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ABSTRACT

Context. Leo T (My = —8.0) is a peculiar dwarf galaxy that stands out for being both the faintest and the least massive galaxy known
to contain neutral gas and to display signs of recent star formation. It is also extremely dark-matter dominated. As a result, Leo T
presents an invaluable opportunity to study the processes of gas and star formation at the limit where galaxies are found to have
rejuvenating episodes of star formation.

Aims. Our approach to studying Leo T involves analysing photometry and stellar spectra to identify member stars and gather informa-
tion about their properties, such as line-of-sight velocities, stellar metallicities, and ages. By examining these characteristics, we aim
to better understand the overall dynamics and stellar content of the galaxy and to compare the properties of its young and old stars.
Methods. Our study of Leo T relies on data from the Multi Unit Spectroscopic Explorer (MUSE) on the Very Large Telescope,
which we use to identify 58 member stars of the galaxy. In addition, we supplement this information with spectroscopic data from the
literature to bring the total number of member stars analysed to 75. To further our analysis, we complement these data with Hubble
Space Telescope (HST) photometry. With these combined datasets, we delve deeper into the galaxy’s stellar content and uncover new
insights into its properties.

Results. Our analysis reveals two distinct populations of stars in Leo T. The first population, with an age of <500 Myr, includes three
emission-line Be stars comprising 15% of the total number of young stars. The second population of stars is much older, with ages
ranging from >5 Gyr to as high as 10 Gyr. We combine MUSE data with literature data to obtain an overall velocity dispersion of
oy = 7.07”:]1:%2 kms™! for Leo T. When we divide the sample of stars into young and old populations, we find that they have distinct
kinematics. Specifically, the young population has a velocity dispersion of 2.31ff:2§ kms~!, contrasting with that of the old popula-

tion, of 8. 14’:}:‘3’2 kms~'. The fact that the kinematics of the cold neutral gas is in good agreement with the kinematics of the young
population suggests that the recent star formation in Leo T is linked with the cold neutral gas. We assess the existence of extended
emission-line regions and find none to a surface brightness limit of <1 x 1072° erg s™' cm™2 arcsec™ which corresponds to an upper

limit on star formation of ~10~'! M, yr~! pc~2, implying that the star formation in Leo T has ended.

Key words. stars: emission-line, Be — galaxies: individual: Leo T — galaxies: stellar content — galaxies: dwarf —
galaxies: kinematics and dynamics — galaxies: star formation

1. Introduction

Recent deep-imaging surveys have proven to be highly effec-
tive in identifying faint companions to the Milky Way and other
nearby galaxies (Simon 2019). These faint galaxies have helped
to elucidate a number of challenges for the prevailing cosmo-
logical paradigm of structure formation — the ACDM — on small
scales; for example, collapsed objects with M < 10" M, (e.g.
Bullock & Boylan-Kolchin 2017).

These challenges are closely related to the nature of dark
matter. Of particular interest here is the generic prediction in

ACDM that, in the absence of baryonic effects, dark matter
halos are expected to have cuspy density profiles at small scales,
p(r) o< 1/r. However, observations in classical dwarfs often indi-
cate a cored density profile (Walker & Pefiarrubia 2011).

The cores in these dwarfs might have been formed
through baryonic processes (e.g. supernova energy redis-
tributes dark matter and creates cores Navarroetal. 1996;
Bullock & Boylan-Kolchin 2017), but, as one progresses to even
fainter galaxies, the baryonic processes may act to terminate all
star formation in the dark matter halos due to the low binding
energy compared to supernova ejecta energy. The ultimate
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consequence is that the dark matter profiles in these systems
are expected to be more closely related to a dark-matter-only
profile (e.g. Walker & Pefiarrubia 2011; Cintio etal. 2013;
Brook & Cintio 2015; Readetal. 2016, 2019; Orkney et al.
2021). While a combination of stellar feedback and late minor
mergers can still lower the inner dark matter density, the dark
matter density profile remains cuspy even in the most extreme
cases, with a central density that is lower by just a factor of
approximately two Orkney etal. (2021). At the same time,
the shallow potential wells and potentially simple star forma-
tion histories also make these very faint galaxies interesting
laboratories to study galaxy formation at the smallest scales
(Jeonetal. 2017; Bullock & Boylan-Kolchin 2017; Rey et al.
2020; Applebaum et al. 2021; Gutcke et al. 2022).

The sample of ultrafaint dwarfs (UFDs) has grown rapidly
in recent years (see Simon 2019, for a review) and we now have
a substantial sample with stellar velocity dispersions and stellar
population constraints. Simon (2019) argued that a reasonable
definition of UFDs is that they have My < —7.7 (L ~ 10° Ly) and
we adopt this definition here. As such, our object of study is in
the transition from traditional dwarf spheroidal galaxies (dSph)
to the UFD class.

Among the members of the faint and ultrafaint dwarf sam-
ples, Leo T has received more attention than any other. The rea-
son is simple: it is the faintest and least massive dwarf known
to contain neutral gas and to show signs of relatively recent star
formation, which distinguishes it from the general UFD popula-
tion. It is a natural ‘Rosetta stone’ for testing galaxy formation
models, which have struggled to reproduce Leo T-like galax-
ies until very recently (Rey et al. 2020; Applebaum et al. 2021;
Gutcke et al. 2022). More detailed observations of Leo T will
ultimately help us to further test the new models and to deter-
mine whether or not we are on the path towards a comprehensive
and predictive theory of galaxy formation.

Leo T was discovered using SDSS imaging by Irwin et al.
(2007) and used to be considered one of the brightest UFDs.
With My = —8.0 (Simon 2019), it is now just above the adopted
brightness limit and therefore we choose to view it as a transition
object.

The star formation history (SFH) of Leo T has been exten-
sively studied (Irwin et al. 2007; de Jong et al. 2008; Weisz et al.
2012; Clementini et al. 2012). The studies broadly agree that
50% of the total stellar mass was formed prior to 7.6 Gyr ago,
with the star formation beginning over 10 Gyr ago and continu-
ing until recent times. These latter authors found evidence of a
quenching of star formation in Leo T about 25 Myr ago. Inter-
estingly, despite the extensive SFH, none of these studies found
evidence of an evolution in isochronal metallicity, such that over
the course of its lifetime it is consistent with a constant value of
[M/H] ~ -1.6.

As stated above, Leo T is also known to contain neutral gas.
Ryan-Weber et al. (2008) and Adams & Oosterloo (2018) con-
cluded that Leo T contains both a cold neutral medium (CNM;
T ~ 800K) and a warm neutral medium (WNM; T ~ 6000 K)
HI. Specifically, the CNM was found to have kinematics differ-
ent from those of the WNM (see Table 1). In addition to having a
lower velocity dispersion, it has a lower mean velocity by about
2kms~! (again, see Table 1). A point of interest is that HI gas
dominates the baryon budget, being approximately twice as mas-
sive as the stellar component.

The only previous spectroscopic observations of Leo T are
those of Simon & Geha (2007), who used Keck/DEIMOS spec-
troscopy to identify 19 stars as members of Leo T. These authors
found a radial velocity of v, = 38.1 + 2kms~! and a velocity
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Table 1. Selected Leo T properties gathered from the existing literature.

Property Value
Q12000 0934534
012000 +1703 05
Distance [kpc]" 40937
Luminosity [Le,y]? 14 x10°
3D r, [pC](z) 152 + 21
2D r2 [pC](z) 115+ 17
vy [kms™1]® 38.1+2
o, [kms™ 1@ 75+1.6
M1/2 [M@](z) 737t3§2 x 10°
2]’ 1077
My [Mo]® 4.1+0.4x10°
venm [km S_l](4) 374 +0.1
vwNMm [km S_l](4) 39.6 +0.1
oeny [kms™1@ 25+0.1
ownm [km Sil](4) 7.1+04
[Fe/H]® ~-1.6
References. (VClementini etal. (2012); @®Wolfetal. (2010);

®Simon & Geha (2007); ®Adams & Oosterloo (2018); ©Weisz et al.
(2012).

dispersion of oy, = 7.5 + 1.6kms~!. The stellar spectra indi-
cated a metallicity of [Fe/H]=-2.29 + 0.15, which was later
revised in Kirby et al. (2008, 2011, 2013), with the latter indi-
cating [Fe/H] =—-1.74 £ 0.04, by considering a weighted mean
of the member stars. More recently, Simon (2019) reanalysed the
same measurements but modelled the distribution as a Gaussian,
fitting the most likely value of the mean. Their study suggests a
metallicity value of [Fe/H] = —1.91f8ﬁ.

From stellar kinematics, the estimated total mass is of
8.2 + 3.6 X 10° My, corresponding to a mass-to-light ratio of

138+71 [y—;’]. Wolf et al. (2010) included the spectroscopic data

of Leo T in their derivation of an accurate mass estimator for
dispersion-supported stellar systems. Combining with photomet-
ric results of de Jong et al. (2008), they derived a dynamical

mass of M, = 7.37"38¢ x 10° M and a mass-to-light ratio of

1Y, = 11070 [f2] for Leo T.

The existing results show Leo T to be a transition object
between classical dwarfs and UFDs. However, the sample of
stars published before the observations reported here was too
meagre to allow strong constraints to be placed on the dark mat-
ter density profile or to explore dynamical differences between
different stellar populations.

In this paper, we present spectroscopic observations of
Leo T using the Multi-Unit Spectroscopic Explorer (MUSE,;
Bacon et al. 2010) integral field spectrograph (IFS). This is part
of the MUSE-Faint survey of UFDs (Zoutendijk et al. 2020,
2021a,b). The data presented in the present paper were used by
Zoutendijk et al. (2021b) to derive the density profiles of Leo T
as part of a larger study of five faint and ultrafaint dwarfs, and
also by Regis et al. (2021) to place constraints on the abundance
of axion-like particles. In this paper, we also describe the deriva-
tion of the kinematic sample of Leo T member stars previously
presented by Zoutendijk et al. (2021b).

Here we present the data in more detail and use them to
extend the analyses cited above. We aim to densely map the stel-
lar content, look for extended emission-line sources, and use the
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stellar spectra to measure the stellar metallicity and stellar kine-
matics. We search for identifiers of a young population, namely
Be stars (see Porter & Rivinius 2003; Rivinius et al. 2013, for a
review): in low-metallicity environments, the evolution of young
massive stars (mainly main sequence B stars, but also late O and
early A stars) is thought to be affected by rotation (Rivinius et al.
2013; Schootemeijer et al. 2022). In cases of rapid rotation, the
structure and appearance of the stars can be affected. Of rele-
vance, they can acquire a decretion disk that will cause Balmer
line emission around the star (Rivinius et al. 2013) that should be
observable in our analysis. The identification of Be stars in our
sample would support the argument that these stars are common
in low-metallicity environments and would confirm that Leo T
has had recent star formation. In such a case, we can split the
stars by age using public HST/ACS data, and study the dynami-
cal state of the young and old stars in the galaxy.

This paper is organised as follows. In Sect. 2 we present
the data used, summarising the known properties of Leo T, and
describing our observations and the data reduction process. In
Sect. 3 we detail and justify the methods and steps that we apply
to analyse the data. We report the results of the analyses in Sect. 4
and discuss them in Sect. 5. We present our conclusions in Sect. 6.

2. Observations and data reduction
2.1. Target: Leo T

Table 1 summarises the known properties of Leo T gathered
from the literature. In the cases where multiple studies on the
same subject exist, we opted to select the results from the
most recent study that takes into account previous results. In
the case of metallicity, we adopted [Fe/H] ~—1.6 as all photo-
metric studies are consistent with this value. We point out that
this value is not in agreement with the metallicity indicated by
Simon (2019) but is in reasonable agreement with the spec-
troscopic measurement of Kirby et al. (2013), which indicates
[Fe/H]=-1.74 £ 0.04

Relevant here is the fact that Adams & Oosterloo (2018)
found a difference in kinematics between the components of
warm and cold neutral gas, which we address in our analysis
below.

2.2. Observations

The central region of Leo T was observed as part of MUSE-
Faint (Zoutendijk et al. 2020), a MUSE GTO survey of UFD
galaxies (PI: Brinchmann). MUSE (Bacon et al. 2010) is a large-
field medium-spectral-resolution integrated field spectrograph
installed at Unit Telescope 4 of the Very Large Telescope (VLT).
For the observations of Leo T, we used the wide-field mode
with ground-layer adaptive optics (WFM-AQ), which provides
a 1 x larcmin? field of view (FoV) split into 24 slices, each
sent to a separate integral field unit (IFU). This configuration
enables a 0.2 arcsec pixel~! spatial sampling and a wavelength
sampling of 1.25 A pixel™!, with a nominal wavelength cover-
age of 47009350 A with the range 5807-5963 A taken out by
a notch filter to avoid contamination by the sodium lasers used
in AO mode.

The final reduced cube is a combination of a total of
3.75 h taken under programme IDs 0100.D-0807, 0101.D-0300,
0102.D-0372, and 0103.D-0705 between 14 February 2018 and
9 April 2019. The 15 exposures, all of which had a duration
of 900s, are detailed in Table 2, which provides with their full
width at half maximum (FWHM).

Table 2. MUSE observations of Leo T.

Date Exp. time Grade FWHM at 7000 A
[min] [arcsec]
2018-02-14 45 A 0.52
2018-03-17 45 A 0.53
2018-04-16/17 45 A 0.69
2019-01-06/07 45 B 0.96
2019-04-09 45 A 0.60

Notes. We provide information of the exposure time, grade, and FWHM
at 7000 A. Each observation corresponds to three exposures of 15 min.
The grade indicates whether the observing conditions fit within the con-
straints. An observation made fully within the constraints has grade A
and one made mostly within the constraint has grade B.

2.3. Data reduction

The data were processed with the ESO Recipe Execution Tool
(EsoRex; version 3.13) using MUSE Data Reduction Software
(DRS; version 2.8.1; Weilbacher et al. 2020). The reduction fol-
lowed standard procedures: first, for each science exposure, we
applied a bad-pixel table created by Bacon et al. (2017). We then
applied the relevant master bias, master flat, trace table, wave-
length calibration table, geometry table, and twilight cube to
subtract the bias current, corrected for pixel-to-pixel sensitivity
variations, and calibrated each pixel in position, wavelength, and
flux. We also applied an illumination exposure to account for flat
field variations due to temperature differences between the sci-
ence and calibration exposures.

The resulting 24 pixel tables were corrected for atmospheric
refraction and a flux calibration and telluric correction was
applied. We enabled autocalibration using the deep-field method,
an updated version of the method described by Bacon et al.
(2017) and included in the DRS. We corrected for emission lines
caused by Raman scattering from the AO lasers and applied
sky subtraction. Furthermore, we corrected the wavelengths for
barycentric motion. The exposures were spatially aligned and
the data were finally combined into one pixel table and one
data cube. To remove residual sky signatures present in the data
cube, we used the Zurich Atmosphere Purge (ZAP, version 2.1;
Soto et al. 2016).

After completing the data reduction, we inspected the final
result and detected a bright streak across the exposure taken on
16 April 2018, which we identified as a satellite track. We cor-
rected this by manually masking out the affected pixels.

2.4. Extracting spectra

The last step in data processing is to extract spectra from
the sources present in the data cube. We used PampleMuse
(Kamann et al. 2013), which is optimised for the extraction of
stars from integral-field spectroscopic observations of crowded
stellar fields. This software requires a high-fidelity input source
catalogue (e.g. from HST data) to identify and locate sources
in the data cube. For this, we created a master list of sources
from public HST Advanced Camera for Surveys (ACS) data
from Leo T'. We used SExtractor (Bertin & Arnouts 1996) to
detect sources in the field.

Succinctly, PampelMuse works as follows: it takes the source
list to optimise positions and makes a first estimate of the

! HST Proposals 12914, Principal Investigator Tuan Do and 14224,
Principal Investigator Carme Gallart.
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Fig. 1. Examples of spectra and their corresponding spexxy best fit, using high-, medium-, and low-S/N spectra for illustrative purposes. The ID

number is a running number provided by SExtractor.

point-spread function (PSF) using a subset of the sources present
in the data cube. We adopted a Moffat function for the PSF and
measured an FWHM of 3.05 pixels or 0.61 arcsec at a wave-
length of 7000 A in the final combined cube. Armed with this
PSF, an optimally extracted spectrum is obtained for each suf-
ficiently bright source. This procedure led to the extraction of
spectra for 271 sources. We manually inspected the spectra and
identified 19 as clearly being spectra of background galaxies,
which were excluded from the analyses. Of relevance, we also
identified three emission line stars, the spectra and scientific
meaning of which we discuss below.

Figure 1 shows three examples of the extracted spectra.
These spectra correspond to stars that were identified as mem-
bers of Leo T. Therefore, we also plot the best fit performed
by spexxy, as described in the following section. The spectra
shown here were selected according to their signal-to-noise ratio
(S/N): we show the spectrum with the highest S/N in the sample,
one with intermediate S/N, and one with low S/N.

3. Data analyses

The spectra extracted through the process discussed above con-
sist of those for both member and non-member stars of Leo T.
Furthermore, not all are suitable for analysis. In this section, in
addition to describing the methods that we use to analyse the
data, we present the steps that we took to determine which stars
are likely to belong to Leo T and which can be used to obtain
reliable measurements of physical parameters.

3.1. Measuring stellar velocities and abundances

The spectra that we extracted from the reduced data cube,
as a general rule, have a modest S/N and spectral resolution
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(R ~ 3000). As such, we adopt the same procedure as in pre-
vious articles in the series (Zoutendijk et al. 2020).

We use the spexxy full-spectrum fitting code (Husser et al.
2016) for the estimation of the physical parameters. This allows
us to obtain line-of-sight velocity, metal abundance, effective
temperature, and surface gravity for all stars, as long as the S/N
is sufficient.

spexxy works by performing an interpolation over a grid
of PHOENIX (Husser et al. 2013) model spectra, which param-
eterizes effective temperature, surface gravity, iron abundance
([Fe/H]), and « element abundance. Because the quality of the
spectra is insufficient to allow distinction between different val-
ues of the a-element abundance ratio, we fixed the a-element
abundance ratio to solar and left the other parameters free to
be fitted. We proceeded this way in order to directly compare
our measurements of [Fe/H] with our estimates of metallicity
([M/H]) using isochrone fitting (see Sect. 3.2). It is worth not-
ing that the equality [M/H] = [Fe/H] only holds when the ratio of
a elements to iron — denoted [a/Fe] — is zero. In the event that
the stars in Leo T are enriched in @ elements, we would expect
to observe [M/H] > [Fe/H].

With this procedure, we were able to successfully fit
130 spectra, all of which have apparent magnitude <24. Within
the sample that was not successfully fitted, we found three
emission line stars. Because the S/N values for the three spec-
tra are sufficiently high, we concluded that their spectral type
is not covered by the PHOENIX grid we use, which would
lead to an unsuccessful fit. In this case, and to obtain line-
of-sight velocity measurements for these stars, we adopted
ULySS (Cappellari & Emsellem 2004; Koleva et al. 2009) as an
alternative to obtain radial velocities. We describe ULySS in
Appendix A, and compare with the results we obtain when
using spexxy. However, as the results are consistent with each
other, we adopt spexxy as our default method to determine
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30 arcsc JN
60.7 pc E

Fig. 2. Composite color image of Leo T based on data from the
MUSE-Faint survey, created with fits2comp (https://github.com/
slzoutendijk/fits2comp). We used the Johnson-Cousins filters /,
R, and V to create the red, green, and blue channels of the image, respec-
tively. The 58 stars identified in this paper as Leo T members that are
located within the bounds of MUSE-Faint observations are identified
with circles. As we identify two stellar populations (see Sect. 4.1), we
use blue and red circles for the younger and older population, respec-
tively. The angular and physical scales of the image are indicated in the
lower left corner. Directions north and east are indicated in the lower
right corner of the image.

the radial velocities, with the exception of the three emission
line stars.

3.2. Selecting members

When selecting the Leo T member stars in our sample, we must
take into account a possible contamination by Milky Way stars.
As such, we estimate how many stars in our FoV are likely
to be Milky Way members using the latest available Besancon
model of the Milky Way (Robin et al. 2003, 2012, 2014). We
simulated Milky Way star counts in the direction of Leo T and
within a solid angle of 1 deg?. In the simulation, we get a total of
3083 stars when only considering apparent magnitudes between
20 and 24, which is the range of our sample. This corresponds
to ~0.86 stars in the MUSE FoV that would make it into our
sample. Therefore, and from the model, we find it reasonable to
expect that approximately one of the Leo T member candidates
is actually a member of the Milky Way.

Furthermore, we took into account the S/N of the spectra
when selecting our sample of Leo T member stars. As spexxy
has been found to underestimate velocity uncertainties for spec-
tra with a low S/N (Kamann et al. 2016), we only considered
spectra with a median S/N > 3, per 1.5 A, similar to the
approach taken in Zoutendijk et al. (2020). Of the 130 spectra
successfully fitted with spexxy, 56 satisfy this criterion. In addi-
tion, as the three emission-line stars also satisfy this criterion,
they were also included in the sample.

Finally, in order to detect possible contamination, namely
from Milky Way stars, as stated above, we performed a

photometric analysis. To this end, we used F606W and F814W
photometry of the public HST/ACS data, the same used to create
a master list of sources. Using the photometry data, we drew a
colour-magnitude diagram and matched it to isochrones from
PARSEC stellar tracks and isochrones (Bressan et al. 2012).
After trying different values, we assume a fixed metallicity of
[M/H] = —1.6, which is consistent with the value of Weisz et al.
(2012) and is also in reasonable agreement with the value found
by Kirby et al. (2013). We find that this value for [M/H] leads
to the best fit for our MUSE data, and we discuss this further
in Sect. 4.1.

We adopted Ay = 0.1 magnitudes for the interstellar extinc-
tion as a way to better align the isochrones with the data.
This value is in good agreement with Schlegel et al. (1998),
from which we get Ay, = 0.0959. We find that only one
of the 59 stars is inconsistent with the isochrones (having
F606W—-F814W =~ 2) and was excluded. The estimated line-
of-sight velocity for this star is vjos = —31.7 £ 5.5km s7l. We
consider this most likely to be a foreground M-dwarf Milky
Way interloper star, which is perfectly in line with the Besancon
model prediction.

Thus, we obtained a sample of 58 stars that we consider to
be plausible members of Leo T. In Fig. 2 the positions of these
stars are marked on the MUSE FoV. The colour-magnitude dia-
gram referred to above, which includes these 58 stars, is shown
in Fig. 3. Upon further exploration of this diagram, we identified
two different populations: a younger population, with ages below
1 Gyr, and an older population with ages above 5 Gyr, which is
consistent with ages as high as 10 Gyr.

To make this assignment, we compared the colour—magnitude
diagram of stars with a grid of isochrones based on previous
results in the literature. We used PARSEC stellar tracks and
isochrones (Bressan et al. 2012) to generate 10 isochrones spaced
equally between 0.1 and 1 Gyr, and 7 isochrones spaced equally
between 5 and 11 Gyr, all with fixed metallicity of [M/H] = —1.6.
We assign each star the age of the nearest isochrone in the colour—
magnitude diagram. Within our sample, we identify stars whose
best fitis for ages as low as 200 Myr and others for ages as high as
10 Gyr. Due to the high age diversity in our sample, we opted to
divide the stars into two samples: stars whose best fit is for ages
<1 Gyr and stars whose best fit is for ages >5 Gyr.

When we fix the metallicity, there is a degeneracy between
the different isochrones in certain parts of the colour—colour
space. This translates into an uncertain age assignment for stars
falling in this region (darker-blue colored in Fig. 3). In order to
assess the sensitivity of our results below to the classification of
stars in this region, we repeated the analysis while changing the
assignment of stars to the young or old isochrones in this region.
This did not significantly change our results, and therefore the
discussion below is robust to the classification of stars in this
degenerate region.

3.3. Distributions

While the methods described above are designed to analyse each
star individually, here we describe the methods that we use to
characterise Leo T as a whole. To this end, we adopt a Markov
chain Monte Carlo (MCMC) method following the approach of
Zoutendijk et al. (2020) in order to estimate the intrinsic mean
and standard deviation of the velocity and metallicity distribu-
tions of Leo T. Here we use the logarithmic abundance relative
to solar, [Fe/H], as our metallicity variable.

Here, the main assumption we make is that the velocity
and metallicity distributions of the Leo T members can be well
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described by a Gaussian distribution. Also, we consider the pos-
sibility that there might be a contaminating population of stars
belonging to the Milky Way that were not detected and whose
distribution we take to be uniform in velocity across the velocity
range considered, similarly to Martin et al. (2018).

We describe the MCMC method as follows. If we denote the
likelihood that star i belongs to Leo T as m;, the global likelihood

is given by
1 (X — tine )2
exp|—=——
\/_o—obw p( 2 ( O—Obs’i

l—m,-

+ #MAX
bg
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where pie and oy are the intrinsic mean value and intrinsic
dispersion of both Leo T parameters being studied. The value
Oobsi = (o'mt 2)1/2 {5 the observed velocity—metallicity disper-
sion for each star i, while x; denotes the measurement and ¢; the
measurement uncertainty of the parameter.

For the background population, we fix the distribution by set-
ting an upper and lower limit on the quantity considered. For
the velocity, we consider uMIN MAX — 20,70kms™! and for the

MIN\MAX _

metallicity g —2.5,0. For iy, we take a flat prior

between 20 and 70kms~! for velocity and between —2.5 and
0 for [Fe/H]. We also use a flat prior on oy, between 0 and
30kms~! and between 0 and 1 for velocity and [Fe/H], respec-
tively. The membership likelihood is allowed to take values over
the full range of O to 1 with a flat prior over that range, in both
cases. We use emcee (Foreman-Mackey et al. 2013) to infer the
posterior constraints on the parameters.

4. Results
4.1. Stellar ages

As mentioned in Sect. 3.2, we used the colour-magnitude dia-
gram of the 58 stars considered to be members of Leo T to probe
for different stellar populations. Figure 3 shows the colour—
magnitude diagram for the 58 stars plotted against the PARSEC
isochrones. The stars are marked with different symbols of dif-
ferent colours corresponding to the age group to which the stars
were assigned: red crosses correspond to older stars with ages
>5 Gyr, while green circles correspond to younger stars with
ages <1 Gyr. The three emission-line stars are marked as green
squares.

Although we divided the stars into two populations, the sam-
ple covers a wide range of ages, with some stars consistent with
very old ages >10 Gyr, while others appear to be very young,
with ages of about 200 Myr or younger. The three emission
line stars are just a few examples of these very young stars,
which we address in more detail below. Moreover, a total of
20 stars are consistent with ages of <1 Gyr. This is consis-
tent with previous findings that Leo T had star formation in its
recent history, making Leo T the faintest galaxy with evidence
of recent star formation, partly justifying the choice of Simon
(2019) to set the cut-off point for UFDs just below the luminosity
of Leo T.

Furthermore, all stars are consistent with a metallicity of
[M/H] = —-1.6, which is in line with the existing photometric
studies of Leo T (e.g. de Jong et al. 2008; Weisz et al. 2012;
Clementini et al. 2012). We tried different values, but this is the
one that maximises the number of stars that are consistent with
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Fig. 3. Colour-magnitude diagram of the 58 Leo T stars detected
with MUSE, plotted against PARSEC isochrones drawn for constant
[Fe/H] = —1.6 and variable age. Magnitudes given are on the Vega Mag-
nitude System. The region spanned by 0.1-1 Gyr isochrones is shaded
in light blue with two representative isochrones shown for 0.2 and
1.0 Gyr. The region spanned by >5 Gyr isochrones is shown in dark grey
shading and a 9 Gyr isochrone is shown for illustration. At the meet-
ing point of the two regions there is an overlap represented by a region
shown in darker blue; here there is considerable degeneracy between the
isochrones. The stars that were found to be consistent with the younger
isochrones are shown as dark green discs, with the emission line stars
shown as green squares. The stars consistent with the older isochrones
are shown as red crosses.

the isochrones. Using this value, the older stars in the sample
are consistent with ages of ~10 Gyr. This is in line with the find-
ings of Clementini et al. (2012), which indicates this value as an
upper limit for the stellar age on Leo T. Additionally, considering
a lower value for metallicity (e.g. [M/H] = —1.9) would make the
redder stars in our colour—-magnitude diagram inconsistent with
the isochrones.

On the other hand, the value of [M/H] = —1.6 also makes the
emission-line stars consistent with being on the main sequence
with ages of <500 Myr, which is consistent with the expecta-
tion that these stars have ages of <1 Gyr. Once again, if we con-
sidered a lower value for metallicity, the best-fit isochrone for
the emission line stars would correspond to an older age, which
would start to be inconsistent with the expectations for these
stars.

4.2. Emission line stars

The stars marked with green squares in Fig. 3 stand out not only
for their youth but also for their spectra, which are shown in
Fig. 4. All of them show clear Ha emission on top of a blue
stellar spectrum showing HS in absorption.

As mentioned above, our attempt to fit the spectra with
spexxy failed due to a lack of suitable templates. There-
fore, we followed the approach of Rothetal. (2018) using
ULySS (Cappellari & Emsellem 2004; Koleva et al. 2009) and
the empirical MIUSCAT library (Vazdekis et al. 2012; see also
Appendix A) to fit the stellar spectra of the three stars. We
obtained the best fit for Be stars with an effective temperature
of the order of T.g ~ 10* K. It was also possible to fit their line-
of-sight velocities, and these were used in the Leo T dynamics
analyses discussed in Sect. 4.4.

On the basis of these results, we tentatively identify the
stars as Be stars. Assuming that they are classic Be stars (e.g.
Porter & Rivinius 2003; Rivinius et al. 2013), it is notable that
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Fig. 4. Spectra of the three emission-line stars with the positions of the Ha and Hp lines indicated. The ID number is a running number provided

by SExtractor.

Table 3. Properties of the emission-line stars in Leo T.

ID 2000 612000 mreosw  Mreosw — Mrsiaw  Mrsiaw Fue EVZHU OHa
[deg] [deg] [1072 ergs™' cm™2] [A] [kms™']
5643 143.7278113 17.0597494 23.02 -0.04 23.09 0.03 1089 + 50 -9.82 +0.85 555+4.6
6337 143.7211871 17.0558321 22.73 -0.33 22.84 -0.22 1684 + 34 -12.12 +0.38 65.0+2.2
7203  143.7194132 17.0517905 23.01 -0.05 22.99 -0.07 2925 + 47 -27.01+047 1668 +3.4

Notes. The ID number is a running number provided by SExtractor. Positions and apparent and absolute magnitudes (Vega system) are taken from

the HST imaging, and the Her flux, equivalent width, and line width are

they make up 15% of the young stars in our sample and we return
to this subject in Sect. 52.

Table 3 provides positions, absolute and apparent magni-
tudes, and Ha line flux, equivalent width, and line width. The
existing near-infrared (NIR) data for Leo T that we are aware
of are not deep enough to detect the emission-line stars and
therefore we are unable to measure NIR excesses, which are
commonly seen in these stars (Porter & Rivinius 2003). We note
that the absolute magnitudes are towards the lower end of those
found by Mathew et al. (2008), which is consistent with the star
population in Leo T being somewhat older than the majority sur-
veyed in that paper.

We also verified that the Balmer lines are unlikely to origi-
nate in a faint ionised gas region around the Be stars. To this end,
we ran some simple Cloudy models (Ferland et al. 1998) using
B-star model atmospheres from Lanz & Hubeny (2007) with
temperatures and luminosities spanning from B9 to BO stars.
Calculations were performed with version 17.01 of Cloudy,
last described by Ferland et al. (2017). We find that, for stars

2 We note that the literature tends to include early A emission stars
under the classical Be star umbrella and we do not try to distinguish
between early Ae and Be stars here.

from the MUSE data and are corrected for instrumental dispersion.

with T <24 kK, the measured line fluxes are too large to be
explained by nebular emission from an ionised region around the
stars. Taken together with the fact that the best fit for the effective
temperature for these spectra is Teg < 20kK, we conclude that a
nebular origin for the lines is unlikely. This is further substanti-
ated by the finding that star ID 7203 has a substantial line width
of 167 kms~!, which is inconsistent with a nebular origin and
is therefore most likely indicative of emission originating near a
rapidly rotating star (see Schootemeijer et al. 2022).

4.3. Stellar metallicity

Of the 58 stars identified as Leo T members, spexxy success-
fully estimated the metallicity, [Fe/H], for 55 stars (it failed for
the three emission line stars). Figure 5 shows the histogram of
the metallicity estimates. To quantify this distribution, we adopt
the model described in Sect. 3.3. Therefore, we assume that the
underlying metallicity distribution is a Gaussian, which appears
to be a reasonable approximation in this case. We note that stars
in the wings of the distribution typically have low-S/N spectra.
Furthermore, the stars with measurements of [Fe/H] < —2.5 have
higher uncertainties on [Fe/H], as their spectra present almost
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Fig. 5. Distribution of the metallicity ([Fe/H]) of 55 Leo T stars esti-
mated using spexxy. The younger population, consisting of 17 stars, is
represented with a lighter colour.

no lines. We further explore the impact of these uncertainties in
Appendix B.

By fitting the model to the distribution, we find a mean
value of [Fe/H]=-1.53+0.05 and a dispersion of ope/ =
0.21 £0.06. The fit also considers that 99% of the members of
the sample are consistent with the model. The resulting corner
plot of this MCMC fitting is shown in Fig. 6.

The results are consistent with those obtained from our
photometric analyses, which is expected considering we used
[@/Fe] =0 in both measurements. However, as stated above, if
we change the fixed value for [@/Fe] in our fit with spexxy we
get different values accordingly.

To detect differences in metallicity between the young and
old populations, we repeated the analysis separately for each
population. Although the results appear to be consistent with
each other (see Appendix B), we draw attention to the fact that
the sample of the young population consists only of 17 stars,
which is too small to put reliable constraints on the metallic-
ity for the young population. Nevertheless, the constraints for
the younger population are consistent with the results for the
older population, although they favour a somewhat lower metal-
licity for the younger population. We discuss this further in
Appendix B.

4.4. Stellar kinematics

Here, we start by discussing the overall kinematics for all the
stars with velocity measurements, combining MUSE and litera-
ture data.

As such, here we also used 17 of the 19 stars with kinemat-
ics measurements from Simon & Geha (2007). Two stars were
excluded because they overlap between the samples. Addition-
ally, our line-of-sight measurements and those from the literature
are consistent with each other for the two stars when considering
the uncertainties.

Therefore, the total sample for the kinematic analysis con-
sists of 75 stars, which is the same sample presented by
Zoutendijk et al. (2021b). The velocity histogram for these stars
is displayed in Fig. 7.

To the data, we fit the model described in Sect. 3.3 using
MCMC and the resulting corner plot is shown in Fig. 8. We

find a mean velocity of v,y = 39.395% kms~!, and an intrin-

sic velocity dispersion of oy = 7.07*}% kms™" with 99% of the
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Fig. 6. Corner plot for the MCMC metallicity fit using a sample of
55 stars. We show the mean metallicity, y,, dispersion o, and fraction
of stars consistent with the model.
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Fig. 7. Histogram of the line-of-sight velocities for Leo T members
(75 stars), measured by fitting their spectra with spexxy (55 stars),
ULySS (3 stars), and adding the results of Simon & Geha (2007)
(17 stars). The lighter colour corresponds to the younger population in
the MUSE sample.

sample consistent with the model. The results are in agreement
with both the measurements made by Simon & Geha (2007) and
the HI velocity and velocity dispersion measurements reported
by Adams & Oosterloo (2018).

We note here that, as the analysis deconvolves from the
uncertainties on the velocities, it is important that the MUSE
and Simon & Geha (2007) measurement uncertainties are on the
same scale. To verify this, we ran the MCMC with a slightly
modified version of the model in Eq. (1) where we added a
scale factor for the uncertainties of the spexxy measurements.
Marginalising this, we find that this scale factor is consistent
with one, indicating that the measurement uncertainty estimates
in the two datasets are consistent.

Similarly to what we did in Sect. 4.3, we explored any pos-
sible kinematical difference between the young and old stellar
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Fig. 8. Corner plot for the MCMC velocity fit using the entire sample
of 75 stars. We show the mean value v\, dispersion o, and fraction of
stars consistent with the model.

populations in Leo T. We repeated the analysis with the sample
divided into two sets: one with 20 stars that are consistent with
ages of <1 Gyr and another with 55 stars consistent with ages of
>1 Gyr. Here, we considered the entire sample of Simon & Geha
(2007) to be composed of old stars.

Naturally, both sets were fitted with the MCMC method
described above. This time, for the younger sample we get a

mean value of v, = 39.33*3% kms™, a velocity dispersion

of oy = 2.31f%22§kms‘1, with 96% of the sample being con-
sistent with the model. For the older sample, we got a mean

value of vjes = 39.72*1% kms™!, a velocity dispersion of o, =

8.24* 1% kms™!, with 99% of the sample being consistent with
the model. The corner plots for these results are shown in Fig. 9
for the young stars, and Fig. 10 for the old stars.

As only the set of older stars includes data from
Simon & Geha (2007), we also repeated the analysis for the
older stars but considering only the 38 MUSE stars. The esti-
mated intrinsic velocity dispersion is almost the same as before,
but the estimated mean velocity increases by ~3 kms~!. The cor-
ner plot for these results is shown in Fig. 11. Either way, the
younger stars show a significantly smaller velocity dispersion
than the older stars.

We now compare the differences in kinematics between
young and old stars with what was found by Adams & Oosterloo
(2018) when analysing the HI kinematics of warm and cold
neutral gas (see also Table 1). This comparison can be seen in
Figs. 12 and 13, where we show the measured values stated
above and the measurements of Adams & Oosterloo (2018) that
are displayed in Table 1.

We find a good match when comparing the velocity disper-
sion of the young population with the cold component of the HI
gas, and between the kinematics of old Leo T stars and the warm
component of the HI gas, as shown in Fig. 12. The most natural
explanation for this is that the current cold HI gas is representa-
tive of the gas from which this young population of stars formed
and that these stars have not yet been heated dynamically to the
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Fig. 9. Corner plot for the MCMC velocity fit using the sample of
20 stars with ages of <1 Gyr. We show the mean value v, dispersion
o, and fraction of stars consistent with the model.
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Fig. 10. Corner plot for the MCMC velocity fit using the sample of
55 stars with ages of >1 Gyr, including the data from Simon & Geha
(2007). We show the mean value vy, dispersion o, and fraction of
stars consistent with the model.

velocity dispersion of the halo. On the other hand, assuming that
the warm HI gas has remained in the system for a significant
time, both the WNM and the old stars are accurately tracking
the gravitational potential of the galaxy.

We also compare the mean velocity of both populations of
stars with both components of the neutral gas (see Fig. 13).
Here, and using the entire sample, we find negligible differences
between the mean velocity of the young and old populations,
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Fig. 11. Corner plot for the MCMC velocity fit using the sample of
38 stars with ages of >1 Gyr within the MUSE FoV. We show the mean
value v, dispersion o, and fraction of stars consistent with the model.
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Fig. 12. Comparison between stellar velocity dispersion of this work
and neutral gas velocity dispersion from Adams & Oosterloo (2018).
For the older stellar population, we present two values: estimation using
only the MUSE sample and estimation using MUSE + literature sample
from Simon & Geha (2007).

which contrasts with the difference in the mean velocity found
for the cold and warm components of the HI gas.

Nevertheless, this is not the case when the analysis is per-
formed using only the MUSE stars. In that case, we find a differ-
ence of ~3kms~! between the mean velocity of old and young
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Fig. 13. Comparison between stellar velocity of this work and neutral
gas velocity from Adams & Oosterloo (2018). For the older stellar pop-
ulation, we present two values: estimation using only the MUSE sample
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Fig. 14. Narrow-band images over Ha (left) and O[111]5007 (right). In
the left-hand panel the three emission line stars are easily seen, but no
evidence is found of extended emission in either Ha or O[I1]5007.

stars. We are unable to identify the reason for the offset. We note
that the telluric correction applied by Simon & Geha (2007) is
different from the way our velocity estimates are made. Also,
the spatial distribution of the stars in the Simon & Geha (2007)
sample is different from that of the MUSE sample, as MUSE
observations target the innermost stars of Leo T.

4.5. No extended emission line sources

The presence of young stars raises the question of whether there
is ongoing star formation in Leo T. The MUSE data are partic-
ularly well-suited for this as they allow for the construction of
very deep narrow-band images over lines of interest.

Figure 14 shows the narrow-band images over Ha and
O[m]5007. These were created by weighting a Gaussian cen-
tred on the wavelength of the lines adjusted by the line-of-sight
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velocity of Leo T, and with a velocity width of o = 70kms~.

We sum this up over +50 after removing the background. We
estimate the background as the median over 100 A excluding
the £50 region.

The Ha image shows a number of dark sources. These are
stars in the FoV showing Ha absorption close to the velocity of
Leo T. The three bright sources circled in white are the three
emission line stars discussed above.

There is no sign of extended emission in either image. To
estimate a detection limit, we calculated an empirical noise esti-
mate by randomly distributing 100 apertures over the narrow-
band images and calculating the median absolute deviation of
the measured median level. This leads to a 1o~ limit for He of
0.99 x 1072 and 24.89 x 10~2° per pixel and per squared arcsec-
ond, respectively, in units of ergs~' cm~2 for a single line with
line width 70 km s~!. For O[111]5007, the values are 1.05 x 10720
and 26.29 x 1072 respectively.

We repeated the calculation using a data cube not corrected
with ZAP to check for differences. We get a 1o limit for Ha
of 1.04 x 1072 and 25.92 x 1072 per pixel and per arcsecond
squared, respectively, in units of ergs~! cm=2 for a single line
with line width 70kms~!. For O[111]5007, the values are 1.11 x
1072 and 27.73x 1072 respectively. Therefore, we conclude that
the use of ZAP to remove residual sky signatures does not affect
our results here.

We convert the Ha flux into an upper limit on star forma-
tion rate (SFR) using the Ly,—SFR relation derived by Kennicutt
(1998). We get a SFR ~ 4x10~!! My yr™! per arcsec, correspond-
ing to a SFR ~ 10~!" M yr~! pc=2. It is worth noting that the SFR
calibration assumes solar metallicity and a fully populated initial
mass function (IMF), neither of which are likely to be satisfied
in Leo T. However, even allowing for this, the SFR upper limit
is extremely low, which is an indication of the lack of ongoing
star formation in Leo T.

5. Discussion

We find that Leo T has two stellar populations that have signif-
icantly different age and dynamics when compared to the neu-
tral gas. However, the metallicity of the two populations appears
to be nearly identical. We also see that the young population,
despite its low metallicity, contains emission-line Be stars with
properties comparable to those found in surveys of more metal-
rich populations (Porter & Rivinius 2003). Despite the presence
of young stars, we do not detect extended emission-line sources.
Here, we discuss the results and compare them with those from
the literature.

5.1. Metallicity and star formation

The most immediate interpretation of the lack of extended emis-
sion line sources is that star formation has ended. Weisz et al.
(2012), based on the stellar photometry, argue that star forma-
tion ended about 25 Myr ago, which is consistent with the lack of
extended emission from any HII region. Therefore, our observa-
tions corroborate the picture presented by Weisz et al. (2012) of
essentially no star formation in Leo T in the last ~25 Myr. This is
consistent with recent models that suggest that star formation in
low-mass galaxies should be bursty with short quiescent periods
(e.g. Collins & Read 2022).

This is also consistent with the low dispersion in [Fe/H] in
Leo T, which implies that all stars have approximately the same
metallicity of [Fe/H] ~—1.6. This can be compared with the

findings of Weisz et al. (2012). We do see similar behaviour in
other dwarf galaxies (e.g. Aquarius Cole et al. 2014), and theo-
retical models have predicted that metals can escape from low-
mass dwarfs due to stellar feedback, keeping [Fe/H] approxi-
mately constant (Jeon et al. 2017; Emerick et al. 2018), which
is also enabled by a bursty star formation. Nevertheless, this
appears to happen only after an initial chemical evolution, which
we do not see in Leo T. We measure the same metallicity for stars
consistent with ages as low as ~200 Myr and as high as ~10 Gyr,
which is rather surprising given the interpretation of Leo T as a
galaxy with near-constant star formation over cosmic time.

Additionally, a value of [Fe/H] ~ —1.6 makes the older stars
of Leo T quite metal-rich compared to what we see in other
dwarfs (Jeon et al. 2017). As we cannot confirm the age of the
stars, due to the degeneracy between the different isochrones,
there is the possibility that these stars are younger than is indi-
cated by our fit. We could be missing an older and more metal-
poor population in our analysis, which could also explain why
our measured metallicity is not identical to the value of Simon
(2019), assuming that this difference does not result from dif-
ferences in calibration or data processing. However, there is
no clear reason as to why we would not detect such popula-
tion, considering that we are observing the Leo T field. It is
worth noting that a significant portion of our sample has been
removed due to low S/N. Typically, these stars are of low lumi-
nosity, which may indicate that they are quite old and, pre-
sumably, have low metal content. Therefore, it is possible that
the members of the population we assume is missing could be
among the stars that were rejected due to low S/N. To explore
this possibility, we look at the sample of 194 spectra that were
not used in our analysis due to the S/N cut or because of a
failed spexxy fit. Naturally, these spectra share a commonal-
ity in that they are very faint. In the colour-magnitude space,
they generally fall between F814W ~ 24 and 26 and between
F606W — F814W ~ 0 and 0.6, which suggests the presence
of multiple age and/or metallicity populations. Nonetheless, due
to the faintness of those objects (and respective low S/N) we
are unable to fit their spectra and verify the hypotheses that an
older and more metal-poor population exists. We draw attention
to the fact that these results are in line with the observations of
Weisz et al. (2012).

Subsequently, we cannot discard the possibility that the older
Leo T stars present a value of [Fe/H]~—1.6, which would
indicate that Leo T was chemically enriched before starting
to produce stars. Deeper observations are needed to solve this
dilemma.

5.2. Recent star formation and link to the CNM

In Adams & Oosterloo (2018), the fact that Leo T has a sig-
nificant amount of its HI mass in the CNM phase but a low
star-formation efficiency compared to other dwarf galaxies was
discussed in some detail. The authors highlighted a number of
possible explanations, but emphasised in particular the possibil-
ity that the formation of the CNM is recent and connected to
the infall of Leo T into the Milky Way halo and is therefore less
connected to the star formation in Leo T.

However, here we find that the CNM and the young stars in
Leo T have comparable dynamical properties, and therefore a
close link between the two appears natural. Both have signifi-
cantly smaller velocity dispersions than the WNM and the older
stars. In this context, it is natural to ask how long it would take
for the young stars or the CNM to approach the dynamical state
of the older stars.

AS59, page 11 of 16



Vaz, D., et al.: A&A 678, A59 (2023)

We can estimate the relaxation time of the system, if we write
it as (Spitzer & Hart 1971)

2
D(Av?)’

where D(Av?) is the diffusion coefficient and has the great-
est impact, which for a spherical system and an isotropic
Maxwellian velocity distribution for both young and old stars
can be written as

427G pm, In A G(X)
, 3)
o X
where m, is the mass of the younger stars and o their velocity
dispersion, In A is the Coulomb logarithm and X = v/ \/50', with
v denoting the typical velocity of the older stellar component.
We approximate the Coulomb logarithm as
2
InA = &
G (mo]d + myoung)

where we take R to be the half-light radius of Leo T (see Table 1)
and o g to be the velocity dispersion of the old component. The
IMF-weighted average mass of the old and young population
will differ, but the difference is modest for the ages relevant here,
and so for order-of-magnitude estimates we can set them equal
to 0.3 M.

Taking the velocity dispersions given in Sect. 4.4, and
the density profile and mass-to-light ratio presented in
Zoutendijk et al. (2021b), we estimate relaxation times of
>10"3 yr. While the relaxation time could be reduced if dark
matter is made up of massive compact halo objects (MACHOs),
these latter would need to have masses that are excluded by other
constraints (e.g. Brandt 2016; Zoutendijk et al. 2020) in order to
bring the relaxation time below a Hubble time.

Therefore, we can conclude that the kinematics of the young
population is likely a fair reflection of the kinematics of the gas it
formed out of. As the young stellar population shows very simi-
lar kinematics to the CNM, the natural inference is that the most
recent star formation in Leo T originated from gas whose rem-
nants now make up the CNM. However, this also means that the
overall velocity dispersion that we find above, which includes
contributions from the young population whose kinematics may
not yet be fully relaxed, may not reflect the true gravitational
potential of Leo T. Therefore, the velocity dispersion of the
older stars may provide a more reliable probe of the gravitational
potential of the system.

The different kinematics of the CNM and WNM, and more
precisely the different mean velocity, might imply an external
origin for the CNM, through accretion for example. Another
result that would support the extragalactic accretion argument
is that of the metallicity of the younger population of Leo T.
The fact that the younger population could have a lower metal-
licity than the older stars might imply that the younger stars
formed from gas less chemically enriched than that of the gas
from which the older stars formed; an external origin for this gas
would explain this observation.

Another natural explanation is related to the infall of
Leo T into the Milky Way circumgalactic medium. Indeed, the
ram pressure affects the hot, more extended gas more rapidly
than the cool gas (Emerick et al. 2016), and this could explain
the difference in kinematics between the two components of the
gas. This would lead to changes in the internal structure of the
gas, which would also explain the recent quench in star forma-
tion in Leo T.

@)

Trelax =

D(AV?) =

“
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5.3. Be stars in metal-poor environments

Turning now to the properties of young stars, in particular the
emission-line Be stars identified in Sect. 4.2, their presence
offers some insight into the formation of stars at low metallic-
ity. We find that 15% of the stars classified as young show Ha
in emission, which can be compared to the Milky Way study
of Mathew et al. (2008), who reported rates at a level of 10%—
20% in stellar clusters. Schootemeijer et al. (2022), who present
a study of Be stars in metal-poor environments down to one-
tenth of solar, find OBe fractions of between 0.2 and 0.3 when
limited to main sequence stars. This is consistent with what
is found in Leo A, where Gull et al. (2022) recently reported
the spectroscopic detection of Be stars at a metallicity of one-
tenth of solar. Meanwhile, Lescinskaite et al. (2022) found that,
for Leo A, the emission-line stars account for up to ~15% of
the blue helium-burning (BHeB) stars. Similar values are also
found in other metal-poor environments, such as NGC 2345 with
[Fe/H] = —0.28 (Alonso-Santiago et al. 2019).

As the presence of emission lines in these stars is thought
to be linked to high rotational velocities, these findings sug-
gest that extremely rapidly rotating massive stars are common
in low-metallicity environments (Schootemeijer et al. 2022).
Leo T pushes this down to 1/30 solar metallicity, and although
the number of stars is too small to place strong constraints, the
fraction of emission line stars on the main sequence in Leo T is
high. Coupled with the large velocity width seen in the He line,
this supports the conclusions of Schootemeijer et al. (2022).

6. Conclusions

We present a MUSE study of Leo T, one of the galaxies with
the lowest mass showing signs of recent star formation. We were
able to increase the number of spectroscopically observed Leo T
stars from 19 to 75, which led to the following results.

By combining the MUSE data with HST photometry and
performing a photometric analysis, we identified two stellar pop-
ulations — in agreement with previous results in the literature —
with a wide range of stellar ages, from as low as 200 Myr to
as high as 10 Gyr. We divide the population into two samples
such that the younger population shows consistency with ages
of <500 Myr, while the older population shows ages of >5 Gyr.
Within the younger population, we identified three emission-line
Be stars, corresponding to 15% of the stars classified as young.
This is in line with results for the Milky Way, although these
stars show much lower metallicities, and our findings therefore
suggest a substantial number of rapidly rotating young stars at
1/30 solar metallicity.

The presence of young stars could indicate that there is ongo-
ing star formation in Leo T, but we find no evidence of the
existence of extended emission-line regions to a surface bright-
ness of <1 x 107% ergs™' cm~2 arcsec™2, which corresponds to
an upper limit SFR ~ 10~"" M, yr~! pc~2. Therefore, we con-
clude that star formation has ended, which is consistent with
Weisz et al. (2012), who conclude that there has been no star
formation in the last ~25 Myr.

By fitting the MUSE spectra, we obtained a metallicity of
[Fe/H] = —-1.53 + 0.05, which is in good agreement with our
photometric analysis, assuming that [a/Fe]=0. We also find
a metallicity dispersion of orem; = 0.21 + 0.06. The low
dispersion in [Fe/H] shows that all stars have very similar
metallicity, implying that Leo T underwent almost no evolu-
tion throughout its history, which is puzzling considering the
claimed extended star formation history and age range (from
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200 Myr up to 10 Gyr) of this dwarf. This seems to indicate that a
large fraction of metals were ejected, namely due to stellar feed-
back. This has been predicted by theoretical models that also
show that star formation in low-mass galaxies should be bursty
with short quiescent periods, and these findings support that
conclusion.

Using the sample of 75 stars, we measured the kinematics
of Leo T stars in the most robust kinematic study of this dwarf
to date. We find a velocity dispersion of o, = 7.071:?3 kms!
This result is consistent with previous estimates of the kine-
matics of stars, but, more importantly here, it is also concor-
dant with the measured HI gas kinematics. Interestingly, when
splitting the sample into young and old stars, we find that
they have different kinematics. We find a velocity dispersion

of ooy, = 2.31f%;g§ kms~! for the younger population and a
much higher velocity dispersion of o, = 8.243:2? kms~! for

the older population. This means that the cold component of
the HI gas and the young stars in Leo T have comparable
kinematics.

We estimate the time that it would take for young stars or
the cold component of HI gas to approach the dynamical state
of older stars to be higher than the Hubble time, which directly
links the most recent star formation in Leo T to the cold compo-
nent of the HI gas.
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Appendix A: ULySS

To check the robustness of the velocity estimation method we
used in this work, we follow the approach of Roth et al. (2018),
using ULySS (Cappellari & Emsellem 2004; Koleva et al. 2009)
and the empirical MIUSCAT library (Vazdekis et al. 2012) to fit
the stellar spectra, as an alternative method to measure the radial
velocity. We did this in two different ways: by fitting a single
stellar spectrum from the library to the full spectrum and using
this to get vjos; and by fitting multiple reference spectra to the
observed spectrum and using this composite spectrum to get vjys.
The composite spectrum is created by combining different spec-
tra from the library in order to achieve a best fit. This method
could in particular be useful for identifying observed spectra
that are a composite of the spectra of multiple objects, e.g. from
binaries.

As such, we fit each individual spectrum twice, and we con-
sider the result corresponding to the best fit. We compare the
results of ULySS and spexxy for the sample of 55 stars (as
spexxy failed to fit the emission-line star spectra) and look for
discrepancies.

Figure A.1 shows the difference in the radial velocity esti-
mates between spexxy and ULySS against the measured S/N.
The displayed error is determined by summing in quadrature the
respective measurement uncertainties. The stars which ULySS
best fit employ reference spectra of multiple spectral types (com-
posite spectra) are shown in orange. From the results, it is clear
that both measurements are consistent with each other within the
errors. For a higher S/N, the difference in both measurements is
effectively zero. We do see a larger dispersion for lower S/N val-
ues, which is to be expected, but this is compensated for by the
larger uncertainties.

Therefore, we concluded that the two velocity estimation
methods give consistent results and adopted spexxy as the main
method to fit the spectra in the analysis. As the spexxy runs
failed for the emission line spectra, we used the ULySS measure-
ments for these objects in the kinematic analysis.

We note that ULySS favoured a complex spectrum fit for 15
stars, which might indicate unresolved binaries, but we mention
here that the final spectra are averages over several independent
epochs, and therefore they are likely to be less affected by binary
motions than single-epoch spectra, and we do not attempt to cor-
rect for this here.
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Fig. A.1. Difference between spexxy and ULySS velocity measurements as a function of S/N. The displayed error was determined by summing
the respective measurement uncertainties in quadrature. The stars for which the ULySS best-fit run used multiple reference spectra are displayed

as orange squares. A horizontal dashed line at zero is also shown.
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Appendix B: [Fe/H] Analysis complement

Here we discuss the metallicity analysis when performed sepa-
rately for the young and old population. From the sample of 55
stars with [Fe/H] measured spectroscopically, 17 are members of
the young population. For these two samples, we fit the MCMC
model described in Section 3.3. As the sample for the young pop-
ulation is too small, the constraints have a large uncertainty. The
results are shown in Figure B.1. This plot was generated using
the pygtc package (Bocquet & Carter 2016). We see that, for the
younger population, an equal or lower metallicity is preferred in
comparison to the one preferred for the older population. How-
ever, the uncertainty is too high to yield a firm result.

In order to better understand the results, we plot the [Fe/H]
measurements as a function of the uncertainty in Figure B.2.

We get some measurements that we consider to be outliers, with
measured [Fe/H] < —2.5. These values, if real, are very surpris-
ing, in particular because most of them are for young stars. How-
ever, as the uncertainty is quite high for lower metallicity cases,
it is not possible to have a definite conclusion. Furthermore,
we repeated the MCMC analysis by removing the outliers and
the results were unchanged, which means that, due to the large
uncertainty, these measurements do not contribute significantly
to the success of the fit. If these measurements are inaccurate,
the outliers can be explained by the fact that these young stars
barely have any metal lines in the MUSE spectral range. There-
fore, spexxy can wander off in the metallicity space, because
changes in [Fe/H] do not affect the fit. There is also the possibil-
ity that the parameter space is not well covered by the PHOENIX
grid for these types of young stars, contributing to a poorer fit.

Old Pop.
Young Pop.
-------- [Fe/H] = -1.53
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/'»
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Fig. B.1. Plot of the covariance distribution of the mean [Fe/H] and [Fe/H] dispersion drawn from the MCMC analysis. The result for the young
and old population is plotted in blue and orange, respectively. The darker shade symbolises the middle 68% of the distribution. The dashed lines
represent the mean [Fe/H] and the uncertainty obtained by fitting the entire sample with the same MCMC method.
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Fig. B.2. Plot of the measured [Fe/H] and [Fe/H] uncertainty for the sample of 55 stars, using spexxy. The sample is divided into two, representing
the young and old population in blue and orange, respectively.
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