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Abstract
We use the Keck Cosmic Web Imager integral ﬁeld unit spectrograph to (1) measure the global stellar population
parameters for the ultra-diffuse galaxy (UDG) Dragonﬂy 44 (DF44) to much higher precision than previously
possible for any UDG and (2) for the ﬁrst time measure spatially resolved stellar population parameters of a UDG.
We ﬁnd that DF44 falls below the mass–metallicity relation established by canonical dwarf galaxies both in and
−1
+0.08
beyond the Local Group. We measure a ﬂat radial age gradient (mlogage = +0.010.08 log Gyr kpc ) and a ﬂat to
−1
+0.11
positive metallicity gradient (m[Fe H] = +0.090.12 dex kpc ), which are inconsistent with the gradients measured
in similarly pressure-supported dwarf galaxies. We also measure a negative [Mg/Fe] gradient
−1
+0.18
such that the central 1.5 kpc of DF44 has stellar population parameters
(m[Mg Fe] = -0.200.18 ) dex kpc
comparable to metal-poor globular clusters. Overall, DF44 does not have internal properties similar to other dwarf
galaxies and is inconsistent with it having been puffed up through a prolonged, bursty star formation history, as
suggested by some simulations. Rather, the evidence indicates that DF44 experienced an intense epoch of “insideout” star formation and then quenched early and catastrophically, such that star formation was cut off more quickly
than in canonical dwarf galaxies.
Uniﬁed Astronomy Thesaurus concepts: Coma Cluster (270); Chemical abundances (224); Galaxy evolution (594);
Galaxy quenching (2040); Galaxy stellar content (621)
Subsequent follow-up work focused ﬁrst on attempting to
measure the total masses of UDGs. This included both
dynamical mass measurements, and proxy measurements
through the number of globular clusters (GCs, e.g., van
Dokkum et al. 2017; Lim et al. 2018). Many UDGs were found
to have more populous GC systems than galaxies with similar
luminosities and, given empirical scaling relations between
GCs and dark matter halos, it was inferred that these UDGs are
overmassive for their luminosities (e.g., Beasley
et al. 2016;
*
Forbes et al. 2020), albeit not as massive as L galaxies. With
implied halo masses of ∼1011Me, these UDGs could be
considered as failed M33-mass galaxies (e.g., Gannon et al.
2020).
UDG formation in a cosmological context has been
simulated by many groups, with a diversity of mechanisms
invoked to explain their large sizes, while maintaining standard
dark matter halo occupancies (e.g., Di Cintio et al. 2017; Rong
et al. 2017; Carleton et al. 2021; Jackson et al. 2021; Sales et al.
2020; Tremmel et al. 2020). Thus, at ﬁrst glance, it would
appear that UDGs are a natural byproduct of conventional
processes of galaxy evolution. However, the models have not
yet been able to fully engage with the observed, fundamental
properties of UDGs, including not only their sizes and

1. Introduction
While low surface brightness (LSB) galaxies have been
recognized since Sandage & Binggeli (1984), the inherent
difﬁculties in observing them have meant that only a handful of
LSB galaxies were studied over decades (Impey et al. 1988;
Bothun et al. 1991; Dalcanton et al. 1997). Advancements in
telescope design (e.g., Abraham & van Dokkum 2014) and
instrumentation (e.g., Koda et al. 2015; van der Burg et al.
2016; Yagi et al. 2016) enabled the systematic discovery and
analysis of many LSB galaxies. Of special interest are the ultradiffuse galaxies (UDGs), with the luminosities of dwarfs but
half-light radii like giants, which
led to the initial suggestion
*
that they could be “failed” L , i.e., Milky-Way-mass, galaxies
(van Dokkum et al. 2015).
12
13

Waterloo Centre for Astrophysics Fellow.
NASA Hubble Fellow.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

The Astrophysical Journal, 924:32 (13pp), 2022 January 1

Villaume et al.

luminosities but also their internal kinematics, stellar populations, and GC systems. Even the size predictions can be viewed
with concern, as models that predict UDGs tend to be unable to
reproduce the vast majority of dwarfs with “compact” sizes
(e.g., Jiang et al. 2019).
As UDGs are studied more systematically, going beyond
their basic photometric properties, a complex observational
landscape has emerged. For example, not all UDGs have
overpopulous GC systems, with many having more modest
populations as expected for dwarf galaxies (e.g., Forbes et al.
2020; Somalwar et al. 2020). Similarly, the global stellar
population parameters of UDGs display a wide range of age,
metallicity, and α-element enhancement (e.g., Ferré-Mateu
et al. 2018; Gu et al. 2018; Ruiz-Lara et al. 2018; Chilingarian
et al. 2019; Martín-Navarro et al. 2019a).
These observations suggest that “UDGs” are an aggregate
population of objects with different origins (Papastergis et al.
2017; Forbes et al. 2020). In this view, the UDGs that are
members of the canonical dwarf population (and predicted by
simulations) are those with typical GC populations and stellar
populations for dwarfs but still puffed up in some way to have
effective radii ∼1.5 kpc. UDGs that are GC rich would then
comprise the population of “failed” galaxies, with star
formation quenched after a very early, rapid formation period,
and should therefore also be relatively old, metal poor, and α
enhanced. Such a novel and unconventional population of
galaxies would not be a mere curiosity, but could provide
insights into the earliest stages of galaxy formation, into the
origins of GCs, and into the build-up of massive galaxy stellar
halos (e.g., Peng & Lim 2016; Longobardi et al. 2018;
Villaume et al. 2020).
A prototype for failed UDGs is Dragonﬂy 44 (DF44), with
its high stellar velocity dispersion and populous GC system
(van Dokkum et al. 2016).14 It resides toward the outskirts of
the Coma cluster (clustercentric distance of  1.8 Mpc or  0.6
virial radii). DF44 has thus become an important target for
further follow-up to illuminate its nature and origins, including
its overall stellar populations, GC system, X-ray emission, and
star formation history (van Dokkum et al. 2017; Gu et al. 2018;
Bogdán 2020; Lee et al. 2020; Saifollahi et al. 2021).
There has also been a recent push to obtain more detailed
information about the internal properties of UDGs, rather than
rely only on structural parameters like size or on proxies like
GC systems (e.g., Danieli et al. 2019; Müller et al. 2020).
Again, DF44 is a key object for analysis, with deep, spatially
resolved spectroscopy made possible by the Keck Cosmic Web
Imager (KCWI; Morrissey et al. 2012, 2018). This galaxy’s
kinematics and dynamics were studied in detail by van
Dokkum et al. (2019b). The results on dark matter were
unfortunately still not deﬁnitive: both standard and overmassive halos were compatible with the data, depending to
some extent on the assumed shape of the density proﬁle (see
also Wasserman et al. 2019).
Other aspects of its kinematics and dynamics highlight
DF44ʼs unusual properties, even with respect to other UDGs.
While Mancera Piña et al. (2020) measured high stellar speciﬁc

angular momentum for a sample of UDGs, which support the
high-spin dark matter halos UDG formation models (Amorisco
& Loeb 2016; Rong et al. 2017), van Dokkum et al. (2019b)
found very low rotation that is in tension with these
explanations. Furthermore, DF44 also appears to be part of a
recently accreted, low-mass galaxy group (Alabi et al. 2018;
van Dokkum et al. 2019b) which means that tides from the
cluster environment would not have had time to lower a
potentially higher original spin. On the other hand, the radial
alignment of UDGs in the Coma cluster (Yagi et al. 2016,
including DF44) has been taken as evidence that tidal effects
have inﬂuenced this cluster UDG population (Carleton et al.
2019).
Moreover, there is ongoing debate about the GCs in the
DF44 system, with some estimates of their total number being
close to standard expectations for dwarf galaxies (Lee et al.
2020; Saifollahi et al. 2021). Thus the nature and origins of
DF44 remain unsettled, emphasizing the need for fresh
observational constraints.
In particular, the internal gradients in the stellar populations
of UDGs are essentially uncharted territory. These gradients
probe important processes on sub-kiloparsec scales such as gas
accretion and stellar feedback (e.g., Hopkins et al. 2018), and
so have been used extensively to constrain galaxy formation
and evolution scenarios (e.g., Tolstoy et al. 2009). For UDGs,
many of the proposed models involve prolonged and bursty star
formation histories (e.g., Di Cintio et al. 2017; Chan et al.
2018) that would naturally leave an imprint on the internal
gradients.
Here we return to the KCWI data for DF44 obtained by van
Dokkum et al. (2019b), using detailed stellar population
analysis to address outstanding questions about this benchmark
UDG. Is DF44 in some way fundamentally different from the
“canonical” dwarf population (dwarf ellipticals, irregulars, and
spheroidals with more compact sizes)? And can its evolutionary history be more deﬁnitively tested?
In Section 2, we summarize the salient details of the
spectroscopic data and present the results from applying stellar
population synthesis models to the data. In Section 3, we
synthesize our results with other observational constraints to
understand the possible formation history of DF44 and
contextualize UDGs within the larger framework of galaxy
evolution. In Section 4, we summarize and highlight the key
results. We assume the distance to the Coma cluster is 100 Mpc
(adopted from Liu & Graham 2001), corresponding to a
distance modulus of 34.99 mag and a scale of 0.474 kpc
arcsec−1.
2. Methods and Results
2.1. Methods
We make use of the spectroscopic data set described in van
Dokkum et al. (2019b), to which interested readers should refer
for detailed descriptions of the observations and data reductions. Brieﬂy, we obtained integral ﬁeld unit (IFU) spectroscopy of DF44 with KCWI and extracted spectra in nine elliptical
apertures following the isophotes of the galaxy. Prior to
extraction, the 10 brightest point sources in the KCWI ﬁeld of
view were masked. The remaining point sources comprise only
∼2% of the total galaxy light.
KCWI enables a huge signal-to-noise (S/N) increase over
previous studies of the stellar populations of UDGs. For

14

There are also two well-studied UDGs, NGC 1052-DF2 and NGC 1052DF4, with extremely low velocity dispersions that suggest the absence of dark
matter (van Dokkum et al. 2018a, 2019a; Danieli et al. 2019). It is not yet clear
how these galaxies ﬁt in with other UDGs, and here we only re-emphasize that
any model for their origins must explain their peculiar populations of star
clusters, which are unusually large and luminous for GCs (van Dokkum et al.
2018b).
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example, Ferré-Mateu et al. (2018) used DEIMOS, also on
Keck II, to obtain integrated spectroscopy for Coma cluster
UDGs with S/N that ranges from ∼15–30 Å−1 after 14.5 hr of
on-target exposure time. DF44 speciﬁcally was included in the
Deep Coma project (Gu et al. 2018), where 13.5 hr of total ontarget IFU integration time with the SDSS telescope yielded a
mean S/N ∼7.9 Å−1 for the integrated spectrum. With KCWI,
17 hr of on-target exposure time achieved a S/N ∼96 Å−1 for
the integrated spectrum and 12–20 Å−1 for the spatially
resolved spectra.
To extract stellar population parameters from the data, we
use the full-spectrum stellar population synthesis (SPS) models
(alf; Conroy et al. 2018). The most relevant update of alf is
the expansion of stellar parameter coverage of the models with
the Spectral Polynomial Interpolator (SPI, Villaume et al.
2017)15. With SPI we used the MILES optical stellar library
(Sánchez-Blázquez et al. 2006), the Extended IRTF stellar
library (E-IRTF, Villaume et al. 2017), and a large sample of
M-dwarf spectra (Mann et al. 2015) to create a data-driven
model from which we can generate stellar spectra as a function
of effective temperature (Teff), surface gravity, and metallicity.
The empirical parameter space is set by the E-IRTF and
Mann et al. (2015) samples, which together span −2.0  [Fe/
H]  +0.5 and 3.9  log Teff  3.5. To preserve the quality of
interpolation at the edges of the empirical parameter space, we
augment the training set with a theoretical stellar library (C3K).
The alf models allow for variable abundance patterns by
differentially including theoretical element response functions.
We use the measured Mg abundances for the MILES stellar
library stars from Milone et al. (2011) to derive the [Mg/Fe]
versus [Fe/H] relation in our model.
To ﬁt the models to data, we employ a Markov chain Monte
Carlo algorithm (Foreman-Mackey et al. 2013) to sample the
posteriors for the stellar population parameters (see Table 2 in
Conroy et al. 2018). The “best-ﬁt” value for each parameter is
taken as the median (50th percentile) of the corresponding
posterior, while the uncertainty is the 1σ credible interval, i.e.,
the 18th and 84th percentiles.
We used the Medium slicer on KCWI, yielding a spectral
resolution of R ∼ 4000. This necessitated smoothing the data to
the native resolution of the alf models, 110 km s−1. It has
been previously demonstrated that the accuracy of the
recovered stellar parameters is not affected by smoothing (see
Appendix A in Choi et al. 2014). However, the possibility of
pixels affected by sky lines being smeared throughout the
spectra from smoothing is a particular concern for low surface
brightness observations. To mitigate this effect, we interpolated
over the pixels badly affected by sky transmission before
smoothing to the desired velocity resolution by convolving a
wavelength-dependent Gaussian kernel with s = s 2D - s 2I ,
where σD is the desired resolution and σI is the instrumental
resolution (see Figure 9 in van Dokkum et al. 2019b).
We checked for a bias potentially introduced by the
smoothing by ﬁtting the spectra smoothed to resolutions
ranging from 100  σ  200 km s−1. The σ-dependent differences in the inferred stellar population parameters (not shown)
were much smaller than the uncertainties on those parameters.
We also tried several interpolation techniques to remove the
bad pixels and found little sensitivity in the ﬁnal parameters.
15

We ﬁt over the wavelength regions 4800  λÅ(obs)  5150
and 5150  λÅ(obs)  5300. We use the standard priors (see
Conroy et al. [2018] for details), except for the prior on [Mg/
Fe]. Based on examination of the posteriors, we changed the
lower prior to be [Mg/H] = −1.0 for the ﬁnal ﬁts presented in
this work.
We examine the agreement between the observed spectrum
(black) and the best-ﬁt (brown) model for the global spectrum
in the top panel of Figure 1. In the middle panel, we compare
the agreement between the residuals between the data and bestﬁt model for the global spectrum with the uncertainty on the
data (gray band). In the top and bottom panels of Figure 1, we
make the same comparison for the spatially resolved spectrum
with the lowest S/N (∼10, green). Also marked are key
spectral features. Within the uncertainties, the best-ﬁt models
reproduce the key characteristics of both the integrated and
spatially resolved spectra.
2.2. Global Properties
In Figure 2, we show the relation between age and [Fe/H]
for a sample of canonical Coma dwarf galaxies (gray circles,
Smith et al. 2009; Ferré-Mateu et al. 2018; Gu et al. 2018) and
a sample of Coma UDGs (orange triangles, Ferré-Mateu et al.
2018; Gu et al. 2018; Ruiz-Lara et al. 2018; Chilingarian et al.
2019).16 The result of modeling the integrated light spectrum of
DF44 in this work is also shown (open star). We highlight the
measurements made for DF44 by Gu et al. (2018) (ﬁlled star) in
this ﬁgure. The Gu et al. (2018) measurements were made from
completely independent data but were also measured
using alf.
We also show the marginal age and [Fe/H] distributions for
both the dwarf and UDG samples on the x- and y-axes,
respectively. While there is no signiﬁcant difference in the age
distributions between the dwarf and UDG samples, as a
population the UDGs are more metal poor than the dwarfs, with
some overlap in the two samples. DF44 is among the most
metal-poor UDGs, more metal poor than any of the canonical
dwarf galaxies, and comparatively old.
In the top panel of Figure 3, we compare the relationship
between [Fe/H] and [Mg/Fe] for the Coma dwarfs and UDGs,
and we now also include a sample of early-type dwarf galaxies
in the Local Group (Kirby et al. 2013; Vargas et al. 2014). The
Coma dwarfs become less Mg-enhanced with increasing [Fe/
H], but the Local Group dwarfs do not show such a trend. The
UDGs span the full range of Mg and Fe enhancements of the
combined Local Group and Coma cluster sample, but with the
paucity of UDGs with measured Mg abundances and large
uncertainties, it is presently impossible to discern whether or
not there is a UDG-speciﬁc trend. DF44 has a sub-solar Mg
abundance, unlike the other objects with similarly low
metallicity.
However, we urge caution when drawing conclusions from a
set of heterogeneously measured α abundances. Rong et al.
(2020) noted a ∼0.3 dex offset in their measurements of [Mg/
Fe] for NGC 1052-DF2 using the MILES SSPs (Vazdekis et al.
2015) and the Thomas et al. (2011) SSPs. Measuring α
16

We defer to the galaxy classiﬁcations of the original papers. It should be
noted, however, that consistent application of the canonical deﬁnition of UDGs
(semimajor axis effective radius  1.5 kpc, mean surface brightness 〈μg〉e > 25
mag arcsec−2; van Dokkum et al. 2015) is not used in all these works. There is
also some overlap in the objects included in these papers. Neither of these
things has any bearing on the analysis presented in this work.

https://github.com/AlexaVillaume/SPI_Utils
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Figure 1. Top: comparison of observed DF44 KCWI spectra (black) and best-ﬁt models for the integrated spectrum (brown) and the annulus with the lowest S/N
(green). Middle: comparison of the residuals between the best-ﬁt model and data for the integrated spectrum, and uncertainty on the ﬂux (gray). Bottom: same as
middle panel but for the spatially resolved spectrum. The locations of Hβ, Fe5017, and Mgb are highlighted in the middle and bottom panels (vertical gray regions) as
well the locations of possible emission lines (dashed lines) but, as explained in Section 2.2.1, there is no evidence of emission lines in the spectra.

abundances from SPS models has been a historically difﬁcult
problem, primarily (but not exclusively) due to the [α/Fe] bias
introduced in the models from the empirical stellar libraries
(see Conroy (2013) for a review). However, the most recent
SPS models have been converging on similar solutions to this
problem (we refer interested readers to the original SPS papers
for details) and we note that signiﬁcant progress has been made
in bringing different SPS models in agreement with one another
(Figure 16 in Conroy et al. 2018). It is therefore difﬁcult to
understand the large offset reported by Rong et al. (2020).
Assessing this is beyond the scope of this paper and so we
refrain from drawing any conclusion based on comparing our
measurement of [Mg/Fe] for DF44 to the published literature
values (the Gu et al. sample is not included on this panel as
they did not measure [Mg/Fe]).
In the bottom panel of Figure 3, we show the mass–
metallicity relation for these same samples, and now we include
Andromeda XIX (open red circle), the Local Group galaxy
suggested by Collins et al. (2020) as a local UDG analog. The
sources for the stellar masses, or the methods for estimating
them, are described in Appendix.
There is some overlap in stellar mass between the Local
Group and Coma dwarfs and the two samples appear to follow
a continuous mass–metallicity relation. The UDG, sample,
however, shows signiﬁcant scatter in [Fe/H] over a narrow
mass range. DF44 has low metallicity for its mass compared to
Local Group and Coma dwarfs. To quantify DF44ʼs deviation
from the mass–metallicity relation, we measured the mean
metallicity (μ[Fe/H] = −0.61) and standard deviation
(σ[Fe/H] = 0.31) of the 10 dwarfs with 8  log M*(M)  9.

Figure 2. Comparing the relation between global age and [Fe/H] for a
compilation of Coma UDGs (orange) and typical Coma dwarf galaxies (gray).
The measurements for DF44 are highlighted from both this work (large open
star) and from Gu et al. (2018) (ﬁlled black star). Also shown are the marginal
distributions of age and [Fe/H] for both the UDG and dwarf samples. There is
small difference in the age distributions of the two populations but the UDG
sample is overall more metal poor than the sample of canonical dwarf galaxies.
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Table 1
The 16th, 50th, and 84th Percentiles of the Global Stellar Population
Parameters Measured from the Integrated KCWI Spectrum of DF44
Percentile
16
50
84

log Age (Gyr)

[Fe/H]

[Mg/Fe]

0.97
1.01
1.04

−1.37
−1.33
−1.28

−0.16
−0.10
−0.04

at Kroupa (2001) and ﬁts for light-weighted ages and
abundances. Since age can have a non-linear effect on an
integrated spectrum (Serra & Trager 2007) the mass-weighted
age could be substantially different than the light-weighted age,
if there is a signiﬁcant young population due to an extended
star formation history (SFH).
The integrated spectrum has sufﬁciently high S/N to use the
“full” model in alf. Among other things, the full model ﬁts for
a two-component SFH. This works by ﬁtting for a separate
mass fraction and age of a young (1–3 Gyr) stellar component.
We show the posterior of the mass fraction of the young
component for DF44 (yellow) in the top panel of Figure 4. To
contextualize this result, we also show the same for a Milky
Way GC ﬁtted in the same manner as DF44 (NGC 6638, black;
spectrum from Schiavon et al. 2005). The Milky Way GCs
have measured old ages (10 Gyr; VandenBerg et al. 2013)
and are the closest known objects to simple stellar populations
(that is, formed from a single burst of star formation). While
DF44 has a higher young mass fraction overall than the GC (as
expected from an object that is not a simple stellar population),
the mass fraction of the young component for DF44 is still
negligible.
In the bottom panel of Figure 4, we compare the lightweighted age from the simple model (i.e., same as in Figure 2;
black diamond) with the light-weighted and mass-weighted
ages from the full model (gray square and yellow circle
respectively). The ages (and metallicities) are all consistent
with one another.
Moreover, when ﬁtting with the full alf model, we also ﬁt
for the strength of several emission lines. There is no evidence
of emission lines in the spectra (location of emission lines are
marked with dashed lines in Figure 1) and all inferred emission
line strengths were insigniﬁcant (not shown).

Figure 3. Top: comparing the relation between global [Fe/H] and [Mg/Fe] of
Coma UDGs and dwarfs (symbols same as Figure 2) as well as Local Group
early-type galaxies (open gray circles). Bottom: the mass–metallicity relation
for the same objects as the top panel. The Local Group dwarf which has been
suggested as a nearby analog to UDGs, and XIX, is highlighted (red).

With a stellar metallicity of [Fe/H] = −1.33 this places DF44
at ∼2.3σ below the canonical dwarf relation.
We emphasize that the causes for concern in comparing
heterogeneously measured [Mg/Fe] values are not relevant
when comparing [Fe/H]. However, an important consideration
while comparing our measurements of DF44 with the literature
values are the different apertures over which the measurements
are taken. The Coma measurements are from long-slit
observations, while the DF44 and Local Group measurements
integrate spatially resolved values into a single, global value.
However, as we show in Section 2.3, the nature of the stellar
metallicity gradient for DF44 demonstrates that conﬁning our
“global” [Fe/H] measurement to only its central region (i.e., to
make it more directly comparable to the Coma measurements)
would not help mitigate its discrepancy from the mass–
metallicity relation and, in fact, would exacerbate it.
The results for the global stellar population parameters for
DF44 are summarized in Table 1.

2.3. Spatially Resolved Stellar Population Measurements
In Figure 5, we show the spatially resolved measurements as
a function of galactocentric radius for each parameter (black
circles), from left to right: stellar age, [Fe/H], and [Mg/Fe].
We used a linear regression model accounting for the
uncertainties on the individual data points to measure the slopes
−1
+0.08
of each gradient: mlogage = +0.010.08 log dex kpc ,
−1
+0.11
+0.18
m[Fe H] = +0.090.12 dex kpc , and m[Mg Fe] = - 0.20-0.18
−1
dex kpc . We show the “best-ﬁt” lines in Figure 5 (black
lines) and the ranges between the 16th and 84th percentiles
(gray bands). The results for the spatially resolved stellar
populations for DF44 are summarized in Tables 2–4.
The stellar population gradients we measure for DF44 are
not typical of early-type dwarf galaxies (see further discussion
on this in Section 3). To check our results, we created two
spatial bins, where the ﬁrst includes the inner four apertures
and the second includes the outer three apertures, achieving S/
N ∼ 30 Å−1 for each stack. The stacks were created by

2.2.1. Lack of Evidence for Recent Star Formation

The results presented thus far are from using the “simple”
model in alf. This ﬁxes the stellar initial mass function (IMF)
5
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uncertainties are the median and 1σ uncertainties from
those ﬁts.
We also ﬁt the integrated spectrum with EZ_Ages (not
shown) and found good agreement for stellar age and [Fe/H]
with the alf measurements. For the spatial stacks, the best-ﬁt
ages are consistent between EZ_Ages and alf. EZ_Ages is
based on a more limited stellar spectral library than alf and is
not reliable for abundance measurements where [Fe/H]  −1.0
(see Schiavon et al. 2013). While there is broad agreement in
the [Fe/H] measurements, the [Fe/H] measurements for the
inner spatial stack are not consistent with each other within the
uncertainties. This may also explain the discrepancy in the
[Mg/Fe] measurements. In any case, the direction of the stellar
population gradients as measured from EZ_Ages is consistent
with the alf measurements, indicating that model-based
systematics are not erroneously introducing the radial trends.
As an additional check on the veracity of our gradient
measurements, we computed a V606 − I814 color proﬁle from
synthetic spectra generated from the distribution of stellar
parameters inferred from the alf models to compare to the
observed color proﬁle18 (blue and black lines, respectively, in
Figure 6). We also mark the effective radius of DF44,
Re = 4.6 ± 0.2 kpc, in this ﬁgure (dashed vertical black line).
The overall behavior of the synthetic proﬁle is consistent within
the large uncertainties of the observed proﬁle but there is a
small overall offset (∼0.1 mag) between the synthetic and
observed color proﬁles. This is possibly due to issues in the
isochrones for the upper giant branch (Choi et al. 2016),
although synthetic colors have been generated for globular
clusters in the Milky Way and M87 (see Villaume et al. 2019)
without this discrepancy.
Another possibility is the presence of dust in DF44.
Independent work modeling DF44 broadband photometry from
the optical to the near-infrared (0.3–5 μm) inferred an overall
dust attenuation of AV ∼ 0.25 (S. Laine, private communication). We show that applying this dust attenuation value to the
synthetic color proﬁle (red) resolves the discrepancy in
Figure 6. This raises the question of the origin of this potential
dust component, which we defer to future work.
In Figure 7, we look at [Fe/H] versus [Mg/Fe] measured
from the spatially resolved DF44 spectra. We indicate the
apertures that are within 1.5 kpc as open black circles, and
those farther out as ﬁlled black circles. We compare the
measurements for DF44 to a sample of individual Milky Way
GCs (ﬁtted from integrated spectra obtained by Schiavon et al.
(2005), open orange circles) and spatially resolved stacks of
M87 GCs (Villaume et al. 2020, blue squares) demonstrating
that the stellar populations of the inner core of DF44 have
similar properties to metal-poor GCs.

Figure 4. Top: comparing the inferred mass fractions of a young stellar
component for the optimally extracted DF44 spectrum and a Milky Way GC
when ﬁtted with a two-component SFH. While it appears that DF44 may not
have an entirely coeval stellar population, any young (1 − 3 Gyr) population
has a negligible impact on the integrated spectrum. Bottom: going from the
simple (black star) to the full (gray square) alf model produces a negligible
impact on recovered light-weighted age and stellar metallicity. Moreover, the
mass-weighted age (yellow circle) is consistent with the light-weighted age. An
ongoing bursty SFH is a proposed mechanism to create UDGs but, in DF44, we
ﬁnd no evidence for recent star formation.

bootstrapping the individual spectra included in each bin. We
used the 50th percentile of the resulting ﬂux distribution as the
stacked spectrum, and the average of the 16th and 84th
percentiles as the uncertainty spectrum.
We ﬁt these spatial stacks using alf (open red triangles in
Figure 5) and ﬁnd that the measurements from the spatial stacks
are consistent with both the overall values and the directions of
the gradients.
Additionally, we show the result of ﬁtting the spatial stacks
with EZ_Ages (ﬁlled turquoise triangles)17 to check for
possible model-based systematics, as EZ_Ages is an indexbased SPS model using an entirely different stellar library and
isochrone grid. We ﬁt the full ﬂux distribution for each stack
from the bootstrapping described above. The best-ﬁt values and

3. Discussion
3.1. How Similar is the Evolutionary History of DF44 to
Canonical Dwarfs?
3.1.1. Comparison to Observations

To help clarify the origins of DF44, we ﬁrst examine
whether or not its stellar population gradients are similar to
18

The observed color proﬁle presented here is derived from an ellipse ﬁt on
the smoothed HST images. It is an independent analysis from what was
published in van Dokkum et al. (2019b), with results that are essentially
identical except for larger uncertainties (these are dominated by the sky
subtraction, and are correlated in radius).

17

We measured the Hβ, Fe5015, Mgb, C4668, CN2, and Ca4227 indices after
correcting the spectra to rest-frame using the alf measurements of recession
velocity for each. For the ﬁtting, we used the solar-scaled isochrones, an IMF
exponent of 1.35, and [Ti/Fe] = 0.
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Figure 5. Radial proﬁles of DF44 stellar population parameters (black circles). Also shown are the measurements of two radial bins using both alf (open red
triangles) and EZ_Ages (ﬁlled blue triangles). From left to right: log stellar age, [Fe/H], and [Mg/Fe]. These results suggest that DF44 formed “inside-out” (see
Section 3.2 for details).
Table 2
The 16th Percentiles of the Stellar Population Parameters Measured from the
Spatially Resolved Spectra
Aperture

R
(kpc)

log Age
(Gyr)

[Fe/H]
(dex)

[Mg/Fe]
(dex)

0
1
2
3
4
5
6

0.23
0.49
0.79
1.13
1.53
1.94
2.55

0.84
0.87
0.85
0.96
0.96
0.87
0.89

−1.67
−1.51
−1.53
−1.36
−1.35
−1.31
−1.36

−0.25
−0.06
−0.01
−0.11
−0.28
−0.17
−0.54

Table 3
The 50th Percentiles of the Stellar Population Parameters Measured from the
Spatially Resolved Spectra
Aperture

R
(kpc)

log Age
(Gyr)

[Fe/H]
(dex)

[Mg/Fe]
(dex)

0
1
2
3
4
5
6

0.23
0.49
0.79
1.13
1.53
1.94
2.55

1.03
1.04
0.99
1.07
1.09
1.02
1.03

−1.41
−1.27
−1.35
−1.18
−1.18
−1.13
−1.19

0.19
0.24
0.22
0.13
−0.03
0.09
−0.29

Figure 6. Comparison of observed DF44 color proﬁle (gray) to synthetic color
proﬁles generated from the best-ﬁt models of the spatially resolved spectra
without dust extinction (blue) and with dust extinction (red). The overall shape
of the synthetic color proﬁle is consistent with the observed color proﬁle but
there is a small offset in overall color. Independent analysis of near-infrared
photometry indicates there may be a dust component in DF44. The color proﬁle
does not change appreciably between the outer range of the spectroscopic
coverage and the half-light radius (black vertical dashed line).

—from gas rich star-forming dwarf irregulars (dIrrs) to gas
poor quiescent dwarf spheroidals (dSphs) and dwarf ellipticals
(dEs; see the review by Tolstoy et al. (2009)). The dEs further
display a range in kinematic properties with some that are
rotation supported, and possibly the quenched descendants of
dIrrs, and there are those that are pressure supported, which do
not have an established formation pathway (van Zee et al.
2004).
DF44 now has the deepest spectroscopy, and consequently
the best analysis of its dynamics and stellar populations, of any
UDG. In Figure 8, we summarize current observations of age
and metallicity gradients in dwarf galaxies, and how they relate
to what we measure for DF44. For a quantitative comparison,
we use the sample of gradients presented in Koleva et al.
(2011). We separate the dEs (open circles) from this sample as
they are the most morphologically and dynamically similar to
DF44 (i.e., pressure supported). We also show the transition

Table 4
The 84th Percentiles of the Stellar Population Parameters Measured from the
Spatially Resolved Spectra
Aperture

R
(kpc)

log Age
(Gyr)

[Fe/H]
(dex)

[Mg/Fe]
(dex)

0
1
2
3
4
5
6

0.23
0.49
0.79
1.13
1.53
1.94
2.55

1.12
1.12
1.11
1.13
1.14
1.12
1.12

−1.16
−1.07
−1.18
−1.05
−1.04
−1.00
−1.02

0.64
0.59
0.52
0.39
0.27
0.34
0.02

those of galaxies of the same luminosity but more average
(compact) sizes. One complication in attempting to answer this
question is the signiﬁcant diversity in the properties of dwarfs
7
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with extended populations of old, metal-poor stars surrounding
centrally concentrated populations of young, metal-rich stars
evident in imaging surveys (e.g., Harbeck et al. 2001; Tolstoy
et al. 2004; Faria et al. 2007; Kacharov et al. 2017, i.e., the
lower right quadrant of Figure 8). The metallicity and α
gradients measured from spectroscopy in the Local Group,
while still comparatively rare, are consistent with the picture
indicated by the imaging (e.g., Kirby et al. 2009; Leaman et al.
2013; Vargas et al. 2014).
We note that NGC 147, a Local Group dE, is an exception,
with a ﬂat to slightly positive metallicity gradient (Vargas et al.
2014). It is rotation supported (Geha et al. 2010), and ﬁts the
pattern from the Koleva et al. (2011) sample of only (some)
rotation-supported dwarfs having positive gradients. The Local
Group dwarf irregular WLM, which may be a star-forming
UDG analog (e.g., Bellazzini et al. 2017), has a mildly negative
metallicity gradient, and a positive age gradient (Leaman et al.
2013; Albers et al. 2019).
The age and metallicity gradients we measure for DF44 are
unusual by comparison. While DF44 is morphologically and
dynamically similar to dSphs and dEs, it does not share the
distinct stellar population gradients of those galaxies. And
while the metallicity gradient of DF44 is similar to those
measured in some dS0s and TTDs, it does not share the same
characteristic rotation-supported kinematics. Furthermore, the
Local Group dwarfs typically have ﬂat to positive α gradients
(Vargas et al. 2014; Hayes et al. 2020), while we see a decline
in [Mg/Fe] with increasing radius in DF44.

Figure 7. Comparing the spatially resolved measurements of DF44 to spatially
resolved measurements from spectral stacks of M87ʼs inner halo GC
population (Rgal < 40 kpc, open blue squares) and outer halo GC population
(40 < Rgal kpc < 140), ﬁlled blue squares), and individual Milky Way GCs
(open orange circles). The DF44 measurements are split between the inner
sample (Rgal < 1.5 kpc, open black circles) and the outer sample (ﬁlled black
circles). The similarity between DF44ʼs central region and the metal-poor GC
subpopulation suggest a potentially coeval evolution.

3.1.2. Comparison to Formation Scenarios

Many scenarios have arisen from simulations and semianalytic models that show that it is possible to mimic some of
the basic characteristics of the UDG population without
signiﬁcant adaptations to the formation and evolutionary
physics thought to create the canonical dwarf population. They
appeal to mechanisms either intrinsic to the galaxies themselves, like a high-spin dark matter halo (Amorisco &
Loeb 2016; Rong et al. 2017; Liao et al. 2019) or stellar
feedback (Di Cintio et al. 2017; Chan et al. 2018; Jackson et al.
2021), or to the environment of the progenitors, like ram
pressure stripping (Yozin & Bekki 2015; Jackson et al. 2021;
Tremmel et al. 2020), tidal effects (Carleton et al. 2019; Jiang
et al. 2019; Liao et al. 2019), or mergers (Wright et al. 2021).
These have focused primarily on explaining the necessary size
increase to turn a canonical dwarf galaxy into an “ultra-diffuse”
galaxy.
What we are most interested in, however, are the SFHs
predicted or implied by these scenarios. Stellar population
gradients in particular provide signiﬁcant insight into the SFH
of a galaxy. For instance, the stellar population gradients
among the Local Group dSph population provide constraints
for galaxy formation scenarios (e.g., Kawata et al. 2006;
Benítez-Llambay et al. 2016; El-Badry et al. 2016; Revaz &
Jablonka 2018; Genina et al. 2019; Mercado et al. 2021). For
the canonical dwarf population, many formation scenarios take
the positive age and negative metallicity gradients of the Local
Group dSph population as reﬂective of an “outside-in”
formation where star formation becomes increasingly centrally
concentrated as a galaxy evolves (e.g., Benítez-Llambay et al.
2016; Revaz & Jablonka 2018).
In this scenario, dwarf galaxies with shorter, earlier SFHs
will have ﬂatter stellar population gradients than galaxies with

Figure 8. Comparing the age and metallicity gradients we measure for DF44
with the sample of dEs (open circles) and dS0s/TTDs from Koleva et al.
(2011) (ﬁlled circles). In green text are objects that can only be qualitatively
shown on this ﬁgure. The yellow (“inside-out”) and purple (“outside-in”)
arrows show two general models for how age and metallicity gradients arise in
dwarf galaxies. Both processes have been invoked to explain the gradients of
the Local Group dSph population (i.e., positive age gradients and negative
metallicity gradients: see text in Section 3 for more discussion and detailed
references). Whether star formation proceeds in an inside-out or outside-in
manner, the old age and the nearly ﬂat gradients we measure for DF44 are not
consistent with it having an extended star formation history, disfavoring the
formation scenario that invokes ongoing stellar feedback to explain its
large size.

type dwarfs (TTDs) and the dwarf lenticulars (dS0s), i.e., the
dwarfs that show evidence for disk features or being rotation
supported (ﬁlled circles).
The age and metallicity gradients of the dEs in Koleva et al.
(2011) are similar to the Local Group dSphs. In this ﬁgure, we
can only indicate the Local Group galaxies qualitatively, but
the age and metallicity gradients seem to be near universal,
8
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ongoing SFHs, as is indicated by the purple arrow in Figure 8.
On the other hand, the FIRE simulations show that the
gradients for the Local Group dwarf population could be
reﬂective of an initial “inside-out” formation that was inverted
due to stellar migration induced by stellar feedback (e.g., ElBadry et al. 2016, orange arrow in Figure 8).
In either case, the ﬂat age gradient and ﬂat to positive
metallicity gradient we measure for DF44 are contrary to
expectations for an extended SFH, bursty or otherwise. Work
using the FIRE-2 simulations shows that the diversity of
metallicity gradients seen in the Local Group dSph population
(some that have strong gradients and others with comparatively
weak gradients) can be explained by late, spatially extended
star formation (orange arrow in Figure 8; Mercado et al. 2021).
However, the two-component age we measure when ﬁtting the
high-S/N integrated spectrum in full mode using alf does not
show any evidence that DF44 experienced recent star
formation.
This is a crucial point because, while Di Cintio et al. (2017)
and Chan et al. (2018) showed that internal stellar feedback
from ongoing (protracted over many Gyr), bursty SFHs can
puff up dwarf galaxies to make objects that look like UDGs,
this mechanism cannot explain DF44.19
In addition, even the “intrinsic” mechanisms invoked to
explain the sizes of UDGs still require environmental
quenching to make the quiescent population of UDGs (Rong
et al. 2017; Liao et al. 2019; Wright et al. 2021). We can assess
the relevance of different UDG formation models for DF44 by
their predictions for the infall times into high-density environments, and the corresponding epochs of quenching.
For DF44, any quenching related to infall would have had to
happen early in order to agree with our measured old age. This
precludes scenarios that predict late infall/quenching including
Rong et al. (2017), the ﬁeld origin of group UDGs from Liao
et al. (2019) and Jackson et al. (2021).
Several scenarios predict early quenching from ram pressure
stripping (e.g., Yozin & Bekki 2015; Tremmel et al. 2020) or
tidal effects (e.g., Carleton et al. 2019; Liao et al. 2019) after
early infalls. However, available phase-space information for
some UDGs in the Coma cluster, including DF44, indicates
that they are recent infalls (2 Gyr; Alabi et al. 2018).
Moreover, van Dokkum et al. (2019b) found that DF44
appears to be in a dynamically cold group with two other
UDGs, DF42 and DFX2.
On the other hand, the radial alignment of the UDGs in
Coma (i.e., the alignment of their major axis position angles
aligned with the cluster center; Yagi et al. 2016, including
DF44) has been used as evidence of strong tidal interactions of
the UDGs with the cluster (Carleton et al. 2019). There is also
direct evidence for some UDGs having experienced signiﬁcant
tidal effects (Bennet et al. 2018; Collins et al. 2020). However,
by stacking images of all the Coma UDGs, Mowla et al. (2017)
were able to rule out typical tidal features down to an extremely
faint limit (∼34 mag arcsec−2; see their Figure 4). Even if the
individual UDGs have tidal features well below the detection
threshold, they would have still manifested as a decrease in the
ellipticity of the stack. If tidal features did exist as a general

aspect of the Coma UDGs, they would have to be exactly
aligned with the major axes of the UDGs, which is not a
phenomenon that has been observed elsewhere.
Moreover, since radial alignment requires signiﬁcant time in
the cluster, i.e., at least one pericenter passage, this scenario
would require that the cold group is not actually real and that
DF44ʼs high orbital energy is not a result of recent infall but
from being kicked out after an interaction with the cluster
center. This is not impossible, and it is difﬁcult to conclusively
rule out tidal effects from dynamics and imaging alone.
However, we note that in Rong et al. (2020), the primordial
spins and alignments seem preserved outside 0.5 R200. DF44
resides at 0.6 R200, which is further evidence that it is unlikely
to have had a signiﬁcant interaction with the cluster. Therefore,
until more deﬁnitive evidence is presented otherwise, we
conclude that that any morphological and star formation
transformations DF44 experienced happened before it was
accreted into Coma.
In summary, none of the existing models for the origins of
UDGs, or for dwarfs in general, appears to explain the
properties of DF44. In the next subsection, we will outline what
the observations to date do suggest about the evolutionary
history of this galaxy.

19

20

3.2. The Evolutionary History of DF44: Knowns and
Unknowns
We have found that the detailed kinematic and stellar
population properties of DF44 are not consistent with those of
canonical dwarf galaxies, nor is DF44 consistent with the
various UDG formation scenarios proposed from simulations to
date. That DF44 falls below the mass–metallicity relation is an
important clue to its evidently exotic origins. Generally, in the
local Universe, relatively slow quenching mechanisms seem to
be favored that allow for some vestigial star formation after the
inﬂow of intergalactic gas has been cut off (e.g., Peng et al.
2015; Gallazzi et al. 2021). The comparatively low metallicity
measured in DF44, its old age, and lack of evidence for an
extended SFH20 all indicate that DF44 is a “failed” galaxy
insofar as it seems to have quenched both early and
catastrophically, with no vestigial star formation. This early
quenching is reminiscent of ultra-faint dwarfs (Simon 2019),
but galaxies in the luminosity range of DF44 are not expected
to quench without an environmental inﬂuence (e.g., Wheeler
et al. 2019), which is not present for DF44.
An internal quenching process for DF44 may be reﬂected in
its stellar populations gradients. We discussed in Section 3.1.1
how the age and metallicity gradients for DF44 are unusual
among similar mass but more compact galaxies. Due to the
difﬁculty in measuring granular differences in stellar ages for
old populations (see review by Conroy 2013), our measured
age gradient could be much weaker than the true age
difference. Indeed, while our best-ﬁt age gradient is ﬂat, the
uncertainties allow for it to potentially be either positive or
negative. Given that DF44 is old and there is no evidence for
any recent star formation, we can also use [Mg/Fe] as a
“chemical clock,” since in a given star-forming system, its
value decreases with time as the interstellar medium is
Lee et al. (2020) found that DF44, along with most Coma UDGs, had
signiﬁcant star formation within the past Gyr, based on their “blue” ultravioletto-optical colors. However, this work was based on expectations for metal-rich,
massive galaxies, rather than for metal-poor dwarfs (e.g., Singh et al. 2019),
and in fact the colors appear to be fully consistent with an old population.

The important caveat is that we are not reaching the outskirts of DF44 and
we could potentially ﬁnd declining age and metallicity proﬁles if we measured
further out in galactocentric radius. However, because the observed color
gradient does not change signiﬁcantly past the reach of our stellar population
gradients, we do not expect a signiﬁcant change in age or metallicity.
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UDGs also have unusual radial trends in their stellar
populations, as in DF44, remains to be seen.
One missing piece to the DF44 puzzle is an unequivocal
estimate of its halo mass, since the stellar dynamics constraints
are still ambiguous. In principle, diffuse gas in the halo (if such
gas is present) can be used as a mass tracer, which has been
attempted for DF44 in recent X-ray studies (Lee et al. 2020;
Bogdán 2020). No signal was found, down to an X-ray
luminosity of LX = 2 × 1038 erg s−1, which was interpreted as
evidence against a massive halo (Bogdán 2020).21 However,
this conclusion was premature, as it used an empirical relation
between LX and aperture mass that was tied to the sizes of giant
elliptical galaxies rather than to UDGs. It is straightforward to
ﬁnd examples of nearby Milky-Way-mass galaxies with LX
below the detection limit at Coma cluster distances (e.g.,NGC
3377; Kim & Fabbiano 2013; Alabi et al. 2017), and the
general prospects for obtaining usefully strong direct constraints on the DF44 halo mass remain unclear.
While DF44 is the most thoroughly studied UDG to date, it
is not the only example of the failed-galaxy sub-type, nor the
most extreme. Some UDGs in Coma have GC systems
comprising ∼10% of their stellar mass (Forbes et al. 2020),
and could represent “pure stellar halos” (since the bulk of the
ﬁeld stars could have originated from coeval clusters that have
dissolved or shed substantial mass). A menagerie of quiescent
UDGs in low-density environments may well belong to the
same family (Papastergis et al. 2017; Alabi et al. 2018). Here
stellar populations are an emerging, powerful avenue for
identifying
and
characterizing
failed
galaxies.
NGC 5846_UDG1 is a relatively nearby galaxy in a group,
with little rotation and an overpopulous GC system (Forbes
et al. 2021), where the ﬁeld stars and GCs were found to have
the same age and metallicity (Müller et al. 2020), in contrast to
typical galaxies (e.g., Larsen et al. 2014). DGSAT I is a more
isolated UDG with an extreme metal-poor, α-enhanced
abundance pattern that suggests a primordial galaxy (MartínNavarro et al. 2019b). Further deep spectroscopy of other
UDGs and LSB galaxies will be key to understanding their
nature and origins.
How the exotic formation histories of UDGs such as DF44
connect to standard models of galaxy formation and evolution
is unclear. As discussed, these galaxies may have novel modes
of internal feedback that are related to GC formation, while
relatively obscure environmental effects such as cosmic web
stripping may also be relevant (Benítez-Llambay et al. 2013).
On the other hand, the UDGs may yield broader implications
for galaxy evolution, particularly for dwarf galaxies, which
should be the easiest to simulate in detail, yet harbor various
unsolved problems. There have been extensive efforts to
understand the dark matter distributions in dwarfs, with general
agreement now that previous puzzles could be solved naturally
with standard processes including baryonic feedback (e.g.,
Bullock & Boylan-Kolchin 2017). However, there are still
problems in reproducing their basic baryonic properties that
can be directly observed (e.g., the broad distribution of sizes in
dwarfs, and the metallicities of “primordial” ultra-faint
galaxies; Jiang et al. 2019; Wheeler et al. 2019). Galaxy

increasingly polluted by Type Ia supernovae. This means that
the DF44 [Mg/Fe] gradient can be interpreted as a negative age
gradient and suggests that the galaxy lies in the upper left
quadrant of Figure 8, unlike what is currently measured for the
canonical population of dwarfs. Although the observational
uncertainties are large, the increasing metallicity and decreasing α enhancement with radius suggest an inside-out scenario,
where star formation was cut off earlier in the center, i.e., the
quenching process began there and moved outward, with more
extended star formation toward the periphery of the galaxy.
Additionally, there is some theoretical basis in which a
“violent” process such as mergers, rapid gas inﬂows, or strong
feedback-driven outﬂows can both dilute the initial rotation in
the system and ﬂatten the internal metallicity gradient (e.g., Ho
et al. 2015; Ma et al. 2017). This process may be closely linked
with the populous GC system of DF44. These compact objects
must have formed in high-density regions of gas at an early
epoch, quite unlike the present-day distribution of stars (see,
e.g., Trujillo-Gomez et al. 2021 for some basic physical
considerations). The GC-like abundance patterns inside the
central ∼ 1 kpc of DF44 (Figure 7) could reﬂect this zone as the
formation site of the GCs before they expanded outward (to the
larger radii where they are observed today) along with the stars
and dark matter.
The early quenching of DF44 (at z ∼ 1–2 based on its
inferred stellar age) would naturally lead to a present-day GC
system that is overpopulous, and a stellar-to-halo mass ratio
(M*/Mh) that is unusually low, relative to more typical dwarfs
with similar stellar masses but later quenching. Similar
scenarios have previously been discussed in the context of
dwarfs with high GC-speciﬁc frequencies that fall into clusters
early (Peng et al. 2008; Liu et al. 2016; Mistani et al. 2016;
Ramos-Almendares et al. 2020), with recent work extending
the concept to UDGs (Carleton et al. 2021). However, DF44
was identiﬁed as a challenge to explain in this scenario, owing
to its particularly high GC-speciﬁc frequency, and here we also
note that its late rather than early infall presents a fundamental
distinction, requiring a non-cluster quenching mechanism.
The high GC-speciﬁc frequencies of some UDGs, including
DF44, have been some of the key indicators of the failedgalaxy scenario (Beasley et al. 2016; Peng & Lim 2016; Forbes
et al. 2020). This is because GC numbers have been established
as proxies for halo mass (e.g., Burkert & Forbes 2020), which
leads to the conclusion that the halos of these UDGs are
overmassive (though not necessarily as extreme as Milky Way
mass). This overall picture has been called into question in a
reanalysis of DF44 by Saifollahi et al. (2021), who found much
lower GC numbers than the previous work from van Dokkum
et al. (2017). The discrepancy between the two studies is
puzzling, given their very similar methods applied to the same
data set, and may reﬂect the difﬁculties in separating GCs from
contaminating sources on the outskirts of the galaxy. More
work on the GC system of DF44 is needed, and here we
emphasize two points. First is that the evidence for the failedgalaxy scenario from the stellar populations of DF44 is
independent of this galaxy’s precise GC number count. Second
is that differential analyses of Coma UDGs and normal dwarfs
can circumvent the systematic uncertainties in establishing GC
numbers in a single galaxy, and have shown that there is a
subpopulation of UDGs with unusually populous GC systems
(Amorisco et al. 2018; Lim et al. 2018). Whether or not these

21

There was also no detection of low-mass X-ray binaries (LMXBs), which
are preferentially formed in GCs. This was interpreted as indirect evidence
against large numbers of GCs in DF44, but the well-known connections
between LMXBs and the metallicities and sizes of star clusters (e.g., Sivakoff
et al. 2007; Hou & Li 2016) were not examined in detail, and could plausibly
explain the non-detection.
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evolution in general remains a major unsolved problem, and the
same physical processes that still need solving for UDGs may
be relevant for unsolved problems more generally.
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4. Summary
In this work, we applied SPS models to the optical spectra of
the UDG DF44 using the IFU instrument KCWI on the Keck II
telescope. The huge gain in S/N compared to other stellar
population studies of UDGs allowed us to signiﬁcantly reduce
the uncertainties of the global stellar population measurements
and, for the ﬁrst time for a UDG, present spatially resolved
stellar population measurements. This approach provides a new
avenue for helping to discriminate between UDG subtypes and
to clarify their evolutionary histories.
We summarize our ﬁndings as follows:

Appendix
Estimates of Stellar Masses
A.1. This Work

1. DF44 represents an extreme of the UDG population; old
and metal poor to the point that it falls below the mass–
metallicity relation established by the canonical dwarf
population. A two-age ﬁt to the integrated spectrum
shows no evidence for a young stellar component. We
infer that DF44 quenched early and catastrophically, prior
to infall into the Coma cluster.
2. The gradients of the spatially resolved diffuse-stellar-light
+0.08
parameters are as follows: mlogage = +0.010.08 log dex
+0.11
m[Fe H] = +0.09kpc−1,
dex
kpc−1,
and
0.12
−1
+0.18
m[Mg Fe] = -0.20dex
kpc
.
Star
formation
appar0.18
ently proceeded in an “inside-out” manner within DF44,
with the central regions potentially coeval with the GC
population. These abundance patterns contrast with fairly
universal expectations that dwarfs have more extended
star formation histories in their centers.
3. The stellar population results, along with the previously
published kinematic results, indicate that DF44 is
dissimilar to canonical dwarf populations. This galaxy,
as well as other UDGs with unusual properties, is in
tension with current formation models wherein UDGs are
contiguous with the normal dwarf distribution evolving
under the inﬂuence of conventional processes.

DF44ʼs luminosity comes from the g band total integrated
+0.2
magnitude from van Dokkum et al. (2015) (-15.70.2 ). We
estimated the stellar mass for DF44 using the M/L ratio
inferred from our stellar population synthesis modeling of the
integrated spectrum (M/Lr = 1.21) for a stellar mass
log10 M* = 8.48. The K-correction made a negligible difference
to the estimated stellar mass.
A.2. The Coma Dwarfs
The Coma dwarfs included in Figure 3 are in part from
Smith et al. (2009), which details how the luminosities were
computed. We multiplied the luminosities with M/L estimated
from their reported ages and metallicities using the ﬂexible
stellar population synthesis (FSPS, python-FSPS; Conroy &
Gunn 2010; Foreman-Mackey et al. 2014) models. For the
others we used the stellar masses published in Gu et al. (2018),
Ruiz-Lara et al. (2018), and Ferré-Mateu et al. (2018).
A.3. The Coma UDGs
The Coma UDGs included in Figure 3 include those in
Ferré-Mateu et al. (2018), Ruiz-Lara et al. (2018), Gu et al.
(2018), and Chilingarian et al. (2019). For both we use the
estimated stellar masses provided in those papers. For the
UDGs included in Chilingarian et al. (2019), we used the M/L
and absolute r band magnitudes those authors provided to
estimate stellar mass.

Further insight into the formation histories of UDGs, and of
dwarf galaxies more generally, should come through systematic, deep spectroscopy of more objects. Fresh theoretical work
is also critically needed, to move beyond general reproduction
of size–mass trends and focus on their GC systems (e.g.,
Carleton et al. 2021; Trujillo-Gomez et al. 2021) and, as is now
possible, their detailed internal properties.

A.4. Local Group Dwarfs
All dwarfs represented by ﬁlled gray circles in Figure 3 come
from Kirby et al. (2013). The stellar mass for Andromeda XIX
was estimated from the published luminosity included in
Collins et al. (2020) and a M/L estimated from the published
metallicity and assuming an age of 10 Gyr.
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