
Properties of Nuclear Star Clusters in Low Surface Brightness Galaxies

Donghyeon J. Khim1 , Dennis Zaritsky1 , Mika Lambert2 , and Richard Donnerstein1
1 Steward Observatory and Department of Astronomy, University of Arizona, 933 N. Cherry Avenue, Tucson, AZ 85721, USA; galaxydiver@arizona.edu

2 Department of Astronomy & Astrophysics, University of California, Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, USA
Received 2024 March 2; revised 2024 May 16; accepted 2024 May 20; published 2024 July 1

Abstract

Using the Systematically Measuring Ultra-Diffuse Galaxies and Sloan Digital Sky Survey catalogs and our own
reprocessing of the Legacy Survey imaging, we investigate the properties of nuclear star clusters (NSCs) in
galaxies having central surface brightnesses as low as 27 mag arcsec−2. We identify 273 (123 with known redshift)
and 32 NSC-bearing galaxies in the two samples, respectively, where we require candidate NSCs to have a
separation of less than 0.10re from the galaxy center. We find that galaxies with low central surface brightness
(μ0,g> 24 mag arcsec−2) are more likely to contain an NSC if they (1) have a higher stellar mass, (2) have a higher
stellar-to-total mass ratio, (3) have a brighter central surface brightness, (4) have a larger axis ratio, or (5) lie in a
denser environment. Because of the correlations among these various quantities, it is likely that only one or two are
true physical drivers. We also find scaling relations for the NSC mass with stellar mass (MNSC/

( ) *=  M M M10 106.02 0.03
,gal

8 0.77 0.04) and halo mass (MNSC/ ( ) =  M M M10 10h
6.11 0.05

,gal
10 0.92 0.05),

although it is the scaling with halo mass that is consistent with a direct proportionality. In galaxies with an NSC,
MNSC≈ 10−4Mh,gal. This proportionality echoes the finding of a direct proportionality between the mass (or
number) of globular clusters (GCs) in galaxies and the galaxy’s total mass. These findings favor a related origin for
GCs and NSCs.

Unified Astronomy Thesaurus concepts: Low surface brightness galaxies (940); Galaxy properties (615); Galaxy
structure (622); Galaxy nuclei (609); Star clusters (1567)

1. Introduction

Extremely concentrated stellar populations, referred to as
nuclear star clusters (NSCs) or stellar nuclei, exist at the center
of galaxies of diverse morphology (e.g., Lauer et al. 2005;
Georgiev & Böker 2014) and environment (e.g., Baldassare
et al. 2014; Sánchez-Janssen et al. 2019) that range from
Local Group spheroidals (Crnojević et al. 2016) to those that
are significantly more massive than the Milky Way (M*,gal∼
1011.8Me; Neumayer & Walcher 2012). How host galaxy
properties affect the likelihood and properties of an NSC and
how such dependencies constrain NSC formation models remain
open questions and are our focus.

NSCs are not found in all galaxies even when deep images
are examined (e.g., Lim et al. 2018). Determining whether NSC
formation is genuinely stochastic or depends on galaxy
properties is of particular interest in assessing formation
scenarios. Already the fraction of galaxies that host an NSC,
the occupation fraction, has been shown to depend on stellar
mass (den Brok et al. 2014; Ordenes-Briceño et al. 2018;
Neumayer et al. 2020), galaxy shape (Lisker et al. 2007),
central surface brightness (Lim et al. 2020), morphology
(Habas et al. 2020), and environment (den Brok et al. 2014;
Lim et al. 2018; Sánchez-Janssen et al. 2019; Neumayer et al.
2020). Some of these relationships are complex, such as the
one with stellar mass, which peaks at a stellar mass (M*,gal) of
∼109 Me (Côté et al. 2006; Sánchez-Janssen et al. 2019).
Others are more controversial, such as those involving
morphology and environment, where conflicting findings exist

(see Neumayer et al. 2020, for morphology; see Baldassare
et al. 2014; Georgiev & Böker 2014, for environment).
As with the occupation fraction, studies have found that the

mass of the resulting NSC, MNSC, is related to host galaxy
properties. In this case, however, the only identified relation to
date is that with the host galaxy stellar mass (Neumayer et al.
2020). Interestingly, that relation is sublinear, whereMNSC rises
more slowly than M*,gal, suggesting that the two stellar
populations formed via different channels. This behavior is
reminiscent of that seen for the total mass of globular clusters
(GCs) in a galaxy, where the GC mass tracks the total mass of
the host galaxy more closely than it tracks the stellar mass
(Blakeslee et al. 1997; Spitler & Forbes 2009; Harris et al.
2017). The literature has not established whether this behavior
is fully mimicked by NSCs, but the possible connection to GCs
is a critical one for NSC formation models.
There are two broad families of NSC formation scenarios.

The first suggests that NSCs are created through the infall and
merging of GCs (e.g., Tremaine et al. 1975; Lotz et al. 2001;
Capuzzo-Dolcetta & Mastrobuono-Battisti 2009; Gnedin et al.
2014). Implications of this scenario include predictions
regarding the properties of the initial and surviving GCs. For
example, the observed lack of massive GCs in the inner region
of galaxies (e.g., Lotz et al. 2001; Capuzzo-Dolcetta &
Mastrobuono-Battisti 2009) has been attributed to the effect
of dynamical friction, which is required to cause the inward
spiraling of GCs that would merge to create an NSC. The
second suggests that NSCs were formed by extreme in situ star
formation (e.g., Bailey 1980; Mihos & Hernquist 1994; Bekki
& Couch 2001; Seth et al. 2006; Walcher et al. 2006), perhaps
with infalling gas from a gas-rich merger leading to highly
centralized star formation. Implications of this scenario might
include that NSCs have a wide range of ages, reflected by their
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colors, and show weak, if any, correlations with host galaxy
properties.

The correct formation scenario will reproduce whatever
trends are identified and confidently confirmed between the
occupation fraction, MNSC, and host galaxy properties. We seek
to further establish, or refute, the trends we have already cited
and to identify any remaining undiscovered trends. Both of
these goals are made easier by exploring the widest range
of galaxy properties possible. With recent advances, we are
able to significantly extend the study of NSCs to host galaxies
with extremely low central surface brightness. Particularly
interesting in this regard are ultradiffuse galaxies (UDGs;
μ0,g� 24 mag arcsec−2, re> 1.5 kpc; van Dokkum et al. 2015)
because they are outliers in various galaxy relationships
(Beasley et al. 2016; Li et al. 2023). As such, they may help
break degeneracies among relationships and clarify which of
these are more fundamental than others.

In our preceding study (Lambert et al. 2024), we identified
NSCs in the Systematically Measuring Ultra-Diffuse Galaxies
(SMUDGes) set of UDG candidates (Zaritsky et al.
2019, 2021, 2022, 2023). Here we conduct a more compre-
hensive analysis of the scaling relations between NSC mass,
stellar mass, and dark matter halo mass. We also extend our
investigation to explore the dependencies of the NSC
occupation fraction, requiring an expansion of the surface
brightness range. We broaden our sample by incorporating
galaxies from the Sloan Digital Sky Survey (SDSS), which
are typically of higher surface brightness and mass. We
develop a pipeline for fitting galaxies with single-Sérsic
profiles (Sérsic 1963) and simultaneous decomposition into
multiple components to consistently and quantitatively identify
NSCs. Then, we proceed to establish the connections between
NSCs and their host galaxies in terms of the NSC occupation
fraction and the scaling relations between MNSC and host
properties. Where possible, we compare our results with the
previous known relations to provide confidence in the
identified relationships. We investigate two primary questions:
are the host galaxies of NSCs distinct from the broader sample
of galaxies, and do the characteristics of NSCs vary based on
the properties of their host galaxies?

This paper is organized as follows: In Section 2, we describe
our methodology, including how we identify NSCs, measure
the stellar masses for the hosts and NSCs, estimate the halo
masses of the hosts, and parameterize their environments. In
Section 3, we examine and present the relationships between
the properties of host galaxies and NSCs. In Section 4, we
discuss our findings in the context of NSC formation scenarios.
Finally, we summarize our findings in Section 5. Through the
paper, we utilize a standard WMAP9 cosmology (Hinshaw
et al. 2013), although our findings are insensitive to the current
range of uncertainty in cosmological parameters. Magnitudes
are measured from the Legacy Survey data and are in the AB
system (Oke 1964; Oke & Gunn 1983).

2. Methodology

2.1. The Data

Our sample consists of data from two separate surveys that
we analyze in a consistent manner. First, we have targets from
the SMUDGes complete catalog (Zaritsky et al. 2023), whose
NSC population was initially presented by Lambert et al.
(2024). Second, we have targets from the SDSS catalog DR16

(Blanton et al. 2017; Ahumada et al. 2020), aiming both to
expand the range of host galaxy central surface brightnesses
and to increase the number of galaxies with NSCs for which we
have measured distances.
SMUDGes were originally selected to have low central g-

band surface brightness, μ0,g� 24 mag arcsec−2, and large
effective angular size, re� 5 3. The size criterion corresponds
to re� 2.5 kpc at the distance of the Coma Cluster,3

significantly larger than the typical 1.5 kpc minimum size
definition for UDGs, although many candidates turn out to be
nearer and therefore physically smaller. After applying a set of
criteria, including a final visual examination, that sample
consists of 6805 UDG candidates (Zaritsky et al. 2023).
Lambert et al. (2024) applied a few additional selection

criteria to refine that sample for their NSC analysis: (1) a
stricter color criterion (0< g− r< 0.8) to eliminate potential
background interlopers and candidates with an unphysical blue
color, and (2) an additional angular size criterion (re< 26″) to
exclude nearby galaxies that are less likely to be UDGs. Their
final sample size drawn from SMUDGes is 6542 galaxies.
Within this data set, we have spectroscopic redshifts for 226
galaxies from a variety of published sources (see Kadowaki
et al. 2021) and our ongoing work at both optical (L. Ascencio
et al. 2024, in preparation) and radio (A. Karunakaran et al.
2024, in preparation) wavelengths. Additionally, for 1307 of
these galaxies, we have estimated redshifts based on their likely
association with galaxy clusters or groups (Zaritsky et al.
2023). In cases where a galaxy has both a spectroscopic and an
estimated redshift, we adopt the spectroscopic value.
Our SDSS targets are those designated4 as “sciencePrimary”

and have a redshift uncertainty <0.001, no redshift warning
flag (“zwarning”), and a median signal-to-noise ratio (S/
N) > 2. The S/N is measured per pixel across the full
spectrum. Furthermore, we require that the recessional velocity
be greater than 1000 km s−1, to select objects that are outside
the Milky Way, and that the size of the point-spread function
(PSF), as defined by the seeing in the particular image,
corresponds to <500 pc, to ensure that we resolve any nuclear
structure (bulge) that has an effective radius >500 pc. Our
choice to resolve central structures larger than 500 pc is set
roughly by the effective radius of the smallest galaxy bulges
(Gadotti 2009). With the resolution criteria, the redshift range
of the SDSS sample extends up to 0.023 (cz∼ 7800 km s−1),
but we do not apply a defined upper redshift cut.
The SDSS catalog does provide estimates of the color and

angular size of these objects obtained from their own images.
However, given the Legacy Survey’s superior spatial resolution
(0 262 pixel−1 vs. 0 396 pixel−1) and greater sensitivity (Dey
et al. 2019), we perform our own measurements of these
parameters, as described in Section 2.3, and then apply the
color and angular size cuts (0< g− r< 0.8 and re< 26″) that
we applied to the SMUDGes sample. Additionally, for targets
that are not best modeled as isolated point sources, we apply an
additional cut requiring re> 3″, which is roughly twice the
median value of the FWHM of the PSF, to remove galaxies that
are too small on the sky for us to accurately resolve multiple
components.

3 We adopt an angular diameter distance of 98 Mpc for the Coma Cluster to
maintain consistency with van Dokkum et al. (2015).
4 See https://live-sdss4org-dr16.pantheonsite.io/spectro/catalogs/ for a
detailed description of this category, which aims to identify objects with
secure spectroscopic redshifts.
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2.2. Image Extraction and Masking

We extract working images from the Legacy database and
mask contaminants as summarized here and described in more
detail by Lambert et al. (2024). We extract 200× 200 pixel
(52 4× 52 4) r- and g-band images of each selected target
from the 9th data release (DR9) of the Legacy Survey (Dey
et al. 2019). This selection ensures that the obtained cutouts
encompass an ample field of view, allowing for adequate
background estimation. To generate image masks, we utilize
the SExtractor Python library (SEP; see Barbary 2016, for
details) based on SExtractor (Bertin & Arnouts 1996). First, we
use SEP to subtract the spatially varying background and
measure the background noise. We use a 64× 64 pixel mesh
(16 8× 16 8) to measure the background. We use this
background model only when identifying objects to mask. It
will not affect the photometric modeling of our galaxies.

We then employ SEP again to identify objects, which are
defined as groups of at least five adjacent pixels where each has
a flux that is �1.5σ above the background. We mask these
objects, except for the target galaxy itself. If the masked
regions cover more than 50% of the entire image area, we
exclude the target from further analysis and discussion. At this
stage, our sample consists of 6538 SMUDGes and 4746 SDSS
targets.

2.3. Model Fitting

We employ the photometric model fitting software package
GALFIT (Peng et al. 2010) to separate the structural
components and to measure their photometric parameters. We
adopt the PSF supplied by the Legacy Survey and calculate the
pixel-by-pixel uncertainties (σ-images) using the Legacy
Survey−provided inverse-variance images. We adopt a flat
background to avoid oversubtracting the wings of the galaxy (a

well-known problem in galaxy photometry; e.g., Moustakas
et al. 2023). We set the convolution box size for GALFIT to
half the length of the image.
The GALFIT fitting results are often significantly influenced

by the choice of initial parameters, principally due to the
diffuse and faint nature of our targets. This sensitivity is
compounded by the possible existence of a central component,
such as a bulge or NSC. To address this difficulty, we
implement a two-stage multicomponent fitting procedure,
similar to Lambert et al. (2024) and summarized below.
Additionally, at each fitting stage we perform multiple fits,
adjusting the initial parameter values to enhance the robustness
of our analysis. Figure 1 displays examples of models and
residual images created by GALFIT for single-Sérsic models
and two-component models for two SDSS galaxies, serving as
a brief introduction to the motivation and the results of our
GALFIT pipeline. The single-Sérsic models (the second
column) produce inadequate residual maps in the central
region (the third column), even beyond those due to an NSC or
a bulge in these two cases. Two-component models (fourth
column) yield improved residuals in the central region in both
(fifth column). Further details regarding these fitting stages will
be provided in the following sections. A summary of these
steps is described in Table 1, with additional details provided
subsequently.

2.3.1. The First Stage: A Single Sérsic Component

In the first stage, we fit a single-Sérsic profile to each galaxy,
avoiding nearby or overlapping objects or components such as
an NSC or bulge. To achieve this, we augment the mask to
include any central region containing at least 5 adjacent pixels
that have a corresponding surface brightness 1.5 times
(0.44 mag) brighter than 24 mag arcsec−2.

Figure 1. Model and residual images for two SDSS galaxies. In the top row, we show a set of images corresponding to the first galaxy in our sample (sorted by SDSS
“SpecObjID”), for which the S1 + N1,PSF model is statistically preferred. In the bottom row, we show the corresponding set of images for the very first galaxy in our
SDSS catalog that is classified as double Sérsic. In each row, the images are from left to right: the original r-band image, the best-fit single-Sérsic model, the difference
between the r-band image and best-fit single-Sérsic model, the best-fit two-component model (Sérsic + PSF model for the top row, double Sérsic for the bottom row),
and the difference between the r-band image and best-fit two-component model. The display scale of the images in the third and fifth columns is stretched by a factor
of 2 to highlight the residuals. The NSC in the top row is evident in the residuals from the single-component fit and well modeled by the two-component one. The
central structure is somewhat ambiguous for the second galaxy, but there is no clear evidence for an NSC.
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We provide GALFIT with the target image, augmented
image mask, PSF model, σ-image, and a constraint file that sets
the search range for each of the free parameters. The free
parameters are the following: central position, Sérsic index (n),
effective radius (re), magnitude (m), axis ratio (AR or b/a),
position angle (PA), and the background level. We constrain
the center of the Sérsic components to lie within a 40 × 40
pixel square centered on the image. Because our sample mainly
consists of low-luminosity galaxies, we set the upper limit of
the Sérsic index to be 2.0. SMUDGes have 〈n〉< 1 (Zaritsky
et al. 2022), and small spheroidals tend to also have low n
(Caon et al. 1993). Furthermore, this choice is empirically
validated by the modest number of targets for which this upper
bound on n turns out to be the best-fit value (131 or 2% among
SMUDGes targets, and 529 or 11% among SDSS targets). We
also set a lower limit on the axis ratio of the Sérsic component
of 0.3 to prevent unrealistically elongated models. Note that the
SMUDGes sample has an axis ratio threshold of 0.34<AR
(Zaritsky et al. 2023).

To mitigate the impact of our initial parameter choices, we
conduct the fitting process six times using various initial
guesses. We use combinations of two different effective radii
(30 and 50 pixels) and three surface brightness values at re (25,
28, and 31 mag arcsec−2). We compute the reduced χ2 statistic,
cn
2, within a circular region of radius 50 pixels (∼13 1)

centered on the image center and select the model with the
smallest cn

2 value. GALFIT occasionally produces a model fit
with huge final parameter uncertainties that has a statistically
acceptable (i.e., confidence level of more than 90%) cn

2 value.
We only consider models where s>r 2e re as meaningful. The
results obtained from this fitting process are used as input for
the next GALFIT stage, which involves more complex models.

2.3.2. The Second Stage: Multiple Components

In the second stage, we simultaneously decompose the
galaxy image into multiple components. We employ six
independent model classes to explore the potential presence
of a secondary component, such as a bulge or NSC (see
Table 1). These models are motivated by the following
scenarios: (1) a single-Sérsic profile (a galaxy with no
unresolved nuclear source), (2) a pair of Sérsic profiles (a

galaxy with an additional extended central source, such as a
separate bulge component), (3) a Sérsic profile with a PSF
profile (a galaxy with an unresolved central source, such as an
NSC), (4) a pair of Sérsic profiles with a PSF profile (a galaxy
with an extended central source, such as a separate bulge
component, and an unresolved central source), (5) a Sérsic
profile with two PSF profiles (a galaxy with two unresolved
central sources), and (6) a single PSF profile (“dark” galaxies
that have no detectable Sérsic component, only an unresolved
cored source). We add the sixth model to those employed by
Lambert et al. (2024) because some of the SDSS targets within
our redshift selection range (i.e., naively beyond the Milky
Way) appear unresolved. We unmask the center of the host
galaxy and all other sources within 0.5re for this second fitting
stage.
We refer to the component used to model the underlying

galaxy as S1, which is represented with a Sérsic profile. In the
second and fourth models, we refer to the second, more
compact Sérsic component aimed at representing a resolved
central excess as S2. For models with an unresolved central
source (i.e., PSF), we denote this component as N1,PSF. For the
fifth model category, we denote the unresolved component
situated nearer to the center of the S1 component as N1,PSF and
the more distant one as N2,PSF.
In this GALFIT stage, the free parameters are the central

positions, Sérsic indices (n), effective radii (re), magnitudes
(m), ARs, and PAs for S1 and S2; the positions and amplitudes
for N1,PSF and N2,PSF; and the background level. As in the first
stage, we set the upper limit of the Sérsic index for S1 to be 2.0.
On the other hand, the Sérsic index of the compact Sérsic
component (S2) is allowed to range up to 5.0, considering its
potential morphological resemblance to a classical bulge
(n= 4; a de Vaucouleurs profile introduced by de Vaucou-
leurs 1948). Furthermore, we require that the effective radius of
each Sérsic component exceed 0.75 times the size of the PSF to
establish a clear distinction between what we categorize as a
resolved component and an unresolved one. Finally, the
constraints on positions and axis ratios remain consistent with
those employed in the first GALFIT stage.
As in the first fitting stage, we conduct multiple fits for each

model class using different initial parameters. For S1, we utilize
the parameters from the best-fit model in the first stage, except
for the central surface brightness. We utilize the initial guess
for the brightness ranging from 3 mag fainter to brighter. While
the initial position for S1 is determined based on the best-fit
model in the first stage, we assign two initial positions for the
rest of the components. The initial guesses are either the image
center or the brightest pixel within the position constraints,
defined as a 40 × 40 pixel square centered on the image. We
set the initial guess of the size of S2 as 5 pixels. We find no
improvement in fitting when varying re for S1, so we simply
use the result from the initial model fit as the initial guess.
Because S2 is a more compact component than S1, the initial
Sérsic index is set to 3.
Before comparing the resulting models, we exclude models

that are rejected with at least 90% confidence given their cn
2.

Our primary focus is on the central region of the galaxy, and as
such, we assess cn

2 in a circular area of radius 0.5re centered on
the galaxy. The values for re and the central position needed to
evaluate cn

2 are derived from the single-Sérsic model fit
obtained in the first fitting stage. Once again, we only consider
models with s>r 2e re to be meaningful. If no models meet both

Table 1
Modeling Summary

First Component Second Component Third Component

GALFIT Stage 1

S1 ... ...

GALFIT Stage 2

S1 ... ...
S1 S2 ...
S1 N1,PSF ...
S1 S2 N1,PSF

S1 N1,PSF N2,PSF

N1,PSF ... ...

Note. The two GALFIT fitting stages and the models used in each (see
Section 2.3). The initial parameters used for fitting in the second stage are those
of the best-fit model from the first stage. S stands for Sérsic models and N for
unresolved source, potentially NSCs.
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the cn
2 and s>r 2e re criteria, then the galaxy is considered to

have failed our fitting procedure, indicating that we cannot
confidently describe it with the available combination of Sérsic
and PSF profiles.

We implement all of this on the r-band data. For the g-band
model fits we leave free only the magnitudes of each
component, using the r-band results for the structural
parameters. Where the g-band model fails to provide a good
fit or when the magnitude uncertainty is >0.2 mag, we reject
the model. Consequently, all our models have significant
detections in both r and g bands. Where we quote photometric
properties of the galaxies, such as μ0 or g− r, these refer to the
measures for the S1 component and exclude any NSC or other
components that are detected. We correct all of our flux
measurements for dust extinction based on the Schlegel et al.
(1998) dust map using the dustmaps package (Green 2018).5

2.4. Classification

While cn
2 values offer a measure of the goodness of fit, they

are not suitable for comparing models with different degrees of
freedom. A model with more fitting parameters will naturally
achieve a better fit to the given data. It is essential to consider
this added flexibility when evaluating whether there is
statistical support for the more intricate model. The Akaike
information criterion (AIC), as introduced by Akaike (1974), is
one such formulation that introduces a penalty for models with
increased complexity.

We implement the small-sample corrected AIC, known as
the AICc criterion (Sugiura 1978). The AICc is represented by
the equation

( ) ( )c= + +
+

- -
p

p p

N p
AICc 2

2 1

1
, 12

where p denotes the quantity of model parameters and N is the
number of fitted data points.

The model exhibiting a lower AICc value is the preferred
one statistically, and the larger the difference (ΔAICc), the
greater the confidence in distinguishing between them. As
AICc values represent likelihoods and follow a distribution
similar to χ2, it is possible to determine the confidence level
associated with any specific ΔAICc value. In our context, a 3σ
confidence level corresponds to ΔAICc= 11.83. We adopt this
threshold to assess whether the best-fitting two-component
models (S1+ S2 and S1+N1,PSF) are significantly preferred
over the best-fitting one-component model (S1), as also
implemented by Lambert et al. (2024). Following the same
logic, three-component models must exhibit statistical pre-
ference over two-component models with a confidence level
surpassing 3σ.

Eighteen SDSS targets are best fit with a single PSF and no
underlying Sérsic profile, despite being presumed to be outside
the Milky Way and therefore not stars (recessional velocity
>1000 km s−1). Because these objects do not have a clear S1
component, we cannot calculate AICc within 0.5re for our
comparison of models. Instead, we compare AICc values
within a circular region of radius 20 pixels (∼5 2) centered on
the image center and select the model with the smallest AICc
values. We will return to these objects in Section 3.1.3.

For targets with best-fitting two-component models, we
employ the same ΔAICc confidence threshold to distinguish

between the two-component models. We classify the target
as S1 + N1,PSF if that model has a lower (better) AICc
value with ΔAICc� 11.83 compared to the S1 + S2 model.
We classify the target as S1 + N1,PSF? if the target prefers the
S1 + N1,PSF model but the AICc difference is not significant
(ΔAICc < 11.83) compared to the S1 + S2 model. We apply
the same method to distinguish among possibilities for targets
favoring the best-fitting three-component models.
We find that models that include an S2 component with a

large Sérsic index, n� 4, and a small size, re< 10 pixels, are
usually visually indistinguishable, and not statistically differ-
ent, from those with N1,PSF. Therefore, we reclassify cases
where the two-component models are statistically preferred
over a one-component model at a confidence level exceeding
3σ and the S2 component satisfies the conditions n� 4 and
re< 10 pixels (2 62) and lies within 5 pixels of the competing
N1,PSF component, as S1 + N1,PSF. This is consistent with the
treatment adopted by Lambert et al. (2024).
To refine the sample to the most robust and best measured

nuclear sources, we implement additional selection criteria for
galaxies containing unresolved sources (S1 + N1,PSF and S1 +
N1,PSF + N2,PSF): (1) the color of the unresolved source must
lie in the range 0 <g− r< 0.8, (2) the photometric uncertainty
of the color of the unresolved source must be below 0.2 mag,
and (3) the Sérsic n of S1 must be <2. The third criterion is
rarely invoked (occurring only 6 and 1 times in total for
SMUDGes and SDSS, respectively) but is implemented to
identify galaxies for which the derived photometric parameters
may be poorly measured. We reclassify galaxies that fail these
criteria as S1 + N1,PSF?.
We apply the same classification scheme to both the

SMUDGes and SDSS samples and present the summary of
our classifications in Table 2. For the SMUDGes sample, we
also list the numbers of targets with measured or estimated
distances (NDist). All SDSS galaxies have spectroscopic
redshifts and therefore measured distances.
Lambert et al. (2024) applied a radial selection cut,

rp/re< 0.1, to help distinguish true NSCs from contamination.
Here rp represents the projected radial offsets between S1 and
N1,PSF, and re denotes the effective radius of the host galaxy
measured during our initial fitting pass. This strict radial
selection cut ensures a modest contamination fraction (0.15) for
the NSC sample. We apply the same radial selection cut to our
samples. We provide the number of galaxies having unresolved
sources both with and without this additional selection cut in
Table 2. Henceforth, we refer to the subset of unresolved
sources that satisfy rp/re< 0.1 as NSCs and present results
using only these sources. We find 273 (123 with known
redshift) and 32 NSC-bearing galaxies in the SMUDGes and
SDSS samples, respectively. In the SMUDGes sample, we find
26 NSC-bearing galaxies that satisfy the conventional UDG
criteria (re� 1.5 kpc, μ0,g� 24 mag arcsec−2). We find no
UDGs in the SDSS sample because all of the SDSS galaxies
in our sample have central surface brightness brighter than
24 mag arcsec−2.

2.5. Detection Limits

Among the galaxies for which we find acceptable models but
do not find an NSC, some may host an NSC that falls below
our detection threshold. Lambert et al. (2024) estimated the
detection limit of their NSC classification by adding an
artificial point source with varying brightness to a randomly5 https://dustmaps.readthedocs.io/en/latest/index.html.
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selected set of 100 SMUDGes that are classified as single
Sérsic. The faintest artificial source that they detect with >3σ
confidence (ΔAICc > 11.83) is defined to be the detection
limit. Their results are reprised in Figure 2 as the blue points
and are appropriate for the SMUDGes targets presented here.

Those results may not be appropriate for the SDSS galaxies,
which have generally significantly higher central surface
brightness (〈μ0,r〉= 21.2 mag arcsec−2) than do SMUDGes
galaxies. We expect a correlation between the detection limit
and host central surface brightness because it becomes more
challenging to detect an NSC against a brighter background. As
such, we must extend the Lambert et al. (2024) completeness
results to higher central surface brightness.

Unfortunately, we cannot simply redo the earlier test with
the SDSS galaxies because there are a limited number of SDSS
galaxies that are best fit with a single-Sérsic profile. Instead, we
use the same galaxies used by Lambert et al. (2024) and
amplify their flux by a factor of 16 to create one sample and by
a factor of 100 to create another, corresponding to samples that
are 3 and 5 mag brighter, respectively. We then redo the
Lambert et al. (2024) completeness simulations.

We present the resulting detection limits for these higher
surface brightness galaxies in Figure 2. The three samples are
distinguished by color in the figure and serve to cover central
surface brightnesses between 18 and 27 mag arcsec−2, extend-
ing beyond the range of our targets on either side. The 50%
completeness NSC magnitude drops by about 1 mag from the
low to the high central surface ends of the explored range. The
figure highlights one reason why we might expect a larger
number of undetected NSCs, and correspondingly a lower
occupation fraction, for the SDSS sample.

For the SMUDGes sample, we conclude that we are quite
complete. We find no NSCs with r> 24 mag despite being
sensitive to such NSCs in half the sample. As a test of this
conclusion, we compare the slope of the mnsc–mgal relation
obtained from the full sample (0.784± 0.40) to that from a
trimmed (mgal< 19) sample (0.777± 0.051), where we are
even more likely to be complete because the NSCs are
themselves brighter. The excellent agreement in the slopes

demonstrates that we are not creating an artificial turnover due
to incompleteness.
A different way of assessing this issue is to examine the

distribution among detected NSCs as a function of distance.
Given our fixed apparent magnitude limit, we expect lower
completion as distance increases. Indeed, we see such behavior
(Figure 3), but the limiting factor is not our sensitivity to NSCs.
We reach this conclusion because only one NSC in the sample
is fainter than our 50% completeness limit. This result suggests
that we are instead dominated by missing the fainter hosts,
which would host these fainter NSCs, as a function of distance.
This bias arises because SMUDGes selected systems using

Table 2
Classification Summary

SMUDGes SDSS

Class N rp/re < 0.10 NDist rp/re < 0.10 NDist rp/re < 0.10

No unresolved source:
S1 2700 ... 649 ... 16 ...
S1+S2 1558 ... 283 ... 627 ...
S1+N1,PSF? 1338 ... 312 ... 186 ...
Total 5596 ... 1244 ... 829 ...
Unresolved source:
S1+N1,PSF 451 202 160 91 30 24
S1+N1,PSF 127 71 51 32 12 8
+ N2,PSF

Total 578 273 211 123 42 32
Bare PSF 0 ... 0 ... 18 ...
Failed fitting 364 ... 72 ... 3869 ...
Total 6538 273 1527 123 4746 32

Note. Results for SMUDGes and SDSS candidates satisfying the additional selection criteria described in the text. For SMUDGes candidates, we present results for
both the full sample and the subsample with estimated distances. All SDSS galaxies have spectroscopic redshifts and therefore estimated distances. We present the
numbers of systems where the unresolved source lies within a normalized projected separation, rp/re, from the S1 component that is <0.10, where re is measured in the
initial fitting of the single-Sérsic model. These are the galaxies that we consider to contain an NSC.

Figure 2. NSC detection limits in the r band as a function of r-band central
surface brightness, μ0,r, for three different sets of simulations. The analysis
involves the placement and attempted recovery of a central point source in a set
of single-Sérsic SMUDGes galaxies (blue) and versions of those galaxy images
where the flux is increased by a factor of 16 (green) and 100 (red). Points
represent the most luminous simulated point source that we failed to identify as
an NSC in each galaxy. The horizontal lines mark the 50% completeness
magnitude for the three samples, ranging from 23.4 mag for the red points to
24.1 mag for the blue points.
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surface brightness, which is distance independent over this
redshift range, and cutting on angular size. Given the rather
universal Sérsic profiles of these galaxies, the angular size cut
effectively limits the host galaxy magnitude in a manner that
depends on distance. We conclude that we are highly complete
in NSC detection in the host galaxies we have but are
incomplete in the host sample. This type of incompleteness
does not bias any of the results we present, but it would bias
estimates of the total numbers of NSCs in this volume derived
from this sample.

2.6. Stellar and Dark Matter Halo Mass Estimation

To understand how NSC properties relate to their host
galaxies, we require estimates of the stellar and total host
galaxy masses. We estimate the stellar mass (M*,gal) using the
stellar mass-to-light ratio calculated with the color-dependent
transformations of Roediger & Courteau (2015) and the
measured luminosity and color of each component. We sum
up the contributions from the Sérsic components to estimate the
stellar mass of the galaxy. Consequently, our values of M*,gal
exclude the stars within the NSC. We can estimate masses only
for systems with a measured or estimated distance.

We measure the stellar mass of the NSCs (MNSC) using the
same method employed for measuring the host galaxy stellar
mass. Uncertainties in both the NSC luminosity and color are
generally higher than those of the underlying galaxies because
the measurements are highly sensitive to uncertainties in the
PSF. Despite implementing a strict color uncertainty threshold
for NSC photometry (discussed in Section 2.4), the mean error
in NSC stellar mass is likely to be ∼0.1 dex. This estimate does
not include systematic uncertainties arising from the choice of
the mass-to-light calibration.

We estimate the halo mass (Mh,gal) using the photometric
halo mass estimator proposed by Zaritsky & Behroozi (2023),
which relies on the galaxy’s color, size, and luminosity.
Because that method is calibrated for single-Sérsic models, we
fit a single-Sérsic model, irrespective of the classification of the
target galaxy, masking all identified point sources, including
NSCs. We calculate M*,gal and Mh,gal only for those galaxies
not in the “failed fitting” category. The halo mass estimator is

only applicable to galaxies for which a solution to the scaling
relation exists to provide an estimate of the velocity dispersion
at re and those that are dark matter dominated within re. These
requirements lead us to exclude 125 SMUDGes and 29 SDSS
galaxies from further discussion when considering Mh,gal.

2.7. Environment

We adopt the distance to the 10th-nearest galaxy in
projection, referred to as D10, as a measure of the galactic
environment. To calculate D10, we extract a magnitude-limited
sample (−14�Mr/mag�−17) of galaxies that have a
recessional velocity within±1500 km s−1 of our target
(roughly 2 times the velocity dispersion of the main component
of the Virgo Cluster; Binggeli et al. 1987) from SDSS, sort
those by projected separation from our Galaxy, and evaluate
the physical distance in projection to the 10th-nearest neighbor.
However, for some galaxies located at the boundary of the
SDSS region or beyond we are unable to measure the D10

parameter. To ensure that our search for nearby neighbors lies
entirely within the SDSS footprint (Ahumada et al. 2020), we
constrain our measurement of D10 to targets located in an R.A.
range of 120°� α� 250° and a decl. range of 0°� δ� 60°.
Low values of D10 correspond to high-density environments.

3. Results

We explore two fundamental questions: (1) are the host
galaxies of NSCs different from the parent sample of galaxies,
and (2) are the properties of NSCs dependent on the host
galaxy properties? We first examine how the morphology,
structure, and environment of a host galaxy affect the
likelihood of hosting an NSC. We then examine how the mass
of the NSCs depends on host properties.

3.1. Host Galaxy Properties

Previous studies have already shown that NSC-bearing
galaxies are distinct in stellar mass and environment. We now
explore these and other possible relationships.

3.1.1. Galaxy Type

Galaxy color is a broad measure of stellar populations and a
proxy for morphology, particularly at this galaxy mass range,
where the Sérsic index is almost exclusively ∼1. In Figure 4 we
compare the colors of galaxies with and without NSCs
(excluding “failed fitting” galaxies). The NSC-bearing galaxies
predominantly align along the galactic red sequence
(g− r∼ 0.6), while the hosts without an NSC exhibit a broad
distribution of colors, characteristic of the general population.
We fit the red sequence (the black solid line in Figure 4) using
sigma clipping with a 2σ cut and five iterations. Subsequently,
we define galaxies as red sequence galaxies if they lie within
0.1 mag in color from the fitted red sequence line (the shaded
region). The majority of SMUDGes galaxies fall within the red
sequence (890 out of 1151), with a higher fraction of NSC-
bearing SMUDGes falling within the red sequence (116 out of
121). There are only three truly blue (g− r� 0.4) NSC hosts in
our sample.
We draw several conclusions from the figure. The narrow-

ness and tilt of the red sequence attest to our ability to measure
galaxy colors even for our faintest galaxies. Furthermore, we
find a qualitative difference in the color distribution of galaxies

Figure 3. The absolute magnitude of NSCs in SMUDGes (blue) and SDSS
(red) galaxies across redshift. The plotted curve represents the 50%
completeness threshold for the SMUDGes sample, which corresponds to the
blue horizontal line illustrated in Figure 2. For reference, we denote the
redshifts corresponding to the Virgo and Coma Clusters.
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in the SDSS and SMUDGes samples. The fainter SMUDGes
sample consists predominantly of red galaxies, as discussed by
Zaritsky et al. (2023), so at faint magnitudes the lack of NSCs
in blue hosts could simply reflect the lack of blue faint galaxies,
but not so for the SDSS sample. Finally, as already stated, our
sample of NSC-bearing galaxies lies almost exclusively along
the red sequence.

We do not infer from the last of these findings that only red
galaxies host NSCs. A majority (∼81%) of SDSS targets are
classified as “failed fitting,” in contrast to the SMUDGes
sample, where <6% are. Because we make no designation in
“failed” galaxies regarding the presence of an unresolved
source, we may be missing many NSC-bearing galaxies in the
SDSS sample. We attribute the difference in classification
between the SDSS and SMUDGes samples to the inclusion in
the SDSS sample of galaxies with highly nonuniform structures
(e.g., spiral arms, star-forming regions) and galaxies with
higher inclination. The “failed fitting” galaxies are biased blue
(〈g− r〉= 0.39), and many are also highly inclined or
asymmetric (Figure 5). Even though GALFIT results mostly
converge for these more complex galaxies, we have rejected
these models because they are statistically unacceptable on
goodness-of-fit grounds.

We conclude that our following results pertain only to red or
quiescent galaxies and to NSCs in such galaxies and that we
may be undercounting NSCs in galaxies that are not on the red
sequence. Thus, we are not in a position to address questions of
NSC properties across host galaxy types as measured by color.

3.1.2. Galaxy Structure

We present the stellar and halo masses of our galaxies in
Figure 6. The galaxies densely sample stellar masses from
∼106.5 to 109Me. The median SMUDGes galaxy stellar mass

Figure 4. Color–magnitude relation for SMUDGes (blue) and SDSS (red)
galaxies. Galaxies with NSCs are highlighted using circles (SMUDGes) and
triangles (SDSS) and are almost exclusively found along the red sequence. The
black line represents the fitted red sequence. Galaxies whose color difference
from the red sequence is less than 0.1 mag are considered to be red sequence
galaxies (shaded region). All data points have error bars representing the
uncertainty measured from GALFIT.

Figure 5. Cutout images of galaxies exemplifying cases where no satisfactory
model was identified (referred to as the “failed fitting” category). We display
the first 12 such galaxies as sorted by SDSS “SpecObjID.” There is a range of
morphology, although blue and highly inclined systems are overrepresented in
the category. The field of view of each image is 52 4. These images are drawn
from the Legacy Survey's online viewer (https://www.legacysurvey.org/
viewer).

Figure 6. Stellar and estimated halo masses of SMUDGes (blue) and SDSS
(red) galaxies. Galaxies with NSCs are highlighted using circles (SMUDGes)
and triangles (SDSS) and are, in general, biased upward from the parent galaxy
population.
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(107.1Me) is almost a factor of 10 lower than that of an SDSS
galaxy (108.0Me), although the samples overlap significantly.
The galaxies densely sample estimated halo masses from
∼108.5 to 1011.5Me, again with significant overlap.

A principal difference between the two samples, which is
not evident in the figure, is in the central surface brightness
(μ0,g). The g-band central surface brightnesses of SMUDGes
galaxies are, by selection, fainter than 24 mag arcsec−2 (see
Section 2.1). In contrast, there is no specific central surface
brightness cut for SDSS galaxies, although the requirement for
a high-S/N spectroscopic measurement is likely to lead to a
bias toward much lower (brighter) central surface brightness.
The median surface brightness for SDSS galaxies in our sample
is 21.2 mag arcsec−2, whereas that of SMUDGes is
24.76 mag arcsec−2. Extending the central surface brightness
range for our study was a principal motivation for adding the
SDSS sample to the SMUDGes sample.

We find a clear offset between the NSC-bearing galaxies and
the full galaxy population in the M*,gal–Mh,gal space. The NSC-
bearing galaxies can be described as having either a larger
stellar mass for a given halo mass or a lower halo mass for a
given stellar mass. Quantitatively, the NSC-bearing galaxies
have ( )*á ñM Mlog h10 ,gal ,gal values of −2.08± 0.03 and
−1.41± 0.05 (SMUDGes and SDSS, respectively), which
are significantly larger than the corresponding values for the
non-NSC-bearing galaxies, −2.29± 0.01 and −1.99± 0.02.
We will revisit this difference when discussing occupation
fractions in Section 3.1.4.

3.1.3. Absent Hosts?

Our modeling identifies 18 SDSS sources that have a
sufficiently large recessional velocity (cz > 1000 km s−1) to
place them well beyond the anticipated range of Galactic stars
but that are nevertheless unresolved and apparently not

associated with any underlying diffuse stellar component. We
present these in Figure 7, ordered in increasing g− r. The
absolute r-band magnitudes fall within a narrow range of
−11.5 to −9.1 mag, centered within the absolute magnitude
range of our hosted NSCs, and their color ranges from −0.5
to 1.5.
These “bare PSFs” can be divided into several groups.

Among these 18 objects, 10 are located within the Virgo
Cluster region (i.e., within 10° from the Virgo Cluster center).
Six of these (objects 6, 9, 12, 13, 16, and 17 in Figure 7) are
projected on the stellar halo of a nearby giant galaxy and also
have a redshift that is similar to that of the nearby giant. The
remaining four targets near Virgo do not have an obvious
association with a Virgo galaxy. Objects 1−5 are extremely
blue (g− r< 0.4), and the SDSS spectroscopic pipeline
classified three of five as white dwarf stars. Despite their large
recessional velocities, these are likely galactic stars. El-Badry
et al. (2023) present white dwarfs with radial velocities
>1000 km s−1 that are thought to be runaways from Type Ia
supernovae. Objects 7 (g− r= 0.60) and 14 (g− r= 0.75),
which are relatively redder, are also spectrally classified as
white dwarfs and may belong to this class of runaways as well.
In the end, there is only one object (object 18) that is isolated
(not in the Virgo region) and not spectroscopically classified as
a white dwarf. Isolated NSCs are a rare phenomenon, if they
exist at all, outside of dense environments.

3.1.4. NSC Occupation Fractions

In this subsection, we measure the fraction of our galaxies
that host an NSC, the occupation fraction or fNSC, and how fNSC
varies across galaxies with different characteristics. Because of
the differences in our ability to identify NSCs in the SMUDGes
and SDSS samples (see Section 3.1.1), we present results only
for the larger SMUDGes sample in the figures in this section

Figure 7. Cutout images of 18 bare PSF (PSF only) targets in our SDSS sample sorted by increasing g − r. The field of view of each image is 52 4. The SDSS
spectroscopic classification is provided at the bottom of each panel. We also indicate whether the target is located within 10° of the Virgo Cluster center. These images
are drawn from the Legacy Survey's online viewer (https://www.legacysurvey.org/viewer).
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unless otherwise noted, but we also check to see whether the
SDSS sample is consistent with any results drawn. That
comparison is presented at the end of this section.

A second precaution involves the color of the host galaxy.
Because we find that nearly all NSC-bearing SMUDGes
galaxies are on the red sequence, we focus our investigation of
the dependence of fNSC on galaxy properties among red
sequence galaxies. We do this to avoid blending the real or
apparent fNSC color dependence (Section 3.1.1) into other
relations. For example, one can imagine that a relation between
fNSC and environment could arise simply from the combination
of the relations between fNSC and galaxy color and between
galaxy color and environment. Therefore, the following
analyses use only the red sequence SMUDGes galaxies, those
within the shaded region in Figure 4. However, we find that the
overall trends are the same when we instead use the entire
SMUDGes sample.

We begin by examining how fNSC varies with M*,gal and
Mh,gal in Figure 8. We find a higher occupation fraction in
galaxies with higher stellar mass, as seen previously (den Brok
et al. 2014; Sánchez-Janssen et al. 2019; Neumayer et al.
2020), but the behavior of fNSC is clearly more complicated
than a simple dependence on M*,gal. More accurately, it
appears that fNSC increases with increasing stellar mass fraction
(M*,gal/Mh,gal). Galaxies above the mean stellar mass–halo
mass relation for galaxies of this mass (the black line, adopted
from Zaritsky & Behroozi 2023) have on average a larger fNSC
than those below (as already suggested in Figure 6).

In Figure 9 we show fNSC as a function of the central surface
brightness and axis ratio of the host galaxy. Here we confirm
that galaxies with a brighter central surface brightness, at least
for the range probed by SMUDGes, tend to have a higher
occupation fraction (Lim et al. 2018). Also from this figure, we
infer that rounder galaxies (higher axis ratio) tend to have a
higher occupation fraction (Lisker et al. 2007; Sánchez-Janssen
et al. 2019). We determine that the latter finding is not the
result of varying incompleteness as a function of galaxy

inclination or morphology using the completeness simulations
described previously (Section 2.5) by verifying that our
estimate of the completeness does not depend on the axis
ratio. Note that systems with smaller axis ratios may have
intrinsically lower central surface brightness than measured if
they are oblate systems viewed edge-on. As such, these two
parameters may be related, depending on the intrinsic shape of
these galaxies.
Finally, in Figure 10 we show fNSC as a function of D10, our

environmental tracer (see Section 2.7). Smaller values of D10

correspond to higher-density environments. We find that fNSC
varies with both M*,gal, as seen before in Figure 8, and D10.
Both of these dependencies had been identified previously
(e.g., den Brok et al. 2014; Lim et al. 2018; Sánchez-Janssen
et al. 2019; Carlsten et al. 2022).

Figure 8. The dependence of NSC occupation fraction, fNSC, on stellar and
halo mass for the red sequence SMUDGes sample. The dashed black line
shows the mean M*,gal–Mh,gal relation from Zaritsky & Behroozi (2023) for
reference. Each pixel with a plotted occupation fraction must contain at least
four galaxies. Galaxies above the mean stellar mass–halo mass relation have
higher fNSC than those below the line.

Figure 9. The dependence of the NSC occupation fraction, fNSC, on central
surface brightness and axis ratio for the red sequence SMUDGes sample. There
is a decline in occupation fraction with fainter central surface brightness and
with a smaller axis ratio.

Figure 10. The dependence of NSC occupation fraction, fNSC, on host stellar
mass and the environmental measure D10 for the red sequence SMUDGes
sample. A dependence on both variables is evident.
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As we described previously, we utilized only the SMUDGes
sample in the 2D histograms presented in this section, due to
differences in NSC identification rates between the SMUDGes
and SDSS samples. However, in Figure 11 we now
demonstrate that the trends in fNSC found in the red sequence
SMUDGes sample match those from the red sequence SDSS
sample when the parameter ranges overlap. A different
normalization in fNSC between the samples is possible given
our completeness differences. The one reversal in behavior is in
central surface brightness (μ0), although because the ranges do
not overlap, the results are not in direct conflict. We have
somewhat less confidence in the SDSS result because the NSC
incompleteness increases with increasing central surface
brightnesses (see Section 2.5), which is in the same sense as
the measured trend for that sample. Overall, however, we find
convincingly that fNSC correlates with a wide variety of host
galaxy properties (M*,gal,μ0, stellar mass fraction, axis ratio,
and environment). We will return to the complication that
many of these properties correlate with each other.

3.2. NSC Properties

We have established that the likelihood of a galaxy hosting
an NSC is a function of various properties of the host galaxy.
Now we address whether the masses and colors of NSCs
depend on host galaxy properties.

3.2.1. The MNSC–M*,gal Scaling Relation

We present the relationship between the stellar mass of the
NSC (MNSC) and host galaxy (M*,gal) in Figure 12. Our two
samples appear to follow the same relationship, with the SDSS
sample providing better sampling at higher stellar masses and
SMUDGes at lower masses. A scaling of MNSC with M*,gal is
clear, but determining the relationship has subtleties that are not
always appreciated. The gray dotted lines in the figure display
proportionality for three different fractional levels at 1 dex

intervals. The fraction of stellar mass that is in the NSCs ranges
from 0.1 to 0.001. It is striking that there are systems for which
nearly 10% of the stellar mass is in the central cluster.
Fitting linear relationships to data with significant scatter,

whether that scatter is real or observational, is a delicate matter
(Isobe et al. 1990). While there is no definitively superior
approach, Isobe et al. (1990) conclude that the most robust
approach is that referred to as the bisector ordinary least-
squares method, which is different from the ordinary least-
squares method that is generally used.
Our fit using the bisector ordinary least-squares method

results in the relationship MNSC/Me= 106.02±0.03(M*,gal/10
8

Me)
0.77±0.04 with a scatter of 0.27 dex. If we instead use the

traditional ordinary least-squares method (i.e., OLS(Y–X)), the
result is MNSC/ ( ) *=  M M M10 105.95 0.04

,gal
8 0.64 0.04. The

derived slopes differ significantly even though they are
measured from the same data. This dependence on fitting
methodology highlights one difficulty in comparing results
among studies.
As an example of such a comparison, we consider results

from Neumayer et al. (2020). Because our galaxies are
predominantly red (Figure 4) and the stellar mass range is
comparable to the early-type galaxies in Neumayer et al.
(2020), we compare our results to their early-type galaxy
relation (orange dashed line in Figure 12). Their measured
slope of 0.48± 0.04 is more than 5.5σ discrepant with our
preferred fit, but only 2.7σ discrepant if we fit using the
ordinary least-squares method. Upon further examination, we
find that they also implement a lower limit on MNSC. When we
apply a similar mass cut (rejecting log (MNSC/Me)< 5) and fit
using the ordinary least-squares method that they used, we
obtain a slope of 0.63± 0.04, which is only slightly less
discrepant. We conclude that the fitting method plays a

Figure 11. The dependence of NSC occupation fraction, fNSC, on stellar mass
fraction, surface brightness, axis ratio, and D10 for the red sequence SMUDGes
(blue) and SDSS (red) samples. The error bars are calculated using the binomial
distribution for the appropriate number of objects in each bin and represent the
1σ uncertainties. The two samples show the same trends in fNSC where they
overlap, although the normalizations may differ for reasons described in
the text.

Figure 12. NSC stellar mass vs. host galaxy stellar mass for SMUDGes
(circles) and SDSS galaxies (triangles). The stellar mass distributions of the
SMUDGes (solid line) and SDSS (dotted line) galaxies are in the top panel. In
the bottom panel, the solid line and shaded region represent the best-fit line and
its 1σ uncertainty, respectively. For comparison, we also present the
relationship from Neumayer et al. (2020; dashed line) and lines of
proportionality for three different fractional levels (dotted lines). We find

( ) *=  M M M M10 10NSC
6.02 0.03

,gal
8 0.77 0.04 with 0.27 dex scatter.
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significant role in comparing across samples but that, even
using a consistent approach, we have a mild discrepancy (<3σ)
with the result presented by Neumayer et al. (2020; and the
references therein from which they collected data). This
discrepancy may reflect procedural differences, such as how
the stellar masses are calculated, or actual physical differences,
such as a slightly different MNSC–M* relation for low surface
brightness galaxies, which are more highly represented here.
Indeed, a recent study found a much steeper slope of
0.82± 0.08 for field dwarfs (Hoyer et al. 2023), suggesting
that a mixed environment sample such as ours would find an
intermediate slope value. Regardless, in the qualitative finding
that the relationship betweenMNSC andM*,gal is sublinear there
is full agreement.

3.2.2. The MNSC–Mh,gal Scaling Relation

We present the relationship between MNSC and Mh,gal in
Figure 13. Again using the preferred bisector ordinary
least-squares method, we find  = M M 10NSC

6.11 0.05

( ) M M10h,gal
10 0.92 0.05 with a scatter of 0.32 dex. The fitted

slope suggests that MNSC is directly proportional to Mh,gal. The
mean mass NSC fraction is ∼10−4, or, alternatively stated,
0.01% of the mass of a galaxy resides in the NSC, to within a
scatter of roughly a factor of 2, for galaxies that host an NSC.

3.2.3. NSC Color

We find that the color of the NSC shows a far broader
distribution than that of the host galaxy (Figure 14). However,
we caution that the NSC colors are more difficult to measure.
To test our NSC color measurements, we remeasure the colors
using the 10th data release (DR10) of the Legacy Survey. For
nearly a quarter of the NSC-bearing galaxies in the SMUDGes
sample (27 out of 123), the measured NSC color changes by
more than 0.2 mag. In contrast, the host galaxy color changes
by this much for only one. We conclude that these images, as

well as the associated PSFs, are insufficient to produce robust
NSC color measurements.
Even so, it is particularly interesting that there are some

NSCs for which we measure a blue color. Given our skepticism
of the measured colors, we checked GALEX photometry and
the SDSS spectra of the galaxies hosting the blue NSCs for
signs of recent or ongoing star formation, but we did not find
any. Despite these issues, we do find that the median NSC
color is slightly, but significantly, bluer than that of their host
(g− r= 0.531± 0.011 vs. 0.599± 0.005, respectively). This
result is consistent with the findings of Sánchez-Janssen et al.
(2019) and Carlsten et al. (2022). Further study is required to
confirm and explore the NSC colors, which, when measured
precisely, will aid greatly in discriminating among formation
models.

3.3. Distance Uncertainties

We conclude our presentation of the results by returning to a
thorny issue. While all of the SDSS galaxies and some
SMUDGes have spectroscopically measured redshifts, we rely
on the estimated distances for approximately 85% of
SMUDGes galaxies in our sample. An inaccurate distance
estimate will significantly impact the calculated physical size,
absolute magnitudes, stellar mass, and halo mass of the galaxy.
Zaritsky et al. (2023) found that the estimated redshifts were
accurate about 70% of the time by comparing estimated
distances to spectroscopically measured ones.
Nevertheless, we have reasons to be somewhat more

confident in our estimated distances. Currently, we have 21
additional galaxies with both spectroscopic measured redshift
and estimated redshift, and only one shows a significant
difference. Moreover, we expect that the uncertainty in the
estimated distances will have a diminished impact on NSC
scaling relations because the uncertainties are greatest in
SMUDGes galaxies that are large and blue (Section 4.1 in
Zaritsky et al. 2023), which are not the NSC-bearing galaxies
in our sample. Finally, we evaluate the slopes in the scaling
relationships using only host galaxies with spectroscopic
redshifts. For the MNSC–M*,gal relation we find an almost

Figure 13. NSC stellar mass vs. host galaxy halo mass in the same format as in
Figure 12. We find ( ) =  M M M M10 10hNSC

6.11 0.05
,gal

10 0.92 0.05 with
0.32 dex scatter.

Figure 14. NSC color vs. galaxy magnitude diagram in the same format as
Figure 4. Markers with a black edge show the NSC color as a function of the
absolute magnitude of the host galaxy. For a comparison, we plot the ordinary
color–magnitude diagram with small circles.
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identical slope, 0.75± 0.07 versus our original 0.77± 0.04.
For the MNSC–Mh,gal relation we find a larger change relative to
the full sample result, but the resulting slope is still within 2.3σ
of a direct proportionality, 0.82± 0.08.

We conclude that inaccurate distances, which will be in the
minority, will contribute to the measured scatter in our
relationships but that the qualitative results are likely to remain
unchanged. This claim is further supported by the consistency
with the SDSS sample results, which are based entirely on
spectroscopic distances. Moreover, because surface brightness,
axis ratio, and the stellar mass fraction (distance affects stellar
and halo masses similarly) are distance independent, the
relationships between occupation fraction and these factors
(e.g., Figure 9) are unaffected by distance errors. Even so,
obtaining spectroscopic redshifts of galaxies in this sample
with NSCs is a high priority, particularly for those that may be
the most scientifically interesting, such as those with the largest
NSC mass fractions.

4. Discussion

We now discuss some of our findings within the context of
the two families of formation scenarios.

4.1. Are NSCs Predominantly in Early-type Galaxies?

One potential difference between the two sets of NSC
formation scenarios concerns their impact on morphology. The
GC inspiral model would naturally generate NSCs across
various morphological types, as the number of GCs depends on
mass rather than morphology. On the other hand, the extreme
in situ star formation scenario might imply a significant
dependence on morphology if the type of merger event
proposed as the trigger for the star formation episode influences
morphology.

Habas et al. (2020) used the MATLAS survey and suggested
that early types have a higher occupation fraction. Our results
appear to confirm this trend, but we discussed how our sample
suffers from at least two biases against finding NSCs in blue
galaxies. First, our fitting method rejects galaxies with complex
structures that are not fitted by single- or double-Sérsic
components. Notably, most of the “failed fitting” galaxies in
our data are located in the blue cloud (see Section 3.1.1).
Second, most SMUDGes galaxies with a redshift measurement
are located in relatively dense environments (i.e., galaxy groups
or clusters), which preferentially host redder SMUDGes
(Kadowaki et al. 2021). Neumayer et al. (2020) highlight
similar biases in previous studies and conclude that there is yet
no evidence for a strong morphological distinction in the
occupation fractions.

We conclude that the morphological dependence of fNSC is
potentially a constraining factor for scenarios but that firmer
theoretical predictions are needed to establish whether this is
indeed a discriminating factor, and further observational work,
addressing observational biases, is needed to establish any
empirical results along these lines.

4.2. Are There Isolated NSCs?

A motivation for our SDSS work was to explore the
possibility that there exist galaxies of even lower central
surface brightness than those cataloged in SMUDGes that host
an NSC. Such objects would appear as unhosted NSCs. It is
possible to discover galaxies through their dense collections of

stars, such as GCs or NSCs (Zaritsky et al. 2016). Such
systems, if found, would appear to be difficult to model owing
to a major merger that resulted in significant in situ star
formation and hence an interesting constraint on NSC
formation models.
We identified 18 SDSS unresolved sources that have a large

recessional velocity (cz > 1000 km s−1) as described in
Figure 7 and Section 3.1.3. The bluer objects in this sample
could be hypervelocity white dwarfs that are thought to be
runaways from Type Ia supernovae (El-Badry et al. 2023),
although they could also arise from spurious velocity
measurements, and the redder objects mostly lie within the
Virgo Cluster and/or nearby giant galaxies, suggesting an
interaction-specific evolutionary process. The identified bare
PSFs near the Virgo Cluster (Objects 6, 8, 9, 10, 11, 12, 13, 15,
16, and 17 in Figure 7) have a median r-band absolute
magnitude of −10.56± 0.68 mag and are therefore much
brighter than the typical GC (absolute magnitude approxi-
mately −7 mag; e.g., Jordán et al. 2009). The median stellar
mass of those objects is 106.74±0.02 Me. These objects appear
unresolved in the image at the distance of the Virgo Cluster,
indicating that their physical effective radii are smaller than
110 pc. Given their compact size and luminosity, these objects
could likely be classified as ultracompact dwarfs (UCDs;
Hilker et al. 1999; Drinkwater et al. 2000). Recently, Wang
et al. (2023) found 106 galaxies within the Virgo Cluster
having morphologies that bridge the gap between nucleated
dwarf galaxies and UCDs, indicating a transitional stage from
NSCs to UCDs. Their research aligns with our own findings.
UCDs are proposed to be NSCs where the host galaxy has

been stripped away (Drinkwater et al. 2003; Pfeffer &
Baumgardt 2013; Norris et al. 2014; Dumont et al. 2022).
Object 15 in Figure 7 appears to have an anisotropic tail and so
might be in a transitional stage from NSC-bearing galaxy to
UCD. Alternatively, at least some of these objects may still
retain a faint underlying Sérsic profile that eluded detection
given their higher-than-typical local backgrounds.
We lack a definitive explanation for the single isolated red

bare PSF that is not spectroscopically classified as a white
dwarf. This object could be a stripped NSC that is not
obviously in a dense environment, it might also have an
extremely faint underlying Sérsic profile that eludes detection,
it might be either a misclassified white dwarf or a different type
of hypervelocity star, or, finally, it could just be a spurious
velocity measurement. Regardless, while interesting, such
objects are clearly a small fraction of the overall sample. The
exclusion of this object, should it actually have a faint host,
does not affect our results or enable robust discrimination
between NSC formation scenarios.

4.3. What Drives the Occupation Fraction?

We find that the NSC occupation fraction ( fNSC) correlates
with (1) stellar mass, (2) stellar mass fraction, (3) central
surface brightness, (4) host galaxy axis ratio, and (5)
environment (D10). The difficulty in interpreting these trends
is that the different properties are not independent.
We examine the correlation matrix, using Spearman rank

correlations, for these properties (Figure 15) to assess whether any
one or two of these could account for all of the observed behavior.
We find that M*,gal correlates with all of the other quantities we
have considered. As such, if fNSC is solely driven by M*,gal, we
would still expect to observe correlations between fNSC and the

13

The Astronomical Journal, 168:45 (16pp), 2024 July Khim et al.



other quantities. On the other hand, we concluded from Figure 8
that stellar mass fraction (M*,gal/Mh,gal) has a role in determining
fNSC that is independent of M*,gal. Positing that stellar mass
fraction is instead a driver of fNSC, the lack of a correlation
between stellar mass fraction and D10 implies that environment
plays a role as well in determining fNSC.

While this type of analysis does not allow us to definitively
identify only one or two drivers of fNSC, it does highlight that
finding that many factors correlate with fNSC does imply that
they all play a physical role. At least in broad strokes, one can
speculate that a limited number of these factors do indeed play
such a role. One can imagine carrying out a similar quantitative
analysis, perhaps examining residual correlations. However,
the challenge lies in the qualitative differences in the
measurement uncertainties. For example, our measurement of
the axis ratio is entirely empirical, while our measurement of
the stellar mass fraction is almost certainly dominated by
systematic uncertainties in our estimates of M*,gal and Mh,gal.

4.4. The MNSC–Mh,gal Relation

One of our principal results, the direct proportionality
between MNSC and Mh,gal, depends critically on the highly
uncertain estimation of Mh,gal, but it also offers tremendous
potential for discriminating among formation models. To be
clear, we see no reason that in situ formation of an NSC would
lead to such a relation. As such, it is imperative to understand
whether the finding is correct or simply “fortuitous.”

Alternative estimates of Mh,gal, for a different sample of
nucleated galaxies, have yielded a different conclusion
(Sánchez-Janssen et al. 2019). In that study, abundance
matching was used to transform M* into Mh,gal (Grossauer
et al. 2015), which resulted in a superlinear relation between
MNSC and Mh,gal ( µM MhNSC ,gal

1.2 ). Those authors did note the
uncertain nature of theMh,gal estimates. The difference between
Mh,gal estimates from Grossauer et al. (2015) and the method

we adopted here was already noted by Zaritsky & Behroozi
(2023). Establishing which, if either, approach yields accurate
masses awaits direct measurements of the mass of these low-
mass galaxies. We do, however, argue that the resulting linear
relations we find between MNSC and Mh,gal, as well as that
found previously between NGC and Mh,gal (Zaritsky 2022)
using the same mass estimation method we adopted here,
suggest that the adopted method for estimating Mh,gal is
yielding accurate results.

4.5. The GC and NSC Mass Fractions

One simple constraint on NSC formation models is the mass
fraction in NSCs versus GCs. For example, if the NSC mass
fraction far exceeds the GC mass fraction, then NSCs could
manifestly not be created from inspiraling GCs.
From our fitting to the MNSC–Mh,gal relation we find a mass

fraction of ∼10−4 for NSCs. For comparison, the mass fraction
in GCs is estimated to be ∼5× 10−5 (Forbes et al. 2018), and
while smaller than the NSC mass fraction, it is so by only a
factor of two. With uncertainties in how the halo and stellar
masses are estimated between our study and that of Forbes
et al. (2018), these fractions are effectively in agreement. Other
studies reached consistent conclusions (Côté et al. 2006; den
Brok et al. 2014). A uniform analysis, using the same
photometric data and methodology for galaxies with and
without NSC and their GC systems, will address whether the
mass fractions are indeed consistent or differ by as much as
about a factor of two.
The near equality of these mass fractions, as well as the large

fraction of systems without an NSC, would appear to argue that
in an infalling GC scenario either most or none of the GCs find
their way to the center. If this is borne out by more precise
measurements of MNSC and GC population studies, it may
prove to be a critical piece of information. A simple test,
assuming that the NSC and GC fractions are nearly equal,
would be to confirm that the NSC-bearing galaxies are
relatively devoid of GCs. On the other hand, the near equality
in mass fractions appears difficult to reconcile with an in situ
star formation model, where one could imagine forming central
clusters with a mass that is independent of Mh,gal.
The situation, however, may be more complex. While

Figure 13 shows a direct proportional linear relation between
MNSC and Mh,gal, the deviation from the best-fit line is
correlated with the stellar mass fraction, M*,gal/Mh,gal, of the
host galaxy (Figure 16). One possibility is that infalling GCs
play the principal role in the formation of NSCs and in situ star
formation makes a secondary contribution. Some numerical
simulations support the idea that both formation mechanisms
are required to reproduce the mass of NSCs (Hartmann et al.
2011; Antonini et al. 2012). On the other hand, it is also
possible that this relation is an artifact created by how our
Mh,gal estimator inadequately treats the baryonic contribution.

5. Summary

We analyze NSCs in galaxies using two data sets:
SMUDGes for low surface brightness galaxies (〈μ0,g〉=
24.8 mag arcsec−2), and SDSS for relatively brighter galaxies
(〈μ0,g〉= 21.2 mag arcsec−2). With g- and r-band images from
the Legacy Survey DR9 database, we develop a two-stage
fitting approach that involves fitting single-Sérsic profiles and
simultaneous decomposition into multiple components. We

Figure 15. The correlation matrix displays the parameters analyzed for the
NSC occupation fraction. The values within each cell represent the p-values
obtained from the Spearman rank correlation test. We display only the cells
where the p-value is less than 0.01.
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identify a total of 578 and 42 targets in SMUDGes and SDSS,
respectively, with unresolved point sources at more than 90%
confidence. Among these, 273 and 32 targets, respectively,
have point sources that are less than 0.1re offset from the center
of their host. Previous work (Lambert et al. 2024) found that
among such NSC candidates there is a modest contamination
fraction (0.15). The investigation into detection limits using
simulations indicates that the 50% completeness magnitude for
the SMUDGes sample is 24.1 mag while that for the SDSS
sample is 23.4 mag. This analysis implies a higher likelihood of
undetected NSCs in the SDSS sample.

To investigate the relationship between NSC properties and
their host galaxies, we derive estimates for the stellar and total
host galaxy masses. The stellar mass (M*,gal) is determined by
summing the contributions of all Sérsic components, excluding
the NSC. The NSC stellar mass (MNSC) is calculated using a
similar method, but uncertainties are higher owing to sensitivity
to PSF uncertainties. The halo mass (Mh,gal) is estimated with a
photometric halo mass estimator proposed by Zaritsky &
Behroozi (2023). We also measure D10, the distance to the
10th-nearest galaxy, as a measure of the galactic environment.
D10 is derived from a set of magnitude-limited SDSS galaxies
within the SDSS footprint.

We first examine the morphological distribution of NSC-
bearing galaxies, using g− r as a proxy for morphology. Most
of our NSC hosts lie on the red sequence. The absence of blue
dwarfs in SMUDGes and a notable proportion of “failed
fitting” galaxies in SDSS could result in an undercounting of
NSCs in blue galaxies. Thus, our following conclusions are
predominantly relevant to red galaxies, and addressing
questions about NSC properties across various host galaxy
morphologies proves challenging with our sample.

One of our main results is that the fraction of low surface
brightness galaxies hosting NSCs varies strongly as a function
of a set of galaxy characteristics. We find an increase in this
occupation fraction when (1) the stellar mass increases, (2) the
stellar mass fraction (M*,gal/Mh,gal) increases, (3) the central
surface brightness becomes brighter, (4) the host galaxy axis
ratio increases, or (5) the environment becomes denser (as
indicated by a decrease in D10). From our analysis of the

correlation matrix among these quantities, we conclude that a
combination of the galaxy stellar mass fraction and environ-
ment could serve as the drivers of the occupation fraction.
Nevertheless, it is essential to clarify that this is not the only
possibility and that further work must be done to untangle this
set of correlations.
We also investigate the scaling relations for the mass of the

NSC (MNSC). The NSC mass correlates with the stellar mass of its
host galaxy. Using the bisector ordinary least-squares
fitting method, we find that  = M M 10NSC

6.02 0.03

( )*
M M10,gal

8 0.77 0.04. A comparison with the result obtained
using the traditional ordinary least-squares method highlights
significant differences in the derived slopes ( =M MNSC

( )*
 M M10 105.95 0.04

,gal
8 0.64 0.04), emphasizing the sensitivity

of results to fitting methodology. The NSC mass also correlates
with the halo mass of its host (  = M M 10NSC

6.11 0.05

( ) M M10h,gal
10 0.92 0.05). Notably, the slope of the fit suggests

a direct proportionality between MNSC and Mh,gal and that the
fraction of the total mass that is in an NSC, in galaxies with an
NSC, is ∼10−4. The proportionality of the NSC mass to the halo
mass and the value of the mass fraction both argue for a close
relationship between GC and NSC formation.
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