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Abstract

Eridanus II (Eri II) is an ultrafaint dwarf (UFD) galaxy (My = —7.1) located at a distance close to the Milky Way
virial radius. Early shallow color—magnitude diagrams (CMDs) indicated that it possibly hosted an intermediate-
age or even young stellar population, which is unusual for a galaxy of this mass. In this paper, we present new
Hubble Space Telescope/Advanced Camera for Surveys CMDs reaching the oldest main-sequence turnoff with
excellent photometric precision and derive a precise star formation history (SFH) for this galaxy through CMD
fitting. This SFH shows that the bulk of the stellar mass in Eri II formed in an extremely short star formation burst
at the earliest possible time. The derived star formation rate profile has a width at half maximum of 500 Myr and
reaches a value compatible with null star formation 13 Gyr ago. However, tests with mock stellar populations and
with the CMD of the globular cluster M92 indicate that the star formation period could be shorter than 100 Myr.
From the quantltatlve determination of the amount of mass turned into stars in this early star formation burst
(~2x10° M) we infer the number of supernova (SN) events and the corresponding energy injected into the
interstellar medium. For reasonable estimates of the Eri II virial mass and values of the coupling efficiency of the
SN energy, we conclude that Eri II could be quenched by SN feedback alone, thus casting doubts on the need to
invoke cosmic reionization as the preferred explanation for the early quenching of old UFD galaxies.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Galaxy evolution (594); Galaxy formation (595);

Galaxy quenching (2040); Local Group (929)
Supporting material: data behind figure

1. Introduction

Dwarf galaxies are the most numerous type of galaxies in the
present-day universe. They are thought to be the first galaxies
to form and the basic building blocks of the stellar halos of
larger galaxies (Helmi 2020). They are thus key astrophysical
objects for understanding the most common mode of galaxy
formation and how they relate to the buildup of larger
structures in the universe. In addition, their relatively simple
nature makes them ideal test beds of the physics that goes into
galaxy formation and evolution models. Processes such as

« Based on observations made with the NASA /ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-26555. These observations are associated with programs 14224
and 14234.

heating by the cosmic UV background and internal feedback
from supernovae (SNe) are two mechanisms able to dramati-
cally affect the formation and evolution of dwarf galaxies (e.g.,
Mac Low & Ferrara 1999; Ricotti et al. 2002; Kravtsov et al.
2004; Salvadori et al. 2008; Stinson et al. 2009; Sawala et al.
2010; Salvadori et al. 2014; Shen et al. 2014; Cashmore et al.
2017; Fitts et al. 2017; Jeon et al. 2017; Revaz &
Jablonka 2018; Romano et al. 2019; Wheeler et al. 2019; Katz
et al. 2020; Rey et al. 2020; Gelli et al. 2020).

The relative impact of the above effects varies with the mass
of the dwarf, with the largest systems potentially unaffected by
reionization and less affected by SN feedback in terms of the
capability of gas removal (while feedback might still be able to
alter the density profile of the inner regions of their dark matter
halos). Local effects are also at play if the galaxy is located in a
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dense environment or close to a massive galaxy (see
Mayer 2010, for a review): not only can the local UV flux be
an order of magnitude larger than the cosmic average, but the
ram pressure stripping and the tidal interaction can profoundly
alter the properties of the gaseous, stellar, and dark matter
components of the dwarf galaxy. However, recent hydrodyna-
mical zoom-in simulations of massive high-z Lyman break
galaxies and its dwarf companions (Pallottini et al. 2017) have
shown that SN feedback is a key physical mechanism driving
the evolution of dwarf galaxy satellites, even in these extremely
dense and biased environments (Gelli et al. 2020).

It is expected that reionization must leave some signature on
the stellar content of dwarf galaxies below a certain mass range,
and particularly in their early star formation history (SFH).
However, theoretical models have made contrasting predictions
on what to expect. Cosmological models and simulations that
include star-forming minihalos, i.e., the first galaxies (e.g.,
Bromm & Yoshida 2011), found that, due to SN feedback, the
star formation can be suppressed prior to the end of reionization
in small systems with dark matter mass <10® M, which are
possibly associated with present-day ultrafaint dwarf (UFD)
galaxies (e.g., Ricotti & Gnedin 2005; Bovill & Ricotti 2009;
Salvadori & Ferrara 2009; Bland-Hawthorn et al. 2015; Jeon
et al. 2015). After reionization, the hot intergalactic gas
(~2 x 10* K) cannot be accreted by these minihalos (7, <10*
K), which therefore passively evolve until the present day
unless they experience major mergers (Salvadori et al. 2015) or
late accretion events (z <2) that can fuel new star formation
activity when the intensity of the UV background decreases
(Babul & Rees 1992; Ricotti 2009). Conversely, simulations
that cannot resolve the star formation in H,-cooling minihalos
predict that small dwarf galaxies are hosted by more massive
dark matter halos, which are less prone to feedback processes
and can keep on forming stars after reionization in spite of a
slow decline (e.g., Sawala et al. 2010; Wheeler et al. 2015;
Romano et al. 2019). In conclusion, the hosting halo mass
seems to be the main driver of the evolution of dwarf galaxies.
For example, Benitez-Llambay et al. (2015) have discussed that
the varied SFHs observed in nearby dwarf galaxies may be
explained by a combination of the diversity of accretion
histories and the effects of cosmic reionization and feedback on
the SFH, which critically depend on the mass acquired by the
object at the time when reionization is complete. In turn,
Gallart et al. (2015) have suggested that this may be related to
the environment where a dwarf galaxy has formed, and
therefore that this is the ultimate origin of the two main types of
SFHs (slow and fast) observed in Local Group dwarf galaxies.

The precise SFHs for Local Group galaxies obtained thanks
to deep observations (particularly from the Advanced Camera
for Surveys (ACS) on board the Hubble Space Telescope
(HST)) have been essential in providing observational
constraints to state-of-the-art models of galaxy formation and
evolution. The Local Cosmology from Isolated dwarfs (LCID)
project (see Gallart et al. 2015, and references therein, for a
discussion of global results of the project) pioneered the use of
color—-magnitude diagrams (CMDs) reaching the oldest main-
sequence turnoffs (0MSTOs) to obtain precise, complete SFHs
for isolated Local Group dwarf galaxies. The results of this
project showed that, at least in the Local Group environment,
reionization alone could not have halted star formation in dwarf
galaxies in the stellar mass range of 10° — 10" M., (Monelli
et al. 2010a, 2010b; Hidalgo et al. 2011, 2013). Since 2005, a
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large number of fainter dwarf galaxies have been discovered
(Willman et al. 2005; Belokurov et al. 2006; Zucker et al.
2006), both as Milky Way (MW) and Andromeda galaxy
satellites. They were generically named UFDs, and they appear
to be the least luminous, least chemically evolved, and most
dark-matter-dominated galaxies known. Their absolute magni-
tudes range from My = —1.5 (Segue I) to My~ —8 (Leo T and
CVn I). Brown et al. (2014) have used ACS HST CMDs
reaching well below the oMSTO in six of these galaxies and
concluded that they formed 80% and 100% of their stars by
726 (12.8 Gyr ago) and z~3 (11.6 Gyr ago), respectively.
From the similar ancient populations of these galaxies, the
authors find support for the hypothesis that star formation in
them was suppressed by a global outside influence such as
cosmic reionization.

This conclusion, however, was challenged when the
Eridanus II (hereafter Eri II; My=—7.1) and Hydrall
(My = —4.6) dwarf galaxies were discovered (Bechtol et al.
2015; Koposov et al. 2015; Martin et al. 2015). Their early
ground-based CMDs showed possible indications of the
presence in them of an intermediate-age or even young
population like in the case of Leo T (Clementini et al. 2012;
Weisz et al. 2012). What mechanisms may have allowed star
formation to substantially stretch in time in these extremely
small galaxies? The extended SFH in some of them may point
to the intriguing possibility that reionization may not be, after
all, the cause for the star formation shutdown of UFDs at very
early times.

In the case of Eri II, a subsequent paper by Crnojevi¢ et al.
(2016) presented a ground-based CMD obtained with the
Magellan telescope, which reached about 3 mag deeper than
the discovery CMD, down to the oMSTO (though with relative
large photometric errors). It clearly excluded the presence of a
young (~250Myr old) stellar component (as had been
suggested by Koposov et al. 2015), but it was inconclusive
as to whether a few Gyr old intermediate-age population could
be present in the galaxy. This work also derived Eri II structural
parameters, discussed the presence of a candidate star cluster
near its center (whose possible existence has raised a lot of
interest as a potential unique probe of the nature of dark matter
and of the dark matter density profile of Eri II itself; see
Figure 1; Amorisco 2017; Contenta et al. 2018; Marsh &
Niemeyer 2019; Zoutendijk et al. 2020), and showed the
absence of HI gas associated with this galaxy (see also
Westmeier et al. 2015). Subsequently, spectroscopy of 28
member stars was used by Li et al. (2017) to determine their
velocities and metallicities, which disclosed a stellar system
with low overall metallicity but considerable metallicity
dispersion, high mass-to-light ratio, and a negative velocity
with respect to the Galactic standard of rest (see Table 1),
which implies that it is moving toward the MW. Finally, Fritz
et al. (2018) used Gaia DR2, together with the spectroscopic
velocity measurements for 12 stars, to derive a systemic proper
motion, albeit with large errors due to its large distance and the
few (faint) stars with the necessary data. The derived orbital
properties would tentatively indicate that Eri II is now close to
its pericenter and possibly bound to the MW. Table 1 provides
a summary of the basic literature data on Eri II.

In this paper we present a detailed and precise SFH obtained
by quantitatively fitting new ACS/HST CMDs reaching the
oMSTO with high photometric precision with synthetic CMDs.
This SFH shows that the bulk of Eri II stellar mass formed in an
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Figure 1. Three-color image obtained by combining the two data sets described
in the text (F475W, F606W, F814W images). The half-light radius of Eri II is

represented by the solid ellipse.

Table 1
Basic Data of Eridanus II
Parameter Eri 1T Ref
R.A. (h:m:s, J2000) 03:44:20.1 1)
decl. (deg:m:s, J2000) —43:32:01.7 1)
My (mag) —-7.14+0.3 @)
(m-M), 22.87 +£0.10 ?2)
Dyw (Kpe) 375 )
ry, (arcmin) 2.31+0.12 1)
ry, (pc) 252 (1,2)
Vhet (km s~ 1) 75.6 +1.3,2.0° 3)
vasr (km s —66.6 A3)

o (mas yr~ ) 0.159 =+ 0.292,0.053" “)
s (mas yr~") 0.372 + 0.34,0.053* “)
Viaa (km s™h —71+6 “)
Vian (km s71) 6127320 @)
dperi (Kpe) 356738 )
dapo (KPC) >500b (4)
Oy (km s71) 6.9143 A3)
M, (M) 1.1 x 10° 5)
My (M) <2.8 x 10° 1)
M% M) 127904 x 107 3)
M/L (M/Ls) 4201750 ©))
[Fe/H] —238+£0.13 A3)
OlFe/H] 0471053 3)
Notes.

4 The numbers refer to statistical and systematic errors, respectively.

® For an MW dark matter halo virial mass M = 1.6 x 10'* M.; very similar
values are obtained for a lower-mass MW halo.

References: (1) Crnojevic et al. 2016; (2) C. E. Martinez-Vazquez et al. 2021,
in preparation; (3) Li et al. 2017; (4) Fritz et al. 2018; (5) this work.

extremely short burst of star formation before the epoch of
reionization, thus demonstrating conclusively the absence of
any substantial amount of intermediate-age stellar population.

Gallart et al.

The paper is organized as follows: Sections 2 and 3 describe
the observations, data reduction, and photometry. Section 4
discusses the characteristics of the observed CMD and the hints
on the Eri II stellar populations that can be extracted from the
comparison with theoretical isochrones. Section 5 provides a
detailed explanation of the SFH derivation procedures, using
two independent codes and stellar evolution model sets.
Section 6 discusses the features present in the derived SFH
and some tests using mock stellar populations that help further
constrain the actual intrinsic duration of the Eri II old star
formation event. Finally, in Section 7 we summarize our
findings and discuss their implications for dwarf galaxy
formation and evolution.

2. Observations

Deep photometric data for Eri II (R.A.=03:44:21,
decl. = —43:32:00, J2000) were obtained with the ACS/
WEC (Ford et al. 1998) aboard the HST under program P.ID.
14224 (Cycle 23, P.I. C. Gallart). The observations were
designed to obtain a signal-to-noise ratio ~40 near the
magnitude level of the oMSTO, at Mgg 4w =~ + 2.75. Follow-
ing Stetson (1993), the filter choice was based on the analysis
of synthetic CMDs in the ACS bands. The (F475W—F814W)
pair, due to the large color baseline, is optimal for
discriminating age and metallicity differences at old age, while
the relatively large widths of these filters allow keeping
relatively short exposure times.

Under this program, the galaxy was observed during six
orbits, organized in two visits of three orbits each. Short and
long exposures were taken in order to increase the dynamical
range of our CMD. In this way, we reach the oMSTO with
good photometric accuracy and precision, while maintaining
unsaturated the stars at the tip of the red giant branch (RGB)
and any bright blue stars that might be present. The total
exposure time was 7644 s in F475W and 7900 s in F814W.
Even though six epochs per filter are clearly not sufficient to
obtain periods and proper light curves for short-period variable
stars such as RR Lyrae or anomalous Cepheids, we did plan the
observations in order to maximize variable star discovery by
splitting each orbit into at least one F475W and one F814W
long exposure. Parallel exposures with the WFC3/UVIS were
obtained (R.A.=03:44:18, decl. = —43:26:07, J2000). The
CMD resulting from the parallel exposures does not show any
feature that can be associated with Eri II.

Another ACS/WFC program was devoted to imaging the
same galaxy in cycle 23. GO program 14234 (P.I. J. Simon)
used 13 orbits to observe the central region of Eri II. A total of
10 and 16 exposures were collected in the F6O6W and F814W
bands, respectively, with individual exposure times ranging
from 1220 to 1390 s. The total integration time was 12,830 and
20,680 s, respectively.

Figure 1 displays a three-color image created combining the
F475W, F606W, and F814W images from the two data sets,
which are rotated by ~121°. The exposures for each of the
three filters were aligned to Gaia DR2 using TweakReg and
combined into corresponding mosaic images using AstroDriz-
zle."” The three mosaics were then stacked as red, green, and
blue channels to make the color image in Figure 1. Note the
presence of a large amount of background extended objects.
We will use the two data sets to independently derive the SFH.

19 https: //www.stsci.edu/scientific-community /software /drizzlepac
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A detailed analysis of the structural parameters of the galaxy
and possible star cluster, together with an in-depth analysis of
the variable star population of Eri II, is deferred to a
forthcoming paper (C. E. Martinez-Vazquez et al. 2021, in
preparation).

3. Data Reduction and Photometry

In order to track down any possible systematic issues in the
SFH results due to the usage of a specific data reduction
package, photometry and artificial star tests were performed
with both the DAOPHOT IV/ALLFRAME suite of codes
(Stetson 1987, 1994) and ePSF/KS2 (Anderson & King 2006),
two commonly used programs to perform HST photometry.
The details of the procedures followed in each case are
described below.

3.1. DAOPHOT IV/ALLFRAME Photometry

The photometry with DAOPHOT IV/ALLFRAME was
obtained following the prescriptions of Monelli et al. (2010b).
Briefly, images are individually treated to derive optimal point-
spread functions (PSFs) based on bright stars that are
unaffected by cosmic rays and are distributed over the full
field of view, in order to take into account the spatial variations.
Original _FLC images from the ACS/HST archive pipeline
version 8.3.4 were used. The input list of sources for the
simultaneous photometry performed by ALLFRAME was
generated on a stacked median image. This ensures that most,
if not all, cosmic rays are filtered out and do not pollute the
object lists. The background extended objects were efficiently
removed using the SHARPNESS parameter (|sha| <0.1). The
final selected photometric catalog was calibrated to the
VEGAMAG system by using the zero-points suitable for the
observing epoch and available on the ACS web page. It is
important to note that our catalog is calibrated to the HST
photometric reference system CALSPEC v10.%

Given the rotation between the two data sets, they have been
independently reduced, and cross-matched a posteriori, after
correcting the coordinate system for geometric distortions. The
final list includes 8350 and 12,730 bona- fide stars in common
between the F475W and F814W filters and between the
F606W and F814W filters, respectively.

In order to have an optimal sample of artificial stars to
simulate the observational errors in the synthetic CMD used to
derive the SFH (see Section 5), we adopted a synthetic CMD to
create the input artificial stars list. Stars were uniformly
distributed within a range of ages 2.5 Gyr <t <13.5 Gyr and
metallicities 0.0001 <Z <0.002 to broadly cover the observed
range of colors and magnitudes. Artificial star tests were
performed independently for the two data sets, simulating 10°
stars per chip in ~300 iterations, distributing the stars in a grid
of equilateral triangles of side length equal to (2 x PSF, gjus + 1
px) to ensure that the photometry of artificial stars is only
affected by neighbor real stars, in addition to image
characteristics and defects (Gallart et al. 1999). The stars are
injected in each original image scaling for individual zero-
points using the corresponding PSF previously used for the
data reduction. For a more realistic simulation of the
photometric process, the recovery of the synthetic stars is not
made with the same PSF, which somehow would match

20 https: / /www.stsci.edu /hst/instrumentation /reference-data-for-calibration-
and-tools /astronomical-catalogs /calspec
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perfectly the input one and therefore would somehow under-
estimate the errors. Instead, during the reduction process the
PSF is recalculated assuming the same list of stars of the
original image but using only a randomly selected fraction of
stars between 80% and 95%. Moreover, to take into account
possible uncertainties associated with the flat-field correction,
we added to the input synthetic magnitudes a Gaussian error
with a dispersion of 0.01 mag. This will simulate the ~1% flat-
field error of the observations (Brown et al. 2014).

3.2. ePSF/KS2 Photometry

Photometry is performed on the _FLC images after
correcting them for geometric distortion according to the
prescription of Anderson & King (2006). Then, we carried out
PSF photometry on the individual images with the routine
hst2xym and by using standard PSF libraries that account for
the spatial variation across the detector (Anderson &
King 2006). In addition, we took into account the temporal
variation of the PSF by calculating a perturbation correction of
the standard PSF and an individual PSF for each image. In
order to increase the depth of the photometric catalog, we also
performed simultaneous PSF-fitting photometry on all images
from the two data sets with the routine kitchen_sync2 (J.
Anderson 2020, in preparation). The final catalog includes
13,542 stars with at least one measurement in all three filters,
F475W, F606W, and F814W. This photometric catalog was
calibrated to the VEGAMAG system by using the same zero-
points used to calibrate the DAOPHOT/ALLFRAME catalog.

This code was also used to run artificial star tests with the
same input synthetic CMD used for the tests with DAOPHOT/
ALLFRAME discussed above. We used a total of ~650,000
stars uniformly distributed on the field. The artificial stars are
added to the image and measured by KS2 one at a time, in
order to not affect the original level of crowding.

4. The Eridanus II CMD

Figure 2 displays the [(F475W —F814W), F814W] and
[(F606W —F814W), F814W] CMDs of the central region of
Eri II covered by the ACS data (left and middle panels,
respectively). The diagram spans about 10 mag, from the tip of
the RGB (F814W ~18.5 mag) down to the limiting magnitude
F814W ~28.5 mag, which is about 3 mag fainter than the
oMSTO. The plot discloses the features typical of an old
population. The bright part presents a remarkably steep RGB,
suggestive of mostly metal-poor populations, while the
horizontal branch (HB) is well populated, on both the blue
and the red part, in the color range
0 <F475W —F814W <1.1 mag. A blue plume of stars brighter
than the bulk of the MS stars has the typical appearance of a
population of blue straggler stars (BSSs), commonly observed
in globular clusters and dSph galaxies. In fact, the logarithmic
frequency of BSSs in Eri II, calculated identically to that in
Monelli et al. (2012), is 0.153, which, taking into account the
absolute magnitude My = —7.1 of Eri II, places this galaxy
right in the relationship defined by Local Group dwarfs
containing a sequence of BSSs in the CMD (see Figure 7 in
Monelli et al. 2012).

In the right panel of Figure 2, some isochrones selected from
the BaSTI database (Pietrinferni et al. 2004) are superimposed
onto the CMD. We adopted the distance modulus derived from
the properties of the RR Lyrae stars (C. E. Martinez-Vazquez
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Figure 2. Eri I CMD:s for the (F475W, F814W) and (F606W, F814W) band combinations. A number of isochrones and ZAHBs from the BaSTI library of the ages
and [Fe/H] labeled, as well as two He-burning tracks of 1.2 M, and [Fe/H] in the labeled color code, have been superimposed onto the [(F475W — F814W), F814W]

CMD (see text for details).
(The data used to create this figure are available.)

et al. 2021, in preparation), (m — M)y=22.87 +0.10, and
extinction Agg7sw = 0.033 mag and Aggi4w = 0.015 mag from
Schlafly & Finkbeiner (2011). The figure discloses that a
simple comparison with isochrones is not enough to assess the
age spread of the dominant population of Eri II. In fact, the plot
shows that the morphology of the MS and the RGB can be
explained by different combinations of age and metallicity. A
very old (13.5Gyr) and extremely metal-poor (Z= 10" or
[Fe/H] = —3.27; blue line) isochrone matches the blue
envelope of the CMD, from the oMSTO to the subgiant
branch and up to the tip of the RGB. An isochrone of the same
age and 30 times more metal-rich (Z=0.0003, [Fe/
H] = —1.79; orange line) nicely brackets the red envelope of
the same features. However, a much younger (8 Gyr) and even
more metal-rich (Z=0.0006, [Fe/H]=—1.49; red line)
isochrone represents well the turnoff and subgiant branch
shape and the red part of the RGB. The plume of stars bluer and
brighter than the oMSTO is well matched by a 2 Gyr old
isochrone (green). However, as mentioned above, the location
of these blue and bright MS stars is also consistent with a
population of BSSs. Finally, two zero-age HB (ZAHB) loci and
two He-burning tracks of 1.2 M, for the lowest and highest
metallicity considered in this section are also displayed. The
comparison between the ZAHBs and the observed HB stellar
distribution shows that the blue HB stars can be accommodated
as belonging to the most metal-poor stellar population in the
galaxy, while the red HB stars are consistent with a more
metal-rich stellar component, with [Fe/H] up to —1.49,

consistent with the maximum spectroscopically observed
metallicity (Li et al. 2017; see also Section 6). However, since
the ZAHB location of a star strongly depends on its total mass
—the larger the mass, the redder the ZAHB location—some of
the reddest and brightest stars in the HB could be progeny of
the BSS population mentioned before (see the position of the
He-burning tracks).

In summary, the MS locus observed in the Eri II CMD can
easily accommodate a range of ages of up to 5-6 Gyr and a
range of metallicities of over 1.5 dex, while a similar range of
metallicities can also explain the HB morphology. The
quantitative analysis of the SFH presented in Section 5 will
allow us to disclose the actual stellar composition of the galaxy:
whether star formation extended for a few Gyr, and whether the
blue plume is consistent with a BSS population or, on the
contrary, a young population is necessary to explain it.

5. Star Formation History Derivation

The SFH of Eri II has been derived through the comparison
of the observed CMDs with synthetic CMDs to extract the
combination of simple stellar populations (SSPs, that is,
synthetic populations with small ranges of ages and metalli-
cities) that provide the best fit. The SFH provides a detailed and
robust determination of the star formation rate (SFR) and
metallicity Z as a function of time. In order to establish the
robustness of the SFH determination, two different stellar
evolution model sets (BaSTI and PARSEC) and two
independent SFH derivation procedures (TheStorm and
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Table 2
Parameters Adopted for the Synthetic CMDs

Library Name Set* Diffusion IMF I} q

BaSTI aeb05 ae NO Kroupa (1993) 0.5 0.4
BaSTI ssb05 ss NO Kroupa (1993) 0.5 0.4
BaSTI ssb07 Ss NO Kroupa (1993) 0.7 0.1
PARSEC parsec ss YES Kroupa (2001) 0.3 0.0
Note.

# Model set: ae—a-enhanced chemical composition; ss—solar-scaled chemical
composition.

SFERA) have been used. Additionally, the SFH determination
with TheStorm and BaSTI models has been performed using
the two independent photometry catalogs obtained with
DAOPHOT/ALLFRAME and ePSF as described in
Section 3. Finally, to further constrain the actual duration of
the old star formation burst in Eri II, a number of tests with
mock stellar populations have been performed.

5.1. SFH with TheStorm

The majority of the solutions for the SFH that will be
discussed in this paper are derived using the code TheStorm
presented in Bernard et al. (2015, 2018), which closely follows
the procedures adopted and discussed in detail in previous
papers (Aparicio & Hidalgo 2009; Monelli et al. 2010b;
Hidalgo et al. 2011). This code uses a “mother” synthetic CMD
from which the SSPs are extracted. We calculated three mother
synthetic CMDs adopting the set of BaSTI models accounting
for core convective overshooting during the core H-burning
stage and mass loss during the RGB evolution.?! We have
alternatively adopted both the solar-scaled release of the BaSTI
library (Pietrinferni et al. 2004) and the a-enhanced one
(Pietrinferni et al. 2006, see Table 2).

We note that the version of the BaSTI stellar evolution
library adopted in the present work does not take into account
the occurrence of atomic diffusion in the evolutionary
computations—although it has been considered in the calibra-
tion of the corresponding Solar Standard Model (see Pietrin-
ferni et al. 2004, for a detailed discussion on this issue). The
impact of atomic diffusion is to decrease the age of the oldest
stellar populations by about 1 Gyr (the exact value depending
on the absolute age and the stellar metallicity) with respect to
an age dating procedure based on nondiffusive stellar models
(see, e.g., Cassisi & Salaris 2013, for a detailed discussion on
this topic). In order to address this issue in detail for the current
problem, we have compared suitable stellar models computed
on purpose that alternatively account or not for atomic
diffusion. We have verified that, for a low metallicity such as
that of Eri II, a 13.5Gyr diffusive isochrone mimics a
nondiffusive one about 0.6-0.7 Gyr older. Therefore, in order
to account for this characteristic of the BaSTI models, in
computing the synthetic CMDs we included stars of ages up to
14 Gyr old (see below).

For obtaining the synthetic CMDs, we used a customized
version of the Stellar Pogulation Synthesis Program available at
the BaSTI web page,”> which allows the computation of

21 It is worth noting that the choice between canonical and overshooting
models is quite irrelevant for a galaxy such as Eri II whose bulk stellar
population is old.

22 hitp: //basti.oa-teramo.inaf.it/
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synthetic CMDs with flat age and metallicity distributions
within given age and metallicity ranges. This code has been
discussed in Cordier et al. (2007), and here we will just
highlight that a binary star population is generated according to
a binary fraction § and minimum mass ratio g specified by the
user, with the mass of the secondary selected randomly
following the recipe by Woo et al. (2003). The current version
does not account for any stochastic variation of the mass-loss
efficiency during the RGB evolutionary stage. The effect of the
occurrence of mass loss is accounted for by assuming a
constant value for the free parameter 7= 0.4 in the Reimers
formula in the stellar model computations (see Pietrinferni et al.

2004, for a detailed discussion on this issue). Finally, the
bolometric correction library for the ACS photometric system
adopted in the present work is that presented by Bedin et al.
(2005).

Common to all mother synthetic CMDs (with 5 X 107 stars)
are a flat SFR between ages 14 and 2 Gyr (model stars younger
than this age have not been included because there is no
evidence that they are present in Eri II) and the Kroupa et al.
(1993) initial mass function (IMF). We have computed three
synthetic CMDs with the stellar evolution models set (solar-
scaled or a-enhanced) and characteristics of the binary star
population as detailed in Table 2. A range in metallicity
consistent with that determined in Li et al. (2017) was adopted.
This required the use of the lowest-metallicity stellar models
available in the BaSTI database (Z=0.0001), with an upper
Z=0.0004 for the scaled-solar models and Z=0.001 for the
a-enhanced ones. The metallicity distribution in the mother
synthetic CMD is also flat in the whole metallicity range above,
that is, no other constraints on the metallicity distribution of the
galaxy are imposed.

Observational errors are simulated in the mother synthetic
CMD to create a model CMD that is directly comparable to the
observations. A C++ parallel code called DisPar, which
follows the strategy detailed in Gallart et al. (1996) and
discussed in Ruiz-Lara et al. (2020), has been used. It takes into
account all the observational effects as derived through the
artificial star tests, using an empirical approach. This is a
fundamental step because the distribution of stars near the
oMSTO is modified substantially owing to the observational
errors, and their realistic simulation is fundamental to derive a
reliable and detailed SFH at the oldest age. Even though
DisPAR can take into account possible spatial variations of the
errors derived with the artificial star tests when simulating them
in the mother CMD, we have not used this feature in this case,
as the crowding is low across the image and results in very
uniform observational errors.

The model CMDs have been divided in SSPs using a number
of age and metallicity bins. Age bins are of 0.5 Gyr width in the
whole age range considered (14.0-2.0 Gyr ago). The choice of
an age bin of width of only 0.5 Gyr even at the oldest ages was
made after some testing that showed that wider bins did slightly
artificially widen the old star formation burst derived for the
galaxy. To sample the distribution of stars in the CMD, we
have defined a number of bundles (a collection of non-
overlapping regions in color-magnitude space; see Monelli
et al. 2010b), which are shown in Figure 3 for the [(F475W —
F814W), F814W] CMD (a similar distribution of bundles was
adopted for the [(F6O6W — F814W), F814W] CMD). Each
bundle was divided into boxes of different size, as indicated in
the figure inset. In this case, and after some testing (see also
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Figure 3. Left panel: observed [(F475W — F814W), F814W] CMD of Eri II.
The bundles used for the SFH derivation have been superimposed, and the
sizes of the boxes in each bundle are given in the inset. Middle panel: best-fit
CMD corresponding to the F475ssb07 solution. The synthetic stars in this
CMD have been color-coded according to their [Fe/H], as indicated in the
upper color bar. Right panel: significance of the residuals in units of Poisson o.
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Ruiz-Lara et al. 2020), we decided to include the whole CMD
above the 80% completeness limit within the set of bundles, not
excluding regions sampling stars in advanced evolutionary
phases that may be less well described by current stellar
evolution models. The influence in the fit of different regions of
the CMD has been instead modulated by the different sizes of
the boxes in each bundle, with smaller and thus more numerous
boxes in the more populated, best theoretically understood
(Gallart et al. 2005) MS near the oMSTO.

The best-fitting SFH is determined by finding the amplitudes
of the linear combination of SSP CMDs that best match the
observed CMD. No a priori age—metallicity relation is adopted.
The number of observed and synthetic stars from each SSP,
counted in each CMD box, serves as the input to the
minimization routine, which measures the goodness of fit
using a Poisson equivalent of x> (Dolphin 2002). The
minimization process is repeated several times, each one
shifting the observed CMD in steps in color and magnitude
with respect to the synthetic CMDs, in order to account for
uncertainties in photometric zero-points, distance, and mean
reddening. Once the shift that leads to the best solution is
located, another set of solutions are calculated by shifting the
bins used to sample the CMD and also the age—metallicity bins
used to define the SSP in the case of the model CMD. The SFH
represented in Figure 4 is the result of averaging 25 such
solutions. The total uncertainties are assumed to be a
combination (in quadrature) of the uncertainties due to the
effect of binning in the color—magnitude and age—metallicity
planes and those due to the effect of statistical sampling in the
observed CMD (see Aparicio & Hidalgo 2009, for details).

5.2. SFH with SFERA

The SFH of Eri II was also recovered using the hybrid-
genetic algorithm SFERA (Star Formation Evolution Recovery
Algorithm). The details of this approach are described in
Cignoni et al. (2015), and here we provide only a short
description. In this procedure, a library of “basic” synthetic
CMDs (similar to the SSPs defined above) is generated using
the latest PARSEC-COLIBRI isochrones (PAdova and TRieste
Stellar Evolution Code version 1.2S plus COLIBRI code for
AGB thermal pulses; Bressan et al. 2012; Tang et al. 2014;
Marigo et al. 2017). Each basic synthetic CMD is a Monte
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Figure 4. SFH of Eri II derived with TheStorm. The top panel shows the SFR,
while the bottom panel shows the cumulative mass fraction as a function of the
look-back time. Different lines indicate different solutions combining the
DAOPHOT photometry of the two data sets (F475W-+F814W or F606W
+F814W), different BaSTI stellar evolution model sets (ss or ae), and binary
stellar population properties (binary fraction 5= 0.7 or 0.5). See Table 2 for
details.

Carlo realization with constant SFR (in a given range of ages),
Kroupa (2001) IMF (between 0.1 and 300 M), and fixed
metallicity (£0.05 dex). In this work we adopted a logarithmic
time binning of 0.01 in the interval log(age) = 9.90-10.13 and
a time binning of 0.1 in the interval log(age) = 9.50-9.90.
Concerning metallicity, we allowed the code to use metalli-
cities>® between [M/H] = —2.2 and —1.0 with a resolution of
0.1 dex. The last step concerns the binary population: 30% of
synthetic stars are considered to be part of unresolved binary
systems, and their flux is combined with a companion, whose
mass is a random fraction between O and 1 of the primary.
Once the library is created, the models are convolved with
photometric errors and incompleteness as derived from the
artificial star tests performed on the real images and described
in Section 3.1. The linear combination of basic CMDs that
minimizes the residuals from the observational CMD (in terms
of Poissonian likelihood) is searched with a hybrid-genetic
algorithm, combining the exploration ability of a genetic
algorithm and the exploitation ability of a local search.

6. The SFH of Eridanus II

The SFH of Eridanus II is displayed in Figures 4 and 6. In
Figure 4, the results by the TheStorm DAOPHOT CMD fit are
shown. Lines of different colors indicate the different solutions
depending on the model CMD (see Table 2) and the band
combination used, as indicated in the labels (F475W or F606W
for the bluest band). The top panel shows SFR(#), the SFR as a

2 we adopt the approximation [M/H] ~ log(Z/Z.), with Z., = 0.0152.
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Figure 5. Normalized metallicity histograms derived for Eri II from a number
of DAOPHOT /TheStorm solutions in Figure 4, compared with the metallicities
derived by Li et al. (2017).

function of time, which is characterized by a strong, narrow
episode of star formation at the oldest possible age and
lasting ~0.5 Gyr (half-width at half-maximum: this is the
maximum possible duration of this early period of star
formation; we try to constrain its intrinsic duration in
Section 6.1). After this main star-forming period, a second
period of possible extremely low level star formation activity,
lasting until ~9 Gyr ago, is found in our solutions. This feature
is somewhat more prominent in the solutions obtained from the
(F606W, F814W) CMDs, in which the SFR(f) displays a
second small maximum of low significance around 12 Gyr ago.
The bottom panel displays the cumulative mass fraction, which
shows that the star formation after the main period ending
~13 Gyr ago could amount to up to ~220% of the stellar mass
formed by the galaxy. However, note that, in all cases, this
possible low-level SFR is compatible with null star formation
after the main burst. The SFHs recovered also contain
information on the age-metallicity relation and metallicity
distribution that provide the best fit to the CMDs. In this case,
since the range of age is very small for a meaningful
exploration of the age—metallicity relation, we will consider
the recovered metallicity distribution. Figure 5 displays a
number of metallicity histograms derived from the solution
CMDs constructed from the SFHs, compared with the
distribution of metallicities measured by Li et al. (2017) for
12 Eri II stars. Note the good agreement, particularly for the
solutions with the a-enhanced models, in spite of the low
number of spectroscopically measured stars.

Figure 3 shows the observed CMD (left panel), an example
solution CMD (middle panel, color-coded with [Fe/H]; see
below), and the significance of the residuals in units of Poisson
o (right panel). It can be seen that the resulting solution CMD
is an overall good realization of the observed CMD: no
significant structure is observed in the residual plot, and most
CMD bins show residuals under 20. One area of the CMD
where the discrepancy between observed and solution CMD is
particularly apparent is in the HB, which is substantially more
extended and more populated toward the blue side in the
model. This can be understood by the fact that the RGB mass-
loss efficiency is parameterized in a simple way and not
optimized to provide the best possible match with the data (see
Section 5; if =10.2 in the Reimers formula had been used to
parameterize the mass loss along the RGB, the qualitative
agreement between the observed and the model RGB would
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Figure 6. Comparison between the average of the SFR(?) solutions from the
DAOPHOT (F475W, F814W) CMD obtained with TheStorm displayed in
Figure 4, one solution obtained with TheStorm using the ePSF (F475W,
F814W) CMD, and with a solution obtained with SFERA and a DAOPHOT
(F475W, F814W) CMD. The SFR(#) plots have been normalized by the area
below the curve. Note the excellent agreement between all the solutions.

have been likely better, as a smaller mass loss results in an HB
less extended to the blue). In spite of this, in the middle panel it
can be seen that the HB well populated from the blue to the red
can be explained by the wide range of metallicity (spanning
over 2 dex) in the galaxy. In fact, from the solution CMDs, we
calculated that ~5 stars can be expected for the evolved
progeny of the bright MS stars, and thus their contribution to
the star counts in the red part of the HB is small. This panel
also shows that the bright MS (that we tentatively interpreted as
a BSS population in Section 4) is best represented by stars in
the whole metallicity range, with numerous low-metallicity
stars. This reinforces the conclusion advanced in that section
that this sequence is composed of BSS stars and not of stars
younger (and thus likely more metal-rich) than the bulk of the
Eri II stars.

Figure 6 compares the average of the three F475W
TheStorm/DAOPHOT solutions (black) shown in Figure 4,
with (i) one solution obtained with TheStorm using the ePSF
(F475W, F814W) CMD (green) and (ii) a solution obtained
with SFERA and a DAOPHOT (F475W, F814W) CMD (blue).
The SFR(#) have been normalized to the total area below the
curve. Remarkably, the independent solutions obtained with
different SFH derivation codes adopting different stellar
evolution libraries and stellar populations parameters, such as
the IMF or the binary stars characteristics, present the same key
features for the Eri II SFH. Also the solutions with TheStorm
for different photometry sets are consistent. In the rest of the
paper, and for simplicity, we will adopt and discuss in more
detail the DAOPHOT/TheStorm solution. We will also
perform most of the analysis in relation to the robustness of
the features in the Eri II SFH using TheStorm.

6.1. Age Accuracy and Precision at Old Ages

In order to assess the robustness of our conclusions
regarding the key features in the Eri II SFH, and to further
constrain the actual intrinsic duration of the main star formation
episode and the precision in dating this burst, in the following
sections we will perform a number of tests with simulated
CMDs of stellar populations of known age characteristics.
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Figure 7. Results of the test with synthetic mock galaxies described in the text.
The black thin lines indicate the SFR(7) of the mock galaxy, while the thick
black line indicates the SFR(?) inferred for Eri II (average of the F475aeb05 and
F606ssb05 solutions). The colored lines indicate the SFR(¢) derived for the
corresponding mock galaxy, using the (F475W, F814W) band combination and
different mother synthetic CMDs (see Table 2).

6.1.1. Synthetic Mock Galaxies

We have created four ”synthetic mock galaxies” from
synthetic CMDs in which observational errors have been
simulated using DisPar and the Eri II artificial star tests. The
synthetic CMDs have been calculated with the same synthesis
program used to compute the mother synthetic CMDs, adopting
the solar-scaled BaSTI stellar evolution library, a Gaussian
metallicity distribution with mean [Fe/H]=—2.38 and
otre/u) = 0.47 (as observed for Eri II by Li et al. 2017), and
a binary fraction #=0.7 with mass ratios ¢>0.1. The
difference between these four mock galaxies is the age
distribution of their stellar populations: two of them were
calculated with an age range of 100 Myr (between 13.5 and
13.4 Gyr old, and between 12.5 and 12.4 Gyr old), and the
other two with an age range of 1 Gyr (between 13.5 and
12.5 Gyr old, and between 12.5 and 11.5 Gyr old). The shapes
of these input SFR(f) are represented as thin black lines in
Figure 7. These tests were performed using both the (F475W,
F814W) and (F606W, F814W) band combinations. After
simulating the observational errors in these synthetic popula-
tions using the corresponding artificial star tests, a number of
stars comparable to the observed CMDs of Eri II were
randomly selected to fully mimic the observed CMD proper-
ties. The CMDs of the four mock galaxies were treated in the
same way as the observed Eri II CMD to retrieve their SFH
with TheStorm. The same three model CMDs used to retrieve
the SFH of Eri II (see Table 2) were also used for the mock
galaxies, in order to mimic the fact that the assumptions that go
into the model CMD creation (e.g., stellar evolution, binaries)
are different from the parameters of the actual galaxy. The
recovered SFR(#) for the mock galaxies are displayed in
Figure 7 (colored lines), together with the Eri II SFR(¥) (thick
black solid line). The results for the mocks calculated with the
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two band combinations are basically identical, and in the figure
we show those for the (F475W, F814W) band combination,
while for the Eri II solution we show the average of the
F475aeb05 and F606ssb05 solutions.

It can be seen that the recovered SFR(f) do not depend
strongly on the adopted model CMD (with slightly worse
recovery for “aeb05,” that is, when the stellar evolution model
set used to compute the mother CMD does not match the one
used to calculate the mock galaxy: a-enhanced for the model
CMD and solar scaled for the mock galaxy) and that the age of
the population is well recovered in all cases. The true width of
the star formation episode is not well recovered in the 100 Myr
case. This indicates that we cannot resolve a narrow star
formation event that occurred ~13.5-12.5 Gyr ago with these
data. However, note that only the mock galaxy with the narrow
and old age range (13.5-13.4 Gyr) results in a recovered SFH
similar to the one derived for Eri II, which is actually in the
narrow side of the three SFR(f) derived for the mock. This
indicates that the Eri I main star-forming epoch occurred at the
earliest possible age and might have been very narrow, possibly
not lasting longer than 100 Myr. On the other hand, for the
oldest, best-fitting mock SFHs, the period of very low star
formation activity extended to ~9 Gyr ago that is observed in
the Eri II SFR(?) is not observed, except in the case in which
there is a mismatch between the parameters used to compute
the model CMD and the mock galaxy (green lines). In this case,
a local maximum of low intensity, similar to the one observed
in the original F606W solutions, is recovered at a look-back
time of ~11.5 Gyr ago. This is an indication that these low-
level features in the SFR(¢) are likely spurious.

6.1.2. Retrieving the SFH of an M92 Mock

It could be argued that the tests with mock galaxies
presented in the previous section are idealized cases in which
the same stellar evolution model set has been used to calculate
the input mock stellar population and the model synthetic CMD
used to retrieve its SFH. We have performed a further test with
a mock stellar population created using the CMD of the old,
metal-poor ([Fe/H] = —2.3) MW globular cluster M92 (Di
Cecco et al. 2010; VandenBerg et al. 2016; NGC 6341), as
observed with the ACS under HST program ID 10505 (one
orbit in each F475W, F814W) and ID 10775 (one orbit in each
F606W, F814W). Since these data are much deeper in the
absolute magnitude planes than the Eri I CMD, we have
assumed that the photometric errors are negligible and
degraded the M92 CMDs to the photometric quality of the
Eri I CMDs, by simulating in them the Eri II observational
errors using the Eri II artificial stars tests. We also selected a
similar number of stars to that in the Eri II observed CMDs.
After that, the SFH was obtained identically to that for Eri II.
Figure 8 shows the SFR(#) obtained for the M92 mock, using
either the [F475W, F814W] (blue line) or the [F606W, F814W]
(red line) CMDs and adopting the model synthetic CMD
computed with the a«-enhanced model set and 5=0.5,
compared to the Eri I SFH. The width of the main star-
forming period of Eri II is basically identical to that derived for
M92, thus reinforcing the conclusion in the previous section
that the early Eri II star formation burst must have had a very
narrow time span, possibly even narrower than 100 Myr. In this
case, the period of star formation extended to ~9 Gyr ago is
clearly not found.
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Figure 8. Comparison between the SFR(f) obtained for the M92 mock
described in the text and for Eri II. The blue and red lines refer to the mocks
constructed with the [F475W, F814W] and [F606W, F814W] M92 data,
respectively. The gray and black lines represent the average of the F475W and
F606W SFR(¢) solutions for Eri II shown in Figure 4.

7. Discussion

The SFHs of Eri II presented in Section 6, obtained using
different photometry tables and CMD-fitting methods, and
constrained further with tests using mock stellar populations,
all agree in that Eri II has formed the bulk of its stars in a very
early and extremely short (possibly shorter than 100 Myr) star
formation burst. As discussed in the Introduction, three main
mechanisms are usually debated as potentially able to remove
gas and halt star formation in small galaxy halos, namely, (i)
ram pressure stripping and tidal interactions with a nearby
larger galaxy, (ii) cosmic reionization, and (iii) SN feedback
associated with the early star formation in the dwarf galaxy
itself. Since we have a quantitative determination of the amount
of mass turned into stars in the Eri II early star formation burst
and stringent constraints on the duration of this burst, we will
investigate whether Eri II could have removed its own gaseous
component at early times just by stellar feedback caused by SN
explosions. For this, we follow the methodology by Bermejo-
Climent et al. (2018). We first integrate the SFH of Eri II and
correct the result by the missing stellar component in the HST/
ACS observations, which cover ~55% of the galaxy, taking
into account the galaxies’ stellar profile derived by Crnojevié
et al. (2016). We obtain that the total mass transformed into
stars is ~1.9 x 10° M. Assuming the IMF by Kroupa (2001)
and a stellar mass threshold of 6.5 M, for explosions of SNe Il,
we get that Eri II had ~2700 SN events, which, considering a
typical energy of ~10°" erg per SN, would have injected an
energy ~2.7 x 10°* erg to the medium. We note that when
adopting a higher mass threshold, like 8 M. for the SNII
explosions, the energy budget would be ~75% the value
obtained for 6.5 M.

To evaluate whether this energy could or could not push
away the gas, we assume that all the SN events in Eri II
happened before z ~6 and calculate the competing gravitational
potential of the dark matter halo at this redshift. According to
Woo et al. (2008), we consider that these kinds of dwarf
galaxies with a very fast SFH (Gallart et al. 2015) present a
stellar mass-to-light ratio close to ~2, and we derive the
present-day stellar mass from the luminosity by Crnojevi¢ et al.
(2016). We link the resulting stellar mass ( ~1.1 x 10° M) to
the z = 0 virial halo mass using the abundance-matching (AM)
relations by Brook et al. (2014; B14) and Moster et al. (2013;
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M13). We evolve these virial halo masses back to z=26
followin% Fakhouri et al. (2010), and we obtain halo masses of
3.4 x 10° M., and 2.1 x 10® M, for the B14 and M13 AM
relations, respectively. Then, we derive the gravitational
potential of the dark matter halo and relate it to the gaseous
component accounting for the baryon fraction (f;, ~1/6). We
finally obtain that the competing gravitational potential is
AW /2 = 4.8 x 107 erg and AW /2 = 2.2 x 10% erg
for the B14 and M13 AM relations, respectively. This means
that Eri II could have removed its gaseous component with a
coupling efficiency of the SN energy € < 2%, which is well
compatible with the maximum values of this parameter in the
literature; for example, in Bermejo-Climent et al. (2018) the
coupling efficiency is constrained to be smaller than ~10%.

The above estimates are of course an order-of-magnitude
calculation since (i) we are assuming that all SNe explode at
once, thus producing a much more powerful explosion than if
they were spread out in time, and (ii) we are relying on a dark
matter halo mass derived from AM relations. However, the
very low SFR of Eri II, (U)~10° M. /yr, is perfectly
consistent with what is predicted for inefficiently star-forming
minihalos with relatively small virial halo mass, ~ 107 M.,
which can rapidly lose all their gas thanks to SN feedback and
then are permanently switched off because reionization is
preventing further gas accretion (e.g., Salvadori & Ferrara 2009;
Rossi et al., submitted). In conclusion, the short history of star
formation of Eri II, lasting <100 Myr, combined with its low
SFR, strongly supports the idea that we are observing the living
relic of one of the first star-forming H,-cooling minihalos,
which hosted the first stars.

In the absence of quantitative estimates of the actual early
SFR (in units of solar masses per year), and thus of the SN
energy ejected to the interstellar medium (ISM), and noting the
very similar quenching times in a number of UFDs, previous
works (e.g., Brown et al. 2012, 2014) favored the conclusion
that an outside global influence such as cosmic reionization
was the most plausible cause of the synchronized quenching.
The remaining candidates, tidal interactions or ram pressure
stripping, would result in quenching times that depend on the
accretion time of each dwarf galaxy into the MW. In a paper
that was accepted and posted in ArXiv after this one was
submitted, Simon et al. (2021) analyzed the same Eri II
(F606W —F814W, F814W) CMD with the methodology used
in Brown et al. (2014). They reach a conclusion on the age and
duration of the star formation in Eri II that is totally compatible
with our scenario. The main difference between our conclusion
and theirs is in the interpretation of the results. While they
focus their discussion on possible reionization and tidal effects
and conclude that the former is the most plausible explanation
for the early quenching of Eri II, our quantitative estimate of
the SFR allows us to argue that SN feedback is a main driver of
the star formation quenching in Eri II. Note that if the very
early star formation events in UFDs as reported in Brown et al.
(2014) were intense enough to result in sufficiently large
feedback energy to remove the gas as in the case of Eri II, they
would also result in apparently synchronized quenching.

That reionization may not have been the main or only cause
of the star formation quenching in Eri II is supported by the fact
that another UFD galaxy of similar properties such as Leo T (in
terms of mass, metallicity, distance, and velocity with respect
to the MW; see Table 3) has been able to retain gas and sustain
star formation until (almost) the present time (Clementini et al.



THE ASTROPHYSICAL JOURNAL, 909:192 (13pp), 2021 March 10

Table 3
Properties of Eridanus II Compared to Leo T
Parameter Eri I Leo T Ref(Leo T)*
My (mag) —7.1+03 -7.1 )
7 (pc) 252 166 1)
Dyw (Kpc) 375 409 )
vosr (km s~ —66.6 —58.4 3)
Oy (km s 6.9 7.5 3)
My (M) <2.8 x 10° 2.8 x 10° @)
M1 (M) 1.2759% % 107 8.2+3.6x 107 3)
2

M/L (M,/Ls) 420120 138 + 71 3)
[Fe/H] —2.38 4+ 0.13 —2.29 3)
Of[Fe/H] 0.47 0.35 3)
Note.

 The corresponding references for Eri II are given in Table 1.
References: (1) Irwin et al. 2007; (2) Clementini et al. 2012; (3) Simon &
Geha 2007; (4) Ryan-Weber et al. 2008.

2012; Weisz et al. 2012; F. Surot et al., 2021 in preparation;
other gas-rich UFDs are discussed by McQuinn et al. 2015 and
Janesh et al. 2019). The available SFHs of Leo T all agree on a
low early SFR, ~1077 M yr_l, around two orders or
magnitude lower than the one we have inferred for Eri II, that
would not have been able to quench it by SN feedback.
However, apparently reionization was not able to quench it
either: the highest temporal resolution SFR(#) for this galaxy
published in both Clementini et al. (2012) and F. Surot et al. (in
prep) show a continuous SFR(?) that increases substantially
after 10 Gyr ago, with no apparent gap after reionization.
What may be the physical reasons for the radically different
SFHs for Eri IT and Leo T, two otherwise quite similar dwarf
galaxies (Table 3)? Rey et al. (2020) use cosmological high-
resolution hydrodynamical simulations of field dwarf galaxies
encompassing the Eri II and Leo T mass range to explore the
mechanisms that allow some of these small galaxies, all
quenched after reionization in their simulations, to reignite star
formation at a late time. They find that these galaxies have been
able to replenish their ISM by slowly accreting gas until high
enough densities are reached to self-shield the gas from the UV
background. These models could explain the extended Leo T
SFH, even if reionization would have affected it early, at a level
not clearly detected by the measured SFHs. It is also possible
that the coupling between reionization and SN feedback results
in enough energy for a complete removal of gas in Eri II, but
not in Leo T. In fact, Jeon et al. (2017) find that while
reionization plays an important role in inhibiting star formation,
SN feedback is crucial for the ultimate quenching of UFDs. In
addition, UFDs have such shallow potential wells that the SF,
and thus the feedback, might be very sensitive to the local
environment and to the details of the ISM/CGM physics. For
example, SN feedback and outflow from a nearby dwarf galaxy
can also quench star formation directly in these low-mass
systems (Mina et al. 2020). But one may still ask the further
question of what is the actual origin of the different early SFRs
of these two galaxies. Gallart et al. (2015) use precise, time-
resolved SFHs of Local Group classical dwarf galaxies derived
from CMDs reaching the oMSTO and find that they can be
assigned to two basic types: fast dwarfs that started their
evolution with a dominant and short star formation episode,
and slow dwarfs that formed a small fraction of their stars early
and have continued star formation activity until, or almost until,
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the present time. Given their SFHs, Eri II and Leo T would
allow extending this definition to the UFD regime. Gallart et al.
(2015) hypothesized that the distinction between fast and slow
dwarfs reflected the characteristic density of the environment
where they formed, with fast dwarfs assembling quickly in
high-density environments where interactions triggering star
formation were common, leading to a high SFR before
reionization, and resulting in strong gas loss due to the
combined effects of reionization and SN feedback (see also
Benitez-Llambay et al. 2015). On the contrary, slow dwarfs
would have resulted from a slower mass assembly in lower-
density environments, implying lower initial SFR and ability to
retain gas. The proper motions and orbit estimated for Eri II
(Fritz et al. 2018) do not totally preclude that Eri IT was close to
the MW at early times (see also Buck et al. 2019, for a
possibility of Eri II being a backsplash galaxy that has had a
close encounter with M31 before being accreted onto the MW),
while the 3D movement of Leo T in the Local Group is still
highly uncertain. Therefore, more precise information on the
orbits of Eri II and Leo T would help us understand whether
they can provide further support to the hypothesis by Gallart
et al. (2015) on the origin of the dichotomy in the slow/fast
dwarf galaxy types and its extension to even lower masses.

Finally, the finding that the bulk population of Eri II formed
before 13 Gyr ago makes this galaxy one of the oldest among
the faint dwarfs in the Local Group, and hence the ideal test bed
for dark matter scenarios alternative to CDM that imply a
delayed start of star formation in the lowest-mass halos. This
applies, for example, to warm dark matter models (WDM) and
the currently popular fuzzy dark matter (FDM) models. Chau
et al. (2017) have shown how stringent constraints on the
thermal velocity of the WDM particle candidate can be
imposed based on how early the largest fraction of the stars
in the lowest-mass subhalos have formed. Their analysis did
not include an object as old as Eri II, and yet, using less
stringent SFH data on some of the UFDs, they were able to
exclude WDM models with particle masses lower than 3 keV,
as they would suppress excessively the collapse of halos below
virial masses of 10° M. Eri II’s current mass estimate (within
the half-mass radius) is well below this limit (Li et al. 2017).
Therefore, a similar analysis based on Eri II could help to
constrain WDM models with energies in the range of 3-5 keV,
which is the territory where other probes, such as the Ly«
forest and gravitational lensing by halo substructure, are
reaching their limits (see Bullock & Boylan-Kolchin 2017,
for a review). The delayed SFH in low-mass halos has been
recently shown to be a distinctive feature of FDM models
because halo collapse is delayed owing to the quantum pressure
of the underlying Bose—Einstein condensate (Mocz et al. 2020).
Of course, for these applications determining the virial mass of
Eri II before infall is crucial.

8. Summary and Final Remarks

We present new ACS/HST CMDs reaching the oMSTO
with excellent photometric precision for the UFD galaxy Eri II
and derive a detailed and precise SFH for this galaxy by fitting
these CMDs with synthetic CMDs. The photometry, obtained
from two independent data sets providing (F475W, F814W)
and (F606W, F814W) measurements, has been obtained using
two commonly used programs, DAOPHOT IV/ALLFRAME
(Stetson 1994) and ePSF/KS2 (Anderson et al. 2008), and the
CMD fitting has been performed using two different codes and
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stellar evolution model sets: TheStorm (Bernard et al. 2018)
with the BaSTI stellar evolution models (Pietrinferni et al.
2004, 2006) and SFERA (Cignoni et al. 2015) with the
PARSEC isochrones (Bressan et al. 2012). The SFHs derived
using different combinations of photometry tables and CMD-
fitting methods all agree in that Eri I has formed the bulk of its
stars in a very early (ending before 13 Gyr ago) and extremely
short star formation burst: possibly shorter than 100 Myr, as
indicated with tests with mock stellar populations, and
compared with the SFH derived for the globular cluster M92.
Though up to 20% of its stars could have been formed in an
extended period lasting a few Gyr after the main burst, the
signal corresponding to this possible extended star formation is
very low, and the error bars make the star formation after the
main burst compatible with zero. Similarly, no significant
signal is detected in the SFH from the blue plume extended to
bright magnitudes above the old MS. This, together with the
low metallicity inferred for these stars among other indicators,
points to the fact that, like in many other dwarf galaxies
(Monelli et al. 2012), this feature corresponds to a population
of BSSs. This result conclusively shows that Eri II is an
extremely old galaxy, with no young or intermediate-age star
formation, as the earliest observations of this galaxy suggested
(Bechtol et al. 2015; Koposov et al. 2015).

From the quantitative determination of the amount of mass
turned into stars in this early star formation burst (~2 x 10°
M), we infer the number of SN events and the corresponding
energy injected into the ISM. For reasonable estimates of the
Eri IT early virial halo mass (evolved from the current virial
mass calculated using the present-day stellar mass and
published AM relations) and appropriate values of the coupling
efficiency of the SN energy, we conclude that Eri IT could have
been quenched by SN feedback alone. This short history of star
formation, combined with the low SFR, supports the idea that
Eri II is the relic of one of the first star-forming H,-cooling
minihalos, which hosted the first stars.

Our results cast doubts on the need to invoke cosmic
reionization as the preferred or only explanation for the early
quenching of old UFD galaxies. This conclusion is indirectly
supported by the fact that another UFD galaxy of similar
properties to Eri II such as Leo T (in terms of mass, metallicity,
distance, and velocity with respect to the MW) has sustained
star formation until just a few hundred million years ago. This
pair of galaxies, particularly when their orbits will be available,
are key to understanding the origin of the dichotomy between
fast and slow dwarfs (Gallart et al. 2015), extended to the
lowest-mass regime.
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