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ABSTRACT

We present galaxy-galaxy lensing measurements of a sample of low surface brightness galaxies (LSBGs) drawn from the Dark
Energy Survey Year 3 (Y3) data. LSBGs are diffuse galaxies with a surface brightness dimmer than the ambient night sky.
Given their faintness, the use of standard observational techniques proves challenging. Weak gravitational lensing probes both
the baryonic and dark matter content of galaxies, rendering it a powerful technique to estimate LSBG masses. The LSBG lens
sample consists of 23, 790 total extended galaxies separated into red and blue color types at g —i > 0.60 and g — 7 < 0.60,
respectively. We use the Y3 METACALIBRATION shape catalog as the source sample, with a number density of 5.59gal/arcmin.
We measure the tangential shear around the lens galaxies across angular scales of 0.25 — 400 arcmin and find a signal-to-noise
of 6.67 for red galaxies, 2.17 for blue galaxies, and 5.30 for the total sample. We fit a model built from two NFW profiles
corresponding to the LSBG dark matter subhalo and host halo to the red LSBG shear measurements with an MCMC. We
estimate the host halo mass at 7.3‘:21'% x 102 M. We place a 95% upper bound on the subhalo mass at 2.8 x 10! M. We utilize
the lens sample photometry to obtain an estimate of the red LSBG stellar mass distribution. We compare the ratio between the
stellar mass and the subhalo mass to the parameterized, satellite-specific SHMR (Moster et al. 2010). This work represents the

first example of an attempted constraint on the masses of LSBGs using weak gravitational lensing.

1 INTRODUCTION

Low-surface-brightness galaxies (LSBGs) are diffuse, usually dark-
matter dominated galaxies colloquially defined by a surface bright-
ness fainter than the ambient night sky. Recent interest in LSBGs
has grown due to the critical role they play in understanding galaxy
evolution (Thuruthipilly et al. 2023). These galaxies reside in ex-
tended dark matter halos and frequent environments ranging from
the open field to massive galaxy clusters (Bothun et al. 1997; Mc-
Connachie 2012; Martin et al. 2013; Danieli et al. 2017; Cohen et al.
2018; Leisman et al. 2017; Prole et al. 2021). Their diversity extends
to their size range: they can appear as compact as dwarf galaxies or
stretch to five times the size of the Milky Way (Das 2013; Kado-Fong
et al. 2021; Greene et al. 2022). 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%)
and hold significant sway over the physics of galaxy evolution (Mc-
Gaugh 1996; Bothun et al. 1997; O’Neil & Bothun 2000; Minchin
et al. 2004; Martin et al. 2019). Notable catalogs of LSBGs have
been produced by Rosenbaum et al. (2009); Greco et al. (2018);
Tanoglidis et al. (2021). The faintness of these aptly-named galaxies
makes direct observation challenging, but their extreme characteris-
tics present an opportunity to probe the nature of dark matter and test
current theories of galaxy evolution.

Examining LSBG masses can provide a clearer picture of the
stellar-to-halo-mass relation (SHMR) (Du et al. 2020). The SHMR
describes the connection between the mass of dark matter halos and
their resident galaxies (Moster et al. 2010; Behroozi et al. 2010).
Comparing LSBGs to the general, parameterized SHMR tests the
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limits and the scope of the relation and provides information on the
connection between stellar and dark matter mass in LSBGs (Niemiec
et al. 2022).

Gravitational lensing presents a promising avenue for studying
LSBGs. Gravitational lensing occurs when light from a background
object, such as a star or galaxy cluster, passes by the gravitational
potential well of a foreground mass (Bartelmann 2010). The fore-
ground mass (lens object) perturbs the light from the background
mass (source object), creating a distorted image. This distortion can
occur in terms of both shape and size, or shear and magnification. The
larger the lens mass, the deeper the gravitational well, and the greater
the distortion. As such, gravitational lensing traces both the dark and
baryonic matter composition of the lens object. We utilize galaxy-
galaxy lensing, in which both the background and foreground objects
are galaxies. Though the lensing effect for a single galaxy-galaxy pair
is negligible, we can find a preferred tangential alignment of source
galaxies around lens galaxies with large counts of lens-source pairs
(Bartelmann & Maturi 2017). In other words, the major axes of the
ellipses of the source galaxy images orient tangentially around the
lens galaxy images, creating a tangential shear. This work represents
the first example of using weak lensing to constrain the masses of
LSBGs.

2 DATA
2.1 Lens Catalog

We use a lens sample of LSBGs selected from the Dark Energy
Survey Year 3 (DES Y3) images (Sevilla-Noarbe et al. 2021) and de-
scribed in detail in Tanoglidis et al. (2021). Tanoglidis et al. (2021)
refined the sample with a series of cuts to reject artifacts and reduce
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Figure 1. 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.

imaging contamination. Point-like objects (as identified by Source-
Extractor) were removed and cuts were applied to define extended
LSBGs as galaxies with g-band effective radii of

Refr(g) > 2.5arcsec

and a mean surface brightness of

fegr(g) > 243 ——2

arcsec?

The sample was further color-restricted to the ranges:

-0.1<(g-i)<14 &)
(g-7r)20.7x(g—i)-04 2
(g-r) <07 x(g—i)+0.4. 3)

Objects in the sample were required to have an ellipticity < 0.7 to
remove high-ellipticity artifacts (i.e. diffraction spikes). The average
angular number density of LSBGs in the Tanoglidis et al. (2021)
sample stands at 4.5gal/ degz.

Galaxy colors correlate with galactic stellar populations, mor-
phologies, and environments. In large surveys, galaxy color distri-
butions are bimodally split into red and blue color categories (Blan-
ton et al. 2003). Tanoglidis et al. (2021) separated the LSBGs at
g —1 =0.60in fig. V, dividing red galaxies at g —i > 0.60 (7,805
galaxies) and blue galaxies at g —i < 0.60 (15,985 galaxies). We
follow this same division. As seen in fig. VIII of Tanoglidis et al.
(2021), the red galaxies are strongly clustered, while the blue galaxies
are scattered across the field.

2.2 Source Catalog

The background sources come from the Y3 METACALIBRATION shape
catalog described in Gatti et al. (2021). The redshift distribution of
this catalog and its uncertainties are calibrated with the Self Orga-
nizing Maps Photometric Redshifts, or SOMPZ (Myles & Alarcon
et al., 2021). The resulting redshift distribution shapes are further
constrained using the clustering redshifts (WZ) method (Giannini
et al. 2022). The Y3 METACALIBRATION shape catalog includes four
tomographic redshift bins. To reduce the shape noise and boost the
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signal, we weight the redshift bins by their galaxy count and com-
bine them. Following Greco et al. (2018); Greene et al. (2022), we
expect the LSBGs to live at low redshifts, thus the lensing efficiency
varies little between the assorted redshift bins. Furthermore, com-
bining the source bins at the measurement level circumvents the need
to measure the cross-covariance between redshift bins. We display
the combined redshift distribution in Fig. 1 and determine a mean
source redshift of 0.6312.

2.3 2Mass Photometric Redshift Catalog

Following the work of Giannini et al. (2022), we use the clustering
redshifts method to obtain a rough estimate of the LSBG redshift dis-
tribution. We cross-correlate the positions of the LSBG catalog with
the positions of the 2Mass Photometric Redshift Catalog (2MPZ)
(Bilicki et al. 2014), which contains approximately 100 galaxies.
The catalog cross-matches the 2MASS Extended Source Catalog,
WISE, and SuperCosmos samples and utilizes the artificial neural
network approach (the ANNz algorithm) (Collister & Lahav 2004)
to derive the photometric redshifts (Jarrett et al. 2000; Hambly et al.
2001; Kovacs et al. 2013) of the sampled galaxies.

3 MEASUREMENT
3.1 Tangential Shear Measurements

Galaxy-galaxy lensing traces mass distributions by cross-correlating
the shapes of background (source) galaxies with the positions of
foreground galaxies. We first measure the ellipticity of the source
galaxies to extract the cosmic shear, y. 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:

er,Ls = —e1 cos(2¢) — ey sin(2¢). “)

We define ¢ as the position angle of the source galaxy centered at the
lens galaxy with respect to the x-axis of the sky coordinate system,
and e and e, as the ellipticity components.

Assuming the galaxies are randomly oriented, averaging the tan-
gential component of the ellipticity over many source-lens pairs re-
duces their intrinsic shape. We can obtain the tangential shear:

Zrswirser,rs(6)

s 5
Zrswis(6) ®

Y:(0) =
with wps = (wp)(wg) as the weight factor for a particular lens-
source pair, wy, as the weight of the lens galaxy, wg as the weight of
the source galaxy, and 6 as the angular distance between the lens and
the source galaxy pair. The lens galaxy weights are uniform with wp
=1.

‘We must correct the tangential shear measurements by incorporat-
ing random point subtraction and the shear response. Random point
subtraction requires measuring the tangential shear around a sample
of random points to test the edges of the survey and masked re-
gions for systematics. The sample of random points comes from the
Y3 Gold Footprint catalog (Sevilla-Noarbe et al. 2021). The shear
estimator with random point subtraction is given by

EZrswiser,Ls(0)  Zrswrser,rs(0)
Zrswrs(6) Zrswrs(6)

The response factor corrects the mean tangential shear and elimi-
nates biases caused by noisy ellipticity measurements or selections.

7:(60) = 6)
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Xou/v SN

Full Sample  50.09/22  5.30
Red 6642122 6.67
Blue 26.70/22 2.17

Table 1: Signal-to-noise and y? values for tangential shear measure-
ments of red, blue, and total LSBG samples. v represents degrees of
freedom.

We find the response factor for the combined source redshift bins to
be 0.7184. We list the tangential shear estimator with the incorporated
response factor as follows:

1 [Zrswiserrs(d)  Zrswrser,rs(0)

71(8) = (RY | Zrswrs(0) ZRrsWRs(0)

@)

3.2 Tangential Shear Measurement Pipeline

We perform the lensing measurements with the software package
TreEeCorr (Jarvis et al. 2004). We use the NGCorrelation class from
TreeCoRR to complete the position-shape correlations. TREECORR
splits the lens galaxies and random points into 100 patches to obtain
the jackknife covariance. Based on the survey area (5000 degz), the
maximum length of the jackknife patches is ~ 400 arcmin, establish-
ing the upper bound of the measurement scales. As such, we execute
the measurements in 22 angular bins spanned logarithmically from
0.25 to 400 arcmin. We display the tangential shear measurements in
Fig. 2 and the jackknife correlation matrices in Fig. 3.

We evaluate the y2 of the measurements by combining the inverse
covariance with the measurement signal:

X2 =(yey — ytm)cov_l(y,d = Ytm)- (3

We define y;, as the measured tangential shear and ;,, as the mod-
eled shear. We compare the tangential shear measurements to a null
model to assess the strength of the lensing signal. We use the Hartlap
factor (Hartlap et al. 2007) to correct for the noise and bias of the
inverse jackknife covariance. The Hartlap factor scales the inverse of
the covariance matrix by

f=m-m=2)/(n-1), ®

with n as the number of realizations (100) and m as the number of
entries in the data vectors (22). We evaluate the signal-to-noise,

S/N = \Xgu = 7> (10)

where v corresponds to the number of degrees of freedom (22).The
signal-to-noise and )(ﬁuu values are listed in Table 1. Despite contain-
ing fewer galaxies than the total sample, the red LSBG population
produces the strongest shear signal, likely due to the clustered envi-
ronments of these galaxies.

3.3 Tangential Shear Measurement Validation
3.3.1 yx Shear

We compute the yx term as a systematics test on the tangential 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.
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. 4. We measure a )(3 | for the yx term of 13.58/22 for the
total sample, 14.84/22 for the red sample, and 15.96/22 for the blue
sample.

10—2 E

1072 4 I l T
Y 'TT*’ﬁ’o*
1074 4 'z *
T

7:(0)

1075 4
10-6 T T T
10° 10! 102
0 [arcmin)]
(a) Red LSBGs
10-2 4
103 l l l
. 4 T
>
& 1044
y t 4
1077 4 * *
1076 T
100 10! 102
6 [arcmin)]
(b) Blue LSBGs
10—2 4
1073 5 l T L
s o ¢
& 1074 * * oo
Y te 44
Pttt
1076 T T T T T T
100 10! 10%
0 [arcmin)]

(c) Total LSBG Sample

Figure 2. Tangential shear measurements for the red, blue, and total sample
of LSBGs. The measurements span from 0.25-400 arcmin and are divided
into 22 angular bins. The triangle markings indicate bins with negative shear
measurements. The errorbars are derived from the jackknife covariance.
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Figure 3. Correlation matrices for the jackknife covariance of red and blue
LSBGs. The x and y axes correspond to the angular bins of the tangential
shear measurements. At larger scales (bins>14), the correlation between bins
grows stronger.

3.3.2 Random Sample Shear

As an additional test, we measure the tangential shear surrounding
the positions of the randoms catalog. These positions are randomly
selected, therefore we should not measure any lensing signal. We find
a Xﬁuu of 3.21 over 22 degrees of freedom, confirming a null signal.
We illustrate this result in Fig. 5.

3.4 Interpreting Red LSBG Tangential Shear Measurements

As described in Tanoglidis et al. (2021) and shown in fig VIII, the red
LSBG sample demonstrates a preference for clustered environments.
Theoretical modeling indicates that faint, clustered, red galaxies are
predominantly satellites of massive dark matter halos. Berlind et al.
(2005) used a high resolution, small-volume simulation to demon-
strate that low-luminosity red galaxies primarily live as satellites in
massive halos. Zehavi et al. (2011) found that the strong clustering
exhibited by faint red galaxies suggested that most of these galaxies
are satellites in massive halos. The fainter the galaxy population,
the greater the satellite fraction. Given these concurring results, we
assume the red LSBG sample is dominated by satellites.

Based on its scattered spatial distribution, the blue LSBG sample
is likely composed of central field galaxies. This behavior reduces the
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Figure 4. Measurement of the yx term for the red and blue LSBG samples.
Note that the blue sample positions are offset to improve visibility. We find
this term to be consistent with zero.
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Figure 5. Tangential shear measurements around the random point sample,
divided into 22 angular bins. All shape catalog redshift bins are combined.
The shear measurements do not produce a significant signal, with a Xﬁm of
3.21/22.
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lensing signal and hinders our ability to obtain an effective redshift
distribution to model the blue LSBGs. Given these complications,
we focus our efforts on modeling the red LSBG sample.

3.5 Deriving the Redshift Distribution

The two-point correlation signal measures the likelihood of finding
a pair of objects at a given separation compared to a random distri-
bution. In other words, it is a gauge of clustering. Clustering-based
redshift methods derive the redshift distribution of an "unknown"
galaxy sample by exploiting the two-point correlation signal be-
tween the "unknown" sample and a "reference" sample of galaxies
with trusted redshifts divided into thin bins. We define the "unknown"
sample as the red LSBG catalog and the "reference" sample as the
2MPZ catalog (Bilicki et al. 2014). This process assumes that the
cross-correlation between the two samples is positive when the ob-
jects overlap in physical space. We compute the cross-correlation
signal as a function of angular scale by using the Davis & Peebles
(1983) estimator:

Ngr DuDr(g) _

9) =
wur ) = N, DR ()

an

wy, represents the cross-correlation signal between the unknown and
reference sample, D, D, () and D, R () stand for the data-data and
data-random pairs, and Ng, and Np, correspond to the total num-
ber of galaxies in the reference sample and the reference random
catalog, used for normalization. We use the TREECorRrR NNCorrela-
tion class to evaluate the position-position correlations. We show the
cross-correlation measurements across angular scales in Fig. 6 and
observe a positive measurement, indicating redshift overlap between
the catalogs. We average the correlation function over specified an-
gular scales via

Omax
wur = [ Wm0, (12)
where we use W(6) « 6~ as a weighting function to yield optimal
S/N in the presence of shot noise. Given the low redshift range of
the LSBG sample implied by Tanoglidis et al. (2021), we divide the
reference sample into thin redshift bins with a width of 0.01 over
the range [0.0-0.14]. We approximate the redshift distribution at the
central redshift of each bin z; as

wur (2i)
br(zi)wpm (zi)
by (z;) signifies the galaxy-matter bias of the reference sample. We

estimate b, (z) by measuring the angle-averaged auto-correlation
function of the reference sample:

13)

ny (zi) o

wrr (2i)

br(a) wpm (zi)

(14)
We use CosMoSIS, a state-of-the-art cosmological parameter sam-
pler, to recover Wpas(z;), the dark matter two-point correlation
function for the specified redshift bins. The galaxy bias appears most
linear at the angular scales of § = 16.53 arcmin, § = 23.13 arcmin,
6 = 32.45 arcmin, § = 45.23 arcmin, and 6 = 63.25 arcmin. For
confirmation, we plot the galaxy bias as a function of angular scale
in Appendix B. We extract the redshift distribution over these angular
scales and show the resulting distributions in Fig. 7. We average these
distributions to produce a final approximated redshift distribution for
the LSBG sample, found in Fig. 8. As an additional point of interest,
we cross-correlate the red LSBG sample with the Magnitude-Limited
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Figure 6. Cross-correlation between the red LSBG positions and the 2MPZ
catalog across angular scales, in 14 redshift slices spanning from 0.0 to 0.14
with a width of 0.01
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Figure 7. Normalized redshift distribution of the red LSBGs for angular
scales of 6 = 23.13[arcmin], 6 = 32.345[arcmin] and 6 = 45.23[arcmin].
The uncertainties on the autocorrelation and cross-correlation functions, ob-
tained using the jackknife covariance, are propagated forward to produce the
errorbars.

Lens Sample (MaGLim) (Porredon et al. 2022) and the REDMAGIC
sample (Pandey et al. 2022), described in Appendix A. We present
the cross-correlation measurements for the blue LSBG sample in
Appendix A3.

4 MODELING THE TANGENTIAL SHEAR
We denote the tangential shear for a single lens-source system as

AZ;(R)

Y j(R) =g,
nhd Zerie(zL,i» 28, )

(15)
where i and j represent the indices for a single lens and source
object, and AZ(R) describes the excess surface density as a function
of the projected radius R, the physical distance between the lens
and the source galaxy at the lens redshift. . (zr,zs) describes
a geometrical factor dependent on the characteristics of the lensing
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Figure 8. Normalized redshift distribution of the red LSBGs averaged over
the angular scales of & = 23.13[arcmin], 8 = 32.345[arcmin] and 6 =
45.23[arcmin].

system, given by

62 DS

—_— 16
4rG DLSDL ( )

Zerit(zL, zs) =
where ¢ represents the speed of light and Dg, Dy, and D g stand
for the angular diameter distances to the source, the lens, and be-
tween the source and the lens. The angular diameter distances can be
determined from the redshifts and the cosmology.

4.1 Excess Surface Density
The excess surface density can be broken into two components:
AZ(R) = £(< R) - (R), a7

where Z(R) designates the projected surface density at R and £(< 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 as

R
(< R) = %/0 rX(r)dr, (18)

where r stands for the varying physical radius. We describe the
projected surface density as

Z(R) :2/+mprw(Vr2+R2)dr. (19)
0

PNFEw signifies a Navarro-Frank-White (NFW) profile (Navarro et al.
1996). The NFW profile describes the density of dark matter as a
function of the distance from the center of a galaxy or cluster. The
density at a radius r is given by

Ps

r/rs(l+r/rs)2, 20

PNFW (1) =

where rg stands for the scale radius. We write the scale radius as

re = 20, @1)
Cs

where ¢ denotes the concentration of the halo and ryq signifies the
virial radius. p; stands for the characteristic density of the halo. The
characteristic density represents the density of the dark matter halo
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within the scale radius rg and can be derived from the mass and the
concentration via

— Mhalo
4rr3(In(1 +cg) —cs/(1+¢5))

Ps (22)
where My, stands for the effective halo mass of the sample, or the
average of the halo mass function for the LSBG halos. The NFW
profile acts as a mediator between the halo mass and the excess
surface density.

4.2 Tangential Shear for a Galaxy Population

We integrate over the redshift distributions to construct a tangential
shear model with a range of possible source and lens redshifts:

Yepop(R) = / / (et (R) X N(zs) X N(zp)dzsdar.  (23)

where N(zp) and N(zg) represent the normalized redshift distri-
butions for the lenses and sources and 7y; ; j corresponds to the
tangential shear profiles for the individual systems.

The shear model consists of a stellar term, signifying the LSBG
stellar mass, a subhalo term, derived from the LSBG subhalo mass,
and a host halo term, representing the influence of the LSBG host
halo. The stellar portion takes precedence at unobservable small
scales and does not contribute significantly to the measured lensing
signal. The dark matter distribution of a satellite galaxy is centered
on the subhalo. Consequently, the subhalo term leads at smaller
angular separations and the host halo term dominates at larger angular
separations. For the host halo model, we must incorporate a radial
offset to shift the reference point from the projected center of the
profile. We feed the radial offset into an offset excess surface density
profile:

1 2
Soff(R.Rom) = 5= | (y/R2 + K2+ 2RRog cos 6)d6. (24)
2 0 off

where R,g represents the projected physical distance between the
new reference and the center of the profile, and 6 signifies a range
between 0 and 27 to calculate the angular integral. We define the
host halo shear model with the offset excess surface density profile
as

AZ(R, Roff)
2erit (2L, 28) '

The tangential shear model for a subhalo and an offset host halo can
be written as

Yt,host = (25)

Y:(R) = ')’t,sub(R) + 'Yt,host(R’ Rof). (26)

4.3 Modeling Pipeline

We employ ProriLEY, a Python-based package that generates mass
distribution profiles for galaxies, to construct NFW profiles depen-
dent on a given redshift, concentration, and mass (Madhavacheril
et al. 2020). We define the concentration by applying the Ishiyama
et al. (2021) concentration-mass relationship and implement the
’Planck15’ cosmology, a ACDM model with values of Q,,0 =
0.3809, Q.0 = 0.6910, and Q¢ = 0.0486 (Planck Collaboration
2016).

We use a specified lens redshift to convert the tangential shear
measurements from angular to physical scales:

R =Dy x6. (27)

Dy stands for the angular diameter distance (based on the given
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lens redshift and the cosmology) and 6 represents the angular
scales. PROFILEY uses these converted physical radii and the estab-
lished NFW profile to produce the excess surface density with the
nfw.projected_excess function. The lens and source redshift can
be used to construct the ¢ (zr., zs) term withthenfw.sigma_crit
function. We follow Eq. 15 to generate the shear profile for a single
lens and source redshift.

We utilize the lens redshift distribution of Sec. 3.5. We find that
using a single fixed source redshift versus the full distribution of
source redshifts does not significantly impact the model, inducing a
Ax? of only 0.12. We fix the source redshift at the mean redshift of
0.6312 and only integrate y; ; ; over the lens redshift distribution,

'Yt,sub,pop(R) = / Vi,i,j (R) X N(zp)dzL. (28)

This equation represents the subhalo term of the total model.

We determine the necessary radial offset for the host halo profile.
Upon examination, the shape of the red LSBG tangential shear mea-
surements changes at ~ 40 arcmin. Assuming the red LSBGs are
satellite galaxies at low redshift, this angular separation corresponds
to a physical radius consistent with the onset of the host halo profile
(Zacharegkas et al. 2022).

Following the same procedure as the subhalo model, we initialize
a new, separate NFW profile for the host halo based on a given lens
redshift, concentration, and mass. We convert the angular scales of
the central offset, defined as y, to physical scales using the selected
lens redshift and Eq. 27. To represent the host halos of a galaxy
population with various offset radii, we build a normal distribution
of radial offsets centered around u with a o of &, spanning from
0 to 2 X u. We illustrate that this distribution width suits the data
in Fig. C2. We use the Profiley nfw.offsetprojected_excess
function to produce the offset excess surface density profile and
divide by X4t (zL, z5), following Eq. 25. We integrate over both the
offset distribution and the lens redshift distribution, defining the host
halo model as

Y1, host,pop (R Ro[’f):/‘/Yt,i,j(Rv Ro 5 p)XN (Ro) XN (z1)dRogrdz -

29)

5 FITTING THE MODEL

We fit the model to the tangential shear measurements with a Markov
Chain Monte Carlo, or MCMC. An MCMC is a statistical sampling
algorithm that utilizes the likelihood function to estimate the poste-
rior distribution of model parameters given some observed data. To
avoid numerical complications, we use the logarithm of the likeli-
hood function, defined as

-1
(L) = —(ea = Yem®DeV (vt = vem(®).  (30)

with y; 4 established as the tangential shear measurement, and y; ;,
set as the modeled shear, constructed from the chosen parameters.
The Bayes theorem transforms the likelihood function into P(p|d),
or the probability that the parameters p take on certain values given
a set of measurements d,

P(dlp) x P(p)
P(d)
where P(p) represents the prior. The prior folds any previous knowl-

edge of the parameters p into the analysis to define the bounds of the
MCMC. We select the free parameters of the model,

P = (Mhosts Msups 14)- (32)

P(pld) = o« L(p)P(p), (31

R [Mpc]
0= 10-1 10° Lot
1072 == ' . |
—— Total Model
e 1 e NFW Subhalo

v === NFW Host Halo

10° 10 10°
6 [arcmin]

Figure 9. Total model fit to the red galaxy tangential shear measurements.
With the given MCMC parameter values of Table 2 for the host halo mass,
subhalo mass, and offset, we find a )(2 value of 33.27 over 22 degrees of
freedom between the model and the measurements. Note that the triangle
markers indicate a negative shear measurement.

P(p|d) signifies the posterior distribution. These posteriors corre-
spond to the maximum probability of measurements, assuming that
the model is effective. We use the algorithm EMCEE to generate the
MCMC, with 1000 steps and 20 walkers (Goodman & Weare 2010).

5.1 Priors

We apply uniform priors to the subhalo mass, host halo mass, and
offsets, with the following ranges: 10’ Mg < Mgy < 102 Mo,
10196 < Moy < 109 Mg, 25 aremin < u < 55 arcmin.

5.2 Posteriors

We rely on CHAINCONSUMER to calculate the mean of the posteri-
ors (Hinton 2016). We find the MCMC converges at an offset of

38.7‘:‘276 arcmin and a host halo mass of 7.3f2]'% x 1012 M. We find

an upper bound for the subhalo mass at 2.8 x 101! M. These values
are listed in Table 2 and shown in Fig. 10. We use these posteriors to
build the model displayed in Fig. 9. These results are consistent with
Sifén et al. (2018); Prole et al. (2019); van Dokkum et al. (2016).

6 STELLAR TO HALO MASS RELATION
6.1 Stellar Mass

We draw on the lens sample photometry and the lens redshift distribu-
tion of Sec. 3.5 to estimate the stellar mass of the red LSBG sample.
The ratio between the stellar mass and the subhalo mass (M. /M},)
can be compared to the satellite-specific parameterized stellar-to-
halo-mass relation (Moster et al. 2010). We adopt the method devel-
oped in Bell et al. (2003) to extract the mass-to-light ratio from the
photometry, the so-called color-to-mass-light relation (CMLR):

logy! =aj +bj x color. (33)

MNRAS 000, 000-000 (0000)
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Red Galaxies Priors Posteriors
Subhalo Mass ~ U(10"Mg < Mgy < 1012Mg) Mgy, < 2.8 x 1011 Mg
Host Halo Mass  U(10""Mo < Moy < 10°Mg) — 7.3720 x 1012 M,
Offset U(25 arcmin < ¢ < 55 arcmin 38.74:1'76 arcmin

Table 2: Priors and posteriors for the red LSBG tangential shear measurements for the subhalo mass, host halo mass, and mean radial offset
given by the MCMC, corresponding to Fig. 10. We define U(a < x < b) as a uniform distribution with a lower bound of a and an upper bound
of b. Note that the subhalo mass posterior is unconstrained at the low mass end. We list the 95% upper bound.

Subhalo = (0.1535) x 10%°

HostHalo = (7.3*% g) x 1012

e
]
B N
=
=N
g
=]
=
ot — 9Q THAT
Offset = 38.77 ¢
-
k=
o
NN N AN SN N & » ®
Subhalo [x10"] HostHalo [x10%] Offset

Figure 10. MCMC posterior distribution for red LSBGs.

Color ag bg ar b, a; b;
g—r -0499 1519 -0.306 1.097 -0.222 0.864
g—i -0379 0914 -0.220 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 r-band magnitudes and the g — r
and g — i colors.

v! 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. As described in Du et al. (2020), the g — r
and the g — i bands prove to be the most robust indicators of y.. We
define the parameter values from Bell et al. (2003) in Tab. 3. We
compare the impact of various magnitude band and color choices on
the stellar mass estimate in Fig. 11.

We extract the lens sample luminosity in the j-band from the pho-
tometry and combine it with the mass-to-light ratio to estimate the
stellar mass. We calculate the comoving distance to the established
lens redshift distribution from Sec. 3.5 with the *Planck15’ cosmol-
ogy. We utilize the distance modulus to find the absolute j-band
magnitude of the lens sample:

my—M; = SIOg( (34)

10pc ) ’
M; represents the absolute j-band magnitude of the lens sample,
m  stands for the apparent magnitude in the j-band, and d indicates
the comoving distance to the lens sample (converted to parsecs).
We compare the LSBG absolute magnitude to the solar absolute

MNRAS 000, 000-000 (0000)
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Figure 11. Distribution of stellar masses for the red LSBG sample, approxi-
mated using the i-band, g-band, and r-band photometry and the g —i and g —r
color bands. The stellar mass distribution is resampled around the uncertainty
of the magnitudes.

magnitude to recover the luminosity:

ﬁ =1004(Mjo-M;) (35)
Lo
M; o represents the absolute magnitude of the sun in the j-band for
the AB magnitude SDSS filter. We multiply the luminosity by the
mass-to-light ratio to find the stellar mass:

M.=L;xyl. (36)

We resample the stellar mass distribution around the uncertainty of
the j-band magnitudes, as shown in Fig. 11. We conduct this mass
estimate for the g-band, r-band, and i-band magnitudes and the g — i
and g — r colors. The stellar mass distribution is consistent with the
stellar mass distribution of satellite galaxies in the SAGA survey
(Mao et al. 2021).

6.2 Stellar to Halo Mass Relation

We compare the ratio between the stellar mass estimates and the
constrained red galaxy subhalo mass from Sec. 5.2 to the satellite-
specific parameterized SHMR. We adopt the power law definition of
the stellar-to-halo mass relation from Moster et al. (2010):

M, B Mh -B(z) Mh v(2) -1
M_h(Z) =246) [(MA(Z)) * (MA(Z)) - OD

M, represents the stellar mass, M designates the halo mass,
A(z) indicates the normalization of the SHMR at the characteris-
tic halo mass My, and B and y describe the slopes of the rela-
tion at low- and high-mass ends. We employ the best-fit parame-
ters for low-redshift satellite galaxies found in Moster et al. (2010):
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Figure 12. Comparison between the the LSBG stellar mass (M) calculated
for the i-band magnitude and g — i color at the upper subhalo mass limit and
the stellar mass estimated with the parameterized SHMR by Moster et al.
(2010). The markings indicate the mean, median, and the extrema of the
stellar mass distribution. The shaded grey areas represent the spread of the
stellar mass estimate obtained from the SHMR.

A =0.018670-0012 150 pf, = 12.1988%0-0878 '3 —  7817+0.0629

-0.0012" —-0.0878” -0.0629’
and y = 0.7334t%%i5522. We depict the spread of the i-band and

g — i LSBG stellar mass estimate at the upper subhalo mass limit as
an illustrative example and compare to the stellar mass distribution
obtained with the parameterized satellite SHMR in Fig. 12.

7 CONCLUSIONS

We perform galaxy-galaxy lensing measurements on a sample of low-
surface-brightness galaxies from Tanoglidis et al. (2021). We use the
DES Y3 METACALIBRATION catalog for the source galaxy shapes.
We divide the lens sample into two subcategories: red galaxies with
g —1i > 0.6 and blue galaxies with g —i < 0.6. We measure the
tangential shear around the lens galaxies across angular scales of
0.25-400 arcmin and extract a signal-to-noise of 6.67 for red galaxies,
2.17 for blue galaxies, and 5.30 for the combined sample.

We cross-correlate the positions of the red LSBGs with the 2MPZ
catalog to extract the redshift distribution of the red LSBG sample.
We construct a model built out of two NFW profiles to represent the
subhalo and host halo terms of the red LSBG sample. We fit the model
to the red LSBG measurements with an MCMC to recover posterior
values for the subhalo mass, host halo mass, and mean radial offset
of the host halo. We obtain an upper bound on the subhalo mass with
95% certainty at 2.8 X 10! M. We estimate the host halo mass at
7.3t21'% x 1012 Mg and the radial offset at 38.7t‘:"76 arcmin, with a
fixed source redshift of 0.6312. These results are presented in Table
2.

We use the lens photometry to estimate the stellar mass of the
red LSBG sample 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 LSBG stellar-to-halo mass ratio. We
compare this measurement to the parameterized satellite stellar-to-
halo mass relation of Moster et al. (2010). This project represents
the first attempt to constrain the mass range of LSBGs using weak
gravitational lensing.
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APPENDIX A: FURTHER CROSS-CORRELATION
MEASUREMENTS

In this appendix, we cross-correlate the LSBG samples with alter-
native catalogs. The MagLim and REDMAGIC catalogs both have
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Figure A1l. Cross-correlation between the first bin of the MaGgLim catalog
and the red, blue and total LSBG samples.
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Figure A2. Cross-correlation between the five bins of the REbMAGIC catalog
and the red LSBG sample.

higher redshift cutoffs than the assumed maximum lens redshift of
the LSBG distribution (z > 0.20 and z > 0.15, respectively). Based
on this limit, we should not observe a positive cross-correlation sig-
nal. We find that the cross-correlation measurements are negative or
null for both of these catalogs, cementing our assumption that these
galaxies live at low redshifts.

For comparison, we also include the cross-correlation measure-
ments between the blue LSBG sample and the 2MPZ catalog.

A1 MagLiM Cross-Correlation

We plot the cross-correlation between the first MagLim redshift bin
(0.20 < z < 0.40) and the red, blue, and total LSBG sample positions
in Fig. Al. The measurements are slightly negative at scales of 3-20
arcmin, though this effect is small.

A2 REDMAGIC Cross-Correlation

We plot the cross-correlation between the red LSBG sample and the
five REDMAGIC redshift bins, listed in tab. I of Prat et al. (2022) and
spanning from 0.15 < z < 0.90. The results are shown in Fig. A2
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Figure A3. Cross-correlation between the blue LSBG positions and the 2MPZ 10° 10t 10?
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catalog across angular scales, in 14 redshift slices spanning from 0.0 to 0.14 [ !
with a width of 0.01.

Figure C1.

A3 Blue LSBG Cross-Correlation

Subhalo = (0.1%54) x 10'°

We plot the cross-correlation measurements between the 2MPZ cat-
alog and the blue LSBG sample across angular scales of 0.25-400
arcmin in 14 redshift slices spanning from 0.0 to 0.14 with a width
of 0.01. We show the results in Fig. A3.

HostHalo = (7.0421) x 102

%Q
APPENDIX B: MEASURING GALAXY BIAS ;; i
We plot the galaxy bias, measured using the 2MPZ autocorrelation = Offset = 38.9*4%

HostHalo [x10'%]

function and the dark-matter two-point correlation function after
Eq. 14, as a function of angular scales and redshift. The galaxy
bias appears most linear at 6 = 16.53 arcmin, § = 23.13 arcmin,
0 = 32.45 arcmin, 6 = 45.23 arcmin, and 6 = 63.25 arcmin.

Offset
L Y %
L

OffsetWidth = 11.5 + 4.7

APPENDIX C: VALIDATING WIDTH OF THE OFFSET
DISTRIBUTION

s Y b Y B

OffsetWidth

&
4
S AY AP Y Y N Y R L
Subhalo [x10'] HostHalo [x10'3] Offset Offset Width

We include the width of the offset distribution as a parameter and
find that this result is consistent with the fiducial model. We list the

posteriors in Tab. C1 and display the results in Fig. C2. Figure C2. MCMC posterior distribution corresponding to Tab. C1. The
width of the offset distribution is included as a parameter.

Red Galaxies Priors Posteriors
Subhalo Mass U0 Mg < Mgy, < 102Mg) Mgy, < 2.8 % 10T Mg
Host Halo Mass U(10™Mo < Myoy < 105Mo) 7021 X 1072M4
Offset U(25 arcmin < g < 55 arcmin) 38.9‘:“'56
Offset Distribution Width ~ U(2 arcmin < o= < 25 arcmin) 11 .St‘f" 7 arcmin

Table C1: Priors and mean posteriors for red LSBG tangential shear
measurements for the mean radial offset, the width of the offset
distribution, and the subhalo mass and host halo mass. These results
correspond to Fig. C2.
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