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ABSTRACT

Aims. The discovery of NGC 1052—DF2 and subsequent modeling have shown that NGC 1052—-DF?2 is deficient in dark matter and is
in conflict with the standard stellar-to-halo mass ratio. In this work, we aim to resolve the degeneracy between the dynamical models
on the mass estimate of the NGC 1052—DF2.

Methods. We constructed mass models of NGC 1052—-DF2 using an anisotropic distribution function with a radially varying
anisotropy parameter and studied the effect of the various model parameters on the dark matter estimates. We used the observed
stellar photometry as an input parameter to construct the distribution function and employed a Markov chain Monte Carlo (MCMC)
method to estimate the dark matter model parameters.

Results. We find that mass models with a cuspy dark matter halo have comparable y? to models with zero dark matter. Moreover,
the cuspy dark matter halo fails to consistently account for the observed velocity dispersion in the inner and outer regions of the
galaxy. Consequently, we rule out the possibility of a cuspy dark matter halo for describing the mass models of NGC 1052—DF2. Our
study shows that the cored dark matter halo model with a total mass of log(Mpm/Ms) = 10.5 explains the observed kinematics but
requires an extraordinarily large scale length (20 kpc) and an outer cutoff radius (26 kpc). While the cored mass model provides a
comparatively better fit, our findings emphasize that the mass models are largely unconstrained by the available kinematic data. Our
results suggest that NGC 1052—-DF2 may not only have an ultra-diffuse stellar distribution but that it can, within uncertainties in the
available kinematic data, potentially host an ultra-diffuse dark matter distribution compatible with the standard stellar-to-halo mass
relation (SHMR) predicted by galaxy formation and evolution models.

Key words. galaxies: general — galaxies: individual: NGC 1052-DF2 — galaxies: kinematics and dynamics — galaxies: structure

1. Introduction

Ultra-diffuse galaxies (UDGs) are a subclass of low-surface-
brightness galaxies with the characteristic luminosity of a dwarf
galaxy but an effective radius larger than that expected for their
mass content, and hence ultra-diffuse (Van Dokkum et al. 2015).
Ultra-diffuse galaxies are defined as having g-band central sur-
face brightnesses, uy(0) > 24 mag arcsec™2, and effective radii,
R. > 1.5kpc. Deep photometric observations have identified
UDGs in varied environments, from groups to clusters and fields
(Koda et al. 2015; Yagietal. 2016; van der Burg et al. 2016;
Romdén & Trujillo 2017; Trujillo et al. 2019; Mancera Pifia et al.
2019; Lee et al. 2020; Marleau et al. 2021).

In this work, we study the detailed mass models of
NGC 1052-DF2. The dark matter content in this galaxy has
been claimed to be in tension with the standard stellar-to-halo
mass relation (SHMR; Behroozi et al. 2010) but is instead con-
sistent with zero dark matter content. In this work, we show that
the mass estimates are critically dependent on the shape and
structure of the dark matter halo and anisotropy of the stellar
dispersion. With a large number of UDGs being discovered in
deep surveys (Koda et al. 2015; Mihos et al. 2015; Merritt et al.
2016; Marleau et al. 2021; Zaritsky et al. 2022), the detailed
mass models presented in this work help us disentangle the role
of different structural and dynamical parameters on the mass
estimates of the dark matter halos in these systems (Shi et al.
2021; Mancera Pifia et al. 2022a, 2024).

* Corresponding author; aditya.k@iiap.res.in

NGC 1052—-DF2 was previously identified by Fosbury et al.
(1978) and Karachentsev et al. (2000) and more recently by Van
Dokkum et al. (2018a); Emsellem et al. (2019), Fensch et al.
(2019), Danieli et al. (2019) as a satellite galaxy of the ellipti-
cal galaxy NGC 1052. The dynamical mass of the galaxy within
a given radius was estimated with the mass estimator method
(MTE; Watkins et al. 2010) using the observed kinematics of
ten globular clusters of the galaxy. The MTE predicts the total
dynamical mass within 7.6kpc to be less than 3.4 x 108 M,
which is on the order of the estimated stellar mass of 2 x 108 M.
This surprising result implies that within 7.6 kpc the mass of
the galaxy is mostly baryonic matter, and that the dark matter
needed to explain hierarchical structure formation in the ACDM
scenario is significantly less than expected in NGC 1052—-DF2.

The ACDM theory gives a remarkable description of
the large-scale structure of galaxies (Springel et al. 2006) but
shows discrepancies between simulations and observations
(Bullock & Boylan-Kolchin 2017) at galactic and sub-galactic
scales. Using the zoom-in cosmological hydrodynamical simu-
lations, it has been shown that UDGs like NGC 1052—-DF2 are
derivatives of dwarf galaxies that have had their gas removed and
star formation quenched (Haslbauer et al. 2019; Tremmel et al.
2020; Liao etal. 2019; Chan et al. 2018). Further, the lack
of dark matter in NGC 1052-DF2 has opened up avenues
for testing alternative or modified gravity theories, for exam-
ple (see Moffat & Toth 2019; Islam 2020; Miiller et al. 2019;
Famaey et al. 2018). Thus, NGC 1052-DF2 poses interesting
questions regarding the formation of galaxies with minimal dark
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matter content, astrophysical processes regulating the formation
of such galaxies, and the potential nature of dark matter.

Previous studies on dynamical modeling of NGC 1052—-DF2
by Wasserman et al. (2018), Hayashi & Inoue (2018) rely on
solutions of spherically symmetric Jeans equations with a con-
stant anisotropy parameter. Similarly, Nusser (2019) adopt a dis-
tribution function-based approach to estimating the dark matter
mass consistent with the observed line of sight stellar dispersion.
Wasserman et al. (2018) find that the models assuming the stan-
dard SHMR predict a large central velocity dispersion, whereas
the models with halo mass kept as a free parameter describe
the observation better. Studies by Wasserman et al. (2018) and
Hayashi & Inoue (2018) find a similar mass estimate for the
dark matter halo (3.4 x 108 My). The large number of parame-
ters involved in dynamical modeling using spherical Jeans equa-
tions is riddled with degeneracies. Although detailed modeling
methods exist for disentangling the degeneracy between differ-
ent parameters (Mamon & Boué 2010; Richardson & Fairbairn
2014; Read & Steger 2017), these methods require information
about the kinematics of multiple stellar populations and higher-
velocity moments. In this study, we construct dynamical models
of NGC 1052—-DF?2 using a distribution function-based approach
with a radially varying anisotropy parameter (Cuddeford 1991;
Vasiliev 2019).

The paper is organized as follows: in Sect. 2, we present
the modeling methods using the self-consistent method imple-
mented in AGAMA' (Vasiliev 2019); in Sect. 3, we present the
results; and finally we discuss the results and conclude in Sect. 4.

2. Dynamical model of NGC 1052-DF2

NGC 1052—-DF2, a UDG, has been the subject of intense study
due to its unusual dark matter content. The dark matter in
NGC 1052—-DF2 appears to be significantly lower than what is
predicted by the standard SHMR. This study aims to resolve
the discrepancies in the mass modeling of NGC 1052-DF2
by employing dynamical models based on an anisotropic dis-
tribution function. We constructed distribution function-based
models using the stellar density as an input parameter and
constrained the parameters corresponding to the dark matter
halo using the Markov chain Monte Carlo (MCMC) method.
We used the observed velocity dispersion profile derived by
Wasserman et al. (2018), Van Dokkum et al. (2018a) as a con-
straint on our model. We now describe the input parameter
needed to construct the mass models of NGC 1052—-DF2.

2.1. Stellar density

The structure of the stellar body in NGC 1052—-DF2 was param-
eterized by a Sérsic profile (Sersic 1968):

% = S exp [~y (R/R)""] (1)

with a Sérsic index of n = 0.6, axes ratio of b/a = 0.85, and
effective radius of R. = 2.2 kpc (Van Dokkum et al. 2018a). The
stellar mass of NGC 1052—DF2 is Mars = 2.2 % 103 M, assum-
ing a mass-to-light ratio equal to 2.0 in the V band. The stel-
lar density profile constitutes an input to the mass models of
NGC 1052—-DF2 and was implemented as a Sersic model in
AGAMA.

! https://github.com/GalacticDynamics-0xford/Agama
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2.2. Stellar velocity dispersion

We used the stellar dispersion profile of the NGC 1052—-DF2
given in Van Dokkum et al. (2018a), Wasserman et al. (2018).
Using the Keck Cosmic Web Imager (KCWI), Danieli et al.
(2019) report stellar dispersion to be equal to o = S.Sfﬁ kms™!,
whereas in another independent study, Emsellem et al. (2019)
report stellar dispersion equal to o = IO.Sfi% kms~! using
the Multi-Unit Spectroscopic Explorer (MUSE) at the ESO
Very Large Telescope (VLT). We used the observed stel-
lar dispersion profile derived by Wasserman etal. (2018),
Van Dokkum et al. (2018a) as a constraint on the dynamical
model of NGC 1052-DF2.

2.3. Dark matter density

We parameterized the dark matter profile using the general Hern-
quist model, which can mimic both the cored dark matter density
and the cuspy one (Hernquist 1990; Zhao 1996):

“olie) (5] | oo ()
PEPO\R, R, P17\ R )|

where py and Ry are the central density and scale length, respec-
tively, « is the sharpness parameter of the transition from the
inner slope, v, to the outer slope, 5, and Ry is the outer cut-
off radius. The density profile was implemented as a Spheroid
model in AGAMA. The Spheroid model in AGAMA can also be
initialized with the total dark matter mass (Mpy) within 5.3 R
using the argument mass. In the case of the cuspy profile, the
total dark matter mass (Mpy) is related to the virial mass (M)
and the concentration parameter (cyi;) by My = Mpym[In(1 +
Cvir) — Cvir/ (1 + cyir)], Where cy;; is related to the virial radius
(Ryir) and the scale length (Ry;;) of the dark matter halo through
cvir = Ryir/Rs. However, in the case of cored halo, Mpy is mass
enclosed inside 5.3 R;. We modeled the dark matter density as
either a cored density profile (& = 2, 8 = 2, ¥ = 0) or a cuspy
one (@ =1, 8 =3,y =1) in our model.
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a

@

2.4. Galaxy model

We combined the density of the stellar component and dark mat-
ter models to compute the total potential of the system using the
AGAMA class Potential. The Potential class in AGAMA uses
multipole expansion to compute the potential for any given den-
sity profile. The density was decomposed into spherical harmon-
ics with radially varying amplitudes, and finally the potential
corresponding to each spherical harmonics term was combined
to compute the total potential (for details, see Vasiliev 2019).
Once the potential-density pairs were known, we inverted the
density profiles to obtain the distribution function with the fol-
lowing form (Cuddeford 1991):

f(E,L) = f(Q) L™, )

The above distribution function produces a velocity anisotropy,

Q=E+L*/(2R>).

ol Bo+ (R/R,)?

I Y Ak

“

where o2 and o2 are the tangential and radial dispersions. In the
above equation, S is the anisotropy value at the center and R, is
the anisotropy radius. The isotropic case was obtained by setting
Bo = 0, R, = oo, f (Q) was obtained through a more general
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Eddington inversion formula derived by Osipkov (1979), Merritt
(1985), Cuddeford (1991), Vasiliev (2019):

2o 0dp_ do
(2ry 2 T(1-Bo) T(3/2-Po) JQ d® (@-Q)*/>Fo >

[1/2 <Bo < 1],

L@|

r=aT (D:Q’[ﬂo =1/2],

7 = 5
260 0 d2p

@y T(1-Bo) T(1/2-Py) JQ d@? (@ Q)l/z ~Fo >

[-1/2 <o < 1/2],

1 4% _
B gy B0 = 1720

In the above equations, p is called augmented density and is
expressed as a function of potential,

p@) = p(r) PP 1+ (r/r?]

(6)

r=r(®)

Once the total density of the system was self-consistently
defined, we used the QuasiSpherical model implemented in
the DistributionFunction class in AGAMA to numerically
invert the potential in terms of the density and numerically esti-
mate the distribution function. In the above equation, @ is the
total potential obtained by adding the potential of the stellar (®g)
and the dark matter (Opyr) component.

Finally, the line-of-sight velocity dispersion was computed
using the moments module implemented in GalaxyModel class.
The numerical details about the implementation can be found in
detail in Vasiliev (2018, 2019). We used the observed line-of-
sight velocity dispersion as a constraint on the model and com-
pared it with the dispersion profile computed using AGAMA. We
compared the model dispersion to the data using y?, defined as

2 _ (Tobs(R) = Tacama(R))?

= 52 (R) | @

where oo 1s the observed stellar dispersion, oagana is the mod-
eled line-of-sight dispersion, and s2,, is the error on the observed
dispersion.

3. Results

We computed the posterior probability distribution of the model
parameters using the “emcee” Markov chain Monte Carlo
(MCMC) ensemble sampler (Foreman-Mackey et al. 2013). We
ran the sampler with 128 walkers for 30000 iterations and
rejected the first 2000 iterations to ensure completely mixed
chains. We adopted uniform priors on the model parameter:

1. 2.0 < log(Mpm/Me) < 12

2. —1.0 < log(Rs/kpc) < 2.5

3. —1.0 < log(Rcy/kpe) < 2.5

4. -0.5<By<1.0

5. —1.0 < log(R,/kpc) < 2.5.

The above priors on the model allowed us to explore the poste-
rior distribution of dark matter halos over a large range of dark
matter mass (Mpym) and spatial extent (R, Rey). The range of
priors also encompasses the stellar distributions with tangen-
tially biased anisotropy (89 < 0), a radially biased anisotropy
profile (8p > 0), and isotropic models (8y = 0, R, — o0). We
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Fig. 1. Posterior probability distribution corresponding to the cored (top
panel) and cuspy (bottom panel) dark matter halo. The dashed teal lines
depict the 16%, 50", and 84" percentiles of the posterior probability
distribution. The blue line indicates the parameters corresponding to
the model with minimum x?2. In the top right corner, the model based
on the 50" percentile of the posterior and the model with minimum y?
are shown using green and blue lines, respectively. The shaded blue and
green regions represent the 1o~ confidence interval. The dotted red line
depicts the model with zero dark matter (Mpy = 0).

present the posterior distribution of the model parameters adopt-
ingacored(@ =2,8=2,y=0)andcuspy (e =1,=3,y =
1) dark matter halo in the top and bottom panels of Fig. 1, respec-
tively. Upon inspecting the posterior distribution of the cored and
cuspy dark matter halo in Fig. 1, we find that the mass models
are largely unconstrained by the available kinematic data.

The cored dark matter halo a has total dark mat-

ter mass, log,((Mpm/Mo), equal to 758*%32 with a scale

length, log,((R,/kpc), equal to 1.25*0%3 and an outer cutoff,

logo(Reut/kpe), equal to 1.36*977. The stellar distribution is
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described by a constant tangential anisotropy, with the value

of anisotropy at the center (By) equal to —0.31*)2% and a

large anisotropy radius, log;o(R./kpc), equal to 1.2*0%. The
cuspy dark matter model, on the other hand, has a total dark

matter mass, log,,(Mpm/Mo), equal to 5.74*33 with a scale
length, log,,(Rs/kpc), equal to 0.89’:{:;5 and an outer cutoff,
log,o(Reut/kpc), equal to 0.87353. Akin to the cored model,
the stellar distribution in the case of the cuspy dark matter
halo prefers a constant tangential anisotropy, with the value of

anisotropy at the center (8p) equal to —0.29f8ﬁ2 and a large

anisotropy radius, log,o(Ra/kpc), equal to 1.22*8!. At face
value, the cored dark matter halo not only has a higher total
mass than the cuspy one but also encloses a comparatively higher
mass inside 7.6kpc; log,,(M76/My) = 6.4 for the cored halo
and log,,(M76/Ms) = 5.6 for the cuspy halo. However, it is
important to emphasize that, within the uncertainties, both pro-
files are consistent with each other. Based on the posterior dis-
tribution, we find that the effective contribution to the dynamical
mass inside 7.6 kpc is due to the stellar distribution. Further, we
also note that both the cored and cuspy dark matter models have
a large spatial extent; in other words, a large value of R and Ry;.
Similar to Ry and R, the anisotropy radius, R,, also extends
beyond the spatial extent of the stellar distribution, indicating
that 8(r) is constant equal to Sy within the galaxy. Further, it
is evident from the posterior distribution that the available data
does not allow us to obtain stringent constraints on the halo prop-
erties; both models also have a comparable )(2 value. Moreover,
the y? for the model based on the median value of the poste-
rior probability distribution is comparable to the models with
Mpm = 0, given by the dotted red line in Fig. 1. This indicates
that NGC 1052—-DF2 has a sufficient stellar density to repro-
duce the observed dispersion in the inner region of the galaxy
at the same levels as models with Mpy < 108, without having
to invoke the contribution of dark matter to the total potential.
Mancera Pina et al. (2022b), in their study of the gas-rich UDG
AGC 114905, find that dark matter halos that follow the stan-
dard concentration-mass relation fail to reproduce the observed
rotation curve of the galaxy. Mancera Pifa et al. (2022b) find
that only a dark matter halo with an extremely low concentra-
tion parameter agrees with the data (see also Mancera Pifia et al.
2020; Shi et al. 2021). This indicates that it is hardly possible
to constrain the shape of the dark matter halo (core/cuspy) or the
concentration parameter for arbitrary small values of dark matter
mass.

While we cannot resolve the degeneracy between the cored
and cuspy dark matter model, we note that the posterior proba-
bility distribution for a cored halo tends to favor a higher total
dark matter mass than the cuspy dark matter halo. Our analysis
suggests that mass models of NGC 1052—DF2 with a cored dark
matter model can accommodate a higher dark matter within the
spatial extent of the galaxy defined by the availability of the kine-
matic data (7.6 kpc). Using cosmological zoom-in simulations,
Di Cintio et al. (2014) show that the core formation efficiency
depends on the stellar-to-halo mass ratio and not just the halo
mass. Di Cintio et al. (2014) point out that higher SHMR feed-
back can drive the expansion of the dark matter halo and generate
the cored profiles. Cored dark matter profiles are not uncommon in
low-mass systems. Read et al. (2016) using high-resolution sim-
ulations show that a dwarf galaxy with a stellar mass equal to
10° My, and a dark matter mass equal to 10° M, can form dark
matter cores comparable to the stellar half mass radius.

We find that the posterior probability distribution for our
model is non-Gaussian, bimodal, and highly complex; thus,

A161, page 4 of 8

unlike the usual case, the 50" percentile does not correspond
to the minimum y? solution. In the top right corner of Fig. 1,
we show the model with minimum y? for the cored halo dark
matter halo model (top panel) and the cuspy one (bottom panel)
using the blue line. The cored dark matter halo model that
minimizes the y? has y*> = 19.3. The cored )(ﬁ,hn model has

a total dark matter mass, log,o(Mpm/Mo), equal to 10.48%9¢
with a scale length, log,,(Rs/kpc), equal to 1.3f(1)'?2 and an

outer cutoff, logo(Reu/kpc), equal to 1.42*097. The stellar dis-
tribution is described by a constant tangential anisotropy, with

the value of anisotropy at the center (8p) equal to —0.49:’8:3?

and an anisotropy radius, log,o(R,/kpc), equal to 1.64737. On
the other hand, the cuspy dark matter model that minimizes

the y? has y*> = 24. The cuspy )(i,ﬁn model has a total dark
matter mass, log,o(Mpm/Mo), equal to 10.27*)37 with a scale
length, log,,(Rs/kpc), equal to 2.07+042 and an outer cutoff,

-0.69
log,o(Rcut/kpe), equal to 1.93’:8:22. Akin to other models, the

Xlzvun model also has a constant tangential anisotropy, with the

; +0.55
value of anisotropy at the center (8y) equal to —0.497>7 and an

anisotropy radius, log,o(R,/kpc), equal to 2.19*%-29. The values
of R and R, are unrealistically large for the cuspy dark mat-
ter halo, almost comparable to the projected distance between
NGC 1052—-DF2 and the luminous elliptical galaxy NGC 1052
(Van Dokkum et al. 2018a). The cored dark matter halo encloses
dark matter mass, log,,(M76/Ms) = 9.1, inside 7.6 kpc, whereas
the cuspy model encloses log,,(M7¢/My) = 8.5. The X%/Iin mod-
els not only have a total dark matter mass comparable to val-
ues predicted by the SHMR but also enclose a higher dark mat-
ter mass inside the spatial extent of the galaxy (~7.6kpc) up
to which the kinematic and photometric data are available. Fur-
ther, we note that the model based on a cored dark matter halo
consistently explains the small velocity dispersion observed in
the inner region and the larger velocity dispersion in the outer
region of the galaxy. The models that minimize the y? suggest
that cored dark matter models can support higher dark matter
masses consistent with the SMHR. However, the posterior distri-
bution of the parameters is biased toward data points in the inner
region with a low velocity dispersion. The data points in the
inner region can be accounted for by mass models with Mpy = 0
(see the dotted red line in Fig. 1). It is crucial for the mass models
to explain the velocity dispersion in the outer region because the
velocity dispersion in the outer region traces the total potential
of the galaxy. Accurate estimates of dark matter mass will only
be achieved when the models consistently explain the velocity
dispersion in both the inner and outer regions of the galaxy, as
is highlighted by the minimum x> model. Therefore, we note
that the available kinematic data is insufficient to derive strin-
gent constraints on the dark matter models.

4. Discussion
4.1. Degeneracy in model parameters

The posterior probability distribution for our models is highly
complex and deviates from Gaussianity. Further, we note that
the posterior distribution is highly bimodal and does not show a
clear maximum in the parameter space. Thus, the model param-
eters that minimize the y? do not correspond to the median value
of the posterior probability distribution. The cored dark matter
models that minimize the XZ align with SHMR, whereas the
models based on the median values of the posterior probabil-
ity distribution minimize the contribution of dark matter within
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the observed spatial extent of the galaxy. This suggests that the
current data is insufficient for deriving strong constraints on the
dynamical models of NGC 1052-DF2. Given the limited data,
we draw the following observation regarding the inherent degen-
eracies within the model based on the posterior distribution of
models obtained through MCMC analysis, as well as the models
with the minimum chi-squared (y?) value:

1. Models with tangential anisotropy describe the observed
stellar dispersion profile better than the isotropic and radi-
ally biased models.

2. Mass models have a large anisotropy radius, indicating that
models with constant anisotropy (8(r) = So) describe the
observed dispersion profile better than the models with a
radially varying anisotropy parameter.

3. Mass models with a large scale length and a large outer cutoff
radius explain the observed stellar dispersion profile better
than those with a smaller scale length and outer cutoff.

4. The cored dark matter models can accommodate a higher
total dark matter mass consistent with the SHMR and, at the
same time, explain the small stellar velocity dispersion at the
center and larger velocity dispersion at the outer radius. Also,
studies by Ogiya (2018) have shown in their N-body simu-
lations that a cored dark matter halo explains the observed
properties of the NGC 1052—-DF?2 better than the cuspy dark
matter halo.

5. Mass models with a cuspy dark matter halo with
Mpy > 108 My require an unrealistically large scale
length and outer cutoff, comparable to the projected distance
between NGC 1052—-DF2 and the luminous elliptical galaxy
NGC 1052—-DF2. Further, the cuspy halo models based on a
large scale length and outer cutoff are ineffective at explain-
ing the observed velocity dispersion in the outer region.
Thus, we can rule out the possibility of a cuspy dark mat-
ter halo in mass models of Mpy > 108 M.

6. The significance of dark matter within the observed spatial
extent of a galaxy becomes apparent only when mass mod-
els successfully account for the stellar dispersion in the outer
region because the velocity dispersion in the outer region
traces the total potential of the galaxy. The velocity disper-
sion in the inner regions can be explained by models with
zero dark matter that have y> comparable to the various dark
matter models. Thus, any mass model of NGC 1052—-DF2
should consistently explain the velocity dispersion in both
inner and outer regions.

4.2. Whether SHMR-based models can explain the observed
stellar dispersion

Our analysis indicates that the cored dark matter halo, with a
dark matter mass of log,,(Mpm/Ms) = 10.481’?:2, exhibits a
smaller y? equal to 19.3 compared to the models assuming zero
dark matter and the models based on the median value of the pos-
terior probability distribution. The latter models have a compara-
ble x? ~ 26. Further, the cored model that yields a minimum y?
also encloses a dark matter mass, log;,(M7.6/Mo) = 9.1, inside
7.6 kpc, maximizing the contribution of the dark matter to the
total potential. The results suggest that we cannot rule out the
possibility that NGC 1052—DF2 might be a typical dark matter-
dominated system, consistent with galaxy formation and evolu-
tion models. Our findings suggest that NGC 1052—-DF2 within
the uncertainties could align with a higher dark matter mass, as
was predicted by the SHMR, provided that the dark matter pro-
file has a large scale length and a large cutoff radius. Our find-
ings indicate that NGC 1052—DF2 not only hosts an ultra-diffuse

stellar distribution but possibly hosts an ultra-diffuse dark mat-
ter distribution as well. We note that adopting an SHMR-based
dark matter model for NGC 1052—-DF2 would require an expla-
nation for the large scale length and outer cutoff radius, which
is limited by the physical extent of the galaxy itself. Usually,
in rotation-supported systems, strong constraints on the shape
of dark matter halo can be obtained using the stellar distribu-
tion in the inner region and the distribution of neutral hydro-
gen in the outer region (for example, see de Blok et al. 2001;
Read et al. 2017; Iorio et al. 2017; Mancera Pina et al. 2022a).
However, the paucity of neutral hydrogen (Chowdhury 2018;
Sardone et al. 2019) in this galaxy and the limited radial extent
of the optical tracers (Montes et al. 2021) makes it challeng-
ing to explain the large scale length and outer cutoff radius
needed for an SHMR-based model. A straightforward way of
testing the SHMR-based models would be to study the proper-
ties of dark matter halos in galaxy formation simulations. Recent
galaxy formation simulations like Auriga (Liao etal. 2019),
NIHAO (Di Cintio et al. 2017), and Romulus (Van Nest et al.
2022) study the formation of UDGs in the cosmological sce-
nario. Thus, studying the structure and extent of the dark mat-
ter halos of the UDGs in these simulations may provide clues
for understanding if SHMR-based dynamical models for UDGs
warrant a large scale length and a large outer cutoff radius. In
their ultra-deep imaging study of NGC 1052—-DF2, Montes et al.
(2021) find that stellar distribution in NGC 1052—DF2 remains
unperturbed up to a considerable distance and lacks the signature
of tidal disturbances like tidal tails. Using N-body simulations,
Ogiya (2018) suggest that the stars are tightly bound to the cen-
tral dark matter core and are thus less susceptible to the tidal
force of the massive host galaxies, whereas the dark matter on
the outskirts is more loosely bound and is prone to tidal strip-
ping. Thus, tidal stripping may be a possible mechanism that
explains the large scale lengths and the outer cutoff radius that
we find in SHMR-based models.

4.3. Effect of distance on dark matter mass estimates

The dark matter mass in NGC 1052—-DF2 is distance-dependent,
since the distance to the galaxy is required to derive
the stellar mass from the 2D stellar distribution. Stud-
ies by van Dokkum et al. (2018b) estimate the distance to
NGC 1052—-DF2 as being equal to 19+ 1.7 Mpc, whereas another
independent study by Trujillo et al. (2019) indicates a much
shorter distance equal to 13Mpc. Using a distance equal to
13 Mpc, Trujillo et al. (2019) find that NGC 1052—-DF2 is akin
to an ordinary low-surface-brightness galaxy with a stellar mass
equal to 6 x 107 M, and an effective radius equal to 1.4 kpc. The
smaller stellar mass brings NGC 1052—DF2 closer to the SHMR,
allowing for a much larger dark matter contribution to the total
mass. Trujillo et al. (2019) show that the cored and cuspy dark
matter halo models, with total masses equal to 10° M, and
10”6 My, respectively, result in a dynamical mass equal to 4.3 x
108 M, within 5kpc, making NGC 1052-DF2 a dark-matter-
dominated galaxy. Interestingly, Trujillo et al. (2019), akin to
this study, find that a cored dark matter model with a large scale
length can fit the observed dispersion with a higher dark matter
mass. A smaller distance and a smaller stellar mass provide a
natural solution to the dark matter conundrum; a smaller stellar
mass naturally allows more room for dark matter. To gauge the
effect of the smaller distance equal to 13 Mpc on the dynamical
models, we derived the dynamical models assuming the photo-
metric parameters derived by Trujillo et al. (2019). The smaller
distance effectively changes the relative distance between the
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kinematic tracers and the spatial extent of the galaxy. At a dis-
tance equal to 20 Mpc, the kinematic tracers extend up to 7.6 kpc,
whereas in the case of 13 Mpc, the spatial extent of kinematic
tracers is reduced to 4.7 kpc. We show the dynamical models cor-
responding to minimum y? assuming a distance equal to 13 Mpc
in Fig. 2 and show the posterior distribution in Fig. A.1 in the
appendix. Similar to the mass models at 20 Mpc, the posterior
for the mass models at 13 Mpc is also biased toward the kine-
matic data in the inner region, which can be explained without
the contribution of dark matter (see the dotted red line in Fig. 2).
The cored dark matter halo, shown using a solid green line, has a
total dark matter mass, log,(Mpm/Mo), equal to 10.32f(1):§‘§ with

a scale length, log,(Rs/kpc), equal to 0.86*05 and an outer cut-

off, log,,(Rcut/kpc), equal to 1.51’:8:2?. The stellar distribution
is described by a constant tangential anisotropy, with the value

of anisotropy at the center (5y) equal to _0'49t8ig? and a large

anisotropy radius, log,(R,/kpc), equal to 0.74*}1%. The cored
dark matter encloses log,,(M47/My) = 8.7 inside 4.7 kpc, indi-
cating a significant contribution of the dark matter to the total
mass budget inside 4.7 kpc. The cored dark matter model has
x? equal to 16.9. The cuspy dark matter model is shown using a
solid blue line and has a total dark matter mass, log;,(Mpm/Mo),
equal to 9.38%03% with a scale length, log,,(R;/kpc), equal to

1.99
0.88*0-78 and an outer cutoff, log,o(Reu/kpc), equal to 2.16%0:23.

The cuspy dark matter halo also prefers a constant tangential
anisotropy, with the value of anisotropy at the center (8y) equal
to —0.49*0>2 and an anisotropy radius, log(R./kpc), equal to

0.984_’81%. The cuspy dark matter encloses log,o(Ms7/Mg) = 8.1

inside 4.7 kpc, and has y? equal to 23.6. Similar to our analysis
at a distance equal to 20 Mpc, we find that even at 13 Mpc, the
cored dark matter model explains the observed velocity disper-
sion better than the cuspy one. The cored dark matter, besides
having smaller y2, consistently explains the observed dispersion
profile in both the inner and outer regions. The cuspy dark matter
halo model and the model with zero dark matter shown using a
dotted red line explain the small velocity dispersion observed in
the inner region but does not explain the relatively larger veloc-
ity dispersion in the outer region, which effectively traces the
total dynamical mass of the system. The models at 13 Mpc and
20Mpc exhibit qualitatively similar behavior. Our analysis of
mass models adopting a distance equal to 13 Mpc shows that
the posterior is biased toward kinematic data in the inner region.
The kinematic data in the inner region can be explained without
invoking the contribution of the dark matter (see the dotted red
line in Figs. 1 and 2). But the significance of dark matter within
the observed spatial extent of a galaxy becomes apparent only
when mass models successfully account for the stellar disper-
sion in the outer region because the velocity dispersion in the
outer region traces the total potential of the galaxy. Thus, similar
to our findings for 20 Mpc, we emphasize that the kinematic data
is insufficient to derive stringent constraints on mass models.

5. Conclusions

In this work, we have studied the dynamical model of UDG
NGC 1052—-DF?2 based on the anisotropic distribution function
using the photometric and kinematic data available in the lit-
erature. NGC 1052—-DF2 challenges our current understanding
of galaxy formation models in the ACDM scenario. Previous
studies have shown that NGC 1052—-DF2 is deficient in dark
matter and is in conflict with mass models based on the stan-
dard SHMR. We find that the stellar distribution is tangentially
biased, and that the anisotropy parameter is constant with radius.
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Fig. 2. Dynamical models of NGC 1052-DF2, assuming a distance
equal to 13 Mpc. The solid green and blue lines represent the models
derived using the cored and cuspy dark matter halos, respectively. The
shaded green and blue regions depict a 10~ confidence interval. The dot-
ted red line indicates a model with zero dark matter.

Further, we find that models with a dark matter mass <108 M
are riddled with degeneracy between the cored and cuspy halo,
but models with a higher dark matter mass that explain the
observed kinematics prefer cored halos with a large scale length
and a large outer cutoff radius. The dark matter models con-
sistent with SHMR need an extraordinarily large scale length
(20kpc) and a large outer cutoff radius (26 kpc), much larger
than the spatial extent at which kinematic and photometric data
are available. This provides a unique opportunity to study the
properties of dark matter halos of UDGs in galaxy formation
simulations like AURIGA, NIHAO, and ROMULUS and under-
stand if UDGs are characterized by a large scale length and outer
cutoff radius. Our results suggest that NGC 1052—DF2 might not
only have an ultra-diffuse stellar distribution but might poten-
tially host an ultra-diffuse dark matter distribution compatible
with the standard SHMR, as has been predicted by galaxy for-
mation and evolution models, within uncertainties on the avail-
able kinematic data. Our results emphasize that the current kine-
matic data are insufficient for obtaining precise constraints on
the dynamical models of NGC 1052—-DF2.
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Appendix A: Posterior distribution of models at a
distance equal to 13 Mpc

In the appendix, we have shown the posterior distribution cor-
responding to the cored and cuspy dark matter halo, adopting a
distance to NGC 1052 - DF2 equal to 13 Mpc.
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Fig. A.1. Posterior probability distribution corresponding to the cored
(top panel) and cuspy (bottom panel) dark matter halo, adopting a dis-
tance to NGC 1052 - DF2 equal to 13 Mpc. The dashed teal lines depict
the 16", 50™, and 84" percentiles of the posterior probability distribu-
tion. The blue line indicates the parameters corresponding to the model
with minimum y?. In the top right corner, the model based on the 50"
percentile of the posterior and the model with minimum y? are shown
using green and blue lines, respectively. The shaded blue and green
regions represent the 1o~ confidence interval. The dotted red line depicts
a model with zero dark matter (Mpy, = 0).
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