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ABSTRACT

We present results of a spectroscopic campaign around the diffuse dwarf galaxy Crater 2 (Cra2)
and its tidal tails as part of the Southern Stellar Stream Spectroscopic Survey (S°). Cra2 is a Milky
Way dwarf spheroidal satellite with extremely cold kinematics, but a huge size similar to the Small
Magellanic Cloud, which may be difficult to explain within collisionless cold dark matter. We identify
143 Cra2 members, of which 114 belong to the galaxy’s main body and 29 are deemed part of its stellar
stream. We confirm that Cra2 is dynamically cold (central velocity dispersion 2.51f8:?§g kms™!) and
also discover a ~7¢ velocity gradient consistent with its tidal debris track. We separately estimate
the stream velocity dispersion to be 5.741759% kms~!. We develop a suite of N-body simulations
with both cuspy and cored density profiles on a realistic Cra2 orbit to compare with S° observations.
We find that the velocity dispersion ratio between Cra2 stream and galaxy (2.3079:3%) is difficult to
reconcile with a cuspy halo with fiducial concentration and an initial mass predicted by standard
stellar mass—halo mass relationships. Instead, either a cored halo with relatively small core radius
or a low-concentration cuspy model can reproduce this ratio. Despite tidal mass loss, Cra2 is metal-
poor ({[Fe/H]) = —2.16 + 0.04) compared to the stellar mass—metallicity relation for its luminosity.
Other diffuse dwarf galaxies similar to Cra2 in the Local Group (Antlia 2 and Andromeda 19) also
challenge galaxy formation models. Finally, we discuss possible formation scenarios for Cra2, including
ram-pressure stripping of a gas-rich progenitor combined with tides.
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1. INTRODUCTION

Dwarf galaxies occupy the extreme low-mass end of
the galaxy luminosity function (e.g., Koposov et al.
2008; Drlica-Wagner et al. 2020; Tan et al. 2025). These
are the most chemically pristine and dark-matter dom-
inated systems in the Universe (Tolstoy et al. 2009; Si-
mon 2019). Their stellar populations provide insights
on the drivers of galaxy evolution at small scales (Sales
et al. 2022) and their internal dynamics are sensitive to
the physics of dark matter (Battaglia & Nipoti 2022).
Therefore, understanding the assembly of dwarf galax-
ies is critical to achieve a complete understanding of the
multi-scale process of galaxy formation through the in-
terplay between baryons and their hosting dark matter
halos (Wechsler & Tinker 2018).

Crater 2 (Cra2) is a Milky Way (MW) dwarf
spheroidal (dSph) satellite and one of the most diffuse
galaxies ever identified (Torrealba et al. 2016). This
faint dwarf galaxy has a size (circularized half-light
radius; R;/z) similar to the Small Magellanic Cloud
(SMC; Mutioz et al. 2018, ~1kpc), but ~1000x lower
stellar mass®®. Its huge size and cold line-of-sight ve-
locity dispersion (o, ~ 2.5 kms™!; Caldwell et al. 2017;
Ji et al. 2021) make Cra2 one of the most severe out-
liers in the scaling relation between o, and Ry, i.e.,
a proxy for the mass—size relation (e.g., Walker et al.
2010, and see Errani et al. 2022 for a recent version),
in the Local Group (see left panel of Figure 1). The
old stellar population (>10 Gyr; Walker et al. 2019) and
lower-than-expected metallicity for its luminosity (Ji
et al. 2021) add to the remarkable properties of Cra2.

Galaxy evolution within collisionless cold dark matter
(CDM) does offer a natural way to enlarge galaxies via
tidal disruption (Penarrubia et al. 2008; Errani et al.
2015). However, even with tides, dynamical N-body
simulations of ‘cuspy’ Navarro-Frenk-White (NFW) ha-
los (Navarro et al. 1996b, 1997) struggle to reconcile
Cra2’s large Ry, with its tiny o, (Sanders et al. 2018;
Borukhovetskaya et al. 2022; Errani et al. 2022). A pos-
sible solution is to invoke that Cra2 is embedded in an
NFW halo with either an unusually low concentration
(see Amorisco 2019) or extremely low halo mass for its
luminosity. Another possibility is that Cra2 inhabits
a ‘cored’ halo instead, with a constant central density

* Galaxy Evolution and Cosmology (GECO) Fellow

23 Assuming the mean stellar mass-to-light ratio values from
Woo et al. (2008) for star-forming (1.0 Mp /L) and quenched
(1.6 Mo /Le) dwarf galaxies for SMC and Cra2, respectively.

(e.g., de Blok 2010), which would allow for extra en-
largement and suppression of o, for a fixed amount of
mass loss (Fu et al. 2019). The issue with this hypoth-
esis is that Cra2’s stellar mass (M, ~ 3 x 10° M) is
not large enough for energetic supernovae feedback to
destroy its central cusp and create a core (see review by
Bullock & Boylan-Kolchin 2017).

As an alternative to a cored dark matter halo, re-
sults from hydrodynamical cosmological simulations im-
ply that extreme M, loss, perhaps ~99%, could repro-
duce Cra2’s structural properties even in the normal-
concentration NFW case (Fattahi et al. 2018; Apple-
baum et al. 2021). However, since Cra2 is metal-poor
compared to the Local Group’s stellar mass—metallicity
relation (MZR; Kirby et al. 2013; Simon 2019), this
argument has been mostly rejected since a tidally dis-
rupted galaxy should appear to be metal-rich instead (Ji
et al. 2021, and see discussion by Riley et al. 2025), as
is the case for Sagittarius dSph (e.g., Hayes et al. 2020).

Given the lack of a satisfactory mechanism to fabri-
cate galaxies like Cra2, we face the exciting possibility
that a modification to the CDM model might be re-
quired. For example, self-interacting dark matter, where
(postulated) dark matter particles can scatter and ther-
malize (Spergel & Steinhardt 2000), might be able to
explain Cra2’s structural properties, including both size
and velocity dispersion (Kahlhoefer et al. 2019; Lovell
& Zavala 2023; Zhang et al. 2024). Tidal stripping with
fuzzy (or wave) dark matter, where the quantum uncer-
tainty principle itself creates a constant density core in
dwarf galaxies (Hu et al. 2000; Schive et al. 2014), might
also reproduce Cra2’s extended morphology and cold
kinematics (Pozo et al. 2022). We note, however, that
this scenario has already been strongly constrained by
dwarf kinematics itself (Dalal & Kravtsov 2022). Lastly,
Modified Newtonian Dynamics (Milgrom 1983) correctly
predicts Cra2’s o, value to be between ~1.5 kms~! and
3.0 kms™! (McGaugh 2016), although such model is un-
able to reproduce large-scale structure formation.

Despite its extraordinary properties, Cra2 is not com-
pletely unique in the Local Group. Both the MW satel-
lite Antlia 2 (Ant2; Torrealba et al. 2019) and M31 satel-
lite Andromeda 19 (And19; McConnachie et al. 2008)
display comparable properties, such as extended mor-
phology, cold kinematics, old stellar populations, and
low metallicity (e.g., Collins et al. 2020, 2022; Ji et al.
2021). These nearby diffuse dwarfs resemble external
“ultra~diffuse” galaxies (UDGs; van Dokkum et al. 2015;
Koda et al. 2015) usually found in dense cluster en-
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Figure 1. Left: absolute V-band magnitude (My) vs. size diagram for Local Group dwarf galaxies (compilation by Pace
2025). The vertical axis corresponds to the half-light major axis Ry = Ry/2(1 — 6)71/2, where R, /; is the circularized half-light
radius and e is the ellipticity. The corresponding stellar masses (M,) are computed as in Equation 5. Diagonal lines exhibit
constant values of surface brightness following annotations. Diffuse dwarfs Crater 2 (green ‘*’ symbol), Antlia 2 (yellow ‘X’),
and Andromeda 19 (purple ‘+’) are highlighted. Milky Way satellites, M31 satellites, and Local Group field dwarf galaxies are
plotted as blue squares, orange triangles, and gray circles, respectively. Right: V-band surface brightness (uy) vs. size (Rp).
Ultra-diffuse galaxies (UDGs) in the Coma cluster (van Dokkum et al. 2015) are shown as the red dots. White circles with red
edges represent other UDGs from a spectroscopic compilation (Gannon et al. 2024). Gray dots are typical galaxies from the
Sloan Digital Sky Survey data release 7 within the redshift range 0.01 < z < 0.03 (Simard et al. 2011, and references therein).

vironments (van der Burg et al. 2017). Having said been preferentially stripped, which would have implica-

that, Cra2 and its siblings are much more extreme and
lower-mass systems than UDGs; these local dwarfs are
~100x more diffuse than the prototypical UDG popula-
tion (right panel of Figure 1). Nevertheless, UDGs raise
similar concerns, and solutions, regarding their possible
formation pathway(s) (Di Cintio et al. 2017; Carleton
et al. 2019; Mancera Pina et al. 2019; Kong et al. 2022;
Nadler et al. 2023; Benavides et al. 2023).

The leading hypotheses, either within or outside
CDM, for the formation of Cra2, and its analogs Ant2
and And19, require tidal disruption. Coppi et al. (2024)
recently detected a linear overdensity of variable RR
Lyrae (RRL) stars around Cra2. This stellar stream
aligns with the on-sky proper motion vector of Cra2
and strongly suggests that this dwarf galaxy is indeed
experiencing heavy tidal mass loss. In this paper, we
investigate the chemodynamical properties of Cra2 and
its stellar stream with red giant-branch (RGB) stars
observed as part of the Southern Stellar Stream Spec-
troscopic Survey (S°) program (Li et al. 2019). We
explore the kinematics of the Cra2 stellar stream to
infer properties of its dark matter density profile. The
chemistry along the Cra2 stream will also inform us, for
example, if the most metal-poor stellar population has

tions for the mass—metallicity relation.

This paper is organized as follows. In Section 2, we
describe the S® data. Methods and quantitative results
are presented in Sections 3 and 4, respectively. Section
5 is dedicated to discussing formation channels for Cra2
in the context of our findings. Finally, conclusions and
a brief summary are provided in Section 6.

2. DATA

This paper utilizes data from the forthcoming S° sec-
ond data release (DR2; T. S. Li et al., in preparation)?*.
The main science goal for S° is to characterize the kine-
matics and chemistry of stellar streams. For this, S® per-
forms dedicated follow-up observations of known stellar
stream fields with the dual-arm A AOmega spectrograph
(Sharp et al. 2006) coupled with the Two-degree Field
(2dF) fibre positioner (Lewis et al. 2002) at the 3.9m
Anglo-Australian Telescope. S° initiated its program
mid-2018 by targeting stellar streams identified in the
Dark Energy Survey (Shipp et al. 2018, and references
therein). Since then, S° has expanded to include several
other stellar streams found in the Southern sky (e.g., Li

24 This corresponds to the internal release iDR3.7.
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Figure 2. On-sky stellar spatial distribution around the Crater 2 (Cra2) galaxy. Green circles with black edges are S° Cra2
members with a probability P > 50% from our mixture model (Section 3.3), including remnant body and stream. Other Cra2
candidates (20% < P < 50%) are shown as the smaller green dots. Variable RR Lyrae stars in the Cra2 stream are displayed

as the dark blue circles with white edges (Coppi et al. 2024).

The directions of both “far side” (o < 177.5°) and “near side”

(a 2 177.5°) of the stream are annotated. The 2dF4+AAOmega fields observed as part of S° are presented as the dashed black
contour. The thin dotted lines mark 3, 5, 7, 10, and 15 R,/ around Cra2, where R/, = 31.2arcmin with a null ellipticity
(Torrealba et al. 2016). The Cra2 core-base N-body model star particles (Section 3.1) are the gray dots in the background.
Finally, the red arrow and dashed line exhibit the Cra2 proper motion vector in Galactic standard of rest frame and its past

orbit used for the N-body simulations, respectively.

et al. 2022) as well as surviving, but tidally disrupting,
dwarf galaxies and globular clusters.

In total, S° has observed 14 fields of ~3deg? each
around the center of Cra2 and along the predicted track
for its stripped debris using the 2dF4+A AOmega combi-
nation (Figure 2). Indeed, this debris track does coincide
with the Cra2 stream detected by Coppi et al. (2024)
with RRL stars. The central Cra2 field has been ob-
served twice during February 2020 and the collected S°
data have already been published in Ji et al. (2021). Two
additional pointings with 2dF+A AOmega were taken on
February 2021 positioned immediately around the cen-
tral field along the stream track. The remaining 11 fields
were observed during February and March 2023. Ex-

posure times ranged from 2400 to 8400s depending on
observing and/or weather conditions. The footprint ge-
ometry is neither uniform nor symmetric as 2dF failures
have prevented us from filling out all the planned fields.

Regarding target selection, we refer the interested
reader to Li et al. (2019) for the general S° strategy. For
Cra2 specifically, astrometric and photometric criteria
were adopted. Candidates were vetted to reside within
a 0.15 mag color window around a dereddened (Schlegel
et al. 1998) empirical isochrone constructed based on
known members of MW satellite galaxies (Pace & Li
2019) and shifted to the Cra2 distance modulus (20.35,
heliocentric distance of 117.5 kpe; Torrealba et al. 2016)
in a Gaia (Gaia Collaboration et al. 2016) G — Ggrp
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vs. G color-magnitude diagram (CMD; Evans et al.
2018; Riello et al. 2020). Targets were selected to also
have proper motions consistent with the mean value for
Cra2 (Fritz et al. 2018). Observations taken during
2020 (central fields) used astrometry and photometry
from Gaia DR2 (Gaia Collaboration et al. 2018), while
Gaia (early)DR3 (Gaia Collaboration et al. 2021, 2023)
was adopted for all others. Gaia’s parallaxes were used
to remove likely nearby MW contaminants by keeping
those targets where parallax_over_error < 3. When-
ever some of the 392 2dF science fibers were still unused,
priority was given to sources with proper motions con-
sistent with Cra2, but outside the G — Grp color win-
dow. Within the 14 fields targeted by S°, a total of 3838
sources were observed out of which 2757 were flagged as
stars with good fits by our pipeline (good_star = TRUE
in the S° catalog (Li et al. 2019).

Details on the global data processing for S° can be
found in other collaboration papers (Li et al. 2019, 2021,
2022; Shipp et al. 2021; Koposov et al. 2023). Briefly,
we model blue and red arms of AAOmega spectra si-
multaneously with RVSpecFit?® template fitting code
(Koposov 2019, see also Koposov et al. 2011) using a
grid of stellar atmospheres and synthetic spectra from
the PHOENIX library (Husser et al. 2013) interpolated
using a neural network emulator. We also assume a pho-
tometric prior on effective temperature with both Dark
Energy Camera (DECam; g—r and r—z; Flaugher et al.
2015) and Gaia (G — Ggp) colors as in Li et al. (2019).
The DECam photometry adopted is from the The DE-
Cam Local Volume Exploration Survey (DELVE) DR2
(Drlica-Wagner et al. 2021, 2022). This approach ben-
efits from the wider wavelength coverage in the blue
arm (3800-5800 A), despite lower spectral resolution
(R ~ 1300), for better stellar parameter estimates while
maintaining good line-of-sight velocity (vnel) precision
thanks to the higher resolution (R ~ 10,000) around
the calcium triplet (8400-8800 A) in the red arm.

With the RVSpecFit processed data at hand, we per-
form several quality cuts, in addition to good_star =
TRUE, to ensure the reliability of S° DR2 stellar pa-
rameters. First, we limit our sample to stars with at
least moderate signal-to-noise ratios (S/N > 3) in the
red arm. The typical v, uncertainty for RGB stars in
S® DR2 is ~4 kms™! at this S/N. Then, we remove
those stars with very large Gaia proper motions in ei-
ther right ascension («) or declination (§) directions:
|fta cos 8| > 10mas yr~! or |ps| > 10mas yr=t. We
also convert vy values to the Galactic standard of rest

25 https://github.com/segasai/rvspecfit.

(vgsr) using MW fundamental parameters from Astropy
(v5.10; Astropy Collaboration et al. 2013, 2018). The
distance from the Sun to the Galactic center is 8.122 kpc
(Gravity Collaboration et al. 2018), the Sun’s veloc-
ity vector in the Galactocentric cylindrical frame is
(Vr, Vg, Va)o = (12.9,245.6,7.78) kms™! (Drimmel &
Poggio 2018), and the Sun’s vertical displacement with
respect to the Galactic plane is 20.8 pc (Bennett &
Bovy 2019). We then keep only those stars where
[Ugsr| < 500km s™!. We also remove stars with large
Uhet errors of >10km s~!. For stars with large metal-
licity errors (>0.5dex), we set the [Fe/H] uncertainty
to 99dex, but do not discard them from the sample.
This allows us to keep their phase-space information for
fitting the Cra2 stream kinematics (Section 3.3), while
effectively disregarding them for metallicity determina-
tion. These bad velocity and [Fe/H] measurements in
S5 catalog are usually due to issues with sky subtrac-
tion, causing large systematic residuals in the spectra.
In total, 1100 stars with good-quality velocities are con-
sidered for Cra2 membership (Appendix A).

3. METHODS
3.1. N-body models of Crater 2 and its stellar stream

For comparison to our new S° DR2 data, as well as
the Coppi et al. (2024) RRL sample, we compute both
cored and cuspy models of Cra2 in the combined po-
tential of the MW and LMC. We evolve these models
with a restricted N-body method, which is based on
the technique used in Vasiliev et al. (2021). In this
approach, we initialize an N-body system with tracer
particles and fit these with a low order multipole expan-
sion. We then evolve the tracer particles in this potential
until the time for the next potential update. At this mo-
ment in time, we recompute the multipole expansion and
then evolve the tracer particles in the updated potential.
This method has been implemented in AGAMA (Vasiliev
2019)?°. This technique provides a good match to full
N-body simulations at a fraction of the computational
cost (A. Senkevich et al., in preparation).

For the MW, we use the axisymmetric MiPotential2014
from Bovy (2015). Following Vasiliev et al. (2021), we
model the LMC as a truncated NFW profile (Navarro
et al. 1996b, 1997) with a mass of 1.5 x 10* My, (Erkal
et al. 2019) and a scale radius of r; = 10.84kpc. This
choice of mass and ry gives a rotation curve at 8.7 kpc
consistent with the results from van der Marel & Kalli-
vayalil (2014). As in Vasiliev et al. (2021), we take the

26 https://github.com/GalacticDynamics-Oxford /Agama,/

blob/master/py/tutorial_streams.ipynb.
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truncation radius to be 10 x r,, equivalent to 108.4 kpc.
We include dynamical friction on the LMC by the MW
as in Vasiliev et al. (2021). We also account for the
reflex motion of the MW in response to the LMC.

For the present-day phase-space coordinates of Cra2,
we take heliocentric proper motions from Pace et al.
(2022), heliocentric distance from the distance modu-
lus of Torrealba et al. (2016), and systemic vpe from
Ji et al. (2021). We note that these choices for both
proper motions and wvye are lo consistent with the val-
ues derived in this work (Section 4.2). For the LMC,
we assume proper motions measured from multi-epoch
Hubble Space Telescope observations (Kallivayalil et al.
2013). For the LMC distance, we utilize the result from
the eclipsing-binary measurement by Pietrzynski et al.
(2013, 49.97kpc). The LMC’s systemic vy is from van
der Marel et al. (2002, 262kms~!). We then rewind
Cra2 in the combined potential of the MW and LMC
for 7Gyr, at which time it is close to apocenter. We
then evolve the system to the present day using the re-
stricted N-body method described above.

We model the stellar component of Cra2 as a Plum-
mer sphere (Plummer 1911) with r, = 1.066 kpc and
M, = 3.16 x 10° My (Ji et al. 2021, and see Equation
5). We include an exponential truncation with a cutoff
radius of 10 x rg, i.e., 10.66 kpc, implemented in AGAMA
using outerCutoffRadius = 10.66 kpc. This inclusion
eliminates stars at unrealistically large radii. For the
cuspy models, we treat the dark matter halo with an
NFW profile (Navarro et al. 1996b, 1997). We compute
a base realization with total mass 1086 M, and fiducial
concentration set by the mass—concentration relation of
Dutton & Maccio (2014) assuming a Hubble constant
of Hy = 67.4kms™! Mpc™! (Planck Collaboration et al.
2020). We also use an exponential truncation with a
truncation radius of two virial radii to eliminate distant
dark matter particles. We model the stellar and dark
matter components each with 108 particles and generate
the initial conditions in AGAMA. The final velocity disper-
sion of the dwarf remnant in this model is 5.92 kms™!
and we refer to it as cusp-base.

In order to find a closer match to the present-day cen-
tral velocity dispersion of Cra2 without completely de-
stroying the simulated dwarf, we run a grid of alterna-
tive simulations with masses between 106—10° My, (in
steps of 0.2dex), and with concentrations between 0.1-
10 times the expected value from the Dutton & Maccio
(2014) relation in steps of 0.333dex. We find that a
cuspy NFW model with mass 1076 M, and fiducial con-
centration exhibits the lowest present-day dispersion of
3.76 kms~—!. Interestingly, this lowest dispersion is still
larger than the observed value of 2.34'_"8:@3 kms~! mea-
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Figure 3. Heliocentric distances as a function of stream
longitude ¢1 for the Crater 2 (Cra2) system. Dark blue sym-
bols with white edges are RR Lyrae stars associated with the
Cra2 stream (Coppi et al. 2024). The simulated Cra2 star
particles from the core-base model (Section 3.1) are shown
as the small gray dots. The gray and black lines represent
the —4.9kpcdeg™' and —5.4kpcdeg™" heliocentric distance
gradients predicted by the core-base and cusp-base simu-
lations, respectively.

sured in Ji et al. (2021) as well as our own findings in
this work (see Sections 3.3 and 4.2). We refer to this
cuspy model as cusp-lowmass.

For the dark matter halos of the cored models, we
use the CORENFW prescription from Read et al. (2016).
In particular, we consider a maximally cored scenario
where the core radius is 1.75 X rs of our Plummer sphere.
As with the cuspy models above, we run a parameter
grid with masses in the range 107—10° M, (in steps of
0.2dex) and concentrations between 0.1-10 (in steps of
0.333 dex) times those set by the mass—concentration re-
lation in Dutton & Maccio (2014). We find that a cored
model with a mass of 1085 M, and a concentration 0.464
times smaller than the fiducial concentration gives the
smallest present-day velocity dispersion of 4.79 kms™!.
This cored model is dubbed core-lowc. We also con-
sider a simulation where the core radius is half the max-
imally cored value. For this latter cored case, we run
a similar grid and find that a mass of 1036 Mg and
a fiducial concentration gives the smallest present-day
velocity dispersion of 4.21 kms™!. Given the identical
initial mass and concentration to cusp-base, we treat
this as our core-base model. As with the cuspy real-
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izations, we generate initial conditions for these dwarfs
with AGAMA and use 10° particles for both stellar and
dark matter components. We show a comparison be-
tween cusp-base and core-base models and the Coppi
et al. (2024) RRL stars in Figure 3.

From these experiments, we note that the initial mass
of the cusp-lowmass model is much lower than expected
from abundance matching (e.g., Behroozi et al. 2013,
2019; Rodriguez-Puebla et al. 2017), including dwarf-
galaxy specific stellar-to-halo mass relations (Garrison-
Kimmel et al. 2017; Read et al. 2017; Jethwa et al. 2018;
Nadler et al. 2020; Manwadkar & Kravtsov 2022; Danieli
et al. 2023; Wang et al. 2024b; Kado-Fong et al. 2025).
Hence, we check the cuspy realizations with same ini-
tial mass as the best (coldest kinematics) cored simu-
lations, same as cusp-base (1085 M), and verify that
an NFW halo model with low concentration (0.464 times
smaller than the fiducial value, same as the core-lowc)
produces a central velocity dispersion almost identi-
cal (3.77 kms™!) to the cusp-lowmass case. We refer
to this higher-mass low-concentration cuspy model as
cusp-lowc. The comparison between our N-body re-
sults and the S® DR2 Cra2 data is in Section 4.2.

3.2. Stream coordinates

Similarly to other stellar stream works where the pro-
genitor is known, we define a convenient coordinate sys-
tem for our analyses (e.g., Majewski et al. 2003; Li et al.
2018). We define the stream longitude ¢, and latitude
@2 in a way that (¢1,¢2) = (0.0,0.0) is located at the
on-sky center of Cra2 (o = 177.310° and 6 = —18.413°;
Torrealba et al. 2016). The Cra2 stream is well aligned
with ¢ = 0. We adopt a position angle of 60° to derive
the 3 x 3 rotation (R) matrix that converts from celestial
(ar,0) to stream coordinates (g1, ¢2):

cos (¢1) cos (¢2) cos () cos (9)
sin (¢1) cos (¢2) | = R % |sin(a)cos(6)| . (1)
sin (¢2) sin (9)

The rotation matrix entries R;; are presented to a pre-
cision of 8 significant digits,

[Roo Ro1 Rog
R=|Riy Ru1 Rz
| R20 Ro1 Raz 2)
[0.94775886  0.04452939 —0.31586432
= | —0.19840253 —0.85765902 0.47440218] ,
| —0.24977905  0.51228716  0.82168869

and aligns well with the Coppi et al. (2024) RRL stars.
See Koposov et al. (2010) and Shipp et al. (2019) for a
similar formalism applied to other stellar streams.

3.3. Stellar kinematics and membership

To identify Cra2 members across the entire S° foot-
print, we model the galaxy’s remnant body and stream
kinematics in a Bayesian mixture modeling framework.
This probabilistic approach has already been extensively
employed to disentangle members of stellar streams,
as well as dwarf galaxies and globular clusters, from
their surrounding back/foreground (Martin et al. 2008;
Walker et al. 2009, 2016; Li et al. 2018; Pace & Li 2019;
Pace et al. 2022), including S® works (Shipp et al. 2019;
Li et al. 2022; Awad et al. 2025). We model the distri-
butions of Gaia proper motions, including correlations
between i, cosd and s, and RVSpecFit v,e and [Fe/H]
within S° DR2 Cra2 fields with three components. One
of these corresponds to the actual Cra2 system, includ-
ing galaxy and stream. The other two components rep-
resent the foreground contamination from the MW'’s
disk and halo. For an unbiased identification of Cra2
members in its outskirts and stream, we do not consider
spatial priors.

We model vg, [Fe/H], and proper motions as Gaus-
sian distributions for both Cra2 (galaxy plus stream)
and foreground components. The full likelihood func-
tions are written elsewhere (Walker et al. 2009, 2016;
Li et al. 2018; Pace & Li 2019; Awad et al. 2025). Fol-
lowing the expectation from the stream N-body models
(Section 3.1), we adopt a linear dependence of mean vgg,
with ¢q in the form

A'Ugsr
Ag¢y
where Avge, /A¢; is the velocity gradient and vge (91 =

0) is Cra2’s mean systemic vgey at ¢1 = 0. We found a
significant velocity gradient at the ~7o level:
(-4.5+0.6)

v sr(¢1) _
= Tos dr+(—81.24+0.3), (4)

el = (55 ) 61+ vnl0r =0 @)

where this systemic vg, is compatible (10) with previous
results (Caldwell et al. 2017; Fu et al. 2019; Ji et al.
2021). Implications and comparisons with the N-body
models are in Section 4.2.

For metallicity, we assume a linear radial gradient
with |¢1]. We have explored using a quadratic func-
tion instead, which might be appropriate for some dwarf
galaxies (see Taibi et al. 2022). However, we found no
evidence for a significant [Fe/H] gradient in either case.
The mean central metallicity (([Fe/H]) = —2.16 £ 0.04)
and dispersion (o(pe ) = 0.28 £ 0.03) we found are ef-
fectively identical to the values from Ji et al. (2021).
We also assume a linear dependence with ¢; for the
proper motions, but found no significant evidence for
variations. The mean systemic proper motions we found
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Figure 4. Mixture modeling fit results. Top panel: Crater 2 (Cra2) stream coordinates (¢1, ¢2) distribution (Section 3.2).
The far (trailing arm) and near (leading) sides of the stream are annotated. Middle: linear proper motion gradients as a
function of stream longitude ¢1. Bottom left: linear Galactic standard of rest line-of-sight velocity (vgsr) gradient. Bottom
right: radial metallicity ([Fe/H]) gradient. In all panels, Cra2 candidates (P > 20%) in the S® DR2 footprint are color-coded by
their membership probabilities. Non-members that have also been observed by S® are plotted as gray dots. Red dashed lines
represent the mean values from our best-fit mixture model while the thin green lines show 200 realizations of our fit sampled
from our posterior chains. The black solid lines are linear fits to our core-base simulated stream track (Section 3.1). Red
giant-branch Cra2 stream candidates from Coppi et al. (2024) are plotted as black open squares. Those with available S ® DR2
data, but rejected as true members, are displayed as black ‘X’ symbols. In all panels, blue dashed lines delineate the formal
boundary between galaxy and stream in our mixture modeling analysis (Section 3.3).

are, again, lo consistent with other works (Fritz et al.
2018; Ji et al. 2021; Battaglia et al. 2022; Pace et al.
2022); {pa cosd) = —0.070 £ 0.020masyr—! and (us) =
—0.107 £ 0.013masyr—!. For the foreground compo-
nents, we assume no spatial dependence for any of these
parameters.

To account for Cra2’s galaxy and stream kinemat-
ics separately, we assume that the fraction of mem-
bers in the sample changes depending on ¢ (similar to
Awad et al. 2025). Formally, our model incorporates a
“central fraction” and a “stream fraction” terms which
are defined inside and outside the boundary |¢;|= 0.5°
(~Cra2’s Rj/o; Torrealba et al. 2016). This inclusion
is necessary since adopting a single fraction for the
whole galaxy would artificially increase the membership
probability (P) of stars in the stream while decreas-
ing it for Cra2’s central region. This stream-galaxy

boundary also serves for us to estimate the velocity
dispersion in the stream and remnant body separately.
For the central velocity dispersion of Cra2, we found
Oy gal = 2.517033 kms™'. For the stream, we obtained
Opstr = 5747098

We sample posterior distributions with a Markov
chain Monte Carlo approach using the emcee package
(Foreman-Mackey et al. 2013) with 200 walkers and
20,000 steps, including a burn-in stage of 10,000. We
take 16" and 84'" percentiles as uncertainties for all
parameters, including the ones already listed in the pre-
vious paragraphs. The model fitting results are mostly
presented in Figure 4 where Cra2 candidate stars at
P > 20% are color-coded by their individual member-
ship probability values. We present the full quantitative
results in Section 4.
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Table 1. Crater 2 galaxy properties

Parameter Value Unit Source Description
a 177.310 deg Torrealba et al. (2016) Center right ascension
4] —18.413 deg Torrealba et al. (2016) Center declination
m—M 20.35+0.02 [mag] Torrealba et al. (2016) Distance modulus
dhel 117.5+1.1 kpc Torrealba et al. (2016) Heliocentric distance
My —8.2 [mag] Torrealba et al. (2016) V-band absolute magnitude
Ry/s 1054793 pc Pace (2025)® Physical circularized half-light radius
Ry 31.2+£25 arcmin Torrealba et al. (2016) Projected angular half-light radius
€ <0.1° Torrealba et al. (2016) Ellipticity
3% 30.5 [mag] Pace (2025)* Average surface brightness within R/,
M, 105 Mg Equation 5 Stellar mass®
lhe COS O —0.07040.020 masyr—! This work Heliocentric proper motion («)
s —0.10740.013 masyr—! This work Heliocentric proper motion ()
Vhel +89.24+0.3 kms™! This work Heliocentric line-of-sight velocity
Vgsr —81.240.3 kms™! This work Galactic standard of rest line-of-sight velocity
Ou,gal 2.51Jj8:§3 kms™! This work Line-of-sight velocity dispersion within Ry,
Oy str 5.74709% kms~! This work Line-of-sight stream velocity dispersion
Oustr/Tvgal 2.30703 This work Velocity dispersion ratio between stream and galaxy
Avger /[A¢y —4.5£0.6 kms~!'deg™! This work vgsr gradient as a function of stream longitude ¢;
([Fe/H]) —2.16+£0.04 [dex] This work Mean central metallicity
O[Fe/H] 0.28 +0.03 [dex] This work Metallicity dispersion
Adpe/Apy —4.9 kpcdeg™! This work N-body model dpe gradient with ¢,
Tapo 154.31 kpc This work N-body model orbital apocenter
Tperi 22.26 kpc This work N-body model orbital pericenter
e 0.75 e= Tapo — Tperi N-body model orbital eccentricity
Tapo + Tperi

aLocal Volume Database with structural parameters from Torrealba et al. (2016).

bUpper limit at 95% confidence level. We adopt € = 0.0 in Figures 1 and 2.

¢Assuming mass-to-light ratio 7 = 2 and the Sun’s absolute V-band magnitude My, o = +4.81.
d Average between all N-body models considered (Section 3.1).

Out of the 1100 stars with good RVSpecFit param- 4. RESULTS
eters in the S° DR2 catalog within the footprint that
pass all quality criteria (Section 2), we identify 143 Cra2
members (P > 50%) out of which 114 belong to the
main body of the galaxy (within its R;/; Torrealba
et al. 2016; Vivas et al. 2020) and 29 are associated with
the stellar stream. From these numbers, we can naively
estimate a lower limit for Cra2’s M, loss of 21 + 7%
(Wilson score interval at 95% confidence level; Wilson
1927). Cra2 star members in the S° footprint can be
found out to 210x its on-sky angular Ry, (>20kpc
physical separation), aligned in a stream-like morphol-
ogy that matches the expected debris track (Figure 2).
Note that we observe Cra2 stars across the entire S°
coverage and, therefore, are yet to reach the edge of the
stellar stream. Our mixture modeling results, as well as
other Cra2 galaxy properties, are listed in Table 1.

The most obvious takeaway from our analysis of S°
DR2 data is the unequivocal detection of a stellar stream
attached to the Cra2 dwarf galaxy remnant and, there-
fore, that this system is experiencing severe tidal dis-
ruption. Below, we list other results alongside pertinent
discussions.

4.1. Discovery of red giant-branch stars in the
Crater 2 stream

In comparison to previous S° work (Ji et al. 2021),
we recover almost all members within Cra2’s central
region. The few stars that were considered members
by Ji et al. (2021), but are now attributed P < 50%,
are usually the most metal-rich ones in the sample at
[Fe/H] 2 —1.5. Out of our 143 members, 114 are lo-
cated within |¢1] < 0.5° (~Cra2’s Ry /). The remaining
29 stars are formally members of the stream in our mix-
ture model. The farthest Cra2 stream star within the
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5% DR2 footprint is found at ~10x Cra2’s on-sky Ry
and 220 kpc physical separation given the expected dis-
tance gradient. As can be appreciated from Figure 5, the
majority of the new Cra2 RGB members are contained
within very metal-poor ([Fe/H] = —2.0 and —2.5) Dart-
mouth isochrones (Dotter et al. 2008) of old stellar pop-
ulations (12.5Gyr, [a/Fe] = +0.4) in a DECam ¢ — r
vs. absolute r-band magnitude (M,) CMD (DELVE
DR2 photometry; Drlica-Wagner et al. 2022). Absolute
magnitudes for our sample are computed assuming the
heliocentric distance predicted for Cra2 tidal tails from
our core-base stream model (Figure 3). The narrow
color range covered by Cra2’s RGB is in line with the
deep CMD analysis by Walker et al. (2019).

A total of 24 potential RGB members were identified
in the Cra2 stream by Coppi et al. (2024). Out of these,
14 are located within the S® DR2 footprint and were ob-
served as part of the program (square symbols in Figure
2). We confirm that 8 of these RGB stars are, indeed, as-
sociated with the Cra2 stream with high probability, all
at P > 88% (Table 2). All these new Cra2 stream stars
exhibit very low metallicities (—3.2 S [Fe/H] < —2.2)
and vge, values consistent with the predicted core-base
stream track (bottom left panel of Figure 4). Some of
the other candidates are rejected due to their discrepant
Vgsr (CS4, WS2, and WS5; P = 0.0 in Table 2), which
are even outside the plot boundaries in the ¢1 vs. vger
panel in Figure 4. Star CS12 is ~20kms~! displaced
from the fitted vger(¢1) track at the same time that it
has a very high metallicity, though also quite uncertain,
in the S° DR2 catalog ([Fe/H] ~ +0.4+0.5). The rest of
the Coppi et al. (2024) candidates (CS13, and WS4) are
attributed 30% < P < 50% likely due to their relatively
high metallicities ([Fe/H] = —1.7).

Despite the above-described overall success of Coppi
et al.’s (2024) method for finding Cra2 stream mem-
bers, there was still some contamination. We verify that
all the rejected candidates from these authors’ sample
turned out to be those redder, in DECam g — r color,
than most of the Cra2 members found in S° DR2. In
the DECam g — r vs. M, CMD shown in Figure 5,
the rejected Cra2 RGB candidates are all redder than
expected from the [Fe/H] = —2 Dartmouth isochrone,
some being redder than the [Fe/H] = —1.5 track. The
S5 spectroscopically vetted members are almost entirely
confined within, or bluer than, the [Fe/H|] = —2.0 and
—2.5 isochrones. Hence, narrowing the color window
around Cra2’s RGB sequence and adding information
regarding the predicted distance gradient might be ad-
vantageous when searching for additional stream mem-
bers even farther away from this galaxy’s center.

@0®@ Cra2 (P>50%)

e®¢ Cra2 (P>20%)
RGB candidates

i (Coppi+2024)

—2.5] XXX Rejected

-3.0

Q .QE
E _2.0 Q.'
O
-1.5 »=s [Fe/H=-15
) m= = [Fe/H]=-2.0
.$ s [Fe/H] = -2.5
-1.0

0.6 0.7 0.8 0.9 1.0 1.1
DECam (g —r)o

Figure 5. Dereddened DECam (g — 7)o vs. My color—
magnitude diagram covering the red giant branch (RGB)
with photometry from DELVE DR2 (Drlica-Wagner et al.
2022) for stars in the S® DR2 footprint with Crater 2 (Cra2)
membership probability P > 50% (green circles with black
edges) and 20% < P < 50% (green dots). The absolute r-
band magnitude is computed assuming the expected distance
gradient from our Cra2 core-base model (Section 3.1). The
Coppi et al. (2024) Cra2 RGB candidates are plotted as the
open squares, with the rejected ones having an ‘X’ symbol
on top. Red lines are (12.5 Gyr, [a/Fe] = 4+0.4) Dartmouth
isochrones (Dotter et al. 2008) with [Fe/H] = —2.5 (solid),
—2.0 (dashed), and —1.5 (dotted).

4.2. Kinematics along the Crater 2 stellar stream
and insights on its dark matter content

An important immediate byproduct of our kinematic
analysis is our ~70 detection and determination of a
velocity gradient across the Cra2 system; Avgs /A =
(—4.5£0.6) kms~! deg™*. This quantity can be used
as an additional constraint to future tailored simulations
of Cra2 trying to reproduce its structural properties. A
comparison between S° DR2 new Cra2 RGB members
and the stream core-base model track, alongside our
linear fit to the vgs gradient, is presented in the bot-
tom left panel of Figure 4. The output ves (¢1) values
from our N-body simulations are in reasonable agree-
ment with observations within the on-sky coverage of
S5 DR2, the range of model velocity gradients being
within —4.6 and —5.4 kms~" deg™*.

In dark matter-only tidal disruption simulations, Er-
rani et al. (2015) showed that the velocity-dispersion ra-
tio between stream and central region in a dwarf galaxy
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Table 2. Crater 2 stream red giant-branch candidates from Coppi et al. (2024) with S5 DR2 observations
Gaia DR3 source_id Name @ ) gt rt Vhel Vgsr [Fe/H] P
(Coppi et al. 2024) (deg) (deg) (kms™!)  (kms™!)

3546585982161428736 CS4 174.3575 —19.3930 19.3 18.2 2.6+1.3 —175.7 —0.64+0.10 0.00
3542009329433731072 CS5 174.7955 —19.8505 19.7 18.8 104.7+3.6 —73.8 —2.594+0.32 0.94
3543686119025619200 CS6 176.0250 —18.8178 18.8 17.8 105.8+1.2 —68.1 —3.16+0.11 0.93
3542608597631389568 CS7 176.8130 —19.8322 18.8 17.8 91.3+1.0 —83.4 —2.27+0.10 0.96
3544050091734226304 CS8 177.9139 —-17.6618 18.9 180 88.7+1.2 —788.1 —2.33+0.18 0.98
3567352213460408960 CS9 179.6337 —17.5965 18.9 181 774413 —86.5 —2.5240.19 0.97
3568269210454897792 CS10 178.0557 —17.2831 18.4 173 69.240.9 —97.1 —2.594+0.07 0.98
3568288486268051712 CSs11 177.9339 —17.0760 18.9 181 70.2+1.3 —95.9 —2.1940.19 0.88
3568206877592789888 CS12 178.7070 —17.0423 19.2 181 86.9+t1.2 —77.6 +0.42+0.53 0.19
3567764324162907520 CS13 181.0822 —16.7292 18.9 180 574+1.3 —-101.5 —1.7240.17 0.30
3567951176715579008 CS14 181.6388 —16.1012 18.8 179 51.8+1.1 —1044 —2.26+0.16 0.96
3568907335219100032 WS2 179.0963 —15.6769 19.9 19.0 266.8+2.0 +106.4 —1.99+0.19 0.00
3567316960369373696 WS4 180.3542 —17.6119 18.9 18.0 66.0+2.3 —96.5 —1.73+0.23 0.46
3570603950380122496 WS5 180.0465 —14.4625 18.9 17.8 127.7+£1.7 —-27.6 —0.54+0.15 0.00

'DECam g and r photometry reported in DELVE DR2 (Drlica-Wagner et al. 2022).

(0v,str/0v,ga1) is sensitive to its dark matter density pro-
file. In general, disrupted cored dark matter halos will
exhibit higher values of oy str/0y ga1 than cuspy ones.
The reason for that is because, to reproduce a fixed value
of central velocity dispersion (¢, ga1), cored halos require
a larger total mass than cuspy ones. As a result, the tidal
radii, i.e., the sizes, of cored dark matter halos are larger
than cuspy ones, leading to dynamically hotter and spa-
tially wider tidal streams. Furthermore, dwarf galaxies
embedded in cored dark matter halos cool down more
efficiently during tidal stripping than their cuspy coun-
terparts, leading to increasing oy str/0u gal Over time.
Note that hydrodynamical simulations predict that most
dwarf satellites around MW-like hosts should be tidally
disrupting, but their associated stellar streams would
have surface brightnesses that are too faint to be de-
tected in current photometric data (Shipp et al. 2023,
2025; Riley et al. 2025). Therefore, future kinematic
studies of yet-undiscovered stellar streams around seem-
ingly unscathed MW satellites might be crucial for in-
ferring their true dark matter mass profiles.

According to the Errani et al. (2015) calculations for a
dwarf galaxy on an orbit of similar eccentricity to Cra2
(e ~ 0.7; Fu et al. 2019; Ji et al. 2021; Pace et al. 2022),
an NFW cuspy halo would produce o, str/0pga1 < 1
while the cored case gives o str/0p ga1 2 3. The ratio
we estimate from the S® DR2 Cra2 data is 0 st/ 0 gal =
2.3070 3. At face value, this result disfavors an NFW
cuspy halo, thus supporting the hypothesis of a dark
matter core in Cra2. We also fit o, values for both
Cra2 stream and remnant separately with only high-

probability members (P > 50%) and found an almost
identical ratio of oy str/0y gal = 2‘41f8:24117 confirming
the robustness of this measurement.

Unfortunately, the direct comparison of the Errani
et al. (2015) models to the S® data has several limita-
tions. For instance, these authors’ simulations do not
account for the infalling LMC system. Additionally,
Cra2’s remnant body itself might not be in equilibrium.
After an impulsive perturbation, such as a pericentric
passage around the MW, a dwarf galaxy might undergo
a damped-oscillation phase with short-period velocity
dispersion variations that could affect the Uv’str/avygal
measurement (Errani et al. 2025). Tt is also unclear how
the galaxy’s self-gravity might affect the stream kine-
matics close to the progenitor. Moreover, Errani et al.
(2015) focuses on the velocity dispersion perpendicular
to the stream plane, whereas S° velocities are line-of-
sight measurements, which, despite accounting for the
on-sky vy gradient in our mixture modeling, might still
contain projection effects of both the in-plane and per-
pendicular motions. Perhaps the most critical caveat
is that the Errani et al. (2015) predictions for stream
kinematics were taken a lot farther away from their sim-
ulated dwarf galaxies’ centers (from 20 to 100 kpc) than
the S® DR2 coverage for Cra2.

Here, we test if our own tailored cuspy and cored N-
body models (Section 3.1) can reproduce the kinemat-
ics of Cra2’s stream and galaxy. Although they do not
exactly reproduce the present-day phase-space proper-
ties of the Cra2 system (e.g., central velocity disper-
sion), these models should provide qualitative insights
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on their behavior. In this vein, our N-body experiments
show that halo concentration has an effect on the sys-
tem’s final kinematics degenerate with initial mass. The
cusp-lowmass (1076 M, fiducial concentration; Dut-
ton & Maccid 2014) and cusp-lowc (1086 Mg, lower
concentration) models reached identical central velocity
dispersions despite the latter being 10X more massive,
echoing results by Amorisco (2019).

In our suite of N-body simulations, the limiting fac-
tor on how dynamically cold the model dwarfs can be is
the complete disruption of satellites if halo mass and/or
concentration are too low. For the cored halo case, how-
ever, not only halo mass and concentration are relevant,
but the core radius also plays a role. The remnant ve-
locity dispersion of the core-lowc model (maximally
cored scenario; Read et al. 2016) is larger than in the
core-base model (half the core radius value) despite
the lower concentration of the former.

To quantitatively compare Cra2’s observed kinemat-
ics to the simulation results, we fit line-of-sight velocities
as Gaussian distributions for both galaxy and stream in
all N-body models with emcee (Foreman-Mackey et al.
2013) accounting for spatial gradients (results in Fig-
ure 6). This method is analogous to that applied to
the S° DR2 data (Section 3.3), but without the need
for MW foreground components. The cusp-lowmass,
cusp-lowc, and core-base models can all reproduce
(1o) the velocity dispersion ratio between Cra2 stream
and remnant body measured from S® DR2 data (see text
above). The cusp-base and core-lowc models show
lower ratio values, but still within <2.0¢ and 1.50, re-

spectively. We recall that the cusp-lowmass model has
an unrealistically low initial mass compared to abun-
dance matching expectations in the dwarf-galaxy regime
(e.g., Garrison-Kimmel et al. 2017; Jethwa et al. 2018;
Nadler et al. 2020; Manwadkar & Kravtsov 2022; Danieli
et al. 2023; Kado-Fong et al. 2025). Hence, similar to
previous works, we judge that an NFW halo progeni-
tor with fiducial concentration is unlikely for Cra2. Al-
though a much broader exploration with N-body sim-
ulations will be required to obtain robust conclusions,
we find that both cuspy profiles with low concentration
and cored halos with small core radius are promising
directions to explain Cra2’s unique properties.

4.3. Crater 2 is metal-poor compared to the Local
Group stellar mass—metallicity relation

Another byproduct of our mixture modeling is the
determination of the mean metallicity of Cra2 to be
([Fe/H]) = —2.16 + 0.04 (full metallicity distribution
in left panel of Figure 7), adding to the census of Local
Group dwarf galaxies with chemical information. With
the current data, we find no evidence for [Fe/H] varia-
tions as function of ¢; across the Cra2 system (bottom
right panel of Figure 4). Metallicity gradients are com-
monly found in Local Group dSph galaxies (e.g., Taibi
et al. 2022), including distinguishable chemo-dynamical
populations (Pace et al. 2020; Arroyo-Polonio et al.
2024). However, the latter usually requires metallicities
for >1000 stars in a given dSph, while we only identify
143 Cra2 members (at P > 50%) in the S° DR2 foot-
print. Given the large on-sky extent of Cra2, a plausible
strategy to test for the presence of spatial [Fe/H] changes
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might be to use wide-field photometric metallicities (as
in Barbosa et al. 2025 for Sculptor dSph).

We now compare Cra2’s mean metallicity derived from
5% DR2 data to the demographics of Local Group dwarfs
by placing this galaxy in the MZR of Kirby et al. (2013,
also Simon 2019). For consistency, most metallicity in-
formation for the sample of dwarf galaxies in the right
panel of Figure 7 is either from Kirby et al. (2013) or Si-
mon (2019). The only exceptions are the LMC and SMC
for which average [Fe/H] values were obtained based on
the members from Nidever et al. (2020) with updated
data from the Apache Point Observatory Galactic Evo-
lution Experiment (APOGEE; Majewski et al. 2017; Ab-
durro’uf et al. 2022, DR17) by Limberg et al. (2022). All
the My values are from the Pace (2025) compilation.
We homogeneously compute corresponding M, for the
displayed My, interval:

M,

g, = mOn e, (5)

where n = 2 is the assumed mass-to-light ratio and
My o = +4.81 (Willmer 2018). Average metallicities
for other diffuse dwarfs Ant2 and Andl19 are from Ji
et al. (2021, ([Fe/H]) = —1.90) and Collins et al. (2020,
—2.07), respectively.

Arguably, the most intriguing observational fact about
the collective of diffuse dwarfs in the Local Group is
that they are all metal-poor compared to the expec-
tation from the Local Group MZR for their luminos-
ity (Kirby et al. 2013; Simon 2019). Ant2, Cra2, and
And19 are located ~1.0, 1.5, and 2.00, respectively, be-
low the MZR assuming the root mean square scatter of
0.16 dex around ([Fe/H]) derived by Kirby et al. (2013).
We note that, despite both slope and intercept of the lin-
ear relation from Simon (2019) being identical to Kirby
et al.’s (2013), the scatter found by the former is inflated
due to the presence of ultra-faint dwarf (UFD) galaxies
(M, <10 M) in their fit, so we consider the latter. Al-
though the diffuse dwarfs do not individually represent
major deviations from the MZR, it is certainly unusual
that all of them have lower-than-expected metallicities,
hinting at a shared formation/evolution channel.

The location of diffuse dwarf galaxies relative to the
Local Group MZR becomes more noteworthy since we
are now positive that at least Cra2 is experiencing severe
tidal disruption. When a galaxy loses stellar content, it
should end up appearing metal-rich compared to the
MZR (Riley et al. 2025); such is the case for Sagittar-
ius dSph (e.g., Hayes et al. 2020, see “Sgr” annotation
in the right panel of Figure 7). Also, the Sagittarius
dSph has experienced preferential stripping of its low-
[Fe/H] population (Limberg et al. 2023; Cunningham

et al. 2024), which further contributes to its displace-
ment from the MZR?" (Riley et al. 2025). Contrary
to Sagittarius dSph, Cra2 is metal-poor relative to the
MZR and accounting for M, loss exacerbates such dis-
crepancy. Previous works have argued that, to repro-
duce the large R;/, and small o, of Cra2 in an NFW
dark matter halo, it would require >90% loss of stellar
content through tides (e.g., Fattahi et al. 2018; Apple-
baum et al. 2021). Compensating for 90% (99%) M.
loss results in an My, difference of 2.5 (5.0) mag, which
would bring the tension with the MZR to the 30 (50)
level (white ‘*” symbols with green edges in Figure 7).

In the spirit of the above discussion, the fact that
And19 is metal-poor relative to the Local Group MZR
was actually used as an argument against the tidal dis-
ruption mechanism to explain this galaxy’s large size by
Collins et al. (2022, but see results by Cullinane et al.
2024). Confirming And19’s orbit around M31 with di-
rect proper-motion measurements will be crucial to con-
firm (or falsify) that this galaxy is not experiencing mass
loss through tides. However, given the counter-example
of Cra2, we can now assert that low metallicity and tidal
disruption are not mutually exclusive.

There is evidence that Ant2 is also being tidally dis-
rupted (Ji et al. 2021), but its deviation from the MZR
is less extreme than Cra2’s and And19’s (see Figure 7).
In fact, Riley et al. (2025) has recently argued based
on hydrodynamical galaxy-formation simulations that
up to ~80% M, loss is still plausible for a displace-
ment from the MZR similar to that observed in Cra2
and Ant2, but more than that, as required in the case
of a cuspy NFW halo (Fattahi et al. 2018; Applebaum
et al. 2021), is difficult to explain. Indeed, one way to
alleviate this tension between the diffuse dwarfs and the
MZR might come from the evidence for either a cored
density profile or a low-concentration NFW halo; for a
fixed enlargement factor, these models require less total
mass loss than cuspy ones with fiducial concentration
(Errani et al. 2015; Amorisco 2019; Fu et al. 2019).

5. DISCUSSION

Collins et al. (2022) discussed possible formation
mechanisms for the unusual properties of And19, which
are all in common with Cra2: (i) the colossal size for its
M, hence extremely low surface brightness (Torrealba
et al. 2016), (i4) minuscule central velocity dispersion
(Caldwell et al. 2017; Fu et al. 2019), (¢iz) lower-than-
expected metallicity in comparison to the Local Group

27 With APOGEE DR17, the mean metallicities of Sagittarius
dSph remnant galaxy and stream are ([Fe/H]) = —0.58 and —1.07,
respectively (Hayes et al. 2020; Limberg et al. 2022)
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Figure 7. Left: Crater 2 (Cra2) metallicity distribution function (MDF) for membership probability P > 50% stars (green
histogram). The transparent green histogram shows the same, but for P > 20%. The binning is set to 0.25dex, which is
compatible with the S® DR2 typical [Fe/H] uncertainties for red giant-branch stars. Our Gaussian fit to the Cra2 MDF is
represented by the red dashed line. Gray vertical bands illustrate 1, 2, and 3 times the ojpe/u) = 0.28 (£0.03) dispersion
around the ([Fe/H]) = —2.16 (£0.04) black line. Right: stellar mass—metallicity relation (MZR) for Local Group dwarf galaxies.
Visual scheme is the same as Figure 1. Diffuse dwarfs Cra2 (green ‘4’ symbol), Antlia 2 (yellow ‘X’), and Andromeda 19
(purple ‘+’) are highlighted with metallicities from this work, Ji et al. (2021), and Collins et al. (2020), respectively. Milky Way
satellites, M31 satellites, and Local Group field dwarf galaxies are plotted as blue squares, orange triangles, and gray circles,
respectively. Chemical information is from Kirby et al. (2013) and Simon (2019), with the exception of the Large and Small
Magellanic Clouds (LMC and SMC) for which we take values from Limberg et al. (2022, see text). Absolute V-band magnitude
values are from the Pace (2025) compilation. The corresponding stellar masses (M,) are computed as in Equation 5. We include
Cra2’s location in the horizontal My axis assuming different M, loss scenarios (white ‘x* symbols with green edges). The MZR,
from Kirby et al. (2013) is the black line with £1, 2, 3, 4, and 50 scatter as the gray bands.

MZR (Ji et al. 2021, also Section 4.3), and (iv) short urally produce both the unusual structural properties of

star formation history (SFH) with quenching >10 Gyr
ago (Walker et al. 2019). We build on these arguments,
but incorporate our own findings, to scrutinize possible
scenarios for the origin of Cra2’s remarkable properties
and, by extension, Ant2 and Andl19 as well. We also
consider that (v) Cra2 is unmistakably tidally disrupt-
ing (Figures 2 and 4), including our detection of a stellar
stream around it (also Coppi et al. 2024), and (vi) the
evidence that a cuspy NFW halo with fiducial concen-
tration is unlikely to reproduce the system’s kinematics
with reasonable initial mass (Figure 6 and Section 4.2,
as well as previous works; Sanders et al. 2018; Fu et al.
2019; Borukhovetskaya et al. 2022; Errani et al. 2022).
Below, we consider if proposed formation pathways can
fulfill this set of criteria.

5.1. Dry mergers

According to Collins et al. (2022), merger activity
could be a mechanism to form And19 and, for the sake of
the present discussion, the other diffuse dwarfs Cra2 and
Ant2. These authors argued that dry mergers could nat-

And19 and its low metallicity. In their hypothesis, the
building blocks of And19, hence Cra2 and Ant2, would
have been UFD galaxies since these are very metal-poor
systems ({[Fe/H]) < —2, see MZR in Figure 7) commen-
surate with the diffuse dwarfs. Interestingly, since UFDs
are essentially reionization fossils quenched at high red-
shift (e.g., Weisz et al. 2014), this proposition would
automatically explain the exquisitely old stellar popu-
lations of Cra2, And19, and Ant2. Simulation work by
Orkney et al. (2021) has also claimed that late minor
mergers could produce constant-density cores in dwarf
galaxies of similar mass to Cra2 and And19.

Indeed, galaxies in the mass range of Cra2 (M, ~
3 x 105 M) and Ant2 (M, ~ 105 My; My = —9.7
in Equation 5) are expected to have experienced O(10)
accretion events with even smaller systems (e.g., Griffen
et al. 2018). However, the same is true for all other clas-
sical MW satellites of similar luminosity such as Draco
and Sculptor dSph galaxies and, therefore, it is difficult
to invoke dry mergers as the sole responsible for the
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extreme properties of diffuse dwarfs. In any case, we
mention this possibility since it can actually be tested
with detailed chemical abundances for stars in the MW
diffuse satellites. Collins et al. (2022) suggested this pos-
sibility in the context of And19, but this galaxy is too
distant (~800 kpc; Savino et al. 2022), hence its stars are
too faint, for this kind of study with current instrumen-
tation. Nevertheless, the most luminous RGB stars in
Cra2 and Ant2 (~120-140kpc) are bright enough (DE-
Cam g ~ 18.5) that they are amenable to high-resolution
spectroscopy (R > 20,000) from the ground with 6-8 m-
class telescopes. More specifically, a lack of neutron-
capture elements is a defining feature of UFDs (Ji et al.
2019; Simon 2019) and can be used as a diagnostic.

5.2. Star formation and supernovae feedback

We have shown that a plausible explanation to the
large velocity dispersion ratio between Cra2’s stellar
stream and remnant body is a cored halo with small
core radius. Bursty star formation is usually accepted as
the culprit for the core-cusp transformation in relatively
bright (M, > 107 M) dwarf galaxies (see reviews by
Bullock & Boylan-Kolchin 2017 and Sales et al. 2022).
In this process, supernovae outflows transport the cen-
tral gas outward and the associated gravitational po-
tential fluctuations transfer energy to the collisionless
dark matter particles, which end up in dynamically-
hotter (higher-energy) orbits at larger radii (Navarro
et al. 1996a; Read & Gilmore 2005; Pontzen & Gover-
nato 2012; Brooks & Zolotov 2014; El-Zant et al. 2016;
Read et al. 2016).

The effectiveness of the above-described feedback-
induced core creation mechanism depends on the
amount of energy to be injected into the galaxy’s in-
terstellar medium (the number of supernovae o« M,)
and the total dark matter mass that needs to be moved
around (o halo mass My), i.e., fundamentally the
stellar-to-halo mass ratio (M,/M,, Penarrubia et al.
2012; Di Cintio et al. 2014). Hydrodynamical simula-
tions converge on a threshold where feedback becomes
inefficient at producing cores of log(M,/Myn) < —3.5
(Tollet et al. 2016; Fitts et al. 2017; Benitez-Llambay
et al. 2019), which translates to M, < 10° M, using the
empirical abundance matching relation from Rodriguez-
Puebla et al. (2017), which is about the M, of Sculptor
dSph as well as Ant2.

Following the above-cited premise of abundance
matching (from Rodriguez-Puebla et al. 2017), the ex-
pectation for a galaxy of Cra2’s M, is log(M,/My) =~
—4.0 prior to tidal disruption, which is well within the
regime where core creation is not expected, at least via
bursty star formation and supernovae feedback. We

find almost identical values for M, /M), using the dwarf-
galaxy specific present-day (redshift z < 0.05) stellar-
to-halo mass relation from Kado-Fong et al. (2025) and
the MW-tailored galaxy—halo connection prescription
from Nadler et al. (2020). It is unclear, however, if
we should consider the stellar-to-halo mass relation at
redshift z ~ 0 or at the moment of Cra2’s quenching
~10.5 Gyr ago (z = 2 in Planck Collaboration et al. 2020
cosmology). If we adopt the latter, log(M,/M,) ~ —3.9
for Cra2. In the most optimistic case, where we, again,
compensate for 50% M, loss in Cra2, we can bring it to
log(M, /M) =~ —3.7 at redshift z = 2.

In addition to high M, /My, recent works have pointed
out that multiple cycles of star formation, i.e., a pro-
longed SFH of 28 Gyr (Read et al. 2019; Muni et al.
2025) are also required to form a dark matter core. Due
to the early quenching of And19, Collins et al. (2022)
argued against a cored halo in that galaxy, a reasoning
that also applies to Cra2. Having said that, we note that
Sculptor dSph also experienced a short SFH (Kirby et al.
2011; de Boer et al. 2012; Vincenzo et al. 2016; Bettinelli
et al. 2019; de los Reyes et al. 2022) and there are claims
that this galaxy has a cored halo (Battaglia et al. 2008;
Walker & Penarrubia 2011; Amorisco & Evans 2012; Ag-
nello & Evans 2012, but see Strigari et al. 2010, 2017 and
Vitral et al. 2025). Hence, confirming the true shape the
dark matter density profile in Sculptor dSph with larger
kinematic data sets will also be important to better con-
strain the core-cusp transformation process.

To summarize, the situation is the following. Given
the low M,, hence low M, /M, from abundance match-
ing, and early quenching of Cra2, star formation and su-
pernovae feedback should be insufficient to significantly
reduce the central dark matter density and convert a
cuspy NF'W halo into a cored one. This line of reasoning
might disfavor the cored halo hypothesis for Cra2, thus
supporting a low-concentration NFW profile. However,
the plausibility of this scenario largely depends on the
scatter of the mass—concentration relation in the low-
mass regime, which is difficult to constrain given the
limiting resolution in cosmological simulations. Another
justification for a low-concentration halo could be warm
dark matter, which naturally predicts low-mass halos
to be less concentrated than CDM ones (e.g., Maccio
et al. 2013; Ludlow et al. 2016, and references therein).
Having said that, if one is to invoke an interpretation
outside collisionless CDM, solutions that would natu-
rally produce a low-density central core have also been
proposed for Cra2, including, e.g., self-interacting dark
matter (Zhang et al. 2024).
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5.3. High gas fraction and ram-pressure stripping

Although stellar /supernovae feedback is typically as-
sumed to be responsible for gas removal in dwarf galax-
ies, hence gravitational potential variations and redis-
tribution of dark matter particles, other baryonic pro-
cesses could, in principle, be responsible for the destruc-
tion of central cusps (see discussion by Li et al. 2023).
Based on observations of bright post-starburst dwarfs
(10 < M, /Mg < 10%, similar to LMC and SMC) con-
taining tails of stripped material in both galaxy clus-
ters and groups, Grishin et al. (2021) proposed that gas
removal via ram-pressure stripping could be responsi-
ble for the formation of low-mass UDGs. In this sce-
nario, ram pressure would both induce a star-formation
burst, followed by quick quenching, and fast change in
the gravitational potential due to gas loss accompanied
by considerable expansion.

The collective of diffuse dwarfs in the Local Group, for
which Cra2 is now the best-studied exemplar, could rep-
resent a more extreme version of the “future-UDGs” an-
alyzed by Grishin et al. (2021). In the case of an initially
high gas fraction, in comparison to the average atomic
hydrogen (HI) mass—M, scaling relation (Huang et al.
2012; Guo et al. 2021), a large portion of these galaxies’
total mass would be susceptible to ram-pressure strip-
ping. During infall into the Local Group, the inter-
action with the MW’s or M31’s hot corona (i.e., their
circumgalactic medium, Tumlinson et al. 2017) could
have stripped the gas content from these galaxies (e.g.,
Nichols & Bland-Hawthorn 2011). Then, the associ-
ated gravitational potential variations, combined with
tides, would have transformed the structural properties
of these galaxies into their current diffuse status (see
also Wang et al. 2024a).

We finish by saying that the above-described hypoth-
esis of high gas fraction combined with ram-pressure
stripping is consistent with the low metallicity of Cra2
and other diffuse dwarfs (Ant2, And19). Since the num-
ber of supernovae occurring in a galaxy is proportional
to its M, the excess of gas would provide extra mate-
rial to dilute metals into, diminishing the overall metal-
licity of these systems. This is similar to how star-
formation rate (i.e., gas availability; Kennicutt 1998) is
anti-correlated with metallicity in the fundamental MZR
(Mannucci et al. 2010; Maiolino & Mannucci 2019). Fu-
ture high-resolution hydrodynamical simulations should
be able to test our conjectures.

6. CONCLUSIONS

Below, we list our main results from the analysis of S°
DR2 data in the fields around Crater 2 (Cra2). Then, we
close the paper with a high-level summary paragraph.

e Within the S° program (Li et al. 2019), we per-
formed spectroscopic observations across 14 fields
of ~3 deg? each around the diffuse MW dSph satel-
lite Cra2 using 2dF+AAOmega. Out of these,
1100 genuine stars with good-quality data were
considered for Cra2 membership (Appendix A).

e We computed N-body models for the Cra2 sys-
tem including a realistic past orbit in the com-
bined potential of the MW and LMC. The simula-
tions can broadly reproduce the properties of the
Cra2 stellar stream, including a distance gradient
of —4.9kpcdeg™! that matches the distribution of
variable RR Lyrae stars discovered by Coppi et al.
(2024) and a velocity gradient consistent with the
measurement from S° DR2 data.

e We fitted kinematics and chemistry of the Cra2
galaxy and stream with a Bayesian mixture mod-
eling approach. Our results for the galaxy’s
main body are compatible with previous mea-
surements, including a systemic line-of-sight ve-
locity in the Galactic standard of rest frame of
Vgsr = —81.2 £ 0.3 kms™! (heliocentric vhe =
+89.2 + 0.3 kms™1!), central line-of-sight velocity
dispersion of 7, gu1 = 2.51703% kms™!, and mean
central metallicity of ([Fe/H]) = —2.16 £+ 0.04.
Previous works could not measure a velocity
gradient, whereas we found a ~7c detection of
—4.5+40.6 kms— ! deg™ ! along the Cra2 system.

e We identified 143 Cra2 red giant-branch (RGB)
members at probability P > 50% within the S°
DR2 footprint, including stars as far as 10 x
Cra2’s angular R; /o, which translates to 220kpc
physical separation after accounting for the dis-
tance gradient. We formally classified 114 of these
RGB stars as central members of the Cra2 galaxy
and 29 as part of the stream. We then estimated a
lower limit for Cra2’s stellar mass loss of 21 +7%.

e Inspired by Errani et al. (2015), we measured
the velocity dispersion ratio between the Cra2
stream and central remnant to be o, gr /av,gal =
2.3070-31. We found that this observation is dif-
ficult to conciliate with an NFW cuspy halo with
fiducial concentration and reasonable initial mass
from abundance matching. Instead, either a cored
halo with small core radius (see Section 3.1) or a
low-concentration NFW model can reproduce this
ratio. Despite that, additional N-body simula-
tions will certainly be required to exactly match
all phase-space properties of Cra2.
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e Contrary to the expectation for a galaxy that has
experienced tidal stripping (Riley et al. 2025), we
found that Cra2 is ~1.50 metal-poor compared
to the Kirby et al. (2013) Local Group stellar
mass—metallicity relation (MZR). Compensating
for 50/90/99% stellar mass loss brings this tension
with the MZR to the 2/3/50 level. We concluded
that tidal disruption and low metallicity are not
mutually exclusive in diffuse dwarfs such as Cra2
(also Antlia 2 and Andromeda 19).

This paper demonstrates the power of spectroscopic
observations at large radii around dwarf galaxies in the
Local Group. We have shown that the diffuse Milky Way
satellite Cra2 is undeniably experiencing tidal disrup-
tion and has a lower-than-expected metallicity in com-
parison to the MZR. Moreover, we have provided evi-
dence that an NFW cuspy halo with fiducial concentra-
tion struggles to reproduce the combined kinematics of
the Cra2 galaxy and stellar stream with reasonable halo
mass from abundance matching. In the future, tidal tails
might be key to explore the dark matter content in MW
satellites from yet-to-be discovered low-surface bright-
ness features around them. Also, future theoretical work
must be able to fully replicate the properties of Cra2 and
its siblings Antlia 2 and Andromeda 19. Otherwise, this
emerging population of diffuse dwarf galaxies could rep-
resent a novel small-scale challenge to galaxy formation
models and, perhaps, point to physics beyond the colli-
sionless cold dark matter theory.

Software:  Anaconda (Anaconda Software Distri-
bution 2020), CMasher (van der Velden 2020), corner
(Foreman-Mackey 2016), gala (Price-Whelan 2017),
jupyter (Kluyveretal. 2016),matplot1lib (Hunter2007),
NumPy (vander Waltetal. 2011), pandas (McKinney 2010),
SciPy (Virtanen et al. 2020), scikit-learn (Pedregosa
etal. 2012), TOPCAT (Taylor 2005).
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APPENDIX

A. DATA TABLE

In Table 3, we present the 1100 stars with good-quality data (see Section 2) used for membership evaluation. The P
column shows the membership probability computed with the mixture modeling approach in this work (Section 3.3),
while other quantities are taken from the S® DR2 catalog.

Table 3. S° DR2 data around the Crater 2 galaxy and stream footprint

Gaia DR3 source_id o 1 Jho COS O s gJr rt Vhel Cone |Fe/H] epemy P S/N
(deg) (deg) (masyr™!) (masyr~!) (kms™1h)
3544474297064516096 172.30925 —21.31763  —0.064 0.234 17.15 16.47 1764 294 -235 025 0.00 59
3544502648144931968 172.34935 —20.92886  —0.471 —-0.603 17.15 16.46 288.63 249 -—-1.71 0.16 0.00 8.5
3541353230230311552 172.52798 —21.76984 0.354 —0.69 19.20 18.47 —1.86 4.65 —-0.69 035 0.00 3.6
3544591979168107392 172.55615 —20.38967  —0.210 —0.167  18.62 17.69 4717 3.09 —-0.78 0.33 0.00 5.2
3544973926316400128 172.58195 —20.21502 0.064 —1.107  20.00 18.96 —1.51 6.06 —1.36 094 0.00 4.8
3541452907830980736 172.60148 —21.54574  —0.102 —0.002 18.86 18.15 286.68 149 —2.08 0.18 0.00 9.6
3544510615308138496 172.64702 —20.95267  —0.271 —0.083 18.64 18.07 129.16 4.85 —-2.17 0.33 0.92 5.3
3541455145508547456 172.67600 —21.46399  —0.505 —0.547  20.39 19.18 49.30 7.33 —-2.47 0.66 0.00 4.2
3544512749906827904 172.69912 —20.87969 1.208 —0.435 20.48 19.33 12.03 498 -1.42 0.65 0.00 3.0

"DECam g and r photometry reported in DELVE DR2 (Drlica-Wagner et al. 2022).
The first 10 rows of this table are shown here to exemplify its format and content.



