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ABSTRACT

We present galaxy-galaxy lensing measurements using a sample of low surface brightness galaxies (LSBGs)
drawn from the Dark Energy Survey Year 3 (Y3) data as lenses. LSBGs are diffuse galaxies with a surface
brightness dimmer than the ambient night sky. These dark-matter-dominated objects are intriguing due to
potentially unusual formation channels that lead to their diffuse stellar component. Given the faintness of
LSBGs, using standard observational techniques to characterize their total masses proves challenging. Weak
gravitational lensing, which is less sensitive to the stellar component of galaxies, could be a promising avenue
to estimate the masses of LSBGs. Our LSBG sample consists of 23,790 galaxies separated into red and blue
color types at g —i > 0.60 and g —i < 0.60, respectively. Combined with the DES Y3 shear catalog, we
measure the tangential shear around these LSBGs and find signal-to-noise ratios of 6.67 for the red sample,
2.17 for the blue sample, and 5.30 for the full sample. We use the clustering redshifts method to obtain redshift
distributions for the red and blue LSBG samples. Assuming all red LSBGs are satellites, we fit a simple model
to the measurements and estimate the host halo mass of these LSBGs to be log(Mpos/Mg) = 12'98t((])',11(1' We
place a 95% upper bound on the subhalo mass at log(Mgy,/Mg) < 11.51. By contrast, we assume the blue
LSBGs are centrals, and place a 95% upper bound on the halo mass at log(Mhes/Me) < 11.84. We find that
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the stellar-to-halo mass ratio of the LSBG samples is consistent with that of the general galaxy population.
This work illustrates the viability of using weak gravitational lensing to constrain the halo masses of LSBGs.

1 INTRODUCTION

Low-surface-brightness galaxies (LSBGs) are diffuse and
generally dark-matter-dominated galaxies that are colloquially
defined by a surface brightness fainter than the ambient night
sky. These galaxies reside in environments ranging from the
isolated open field to massive galaxy clusters (Bothun et al.
1997; IMcConnachie|[2012; [Martin et al.|2013; [Danieli et al.
2017; |Cohen et al.||[2018; |Leisman et al. 2017; [Prole et al.
2021} Bhattacharyya et al.[2023)). They cover a diverse range
of sizes, from compact dwarf galaxies to luminous galaxies
five times the size of the Milky Way (Das|[2013}; [Kado-Fong
et al.[[2021; |Greene et al. [2022). As outliers in the corre-
lation between galaxy size and luminosity, LSBGs serve as
a crucial benchmark for evaluating models that extrapolate
galaxy characteristics from cosmological principles. Recent
interest in LSBGs has grown due to the critical role they may
play in understanding the physics of galaxy evolution (Thu-
ruthipilly et al.[2024). Though current estimates indicate that
LSBGs contribute little to the observable universe’s stellar
mass density and luminosity (<10%) (Bernstein et al.|[1995;
Driver||1999; Hayward et al. |2005; [Martin et al.|[2019), they
may account for a sizable fraction of the total number density
of galaxies (30% - 60%) (McGaugh|1996; Bothun et al.|[1997
O’Neil & Bothun/2000; Minchin et al. 2004; Martin et al.
2019). The faintness of these aptly-named galaxies makes di-
rect observation challenging, but their extreme characteristics
present an opportunity to probe the nature of dark matter and
test current theories of galaxy evolution.

Two of the largest catalogs of LSBGs to date (Greco et al.
2018; [Tanoglidis et al. [2021)) have recently been produced
with searches using Hyper Suprime-Cam (HSC, |Aihara et al.
2022) and Dark Energy Survey (DES, Dark Energy Survey
Collaboration| 2016)) data. Previous work focused on rich
environments (Koda et al.|[2015; Mihos et al.|[2015; Mufioz
et al.|2015; Martinez-Delgado et al. 2016} |van der Burg et al.
2016; Yagi et al.[2016; |Lee et al.[2018)), where it was easier to
measure distances, and thus examine physical characteristics.
Nonetheless, studying the properties of such galaxies for more
general samples can prove interesting. For instance, |Greene
et al.| (2022) estimated the redshift distribution of the HSC
LSBG sample and inferred the physical properties, such as
stellar mass and size, of the population. We take a similar
approach here, but focus on the larger DES sample. Moreover,
we proceed beyond estimating stellar masses from photometric
magnitudes and aim to use gravitational lensing to provide
mass estimates of the dark matter halos surrounding LSBGs.
An improved grasp of LSBG halo masses, combined with

stellar mass estimates, can provide us with a handle on the
LSBG stellar-to-halo-mass relation (SHMR, [Du et al. 2020;
Moster et al.|2010;Behroozi et al.[2010). Atlow masses, some
uncertainty still persists in understanding the SHMR for the
general galaxy population (Danieli et al. 2023; Munshi et al.
2021; Brook et al.|2014). Nonetheless, comparing the SHMR
of LSBGs to the generalized SHMR allows us to test how
closely LSBG characteristics align with the broader galaxy
population.

Gravitational lensing presents a promising avenue for con-
straining the halo masses of LSBGs. Gravitational lensing
occurs when light from a background object, such as a star or
a galaxy, passes by the gravitational potential well of a fore-
ground mass (e.g., Bartelmann|2010). The foreground (lens)
object perturbs the light from the background (source) object,
creating a distorted image. Weak lensing refers to the case
where we measure this distortion statistically instead of from
a single galaxy (Bartelmann & Maturi|2017). Galaxy-galaxy
lensing specifically refers to the weak lensing measurement for
which we statistically measure the distortion of an ensemble
of source galaxies around an ensemble of lens galaxies. This
technique effectively allows us to map out the average profile
of the dark matter halos that host the lens galaxies.

Weak gravitational lensing has tantalized researchers with
its potential for studying satellite and dwarf galaxies (Thornton
et al.|2023). [Sifon et al.| (2018b)) measured the lensing signal
around a sample of low-redshift satellite galaxies and con-
strained their subhalo masses. Similarly, Wang et al. (2024)
utilized galaxy-galaxy lensing to measure the subhalo mass of
satellite galaxies in the redMaPPer cluster catalog from SDSS
Data Release 8. |Sifon et al. (2018a) used weak lensing to
estimate the mass of ultra-diffuse galaxies (UDGs), a subset
of LSBGs frequently found in massive galaxy clusters. On the
other hand, halo mass estimates of LSBGs have been obtained
using X-ray photometry, as in |Kovics et al.|(2019), or by re-
lying on the scaling relation between the halo mass and the
number of associated globular clusters (Prole et al.|2019). Fi-
nally, the Merian Survey plans to conduct high signal-to-noise
measurements of galaxy-galaxy lensing around dwarf galaxies
(Luo et al.[2024). Here, we attempt to measure and model the
galaxy-galaxy lensing signal of the DES Year 3 LSBG sample
(Tanoglidis et al.[2021) using the shapes of background galax-
ies from the DES Y3 shape catalog (Gatti et al.|2021). This
represents the first example of a constraint on LSBG masses
using weak lensing.

The paper is organized as follows. In Sec. |2} we overview
the data products used in this work and estimate the redshift
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distribution of the LSBG samples. In Sec.[3| we present the
weak lensing measurements. In Sec. /4] we describe our model
and the fit to the measurements. We estimate the stellar mass of
LSBGs and obtain results for the stellar-to-halo mass relation
in Sec.[5] In Sec.[6} we present our conclusions.

Throughout the paper we assume cosmological parameters
from Planck Collaboration (2016) with ACDM model param-
eters Q,,, = 0.3809, Qx = 0.6910, and Q; = 0.0486, where
Q,, is the total matter density of the universe, £, is the dark
matter density of the universe, and €, is the baryonic matter
density of the universe, all at redshift z = 0.

2 DATA

Our data is based on the Dark Energy Survey (DES, Dark
Energy Survey Collaboration 2016). DES is an optical near-
infrared survey that covers approximately 5000 deg2 of the
southern Galactic sky in five different filters (grizy), collecting
data from hundreds of millions of distant galaxies up to a
redshift of 1.4. The survey utilizes the Dark Energy Camera
(Flaugher et al.||2015) on the 4-m Blanco Telescope at the
Cerro Tololo Inter-American Observatory. Data was collected
over 758 distinct nights of observation. Our measurements
utilize lens and source galaxies from the first three years (Y3)
of DES observations (Sevilla-Noarbe et al.|[2021)).

2.1 Lens Sample: LSBGs

We use a lens sample of LSBGs selected from the DES Y3
images and described in detail in Tanoglidis et al. (2021). The
sample was constructed with a series of cuts to reject artifacts
and reduce imaging contamination. {Tanoglidis et al.| (2021)
defined extended LSBGs as galaxies with a g-band effective
radii of

Reg(g) > 2.5 arcsec, (D)
and a mean surface brightness of
ma,
e (g) > 243 @)
arcsec

Following the analysis of |Greco et al.|(2018)), the sample was
further color-restricted to the ranges:

-0.1<(g-i) <14, 3)
(g-1r)=20.7x(g—-1i)—-04, €}
(g-1r)<07%x(g—-i)+04, 5)

toreduce false detections caused by optical artifacts and blends
of high-redshift galaxies. Objects in the sample were required
to have an ellipticity < 0.7 to remove high-ellipticity artifacts
(i.e. diffraction spikes). This round of cuts resulted in a sample
size of 419,985 objects. The sample was then passed through a
machine learning classification algorithm to remove additional

sources of contamination, such as faint objects blended in the
diffuse light from bright stars, ejections of tidal material from
high-surface-brightness host galaxies, or blurring from bright
regions of Galactic cirrus (Tanoglidis et al.[2021)). Applying
the machine learning algorithm reduced the sample size to
44,979 objects. The objects were visually inspected as cutouts
with the DESI Legacy Imaging Surveys sky viewer (Dey et al.
2019) and fit with Sersic profiles, shrinking the sample size
to 23,790 objects. The average angular number density of
LSBGs in the Tanoglidis et al. (2021) sample is 4.5 gal/deg?.

Galaxy colors correlate with galactic stellar populations,
morphologies, and environments. In a generic galaxy sample,
galaxy color distributions are bimodally split into red and blue
color categories (Blanton et al. [2003). In Fig. 5, Tanoglidis
et al.| (2021) shows that the LSBG sample photometry is also
bimodal. Applying a selection at g —i = 0.60 divides the sam-
ple into red LSBGs (g —i > 0.60, 7,805 galaxies) and blue
LSBGs (g — i < 0.60, 15,985 galaxies). We follow the same
division in this work. As seen in Fig. 8 of [Tanoglidis et al.
(2021)), the red galaxies are strongly clustered, while the blue
galaxies are scattered across the field. The two populations
have similar angular size distributions and median Sersic in-
dexes. Their brightness distributions differ, with blue galaxies
appearing noticeably brighter (Tanoglidis et al.[2021]).

The DES Y3 LSBG sample does not come with redshifts,
which are needed to model the lensing signal. As such, we
describe our procedure to estimate the ensemble redshift dis-
tributions below.

2.1.1 Redshift Distribution Estimation for the Lens Sample

Following the work of |Giannini & Alarcon et al., (2024)),
we use the clustering redshifts method to obtain an estimate of
the redshift distribution for our LSBG lens sample. Clustering-
based redshift methods derive the redshift distribution of an
“unknown” galaxy sample by exploiting the two-point corre-
lation signal between the unknown sample and a “reference”
sample of galaxies with trusted redshifts. This process as-
sumes that the cross-correlation signal between the two sam-
ples is positive when the objects overlap in physical space.

Here, we cross-correlate the positions of the LSBG cat-
alog with the positions of the all-sky 2MASS Photometric
Redshift Catalog (2MPZ, Bilicki et al.|[2014), which contains
approximately 10° galaxies. This catalog cross-matches the
2MASS Extended Source Catalog (Jarrett et al. [2000), WISE
(Kovacs et al.|2013), and SuperCosmos (Hambly et al. 2001)
samples and utilizes the artificial neural network approach
(ANNz, Collister & Lahav|2004) to derive the photometric
redshifts (Jarrett et al. 2000; |Hambly et al. 2001} Kovacs et al.
2013) of the sampled galaxies. The catalog has a median
redshift of z ~ 0.1, a maximum redshift of z ~ 0.4, and a
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precision of o, ~ 0.015. [Tanoglidis et al. (2021) compared
the clustering properties of the 2MPZ sample to the LSBG
catalog to understand the clustering of the DES galaxies as
a function of surface brightness. They found that the 2MPZ
sample exhibited less clustering at intermediate angular scales
0.1° <0 < 4°).

The boost factor measurements depicted in Fig. |10} along
with the findings from (Greco et al.| (2018), [Tanoglidis et al.
(2021) and |Greene et al.| (2022), lead us to anticipate a low
redshift range for the LSBG sample, likely z < 0.2. For
cross-correlation with the red LSBG sample, we divide the
reference sample into thin redshift bins with a width of 0.01
over the range [0.0-0.14], finding little cross-correlation signal
beyond this range. We instead use bin widths of 0.02 over the
range [0.0-0.20] for cross-correlation with the blue sample to
produce a stronger cross-correlation signal and to account for
the widened spread of the redshift distribution. We also use the
higher-redshift REbMAGIC sample (Rozo et al.[2016; |Pandey
et al.|[2022) and the Magnitude-Limited Sample (MaGLim,
Porredon et al.|2022) to ensure that the LSBGs do not have an
extended high redshift tail.

The clustering redshift signal represents an integral over
the product of each population’s galaxy-matter bias with the
dark matter density two-point correlation function (e.g., Eq. 9
from |Giannini et al.[2024)). Here, we use the procedure pro-
posed by Ménard et al.|(2013)) and|Schmidt et al. (2013)), which
assumes that the target population (the sample of LSBGs)
spans a narrow redshift range such that the galaxy bias of both
the target (LSBG) and tracer (2MPZ) samples can be ignored.
Me¢énard et al. (2013) further explained how clustering can still
be used in the non-linear regime for this application. Under
these assumptions, also adopted by [Greene et al.| (2022)[T] for
a similar sample of LSBGs, the redshift distribution can be
estimated at the central redshift of each bin z; as

Wur (Zi)
wom(z;)’

(6)

”u(zi) &

where u stands for the unknown sample, r represents the ref-
erence sample, and w,, (z;) is the cross-correlation measure-
ment averaged over a given set of angular scales via

Omax
W= [ WOwido. )
Omin
We use W(6) « 6~! as a weighting function to yield opti-
mal S/N in the presence of shot noise (Giannini et al.|2024).
wpm (z;) represents the dark matter density two-point correla-
tion function, which can be estimated analytically. We use the
revised fitting function HaLorrT from [Takahashi et al.| (2012)
to model the non-linear matter spectrum and obtain wpy;. We

! We note that|Greene et al. (2022) adopted this methodology to estimate
the redshift distribution of the HSC LSBG sample, but did not include the
wpm correction factor.

implement this model using the public version of CosmoSIS
(Zuntz et al. 2015).

Following Eq. we average these measurements over
the following means of the angular scale bins: 6 =
[32.45,45.23,63.25] arcmin, which correspond to a physical
scale range of 0.20 — 9.37 Mpc. We select these angular bins
because they act as middle points between the smallest scales
that adhere to the theoretical requirements of the wpy term
(Takahashi et al.2012) and larger scales with increased error-
bars that may suffer from observational systematic effects. For
comparison, |Greene et al.|(2022) used scales between 0.1 and
3 Mpc.

We compute the cross-correlation signal as a function of
angular scale by using the Davis & Peebles| (1983)) estimator:

NRr DuDr(G)
NDr DuRr(g)

Wur(6) = 1, (®)
where D, D, (6) and D, R, (8) stand for the data-data and data-
random pairs, and Np, and Ng, correspond to the total number
of galaxies in the reference sample and the reference random
catalog, used for normalization. The sample of random points
comes from the Y3 footprint catalog (Sevilla-Noarbe et al.
2021), contains 4,570,480 data points, and matches the foot-
print of the LSBG lens/unknown sample. We apply this same
positional mask to the 2MPZ catalog and compute the cross
correlation.

We perform this procedure for the red and blue LSBG
samples and show the resulting redshift distributions in Fig.[I]
We obtain the errorbars by using the jackknife resampling
method with 100 patches across the survey area. We assume
no uncertainty comes from the theoretical input for wpy;. We
find that the red LSBG sample resides at lower redshifts than
the blue LSBG sample. This difference may be influenced
by the LSBG clustering behavior, as the majority of the red
LSBG sample is associated with nearby structures (z<0.10)
(Tanoglidis et al.[2021). In addition, blue LSBGs tend to have
higher surface brightness, thus we may be able to detect them
at higher redshifts.

2.2 Source Sample

The background sources come from the DES Y3 MEgTa-
CALIBRATION shape catalog described in|Gatti & Sheldon et al.,
(2021). This catalog utilizes the METACALIBRATION technique,
developed by|Sheldon & Huff|(2017). Shear is measured from
the ellipticity of the source galaxy image, but this initial mea-
surement is noisy and biased. METACALIBRATION corrects this
bias by applying a series of artificial shears in different direc-
tions to an image and evaluating the response of the ellipticity.
The redshift distribution of this catalog and its uncertainties are
calibrated with the framework described in Myles & Alarcon
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Figure 1.. Normalized redshift distribution of the red

and blue LSBGs averaged over the angular scales of 8 =
32.45,45.23,63.25 arcmin. The errorbars are derived from
the jackknife covariance of the total distribution.

et al., (2021). This framework utilizes a particular category
of neural network, known as a self-organizing map (SOM),
to study the relationship between observed galaxy colors and
their redshifts. Once trained with large datasets of photome-
try for galaxies with known redshifts, the algorithm can esti-
mate the redshifts of new galaxies based on their photometric
data. The resulting redshift distribution shapes are further con-
strained using the same clustering method described in Sec. |
The Y3 METAcALIBRATION shape catalog includes four
tomographic redshift bins. To reduce the shape noise and
boost the signal, we weight the redshift bins by their galaxy
count and combine them, as shown in Fig. E} Moreover, as the
LSBGs live at low redshifts, the lensing efficiency varies little
between the different redshift bins, suggesting that we gain
no significant information by preserving their separation. In
addition, combining the source bins at the measurement level
circumvents the need to measure the cross-covariance between
redshift bins.

3 TANGENTIAL SHEAR MEASUREMENTS

We cross-correlate the shapes of background source galax-
ies with the positions of foreground lens galaxies. The lensing
distortion orients the source image tangentially around the lens
image. For a particular lens-source galaxy pair (LS), we find
the tangential component of the ellipticity via:

er.Ls = —e1cos(2¢) — ez sin(2¢). )

Here we define ¢ as the position angle of the source galaxy
centered at the lens galaxy with respect to the declination-axis
of the sky coordinate system, and e; and e, as the ellipticity
components defined in the same sky coordinate system (Prat
et al.[2022).

— —— Source Bin 1
0.0100 - Source Bin 2
. —— Source Bin 3
0.0075 1 —— Source Bin 4
§ . —— Combined Source Bin
<
0.0050 A
0.0025 1
0.0000 -
0.

Figure 2.: Redshift distribution of source galaxies, with a
mean redshift of 0.6312 for the full sample. The four redshift
bins are weighted by galaxy count, summed, and normalized
to produce the combined source bin distribution.

We average the tangential component of the ellipticity over
many source-lens pairs to obtain our estimator ;. The final
form of our estimator can be written as

1 [Erswiserrs(8)  Zrswrser,rs(6)
(R) Zrswirs(0) Yrswrs(6)

Y:(0) = )
(10)
with wrs = wpwg as the weight factor for a particular lens-
source pair, where w is the weight of the lens galaxy and wg
is the weight of the source galaxy. 6 is the angular separation
between the lens and the source galaxy pair. In practice, we
measure 7y, in angular bins, thus here we sum over lens-source
pairs whose separation falls into a given angular bin. The lens
galaxy weights are uniform (wy = 1). The second RS term
represents the cross-correlation of the random-source pairs.
This term is used to remove the spurious signal coming from
the edges of the survey and masked regions (Sevilla-Noarbe
et al.|[2021). At large scales, applying random point subtrac-
tion reduces the covariance, as seen in |Singh & Mandelbaum
et al., (2017); [Prat & Sanchez et al., (2018). (R) represents
the response factor, the self-calibration term derived from the
METACALIBRATION technique (Sheldon & Huff 2017). We
have validated our code by calculating the responses for each
of the four tomographic source redshift bins and verifying that
they match table 4 of [Prat et al.[(2022)). The response factor
for the combined source redshift distribution is 0.7184.

The above estimator is implemented using the software
package TREECORR (Jarvis et al.2004). We use the NGCorre-
lation class from TREECORR to calculate the position-shape
correlations. We establish the maximum scales of the mea-
surements at 400 arcmin, as beyond this point the tangential
shear signal becomes consistent with random noise. We carry
out measurements in 22 angular bins spanned logarithmically
from 0.25 to 400 arcmin, where the lower bound represents
the cutoff for the DES Y3 galaxy-galaxy lensing measure-
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Xr%ull/ v S/N  Galaxy Count
Full Sample  50.09/22  5.30 23,790
Red 66.42/22  6.67 7,805
Blue 26.70/22  2.17 15,985

Table 1: Signal-to-noise and y? values for tangential shear
measurements of red, blue, and total LSBG samples. v repre-
sents the degrees of freedom. We note that for the modeling
in Sec. [ we only use the first fifteen tangential shear mea-
surements around the blue LSBG sample.

ments used in the small scale extension from [Zacharegkas
et al. (2022). Based on the survey area (~ 5000 deg2) and our
largest measured angular scales, we split the lens galaxies and
random points into 100 patches across the survey area to obtain
the jackknife covariance. The tangential shear measurements
for the total LSBG sample are displayed in Fig.[3] The red
and blue samples are shown in Fig.[4] We perform a series of
diagnostic tests with this data vector in Appendix[A to ensure
that the measurements are robust.

We calculate the y? statistics for the tangential shear mea-
surements:

X = Vg =) € (v = v (11)

where 7y, is the measured tangential shear, y;,, is the tangential
shear model, and C~! is the inverse covariance. To correct
for bias in the inverse covariance introduced by noise in the
jackknife covariance, we multiply the inverse covariance by
the Hartlap-Kaufman factor (Kaufman 1967 Hartlap et al.
2007),

f=m-m=2)/(n-1), 12)

where n is the number of realizations (100) and m is the number
of entries in the data vectors (22).

To estimate the signal-to-noise for each data vector, we set
Y1, as a null signal and define the signal-to-noise as

S/N = Xﬁull -V, (13)

where v corresponds to the number of degrees of freedom
(22) (Prat et al.|2022). The signal-to-noise and Xﬁu” values are
listed in Table [I] We find a weak signal for the blue LSBGs
and a clear signal for the red LSBGs and the full LSBG sample.
Despite containing fewer galaxies than the full sample, the red
LSBG population produces the strongest shear signal, likely
due to the clustered environments and the potential dilution
of the combined sample’s signal. We note that the blue and
red samples produce similar lensing signals at smaller angular
scales, 6 < 20 arcmin.

Upon visually inspecting the measured lensing signal, we
note a distinctive feature: the red sample appears to detect a
mass distribution separated by some angular separation from
the LSBGs, whereas the blue sample does not display this be-
havior. This observation aligns with prior expectations that the

102 4 ¢ Total LSBGs
103 4 l T T
S o ¢ T
&E 1074 $e°
t X
107° T*f*
106 . . .
10° 10" 102
6 [arcmin]

Figure 3.: Tangential shear measurements for the full sample
of LSBGs. The measurements span from 0.25-400 arcmin and
are divided into 22 angular bins. We display the absolute value
of the shear measurements — the triangle marking indicates a
bin with a negative shear measurement. The errorbars are
derived from the jackknife covariance.

red LSBGs are primarily satellites of more massive galaxies
(e.g.,Bhattacharyya et al.|2023)), but its confirmation via lens-
ing is a novel insight, unveiling the dark matter environments
surrounding these galaxies.

Indeed, Fig. 8 of [Tanoglidis et al.| (2021) shows that the
red LSBG sample exhibits a preference for clustered environ-
ments. Furthermore, theoretical models suggest that faint,
clustered, red galaxies are predominantly satellites of more
massive dark matter halos. Berlind et al. (2005) utilized
cosmological simulations to explore the relationship between
galaxy color, luminosity, and environment, demonstrating that
low-luminosity red galaxies primarily exist as satellites in mas-
sive halos. [Zehavi et al.|(201 1)) investigated the luminosity and
color dependence of galaxy clustering in the SDSS Seventh
Data Release (DR7), concluding that the strong clustering ob-
served in faint red galaxies indicates their satellite status in
massive halos.

Conversely, Thornton et al. (2023) found that samples of
bluer galaxies at dwarf-galaxy scales reside preferentially in
low-density regions and have low satellite fractions. Consid-
ering their scattered spatial distribution, we anticipate that the
blue LSBG sample is likely comprised of central field galax-
ies. The lensing profile of these galaxies is consistent with the
lack of a significant contribution from nearby massive objects.

Given these concurring results, we assume the red LSBGs
are dominated by satellite galaxies and the blue LSBGs by
central galaxies for the model fitting procedure described in
the next section. Nevertheless, we test the validity of this
assumption with alternative models in Appendix [C]
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4 CONSTRAINING THE LSBG’S MASS

In this section, we present the models used to interpret the
tangential shear measurements. For the red LSBG sample, we
fit a model to the measurements to constrain the host halo and
subhalo masses, as well as the offset between the host halo and
subhalo. For the blue LSBG sample, we constrain only the
host halo mass. We primarily focus on the analysis for the red
LSBGs, due to their higher signal-to-noise.

We note that when quantitatively analyzing the differences
between models, we use the A Xz metric, defined as

(ytln] - ’ytmz) : Cil : (ytm| - %,,,Z)T’

where y,,, and vy, , represent two different shear models. A
Ax? of 1 indicates a 1o~ shift between models.

4.1 Modeling the Tangential Shear

The tangential shear for a system with sources at redshift
zs and lenses at redshift z; can be written as
AZ(R(0,z1))

Zerit(ZL, 25) .
Here, AX(R(0)) is the excess surface density as a function of
the projected radius R, the distance between the lens and the
source galaxy at the lens redshift. We obtain R by translating
from the observed angular space () to the physical space using
R =0 Dy, where Dy is the angular diameter distance to the
lens redshift z;..

Vt(ZS, ZL’H) = (14)

The excess surface density measures the amount of mass
above the average surface mass density within a region and de-
termines the deflection of light for gravitational lensing events.
Yeit(zL, zs) describes a geometrical factor dependent on the
characteristics of the lensing system, given by

6‘2 DS
4nG D LSD L
Here c¢ represents the speed of light, while Dg and D g are

the angular diameter distances to the source and between the
source and the lens. If zg < z7, Zerit(z1, 25) = 0.

Yerit(zL, 28) = , if zg > zp. (15)

The excess surface density can be broken into two compo-
nents:
AY(R) = 2(< R) - Z(R), (16)

where X(R) designates the projected surface density at R and
2 (< R) represents the cumulative surface density within the
projected radius R. Given their dependence on R, both terms
implicitly rely on the lens redshift. We define the cumulative
surface density, X(< R), as

2 R
Z(<R)= ﬁ/() xZ(x)dy, (17)

where y is the distance perpendicular to the line of sight.

In this work, we assume both the host halo and subhalo
associated with the lens galaxies take the form of Navarro-
Frank-White (NFW) profiles (Navarro et al.|1996), where the
density profile can be described as

P
r/rs(1 +r/rs)2‘
Here rg = % defines the scale radius, where c; is the concen-
tration of the halo and ryq is the virial radius. pg represents
the characteristic density of the halo and r is the distance from
the center of the halo. We note that p; is related to the halo
mass My, or the halo mass at 200 times the critical density
of the universe, via

(18)

PoNFw(7) =

_ M>o0c

dard(In(1 +cg) — e/ (14 ¢y))
We define the concentration by applying the [shiyama et al.
(2021) concentration-mass relationship. We select this rela-
tionship due to its flexibility and applicability to low-redshift
and low-mass galaxies. [Z| The projected surface density of an
NFW halo centered at the origin can then be written as

Z(R) =2 /+°° pNFw (Vs? + R?)ds, (20)
0

where s is the distance along the line of sight. If the NFW
halo is offset from the origin, we have instead

Ps (19)

1 2
Zoff (R, Roft) = =— b \/R2 + R?2 +2RR5 cos 8| db,
21 0 off

(2D
where R is the projected distance between the new reference
and the center of the profile. 6 is the angle between the offset
direction and the radial direction of R where the line-of-sight
projection is taken. In practice, we translate R, to an offset
angular scale 64 via 0o = Rogr/ D

To account for the ensemble of source and lens galaxies,
we integrate the tangential shear model over the redshift dis-
tributions to construct a model with a range of possible source
and lens redshifts:

%,pop(H)=//%(ZS,ZL,6)ﬂ(Zs)n(zL)dZSdzL, (22)

where n(zp) and n(zg) represent the normalized redshift dis-
tributions for the lenses and sources.

We use the lens redshift distribution derived in Sec.[2.1.1]
We resample the redshift distribution over its jackknife co-
variance and find that incorporating these resampled redshift
distributions into the shear model produces a small effect, in-
ducing a A X2 < 0.08 68% of the time. In the fiducial model,

2 We test additional concentration-mass relationships, from|Diemer & Joyce
(2019) and [Ludlow et al. (2016). We find a Ax? of 1.49 x 1073 between the
fiducial model and the Diemer & Joyce|(2019) model and 0.004 between the
fiducial model and the [Ludlow et al.|(2016) model. In addition, we find that
the concentration is poorly constrained when included as a free parameter (see
Sec. , but the results remain consistent with the fiducial model.
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we fix the lens redshift distribution for simplicity. Regarding
the sources, we find that using a single fixed source redshift
versus the full distribution of source redshifts does not signifi-
cantly impact the model, resulting in a Ay? of 0.10. To reduce
computational time, we fix the source redshift at the mean
redshift of z = 0.6312. We further verify that the uncertainty
for the mean source redshift is negligible in Appendix B} We
find that combining these uncertainties (i.e. resampling over
the lens redshift distribution and using the full source redshift
distribution) produces a Ay? < 0.17 68% of the time.

As discussed at the end of Sec. [3and shown in Appendix
there are compelling reasons to believe that the red LSBG
sample is predominantly composed of satellite galaxies. This
suggests that to first order, the total tangential shear is com-
posed of two components, one representing the LSBG sub-
halo, yf};)t(’)p(ﬁ), with excess surface density AZ"?(R), and one
representing the host halo, yg%%tp(ﬂ, Oofr), with excess surface
density AZ';%“(R, Ro). See |Li et al.| (2013), |Sifén et al.
(2018b)), and [Wang et al.|(2024)) for other examples of model-
ing the galaxy-galaxy lensing signal around satellite galaxies.
We sum the subhalo and host halo terms to define the total
tangential shear model:

VU0, Ooft) = Vo () + ¥ (0 Oo). (23)

Finally, to represent the host halos of a galaxy population
with various offset radii, we assume that the distribution of the
offset in angular space is a normal distribution centered around
0o with a spread of 6,¢/3. This parametrization appears to
be a good description of the data (see Appendix [B]and Fig.
for further validation tests).

We implement the above model using ProriLEY (Mad-
havacheril et al.[2020), a Python-based package that generates
mass distribution profiles for galaxies.

4.2 Parameter Inference

We fit the model above to the LSBG tangential shear mea-
surements using a Markov Chain Monte Carlo (MCMC) ap-
proach. We assume a Gaussian likelihood L, with

1
In(L(1alp)) = =5 (Via = Yem(P)C™' (Via = Vim(P)), (24)

where y;4, vim and C~! are the same as that defined in Eq. M
The Bayesian posterior is proportional to the likelihood times
the prior, or

P(plyia) o< L(yialp)P(p), (25)

where P(p) represents the prior. For the red LSBG sample,
we have three free parameters in this model,

P= (lOg(Msub/MG)alOg(Mhost/MO)a Oofr)s (26)

where log(Mgy/ M) and log(Mhest/ M) follow the mass def-
inition of Eq. The priors on these parameters are listed
in Table 2] For the MCMC, we use the EMCEE package with
20 walkers with a burn-in of 5000 steps and a chain length
of 200,000 steps (Goodman & Weare|[2010; Foreman-Mackey
et al.|2013)).

We use CHAINConsuMER (Hinton [2016) to process the
output from the MCMC. We show the posterior distribution
of the MCMC in Fig. 5] We find the best-fit model corre-
sponds to a mean offset of 6o = 36.6*} ) arcminutes and a
host halo mass log(Mpest/Me) = 12.98t%'_11(i. Based on the
n(z) distribution of Sec.[2.1] this mean offset corresponds to a
physical distance range of [0.23t%.%§Mpc,5.42t(())"76%MpC]. Our
data does not fully constrain the subhalo mass parameter, con-
sistently pushing the best fit to the bottom edge of the prior
space at log(Mgy,/Mg) = 7. Since we cannot successfully
constrain the mass at this lower bound, to first approximation
this bound is irrelevant. The subhalo and host halo mass priors
cross several orders of magnitude, requiring us to sample in a
logarithmic space. We note that constraining a partially un-
bounded parameter in a flat logarithmic space can artificially
lower the upper bound (Diacoumis & Wong [2019). To avoid
this problem and successfully obtain the upper limit corre-
sponding to a 95% confidence interval for the subhalo mass,
we sample directly from the likelihood. We divide the sub-
halo parameter space into 100 thin slices and use the optimizer
iminuit (James & Roos|1975) to find the host halo mass and
radial offset parameters corresponding to the maximum like-
lihood for each subhalo mass slice. We obtain a subhalo mass
upper bound of log(My,/Ms) < 11.51, an associated host
halo mass of log(Mhest/ Me) = 12.96, and a mean radial offset
of 37.14 arcmin. We find a y? of 10.60/22 for the best-fit
model and a y? of 26.16/22 for the upper-bound model. The
best-fit model yields a low y?/v value with a p-value of 0.98.
This result suggests a potential overestimation of uncertainties
or biases derived from inverting the noisy jackknife covari-
ance, assuming the low X2 value is not due to a statistical
fluctuation, which cannot be entirely ruled out.

As described in Sec. |3} we assume the blue LSBG sam-
ple is dominated by central galaxies, thus we utilize a sin-
gle NFW profile to model the tangential shear measurements
and vary only the host halo mass. We incorporate the de-
rived blue LSBG redshift distribution shown in Fig.[T]into the
model. Based on this higher redshift distribution, we remove
scales greater than 50 arcmin (4.2 Mpc at z = 0.1) from the
blue LSBG shear measurements to avoid the two-halo term
regime. We use the same host halo prior as the red LSBGs,
U(10,15). We tested a shifted prior of U(8, 14), closer to
the red LSBG subhalo mass prior, but found that the results
remained consistent. Similarly to the red LSBG subhalo term,
the data does not fully constrain the blue LSBG host halo
mass. We obtain an upper mass limit with 95% certainty at
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Parameter Priors Posteriors Xges[ /v /\/Epper /v
Red LSBG 10.60/22  26.16/22
M u(7, 12) log(Myy/Ms) < 11.51
Miosi  U(10,15)  log(Mpog/Mo) = 12.98*¢
Ooff U(25,55) 36.6"47 arcmin
Blue LSBG 4.10/15  24.97/15
Most U(10, 15) log(Mpost/Mo) < 11.84

Table 2: Top three rows: Priors and mean posteriors for the red LSBG tangential shear measurements for the subhalo mass, host
halo mass, and radial offset given by the MCMC, corresponding to Fig. Xt%est /v and Xgpper /v indicate the y? of the models
with the respective best fit and upper bound parameters, divided by the number of degrees of freedom. Botfom row: Prior and
posterior for the blue LSBG tangential shear measurements for the host halo mass, shown in Fig.[] Note that both the red subhalo
mass posterior and the blue host halo mass posteriors are unconstrained at the low mass ends, thus we list the 95% upper bound.
We define U(a, b) as a uniform distribution with a lower bound of a and an upper bound of b.

a mass of log(Mpes/Mo) < 11.84, corresponding to a y? of
24.97/15. We find a 2 of 4.10/15 at the best-fit halo mass of
log(Mhpost/ M) = 11. We present the model of the blue LSBG
sample in Fig.[d]

4.3 Discussion of the Results

When comparing our results to recent literature, we find
that the red subhalo mass upper bound concurs with the |Sifén
et al./(2018a) upper bound of log( Mgy /M) < 11.80. Though
the [Sifon et al.| (2018a) sample specifically refers to ultra-
diffuse galaxies (UDGS), defined as LSBGs with a physical
radius larger than 1.5 kpc and a central surface brightness
larger than 24 mag arcsec™2, the coinciding results indicate
that our mass bound is reasonable. We estimate around 25%
(15%) of the red (blue) LSBGs in our sample are UDGs (see
Appendix [D/for more details). In addition,van Dokkum et al.
(2016) estimated the subhalo mass of the UDG Dragonfly
44 at 8 x 10"' M, or log(M/My) = 11.90. Considering
Dragonfly 44’s classification as a massive UDG, our results
fall well within this range. Finally, our subhalo mass bound
resides within the span described in|Prole et al.|(2019), which
presented a range of UDG and LSBG subhalo masses derived
using the number counts of globular clusters. Our LSBG
subhalo mass bound thus appears well aligned with previous
studies of LSBG and UDG halo masses.

Similarly, we can compare our host halo mass upper bound
for the blue LSBG sample to both isolated dwarf galaxy
masses and the general central galaxy population. |Thorn-
ton et al.| (2023) used weak lensing to extract halo mass pro-
files from a sample of low-redshift dwarf galaxies in DES.
They found that the median of their halo mass varied between
log(Mpost/ Mo) = [10.671%'31, 11.40t%2§]. The upper bound
of this range fits between the best fit and upper bound esti-
mates of the blue LSBG halo masses. Mandelbaum (2015)
reviewed the estimates of host halo masses derived from weak
lensing for several works and found a range corresponding to
log(Myir/Mg) = [11.0,13.5]. We note that, given the low
signal-to-noise, our upper bound for the blue LSBG host halo

mass is not particularly stringent. Nonetheless, we are gen-
erally compatible with current literature and future work will
produce higher signal-to-noise shear measurements, enabling
more precise results.

5 STELLAR-TO-HALO-MASS RELATION

The stellar-to-halo-mass relation (SHMR) describes the
connection between the mass of dark matter halos and their
resident galaxies (Moster et al.|2010j Behroozi et al. 2010).
The SHMR can be used to study the growth of dark mat-
ter halos, constrain theoretical models of galaxy formation,
and gain insight into cosmological relationships between dark
matter halos and large scale structures (Girelli et al.|[2020).
Comparing the SHMR of LSBGs to the SHMR of the wider
galaxy population may reveal whether LSBGs have fundamen-
tally unique characteristics (Moster et al. 2010; Niemiec et al.
2022). To evaluate the SHMR of the LSBGs, we first esti-
mate their stellar mass in Sec. Combining the stellar mass
estimates with the halo mass results from Sec. 4} we present
SHMR results in Sec.[3.2]

5.1 Stellar Mass

To estimate the stellar mass of the red LSBG sample, we
adopt the method developed in [Bell et al. (2003). We use
the color-mass-to-light relation (CMLR) to obtain stellar mass
estimates from apparent magnitudes. This relation is usually
parameterized as follows:

logyl = a; +b; x color. 27)

Here, yi represents the stellar mass-to-light ratio, j stands for
the selected band, a; indicates the zero-point of the function,
and b; signifies the slope of the function.

An extensive suite of CMLR relations can be found in the
literature. |Du et al. (2020) re-calibrated such a relation for
a sample of LSBGs selected from SDSS (Du et al. 2019) by
fitting their SEDs (spectral energy distributions) to a stellar
population synthesis (SPS) model. They concluded that their
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Figure 4.: Top: Total model fit to the red LSBG tangential

shear measurements. We compare the model produced with
the best-fit parameters (solid line) to the model produced with
the subhalo mass upper bound and associated host-halo mass
and radial offset parameters (dashed line), as listed in Table|2|
and described in Sec. f.2] Note that the triangle markers
indicate a negative shear measurement.
Bottom: Total model fit to the blue galaxy tangential shear
measurements. Angular scales above ~ 50 arcminutes are
shaded in gray to indicate that these larger scales reach the
two-halo term at the derived n(zz). We show the model
for visualization purposes, but note that the two-halo term
is not accounted for in our modeling. With a halo mass of
log(Mposi/Mo) < 11.84, we find a y? value of 24.97 over 15
degrees of freedom between the model and the measurements.
The solid line represents the model produced with the best-
fit host halo mass, and the dashed line signifies the model
produced with the upper-bound host halo mass.
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Figure 5.: MCMC posterior distribution for red LSBGs. The
free parameters include the subhalo mass, Mgy, the host halo
mass, Mo, and the mean of the radial offset distribution,
Oofr- The host halo mass is constrained at log(Myos/Mg) =
12.98*%1% and the mean radial offset at 36.6*%7, arcmin. The
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subhalo mass is unconstrained at the lower bound.
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Figure 6.: Comparison between the red and blue LSBG stel-
lar mass distributions, generated with the
CMLR, and the results from the HSC LSBG red and blue stel-
lar mass distributions from [Greene et al.| (2022), represented
by the dashed lines. Note that the [Greene et al. (2022)) distri-
bution has a larger low-mass tail, possibly due to the increased
depth of the HSC data, and utilizes the[Into & Portinari (2013)
CMLR.
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LSBG population is likely to follow a representative CMLR
relation defined on diverse galaxy populations. Their sample
has a higher surface brightness cutoff (with > 22.5), but they
used a similar color distribution to our population. Following
these conclusions, we proceed to use the parameter values
from the standard Bell et al. (2003)) relation listed in Table

Next, we calculate the LSBG’s luminosity L for a given
band j from that band’s apparent magnitude. Then, we convert
the redshift, z, for each pointin the n(z) to acomoving distance,
d, and an absolute j-band magnitude for each galaxy via

d(zr)
10pc )’

Mj(mj,zL)zmj—Slog( (28)
which we integrate over the redshift distribution to obtain the
absolute magnitude distribution,

M;(m)) = / Mj(mj.zon(zdze.  (29)

Next, we convert the absolute magnitude distribution to a
luminosity distribution in a given band j via

L] — 100.4(ij@—Mj)’ (30)
JEC

where M; ; is the absolute magnitude of the Sun for the AB

magnitude SDSS filter in the given band j. Finally, the stellar

mass distribution of the LSBG sample can be derived via

M,=L;xy!. 3D

We carried out this procedure for the g, r, and i magnitudes
and for the g — i and g — r colors and found that the the stellar
mass distribution estimate remained consistent regardless of
the selected colors or bands. Therefore, we follow |Du et al.
(2020) and use the g — r color and i-band for our analysis.

With this process, we find the stellar mass distributions
shown in Fig. @ The median stellar mass is 4.2 x 103M, and
the mean is 6.8 x 108 M, for the red LSBG sample. For the
blue LSBG sample, the median stellar mass is 1.11 x 10° Mg
and the mean is 1.46 x 10° My,

5.1.1 Comparison to Previous Work

Greene et al.|(2022) utilized color to estimate stellar masses
for a comparable LSBG sample identified in the HSC survey.
They used the CMLR from|Into & Portinari (2013), as opposed
to the |Bell et al. (2003) relation, but explained that they are
currently computing a new color-mass relation for a set of H
I selected UDGs and NASA-Sloan Atlas (NSA, |Blanton et al.
2005)) dwarfs. They estimated this relation to be between the
Into & Portinari (2013) and [Bell et al. (2003) results. We
compared the stellar masses generated using both the [Into &
Portinari (2013) and |Bell et al. (2003)) CMLRs and found that
the distributions remained consistent. We compare our stellar

Color ag bg ar b, a; b;
g—-r -0499 1519 -0306 1.097 -0.222 0.864
g—-1i -0379 0914 -0220 0.661 -0.152 0.518

Table 3: Zero-point and slope parameters for the CMLR (Bell
et al.[2003)) for the g-band, i-band, and -band magnitudes and
the g — r and g — 7 colors. We utilize the bolded values in our
work.

mass distributions with the results from [Greene et al.| (2022)
in Fig.[6]

Sifén et al.|(2018a) also estimated the median stellar mass
of their UDG sample at 2 X 108M@, similar to the median
of our red LSBG stellar mass distribution. The SAGA sur-
vey (Mao et al.|2021)) of satellite dwarf galaxies presented a
median stellar mass of 9.5 x 10’ My. Given SAGA’s lower
redshifts and nature as a dwarf-specific survey, the lower me-
dian stellar mass is sensible, though still contained within the
span of our stellar mass range. The dwarf-focused [Thorn-
ton et al.| (2023) sample provided median stellar masses of
[10392M4, 10792 M, 10949 M ], corresponding to low, mid-
dle, and high-mass bins, that align with our estimate.

5.2 Stellar to Halo Mass Relation for Red and Blue LSBG
Samples

Provided with stellar mass estimates, we can now calculate
the stellar-to-halo mass relation for the LSBG samples. To find
the SHMR, we divide M./Mj, iy, where My, i, represents
the virial halo mass and M, indicates the stellar mass. Since
the red LSBG sample is dominated by satellite galaxies, we
obtain constraints for the subhalo-to-halo mass relation. For
the central-dominated blue LSBG sample, M), represents the
host halo mass, Mpos/ M. We show the median, mean, and
spread of the stellar mass distribution for the red and blue
LSBG samples at their respective upper subhalo and host halo
mass bounds, converted to virial masses of 3.7 x 101! M, and
7.9 x 10" M, in Fig. E We compare our results with the
measurements from van Dokkum et al. (2016), [Sifon et al.
(2018a), Thornton et al.|(2023)), and the stellar mass estimate
of Mao et al. (2021), as described in Sec. [4.3]and Sec.
due to similarities in their target galaxy sample characteristics.

We can also compare our results to more general, param-
eterized SHMRs. We contrast the red LSBG SHMR against
the Danieli et al. (2023) SHMR and the [Moster et al.| (2010)
satellite-specific SHMR.|Danieli et al. (2023)) used the ELVES
satellite galaxy survey (Carlsten et al.|2022)) and the semian-
alytical SatGen model (Jiang et al.|[2021) to present con-
straints on the connection between satellite galaxies and their
respective dark matter subhalos. |Moster et al.| (2010) statis-

3 We note that we technically measure P (M}, |M..), or the halo mass for a
sample with a given stellar mass.
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Figure 7.: Constraints on the stellar-to-subhalo mass relation
(red violin, top) and stellar-to-halo mass relation (blue violin,
bottom) for the red and blue LSBG samples, respectively. The
cross marking represents the median and the circle marking
indicates the mean of the LSBG sample stellar mass distri-
bution. The horizontal red and blue arrows signify that the
violins are placed at the upper limits on the halo mass. We in-
clude comparisons with the parameterized SHMR by |[Moster
et al. (2010) (black line) and, in the case of the red sample,
Danieli et al.|(2023)) (purple line). The grey shading represents
the uncertainty of the parameters for Moster et al. (2010). The
dark blue cross marks the median of the |Sifon et al. (2018b)
stellar mass distribution, positioned at the upper bound of the
subhalo virial mass found in that work. The dashed green line
stands for the median of the SAGA (Mao et al.[2021)) stellar
mass distribution, for which we have no subhalo mass infor-
mation. The gold cross shows the stellar-to-halo mass relation
for the UDG Dragonfly 44 galaxy (van Dokkum et al. [2016)
and the orange crosses show the stellar-to-halo mass relation
for the Thornton et al.| (2023) dwarf galaxy sample. We note
that ~ 20% of the [Thornton et al.| (2023) sample is composed
of satellite galaxies.

tically determined the relationship between the stellar masses
of galaxies and their resident dark matter halos by populat-
ing halos and subhalos in an N-body simulation with galaxies
and reproducing the observed stellar mass function. We find
that our constraint of the SHMR for the red sample is consis-
tent with these more general SHMRs. We uncover a similar
result when comparing the blue LSBG SHMR to the well-
established [Moster et al.| (2010) central-galaxy SHMR. We
note that, given the constraining power of our sample, we are
only able to distinguish the formation channels of LSBG sam-
ples from those of the general galaxy population if they exhibit
significant divergence.

6 CONCLUSIONS AND OUTLOOK

We perform galaxy-galaxy lensing measurements on a
sample of LSBGs discovered in DES by Tanoglidis et al.
(2021) and fit a simple model to these measurements to glean
information about the mass of the LSBGs. We use the DES
Y3 METACALIBRATION catalog for the source galaxy shapes
and divide the lens sample into red (g —¢ > 0.6) and blue
(g —i < 0.6) subsamples. We cross-correlate the positions of
the red and blue LSBGs with the 2MPZ catalog to estimate
the redshift distribution of the samples. We measure the tan-
gential shear around the lens galaxies across angular scales of
0.25-400 arcmin and extract signal-to-noise ratios of 6.67 for
the red subsample, 2.17 for the blue subsample, and 5.30 for
the combined sample.

We assume that the red LSBG sample is primarily com-
posed of satellite galaxies and construct a model built out of
two NFW profiles to represent the subhalo and host halo. We
fit the model to the red LSBG shear measurements to recover
posterior values for the host halo mass, the mean radial offset of
the host halo for the satellite population, and the subhalo mass.
We cannot fully constrain the subhalo mass, but we obtain an
upper bound with 95% certainty at log(Mgn/Me) < 11.51.
We estimate the host halo mass at log(Mpost/ Mo) = 12.98*019
and the offset at 36.6t1'_72 arcmin. These results are presented
in Table [2| The host halo mass posterior and the upper bound
of the subhalo mass posterior are consistent with the results of
current literature.

Conversely, we assume the blue LSBG sample is domi-
nated by central galaxies. As such, our model utilizes a single
NFW profile to represent the host halo and requires one free
parameter, the halo mass. Due to the large uncertainty, we can
only obtain an upper bound on the host halo mass with 95%
certainty at log(Mpost/ Mo) < 11.84.

We use the lens photometry to estimate the stellar mass of
the red and blue LSBG samples by adopting the color-mass
light relation of [Bell et al.| (2003). We combine the stellar
mass estimate with the subhalo mass posterior to obtain the
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red LSBG stellar-to-subhalo mass ratio. We repeat this process
with the blue LSBG sample. We compare these measurements
to more general, parameterized satellite and central stellar-to-
halo mass relations. Given our uncertainties, we find that the
red and blue LSBG sample’s SHMRs are consistent with the
general SHMR.

This project represents the first attempt to constrain the
mass range of LSBGs using weak gravitational lensing. These
results present a possible litmus test for future lensing mea-
surements conducted with upcoming projects like the Merian
survey (Luo et al.[2024)), the Euclid Wide survey (Euclid Col-
laboration|2022), the Roman survey (McEnery|2021)), or other
deep and wide photometric surveys (Leauthaud et al.|2020).

Looking ahead, the DES Year 6 dataset will produce
deeper, more expansive catalogs of both LSBGs and source
galaxies. The source catalog will contain approximately 150M
source galaxies with a number density of 8gal/arcmin?, com-
pared to 100M source galaxies and a number density of
5.59gal/ arcmin’ for DES Y3. The DES Y6 LSBG catalog
may include upwards of 45,000 galaxies. With this increase
in galaxy count, the lensing signal could grow by a factor
of ~ 2.6, improving the precision of the LSBG mass con-
straints. The Dark Energy Spectroscopic Instrument (DESI,
DESI Collaboration|2024) has already begun observation and
will produce additional samples of LSBGs and dwarf galax-
ies. The Vera C. Rubin Observatory’s Legacy Survey of Space
and Time (LSST, [Ivezi¢ et al.|2019) will begin its survey in
2025, covering more than three times the area of DES and
extending two magnitudes deeper. This work builds a founda-
tion for similar future analyses with larger, deeper, and more
constraining data sets.
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A VALIDATION OF THE DATA VECTOR
Al vy, Shear

We compute the yy term as a systematics test on the tan-
gential shear measurements. While the y, term measures the
shear of the lensing E-mode, the yx term measures the shear
of the lensing B-mode. We define yx as,

ex = e sin(2¢) — e; cos(2¢), (A1)

where ey represents the cross component of the ellipticity and
the other components follow the same definitions as Eq. [0}
Weak lensing only produces a tangential shear, thus in the
absence of systematics the yx term must remain consistent
with zero, as shown in Fig. 8| Compared to a null model, we
measure a )(gun for the y« term of 13.58/22 degrees of freedom
for the full sample, 14.84/22 for the red sample, and 15.96/22
for the blue sample. These y?/v values are low, indicating
overestimated uncertainties or biases drawn from the noisy
inverted covariance.
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Figure 8.: Measurement of the yx term, or the measurement
of the lensing B-mode, for the red and blue LSBG samples.
Note that the blue sample positions are offset from the red
sample positions to improve visibility. We find this term to be
consistent with zero.
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Figure 9.: Tangential shear measurements around the random
point sample, divided into 22 angular bins, compared to the
red and blue LSBG lensing signals. All shape catalog redshift
bins are combined. The shear measurements do not produce
a significant signal, with a Xﬁull of 3.21/22.

A2 Random Sample Shear

We measure the tangential shear surrounding the positions
in the randoms catalog and compare to the red and blue LSBG
tangential shear signal. These positions are randomly selected,
therefore we should not measure any lensing signal. We find a
Xﬁull of 3.21 over 22 degrees of freedom, demonstrating a null
signal. We note that for the blue LSBGs we remove scales of
6 > 50 arcmin from our models. We illustrate this result in

Fig.[9
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Figure 10.: Boost factor measurements for the red and blue
LSBG samples, with an offset in 6 to improve visibility. The
errorbars come from the jackknife covariance. The boost
factor measurements are highly correlated and consistent with
unity for both red and blue galaxies. The increased spatial
variation between the red galaxy positions in the DES footprint
heightens the boost factor covariance measurements, leading
to larger errorbars.

A3 Boost Factor

The tangential shear measurements depend on the number
density of the lens and source galaxies as a function of redshift,
but ignore the clustering between lens and source galaxies. At
small scales, this angular lens-source clustering can change
the number of lens-source pairs when compared to predictions
based on the mean number densities. As a result, the shear
estimator becomes biased. The degree of bias depends on
the scale. In other words, if a lens and a source galaxy live
at the same redshift, lensing cannot occur. To estimate the
decrease in lensing signal caused by lens-source clustering,
we can compare the excess number of sources around lenses
to the number of sources around random points as a function
of scale. The resulting measurement is called the boost factor
(Sheldon et al.[2004). We define the boost factor as

ZRrwWR Zrswis ()

Trwr Zrswrs(60)
We include the ratio between the sum of random point weights
and lens galaxy weights to normalize the boost factor. We plot
the boost factor across angular scales in Fig.[I0]and find that the
measurements are highly correlated and consistent with unity.
This result implies that there isn’t a significant redshift over-
lap between the lenses and sources, confirming a low-redshift
lens system. To further ensure that any overlap is negligible,
we test the impact of removing the first tomographic bin from
the combined source redshift distribution and performing the
tangential shear measurements. We find a Ay? of only 0.18
between the fiducial shear measurements and the measure-

B(0) =1+wrs(6) = (A2)
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ments performed without the first tomographic redshift bin,
indicating that our results are stable. The increased variation
between the red galaxy spatial positions across the DES foot-
print likely heightens the size of the errorbars for the boost
factor measurements by augmenting the differences between
the jackknife patches used to calculate the covariance for the
red LSBGs.

Including the boost factor in the tangential shear measure-
ments results in a negligible Ay? of 0.009 for the red sample
and 0.002 for the blue sample when compared to the fiducial
tangential shear measurements. Moreover, we find the boost
factor for the red sample to be smaller than one (while still
compatible with unity), which indicates that other systemat-
ics, such as magnification, must dominate over the clustering
between lenses and sources. Given the boost factor’s sen-
sitivity to these unmodeled systematics and its insignificant
impact, we opt not to include it in the fiducial tangential shear
measurements.

B TESTING ROBUSTNESS AGAINST PRIORS

In this appendix, we describe additional tests performed to
check the robustness of our results against the chosen priors
in Table 2| In particular, we test two scenarios (summarized
in Table ): (1) marginalizing over the source redshift uncer-
tainty, and (2) including the width of the offset distribution as
a free parameter.

For (1), we include an additional free parameter Azg as the
shift in the source redshift and marginalize over it. The mean
source redshift uncertainty for the individual source redshift
bins are listed in (Abbott et al.|2022). We take the largest value
(corresponding to bin 1) with a 20~ of 0.018 and marginalize
over it in our model. We find that the posterior does not change
significantly, as shown in Fig.

For (2), we include the width of the offset distribution,
Ooff, as a free parameter. Note that for the fiducial model, we
assume a oo of 12.2 arcmin, or Hgﬂ. This is consistent with

the posterior distribution, as shown in Fig.

C MODEL COMPARISON

In this appendix, we compare the results of our fiducial
model to a model constructed under the Halo Occupation Dis-
tribution (HOD) framework, as described inZacharegkas et al.
(2022). It is important to note that we did not select the HOD
model as our fiducial because it lacks a crucial term accounting
for subhalo mass, which is fundamental to this work. However,
we utilize it for comparison with our host halo mass results
and to assess certain assumptions of our model, such as the
prevalence of red LSBG galaxies as satellites and the negli-

Parameter Priors Posteriors
Az Uncertainty
Msub U(7, 12) log(MO)

Muow  U(10, 15) log(Mo)

log(Mgn/Mo) < 11.50

log(Mhost/Mo) = 12-974_—%.11]0

Ooft U(25,55) arcmin 36.4ﬂ% arcmin
Azs N (0.6312,0.018) 0-632t%%1189

ooff Included
My U(7,12) log(Mo)
Moy U(10,15) log(Mo)
Oot U(25,55) arcmin
Ooff U(2, 25) arcmin

log(Mgn/Mo) < 11.60
lOg(Mhosl/MQ) =12.96+0.11
37.4’3“83 arcmin
~ 12 arcmin

Table 4: Priors and mean posteriors for the red LSBG tan-
gential shear measurements. The first three rows include the
subhalo mass, host halo mass, radial offset, and source red-
shift as free parameters. We find that marginalizing over Azg
does not add to the uncertainty. These results correspond to
Fig. The bottom three rows include the width of the offset
distribution as a parameter and correspond to Fig.
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Figure 11.: MCMC posterior distribution for red LSBGs co-
inciding with the first four rows of Table ] This posterior
distribution includes the mean source redshift as a free pa-
rameter, constrained by Azg. The prior on the mean source
redshift is overlaid in yellow. The fiducial model is overlaid in

gray.
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Figure 12.: MCMC posterior distribution corresponding to
the bottom three rows of Table @l The width of the offset
distribution is included as a free parameter. We find that this
result is consistent with the fiducial model, overlaid in gray.

gible impact of the two-halo term across the selected angular
scales. In addition, rather than following a Gaussian distribu-
tion of radial offsets, the satellite galaxies in the HOD model
are spatially distributed within the host halo along an NFW
profile.

We compare the HOD model to the red LSBG shear
measurements in Fig. [I3] We find that the HOD model
for the red LSBG sample requires a satellite fraction of
0.94 + 0.2, validating our initial assumption of a satellite-
dominated sample described in Sec. E[ In addition, we find
that the host halo mass estimate produced by the HOD model,
log(Mpost/Mp) = 13.1 £ 0.2, is consistent within 20 with
the estimate produced by the fiducial model. We note that at
larger scales, the two-halo term becomes more prominent, but
we have tested that removing these scales does not significantly
impact our best-fit estimate, shifting the host halo mass best
fit from log(Mhpost/Mo) = 12.98 to log(Mhest/ Me) = 12.99.
Despite important modeling differences, the host halo mass
estimate remains stable, validating our model.

D LENS SAMPLE UDG COMPOSITION

We can utilize the redshift distributions of Sec.2.I]and the
LSBG effective radii measurements to calculate the physical
size distributions of the LSBG samples and to estimate the
percentage of UDGs. UDGs are typically defined as galaxies
with a physical radius of (Reg(g) > 1.5kpc) and a central sur-
face brightness of jo(g) > 24.0 mag arcsec™2 (see Tanoglidis

1072
Total Model (HOD)
Yle e Central One-Halo
o === Central Two-Halo
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Figure 13.: HOD model fit to the red LSBG tangential shear
measurements, adopting the model from Zacharegkas et al.
(2022). The central one-halo and two-halo terms are subdom-
inant and do not contribute significantly to the model. We
find that the best-fit model requires a high satellite fraction of
0.94+0.2 and a host halo mass of log( Mg/ Me) = 13.1+0.2.
Note that the triangle markers indicate a negative shear mea-
surement.

et al.[(2021))). 35% of the red and 17% of the blue LSBGs pass
the central surface brightness cut. With the caveat that these
subsamples might not follow the same redshift distributions
as Fig.[I] we can estimate the physical size of these galaxies.

First, we convert the apparent sizes of the galaxies to an
array of physical sizes corresponding to each redshift bin of
the distribution. We shift from the observed angular space of
the effective radii measurements to physical space by using
Reff phys = Refr,0 X Dr. We weight these physical size dis-
tributions by the normalized redshift distribution and sum the
results, producing a distribution of physical sizes for both the
red and blue LSBG samples:

Z(n(Resr,phys (zL, Refr,0))n(zL)
n(zr) '
Moreover, we caution that the tail in our redshift distributions
can produce unphysically large galaxy sizes. We find that
28% of the red and 16% of the blue LSBG galaxies meet these

conditions and can be classified as UDGs. These distributions
are shown in Fig.

n(Reff,phys) = (D1)

It is interesting to note that|Greene et al. (2022)) found that
65-80% of the red and 60-77% of the blue HSC LSBG sample
qualify as UDGs. However, they drew these proportions from
a UDG definition solely based on size cuts, where Reg(g) >
1.5kpc. Using this definition, we find that 71% of our red and
89% of our blue LSBG sample qualify as UDGs.
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Figure 14.: Physical size distribution for the red and blue
LSBG samples. The dashed lines show the galaxies that meet
the central surface brightness qualifications for an UDG. The
black vertical dashed lines indicate the physical size cutoff for
red and blue UDGs.
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