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ABSTRACT

Context. We searched for correlations between the number of satellites and fundamental galactic properties for the Milky Way-like
host galaxies in order to better understand their diverse satellite populations. We specifically aim to understand why galaxies that are
very similar in stellar mass content, star formation rate, and local environment have very different numbers of satellites.
Aims. Deep and extensive spectroscopic observations are needed to characterize the complete satellite luminosity function beyond
the Local Group. One such endeavor is an ongoing Satellites of Galactic Analogs (SAGA) spectroscopic survey that has completed
spectroscopic observations of 36 Milky Way-like galaxies within their virial radii down to the luminosity of Leo I dwarf galaxy. We
correlated the number of satellites of SAGA galaxies with several fundamental properties of their hosts – including total specific
angular momentum, which is considered to be well preserved throughout galaxy lifetime – in an attempt to identify the main driver
of their diverse satellite populations. We aim to reveal some intrinsic galactic property decisive in making more or less satellites
irrespective of baryonic mass or the environment in which galaxies reside.
Methods. We modeled Spitzer Heritage Archive images of SAGA host galaxies at 3.6 and 4.5 microns with galfit code to obtain
their stellar masses. We also searched the Extragalactic Database for information on their gas content and rotation velocities. Empirical
correlations, like the baryonic Tully–Fisher relation and the stellar mass–size relation were used to exclude outliers.
Results. All the available galactic properties from the literature along with measured stellar masses were correlated with the number
of satellites and no significant correlation was found. However, when we considered the “expected” number of satellites based on
the correlation between the baryonic bulge-to-total ratio and the number of satellites confirmed for several nearby galaxies then
strong correlations emerge between this number and (1) the mass of the bulge, and (2) the total specific angular momentum. The
first correlation is positive, implying that galaxies with more massive bulges have more satellites, as already confirmed. The second
correlation with the angular momentum is negative, meaning that, the smaller the angular momentum, the greater the number of
expected satellites. This would imply that either satellites cannot form if galaxy angular momentum is too high, or that satellites
form inside-out, so that angular momentum is being transferred to the outer parts of the galaxies. However, deeper spectroscopic
observations are needed to confirm these findings, because they rely on the expected rather than detected number of satellites. There
was a luminosity limit to the SAGA survey equivalent to the luminosity of Leo I dwarf satellite of the Milky Way galaxy (the SAGA
limit). In particular, correlations found in this work are very susceptible to the total number of satellites of the NGC 4158 galaxy. This
galaxy is predicted to have many more satellites than detected up to the SAGA limit.
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1. Introduction

According to the standard cosmological cold-dark-matter-
dominated Universe with a cosmological constant (ΛCDM
model), the structures formed hierarchically, resulting in massive
galaxies that had grown through accretion of or merging with
smaller ones. Today, massive galaxies should be surrounded by
numerous smaller dark matter halos that harbor satellites. A typi-
cal Milky Way galaxy should be able to gravitationally bind any
low-mass object interior to 250−300 kpc. A direct expectation
would be a positive correlation between the number of satellites
and the total mass of the host galaxy, because more massive host
halos harbor more subhalos (Ishiyama et al. 2013).

Although the ΛCDM model is very successful in explain-
ing the large-scale structure distribution (Eisenstein et al. 2005),
on smaller, more local scales, there are many challenges
revealed in the Local Group, such as the missing satel-
lites problem (Klypin et al. 1999), the too-big-to-fail problem

(Boylan-Kolchin et al. 2011), and the plane of satellite prob-
lem (Pawlowski & Kroupa 2013; Müller et al. 2018). Galaxies
in the Local Group are close enough to enable deep obser-
vations of faint structures in detail. Another recent challenge
to the ΛCDM was posed when empirical correlations were
found between the number of satellites and: (1) the mass of the
bulge (Javanmardi et al. 2019), and (2) the bulge-to-total ratio
(Javanmardi & Kroupa 2020) for several nearby galaxies. These
two correlations are highly unlikely in the ΛCDM model, as the
number of satellites should only correlate with the mass of the
dark matter halo and therefore with the rotation velocity, which
is closely related to dynamical mass. Javanmardi et al. (2019)
used data from Milennium-II simulations (Boylan-Kolchin et al.
2009) to test the significance of these empirical correlations
with the predictions of the ΛCDM model, and found no signifi-
cant correlation. For the former correlation, the linear correlation
coefficient from simulations was measured to be 0.32, and for the
latter, the correlation coefficient measured was 0.13. Empirical
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correlations are established for only a few nearest galaxies, and
therefore a deep survey is needed to complete satellite popula-
tion around Milky Way-like galaxies. There is also the question
of whether the number of satellites is correlated to some other
fundamental galactic property. This information would suggest
additional mechanisms guiding galaxy evolution.

Great effort has been made to complete a satellite survey of
a large sample of Milky Way-like galaxies outside the Local
Group. The Satellites Around Galactic Analogs (SAGA) sur-
vey1 (Geha et al. 2017; Mao et al. 2021) was conceived in order
to discover satellite galaxies around 100 Milky Way analogs
brighter than Mr,0 = −12.3 (the SAGA limit, hereafter). At the
present time, at Stage II of the project, 36 SAGA galaxies have
been surveyed within their virial radii (∼300 kpc) where all plau-
sible candidate satellites have been spectroscopically confirmed.
Host galaxies (SAGA galaxies, hereafter) are morphologically
diverse, ranging from early-type (ellipticals and lenticulars) to
late-type galaxies (Sb and Sc).

The sample is large enough to enable the characterization
of a luminosity function of satellites, but also allows us to test
correlations between the number of satellites and the physical
properties of their host galaxies. This sample can also be used to
test predictions of the ΛCDM model on small scales outside of
the Local Group.

In Sect. 2, we analyze the dependence between the baryonic
mass of galaxies and their near-infrared (NIR) flux, discuss the
dynamical mass estimation, and present measurements of angu-
lar momentum based on the contribution of individual galactic
components (bulge and disk). In Sect. 3, we give a description of
observational data used for the study: NIR images that were used
to infer stellar mass and data retrieved from various databases
on gas mass and galaxy kinematics. In Sect. 4, we present the
correlations between the number of satellites and fundamental
galactic properties of their host galaxies, and finally in Sect. 5,
we discuss the implications of the correlations found on galaxy
formation and evolution and present our conclusions.

2. Fundamental galactic properties

There are several fundamental galactic properties that are non-
trivial to estimate: baryonic mass, dynamical mass, and total
specific angular momentum. Baryonic mass, as a sum of the
stellar mass and gas mass, has been shown to be more impor-
tant than the stellar mass itself (McGaugh et al. 2000). More-
over, it has been shown to correlate, through the bulge-to-total
baryonic mass ratio (B/T), with the total number of satellites
(Javanmardi & Kroupa 2020). The most difficult to estimate is
the stellar mass, because it is measured from luminosity that can-
not be converted to mass in a straightforward manner.

Dynamical mass reflects the overall gravitational potential
of galaxies, including the contributions from baryonic mass and
dark matter. Assuming the rotation velocity dominates veloc-
ity dispersion in the outer parts of the galaxy, then the gravita-
tional force balances the centrifugal force, and we can estimate
an enclosed mass within the radius at which rotation velocity is
measured. Single-dish HI spectra are available for a large num-
ber of nearby galaxies, and therefore the width of the HI spectral
line is used as a proxy for rotation velocity. The radius of the
HI disk is often several times larger than the optical radius and
therefore gives a very good estimate of circular motions at large
distances from the galaxy center.

1 http://sagasurvey.org

The angular momentum of galaxies is conserved during the
collapse of material within a hierarchical framework of galaxy
formation, but is systematically lower in early-type galaxies than
in spirals (Romanowsky & Fall 2012). This can be explained by
mergers, whereby the angular momentum from central regions
of galaxies is redistributed to their outer parts by dynamical fric-
tion. Therefore, in early-type galaxies, angular momentum could
be locked up in the outer envelope populated with satellites.

2.1. Baryonic mass

Gas mass is mostly neutral hydrogen (MHI) with small contribu-
tions from heavier elements. Baryonic mass is the sum of stellar
mass (M∗) and the gas mass (MHI):

Mbar =M∗ + 1.33MHI, (1)

where the contribution of heavier elements is accounted for by
the factor 1.33 (Courteau et al. 2014). The mass of neutral hydro-
gen is measured as an integral under the HI line spectrum; that
is, the total flux (FHI) multiplied by the distance (D) squared:

MHI

M�
= 2.33 × 105

[
FHI

Jy km s−1

] [
D

Mpc

]2

. (2)

Estimating the stellar mass of a galaxy is a complex and
widely debated problem. There are two main approaches, which
rely on extraction of the visible (baryonic) mass from the dynam-
ical mass estimate, or on the stellar population models that cor-
relate the observable properties, such as luminosity and color, to
the galaxy stellar mass. Colors can be measured from the optical
part of the spectrum or, more favorably, the NIR part, which is
dominated by the light of an old stellar population that makes
the bulk of the stellar mass, and is least susceptible to extinction.

In distant galaxies, where individual stars cannot be resolved,
the integral light coming from both young and old stars is domi-
nated by that from the young stars in the visible part of the spec-
trum, while old stars dominate the stellar mass. This problem
can be solved by using the NIR light, which favors the old stellar
population. Therefore, from the luminosity in the NIR (Spitzer
3.6 µm), stellar mass can be estimated asM∗ = Υ

[3.6]
∗ L[3.6]. The

NIR mass-to-light ratio Υ
[3.6]
∗ needs to be constant with a typi-

cal value of 0.47M�/L� to achieve self-consistency with optical
observations (McGaugh & Schombert 2014). The mass-to-light
ratio can vary throughout the galaxy and thus affect the mass
estimation of individual galaxy components, such as the bulge
and disk. Eskew et al. (2012) calibrated 3.6 and 4.5 µm fluxes to
measure the stellar mass using the spatially resolved star forma-
tion history of the Large Magellanic Cloud (Harris & Zaritsky
2009):

M∗ = 105.65 F2.85
[3.6] F−1.85

[4.5]

[ D
0.05

]2

, (3)

where F3.6 and F4.5 are fluxes in 3.6 and 4.5 µm measured in Jy,
M∗ is in solar masses, and D is a distance in Mpc. The scat-
ter they obtained corresponds to 30% uncertainty in the mass
estimate.

Their correlation is important because it provides a way
to estimate stellar mass for a large sample of galaxies with
NIR photometry taken by Spitzer (Sheth et al. 2010) or WISE
(Wright et al. 2010) telescopes. In the NIR, there is only
marginal sensitivity to young stellar populations, and measure-
ments can be only slightly effected by dust. We therefore use
the above empirical formula to measure stellar masses of SAGA
galaxies from the Spitzer NIR images.
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A. Vudragović et al.: Correlations with the number of satellites

2.2. Dynamical mass

The dynamical mass of a galaxy with a rotationally supported HI
disk is calculated as (Yu et al. 2020):

Mdyn

M�
= 2.31 × 105

[
Vrot

km s−1

]2 [
RHI

kpc

]
, (4)

where RHI is the radius of HI disk. As we have no information
on HI disk size from single-dish HI spectra, we use an empirical
correlation (Wang et al. 2016) that holds for gas masses over a
large range (105.5 < MHI/M� < 1010.5):

log
(

RHI

kpc

)
= 0.51 log

(
MHI

M�

)
− 3.59. (5)

A better estimate of dynamical mass comes from detailed
modeling of rotation curves. However, from single-dish HI spec-
tra, only the HI line width can be measured and converted to
rotation velocity applying the inclination correction.

2.3. Specific angular momentum

An expression for the specific stellar angular momentum valid
for spiral galaxies was revised by Romanowsky & Fall (2012)
and in the case of an infinitely thin disk with an exponential
radial profile is given by:

jd = 2
[

Vrot

km s−1

] [
Rh

kpc

]
, (6)

where Rh is disk scale length, and Vrot is rotation velocity.
SAGA galaxies have different morphologies, but exponential
disks dominate their outer radial profiles. For the inner parts
of galaxies, where the bulge is present, the expression from
Romanowsky & Fall (2012) is valid for an arbitrary value of
Sersic index n:

jb = kn

[
vs

km s−1

] [
Reff

kpc

]
, (7)

where kn ' 1.15 + 0.029 n + 0.062 n2, and Reff is the
effective radius of the bulge. The rotation velocity vs of the
bulge can be calculated using the following prescription from
Romanowsky & Fall (2012):

vs =

(
v

σ

)∗
σ0

√
ε

1 − ε
, (8)

where (v/σ)∗ stands for the contribution of rotational over
pressure support in the galaxy dynamics. Romanowsky & Fall
(2012) derived a median value of (v/σ)∗ = 0.7 ± 0.4 which can
be applied as a single value for large sample of galaxies. Another
two parameters are the central velocity dispersion in km s−1 (σ0)
and ellipticity (ε).

Knowing the ratio of the bulge mass to the total stellar mass,
that is, the stellar B/T ratio, the total specific angular momentum
(Romanowsky & Fall 2012) can be expressed as:

j = B/T · jb + (1 − B/T ) · jd, (9)

where jb is the bulge angular momentum estimated from Eq. (7)
and jd is the disk angular momentum given by Eq. (6). The
stellar B/T ratio in the previous equation reflects the relative
contribution from a particular structural component to the total
angular momentum. In the case where the stellar B/T ratio is
small (B/T < 0.1), the disk component dominates, and the bulge
contribution can be neglected (Romanowsky & Fall 2012).

3. Data and sample selection

The Spitzer Heritage Archive2 contains 32 out of 36 SAGA
galaxies in both 3.6 and 4.5 µm-bands. Archived images are fully
reduced but not background subtracted. We estimated and sub-
tracted an average of the median sky values inside a dozen boxes
of 10 by 10 arcsec in size far away from the galaxy. We then ran
the iraf ellipse task to extract radial surface brightness pro-
files for all the galaxies. The majority of them were part of the
Spitzer Survey of Stellar Structure in Galaxies (S4G; Sheth et al.
2010; Muñoz-Mateos et al. 2013; Querejeta et al. 2015). The
S4G sample includes all but three of the SAGA galaxies ana-
lyzed here (NGC 6909, NGC 7029, and NGC 5869).

In order to make a direct comparison of the results from
the literature with our results, we list here the choices of selec-
tions and cuts used. Our sample is based on the SAGA survey
and all SAGA galaxies were selected as isolated galaxies,
meaning that there are “no galaxies brighter than MK + 13

within 1◦ of the host, and such that the host is not within two
virial radii of a massive (5 × 1012 M�) galaxy in the 2MASS
group catalog (Lavaux & Hudson 2011)” (Geha et al. 2017). As
Javanmardi et al. (2019) and Javanmardi & Kroupa (2020) com-
pared nearby galaxies including the most massive Local Group
galaxies to the Milennium-II simulation results, their selection
criteria favor halos with virial masses of between 1010 and
2 × 1012 M� that are isolated and harbor central disk galaxies.
The sample of nearby galaxies to which the simulations are com-
pared in this work comprises: the Milky Way, M 101, M 31,
M 33, M 94, M 81, and Cen A. These span the following range
of stellar mass 1 × 1010−11.2 × 1010 M�, and a full range in
bulge-to-total ratio (0.01 < B/T < 1). The stellar mass of SAGA
galaxies goes from 1.8 × 1010 to 11.8 × 1010 M�, and bulge-to-
total ratios cover values from 0.01 to 0.8. The only caveat to
keep in mind is the brightness limit of the satellite populations.
Nearby galaxies from the studies of Javanmardi et al. (2019) and
Javanmardi & Kroupa (2020) have the satellites brightness limit
of MV ≤ −8.2 mag, while the satellites of the SAGA galaxies
are all brighter than Mr,0 = −12.3 mag, which is the SAGA
limit. In the remainder of the paper, we remove all the satellites
fainter than the SAGA limit from the sample of nearby galaxies
(Javanmardi et al. 2019; Javanmardi & Kroupa 2020) for direct
comparison, and use an empirical correlation found between the
number of satellites and the bulge-to-total ratio to recover the
faint end of the satellite population for SAGA galaxies to enable
direct comparison with the total number of satellites.

First, we inspected the inclinations of all SAGA galaxies and
removed the three found to be edge-on (NGC 4348, PGC 13646,
and UGC 903). The remaining 29 galaxies were used to infer the
relation between bulge-to-total ratio and the number of satellites.
Hereafter in our analysis, as it is strongly affected by the accu-
racy of the distance and/or rotation velocity measurements, we
applied two empirical relations (stellar mass–size and the bary-
onic Tully Fisher relation) to remove seven outliers (NGC 1309,
NGC 2962, NGC 4454, NGC 5347, NGC 5602, NGC 5869 and
PGC 68743). Another two galaxies were discarded from the
sample because we were not able to find the data on either
their HI mass or rotation velocity, which was needed to esti-
mate dynamical mass. For the remaining 20 galaxies dynam-
ical mass was estimated and correlated with the number of
satellites. Finally, for specific angular momentum measurement

2 https://sha.ipac.caltech.edu/applications/Spitzer/
SHA/
3 MK is the total (absolute) magnitude in the NIR K-band from the
Two Micron All Sky Survey (2MASS).
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Table 1. Correlations examined in this work.

Correlation Number of galaxies

B/T vs. Nsat 29
Mbulge vs. Nsat 29
Mdyn vs. Nsat 20
j vs. Nsat 18

Notes. In the first column the name of the correlation is listed, while
in the second column the total number of SAGA galaxies is indicated
and is related to the particular correlation that has been derived. B/T
is the baryonic bulge-to-total ratio, Mbulge is the bulge mass, Mdyn is
dynamical mass, and j is the total specific angular momentum. All these
properties are correlated with the number of satellites Nsat.

velocity dispersion was needed to estimate the contribution of
the bulge to the total angular momentum, and for two galaxies
we lack these data (NGC 5792 and NGC 7328). These two were
therefore removed from the correlation between the number of
satellites and the specific total angular momentum. For this last
correlation, the total number of SAGA galaxies used is 18. These
18 galaxies have passed all empirical tests and have all the data
needed. More details on these selection cuts are given in the fol-
lowing section, and the number of galaxies used for each of the
correlations is given in Table 1.

Background-subtracted images are modeled with the galfit
code (Peng et al. 2010) using multiple components including the
disk and bulge with the point spread function (PSF) often needed
to describe the nucleus, and additional components like bars and
rings where needed. galfit has become a standard tool for mod-
eling galactic structure. In Fig. B.1, we plot all the individual
modeled subcomponents, along with the composite models. In
addition to the radial profiles in 3.6 and 4.5 µm-bands, Fig. 1
presents the sum of all individual subcomponents modeled with
galfit for each galaxy, and is referred to here as a compos-
ite model. Individual components are the nucleus described with
the point spread function (PSF), and the bulge and disk. Com-
parison with radial profile of S4G:P3 is indicated for the 3.6 µm
band only (4.5 µm omitted) for clarity. Our radial profiles in the
3.6 µm band show excellent agreement with the radial profiles
of S4G galaxies in common with the S4G survey extracted from
their Pipeline 3 (Muñoz-Mateos et al. 2015), as can be seen for
all SAGA galaxies in Fig. B.1.

The Spitzer images are in units of M Jy sr−1 given in the
AB system. To convert total (integral) magnitudes measured by
the galfit code into fluxes in Jy that are required for stellar
mass estimation (Eq. (3)), we used the following conversion
(Sheth et al. 2010):

F = 10−0.4 (mAB−8.9), (10)

where F is the flux in Jy and mAB is the magnitude in the AB
system. With this conversion, Eq. (3) now reads:

M∗

M�
= 64.78 × 1010

[
10−0.4 (m[3.6]−m[4.5])

]1.85
10−0.4 m[3.6]

[
D

Mpc

]2

.

(11)

Here, distance D to the source should be provided in Mpc, and
total (integral) magnitudes m[3.6] and m[4.5] are in the AB system.
The calculated stellar massM∗ is in solar masses.

As one of the correlations that has been found for nearby
galaxies by Javanmardi & Kroupa (2020), namely that between
baryonic B/T ratio and the number of satellites, involves gas

Fig. 1. Radial profile of the NGC 1015 galaxy in 3.6 and 4.5 µm-bands
modeled with the IRAF ellipse task, denoted as blue and red points,
respectively. Overplotted are orange crosses from Muñoz-Mateos et al.
(2015) for the 3.6 µm-band. For clarity, only composite models are
given for 3.6 µm (black) and 4.5 µm bands (gray), that correspond to
the sum of all individual subcomponents. Individual subcomponents are
presented only for the 3.6 µm band (point spread function, bulge and
disk).

mass in addition to stellar mass (i.e., baryonic), we searched
the Extragalactic Distance Database (EDD)4 (Tully et al. 2009)
to complement our stellar mass measurements with gas mass
estimates. Most of the galaxies are cataloged in the EDD cat-
alog “All Digital HI” with HI flux measured. The rest of the
galaxies are listed in the EDD catalog “Pre-Digital HI”5, where
the measurements of log FHI flux are given. Three galaxies
are also part of the ATLAS3D project (Cappellari et al. 2011):
NGC 2962, NGC 5869, and NGC 6278. For these three galaxies,
we retrieved data on H2 mass. Combining stellar mass with gas
mass (atomic and molecular) provides us with the total baryonic
mass.

From the EDD catalog “All Digital HI” we retrieved the aver-
aged width of the HI line (Wmxav). The width of the HI line can
be corrected to give maximum rotation velocity, which can be
used to infer the specific stellar angular momentum and dynam-
ical mass of galaxies. To convert Wmxav into rotation velocity
Vrot = Wmxav/2 sin(i), we need to correct for inclination, which
has been estimated from the ratio of the minor to the major
galaxy disk axis (b/a): sin2(i) = 1− [(b/a)2−q2

0]/[1−q2
0], where

q0 = 0.11 (Guthrie 1992). For three galaxies that were part of the
ATLAS3D project (Cappellari et al. 2011), namely NGC 2962,
NGC 5869, and NGC 6278, rotation velocities were taken from
Krajnović et al. (2011).

4. Results

We modeled all SAGA galaxies in the 3.6 µm band with mul-
tiple components using the galfit code. The results are pre-
sented in Appendices A and B (table and surface brightness pro-
files, respectfully). The baryonic mass is measured as a sum
of stellar and gas mass: M = M∗ + 1.33MHI. After checking
galaxy inclinations, which were estimated from the ratio of the
disk minor to major axis from galfit disk models, we excluded
three galaxies as edge-on, because this inclination is unfavor-
able for bulge mass estimation (NGC 4348, PGC 13646, and
UGC 903).

4 https://edd.ifa.hawaii.edu
5 “Pre-Digital HI” catalog is a catalog of pre-digital HI line-width
parameters collected by Tully.
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Fig. 2. Relation between the B/T ratio and the number of satellites
brighter than Mr,0 < −12.3 (SAGA limit). Red points are taken from
Javanmardi & Kroupa (2020) and references therein. Their values on
the y-axis are corrected to represent the number of satellites brighter
than the SAGA limit. Gray points are measured in this work. The green
shaded area is the correlation between bulge-to-total ratio and the num-
ber of satellites from Javanmardi & Kroupa (2020), which is found for
the total number of satellites for galaxies MW, M 101, M 33, M 31,
Cen A, M 81, and M 94.

For each galaxy component (bulge and disk), total mass
depends on the distance squared (Eqs. (2) and (11)), while B/T
ratio as the ratio of masses is not affected by distance uncertain-
ties. To enable comparison with Javanmardi & Kroupa (2020),
we excluded all the satellites fainter than Mr,0 < −12.3 for all the
host galaxies from Javanmardi & Kroupa (2020) (and references
therein). In the paper by McConnachie (2012), we count five
satellites of the Milky Way and eight satellites of the Andromeda
galaxy brighter than the SAGA limit and up to 250 kpc. For the
M 81 galaxy, we refer to Chiboucas et al. (2013), where galax-
ies from the M 81 group are listed with their physical separation
and absolute magnitudes. Within 250 kpc from M 81 galaxy, we
count 20 satellites brighter than the SAGA limit. Crnojević et al.
(2019) list all satellites of Cen A galaxy within 250 kpc, and we
count 10 satellites brighter than the SAGA limit. M 94 galaxy has
been observed by Smercina et al. (2018) but only up to 150 kpc
distance, and only two satellites had been detected down to
MV = −9.1 mag. As they are both fainter than our limit, we
consider that M 94 has no satellites. M 33 galaxy has one pos-
sible but unconfirmed satellite fainter than MV = −6.5 mag, as
reported by Martin et al. (2009), and therefore we consider it has
no satellites. M 101 galaxy has eight confirmed satellites in total
(Carlsten et al. 2019; Bennet et al. 2019), but they are all fainter
than the SAGA limit.

In Fig. 2, SAGA galaxies are given in gray along with their
error bars (Table 2), while galaxies from Javanmardi & Kroupa
(2020) are given in red. As discussed above, for galaxies from
Javanmardi & Kroupa (2020) (red circles in the Fig. 2) the num-
ber of satellites is limited to those brighter than the SAGA limit
to enable direct comparison. If we assume that the relation holds,
then all the galaxies that lie below the green area have numerous
satellites that were missed by the SAGA survey. We cannot con-
firm the validity of the relation with these data, because we only

Table 2. Baryonic bulge-to-total ratio and the number of satellites for
sample galaxies.

Name B/T e_B/T N e_N

SAGA
1015 0.237 0.009 2 1.414
1309 0.062 0.004 3 1.732
2543 0.292 0.008 2 1.414
2962 0.265 0.009 3 1.732
2967 0.007 0.001 1 1.000
3689 0.049 0.001 2 1.414
3976 0.557 0.025 2 1.414
4158 0.788 0.040 5 2.236
4454 0.259 0.013 4 2.000
5297 0.103 0.004 7 2.646
5347 0.160 0.004 2 1.414
5448 0.259 0.007 5 2.236
5602 0.309 0.007 5 2.236
5604 0.014 0.001 3 1.732
5633 0.331 0.009 0 0.000
5690 0.530 0.015 3 1.732
5750 0.287 0.006 1 1.000
5792 0.421 0.020 3 1.732
5869 0.657 0.054 0 0.000
5962 0.335 0.020 2 1.414
6181 0.312 0.011 9 3.000
6278 0.420 0.028 9 3.000
6909 0.414 0.016 4 2.000
7029 0.313 0.009 5 2.236
7079 0.248 0.006 4 2.000
7328 0.150 0.014 1 1.000
7541 0.017 0.000 5 2.236
7716 0.242 0.006 2 1.414
68743 0.462 0.013 5 2.236

Javanmardi & Kroupa (2020)
MW 0.200 0.075 5 2.236
M 31 0.320 0.110 8 2.828
M 33 0.010 0.001 0 0.000
M 81 0.460 0.150 13 3.606
Cen A 1.000 0.100 10 3.162
M 94 0.100 0.020 0 0.000
M 101 0.050 0.030 0 0.000

Notes. Baryonic bulge-to-total mass ratio (B/T ) and the number of
satellites (N) brighter than the SAGA limit are given along with their
corresponding errors for: all SAGA galaxies (upper part) labeled with
their NGC number with one exception of a single five-digit number that
has a PGC prefix (the last SAGA galaxy listed), and nearby galaxies
from Javanmardi & Kroupa (2020) (lower part). The number of satel-
lites from Javanmardi & Kroupa (2020) has been reduced to the SAGA
limit for direct comparison.

include satellites brighter than a certain limit. However, knowing
that, when the total number of satellites is taken into account,
all red points from Javanmardi & Kroupa (2020) enter the green
shaded area, there is a possibility that the relation truly holds.
Another sign that the relation may hold is that there are no points
above the green shaded area, the presence of which would ques-
tion the correlation. Simply, there can be only more satellites
than detected, not less. All the points can only go up, never down,
if the correlation holds, and this is satisfied with the existing data.
We label six SAGA hosts that enter the green shaded area with
their NGC numbers, and we consider they have already a total
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Fig. 3. Bulge mass vs. expected number of satellites for SAGA galax-
ies (dark red crosses and blue asterisks) and the number of satellites
brighter than the SAGA limit (gray circles). Overplotted are the galaxies
from Javanmardi & Kroupa (2020) with their total number of satellites
as red circles. Blue asterisks indicate SAGA galaxies that according to
the relation between the B/T ratio and the number of satellites found
in Javanmardi & Kroupa (2020) have a complete (or nearly) complete
census of satellites.

number of satellites detected, and thus are directly comparable to
the sample of nearby galaxies with complete satellite census. For
these six SAGA galaxies, and those from Javanmardi & Kroupa
(2020) with total number of satellites, we measure a Pearson’s
linear correlation coefficient of 0.73.

Another correlation that is linked to the relation between B/T
ratio and the number of satellites is the correlation between the
mass of the bulge and the number of satellites (Javanmardi et al.
2019). For each SAGA galaxy, we only have information on the
number of satellites brighter than the SAGA limit and, on the
other hand, Javanmardi et al. (2019) refers to the total number of
satellites, and so we estimated the total number of satellites for
SAGA galaxies in order to compare the results. The total num-
ber of satellites, if the relation between the number of satellites
and B/T ratio (Javanmardi et al. 2019) holds, is: N = 33.6 (±6.5)
B/T + 1.7 (±1.3), as given in Javanmardi & Kroupa (2020). This
correlation, along with its uncertainties, is represented as the
green shaded area in Fig. 2. We calculated the average number
of satellites for SAGA galaxies according to this relation, and
refer to it as the expected number of satellites. This expected
number of satellites is marked with dark red crosses with black
arrows for the error bars in Fig. 3. Overplotted are gray circles
with errors referring to the number of satellites brighter than
the SAGA limit (Mr,0 < −12.3). However, blue asterisks mark
six SAGA galaxies which, according to Fig. 2, have a com-
plete census of satellites (they fall into the green shaded area),
and for which a direct comparison can be made with the study
of Javanmardi et al. (2019) and Javanmardi & Kroupa (2020).
Unlike Fig. 2, where fainter satellites were excluded, the same
galaxies (red points) in Fig. 3 harbor the total number of satel-
lites. There is a positive trend indicating that galaxies with larger
(more massive) bulges tend to harbor more satellites. Galaxies
that have a complete census of satellites and thus are compara-
ble (Fig. 3), labeled as blue asterisks from SAGA sample and red
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Fig. 4. Stellar mass–size relation for SAGA galaxies: gray circles denote
stellar mass with their corresponding errors. Stellar mass is corre-
lated with the radius at which surface brightness at 3.6 µm drops to
25.5 AB mag arcsec−2 (R3.6). Galaxies labeled with their NGC numbers
are 2-sigma outliers from the fitted relation (black line).

circles from Javanmardi et al. (2019), follow this positive corre-
lation between the mass of the bulge and the (total) number of
satellites. For these galaxies with a complete satellite census (13
in total), the Pearson’s linear correlation coefficient is 0.88.

4.1. Constraints from the empirical relations

For the other two relations we are investigating, namely num-
ber of satellites–specific angular momentum and number of
satellites–galactic dynamical mass, we need to be certain of the
quality of our measurements as well as that of the measurements
we acquire from various resources.

First, we checked our stellar mass measurements using
the empirical relation between the radius at which the sur-
face brightness profile of the galaxy at 3.6 µm drops to
25.5 AB mag arcsec−2 and its stellar mass (Muñoz-Mateos et al.
2015), the so-called stellar mass–size relation. For our sample
of galaxies, the relation is given in Fig. 4. Stellar mass is plot-
ted in gray circles with corresponding error bars, while the fit
is given as a black solid line. The intention was not to make
another correlation, but simply to find outliers. There are three
2-sigma outliers and we shall exclude them on the basis of
inaccurate mass measurements. For NGC 5347 and NGC 5602,
the composite fit (Fig. B.1) departs from the radial profile at
the 25.5 AB mag arcsec−2 level. This could be why these two
galaxies fall off the relation. We cannot identify why galaxy
NGC 4454 deviates from the relation, because the fit follows the
radial profile. However, this galaxy along with NGC 5347 falls
off the baryonic Tully–Fisher relation, as can be seen in Fig. 5.
This is an additional reason to exclude these two galaxies from
the sample.

Additional parameters of huge importance to our further
analysis are the rotation velocity and galaxy distance. Both
parameters are equally important in deriving the dynamical
mass and total specific angular momentum. The rotation veloc-
ity is measured from the width of the HI spectral line (Wmxave
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Fig. 5. Baryonic Tully–Fisher relation from McGaugh (2005): the solid
line is simply Eq. (5) from McGaugh (2005), not the fit; 1-sigma outliers
are labeled with their NGC names, omitting the NGC prefix, with the
exception of five-digit number 68743, which corresponds to the PGC
prefix. Other points are not labeled for clarity.

taken from EDD database), which is corrected for inclination
as explained in detail in the previous section. The radius of the
HI disk is estimated from MHI, which depends on the distance
squared (Eq. (2)). Another galactic property of interest to us is
the total specific angular momentum, for which again the rota-
tion velocity and an accurate distance measurement are needed.
We find no information on the HI line width (and/or rotation
velocity) for three of the galaxies of our sample: NGC 7079,
NGC 6909 and NGC 7029. To check both rotation velocity and
distance accuracy, we employ the baryonic Tully–Fisher relation
(McGaugh et al. 2000; McGaugh 2005). The baryonic Tully–
Fisher relation correlates the total baryonic mass and the flat part
of the rotation curve, which is often very close to the maximum
rotation velocity that we have estimated using the width of HI
line from the EDD database. This is the linear relation that reads:
M/M� = 50·V4

rot. Inserting this relation into Fig. 5 we calculated
1-sigma deviations and labeled the galaxies that deviate more
than 1-sigma with their NGC names omitting the NGC prefix,
and for the single case with five digits 68743 omitting the PGC
prefix (PGC 68743). All these galaxies have either questionable
distance measurements or inclination corrections. In either case,
we exclude them from the sample for the subsequent analy-
sis. Two of them are already 1-sigma outliers from the stellar
mass–size relation (NGC 5347 and NGC 4454). In summary, we
exclude seven more galaxies (apart from three edge-on galax-
ies) as outliers either from the stellar mass–size relation or the
baryonic Tully–Fisher relation. To independently test our rota-
tion velocity measurements, we searched the Hyperleda database
through the EDD website for all SAGA galaxies and retrieved
rotation velocity. Comparing our rotation velocities with values
from the HyperLeda database6, we find three 1-sigma outliers:
NGC 1309, NGC 2967, and NGC 4158. This is in line with our
previous findings, except for the galaxy NGC 2967, which we
decided to keep because it is one of the six galaxies that accord-
ing to Javanmardi & Kroupa (2020) have a complete census of
satellites.
6 http://leda.univ-lyon1.fr
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Fig. 6. Relation between dynamical mass and the number of satellites
for SAGA galaxies, for which HI line measurements exist in the EDD
database: gray circles with error bars denote the number of satellites
detected up to the limit of Mr,0 < −12.3; red crosses give the expected
number of satellites if the relation from Javanmardi et al. (2019) holds.
Error bars on the y-axis are simply the square root of the number of
satellites. Dynamical mass is calculated from Eq. (4), with error bars
corresponding to the errors on the rotation velocity only, meaning they
are underestimated.

4.2. Correlations with fundamental galactic properties

For dynamical mass measurements (Eq. (4)), both the rotation
velocity and the radius of the HI disk are needed. For the galaxy
NGC 5869, there are no measurements on its HI mass, and so
we were not able to use Eq. (4) to infer its dynamical mass
from the neutral gas. This galaxy is omitted from Fig. 6, where
we plot dynamical mass versus the average number of satel-
lites expected from the relation between the B/T ratio and the
number of satellites found in Javanmardi & Kroupa (2020). The
dark red crosses in Fig. 6 show the expected number of satel-
lites given their B/T ratios if this latter relation holds for our
sample of galaxies. Uncertainties are denoted with arrows. The
number of bright satellites detected in the SAGA survey are pre-
sented as gray crosses which stand for error bars. The blue aster-
isks labeled with their NGC names are the only six galaxies in
our sample that are considered to have a complete satellite cen-
sus. Our analysis indicates that these six galaxies should stay
in place, while all other galaxies (gray points) should migrate
upwards toward red crosses, implying they have more satellites
than detected. The inspected range of dynamical mass is rather
narrow, but it shows no correlation, unless it is buried in the large
scatter.

From each bulge component, we extracted information on
the effective radius, Sersic index, and the ratio of minor to major
axis (as ε = 1 − b/a) from the best fit model (Table A.1)
to measure its specific angular momentum (Table 3) using
Eqs. (7) and (8). Velocity dispersion was mainly taken from
the SDSS SkyServer CasJobs Service7 where galaxies can
be cross-matched against the SpecObjAll catalog with mea-
sured velocity dispersion based on their celestial coordinates.
We find 18 matches within 0.5 arcmin radius from the galaxy
center. However, the fiber is placed on the galaxy center

7 https://skyserver.sdss.org/casjobs/
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for only ten of these matches. Three galaxies (NGC 2962,
NGC 5869, and NGC 6278) were found in the catalog of
Dabringhausen & Fellhauer (2016). We searched the HyperLeda
database for the rest of the sample. As a result, data on the cen-
tral velocity dispersion were gathered for all but six galaxies:
NGC 7328, NGC 3689, NGC 5604, NGC 5792, NGC 4454, and
NGC 5602. NGC 4454 and NGC 5602 are already excluded as
outliers from empirical relations. Of the four remaining galax-
ies missing information on the central velocity dispersion, two
of them (NGC 3689 and NGC 5604) have a stellar B/T ratio of
less than 0.1, which makes the bulge angular momentum con-
tribution negligible compared to the disk component, and these
two galaxies are kept for further study. Galaxies NGC 7328 and
NGC 5792 are excluded because the contribution of the bulge
component to the total angular momentum cannot be neglected
(stellar B/T ≥ 0.2), and thus the specific angular momentum
of the disk cannot well represent the total angular momentum,
contrary to the previous two cases of NGC 3689 and NGC 5604
galaxies. All the structural data measured from Spitzer’s images
and those additional data retrieved from databases used for angu-
lar momentum estimation are listed in Table A.1.

From galfit exponential disk models, we extracted disk
scale lengths and converted them into physical units (kpc) using
galaxy distances from the SAGA dataset8 to measure the spe-
cific stellar angular momentum of the disks (Eq. (6)). With addi-
tional data on maximum rotation velocity and stellar B/T ratio,
we measured specific angular momentum for 18 galaxies in
total. The correlation between total specific angular momentum
and the expected number of satellites is shown in Fig. 7. The
expected number of satellites for each galaxy is marked with a
dark red cross in Fig. 7 (Table 3), with the vertical arrow rep-
resenting the error bar. The number of satellites detected in the
SAGA survey is denoted with a gray circle with error bars hold-
ing the errors on both axes. The Pearson coefficient for the cor-
relation is significant: −0.74. A single outlier in the Fig. 6 is the
galaxy NGC 4158, which is also the main driver of the corre-
lation with angular momentum (Fig. 7). Thus, deeper spectro-
scopic observations of fainter satellites would help us to decide
whether this correlation truly holds. This galaxy should have
23 satellites fainter than the SAGA limit.

5. Discussion and conclusions

All galaxies studied here are part of the SAGA survey as Milky
Way analogs. We searched for previous and new correlations
between the number of satellites and fundamental galactic prop-
erties to understand why some galaxies that are very similar
regarding their stellar mass and environment have quite different
numbers of satellites. Environment plays no role in their satel-
lite distribution function because they are all selected as isolated
galaxies.

The ΛCDM model predicts an excess of bright satel-
lites compared to observations (the “too-big-to-fail” problem;
Boylan-Kolchin et al. 2011), and predicts no significant cor-
relations between the number of satellites and the mass of
the bulge or the bulge-to-total ratio (Javanmardi et al. 2019;
Javanmardi & Kroupa 2020) for the Milky Way-like galaxies.
However, discrepancies were mainly obtained for Local Group
galaxies. The necessity for a SAGA sample of galaxies comes
from the concern that Local Group satellites are representative of
typical galaxies in this mass range. The correlation between the
bulge-to-total ratio (Javanmardi & Kroupa 2020) and the num-

8 http://sagasurvey.org
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Fig. 7. Relation between the total specific angular momentum (Eq. (9))
and the number of satellites for SAGA galaxies, for which HI line mea-
surements exist in the EDD database: gray circles with error bars denote
the number of satellites detected up to the SAGA limit (Mr,0 < −12.3);
red crosses give the expected number of satellites if the relation from
Javanmardi et al. (2019) holds.

ber of satellites holds for the galaxies with complete satellite
census, which helped us identify six such galaxies in the SAGA
sample. We confirmed a very strong correlation between the
mass of the bulge and the number of satellites (Javanmardi et al.
2019) for these galaxies, including the sample of nearby galax-
ies for which the total number of satellites is known. We used
the former correlation to predict the total number of satellites for
SAGA galaxies based on their bulge-to-total ratio. This expected
number of satellites makes the correlation between the mass of
the bulge and the number of satellites even more significant.
This is not unexpected, because the total number of satellites
is predicted using another correlation including the mass of the
bulge through the bulge-to-total ratio. What came as a surprise is
the sign of the correlation, because bulges are assumed to form
through accretion of or merger with the surrounding material,
including satellites. It would be natural to assume that the larger
the bulge, the more satellites have been accreted, but we see quite
the opposite: the larger the bulge, the more satellites have sur-
vived. This reasoning is valid only if we assume that galaxies
with similar baryonic mass evolving in the similar sparse envi-
ronment have had initially comparable satellite populations.

A correlation that has been found in this work is the one
between the total (expected) number of satellites and the total
specific angular momentum. Angular momentum is the funda-
mental galactic property that is preserved during galaxy evolu-
tion. It can be redistributed via mergers, but preserved in general.
SAGA galaxies with lower angular momentum have more satel-
lites. Dynamical friction that can explain minor mergers would
show the opposite behavior. The satellites should transfer their
angular momentum to the host galaxy, slowing down and eventu-
ally spiraling in toward the central galaxy. The angular momen-
tum of the host would consequently increase, because energy
and momentum must be conserved. This scenario would imply
that galaxies with more massive bulges should harbor less satel-
lites and have higher angular momentum. Results from this and
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Table 3. Properties of SAGA galaxies.

Name logMbar logM∗ log e_M V e_V R[3.6] logMdyn log e_Mdyn log J log e_J 〈N〉 〈e_N〉

1015 10.58 10.44 0.23 124.45 4.41 14.41 11.01 0.03 3.03 0.06 9.68 2.84
1309 10.60 10.49 0.23 94.33 5.50 11.91 – – – – 3.80 1.71
2543 10.65 10.58 0.11 158.98 3.72 18.22 11.14 0.02 2.65 0.04 11.51 3.20
2962 10.71 10.69 0.11 117.70 5.89 19.90 – – – – 10.59 3.02
2967 10.66 10.55 0.23 123.82 6.93 11.70 11.00 0.05 2.93 0.01 1.95 1.35
3689 10.59 10.56 0.15 176.51 9.18 11.98 10.96 0.05 3.17 0.01 3.34 1.62
3976 11.07 11.01 0.01 212.34 4.01 24.00 11.54 0.02 2.87 0.05 20.41 4.92
4158 10.67 10.64 0.23 161.36 9.63 10.16 10.93 0.05 2.27 0.52 28.17 6.42
4454 10.31 10.23 0.23 219.05 21.06 15.51 – – – – 10.40 2.98
5297 10.81 10.62 0.23 189.47 5.03 19.63 11.55 0.02 3.10 0.03 5.17 1.97
5347 10.26 10.14 0.23 58.11 4.43 9.73 – – – – 7.07 2.34
5448 10.70 10.63 0.02 198.49 6.08 20.26 11.35 0.03 3.14 0.01 10.39 2.98
5602 10.33 10.28 0.23 – – 11.25 – – – – 12.09 3.31
5604 10.49 10.31 0.21 163.29 4.20 10.77 11.25 0.02 2.94 0.01 2.18 1.39
5633 10.62 10.58 0.57 155.39 6.86 9.79 10.97 0.04 2.72 0.17 12.82 3.45
5690 10.50 10.43 0.26 146.89 4.01 15.42 11.00 0.02 2.48 0.24 19.50 4.74
5750 10.41 10.40 0.48 191.23 9.23 15.40 10.67 0.04 2.95 0.11 11.34 3.16
5792 10.87 10.75 0.09 214.30 5.08 24.35 11.60 0.02 – – 15.85 4.04
5869 10.61 10.61 0.14 105.80 5.29 14.83 – – – – 23.77 5.57
5962 10.58 10.54 0.31 188.42 4.46 12.98 11.12 0.02 2.89 0.11 12.95 3.48
6181 10.73 10.66 0.01 192.47 4.25 12.17 11.32 0.02 2.75 0.02 12.17 3.33
6278 10.67 10.64 0.23 189.80 9.49 12.47 11.15 0.04 2.80 0.13 15.80 4.03
6909 10.55 10.52 0.01 – – 11.25 – – – – 15.61 3.99
7029 10.79 10.77 0.01 – – 11.25 – – – – 12.22 3.33
7079 10.71 10.71 0.30 229.09 10.99 14.27 10.88 0.04 3.23 0.06 10.03 2.91
7328 10.41 10.32 0.02 157.45 3.06 12.21 11.06 0.02 – – 6.74 2.28
7541 10.94 10.85 0.17 211.56 3.01 23.54 11.58 0.01 3.18 0.01 2.28 1.41
7716 10.44 10.35 0.23 148.96 4.53 11.39 11.02 0.03 2.71 0.05 9.85 2.88
68743 10.49 10.44 0.15 43.51 2.43 12.72 – – – – 17.22 4.30

Notes. Column (1): NGC number, where NGC is omitted for all four-digit entries, and a single five-digit number refers to a PGC galaxy (the last
entry). Columns (2)–(4): baryonic and stellar masses (in the solar masses) with the corresponding error (the same for both). Columns (5) and (6):
maximum rotation velocity with the corresponding error in units of km s−1. Column (7): radius at which galaxy surface brightness profile falls to
25.5 mag arcsec−2 in units of kpc. Columns (8) and (9): dynamical mass and the corresponding error in the solar masses. Columns (10) and (11):
total specific angular momentum with the corresponding error in units of km s−1 kpc. Columns (12) and (13): expected number of satellites with
an error as a square root of the number of satellites.

previous work (Javanmardi et al. 2019; Javanmardi & Kroupa
2020) suggest that the more abundant satellite populations have
more massive bulges that are not built up by minor mergers.
If the satellites are formed within the disk of baryonic and
dark matter around galaxies, carrying away part of its angu-
lar momentum, then this would provide a natural explanation
of the plane of satellites observed in several nearby galaxies
(Pawlowski & Kroupa 2013; Müller et al. 2018). Deeper spec-
troscopic observations are needed to confirm these correlations
because they critically depend on the number of satellites fainter
than Leo I of the Milky Way.
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Appendix A: Table of structural and kinematic
properties of SAGA galaxies

Multicomponent modeling of SAGA galaxies with galfit code,
from which the mass of the bulge is estimated, as well as
the structural parameters of the bulge: Sersic index n, effective

radius Reff and ellipticity ε = 1 − b/a. In addition, velocity dis-
persions are retrieved from: the Sloan Digital Sky Survey catalog
and the Hyperleda database. Radius of HI disk is estimated using
Eq. 5 from gas mass MHI that was retrieved from the Extragalac-
tic Distance Database.

Table A.1. Structural and kinematic properties of SAGA galaxies.

NGC Mb e_Mb n Reff ε σ0 e_σ0 Md e_Md Rh RHI B/T∗ e_B/T∗
[1010 M�] [1010 M�] [kpc] [km/s] [km/s] [1010 M�] [1010 M�] [kpc] [kpc]

1015 0.90 0.02 1.00 11.17 0.07 106.50 6.60 1.83 0.03 6.34 28.72 0.33 0.01
1309 0.25 0.01 2.72 11.29 0.12 82.00 26.70 2.85 0.05 2.94 26.86 0.08 0.01
2543 1.31 0.03 1.00 2.87 0.41 79.43 3.60 2.47 0.04 2.10 23.41 0.35 0.01
2962 1.35 0.03 2.35 4.99 0.42 171.00 8.60 3.57 0.13 6.49 11.60 0.27 0.01
2967 0.00 – – – 0.07 117.30 29.60 3.48 0.06 3.46 28.08 0.01 0.01
3689 0.00 – – – 0.38 – – 3.45 0.06 4.22 12.55 0.05 0.01
3976 6.56 0.26 2.89 8.82 0.74 190.10 8.00 3.79 0.06 3.29 33.67 0.63 0.02
4158 3.66 0.18 1.00 16.33 0.25 92.73 2.00 0.72 0.01 2.22 14.21 0.84 0.04
4454 0.52 0.02 1.00 5.99 0.11 – – 1.16 0.03 5.04 16.18 0.31 0.01
5297 0.67 0.02 5.48 7.27 0.81 118.87 20.31 3.47 0.08 3.74 42.78 0.16 0.01
5347 0.29 0.01 1.00 1.13 0.34 93.90 14.91 1.10 0.02 1.87 18.29 0.21 0.01
5448 1.29 0.03 3.31 6.33 0.59 133.66 2.75 2.93 0.07 4.88 24.55 0.31 0.01
5602 0.66 0.01 2.19 3.52 0.46 – – 1.25 0.02 2.34 13.31 0.35 0.01
5604 0.04 0.00 1.00 18.56 0.44 – – 2.00 0.10 2.69 28.63 0.02 0.00
5633 1.37 0.03 0.17 20.46 0.30 73.31 4.09 2.41 0.04 2.51 16.60 0.36 0.01
5690 1.69 0.04 1.00 45.95 0.71 40.15 6.34 0.98 0.01 1.67 20.12 0.63 0.02
5750 0.73 0.01 2.81 23.47 0.52 95.06 6.13 1.78 0.03 3.10 5.49 0.29 0.01
5792 3.09 0.11 1.00 38.56 0.57 – – 2.47 0.04 2.52 37.54 0.56 0.02
5869 2.66 0.22 6.90 4.46 0.37 174.60 8.70 1.38 0.02 1.32 0.00 0.66 0.05
5962 1.27 0.07 2.99 16.80 0.33 103.32 2.71 2.18 0.04 3.06 16.07 0.37 0.02
6181 1.68 0.05 0.38 25.59 0.41 124.80 9.00 2.94 0.05 1.97 24.42 0.36 0.01
6278 1.98 0.05 2.45 2.99 0.30 202.80 10.10 2.35 0.26 2.97 16.95 0.46 0.03
6909 1.48 0.05 0.86 20.60 0.53 117.16 2.85 1.84 0.03 3.58 13.95 0.45 0.02
7029 1.94 0.04 2.74 11.98 0.41 185.01 7.16 3.97 0.08 3.33 14.95 0.33 0.01
7079 1.28 0.02 1.46 3.98 0.36 158.90 4.56 3.82 0.07 4.96 6.29 0.25 0.01
7328 0.39 0.03 3.55 8.81 0.55 – – 1.69 0.03 2.80 19.89 0.19 0.01
7541 0.00 0.00 – – 0.71 65.04 34.94 6.89 0.11 3.60 36.73 0.02 0.01
7716 0.67 0.01 1.95 3.74 0.20 115.33 2.39 1.57 0.03 2.41 20.43 0.30 0.01
68743 1.42 0.03 1.45 6.61 0.30 156.90 12.70 1.35 0.02 2.76 15.35 0.51 0.01

Notes. Column (1): NGC number, where NGC is omitted for all four-digit entries, and a single five-digit number refers to PGC galaxy. Columns (2-
3): mass of the bulge with its corresponding error in the units of 1010 solar masses. Column (4): Sersic index n of the bulge. Column (5):
effective radius of the bulge in kpc. Column (6): ellipticity of the bulge. Columns (7-8): velocity dispersion and the corresponding error in km s−1.
Columns (9-10): mass of the disk component with the error in the units of 1010 solar masses. Column (11): disk scale length in kpc. Column (12):
radius of the HI disk. Columns (13-14): bulge-to-total ratio with the corresponding error.
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Appendix B: Surface brightness profiles of SAGA
galaxies – decomposition into bulge and disk

Near-infrared images from the Spitzer Heritage Archive in 3.6
and 4.5 µm were retrieved and modeled with concentric ellipses
using the IRAF ellipse task. These radial profiles are given in
Fig. B.1 for both bands. Isophotal points from the ellipse task
that deviate from the radial trend are artifacts from modeling
without constraints on magnitude error and the number of valid
points (unmasked pixels) inside ellipses. Constraints have not
been imposed to recover the faintest parts of galaxies (the fur-
thest points away from the center). They are not used for any
analysis, and are given only as a representation of galfit mod-
eling results in two dimensions. Images are also modeled with
galfit code to extract individual components: bulge and disk.

Apart from these two components, additional components were
often required to obtain successful modeling: point spread func-
tion (PSF) for the nucleus and Sersic with low index n for bars
and rings. Individual components are given for the 3.6 µm band
only, for clarity. Composite models are generated as the sum of
the fluxes of individual components: black dash dotted line in
3.6 µm, and gray dash dotted line in 4.5 µm. For comparison,
isophotal contours from Muñoz-Mateos et al. (2013) are over-
plotted in the Fig. B.1. The results from this work agree well
with the results from Muñoz-Mateos et al. (2013).

Three galaxies are edge-on and thus excluded from further
study: NGC 4348, PGC 013646 and UGC 00903. Their radial
profiles could not be modeled well with elliptical contours due
to an extreme inclination. They are listed here only for complete-
ness.

Fig. B.1. Surface brightness profiles of 32 SAGA galaxies in the NIR (3.6 and 4.5 µm). All galaxies are modeled with multiple components
including bulge and disk, but also other components such as the nucleus, ring, and bar. Individual components are colored in the same manner in
all the subfigures: PSF in orange, bulge in red, disk in green, and bar/ring in violet. Blue circles correspond to radial profile in 3.6 µm, while red
circles correspond to 4.5 µm. Individual modeled components are presented for clarity only for 3.6 µm. The composite model is given for both
3.6 µm (black dash dotted line) and 4.5 µm (gray dash dotted line). The figure continues on the next page.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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