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Abstract

The ultra-faint dwarf galaxy Reticulum II (Ret II) exhibits a unique chemical evolution history, with -
+72 12

10% of its
stars strongly enhanced in r-process elements. We present deep Hubble Space Telescope photometry of Ret II and
analyze its star formation history. As in other ultra-faint dwarfs, the color–magnitude diagram is best fit by a model
consisting of two bursts of star formation. If we assume that the bursts were instantaneous, then the older burst
occurred around the epoch of reionization, forming ∼80% of the stars in the galaxy, while the remainder of the
stars formed ∼3 Gyr later. When the bursts are allowed to have nonzero durations, we obtain slightly better fits.
The best-fitting model in this case consists of two bursts beginning before reionization, with approximately half the
stars formed in a short (100Myr) burst and the other half in a more extended period lasting 2.6 Gyr. Considering
the full set of viable star formation history models, we find that 28% of the stars formed within 500± 200Myr of
the onset of star formation. The combination of the star formation history and the prevalence of r-process-enhanced
stars demonstrates that the r-process elements in Ret II must have been synthesized early in its initial star-forming
phase. We therefore constrain the delay time between the formation of the first stars in Ret II and the r-process
nucleosynthesis to be less than 500Myr. This measurement rules out an r-process source with a delay time of
several Gyr or more, such as GW170817.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Local Group (929); Stellar populations (1622);
Galaxy ages (576); HST photometry (756); Nucleosynthesis (1131); R-process (1324)

Supporting material: machine-readable table

1. Introduction

Identifying the astrophysical production site of the r-process
elements has been a long-standing goal of studies of chemical
evolution and nuclear astrophysics (e.g., Frebel 2018 and
references therein). At the broadest level, the debate is between
rare events producing large quantities of r-process material and
frequent events producing small amounts of r-process ele-
ments. The former category includes neutron star mergers (e.g.,
Lattimer & Schramm 1974; Meyer 1989), jet-driven super-
novae (SNe; e.g., Cameron 2003; Fujimoto et al. 2008; Halevi
& Mosta 2018), and, more recently, collapsars (e.g., MacFa-
dyen & Woosley 1999; Surman et al. 2006; Siegel et al. 2019),
while the latter is usually assumed to relate to ordinary core-
collapse SN explosions (e.g., Burbidge et al. 1957; Arcones &
Thielemann 2013).

The discovery of the strongly r-process-enhanced stars ([Eu/
Fe]> 1.0) in the ultra-faint dwarf (UFD) galaxy Reticulum II
(Ret II) provided decisive evidence in favor of a rare and
prolific source of r-process elements (Ji et al. 2016a; Roederer
et al. 2016). The subsequent confirmation of r-process
nucleosynthesis in the neutron star merger GW170817
(Chornock et al. 2017; Drout et al. 2017; Kasliwal et al.
2017; Pian et al. 2017; Tanvir et al. 2017) then made a strong
case that the rare and prolific source should be identified with
merging neutron stars. However, the story is not necessarily
over. The combination of the short expected timescale for star
formation in Ret II and the potentially long delay time between
star formation and a neutron star merger remains a challenge to
understand. Specifically, although the core-collapse explosions
of massive stars occur within a few million yr of the births of
those stars, binary neutron star systems may take hundreds of
Myr or even longer to merge (e.g., Dominik et al. 2012). The
relative importance of neutron star mergers and rapid sources—

such as collapsars and jet-driven SNe—to r-process nucleo-
synthesis also remains controversial (e.g., Bartos &
Márka 2019; Siegel et al. 2019; Brauer et al. 2021; Reggiani
et al. 2021; Fraser & Schonrich 2022). And the low but
nonzero levels of r-process enrichment in other UFDs appear to
require a second source (presumably core-collapse SNe) of r-
process material as well (e.g., Frebel et al. 2010, 2014; Ishigaki
et al. 2014; Ji et al. 2016b).
Dwarf galaxies provide clean environments for unraveling

early galactic chemical evolution, because of the limited
number of nucleosynthetic events that enriched their oldest
stars (e.g., Simon et al. 2015b; Chiaki & Wise 2019; Hartwig
et al. 2019) and because each dwarf is the descendant of
relatively few progenitor systems (Fitts et al. 2018; Griffen
et al. 2018). Ret II is particularly interesting in this regard, as

-
+72 12

10% of its stars are r-process-enhanced (Ji et al.
2016a, 2016c, 2022). The non-r-process-enhanced fraction is
thus -

+28 10
12%. This result demonstrates that the event that

produced the r-process elements in Ret II must have occurred at
a time when no more than 28% of the galaxy’s stars had
formed. Given the contrast in timescales between different
candidate r-process sites, determining the star formation history
(SFH) of Ret II therefore offers the possibility of placing a limit
on the timescale of r-process enrichment in the galaxy, which
could enable a prompt or delayed source for the r-process
elements to be distinguished.
The stellar populations of the UFDs that have been examined

thus far are exclusively old, with typical ages of ∼13 Gyr
(Brown et al. 2012, 2014). However, there is tentative evidence
for some differences in detail from galaxy to galaxy. For
example, Ursa Major I may exhibit a longer duration of star
formation and a younger mean age than the other UFDs in the
Brown et al. (2014) sample, most notably Canes Venatici II
(CVn II) and Coma Berenices (Com), as well as, to a lesser
extent, Boötes I, Hercules, and Leo IV. Intriguingly, Sacchi
et al. (2021) also detected a possible difference in mean age
between satellites of the Magellanic Clouds (including Ret II)

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.
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and satellites of the Milky Way, with the star formation in the
former systems ending 600Myr later.

The Sacchi et al. (2021) SFH for Ret II is based on imaging
of a single Hubble Space Telescope (HST) pointing that covers
a small fraction of the galaxy and therefore contains fewer than
200 Ret II stars (∼2% of the total stellar content, assuming the
stellar mass of 3300Me from Ji et al. 2022 and the initial mass
function from Safarzadeh et al. 2022). In this paper, we present
a SFH analysis of Ret II from wider-area HST imaging with a
substantially larger sample of stars (∼2600 Ret II members;
∼25% of the stars in the galaxy). In Section 2, we describe our
observations and the data reduction and photometry proce-
dures. In Section 3, we determine the SFH of Ret II. We discuss
the implications of the SFH for r-process nucleosynthesis in
Section 4, and we summarize our results and conclusions in
Section 5.

2. HST Data

2.1. Observations

We obtained a 12-tile mosaic of Ret II with the Wide Field
Channel of the Advanced Camera for Surveys (ACS; Ford et al.
2003) on HST, through program GO-14766 (PI: Simon). The
observations were carried out between 2016 November 9 and
2016 November 26.

Given the proximity of Ret II to the Milky Way, even short
integration times enabled us to exceed the target signal-to-noise
ratio (S/N) of 100 at 1 mag below the oldest main-sequence
turnoff (MSTO), which occurs at m814≈ 23.5 at the distance of
Ret II. Each mosaic tile was observed for a single orbit,
consisting of two F606W exposures and two F814W
exposures, with total integration times of 980 s in F606W
and 1140 s in F814W. A 3 034 dither was performed between
the first and second exposures in each filter, to fill in the gap
between the ACS chips and to reject cosmic rays. In previous
UFD programs with HST (Brown et al. 2014; Simon et al.
2021), we used a four-point dither pattern to fully sample the
ACS point-spread function (PSF). However, CCD readout
constraints make it impossible to obtain eight exposures across
multiple filters in one HST orbit, so additional dither positions
would have required doubling the number of orbits devoted to
the project or halving the area covered. Being limited to two
dithered exposures per band has implications for the photo-
metric methods employed, as discussed below, but was
workable, given the low surface density of the stars in Ret II.

Based on the distribution of Ret II member stars in the initial
Dark Energy Survey data (Bechtol et al. 2015; Drlica-Wagner
et al. 2018), the mosaic tiles were arranged in an elongated
east–west pattern, to completely cover the area within the half-
light radius of Ret II. The main east–west mosaic pattern
included only one blue horizontal branch (BHB) star from the
spectroscopic sample of Simon et al. (2015a), so one ACS tile
was placed in the northeast corner of the mosaic to observe a
second BHB star, in order to better constrain the distance of
Ret II. The spatial coverage of the observations is shown in
Figure 1 of Safarzadeh et al. (2022).

2.2. Reduction and Photometry

Our initial data reduction procedures followed those
described by Brown et al. (2014) and Simon et al. (2021).
We processed the raw images with the most recent version of
the ACS pipeline, including bias subtraction, dark subtraction,

identification of detector artifacts, and charge transfer effi-
ciency correction. The images were resampled onto a 0 035
pixel grid, with each tile covering an area of approximately
200″× 205″, with overlaps of a few arcseconds between
adjacent tiles.
We performed PSF photometry on the pipeline-produced,

flat-fielded, charge transfer efficiency–corrected (FLC) images,
with the latest version (2.0) of DOLPHOT (Dolphin 2000), as
in Mutlu-Pakdil et al. (2019, 2020). We followed the
recommended preprocessing steps and used the suggested
input parameters from the DOLPHOT User Guide.59 The initial
photometry was then cleaned of spurious detections using the
following criteria: the sum of the crowding parameters in the
two bands must be <1, the squared sum of the sharpness
parameters in the two bands must be <0.1, and the S/N must
be �4 and the object-type60 must be �2 in each band. The
resulting color–magnitude diagram (CMD) is displayed in
Figure 1, and Table 1 contains the cleaned photometric catalog.
We carried out artificial star tests, in order to quantify the

photometric uncertainties and completeness in our observa-
tions, using the artificial star utilities in DOLPHOT. We
injected a total of ∼5 million artificial stars per tile, distributing
them evenly across the field of view. Because each star was
inserted and photometered one at a time, the large number of
stars inserted during the artificial star tests did not cause any
self-induced crowding (Dolphin 2000). The input colors and
magnitudes of the artificial stars covered the complete range of
the observed colors and magnitudes (i.e., 18�m606� 30 and
−0.75�m606−m814� 2.0). Photometry and quality cuts were
performed in an identical manner to those performed on the
original photometry.
The two BHB stars mentioned in Section 2.1 were saturated

in the drizzled images. Because these stars are important for
determining the distance of Ret II (Section 3.1), we used
aperture photometry on the individual FLC exposures to
recover their fluxes by hand. The instrumental magnitudes
measured in this way from the two separate exposures per band
in each tile agreed to better than 0.01 mag for each star,
indicating that the photometric precision for these stars remains
high, despite the saturation effects.
We note that in previous SFH analyses by our group (e.g.,

Brown et al. 2014; Simon et al. 2021), we have relied on PSF-
fitting photometry, using the DAOPHOT-II package (Stet-
son 1987). With this data set, applying the same procedures
that we had used in the past resulted in unexpected artifacts in
the CMD, most notably an increased width of the main
sequence (MS), which were not present in the photometry
carried out with DOLPHOT. The difference between the
DAOPHOT and DOLPHOT results appears to be a conse-
quence of the incomplete sampling of the PSF from having
only two dither positions as well as the sparseness of the field.
In this regime, the empirical PSF library used by DOLPHOT is
more appropriate than a PSF model constructed directly from
the data in DAOPHOT.

59 http://americano.dolphinsim.com/dolphot/dolphotACS.pdf
60 This parameter distinguishes point sources from extended sources and
artifacts, as described in the DOLPHOT manual.
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3. The SFH of Ret II

3.1. Metallicity Distribution, Distance, and Reddening

Before modeling the SFH of Ret II, we first determined the
distance of the galaxy, the foreground reddening, and the
metallicity distribution, in order to be able to compare
theoretical stellar isochrones with the HST photometry.

Distances to Local Group dwarf galaxies are typically best
determined with RR Lyrae variable stars (e.g., Martínez-
Vázquez et al. 2017; Hernitschek et al. 2019; Martínez-
Vázquez et al. 2019; Muraveva et al. 2020; Nagarajan et al.
2022). Unfortunately, no RR Lyrae have been identified in
Ret II (Vivas et al. 2020). The other features in the CMD for an
old metal-poor stellar population that are good distance
indicators are the MSTO and the horizontal branch. Following
Brown et al. (2014) and Simon et al. (2021), we simultaneously

fit the MS of Ret II with a Victoria–Regina isochrone
(VandenBerg et al. 2014) and the two BHB stars with the
horizontal branch of the old metal-poor globular cluster M92
(see Figure 1). We assumed a distance modulus of 14.62 mag
(Del Principe et al. 2005; Sollima et al. 2006; Paust et al. 2007)
and foreground reddening of E(B− V )= 0.023 mag (Schlegel
et al. 1998) for M92. For the theoretical isochrone, we assumed
an age of 13 Gyr and the metallicity distribution described
below, as well as a binary fraction of 0.48 (Geha et al. 2013).
We found a distance modulus for Ret II of m−M= 17.50 mag
(d= 31.6 kpc) and reddening of E(B− V )= 0.052 mag.61 As
in our previous analyses, we assumed uncertainties of 0.07 mag
in the distance modulus and 0.01 mag in E(B− V ). The
distance of Ret II is in excellent agreement with the measure-
ments of Mutlu-Pakdil et al. (2018) and Bechtol et al. (2015),
although our reddening value is substantially larger.
For the metallicity distribution function (MDF) of Ret II, we

relied on the spectroscopic sample of 16 stars with Ca triplet–
based metallicities from Simon et al. (2015a). The other
previously published studies of Ret II contain the same or
smaller samples of member stars (Koposov et al. 2015; Ji et al.
2016a; Roederer et al. 2016). Under the assumption of a
Gaussian MDF, Simon et al. (2015a) determined that the width
of the distribution is σ[Fe/H]= 0.28± 0.09 dex. The most
recent spectroscopic analysis by Ji et al. (2022) included a
larger set of Ret II members, but their Fe abundances are based
on a single line, and many of the stars have only upper limits on
[Fe/H]. Nevertheless, their Gaussian MDF agreed with that of
Simon et al. (2015a), finding s = -

+0.32 0.07
0.10

/ dex.

Figure 1. (Left) ACS color–magnitude diagram of Ret II. Magnitude measurements are in the STMAG system, and only stars meeting the criteria described in
Section 2.2 are included. The two stars closest to the upper left corner are the BHB members of Ret II. Typical photometric uncertainties as a function of magnitude
are plotted in red along the left of the figure. (Right) Ret II color–magnitude diagram, as in the left panel, with the M92 horizontal branch (blue dots in upper left) and
the upper main sequence portion of the Victoria-Regina isochrone (red curve) overlaid, both shifted to the best-fit distance and reddening for Ret II. The Ret II BHB
stars are highlighted with cyan diamonds. The 90% and 50% completeness limits are displayed as solid and dashed pink lines, respectively.

Table 1
Ret II Stellar Photometry

Star R.A. (J2000) Decl. J2000) m606 δm606 m814 δm814

1 54.123158 −53.961302 20.233 0.002 19.410 0.002
2 54.108976 −53.968195 20.201 0.002 20.081 0.002
3 54.132862 −53.957064 21.105 0.003 19.781 0.001
4 54.102355 −53.948340 20.669 0.002 20.271 0.002
5 54.086859 −53.943280 21.470 0.003 20.241 0.002
6 54.123401 −53.946231 20.995 0.003 21.415 0.003
7 54.149917 −53.941306 21.129 0.003 21.503 0.003
8 54.143632 −53.958409 22.183 0.005 20.967 0.003
9 54.134904 −53.966469 22.181 0.005 21.030 0.002
10 54.059216 −53.967990 21.897 0.004 21.208 0.003

Note. The magnitudes are on the STMAG system and the astrometry is
calibrated to Gaia data release 3 (Gaia Collaboration et al. 2022).

(This table is available in its entirety in machine-readable form.)

61 For comparison, the reddening at the center of Ret II, according to Schlafly
& Finkbeiner (2011), is E(B − V ) = 0.016 mag. The reddening values
determined for the other UFDs analyzed by Brown et al. (2014) and Simon
et al. (2021), with the same methodology, were also larger than indicated by
dust maps.
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To convert these metallicity measurements into an MDF
without the assumption of an overall Gaussian shape, we
modeled the metallicity of each star as a Gaussian probability
distribution, constructed the cumulative distribution of the full
set of metallicities, and then drew 16 samples from the
cumulative distribution. Repeating this process 105 times, we
built up a binned MDF for Ret II (see Figure 2). As described
by Simon et al. (2021), this process produces an MDF that is
somewhat broader than the true metallicity distribution,
because it convolves the intrinsic MDF of the galaxy with
the observational uncertainties. Given the observed width of
the Ret II MDF (Simon et al. 2015a), though, we do not expect
this broadening to have a significant effect. In addition, we note
that although the MDF constrains the set of isochrones used to
model the SFH, the position ofold isochrones in the F606W–

F814W CMD is a very weak function of the metallicity at [Fe/
H]<−2.

3.2. SFH Modeling

As a starting point, we modeled the SFH of Ret II using the
same techniques as Brown et al. (2014) and Simon et al.
(2021), to which the reader should refer for more details. We
created a Hess diagram from the ACS CMD, with bins of
0.02 mag in both color and magnitude. We used Besançon
model simulations (Robin et al. 2003) to evaluate the
contamination from foreground Milky Way stars in the ACS
photometry. Given the large area covered by the HST mosaic,
the estimated contamination in the region occupied by the
Ret II stars was 3.5%. To determine the ages, we built model
Hess diagrams based on linear combinations of Victoria–
Regina isochrones, assuming the best-fit values of the initial
mass function and binary fraction determined by Geha et al.
(2013) for Hercules,62 and applying the constraints that the
combination must have a metallicity distribution matching the
observed MDF and that the metallicity must increase with time.
The isochrone grid used for the synthetic Hess diagrams

spanned from [Fe/H]=−4 to [Fe/H]=−1 in metallicity and
8–14.5 Gyr in age.63 We then fit the observed Hess diagram
with the set of models in a region around the MSTO, using the
Poisson likelihood ratio from Dolphin (2002).
Based on our previous work, our initial model for the Ret II

SFH consisted of two instantaneous bursts of star formation,
with the timing of the bursts and the fraction of stars formed in
each burst being free parameters. In this model, the best fit
consisted of a burst that occurred 14.1 Gyr ago, containing
87.5% of the stars, and a second burst at 10.7 Gyr ago, with the
remaining 12.5% of the stars. The range of SFHs for Ret II in
this model is shown in Figure 3, where the shaded region is
based on the set of parameters that produce fit results within 1σ
of the single best fit. This SFH is similar to those determined
for Canes Venatici II and Coma Berenices by Brown et al.
(2014), with 80% of the stars formed nearly immediately
after the Big Bang and the possibility of a small fraction
forming up to a few Gyr later. As described in footnote, 64 an
age older than 14 Gyr for these UFDs should not be taken as an
indication of an inconsistency with the age of the universe,
according to current cosmological models, but simply as an
indication that the star formation in these systems began
∼1 Gyr earlier than in M92. Our Ret II SFH also agrees within
the uncertainties with the measurements from the independent
HST photometry of Sacchi et al. (2021).
Because our goal in this study is to constrain the timing of

the r-process enrichment of Ret II, which cannot be accom-
plished when >80% of the stars form instantaneously, wealso

Figure 2. Metallicity distribution of Ret II, as determined from the spectro-
scopic metallicity measurements of Simon et al. (2015a). Each individual
stellar metallicity is modeled as a Gaussian probability distribution, and
samples are drawn from the combined probability distribution from all 16 stars.

Figure 3. SFH of Ret II, with a model consisting of two instantaneous bursts.
This figure can be directly compared to the SFHs of other UFDs as determined
by Brown et al. (2014).

62 The Safarzadeh et al. (2022) measurements of the initial mass function and
binary fraction for Ret II are consistent with the Geha et al. (2013) results for
Hercules.

63 Although 14.5 Gyr is nominally older than the age of the universe in the
standard cosmology, as discussed by Brown et al. (2014), the ages in this paper
should be regarded as ages relative to a model in which the age of M92 is
13.2 Gyr.
64 Although 14.5 Gyr is nominally older than the age of the universe in the
standard cosmology, as discussed by Brown et al. (2014), the ages in this paper
should be regarded as ages relative to a model in which the age of M92 is
13.2 Gyr.
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considered models in which the two bursts65 have nonzero
durations. Brown et al. (2014) tried similar models for the six
UFDs that they analyzed, finding that increasing the burst
duration did not improve the fits, but in the case of Ret II
weobtained a different result. To establish reasonable
boundaries for the parameter space, motivated by the results
of the instantaneous burst model fit above, we imposed these
conditions: (1) the first burst began between 11.5 and 14.5 Gyr
ago; (2) the duration of the first burst was 0–3 Gyr, if it started
11.5–13.5 Gyr ago, or 0–5 Gyr, if it started 13.5–14.5 Gyr ago;
(3) the second burst began between the start of the first burst
and 8 Gyr ago; and (4) the second burst could have a duration
up to 3 Gyr, but it must have ended by 8 Gyr ago (e.g., a burst
that started at 8.5 Gyr could only last for 0.5 Gyr). The limit of
no star formation more recent than 8 Gyr ago was based on the
results obtained with the instantaneous burst model. With this
extended burst model, the best fit consisted of one burst
beginning 14.3 Gyr ago and continuing for 2.6 Gyr, comprising
56% of the stars, and a second short burst beginning 14.2 Gyr
ago, lasting 100Myr, and containing 44% of the stars. We
emphasize, though, that many other combinations oftwo bursts
are also consistent with the data, including those with both
burst durations significantly exceeding 100Myr. Unlike the
modeling of the other UFDs, for Ret II, the extended bursts
produced an SFH with a maximum likelihood score that was
1.4σ better than that achieved by the instantaneous burst model.
Because the extended burst model used five free parameters,
whereas the instantaneous burst model had three free
parameters, it is worth noting that the extended burst fit is
superior even if one penalizes for the number of free
parameters, using either the Bayesian Information Criterion
or the Akaike Information Criterion.

Although we do find evidence for temporally extended star
formation in Ret II, the available data do not enable us to select
a single unique combination of burst timing and duration. To
illustrate some of the degeneracies in the fit results, in Figure 4,
we show the MSTO region of the Ret II CMD, accompanied by
isochrones spanning a range of ages for the most metal-poor
and most metal-rich stars in Ret II. The photometric uncertain-
ties for the individual stars in this magnitude range correspond
to age uncertainties (at constant metallicity) of 500Myr and
metallicity uncertainties (at constant age) of 0.2 dex. With
spectroscopic metallicity measurements for individual MSTO
stars (recall that the existing MDF is determined entirely from
brighter red giants), it may be possible to derive improved
constraints on the Ret II SFH.

The early SFH of Ret II in the extended burst model is
illustrated in Figure 5. Here, we examine the durations of the
star formation for all of the models with maximum likelihood
scores within 1σ of the best-fit model. Note that in this
comparison, since the oldest bursts of star formation do not
start at the same times in all of the models, we rely explicitly on
relative ages, normalized to the onset of the star formation in
each model. These results show that 28% of the total stellar
mass of Ret II, matching the fraction of non-r-process-
enhanced stars in the galaxy, had formed by 500± 200Myr
after the system began to form stars.

Figure 4. Turnoff region of the Ret II CMD in comparison to theoretical
isochrones. The ranges in age and metallicity covered by the full grid of
isochrones are much larger than can be straightforwardly displayed in a single
figure, so here we have selected metallicities representing the extremes of the
Ret II MDF. The blue curves are Victoria–Regina isochrones at [Fe/H] = −3.6
and the green curves are isochrones at [Fe/H] = −2.0. For each metallicity, 12
ages are shown in 200 Myr intervals, from 12.1 Gyr (the leftmost isochrone) to
14.3 Gyr (the rightmost isochrone). The typical photometric uncertainties are
displayed in red along the left edge of the CMD.

Figure 5. The buildup of stars early in the history of Ret II in the extended
burst model. The grayscale represents the density of the models passing
through a given point, with black indicating 100% of the models and white
indicating 0% (i.e., points that are not consistent with any of the models). The
models included in this figure are those with maximum likelihood scores within
1σ of the overall best fit. Unlike the quasi-absolute ages shown in Figure 3, in
this plot, the x-axis uses relative ages, where the beginning of the star formation
in each model is defined to occur at time = 0 Gyr. The green line displays the
single best-fit model, which reaches 28% of the stellar mass more quickly than
the median of the acceptable models. The blue outline indicates the portion of
the parameter space that is observed to be enriched in r-process elements. The
time at which a model crosses the boundary into the blue region therefore
indicates the latest point at which the r-process nucleosynthesis could have
occurred.

65 Although we continue to use the term “burst” in this context, simulations
suggest that such an extended star formation episode likely consists of a
number of discrete bursts interspersed with quiescent periods, as a result of
stellar feedback (e.g., Jeon et al. 2017; Wheeler et al. 2019).
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We offer the results above with the caveat that the sample of
stars near the MSTO of Ret II that are sensitive to the age of the
system is small. With MV=−3.1± 0.1 (Mutlu-Pakdil et al.
2018), Ret II is more than a factor of 2 less luminous than any
of the UFDs that we have previously analyzed (Brown et al.
2012, 2014; Simon et al. 2021), with correspondingly fewer
MSTO stars. The sparsest CMD in that set of galaxies belongs
to Com (MV=−4.4; Muñoz et al. 2018), which had 275
MSTO stars in the Brown et al. (2014) data set. The present
Ret II observations include 176 stars along the MS and
subgiant branch between m814= 21.0 and m814= 22.7.
Although a larger sample would clearly be beneficial, our
ACS coverage already includes essentially the entire area
within the half-light radius of the galaxy, and extends to
∼1.4rhalf along the major axis (Safarzadeh et al. 2022).
Assuming an exponential radial profile (Mutlu-Pakdil et al.
2018), we estimate that the ACS mosaic includes 68% of the
stars in Ret II, down to the magnitude limit of the data. Thus,
even observing the entire area of Ret II out to >3rhalf (as would
be straightforward with, e.g., the Roman Space Telescope;
Wang et al. 2022) would increase the number of Ret II stars by
no more than ∼50%, still resulting in a smaller sample of stars
than was obtained for Com. Moreover, the number of
foreground stars contaminating the CMD would increase
linearly with the observed area, so the contamination of Ret II
by Milky Way stars would worsen with wider coverage.

4. Analysis and Implications

4.1. Constraints on r-process Nucleosynthesis

In the largest spectroscopic study of Ret II, -
+72 12

10% of the
stars in the galaxy were classified as r-process-rich (Ji et al.
2022). Because the ejecta from the event that produced the r-
process elements in Ret II may have taken some time to
uniformly enrich the entire interstellar medium of the galaxy,
this measurement places an upper limit of -

+28 10
12% on the

portion of Ret II stars that could have formed before the r-
process event. In principle, if the enrichment was initially quite
inhomogeneous and the mixing time was long, the fraction of
stars forming before the event could have been considerably
lower.

We therefore use the SFH of Ret II from Section 3.2 to place
a limit on when the r-process enrichment must have occurred.
As shown in Figure 5, 28% of the stars had formed within
500± 200Myr of the onset of the star formation in Ret II.
Thus, the r-process nucleosynthesis in Ret II must have
occurred no more than 500± 200Myr after its first stars
formed. This result is consistent with the star formation and
chemical enrichment timescales seen in hydrodynamic simula-
tions of UFDs. Specifically, Tarumi et al. (2020) found that the
complete mixing of r-process ejecta from a neutron star merger
occurs within 250Myr, and Jeon et al. (2021) showed that
exclusively r-process-rich stars are formed less than 100Myr
after the merger event. Although the present observational limit
is not strongly constraining in this context, it does demonstrate
that long delay times of 3 Gyr, such as those inferred for the
only confirmed neutron star merger, GW170817 (e.g.,
Blanchard et al. 2017; Pan et al. 2017), are incompatible with
the enrichment of Ret II.

The distribution of the delay times between the formation of
a binary neutron star system and its eventual merger is
currently poorly known (e.g., Mennekens & Vanbeveren 2016;

Blanchard et al. 2017; Safarzadeh & Berger 2019; Skúladóttir
& Salvadori 2020). However, chemical abundances in both the
Milky Way and dwarf galaxies suggest that r-process
nucleosynthesis (whether from merging neutron stars or not)
must occur rapidly in some cases (e.g., Beniamini &
Piran 2019; Simonetti et al. 2019; Skúladóttir & Salva-
dori 2020). Galaxy formation simulations also support rapid
r-process enrichment (e.g., van de Voort et al. 2020; Jeon et al.
2021). Among the possible progenitor systems that could lead
to r-process element production, rare core-collapse SNe, such
as collapsars or magnetorotationally driven SNe, would create
r-process material within ∼10Myr, entirely consistent with the
SFH limits for Ret II. Assuming a Salpeter (1955) initial mass
function for stars above 1Me, the total number of core-collapse
SNe between 8 and 50Me in Ret II would be ∼180, with ∼20
of these at masses above the 28Me threshold suggested by
Taddia et al. (2019) and Barnes & Metzger (2022) for some
collapsars. Rare core-collapse SNe are therefore plausible in
Ret II from the perspective of stellar populations as well.
Neutron star mergers are also very likely to be compatible with
Ret II, so long as the initial conditions of the binary neutron
stars allow them to merge within ∼500Myr (Beniamini &
Piran 2019; Safarzadeh et al. 2019; Andrews et al. 2020).
Despite this presumed consistency with neutron star merger
timescales, it is worth noting that the observed lanthanide
fraction for Ret II stars is much higher than that inferred for
GW170817, so if Ret II was enriched by a neutron star merger,
then there must be a large range in lanthanide fractions for
different merger events (Ji et al. 2019).
One additional scenario for the r-process nucleosynthesis in

Ret II that could be considered is that the r-process elements
were produced directly by Population III (Pop III) stars (e.g.,
Roederer et al. 2014; Mardini et al. 2020). This connection
between early r-process enrichment and the first stars might be
expected if, for example, collapsars are a major r-process site
and the Pop III initial mass function was top-heavy (e.g.,
Bromm et al. 1999; Nakamura & Umemura 2001; Stacy et al.
2016, 2022). In that case, the occurrence of a collapsar would
be more likely, both because of the increased number of
massive stars per stellar mass formed and because Pop III stars
likely have lower mass-loss rates, so they can retain the high
masses and high angular momentum needed for collapsars (as
well as jet-driven SNe). If no low-mass (0.8 Me) Pop III stars
were formed in Ret II, then the first generation of stars would
have left behind only chemical signatures, without contributing
to the present-day stellar population of the galaxy. In this case,
simulations suggest a delay of up to ∼100Myr before the
formation of the first metal-enriched stars (Magg et al. 2022),
which would not be detectable as part of the overall delay time
between the production of r-process material and the formation
of the r-process-enhanced stars, given the methodology we
used in Section 3.2. However, this course of events would
make it difficult to explain the uniformity of the r-process
enrichment among the bulk of the Ret II stars (Ji et al. 2022),
which requires the complete mixing of the earlier nucleosyn-
thetic products, as well as the 28% of the stars where neutron-
capture species have not been detected. The very low r-process
abundances in the latter set of stars require substantial
inhomogeneities in the star-forming gas within Ret II, or
perhaps these stars were originally formed in a different dwarf
galaxy that did not feature a prolific r-process event, and were
later accreted by Ret II.

7

The Astrophysical Journal, 944:43 (10pp), 2023 February 10 Simon et al.



4.2. The Quenching of Ret II

As mentioned in Section 3.2, the SFH of Ret II, when fit with
the instantaneous burst model, closely resembles those of the
lowest-luminosity members of the Brown et al. (2014) sample,
Com (MV=−4.4), Leo IV (MV=−5.0), and CVn II
(MV=−5.2). These galaxies each formed 80% of their stars
in an initial burst before reionization and have mean ages of
>13 Gyr. A small amount of star formation as late as z= 2
(∼10.5 Gyr ago) cannot be ruled out in any of these systems.
The Ret II SFH shown in Figure 3 is similar both qualitatively
and quantitatively, with a mean age of 13.7± 0.2 Gyr and more
than 80% of its stellar mass in place at the earliest ages
(>12 Gyr ago). On the other hand, our Ret II models prefer not
to have 100% of the stars forming by z= 6, whereas that SFH
is allowed for each of the other UFDs listed above.

The Ret II SFH is consistent with the general paradigm for
quenching in UFDs, as discussed in previous papers, where the
large majority of the star formation is complete before the end
of reionization (e.g., Brown et al. 2014; Wheeler 2015;
Rodriguez Wimberly et al. 2019; Applebaum et al. 2021;
Sacchi et al. 2021; Simon et al. 2021). Based on its Gaia data
release 2 proper motion, Fillingham et al. (2019) derived an
infall time for Ret II of -

+10.2 2.4
1.1 Gyr, which could be consistent

with the final cessation of the star formation in Ret II, but
occurred well after the star formation rate dropped to a small
fraction of its peak value. We note that simulations show that
the star formation in dwarf galaxies can continue at a low level
for ∼1 Gyr after reionization, before the combination of
heating and the lack of further accretion causes permanent
quenching (e.g., Oñorbe 2015; Rey et al. 2019; Wheeler et al.
2019).
A trickle of late-time star formation is also consistent with

the observed chemical evolution in Ret II. Ji et al. (2022) found
that the most metal-rich star in Ret II has a very low [Mg/Ca]
ratio, of the 10 stars with Mg and Ca constraints. A low [Mg/
Ca] ratio in dwarf galaxies is often attributed to the integrated
galactic initial mass function (McWilliam et al. 2013; Weidner
et al. 2013), where the low total gas mass in a galaxy restricts
the maximum mass of core-collapse SN progenitors and thus
the amount of Mg produced. In this case, the fraction of low-
[Mg/Ca] stars would be expected to match the fraction of post-
reionization star formation in Ret II, consistent with our results.

Orbital studies including the gravitational potential of the
LMC have suggested that it has a significant gravitational
influence on Ret II, with Ret II being classified as a recently
captured LMC satellite (Patel et al. 2020) or a long-standing
member of the Magellanic group (Battaglia et al. 2022). In
either case, the early environmental history of Ret II may be
more difficult to untangle than previously assumed. Never-
theless, the conclusion of Rodriguez Wimberly et al. (2019)
that UFDs as a group cannot be primarily quenched by
environmental processes still holds, and is perhaps strength-
ened by the addition of Ret II to the set of galaxies with well-
determined SFHs.

5. Conclusions

We have derived the SFH of the UFD Ret II, using deep
HST imaging covering most of the galaxy. Similar to
previously studied UFDs, we find that the galaxy is old, with
most of its stars forming shortly after the Big Bang. A small

minority of the stars (<15%) may have formed up to several
Gyr later, at z ∼2.
Although the SFH can be described by a model consisting of

two instantaneous bursts of star formation, we obtain slightly
better fits by allowing each burst to be extended in time. With
these extended bursts, the best fit consists of approximately half
of the stars forming in a short (100Myr) burst and the other
half forming over a longer episode spanning 2.6 Gyr, both
beginning at very early times. In this scenario, a broad range of
model parameters produce fits of similar quality. Recalling that
28% of the stars in Ret II are lacking r-process elements, we
find that across the full set of models consistent with the data,
28% of the stars had been formed at t= 500± 200Myr after
the beginning of star formation. We therefore conclude that the
r-process nucleosynthesis in the galaxy occurred no later than
500± 200Myr after the first Ret II stars had been formed. This
upper limit on the time delay between the initial star formation
and the production of r-process material is consistent with
either rare core-collapse SNe or a neutron star merger site for
the r-process, with the constraint that the merger would need to
occur relatively quickly in the latter case. r-process sources
with long delay times (1 Gyr) are ruled out in Ret II.
The SFH of Ret II shows a sharp decline around or before

the time of reionization, consistent with the possibility that
photoheating from the increased UV radiation at that time was
largely responsible for quenching the galaxy.
Despite the increase in the number of UFDs with detailed

chemical abundance measurements over the last few years, the
extreme r-process enrichment of Ret II has remained unique.
The closest analog is Tucana III (Hansen et al. 2017; Marshall
et al. 2019), but its r-process abundances are an order of
magnitude lower and the classification of Tuc III as a dwarf
galaxy has still not been confirmed (Simon et al. 2017;
Baumgardt et al. 2022). Identifying additional examples of this
phenomenon, especially among more luminous UFDs where
the SFH can be determined more accurately, would be helpful
for improving the constraint on the source of the r-process
elements. In addition, it would be interesting to study the r-
process abundances in more detail in UFDs that contain very
little r-process material. If the fraction of stars containing any r-
process elements in those galaxies can be measured as it has
been for Ret II, new constraints on the low-yield r-process
source could be obtained as well.
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