogs. Black points
indicate the mean counts per separation bin, with 1o error bars representing the spread across the shifted samples. We also
plot a zoomed version of the distribution (with linear bins) in the range where there is an excess of wide binaries compared to
chance alignments (7000 < s/au < 16000). The bottom panel shows the fractional excess of real binaries compared to chance
alignments. A significant excess of pairs below ~ 16,000 au (100 — 400%) reveals the presence of an intrinsic wide binary

population in Boo I.

main sequence, rather than applying color cuts to the in-
dividual components. While this cut biases against low
mass ratio pairs, such pairs are already biased against
due to the contrast sensitivity of our sample.

2.5. Contrast Sensitivity

In resolved binary searches, the minimum detectable
separation increases with contrast: fainter companions
require larger separations to be resolved from brighter
primaries.

Figure 4 illustrates the contrast sensitivity of our sam-
ple. The top panel plots the F150W magnitude differ-
ence Amypis0w as a function of angular separation 6 (in
arcseconds) for all pairs in our nearest neighbor search.
The solid curve shows the empirical detection limit,

which we fit to the wide binary candidates (¢ < 0.24”)
using the polynomial:

Ampisow = 5.210g10(9 — 004) + 6.5 (1)

where 6 is measured in arcseconds. Pairs above this
curve are undetectable given the instrument sensitivity
and our adopted photometric cuts, establishing an effec-
tive contrast limit across 6.

When translated in terms of mass ratios (¢ = Ma /M)
and separations (bottom panel of Figure 4), the de-
tection limit excludes low-q binaries at small separa-
tions. For example, for primary mass M; = 0.8 Mg,
we only detect ¢ > 0.7 secondaries at s ~ 10,000 au.
At larger separations (s = 12000 au), the resolution
constraint weakens, allowing the detection of systems
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Figure 3. JWST/NIRCam images of Boo I wide binary candidates in the F150W filter. The primary star’s source ID and

masses of both components are displayed for each pair.

with 0.4 < ¢ < 0.6 for lower mass primaries. The
observed g——distribution is thus shaped by a combi-
nation of intrinsic binary properties and observational
selection effects. The smallest angular separation ob-
served in our sample is 0.11”, corresponding to a phys-
ical separation of ~ 7200 au at the distance of Boo I.
In reality, the contrast-separation limit is not a sharp
boundary; instead, each pair has some detection prob-

ability depending on its separation and flux ratio (e.g.,
this has been characterized for Gaia El-Badry & Rix
2018; El-Badry 2024). Because the resolution limit
for JWST/NIRCam’s F150W filter has not been previ-
ously well-characterized for stars, we adopt a simplified
threshold as a practical approximation. Note that con-
trast sensitivity of the wide binary sample depends on
the photometric quality cuts described in Section 2.3.
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Figure 3. (Continued)

We experimented with looser cuts, leading to pairs with
0 ~ 0.05”, but we find that these barely resolved pairs
are mostly likely photometric contaminants. The cuts
adopted here were tested and chosen for their reliability
in removing extended sources and keeping marginally
resolved stars.

2.6. Selection Function

The previous sections detail the construction of our
wide binary catalog and the observational constraints
that define its selection. Characterizing the complete-
ness is essential for interpreting the observed binary pop-
ulation and comparing it to theoretical models or other
environments, such as the Milky Way. Here, we sum-
marize the selection function of our catalog, which is
primarily defined by three criteria:

1. Photometric cut: Each star must be on the main
sequence and brighter than mpi50w < 28.5.

2. Angular resolution: The pair must be resolved
by JWST/NIRCam, according to the empirically-
derived contrast curve (Equation 1 and Figure 4).

3. Separation cut: Each pair must have a physical
separation s < 16,000 au.

Together, these criteria define the selection function
of our survey. Later in the paper, we will apply our
selection function to forward-model the intrinsic wide
binary population of Boo I and compare our sample to
the Milky Way and to another UFD, Reticulum II.

3. BASIC PROPERTIES
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Figure 4. Contrast sensitivity of close pairs with JW-
ST/NIRCam and our adopted photometric cuts. Top: An-
gular separation (#) vs. the difference in F150W magnitude
(Ampisow) for all pairs in the sample. The solid black line
shows an empirical fit to the detection limit, where pairs
above the line are undetectable due to angular resolution
limitations. Bottom: The minimum observable mass ratio
(gmin) as a function of separation (s) given the empirical
contrast sensitivity for various values of primary mass M;.
At 6 < 0.23"”, where the wide binary candidates lie, the
sample is only sensitive to pairs with relatively low contrast
Amrisow < 3.

3.1. Color-Magnitude Diagram

Figure 5 shows the wide binary candidates on the
color-magnitude diagram. Primaries are plotted in blue,
secondaries in yellow, and each pair is connected by a
thin red line. A 13 Gyr, [Fe/H]= —2.5 PARSEC isochrone
(Bressan et al. 2012; Chen et al. 2014, 2015; Nguyen
et al. 2022) is overlaid (scaled-solar composition), rep-
resentative of Boo I's old, metal-poor population (e.g.,
Hughes et al. 2008). We assume a uniform dust ex-
tinction of E(B — V) = 0.02 (Dall’Ora et al. 2006;
Hughes et al. 2008) and distance modulus p = 19.11
(Dall’Ora et al. 2006). Using this isochrone, we estimate
stellar masses for all components by linearly interpolat-
ing between absolute F150W magnitudes (Mp150w) and

mass. The minimum absolute magnitude in our sample,
Mr150w = 9 corresponds to ~ 0.14 M®27 while the max-
imum, Myi50w = 3, corresponds to the main-sequence
turnoff at ~ 0.78 Mg.

This isochrone slightly deviates from the visual main
sequence at some points, perhaps due to alpha enhance-
ment (e.g., Weisz et al. 2023) and/or slight inaccura-
cies in the distance modulus®, bolometric corrections,
or an overestimated [Fe/H]. However, any isochrone de-
viations are minimally consequential to our results, since
we only use the Mpi50w for mass estimation.

Several notable features emerge in the CMD. First, a
small number of systems lie above the main sequence.
The brightest three (primary IDs 11588, 5837, and 2159)
have photometric uncertainties of ~ 0.001 mag in both
F150W and F322W2, low F150W crowding, and moder-
ate F322W2 crowding (0.04—0.18 mag). If these sources
are indeed not due to photometric scatter or blend-
ing, they may be unresolved inner binaries, suggesting
that some wide systems in our sample are hierarchical
triples or higher-order multiples*. Second, a few stars
lie slightly below the fiducial sequence. Slight scatter
around the main sequence is expected, given the pho-
tometric errors (left of Figure 5) and that dwarf galax-
ies such as Boo I have some internal metallicity spreads
(e.g., Frebel et al. 2016; Norris et al. 2010; Ishigaki et al.
2014; Jenkins et al. 2021; Savino et al. 2023; Durbin et al.
2025).

Overall, most primaries fall cleanly along the fidu-
cial main sequence. Secondaries also generally follow
the main sequence, although four systems (primary IDs
198, 4230, 4642, and 7565) have faint secondaries off-
set to the bottom left of the main-sequence, likely due
to the large photometric uncertainties or blended colors
at those faint magnitudes. These stars are all low-mass
and indeed appear visually blended in the F322W2 im-
ages (Appendix D) but are cleanly resolved in F150W

2 The mass estimates at Mpisow ~ 9 are uncertain and model

dependent. For instance, MIST (Choi et al. 2016), PARSEC 1.2S
(Bressan et al. 2012; Chen et al. 2014, 2015), and BaSTI (Hi-
dalgo et al. 2018) isochrones place the minimum stellar mass in
our sample to be ~ 0.11 Mg at Mpi50w = 9. Noting this un-
certainty, we still adopt PARSEC v2.0 because it best reproduces
the overall main-sequence shape well.

3 We find that p = 19.31 mag fits the upper main sequence and
turn-off better than the originally assumed value (u = 19.114+0.08
mag; Dall’Ora et al. 2006), while remaining consistent with the
lower main sequence. For consistency, however, we adopt pu =
19.11 and defer a full CMD fitting analysis to future work (Ding,
Gennaro et al. in prep).

4 Using the models of Shariat et al. (2025), we estimate that ~ 17%

of wide binaries are hierarchical triples with unresolved inner
binaries.
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Figure 5. Color-magnitude diagram (CMD) for the wide
binary candidates in Boo I. Blue stars represent the primary
(brighter) components, and yellow diamonds indicate sec-
ondary components. Each pair is connected by a thin red
line. The magenta dashed curve shows a 13 Gyr isochrone
with [Fe/H]= —2.5, consistent with the stellar population of
Boo I. Average 1o photometric uncertainties are shown on
the left.

images (see Figure 3). In all cases, the total pairs’ color
and flux reside on the main sequence.

3.2. Spatial Distribution

The spatial distribution of wide binaries offers insight
into their relationship with Boo I’s overall stellar pop-
ulation. The top panel of Figure 6 shows the spatial
distribution of wide binary candidates across the JWST
NIRCam footprint. The wide binaries (blue stars) are
well distributed throughout the field, with no strong
clustering near the center of Boo I (yellow point). Note
that the half-light radius, Ry, of Boo I is ~ 10 arcmin-
utes (Okamoto et al. 2012; Munoz et al. 2018), meaning
the horizontal length of the observational footprint only
spans ~ 0.3Ry,.

The bottom panel of Figure 6 shows the normalized ra-
dial surface density profiles of all candidate Boo I mem-
bers (gray) and wide binary candidates (blue) as a func-
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Figure 6. Spatial distribution of wide binaries in Boo I.
Top: Positions of wide binaries (blue stars) compared to all
stars (gray) in the JWST/NIRCam footprint. The yellow
circle marks the center of Boo I. Bottom: Normalized radial
density profiles of all stars (gray) and wide binaries (blue),
measured from the center of Boo I. Only point sources within
3.3" (~ 63 pc, red dashed line) of the center are included.
Poisson errors are shown for each point. The black dashed
line shows the best-fit Sérsic profile from Munoz et al. (2018).
Although our JWST coverage extends only to ~ 0.3R},, Boo
I stars and wide binaries are consistent with the profile in
this range.

tion of projected separation from the galaxy center. We
use fewer bins for the wide binaries such that there are
at least 4 per bin. Only stars within 3.3 arcminutes
(red circle in the top panel) are included, correspond-
ing to the right edge of the JWST footprint. However,
gaps between the NIRCam chips fall within this area
and result in incomplete coverage. To correct for this,
we calculate the missing area in each radial bin (Ar) and
estimate the number of missed stars by assuming the av-
erage density of the observed portion in that bin of Ar.
The measured surface density is then scaled accordingly
to account for coverage gaps. The procedure assumes
uniform completeness across the field of view, given the
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uncrowded nature of the field. After de-biasing, the dis-
tributions are normalized by the maximum value and
shown at the bottom of Figure 6.

Overall, wide binaries closely follow the spatial distri-
bution of the general Boo I population within the JWST
field, which extends to = 0.3 Rj,. Inside r < 2/, the pro-
files are relatively flat, indicating a cored stellar profile.
Using a smaller sample but with coverage out to r > R,
Munoz et al. (2018) fit the radial surface density profile
of the Boo I assuming the Sérsic function,

X(r) =Xgexp [—(r/reﬂr)l/”} . (2)

Here, n is the Sérsic index and 7. is the effective radius,
which is equivalent to the half-light radius. Munoz et al.
(2018) find that » = 0.64 £ 0.03 and reg = 11.26 +
0.27 arcmin fits best to their data, which we plot in
the bottom panel of Figure 6 as the black dashed curve.
Their fit remains consistent with our larger sample that
also includes fainter stars and reaches closer to the center
(~ 0.1 arcminutes).

In principle, one could derive the rate of chance-
alignments at various separations semi-analytically by
assuming a stellar surface density profile for single stars
in a theoretical galaxy. Such an approach requires in-
corporating a contrast sensitivity limit (Figure 4), which
is dependent on both the instrument and photometric
quality cuts. This strategy nonetheless offers a practi-
cal way to generate mock observations from theoretical
models.

4. COMPARISON TO MILKY WAY WIDE
BINARIES

To compare the binary population in Boo I to those
in the Milky Way (MW), we use the Gaia wide bi-
nary catalog from El-Badry et al. (2021). We se-
lect binaries within 80 pc that lie on the main se-
quence (bintype = ‘MSMS’ or ‘MS??” in the no-
tation of El-Badry et al. 2021), have a similar mass
range to our Boo I sample (0.1 — 0.8 Mg), and have
s < 16,000 au. This provides an initial sample of
20,000 Milky Way binaries. We also construct a parent
sample of main-sequence stars to match the ~ 11,500
Boo I members that passed the main-sequence cuts.
Here, we query the Gaia catalog for stars within 80 pc
(parallax > 12.5) that satisfy pmra/pmra error > 5,
pmdec/pmdec_error > 5, parallax over_error > 5,
parallax_error < 2, astrometric_sigmabd max < 1,
and phot_g mean mag is not null to match the initial
wide binary selection cuts from El-Badry et al. (2021).
We again limit the single star sample to only main-
sequence stars with masses 0.1 — 0.8 M), corresponding
to G-band absolute magnitudes 14.4 — 6.0.

4.1. Mass Ratio and Separation

Using our control sample of Milky Way wide binaries,
we determine which systems would be resolved at the
distance of Boo I based on their separation and con-
trast. The contrast sensitivity is provided by Equation
1. Applying this criterion, we find that only 48 Milky
Way binaries within 80 pc would be detectable in Boo
I. This corresponds to just 1.2% of the total resolved bi-
nary population with M < 0.75 Mg and s < 16,000 au,
indicating that the resolved binaries in Boo I represent
only a small fraction of the intrinsic wide binary popu-
lation.

To enable a fair comparison with Boo I, we also inject
chance alignments to the MW control sample. We ran-
domly select two stars from the Milky Way single-star
sample (Section 4.1) that are within 15 pc of each other
and not in the wide binary sample. Then, we assign
a separation drawn from the shifted catalog distribu-
tion, where the relative fraction of chance alignments
per separation bin is made the same to what is observed
in Boo I (Figure 8). Only pairs that satisfy the contrast-
separation limit are kept. The result is a Milky Way cat-
alog containing both real binaries and chance alignments
with the same relative fraction and detection biases as
the Boo I sample (Section 2.6). This serves as our con-
trol sample for comparing binary properties between the
two galaxies.

In Figure 7, we compare the primary masses, mass ra-
tios, and separations between Boo I wide binaries (blue
stars) and the MW control sample. The entire real MW
wide binary population with s > 7000 au is shown in
gray squares, while the subset that is detectable at Boo
I’s distance is shown in solid black circles. Open black
circles are the injected chance alignments, which we in-
clude in the distributions of the Milky Way (black his-
tograms). The absence of low-mass ratio systems at
small separations and primary masses reflects the con-
trast sensitivity of the NIRCam imaging.

Overall, the Milky Way control sample resembles the
Boo I population reasonably well. Both occupy similar
regions in the parameter spaces spanned by M, ¢, and
s. Their distributions are also comparable in each of
these parameters. As shown in the top left histogram,
the intrinsic number of binaries (gray) in the Milky Way
decreases with separation. Injecting chance alignments
primarily adds wide pairs (s 2 13,000 au), since their
rate scales as s2, while the resolvability criterion removes
most close pairs (s < 9,000 au). Overall, this resulting
distribution (black) is similar to that observed in Boo I
(blue) with fewer s = 13,000 au binaries, perhaps due
to fewer chance alignments present in Boo I than our
model. The similarities suggest that the separation dis-
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Figure 7. Comparing wide binary candidates in Boo I to the local Milky Way population. Gray squares show main-sequence
wide binaries within 80 pc of the Sun that are wider than s > 7000 au and 0.1 < M/Mg < 0.8. Black circles indicate the subset
of these binaries that would be detectable at the distance of Boo I, based on our contrast sensitivity. Open black circles show
injected chance alignments in the Milky Way sample. Blue stars indicate observed Boo I wide binaries, containing both real
sources and chance alignments. We show the parameter space of projected separation (s), primary mass (M1), and mass ratio
(¢ = M2/My), with their normalized distributions compared on the diagonal axes. The full resolved Milky Way sample (real +
chance) in black shows similarities to the Boo I population in blue.

tribution in Boo I is shaped primarily by resolution lim-
its and is consistent with an underlying distribution of
dN/ds < s716 subject to disruption (see Section 4.2.2).

On the other hand, the Milky Way sample shows a
slight excess of twin binaries (¢ ~ 1) relative to Boo
I. This difference could reflect uncertainties in the se-
lection biases. Alternatively, it may indicate an intrin-
sic difference, suggesting that twins are more common

in the Milky Way (e.g., El-Badry et al. 2019). These
twin wide binaries also show extreme eccentricities in
the Milky Way (Hwang et al. 2022), pointing towards a
potentially unique population. The primary masses are
also quite similar, with the Boo I sample having slightly
larger primary masses on average

The broadly similar distributions of s, ¢, and M,
along with comparable wide binary fractions in Boo I
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and the Milky Way, support the notion that wide bi-
nary formation is largely insensitive to metallicity. Hy-
drodynamic simulations also predict that multiple star
formation through core/filament fragmentation is inde-
pendent of metallicity (e.g., Bate et al. 2014; Bate 2019;
Guszejnov et al. 2022), while close binary formation has
a relatively strong metallicity dependence (e.g., Machida
et al. 2009; Tanaka & Omukai 2014; Badenes et al. 2018;
Moe et al. 2019).

4.2. Binary Fraction in Boo I

The candidate list of Boo I wide binaries is currently
comprised of both real wide binaries and chance align-
ments. To statistically disentangle the two, we forward-
model the underlying wide binary population in Boo I.

For a given wide binary fraction fyp, defined as the
fraction of stars with companions beyond 5000 au, we
estimate how many binaries would be observed in our
sample. In the Milky Way, the separation distribution
of main-sequence wide binaries is well fit by a single
power law dN/ds o s~ 16 over 500 < s/au < 50,000
(e.g., El-Badry & Rix 2018). Our model assumes this
for Boo I as well. Then, we take a total stellar popula-
tion of Niotal = 11,522, based on the main-sequence se-
lection (Figure 1)5, and generate Nyp = fwbNiotal Wide
binaries with separations drawn from the adopted power
law. We also have to assume a mass ratio distribution
to know how many binaries are missed due to blending.
To assign stellar masses (M7, Ms), we match each simu-
lated binary to a Milky Way wide binary from the 80 pc
sample with a similar separation (within 500 au) and
use those masses®. After converting the binary masses
to F150W apparent magnitudes at d = 66 kpc, we deter-
mine whether a binary with that separation and contrast
would be resolved using Equation (1). The process of
sampling wide binaries and applying our selection func-
tion provides a prediction for the number of real wide
binaries expected to reside in our sample. In the follow-
ing sections, we apply this method to estimate the wide
binary fraction (WBF) in Boo L.

4.2.1. Without Disruption

5 Using this Niotar is justified given that our sample is roughly
photometrically complete down to ~ 0.15 M (Ding, Gennaro, et
al. in prep). We re-do the analysis considering only mg1s50w > 26
(M > 0.2 Mg stars, finding similar results.)

6 Choosing masses from the 80 pc sample is acceptable because it
is complete in the range of masses and separations relevant to
our sample. Namely, even a 0.1 Mg star at 5000 au separation
from a 0.8 Mg star at d = 80 pc (0 = 63", AG = 8) is still be
detectable by Gaia (e.g., El-Badry 2024, their figure 2).

Figure 8 compares the predicted wide binaries to ob-
served ones in Boo I. In each row, we plot the expected
number of real binaries from our forward model (green)
and the expected number of chance alignments from our
shifted catalog (red). The sum of these two (black),
which is the actual observable, is then compared to the
distribution seen in Boo I. 1o error bars are displayed
for each point, which are derived by resampling the pop-
ulation 30 times. The different rows assume different
WBFs.

By finely sampling fy1, from 0 — 5% in steps of 0.05%,
we determine that a WBF of fy, = 1.25+0.25% is most
consistent with the Boo I population. At fu1, = 0.5%,
there are too few observed pairs at short separations,
while a larger fraction of fy1, = 2—3% predicts too many.
A 1.254+0.25% WBF suggests that 22 — 42 out of the 52
total Boo I wide binary candidates with s < 16,000 au
are real wide binaries, while the rest are chance align-
ments. However, without disruption, we overpredict the
number of pairs in the widest two bins, motivating us to
consider wide binary disruption.

4.2.2. With Flyby Disruptions

Weak and impulsive gravitational perturbations from
passing stars gradually unbind wide binaries. This ef-
fect truncates the separation distribution, since wider
binaries have lower binding energies and thus are more
likely to ionize. We model the effects of flybys by scaling
down the number of expected ‘Real’ wide binaries in Fig-
ure 8 by the probability of survival, Psurvive. We define
Psurvive = €XP(—tage/tais), Where tg;s is the disruption
timescale due to flybys (Equation B1) and t,g. = 13 Gyr
is the assumed age of the binaries. We apply the fidu-
cial parameters for the masses, velocity dispersion”, and
number density of stars described in Appendix B. We
also include the effects of evolved (unseen) stellar rem-
nants, such as white dwarfs and stellar-mass black holes,
as perturbing bodies in our analysis. After modeling the
effects of stellar flybys, each mock binary is retained with
a survival probability, Psurvive. For more details on the
treatment of stellar flyby disruption, refer to Appendix
B.

The right panel of Figure 8 is identical to the left,
but incorporates disruption due to stellar flybys. This
only serves to decrease the expected count of real bina-
ries (green points), leaving all else identical to the left
column. Disruption due to flybys becomes significant

7 Unlike close binaries, wide binaries (s ~ 1000 au) do not signif-
icantly affect the observed velocity dispersion of UFDs because
their orbital motions are relatively small (v, < 1 km s™1) and
they are rare (~ 1% of the population).
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Figure 8. Predicted wide binary population in Boo I for various assumed binary fractions. The binary fraction (fwb) is defined
as the fraction of stars in wide binaries (s > 500 au). In each row, we plot the expected contribution from chance alignments
(red) and real wide binaries (green) for fw, = 0.5%, 1%, 2%, 3%. We sum both contributions (black points) and compare them
to the observed separation distribution in Boo I (blue histogram). In the right column, we consider the disruption of wide
binaries due to flyby stars, while in the left we do not. The Boo I population is most consistent with fyp ~ 1%, similar to the

Milky Way population.

(Psurvive < 0.5) at s &~ 13,000 au, which is consistent
with the observed truncation in the separation distribu-
tion at the same location. Including disruptions allows
a higher initial WBF, fupo = 2.0 — 2.5% to be consis-
tent with the data, considering that a fraction of wide
binaries have been disrupted since.

In most realizations of the mock population, we pre-
dict more observed systems in the s ~ 15,000 au bin
(4th bin) than are actually detected. In all cases, the
number observed is consistent with chance alignments
alone. The absence of real binaries at this separation
may suggest a sharp truncation in the intrinsic separa-

tion distribution near 15,000 au, which is also supported
by the linearly binned s distribution (Figure 7).

4.2.3. Metallicity Invariance of Wide Binary Formation

A WBF of fyu, &1 —1.5% is consistent with the Boo
I population (Figure 8). In the Milky Way, we find
fwb = 1.3% of stars in the local 80 pc with the same
mass range as Boo I (0.1-0.8 M) have companions be-
yond 5000 au, consistent with Boo I. The fy}, defined
here is the total WBF throughout the entire mass range
0.1 — 0.8 M. In reality, fyp increases monotonically
with primary mass (e.g., El-Badry & Rix 2019; Win-
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ters et al. 2019; Offner et al. 2023). In the Milky Way
80 pc population, we observe that fy, rises from 0.5%
at 0.1 Mg to 2% at 0.8 Mg, so it is not unreasonable
to assume a similar relative increase in Boo I. The total
unresolved binary fraction in Boo I is estimated to be
(with 1o uncertainties) 0.58 + 0.3 (Filion et al. 2022) or
0.28 £0.15 (Gennaro et al. 2018), although this value is
degenerate with the assumed IMF.

Studies in the local Milky Way population find dif-
fering conclusions for the metallicity-dependence of the
WBF. Hwang et al. (2021) report that the local WBF
depends strongly on metallicity. Namely, they find
that the WBF increases with metallicity from —1.5 <
[Fe/H] < 0, and decreases again for [Fe/H] > 0. Lodieu
et al. (2025) reach a similar conclusion, finding that the
binary fraction of metal-poor ([Fe/H] < —1.5) stars in
the range 8 < s/au < 10,000 is significantly lower than
that of solar-type stars.

In contrast, Niu et al. (2022) show that this relation
is not so straightforward, and that the WBF is also
sensitive to the masses and separations. For 1000 <
s/au < 10,000 and all masses, they find that the WBF
is roughly flat. Similarly, El-Badry & Rix (2019) use the
200 pc Gaia sample to show that the WBF is roughly
constant with metallicity for s > 250 au. The seemingly
contrary results might arise from different selection cuts
used in the studies. For example, Hwang et al. (2021)
include hierarchical triples while El-Badry & Rix (2019)
exclude them with a a proper motion cut. Curiously, the
triples seem to aggregate at [Fe/H], which may implicate
the trend found in Hwang et al. (2021).

Nevertheless, the similarity between fy1, in Boo I and
the Milky Way is notable given their drastically differ-
ent environments. For example, Boo I has roughly a
simple stellar population, consistent with a single short-
duration burst of star formation history ~ 13 Gyr ago
(e.g., Brown et al. 2014; Durbin et al. 2025), while the
local Milky Way stars are a mix of stellar populations.
Another key difference is the metallicity: Boo I stars
have a typical metallicity [Fe/H]~ —2.5 (e.g., Norris
et al. 2010), while the local Milky Way population is
near solar (e.g., Haywood 2001). Therefore, the con-
sistency in fyp could support the notion that the wide
binary fraction is relatively independent of metallically.

5. COMPARISON TO RETICULUM II
5.1. Previous Analysis

The only previous reported detection of wide binaries
in a UFD is by Safarzadeh et al. (2022), who used HST
F606W and F814W imaging to study Reticulum II (Ret
IT). Ret II has a smaller half-light radius than Boo I
(~ 6’; Bechtol et al. 2015), but with a similar mass-to-

light ratio (Simon et al. 2015). Ret IT is at roughly half
the distance of Boo I (31.44+1.4 kpc; Mutlu-Pakdil et al.
2018), allowing access to smaller physical separations at
fixed angular resolution. Given the photometric qual-
ity cuts adopted by Safarzadeh et al. (2022), which are
somewhat less strict than ours, the minimum angular
resolution of the HST data is ~ 0.1”. This is similar
to the resolution of our sample and corresponds to a
minimum projected physical separation of ~ 3,100 au.

Our JWST /NIRCam observations use the F150W and
F322W2 filters, reaching a limiting magnitude of F150W
= 28.5 and probing down to ~ 0.15 Mg. In con-
trast, Safarzadeh et al. (2022) used bluer filters and
have a brighter limiting magnitude of mpgiaw < 26.5
(~ 0.4 Mg), excluding fainter low-mass stars. The
fainter limiting magnitude in our JWST data is enabled
by the longer exposure times and heightened sensitivity
of our data.

Safarzadeh et al. (2022) jointly fit the Ret II binary
fraction, galaxy ellipticity, and slope of the separation
distribution in an MCMC framework. However, they
assume a simplified resolvability limit of > 0.1” with-
out accounting for its dependence on magnitude con-
trast, which we find to be quite important in determin-
ing whether a pair is resolved or not (Figure 4). In
Section 5.2, we reanalyze the Ret II data in a manner
that can be compared more directly with our Boo I con-
straints.

Safarzadeh et al. (2022) infer a binary fraction of
0.00715-95% for separations larger than 3,000 au. Our
inferred binary fraction of 0.0125 £ 0.0025 at s >
5,000 au in Boo I corresponds to a fraction 0.0135-0.02
at 3,000 au, assuming a a s~ separation distribution.
Comparing the two sets of constraints at face value, the
wide binary fractions in the two galaxies are consistent,
with the best-fit value being marginally larger in Boo I.

5.2. Reanalyzing the Data

To compare the wide binary populations of Boo I
and Ret II more directly, we reanalyzed the Ret II
data using the analysis framework developed in this
work (see Section 2). First, we applied slightly stricter
DOLPHOT quality cuts to maximize retention of real
binaries while removing contaminants. In both filters
we require crowd < 0.5, sharp? < 0.1, SNR > 5, and
Object_type < 2 (derived using both filters). We also
extended the sample to mpgiaw < 28 to probe lower
masses (M ~ 0.25 Mg). The cuts are the same for
both filters, unlike our JWST sample, because the HST
filters are more similar (e.g., similar angular resolution
and typical SNR) than those used in our JWST sample.
While these cuts follow standard practice for stellar pho-
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tometry with HST/DOLPHOT (e.g., Dolphin 2016b),
the HST images have poorer angular resolution than
the JWST data, so it is possible that they admit some
contaminants. However, their spatial distribution and
contrast properties are consistent with the JWST data,
making it unlikely that they are dominated by artifacts.

We perform a two-point correlation analysis and esti-
mated chance alignments using 30 shifted catalogs, ex-
actly as for Boo I. Again, only pairs with combined
colors and magnitudes on the main-sequence were re-
tained. Figure 9 shows the results of our wide bi-
nary search in Ret II. The left panel displays the color-
magnitude diagram of the wide binaries compared to the
overall population. We also display a 13 Gyr PARSEC
isochrone with [Fe/H]= —2.2 (e.g., Simon et al. 2015),
E(B-V) =0.052 (Simon et al. 2023), and y = 17.5 mag
(Bechtol et al. 2015; Mutlu-Pakdil et al. 2018; Simon
et al. 2023). The minimum stellar mass in this figure is
larger than in the Boo I sample (Figure 2). Note again
that slight discrepancies between the isochrone and the
data do not affect our results significantly, since it is
only used for mass estimations.

The right panel of Figure 9 shows the results of the
two-point correlation analysis. We identify an excess of
pairs at s < 10,000 au (6 < 0.32”), with 28 observed
pairs in the range 3,000 < s/au < 10,000 versus an av-
erage of 13 from chance alignments, implying ~ 15 gen-
uine binaries. The smaller sample size in Ret II leads to
larger Poisson uncertainties in the separation distribu-
tion compared to Boo I, making the excess slightly less
significant. However, the zoomed-in, linearly-scaled sep-
aration distribution from 3000-14, 500 au shows a clear
decline from 3000 to 10,000 au, followed by a rise at
wider separations due to increasing chance alignments,
just as observed in Boo I (Figure 2). This monotonic
decline, along with the statistical excess of pairs at close
separations relative to chance alignments, supports the
presence of a genuine wide binary population in Ret II.

Next, we model the contrast sensitivity for
HST/F814W and reconstruct the selection function,
then run the same forward-modeling analysis as in Sec-
tion 4.2. This yields a present-day wide binary fraction
of 0.75 4 0.25% in Ret II for s > 3,000 au. Accounting
for stellar flyby disruption does not significantly increase
this estimate, since flybys have a minimal impact in the
separation range of Ret II wide binaries (s < 10,000 au).

The wide binary fraction (at s > 3000 au) derived
from our analysis (0.0075+0.0025) is in good agreement
with Safarzadeh et al. (2022), who found 0.00779-0%5.
Given the significant methodological differences between
the two studies, this good agreement may partially re-
flect a cancellation of discrepancies. Nevertheless, we

conclude from both analyses that the wide binary frac-
tion of Ret II is similar to, but perhaps slightly lower
than, that of Boo I. A 0.0075 £ 0.0025 fraction of bi-
naries at s > 3000 au corresponds to 0.004 — 0.008 at
s > 5000 au. For context, the fraction at s > 5000 au in
the local Galactic field is 0.01, consistent with both the
Boo I and Ret II analyses.

A lower wide binary fraction in Ret II compared to
Boo I could be the result of differences in their early
star formation environments (e.g., see figure 9 of Durbin
et al. 2025). Additional dynamical processes beyond fly-
bys might also change the wide binary fractions between
Ret II and Boo I. For example, Boo I could have experi-
enced a more active orbital history: its elongated shape
and extended stellar substructure suggest past tidal in-
teractions with the Milky Way that may have altered
the binary population or stripped a fraction of its mass
(Fellhauer et al. 2008; Roderick et al. 2016; Munoz et al.
2018; Filion & Wyse 2021; Longeard et al. 2022)%. Such
interactions can either disrupt wide binaries through
tidal stripping or preserve them by kinematically heat-
ing the stellar population and reducing flyby disruption
rates. Moreover, early dynamical evolution of the stellar
population may have played a role (e.g., Ricotti et al.
2016; Lahén et al. 2020; Livernois et al. 2023). Liver-
nois et al. (2023) shows that violent relaxation during
the first Gyr of a UFD’s life can disrupt a significant
fraction of binaries with s 2 20,000 au. If the efficiency
of such an early disruption differs between Boo I and Ret
I1, it could help explain the slight offset in their present-
day wide binary fractions. That said, the wide binary
fractions in Boo I and Ret II are still consistent within
< 20, so the apparent difference may not be significant.

6. DARK MATTER CONSTRAINTS
6.1. Primordial Black Hole Dark Matter

Wide binaries are particularly sensitive to encounters
with massive objects, making them effective probes of
primordial black hole dark matter. In this section, we
use the observed wide binary population in Boo I to
constrain the fraction of dark matter, fpy, that can be
in the form of massive compact halo objects (MACHOs;
e.g., primordial black holes) of mass M. Similar con-
straints were previously derived using halo wide bina-
ries in the Milky Way (Yoo et al. 2004). However, Boo

8 Although Boo I may have experienced some stellar mass loss dur-
ing its orbital history, the total amount was likely modest relative
to its present-day M. Its very low metallicity is consistent with
the stellar mass-metallicity relation of dwarf galaxies (e.g., Kirby
et al. 2013), implying that Boo I was unlikely to have hosted a
significantly larger stellar population in the past.
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I offers key advantages: its dark matter density is 10—
100x higher, its stellar population is slightly older, and
its baryonic density is lower, with virtually no molec-
ular clouds. These conditions reduce non-dark matter
perturbers, making Boo I a uniquely clean and sensitive
laboratory for making some of the strongest constraints
on MACHO dark matter.

We constrain MACHOSs by considering their impact of
disrupting wide binaries in Boo I. The number density
of MACHOs of mass M that make up a fraction fpy of
the halo dark matter is nys = fpmppm/M. We adopt a
dark matter density of ppy = 0.158 Mg pe3, which is
the expected value within the central 100 pc of Boo I,
where our wide binary population resides (Hayashi et al.
2023).

For binaries with total mass m, = 0.6 Mg and
age tage = 13 Gyr, we compute disruption rates from
both weak and strong (catastrophic) impulsive encoun-
ters. The relative velocity dispersion between the MA-
CHO particles and wide binaries is given by o, =
V02 + 0¥acuo (equation 8.45 of Binney & Tremaine
2008). Here, o, denotes the 1D velocity dispersion of
stars (and thus wide binaries), while opmacho is the ve-
locity dispersion of the MACHO population. We assume
0, = 4.6 km s~1, the radial velocity dispersion of Boo I
stars (Jenkins et al. 2021).

The disruption rate from impulsive encounters fol-
lows the stellar flyby calculation in Appendix B, which
takes into account both weak and catastrophic encoun-

ters. We calculate opacuo following Graham & Ramani
(2024), where we use the dark matter scale radius,

16G]\4U1:‘D7’}2,1

1/3
5702 ) ~ 1984 pc, (3)

Rurp = (
to derive the MACHO velocity dispersion (Graham &
Ramani 2024):

GMuyrp

4
30RurD’ )

OMACHO =
providing onmacuo ~ 8.50 km s~! assuming Mypp =
10° Mg (Hayashi et al. 2023). The relative disper-
sion velocity between the stars and MACHOs is thereby
Orel =~ 9.66 km s™1. Note that o] > vopp for the wide
binaries in our sample, justifying the impulsive approx-
imation adopted here (e.g., Hamilton & Modak 2024).

For MACHOs, the total disruption rate is the sum
weak and catastrophic rates: tgi; total = t;é +t,}, mak-
ing the total survival probability

tage

Psurv, total = €XP <_> .
tdis, total

Using this model for wide binary survival over time,
we now apply it to a generic initial population and com-
pare it to a control sample from our observations. For
our control population, we only use the observed bi-
naries with projected separations s > 9000 au, since
these are roughly complete for ¢ > 0.6 (Figure 4). In

()
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Figure 10. Constraints on massive compact halo objects (MACHOs) as dark matter, expressed as the MACHO dark matter
fraction (fpm) versus particle mass (M). Shaded regions are excluded by OGLE microlensing (red; Mréz et al. 2024), dynamical
heating of Eri II (gray; Brandt 2016; Li et al. 2017), Galactic halo wide binaries (green; Yoo et al. 2004), and wide binaries in
Bootes I discovered in this work (blue; 95% confidence). The extreme dark matter densities in Bottes I allow novel limits that
effectively close the remaining window at M 2 5 Mg and fom < 1072 for primordial black hole dark matter.

this s range, we count the number of observed systems
and conservatively assume that only half are genuine re-
solved binaries, with the remainder being chance align-
ments (Figure 8).

For the initial population, we assume a wide binary
fraction of fyn,0 = 2.5% stars with companions beyond
s > 5,000 au, the upper bound derived from our data
(Figure 8). Using Niot =~ 11,500 as the total number of
main-sequence stars in our sample, then the initial num-
ber of wide binaries is Nyb0 = fwb,0 Ntot. We assume
the binaries initially follow a power-law separation dis-
tribution dN/ds o s~ 16 (e.g., Yoo et al. 2004; El-Badry
& Rix 2018) and each have total masses m; = 0.6 Mg?.

Given this initial population, the predicted num-
ber of survivors after tage = 13 Gyr is Nprea =
Nub,o fs(M7 fDM) Here, fs(M7 fDM) = Psurv,total(mp =
M,n = nyy) is the survival fraction for a given perturber

9 Our MACHO constraints and relatively insensitive to binary ini-
tial conditions. Assuming very optimistic initial parameters, such
as dN/ds o s~ and fwb,0 = 5%, does not change our results
significantly because MACHO disruption (for M > 1 Mg) over
13 Gyr removes effectively all wide binaries at these separations
(Appendix B).

mass and number density integrated over the separation
range. Under Poisson statistics, the probability of ob-
serving at least Nops binaries given Npred,

) erfred e~ Npred
P(N Z Nobs | Npred) = Z T
k=Nobs
Solving for the (M, fpy) that satisfy P(N > Nops |
Nprea) = 0.05 provides the 95% confidence exclusion
curve for MACHO dark matter.

Figure 10 shows the resulting exclusion curve given
our observations (blue). Alongside our observations, we
also show previously excluded regions from the OGLE
microlensing (Mréz et al. 2024), the central cluster of
the Eri IT UFD (Brandt 2016; Li et al. 2017), and Milky
Way halo wide binaries (Yoo et al. 2004). Our limits are
stronger than previous wide-binary constraints because
these systems reside in an environment overwhelmingly
dominated by dark matter (M,/Mpy ~ 107° — 1074
Hayashi et al. 2023), where disruption by massive com-
pact objects would be more efficient. Our detected wide
binaries imply that compact objects with M 2 5 Mg
cannot make up more than ~ 1% of the dark matter
content in Boo 1.



WIDE BINARIES IN AN ULTRA-FAINT DWARF GALAXY 19

Previous studies used the ultra-faint dwarf galaxy Eri-
danus II (Eri II) to place MACHO constraints Brandt
(2016). They proposed that MACHO dark matter would
dynamically heat and eventually disrupt the star cluster
located near the galaxy’s center. The star cluster’s sur-
vival at present day sets limits under various assumed
values of the velocity dispersion and dark matter den-
sity. Building on this, Li et al. (2017) directly measured
these parameters for Eri II, yielding slightly stricter con-
straints that exclude the region of M > 100 Mg and
fom > 0.1 (gray region in Figure 10).

Altogether, the discovery of wide binaries in Boo I
places strong, new constraints on primordial black hole
dark matter by closing the remaining window at M >
5 Me.

6.2. Dark Matter Density Profile

Wide binaries are only weakly bound, making them
highly susceptible to tidal disruption by the underlying
dark matter potential. Penarrubia et al. (2016) pro-
posed a method for using the observed two-point corre-
lation function (2PCF) of stars in UFDs to constrain the
shape of their central dark matter halos. Our sample,
based on deep JWST imaging, offers the most promis-
ing dataset obtained so far to test whether this approach
may be successfully applied.

To model the 2PCF in dwarf galaxies and use it as a
probe of the dark matter density profile, we adopt the
framework outlined by Penarrubia et al. (2016). The
projected 2PCF, w(s), measures the excess probability
of finding a pair of stars at projected separation s rela-
tive to a random distribution:

Lt e = 4O

= B’

(6)

Here, v(s) is the number of observed stellar pairs at
separation s, and P(s) is the expected number of pairs
from a random (unclustered) distribution. To interpret
the shape of 1 (s), we relate it to the underlying semima-
jor axis distribution of binaries, g(a,t), via (Longhitano
& Binggeli 2010; Penarrubia et al. 2016):

U(s) = fanNag((s), ) = funNach ()" fs((s), 1), (7)

where fyu1, is the wide binary fraction (defined as the
fraction of stars with companions beyond 6 = 0.1"),
and N, is the total number of stars in the system. The
quantity (s) denotes the average projected separation
corresponding to a given semi-major axis a, and A is the
power-law slope of the intrinsic semi-major axis distri-
bution, such that g(a) < a=*. The constant ¢} ensures
that the distribution satisfies [ g(a,t)da = 1. Finally,

fs({s),t) is the survival fraction, which accounts for the
likelihood that a binary remains bound at time ¢ and
separation (s). The 2PCF analysis is performed on both
Boo I and Ret II.

We model different fs((s),) by testing stellar flybys
and various DM potentials. For stellar flybys, we use
the survival probability outlined in Appendix B, which
depends on their density profile. For tidal disruption
from the DM potential, we adopt the analytical survival
fractions fs((s)) from Penarrubia et al. (2016), who fit
them to numerical simulations of Segue 1. Their model
assumes an initial stellar density profile given by a Plum-
mer sphere (Plummer 1911) and stellar velocities de-
scribed by a Osipkov-Merritt distribution function (Os-
ipkov 1979; Merritt 1985). While Segue 1 has a differ-
ent stellar mass and half-light radius from Boo I (e.g.,
Simon et al. 2011, 2015; McConnachie 2012), the pre-
dicted survival fractions still provide a useful reference
for order-of-magnitude expectations. Segue 1 does, how-
ever, have a stellar mass and velocity dispersion similar
to Ret IT (Simon et al. 2015; Bechtol et al. 2015; Mutlu-
Pakdil et al. 2018), offering a more accurate application
of these models. Future simulations tailored to Boo I's
properties would improve the accuracy of its compari-
son.

Figure 11 shows the predicted 2PCF from various DM
halo profiles, including a cuspy profile (blue solid) and
a cored profile (red dashed) with Reore = 3Rp. We also
show the predicted 2PCF from disruption due to stellar
flybys alone (gray solid). The predicted models are com-
pared to our wide binary candidates in Boo I (top) and
those we identify in Reticulum II, binned in log(s) (black
squares). All of the predicted curves are based on the
general Equation (7), but assume a different f,((s),?)
depending on the disruption mechanism.

Overall, the lack of observed wide binaries at s >
20,000 au makes it difficult to distinguish between the
DM profiles, particularly since chance alignments dom-
inate at these separations. At the binary separations
present in our sample (s < 16000 au), tidal disruption
by the DM potential is subdominant (or of similar sig-
nificance) to stellar flybys. Given the typical proper-
ties of UFDs (e.g., Simon 2019) — old stellar popula-
tions (tage ~ 13 — 14 Gyr), low stellar number den-
sities (n ~ 0.01 pc™3), and low velocity dispersions
(0 <10 km s71) — we find that stellar flybys are likely
the primary driver of wide binary disruption. As a re-
sult, the projected separation distribution (or two-point
correlation function) may be poorly suited for probing
the inner dark matter profile of dwarf galaxies.

The mock observations in Penarrubia et al. (2016) as-
sume relatively large present-day wide binary fractions,
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Figure 11. Two-point correlation as a function of projected
separation for wide binaries in UFDs, compared to predicted
models from dark matter and flybys. We show the observed
two-point correlation (black squares) for Boo I (top) and Ret
IT (bottom) compared to predicted curves for dark matter
cusp profile (blue solid) and core profile (red dashed), and
stellar flybys (gray solid). Predicted dark matter curves come
from dynamical simulations of Segue I (Penarrubia et al.
2016). In both galaxies, the combination of flyby disruption,
uncertain initial conditions, and high chance-alignment rates
at wide separations currently prevents wide binaries from
yielding strong constraints on UFD dark matter profiles.

adopting fw1 = 0.1. Even for their example system,
Segue I — one of the closest UFDs (d ~ 23 kpc) — this
value is quite optimistic. For comparison, in Ret II
(d =~ 31 kpc) we find fy1, = 0.005 £ 0.0025, which would
scale to only ~ 0.006 + 0.003 in Segue 1, more than an
order of magnitude below 0.1. Boo I shows a larger frac-
tion, fwp = 0.01-0.02, which at Segue 1’s distance would
be 0.015-0.03: closer, but still generally below the level
needed to cleanly distinguish cusp and core profiles in
the 2PCF.

The ideal target would be a relatively nearby UFD
with an unusually high wide binary fraction (> 10%).
Even with an ideal UFD, Figure 11 shows that uncer-
tainties remain too large to faithfully distinguish the
predicted curves. This includes the difficulty of disen-
tangling the effects of stellar flybys, which can disrupt

wide binaries as efficiently (or more), than dark matter
tides. Such challenges are exacerbated by uncertainties
in the initial binary population, the galaxy’s dynami-
cal history, and the high chance-alignment rates at wide
separations. Together, these factors severely limit the
ability of wide binaries to place robust constraints on
UFD dark matter profiles for the foreseeable future.

7. CONCLUSIONS

The demographics of wide binaries in dwarf galaxies
offer unique insights into their stellar population, dark
matter properties, and dynamical history. In this work,
we present the robust detection and characterization of
the most distant wide binary population observed to
date, residing in the 13 Gyr old ultra-faint dwarf galaxy
Bootes I. This discovery marks one of the most ancient,
metal-poor, and strongly dark matter-dominated envi-
ronments in which wide binaries have been observed.
Our main conclusions are summarized as follows:

1. Discovery of a Wide Binary population in Boo I:
We identify 52 wide binary candidates in Boo I
using JWST/NIRCam imaging (Figure 3). The
candidates span projected separations of 7000—
16,000 au (Figure 2) and component masses from
0.1 to 0.8 Mg (Figure 5).

2. Number of Real Binaries: We characterize the
contrast sensitivity of JWST/NIRCam to model
the completeness of our catalog (Figure 4). Among
our 52 candidates, we estimate that ~ 22 — 42 are
truly bound wide binaries and the remainder are
consistent with chance alignments.

3. Wide Binary Fraction: By forward-modeling the
separation distribution, we infer that fy, = 1.25+
0.25% of the stars in Boo I reside in wide bina-
ries with separations wider than 5,000 au (Fig-
ure 8). Applying the same analysis to HST data
for Reticulum II yields fyp, = 0.75 & 0.25% be-
yond 3,000 au. These values are similar to the
~ 1% fraction wider than 5,000 au measured in
the Milky Way over the same mass and separation
range.

4. Comparison to Milky Way Wide Binaries: We
construct a control sample of Milky Way wide bi-
naries by applying our selection function to the
local 100 pc population. The Boo I and Milky
Way wide binaries show similar distributions of
primary mass (M), mass ratio (¢), and separation
(s), with a slightly larger twin population (¢ ~ 1)
in the Milky Way (Figure 7).
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5. Metallicity Invariance of Wide Binary Formation:
The similarities in wide binary fraction, mass ra-
tios, and separations between Boo I and the Milky
Way are consistent with wide binary formation be-
ing relatively independent of metallicity, even in
extremely metal-poor conditions ([Fe/H]~ —2.5).

6. Dynamical History: The truncation in the wide
binary separation distribution at ~ 15,000 au is
well reproduced by models including disruption
from stellar flybys only, without requiring addi-
tional dynamical effects, such as tides from the
galaxy’s dark matter potential.

7. Constraints on Dark Matter: The existence of
wide binaries in such a dark matter-dominated
environment provides the unique opportunity to
probe the properties of dark matter.

e Dark Matter Content: Using our wide bi-
nary observations, we show that compact ob-
jects with M = 5 Mg, (e.g., primordial black
holes) can not make up more than ~ 1% of
the dark matter content at 95% confidence
(Figure 10). Our new limits effectively close
the remaining window on MACHOs at higher
masses.

e Dark Matter Profile: We show that the com-
bined effects of (i) flyby disruption, (ii) un-

certainties in the initial binary population,
and (iii) high rates of chance alignments at
wide separations limit the feasibility of using
wide binaries to place robust constraints on
dark matter profiles in dwarf galaxies for the
foreseeable future (Figure 11).
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APPENDIX

A. CONTAMINATION FROM BACKGROUND GALAXIES

Although most extended galaxies are removed by DOLPHOT’s morphological cuts, a small number of compact
sources—such as distant quasars—may remain in the sample. Additionally, most galaxies do not lie along the main
sequence in the CMD, and are therefore excluded by our CMD selection. To estimate the potential contamination
from background galaxies in our two-point correlation analysis, we use the Hubble Ultra Deep Field (HUDF) as a
proxy for the extragalactic background in the direction of Boo I.

The total imaging area of Boo I from NIRCam is 32,768 square arcseconds, comparable to the HUDF’s 26, 280
square arcseconds. We perform a nearest-neighbor search on the full HUDF catalog and find that nearly all galaxy
pairs have angular separations larger than 0.5”. This is significantly wider than the separations of our candidate wide
binaries, which reside at 6 < 0.2”.

We conclude that contamination from background galaxies is negligible for three reasons: (1) compact galaxies rarely
pass the DOLPHOT star selection cuts, (2) nearly all galaxies lie off the main sequence on the CMD, and (3) galaxy
pairs in the HUDF do not appear at the small angular separations characteristic of true binaries in Boo I. These results
provide strong confidence that the wide binary candidates in our sample are mostly genuine stellar pairs.

B. DISRUPTION DUE TO PASSING STARS
B.1. Weak encounters

Weak and impulsive stellar encounters gradually unbind wide binaries, with a characteristic disruption timescale
(e.g., Opik 1932; Heggie 1975; Binney & Tremaine 2008; Hamilton & Modak 2024):
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The total binary mass my and typical perturber mass m,, are taken to be 0.65 M and 0.3 M), respectively. These
are the median values from our binary and main-sequence star sample in Boo I. We measure the number density of
our sample by deprojecting the best-fit Sersic profile (Equation 2) to 3D using an analytic prescription (Lima Neto
et al. 1999; Vitral & Mamon 2020). This provides an average number density of n = 0.0125 pc~2 within the central
2 arcminutes. We take the typical relative velocity dispersion of Boo I, ¢ = 6.5 km s™! = /2 x 4.6 km s™! (e.g.,
equation 8.45 of Binney & Tremaine 2008), where 4.6 km s~! is the radial velocity dispersion (Jenkins et al. 2021).
The Coulomb logarithm (InA) is defined A = byaxo?/G(my, /2 + my,) (Hamilton & Modak 2024), where the impact
parameter by,.x is taken to be the semi-major axis of the orbit. The disruption timescale presented here is derived by
comparing the heating rate from perturbers to the binding energy of the binary, t4is = |E|/E (Binney & Tremaine 2008,
Equation 8.59 therein). Given this definition, we define the probability of survival as, Psurvive, dis = €XP(—tage/tdis)
with tage = 13 Gyr as the assumed age of the binaries.

B.2. Strong encounters

In the scenario where a single encounter can unbind the binary, we calculate the disruption timescale using the
catastrophic rate. Following Penarrubia (2019) and Hamilton & Modak (2024), we consider the ’fringe’ threshold of
semi-major axis Gsinge, defined such that a binary living for 13 Gyr at a = aginge is expected to experience one strong

encounter:
n -1 o mp my -2 t -1
ringo & 60, 000 My : B2
(fsing o (0.02 pc_3> <10km/s> <0.65 MQ) <M@) (13Gyr) (B2)

Note the strong dependence on perturber mass m,,. For binaries with a > afinge We calculate a catastrophic encounter
timescale in addition to the impact of stellar flybys (equation 8.51 of Binney & Tremaine 2008):

1 Gmb /2
teat = kca ~_  \ /= ’ B3
‘ tGPp ( a? ) (B3)

where kcaq = 0.07 is a numerical integration constant and p, = mpn, is the mass density of perturbers. The total
disruption rate for a given binary in Boo I is the sum weak and catastrophic rates: t(;il total = t;i; + t;alt, making the
total survival probability Psurvive, total = €XP(—tage/tdis, total)-

B.3. Total Disruption

Given Boo I's universally old age, nearly all stars initially more massive than ~ 0.8 Mg have evolved off the
main sequence, leaving behind compact remnants: white dwarfs (WDs), neutron stars (NSs), and black holes (BHs).
Although these remnants are not directly observed and are less numerous than main-sequence stars, their larger
masses make them significant contributors to wide binary disruption via flybys. To model their impact, we adopt
a simplified prescription: all WDs have mass 0.6 Mg and comprise 10% of the stellar population (nwp = n/9),
while BHs have masses of 10 Mg and make up 0.1% (ngg = n/1000), consistent with expectations from a Kroupa
IMF. We assume MSs, WDs, and BHs have similar dispersion velocities. The total survival probability is therefore
Psurvive, Ms X Psurvive, WD X Psurvive, BH- Note that neutron stars are excluded from this analysis since their large natal
kick velocities (~ 100 — 1000 km s~!; Hansen & Phinney 1997; Arzoumanian et al. 2002) make them subdominant to
other stellar flybys by increasing their relative dispersion or unbinding them completely from the galaxy.

Figure 12 plots Psurvive as a function of binary semi-major axis (a). Given its present-day kinematic properties
and age, the Boo I wide binary population is significantly affected by stellar flyby disruption. Most systems with
a = 50,000 au are expected to be disrupted, while those with a < 2000 au largely survive!’ In the range probed
by our sample (7000-16,000 au), 30 — 70% of binaries are expected to remain bound, while the rest were disrupted.

10 Wide binaries may also dynamically form later-on in grainy grav-
itational potentials (e.g., from stars or MACHOs; Errani et al.
2025). However, this process is likely inefficient in Boo I given
its large current relaxation time (relative to a Hubble time), its
large dynamical-to-stellar mass ratio (~ 102-103), and the bias
toward forming massivemassive (m > 0.6 Mg) binaries (which
are rare in our observed sample), all of which disfavor dynamical
assembly (Errani et al. 2025).
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Figure 12. Survival probability as a function of semi-major axis for wide binaries in Boo I. Psurvive, total represents the
probability for wide binaries remaining bound after 13 Gyr, assuming constant perturbations of flyby stars (black) or MACHOs
of different masses (dashed curves). The calculations include both the weak and strong impulsive encounter regime. Stellar
flybys include the impact of main-sequence stars, white dwarfs, and black holes with fiducial parameters for Boo I are considered
(Appendix B). A zoomed-in axes in the separation range of our wide binary candidates is also shown in linear scaling.

The observed population shows a sharp truncation at s = 16,000 au, consistent with these predictions; above this
separation, we find no significant excess of pairs over chance alignments (Figure 2).

Figure 12 also presents the limiting case where all dark matter consists of black holes (0.01,0.1,1, and 10 M),
as a test of the MACHO (Massive Compact Halo Object) dark matter model. While Yoo et al. (2004) constrained
MACHOSs using wide binaries in the Milky Way halo, Boo I provides a more dark matter-dominated environment, with
ppum ~ 0.1 Mg pe2 (e.g., Simon 2019), making it more sensitive to such effects. If ~ 10 M BHs were present at the
observed stellar density (n ~ 0.0125 pc=3, ppm ~ 0.1 Mg pc=3), the expected disruption rate would be high enough
to eliminate all binaries with s > 10 au. This is ruled out by our observations of Boo I, which includes ~ 22 — 42 real
wide binaries beyond 7000 au.

C. FULL WIDE BINARY CANDIDATES LIST

Below is the complete wide binary candidate list developed in Section 2. Basic properties, such as source ID,
separation, mass, F150W apparent magnitude, and color, are reported for each system.

Table 1. Wide Binary Candidates.

1D 1D R.A. Dec R.A. Dec s M, Ms>  mrisow MF150W  ME322W2  TF322W2

1 2 1 1 2 2 [au] Me] [Me] 1 2 1 2
8525 8540  209.991727 14.534358 209.991746 14.534381 7108.7 0.44 0.41 25.386 25.591 24.925 25.151
6521 6576  210.027516 14.507931 210.027509 14.507962 7513.9 0.35 0.27 26.018 26.669 25.573 26.107
7730 7748  210.051282 14.561767 210.051248 14.561767 7751.1 0.69 0.59 23.35 24.08 23.115 23.758
11588 11600 209.984246 14.49716 209.984274 14.497141 7981.3 0.69 0.61  23.296 23.916 22.983 23.67

Table 1 continued
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Table 1 (continued)

1D ID R.A. Dec R.A. Dec s My Mo mrpisow  Mrisow  ME322W2  TMF322W2

1 2 1 1 2 2 [au]  [Mo] [Mo] 1 2 1 2
8299 8368 209.982756 14.5349 209.982725 14.534884 8272.5 0.39 0.28 25.733  26.601  25.283 26.195
11985 12028 209.959371 14.505614 209.959393 14.505644 8628 0.23 0.18 27.028  27.539  26.387 27.199
5960 6003 210.000788 14.489554 210.000786 14.489517 8722.8 0.35 0.29 26.027 26471  25.406 25.98
5918 5964 210.003927 14.495842 210.003963 14.49583  8795.7 0.44 0.35 25349  26.067  24.881 25.542
3539 3572 210.043743 14.469349 210.043714 14.469373 8867.9 0.39 0.34 25.756  26.135  25.259 25.663
6807 6909 210.03016  14.545775 210.030121 14.545766 9287.2 0.33 0.19 26.169  27.42 25.699 26.955
7231 7241  210.034404 14.537345 210.034411 14.537305 9514.8 0.2 0.18 27.326 27.593 26.817 27.126
4020 4041 209.963873 14.451636 209.963908 14.451657 9566.6  0.67 0.54 23.491  24.502  23.24 24.086
2973 3012 210.051443 14.486203 210.051402 14.486193 9605.2 047 0.35 25.117 26.08 24.634 25.661
5904 5920  209.990556 14.503912 209.990513 14.503907 9819.2 0.47 0.43  25.093 25.409 24.62 24.955
1985 2075  209.994958 14.430046 209.994971 14.430006 9925.5 0.42 0.25 25.518  26.823  25.04 26.379
10526 10578 209.954705 14.460004 209.954663 14.459992 9929.6 0.33 0.24 26.174  26.928  25.552 26.597
7753 7766 210.055106 14.55179 210.055068 14.551811 9964.8 0.58 0.5 24.186 24.868 23.869 24.442
8115 8136 210.037539 14.57435  210.037582 14.574357 10171.2 0.29 0.26 26.482  26.719  25.96 26.219
198 281 210.04112 14.510713 210.041076 14.510712 10199.5 0.25 0.15 26.838 28.024 26.389 27.807
4530 4531 209.979203 14.457636 209.979168 14.457609 10283.9 0.6 0.59 24.023 24.1 23.722 23.784
4230 4238 209.972158 14.45712  209.972118 14.457099 10339.7 0.16 0.15 27.89 28.079  27.33 27.883
4642 4712 209.974764 14.469402 209.974806 14.469385 10417 0.29 0.17  26.479 27.72 26.04 27.548
927 1009 210.065835 14.512551 210.065859 14.51259  10850.5 0.39 0.22 25.751  27.095  25.302 26.697
2765 2792  210.024254 14.447194 210.024214 14.447218 10854.3 0.38 0.33 25.874 26.222 25.495 25.706
2719 2736  210.021625 14.44784 210.02158 14.447825 10941.1 0.47 0.42 25.091 25.49 24.731 25.051
5837 5852  209.987419 14.491731 209.987371 14.491733 11085 0.77 0.65 22.343  23.622  22.118 23.397
10519 10595 209.955961 14.467819 209.95595  14.467864 11096.1 0.35 0.21 26.081  27.207  25.591 26.85
2159 2182 210.011623 14.4245 210.011576 14.424514 11188.4 0.77 0.59  22.396 24.103 22.161 23.795
4088 4133  209.96809 14.444644 209.968084 14.44469 11212.3 0.38 0.28  25.835 26.544 25.327 25.942
947 996  210.069352 14.516074 210.069306 14.516056 11417.8 0.34 0.25 26.14 26.802  25.587 26.153
11214 11305 209.988605 14.521635 209.988575 14.521596 11557.5 0.29 0.17 26.462  27.775  26.044 27.333
9517 9581  210.022647 14.604383 210.02264 14.604432 11685 0.53 0.35 24.543 26.043 24.142 25.542
5438 5544  210.004982 14.50605 210.005022 14.506019 11744.7 0.29 0.17  26.447 27.727 25.923 27.208
1523 1591 210.088243 14.539695 210.088293 14.539685 11755.2 0.34 0.21  26.12 27.208  25.614 26.724
12006 12008 209.968617 14.515122 209.968579 14.515158 12205.2 0.2 0.2 27.263  27.275  26.707 26.768
10449 10506 209.951361 14.463867 209.95135 14.463817 12279.1 0.5 0.38 24.821 25.852 24.407 25.323
6065 6066 209.997177 14.497413 209.997202 14.497367 12395.9 0.2 0.2 27.281 27294  26.797 26.712
11648 11777 209.982664 14.493295 209.982679 14.493244 12529.6 0.44 0.22  25.38 27.144 25 26.674
168 260 210.042035 14.513128 210.042055 14.513078 12767.1 0.29 0.18 26.511 27.597 26.058 27.061
1702 1718  210.072172 14.541111 210.072124 14.541083 12834.6 0.48 0.45 25.041 25.257 24.585 24.768
9543 9671  210.021323 14.604877 210.021369 14.604911 13265 0.44 0.22 25.396 27.147 24.89 26.547
10050 10185 210.00001  14.593016 209.999985 14.593067 13529.2 0.41 0.17 25.6 27.662  25.148 27.28
3847 3985  210.022596 14.486428 210.022651 14.486448 13544.4 0.35 0.15 26.081 28.129 25.643 27.523
1990 2017 209.998906 14.430665 209.998962 14.43069  14205.8 0.42 0.35 25.554  26.06 25.069 25.579

Table 1 continued
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Table 1 (continued)
1D 1D RA Dec RA Dec S M1 M2 ME150W ME150W ME322W2 ME322W2
1 2 1 1 2 2 [au] Me] [Me] 1 2 1 2
5666 5825  210.009621 14.478621 210.00968 14.478642 14260.7 0.41 0.14  25.627 28.169 25.159 27.63
2019 2039  210.006554 14.434358 210.00653 14.434302 14400 0.35 0.3 26.071 26.409 25.601 25.92
7565 7705  210.042938 14.580139 210.042978 14.580186 14523.7 0.42 0.15 25.511 27.975 25.078 27.83
9432 9449  210.035026 14.588781 210.035006 14.588839 14611.3 0.19 0.17 27.39 27.661 26.93 27.206
2936 2942 210.054702 14.474637 210.054715 14.474576 14771 0.6 0.57 24.03 24.283 23.763 23.979
7302 7392  210.058462 14.579367 210.058464 14.57943 14959.2 0.66 0.32 23.546 26.259 23.31 25.733
6199 6253 210.012249 14.519489 210.012247 14.519552 15003.2 0.43 0.32 25474 26.251 24.958 25.785
1395 1416  210.072982 14.559713 210.073007 14.559775 15828 0.18 0.15  27.522 28.006 27.139 27.56

Note: Parameters for the primary (brighter) and secondary (fainter) star are denoted by ‘1
magnitudes are reported in Vegamag and R.A., Dec. are reported in degrees.

Below are the F322W2 images of the wide binary candidates in our sample.

)

D. F322W2 IMAGES OF WIDE BINARY CANDIDATES

and ‘2’, respectively. Apparent
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Figure 13. Same as Figure 3 but in the F322W2 filter.
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