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ABSTRACT

The dwarf spheroidal galaxy, Segue 1, is thought to have one of the largest ratios of dark matter
to stellar mass. Using orbit-based dynamical models, we model Segue 1, including a dark halo and
a central black hole. The best-fit model requires a black hole mass of 4 + 1.5 x 105> M. The value
of the black hole mass is the same with or without a dark halo. The mass-to-light ratio of the stars
is poorly constrained by the dynamical modeling, reflecting that Segue 1 is dominated by mass other
than stars. Dynamical models that exclude a black hole provide a worse fit and require a dark halo
with very small scale radii of around 100 parsecs. Additionally, the zero black hole models require
a stellar orbital distribution that is highly radially biased. The model with a black hole provides an
orbital structure that is close to isotropic, more similar to other well-studied systems. We argue that
the two-parameter models of stars and black hole provide a better description of Segue 1 than the
three-parameter models of stars and two dark halo components. Additional support for a central black
hole comes from a significant increase in the central rotation. Using individual velocities, we measure
a rotation amplitude of 9.0 & 2.4 km §~!. Segue 1 is likely being tidally stripped at large radii, and
we might be witnessing the remnant nucleus of a more massive system. Alternatively, given the high
black hole mass relative to the stellar mass, Segue 1 is/analogous to Little Red Dots seen in the early

Universe.
Keywords: Black holes, dark matter, Segue 1

1. INTRODUCTION

Dark matter and black holes play critical— and of-
ten overlapping— roles in galactic dynamics. Though
neither directly radiates electromagnetically, they both
can determine the motions of bodies that emit light in
the vicinity of their strong gravitational potentials. This
work illustrates a dynamical modeling approach for dis-
entangling these two influences in a subtle case, the glob-
ular cluster Segue 1.

A substantial part of the mass-energy budget of
the observable universe is a gravitationally attractive
component— dark matter— that does not interact with
other fundamental particles in the Standard Model, yet
is thought to play a dominant role in the formation
of galactic structure (Press & Schechter 1974; Navarro
et al. 1996). Dark matter, roughly 6 times as abundant
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as its baryonic matter counterpart, is theorized to un-
dergo self-interactions within the dark sector (Spergel
& Steinhardt 2000), and may even convert from dark to
visible sector and back via high energy processes such as
photon-paraphoton kinetic mixing in astrophysical con-
texts (Anantua & Baker 2010). The detailed nature
of dark matter, whether sub-eV axion particles (Peccei
2008) or asteroid-mass primoridal black hole (Curd et al.
2024) or yet larger massive compact halo objects (MA-
CHO) (Alcock et al. 2000) is an active research area.
Though cosmological simulations of large scale structure
formation are agnostic to the sub-grid nature of dark
matter, dynamical modeling of relatively small systems,
such as the dwarf spheroidal galaxies may reveal stark
observational signatures of dark halos and the nature
of the dark matter particle (Bullock & Boylan-Kolchin
2017).

Another part of the mass-energy budget on the ob-
servable universe is black holes, with both strong sup-
port from theory and observations. A robust predic-
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tion of Einstein’s General Theory of Relativity is that
spacetime curvature bends the geodesic path of light,
with sufficiently compact mass distributions trapping
light behind horizons bounding dark, maximally dense
regions, i.e., black holes. For a non-rotating mass dis-
tribution, a black hole of mass Mgy is formed when
the mass is contained within its Schwarszchild horizon
rg = % = 2M (for rotating black holes the outer
horizon lies between M and 2M). Given that the black
hole radius scales linearly with its mass, the average
density contained within the horizon scales as 1/MZ;—
and easy requirement for the vast majority of galaxies
to satisfy in order to contain central supermassive black
holes. Our trillion solar mass Milky Way is an average
sized galaxy that hosts a 4 million My supermassive
black hole, Sagittarius A*, at the Galactic Center (Ghez
et al. 2008; Gillessen et al. 2009; GRAVITY Collabora-
tion et al. 2022). Though compact, the central black
hole has an outsized impact on galactic dynamics, with
the mass tightly related to galaxy properties, e.g., stel-
lar velocity dispersion via the M — o relation Mgy o o
(Gebhardt et al. 2000a; Ferrarese & Merritt 2000) and
serving as a central engine governing AGN feedback. For
dwarf galaxies, or globular clusters containing thousands
to millions of stars, black holes from stellar remnants
may partake in multi-body dynamical interactions ei-
ther accreting or ejecting most of the black holes. There
are a handful of cases with black holes in these low-mass
systems (Gebhardt et al. 2002; Liitzgendorf et al. 2013;
Bustamante-Rosell et al. 2021), although some of the
results remain controversial.

The dwarf spheroidal galaxy Segue 1 was one of the
Milky Way satellite galaxies discovered by the Sloan
Digital Sky Survey in the optical+IR (Belokurov et al.
2007) as part of the Sloan Extension for Galactic Un-
derstanding and Exploration (Newberg & Sloan Digital
Sky Survey Collaboration 2003). Simon et al. (2011)
provides stellar radial velocities and show that Segue 1
is dominated by mass other than stars. They infer a
dynamical mass that is over 1000 times larger than the
light contributed by the stars. Being the most dark-
component dominated galaxy, Segue 1 becomes an es-
sential object to understand the properties of dark mat-
ter halos, since the dark matter halo should suffer lim-
ited effects from baryonic processes.

Our approach in this paper is to model Segue 1 with
dynamical models that have limited assumptions. It is
important to consider mass components that we know
exist in the universe based on observations, like stars and
black holes, in addition to components that are strongly
understood to exist, like dark matter.

We use a distance to Segue 1 of 23 kpc.
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Figure 1. The projected number count profile for Segue 1.
The open circles are the data from Niederste-Ostholt et al.
(2009). The solid red circles are after subtraction of the tidal
effects. The blue line is the smoothing spline that we use for
the deprojection.

2. OBSERVATIONAL PROPERTIES OF SEGUE 1

Typically for dynamical models of diffuse sources, one
would measure a surface brightness profile represent-
ing the distribution of the tracer light. In the case of
Segue 1, the object is so sparse on the sky, that we
must rely on number counts. Niederste-Ostholt et al.
(2009) provide stellar number counts. To separate the
Segue 1 stars from the galactic stars, they rely on colors,
and the low metallicty of Segue 1 helps to discriminate.
Niederste-Ostholt et al. (2009) provide number counts
starting around one arcminute and going out to nine
arcminutes.

A further complication is that Segue 1 is being tidally
stripped by the Galaxy. The stars in the tidal streams
are not dynamically bound to Segue 1 and should be
removed from the dynamical analysis, and hence the
number density profile. We do this removal by assuming
a uniform density of the tidal stream over the full radial
range of Segue 1. We take the outer radial value for the
density and subtract that from the counts at smaller
radii.

In addition to the larger radii correction to the num-
ber counts from the tidal effects, we have to extrapo-
late the number density into the central regions. This
extrapolation is required for the dynamical models in
order to understand the tracer population distribution
in the center. The amount of mass in stars within the



extrapolated region is small enough that it will have an
insignificant effect on the mass profile.

Figure 1 shows the estimated projected number den-
sity profile using the data from Niederste-Ostholt et al.
(2009). The open symbols are the observed values, the
red solid points are after subtraction of the tidal fea-
ture, and the line is our smoothed estimate where we
show the extrapolation into the central region. We fol-
low the same method of smoothing and deprojection of
the number density profile as outlined in Gebhardt et al.
(1996), where they provide a non-parametric estimate of
the 3D density profile given the projected profile.
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Figure 2. Amplitude of the rotation as a function of radial
bin. We use radial bins of 21 stars for most of Segue 1, and
going to a minimum of 15 stars at center and outer bins. In
each radial bin, we fit a sinusoid as a function of position
angle, and plot the amplitude of the fit. The thick solid line
represents that amplitude, and the dotted line represent the
68% confidence bands. There is a large rise in the rotation in
the central region, significant at over 99%. Beyond 2’ there
is no significant rotation.

Stellar kinematics come from Simon et al. (2011). In
that paper, they carefully select members of Segue 1 us-
ing their spectra taken with high resolving power, which
they also use for the radial velocity measurements. They
bin the velocity into 5 radial bins and measure the veloc-
ity dispersion. We generate a line-of-sight velocity dis-
tribution from the velocity dispersion data. Since they
only provide a velocity dispersion and no higher-order
moments, we assume a Gaussian profile. A proper fit
would be to use the individual velocities to generate a
binned line-of-sight distribution. The small number of
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stars in this case makes the assumption of a Gaussian
profile a simple solution.

2.1. Central Rotation

Segue 1 demonstrates a large rise in the rotation in the
central region. Figure 2 shows the rotation amplitude
as a function of radial bins. We use a similar analysis
as in Gebhardt et al. (1995), where we fit a sinusoid to
the individual velocities in an annulus. For the majority
of radial bins, we use 21 individual stars for the fit, and
we go down to 15 stars at the central outer edges. The
amplitude of the sinusoid fit is the rotation velocity. We
use a least-squared minimazation for the fit and a Monte
Carlo for the 68% uncertainties. The thick black line
in Fig 2 is the velocity amplitude and the dotted lines
represent the 68% uncertainties. The velocity amplitude
rises to over 10km s~! at 1/, coming from 15 individual
velocities. The smallest annulus where we have 21 stars
is at 1.4’. That annulus provides a rotation amplitude
of 9.042.4 km s~!, with a significance of rotation above
99%. Going down to smaller radial bins with number of
stars less than 15 shows a continual increase in rotation
up to 14km s !.

Simon et al. (2011) measure a velocity dispersion of
Segue 1 of 4km s~'. A rotational amplitude of 9-
14km s~! in the central region is a dramatic increase.
The two main options for generating such a large in-
crease is either 1) a very large rise in the central density
or 2) Segue 1 is being tidally destroyed all the way into
the center.

3. DYNAMICAL MODELING

We use orbit-based models as originally described by
Schwarzschild (1979). These models provide the most
general solution assuming axisymmetry and dynamical
equilibrium. There are multiple examples and tests for
these models and they have been heavily used (Gebhardt
et al. 2000b; Siopis et al. 2009; van den Bosch et al.
2012). The models presented here are the same as used
in Gebhardt et al. (2000b).

For these models, we assume a gravitational poten-
tial, sample the stellar orbital phase space, and then
fit orbital weights that provide the best match to the
kinematic data. We change the gravitational potential,
repeat the process, and find the goodness-of-fit for each
potential. We generally run about 20k orbits for each
model. The goodness-of-fit is the x? of the model and
data. The most important aspect of these models is to
make sure phase space is sampled both in range and
density of parameters.

In addition to these orbit-based models, other state-of-
the-art models are Jeans analysis with various assump-
tions like JAM (Cappellari 2008) and action integral as
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Figure 3. x? versus each of the four parameters. The top left is stellar mass-to-light ratio, the top right is black hole mass in
solar masses, the bottom left is dark matter circular velocity, and bottom right is dark matter scale radius. In each panel, we
plot all models and a contour along the bottom in x? determines the best fit value and the uncertainty. The red points highlight
those models that have no dark halo, and the blue points highlight those models that have no black hole. The green points are
the other models that vary all four parameters.
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Figure 4. Ratio of internal dispersions o,/o: for three
different models. The blue and black lines represent mod-
els that include a black hole with a mass of approximately
4+ 1.5 x 10° M. These models show close to isotropic dis-
persions in the central regions of Segue 1. In contrast, the
red line represents a model with a dark halo but no black
hole, exhibiting significant radial anisotropy. Such high ra-
dial anisotropy values are uncommon in other stellar systems.

applied to the Galaxy (Binney & Vasiliev 2023). We
focus on the orbit-based models as they are the most
general.

3.1. Modeling Results

As inputs to the dynamical models, we require the
density distribution of the tracer population, the kine-
matics for the tracer population, and the profile for
a particular gravitational potential. Instead of a non-
parametric gravitational potential, we use four param-
eters: the stellar mass-to-light ratio, black hole mass,
dark matter circular velocity, and dark matter scale ra-
dius. The dark matter profiles uses a cored logarith-
mic, which is often used in galaxy models. Bustamante-
Rosell et al. (2021) finds that the cored logarithmic pro-
vides a better fit than a NFW (Navarro et al. 1997) for
the dwarf spheroidal galaxy, Leo 1, which is a similar
object to Segue 1.

After defining the gravitational potential, we sample
orbits over the available phase space. By forcing the fit
to the density profile of the tracer population, we im-
pose consistency between the input stellar profile and
the output tracer profile. The fit to the kinematic data
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provides the one number goodness-of-fit, in terms of 2,
for each attempted model. Sampling the four parame-
ters, we run about 20,000 models.

Figure 3 shows the x? versus each of the four param-
eters. The top-left plots the stellar mass-to-light ratio,
top-right is the black hole mass in solar units, bottom-
left is dark matter halo circular velocity in km s~!, and
bottom-right is dark halo scale radius in kpc. Each panel
plots all attempted models, which is why the points
cover much of the region. In order to provide the best
fit value and uncertainty, one would use a trace along
the bottom of the x2 contour.

In this Figure, we highlight models where there is no
dark halo as red points, and those with no black hole as
blue points. This distinction is important for interpre-
tation of the results and orbital structure.

3.2. Models with no black hole

A three parameter fit of the stellar M/L, dark matter
circular velocity, and dark matter scale radius provides
a adequate fit only when allowing for dark halo scale ra-
dius that are small. In that case, the dark matter profile
begins to mimics a centrally concentrated object, espe-
cially since the inner-most kinematic measure is around
10 parsecs (Simon et al. 2011). If we use a dark matter
profile that is more typical as to what has been used for
these systems, we find a model that has a significantly
worse fit.

Having a bias for a dark halo with no black hole, the
best fitted model has a scale radius around 70 parsecs
with a dark halo circular velocity larger than 5 km s~ 1.
We do not constrain the upper limit to the circular ve-
locity for the cored-logarithmic profile.

3.3. Models with a black hole

A two parameter fit of a stellar mass-to-light ratio and
a black hole mass provides a adequate fit to the kine-
matics. This model is, in fact, better than the three
parameter model with a dark halo and stars. When
including a dark halo, the fit obviously improves, with
the mass of the black hole that best fits basically un-
changed. While the dark halo properties are basically
unconstrained, the black hole mass is well determined.
Thus, this is a case where a two-parameter fit actually
fits better than the three-parameter fit, implying the pa-
rameterization of the dark halo is not ideal (or there is
no need for a dark halo).

We try models with both a black hole and dark halo,
still varying the stellar mass-to-light. These models are
shown as the green points in Figure 3. In the top-left
panel, one notices that the stellar mass-to-light ratio is
minimized at zero. The implications are that the stars
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contribute nothing to the gravitational potential. We
studied a high density sampling in the black hole mass
around a value of zero for the stellar mass, which can be
seen as the extensions for dark matter circular velocity of
15 km s~! and scale radius of 0.5 kpc. This high density
sampling does not change the best fit black hole mass.
We do not explore these models further since we know
that stars have mass, and we should at least include a
contribution of the stars to the gravitational potential.

Using the bottom contours for the black hole mass x?
plot for either the red or the green points provide about
the same values of 4 4+ 1.5 x 10° M.

3.4. Stellar Orbital Structure

The orbit-based models allow for the most general dis-
tribution of dispersion anisotropies. That is, we do not
force any parameterization on the internal dispersions.
Not only does this allow for the best fit to the observa-
tions, but also allows us to explore whether the orbital
structure is consistent with other systems.

Figure 4 shows the ratio of the radial to tangential
dispersions for three representative models. For each
model, we average over all angles, and plot as a func-
tion of radius. For most stellar systems, the trend is
typically to have close to isotropic orbits with an in-
crease in the tangential dispersion closer to the black
hole (Gebhardt et al. 2011; Thomas et al. 2014). The
increase in tangential anisotropy is thought to be due to
adiabatic destruction of stars in radial orbits that get
close to the black hole (Milosavljevi¢ & Merritt 2001).

The three models in Figure 4 are no black hole in red,
no dark halo in blue, and best overall (black hole and
dark halo) in black. The no dark halo and the best over-
all model are very similar, and show close to isotropic
orbits with an increase in the tangential component in
the central regions. The no black hole model requires
significant radial anisotropy. This high level of radial
anisotropy has not been seen in other systems (Geb-
hardt et al. 2003) and is likely improbable.

3.5. Dark Matter Profile

Early interpretations of Segue 1 indicate a signifi-
cantly more massive and concentrated dark matter halo.
This perspective was primarily based on the Navarro-
Frenk-White (NFW) cuspy profile, which resulted in
an extremely high mass-to-light ratio. However, upon
comparing the cored dark matter profile with the NFW
cuspy profile, we found that the cored dark matter pro-
file provides a significantly better fit to the data, yielding
a chi-squared value of 20, as opposed to a value of 24 for
the NFW profile. Both models suggest the existence of
a central supermassive black hole (SMBH) with a mass
of 44 1.5 x 10°Mg.

The better fit of the cored profile is consistent with
previous studies that demonstrate core-like profiles pro-
duce flatter rotation curves, which align more closely
with observations of ultra-faint dwarf galaxies (Gen-
tile et al. 2004). These flatter profiles are also more
vulnerable to tidal disruption during the formation of
larger galaxies due to their reduced gravitational bind-
ing. This observation supports research indicating that
dwarf galaxies without central cusps are more suscepti-
ble to disruption, resulting in inhibited or truncated star
formation (Mashchenko et al. 2005). Furthermore, the
observed variation in metallicity within Segue 1—where
certain stars exhibit extremely low metallicities ([Fe/H]
~ -3.7) while others display higher values ([Fe/H] ~ -
1.5)—reinforces the idea of intermittent episodes of star
formation (Frebel et al. 2014; Kirby et al. 2013). Simula-
tions in (Penarrubia et al. 2010) have demonstrated the
vulnerability of cored dark matter halos to tidal forces,
showing that Milkey Way satellite galaxies embedded in
core dark matter halos are easily stripped during inter-
actions with the host galaxy’s baryonic disk (Penarrubia
et al. 2010). This susceptibility could contribute to the
faint nature of Segue 1, as tidal stripping diminishes its
baryonic and dark matter, thereby limiting its capacity
to sustain star formation.

3.6. Concerns

The small amount of kinematic data is a concern, im-
plying a possibility of over-interpretation of the results.
While this over fitting needs to be considered, the more
robust approach is to use orbit-based models in order to
understand the allowed parameter space. In this case,
the dynamical model with two parameters for the grav-
itational potential provide a better fit than those with
three parameters.

Another concern is that the central kinematic mea-
surement is biased high due to stellar binaries inflating
the projected velocity dispersion. This concern is stud-
ied in Simon et al. (2011) where they estimate an up-
per limit of 1-2 km/s that might need to be removed in
quadrature from the measured dispersion. They infer a
binary fraction around 10%, consistent with studies in
globular clusters (Gebhardt et al. 1994). Thus, it is un-
likely that binaries are the cause for the increase in the
velocity dispersion in the central regions. Even more sig-
nificant, the significant rise in the velocity towards the
center would not be explained by a large binary popu-
lation

Segue 1 is being tidally-stripped by the Milky Way.
We model the tidal effects in the observed number
counts, similar to what was done in Bustamante-Rosell
et al. (2021). Any correction to the tidal stripping would



affect both the black hole models and the dark halo
models. The central region, where the tidal effects are
minimal, drive the fits to the black hole models, so the
tidal model is unlikely to be significant for the black hole
mass estimate. Bustamante-Rosell et al. (2021) showed
a similar lack of effect for Leo 1.

4. IMPLICATIONS

Hayashi et al. (2023) models Segue 1 using an NFW
halo and finds a steep central density slope, with the
highest density yet reported. The central density that
we infer is similar to that of Hayashi et al. (2023), ex-
cept our central density is due to a black hole as opposed
to highly-concentrated dark matter. The alternative ex-
planation of a black hole is a more natural explanation
than the steep dark matter profile.

If Segue 1 is an accreted galaxy, as suspected, it should
not be a surprise that there is a black hole in the center.
Except for one galaxy, M33 (Gebhardt et al. 2001), we
have yet to discover a galaxy that has either no black
hole or a significantly low upper limit.

The “dark-matter” dominated galaxy Segue 1 has
most of its mass in material that is dark. In this case,
that material is primarily in the black hole as opposed
to a standard dark halo.

There are two main considerations that may influence
our interpretation. First, the extraordinary nature of
a system with order 10° solar masses of black hole but
only around 3-10% solar masses in stars may push models
beyond their current regime of applicability. However,
this large ratio may simply reflect the extraordinary in-
trinsic nature of the source. The second consideration
stems from tidal effects. If the radial anisotropy of Segue
1 is because it is being disrupted from equilibrium due
to tidal effects, then any dynamical modeling is suspect—
and Segue 1 may indeed be comprised primarily of dark
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matter and stars originating from a larger population
that has been tidally stripped. Tidal effects, though,
are mitigated in our analysis (cf. Fig. 1) which only
focus on the compact central region where tidal effects
are minimal.

Our result may reveal a consequence of the outlier
properties of Segue 1, which in addition to its extremely
high mass-to-light ratio, also has a very wide metallicity
distribution (with most stars A[Fe/H| > 0.8 dex (Web-
ster et al. 2016)). This lends support to a brief, clustered
star formation scenario early in the history of Segue 1
in which it never amassed a large stellar population to
be stripped to begin with. Similar structures, with very
massive black holes and low stellar mass, are seen in the
early Universe (Taylor et al. 2025; Matthee et al. 2024)—
typically called Little Red Dots. We may be witnessing
a larger phenomenon of local dark remnants (with no
dark matter halo). It will be illuminating to carry out
a similar investigation with other dwarf spheroidals.
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