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Gas-rich dwarf galaxies located outside the virial radius of their host are relatively pristine systems and have
ultralow gas cooling rates. This makes them very sensitive to heat injection by annihilation or decay of dark
matter (DM). Such dwarfs are particularly sensitive to DM producing e* with energies 1-100 MeV or photons
with energies 13.6 eV-1 keV, because these products can be efficiently thermalized in the neutral hydrogen gas
of the dwarfs. Following the methodology of Wadekar and Farrar [Phys. Rev. D 103, 123028 (2021)], we
require the rate of heat injection by DM to not exceed the ultralow radiative cooling rate of gas in the Leo T
dwarf galaxy. This gives model-independent bounds on (i) the decay lifetime of DM to e* (photons), which are
stronger than all the previous literature for mpy; ~ 1-10 MeV (mpy ~ 0.02-1 keV), (ii) annihilation of DM to
e* comparable to constraints from cosmic microwave background and x /y-ray surveys. We also translate our
bounds for the case of the following DM models: axionlike particles (ALPs), sterile neutrinos, excited DM
states, Higgs portal scalars, and dark baryons. Observations of gas-rich low-mass dwarfs from upcoming 21 cm

and optical surveys can therefore be powerful probes of a multitude of models of DM.

DOI: 10.1103/PhysRevD.106.075007

I. INTRODUCTION

Detection of dwarf galaxies in our local group has
accelerated at a tremendous pace with the advent of digital
surveys like SDSS and DES (see Fig. 1 of [1]), and the
trend is expected to continue with upcoming surveys like
Rubin observatory [2—4], Roman telescope [5], and Hyper
Suprime Cam (HSC) [6] survey. Low mass dwarf galaxies
are pristine laboratories to study effects of dark matter due
to the baryonic feedback in them being weak, and the ratio
of DM to baryonic mass in them being large. Furthermore,
many popular alternatives to the cold dark matter model can
affect the properties of these dwarfs (e.g., [7-11]).

The presence of neutral hydrogen (HI) gas inside low
mass dwarfs is related to their position with respect to their
host: gas-less dwarfs are typically observed within the virial
radius of the halo of their host, and vice versa for gas-rich
dwarfs. This spatial dependence arises because gas in the
dwarfs gets stripped due to pressure of the ionized medium
of their host once they fall inside its virial radius (i.e., the

“jayw @ias.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2022/106(7)/075007(17)

075007-1

ram pressure stripping effect [12—-15]). Observations of gas-
rich dwarfs has been difficult in the past owing to their
low luminosities because of being located beyond the
Milky Way virial radius. However, recent high-resolution
optical and 21 cm surveys have discovered and charac-
terized a large number of these dwarfs [1,16-22].
Finding gas-rich low-mass dwarfs is useful for testing
galaxy scaling relations like the baryonic Tully-Fisher
relation (BTFR [23-26]) or the mass metallicity relation
at the very low-mass end. An interesting property of
these objects is that they are extremely metal-poor.
This is because the gravitational potential well of such
galaxies is very shallow, and therefore, the metals pro-
duced from supernovae get efficiently ejected out of their
halos [27]. Their behavior of such galaxies is similar to
chemically primitive galaxies in the early Universe, and
they can therefore be used as laboratories for studying
the formation and evolution of massive stars in nearly
pristine gas and also for constraints on primordial helium
abundance and effects of reionization [28-31]. Numer-
ous past surveys have specifically targeted such galaxies:
THINGS [16], FIGGS [17], SHIELD [18], VLA-ANGST
[19], and LITTLE THINGS [20], among many others.
Ongoing and future 21 cm surveys,1 and also optical

'WALLABY [32], MeerKAT [33], Apertif [34], FAST [35],
SKA [36].
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surveys,2 will find and characterize an even larger number
of these galaxies. This motivates finding new ways of using
the upcoming observations of gas-rich dwarfs to probe
physics beyond the standard model.

Wadekar and Farrar [46] (hereafter WF21) showed that
gas-rich dwarfs can be used to constrain DM models. The
cooling rate of gas in such dwarfs is ultralow, primarily
because of their low metallicity (see Fig. 1 of Ref. [47] for a
comparison of their cooling rates with those of typical
Milky Way systems). The gas in these dwarfs is therefore
very sensitive to heat injection by a nonstandard energy
source. WF21 used a particular well-studied gas-rich dwarf
galaxy called Leo T and required heat exchange between
DM and ordinary matter to not exceed the gas cooling rate.
This leads to strong limits on DM scattering with ordinary
matter and on hidden photon dark matter (HPDM).
Subsequently, the gas cooling rate of Leo T has also been
used to constrain gas heating due to primordial black holes
(PBHs) by Refs. [48-52] (the gas heating from PBHs
occurs via various mechanisms like radiation from the BH
accretion disk, Hawking radiation, BH outflows, and
dynamical friction). In this paper, we use the methodology
of WF21 to constrain the heating of gas in Leo T caused by
decay or annihilation of DM particles.

Annihilation or decay of DM can produce high-energy
Standard Model (SM) particles like y-rays and synchrotron
emission. Gas-less dwarfs (e.g., Draco, Fornax) offer
relatively clean environments to probe such emissions
[53-61], and their observations have set one of the
strongest limits on annihilations of WIMPs [62].
However, in case DM in astrophysical systems decays/
annihilates to lower energy candidates like UV/soft x-ray
photons, or MeV-GeV e™ /e, these are notoriously diffi-
cult to observe directly as they get scattered/absorbed by
surrounding astrophysical medium [63,64]. Precisely in
such cases, gas-rich dwarf galaxies can be a very good
complement because UV photons or low energy e* /e~
from DM can be efficiently trapped in the gas of gas-rich
dwarfs and heat it. We require such heating to be less than
the ultralow radiative cooling rate of gas in Leo T and
obtain strong constraints on DM. It is worth mentioning
that diffuse neutral clouds in the Milky Way are also
astrophysical systems with low gas cooling rates. A variety
of MW gas clouds have therefore been used for con-
straining DM-gas interactions [46,65-70]. In addition to
using Leo T, we will also use robust gas clouds from WF21
to constrain DM.

The outline of the paper is as follows. We first discuss
the properties of the Leo T galaxy in Sec. II. We discuss
heating of gas due to injection of photons and e* in Sec. III.
Our methodology for setting bounds on DM is in Sec. IV.
We provide model independent constraints in Sec. IV A,

’DES [37-40], SAGA [41,42], DESI [43], HSC [6], Dragonfly
[44], MSE [45], Rubin observatory [2—4], Roman telescope [5].

while constraints on particular models of DM are in
Sec. IV B. We discuss our results and methodology in
Sec V and conclude in Sec. VI

II. LEO T GALAXY PROPERTIES

In this section, we discuss properties of Leo T galaxy and
the reason why it is an ideal astrophysical candidate to
probe heating due to decaying and annihilating DM. Leo T
is an ultrafaint dwarf galaxy located outside the virial radius
of the Milky Way (MW), nearly 420 kpc from the MW
center. Leo T is both dark-matter dominated and gas-
rich, it is well-studied observationally and has garnered
modelling attention [71,72]. Reference [73] analyzed high-
resolution Giant Meterwave Radio Telescope (GMRT) and
Westerbork Synthesis Radio Telescope (WSRT) observa-
tions to determine the HIcolumn density and velocity
profile (see also [74]). The stellar mass and star formation
history of Leo T has been studied using data from Hubble
Space Telescope (HST) and Multi Unit Spectroscopic
Explorer (MUSE) survey. For reference, Leo T has My =
4.1 x 103 M, [74] and M, ~ 10° M, [75,76].

A. Gas and DM density profiles

Reference [71] (FSM13 hereafter) modeled the DM and
gas density profiles of Leo T. They assumed that HI in
Leo T is an isothermal gas sphere, and its DM halo has a
well-motivated flat-core (Burkert) profile. They fit their
model to the HI column density and temperature measure-
ments of Leo T by [73] and inferred the DM profile by
assuming the gas to be in hydrostatic equilibrium. We adopt
their model shown throughout this paper and show the
corresponding density profiles in Fig. 1. The DM halo mass
within r < 0.35 kpc is ~1.2 x 107 M and is consistent
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FIG. 1. We use a model of the gas-rich Leo T dwarf galaxy by
Ref. [71], which was fitted to 21 cm measurements of the galaxy
by [73] and is also consistent with stellar velocity dispersion
estimates by [78]. We show the number density of DM (for
mpym = 1 GeV), atomic hydrogen (Hi), electrons (e™), and total
hydrogen (H) components of the model. This figure is taken from
WE21 and is shown here for self-contained discussion.
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with dynamical mass measurements of Refs. [73,77-79].
For a more detailed discussion of the model of FSM13 and
on other modeling studies of Leo T, see Appendix (A1) of
WE21. We will later discuss in Sec. VI the sensitivity of our
DM limits to uncertainities in its DM halo properties.
The electron density inside Leo T is estimated by FSM13
with a radiative transfer code and using a model for the
UV/x-ray metagalactic background. The ionization in the
outermost region of Leo T is governed by the UV back-
ground flux, but that in the inner region is governed by the
soft x-ray flux (as x-ray photons can penetrate the inner
regions due to their have lower cross sections). While there
is a large uncertainty in the strength of the metagalactic UV
flux, the x-ray flux is well constrained by current obser-
vations [80], and therefore, the uncertainty in the electron
density in the inner regions is expected to be small.

B. Gas temperature

The temperature of gas in Leo T is directly estimated
from the observed line of sight velocity dispersion of

HI (0,) as

o 2
T oas —— ] 6100 K. 1
gs < (7.1 kms") (m)

We only have an upper limit for 7'g,s because, apart from
thermal contributions, o, also has contributions from
turbulent or bulk motions inside the gas. Reference [74]
provides 6, = 7.1 0.4 kms~' for the WNM of Leo T
(see also [73]). We conservatively use T'g,q = 6100 K for
the Leo T bounds in this paper, but we also report DM
limits for an even more conservative estimate correspond-

ing to the 420 value: o, = 7.9 km/s, which translates
to Ty = 7552 K.

C. Gas cooling rate

For Hi gas with T < 10* K, collisions between hydrogen
atoms are not typically energetic enough to ionize them-
selves. The cooling is dominated by photons corresponding
to the fine-structure transition lines of metals like C, O, Si,
and Fe [81]. The gas cooling rate C depends linearly on the
metal abundance as seen from the following formula [82]:

C = n{A(T)10Fe/H), (2)

where 10(F/H] is the metal fraction in the gas relative to
the sun [[Fe/H] is the metallicity defined as [Fe/H]=
logio(pe/ 1) gas = 10g10(Mpe/ M1 )gun]- 7 18 the  total
hydrogen number density, and A(7T) is the cooling func-
tion, which depends on the temperature of the gas [a rough
approximation being A(T) =~ 107270706 ergcm®s~! for
T ~ (300-8000) K, see Fig. 7 of WF21]. Gas-rich low-
mass dwarfs generally have ultralow radiative cooling rates
as they are metal-poor and have low ny. In particular, Leo T

has [Fe/H] ~ —1.74 £ 0.04 given by spectroscopic mea-
surements from [83] ([50]).

The outer part of Leo T (r > 0.35 kpc) is ionized due
to the metagalactic UV background. It is difficult to find
a robust measure of the rate at which the outer ionized
region cools. Therefore, we restrict our study to the warm
neutral medium (WNM) within r < 0.35 kpc. Compared
to using Eq. (2), one can obtain a slightly more accurate
estimate of the cooling of the gas by taking into account
the ionization and density profiles from Fig. 1 and
explicitly calculating the metal line transition rates (see
Ref. [50], hereafter K21). We adopt the result of K21 for
the volume-averaged radiative cooling rate of the gas in
Leo T for Ty ~6000 K: C =7 x 1073 GeVem= s
For the more conservative case of Ty, = 7552 K, the
cooling rate becomes C~1.46x 1072 GeVem 3 s~
Further discussions on the gas cooling rate are in
Appendix A. Note that the cooling rate can also be
directly estimated using the intensity of emission or
absorption of the C 11 line [84]; it would be a valuable
complement to have those observational estimates for
Leo T.

Apart from Leo T, we also use core of a diffuse neutral
cloud G33.4-8.0 in the Milky Way [85]. The parameters
we use for the cloud are ny, = 04+0.1 cm™3, T =400 +
90 K and [Fe/H] ~ 0 [85] (see WF21 for further details
about the cloud). We use a rough estimate for the volume-
averaged cooling rate, C ~2.1 x 10727 ergem™s~!, cal-
culated using Eq. (2).

III. DM ENERGY INJECTION SCENARIOS

The energy deposition in HI gas due to decay and
annihilation of DM particles is given by

dE o
AAV ) oy F

dE 1
(dldV) annihilation - E I’l)% <Gv>Eheat1 (3)

where n, is the DM number density and I', is the decay
rate, (ov) is the velocity-averaged annihilation cross
section, and E., is the heat energy injected in the HI
gas due to interactions of the decay and annihilation
products with the gas. The factor of 1/2 corrects the
double counting of annihilation of DM particles. We
consider decay/annihilations of DM to either e* or photons
in this paper. Let us now derive E,., for the two cases
separately.

A. e* energy deposition in gas

We consider relativistic e in the MeV-GeV range
produced from DM in this section. The kinetic energy of
e* is lost due to collisions with free electrons/ions in the
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gas and in ionizing/exciting neutral atoms.’ Only a fraction
[f.(E)] of the initial KE (E) is therefore converted to
heat due to collisions or absorptions in the gas. We use the
fitting function from [88] (which is based on an earlier
work by [89] and is in good agreement with simulations for
E = 11 eV [90]),

fo(E) =1 = (1 = x027)1:32

11 eV 0.7
+3.98( Ee> KA1 = X032, (4)

where x, is the ionization fraction of the gas. To give a
rough idea, when the kinetic energy of primary electrons is
beyond keV, their energy is distributed roughly equally in
heating, ionization, and atomic excitation of the gas [90].
Note that using f,(E) is conservative since it does not
include heating of gas via the dissipation of Alfvén waves
produced by the motions of e* (see the discussion below
for details). The net heat deposition energy is given by

Eheat = Z(Ez - mi)fe(Ei - mi)(l - e_lle)’ (5)

ice™

where (E; —m;) is the kinetic energy of decay product i
and A, is opacity of the HI gas to e*. We use the size of
Leo T as the extent of its warm neutral medium
(rwanm = 0.35 kpc) in our opacity calculations. Assuming
the gas is comprised of H and He with primordial
compositions, the opacity is

/Ie = Z pithonfineSi(E)/E7 (6)

i=H,He

where S;(E) is the electron stopping power of element i
taken from [91] [e.g., Sy(E = 1 MeV) ~ 3.8 MeV cm?/g],
p; is the mass density, and 7y, is the time spent by e*
before they escape the galaxy. A naive estimate of 7 ypfine
can be rynv/c ~ O (kyr) assuming that the relativistic e*
ballistically escape the galaxy at nearly the speed of
light (c¢) [49]. This is however not the case because the
relativistic e* stream along magnetic field lines in the
galaxy at much lower speeds (see the discussion in Sec. 5.6
of K21). The situation here is similar to that of relativistic
cosmic rays in the Milky Way disk; these do not escape

3A fraction of the ¢* energy could also be lost due to inverse
Compton scattering of cosmic microwave background (CMB) or
optical photons [86,87]. This effect is however subdominant as
compared to the ionization energy loss for low energy e® (i.e.,
<GeV) at low redshifts, where the density of photons is
significantly lower than the early Universe. e* can also lose
their energy due to synchrotron emission. However, the synchro-
tron losses dominate only for very high energy e*, and we have
checked that this effect is negligible for the range of masses
considered in our plots (fjos sync ~ 12 Gyr for GeV e%).

ballistically but rather spend >107 yr in the disk as inferred
from isotope abundance measurements [92,93].

One of the reasons behind e* moving slower than ¢ is
that they are scattered by Alfvén waves excited in the
plasma of Leo T. Analogous to transverse waves propa-
gating along a string, Alfvén waves are magnetohydrody-
namic waves propagating along magnetic field lines, where
the field strength provides tension and ions in the plasma
provide inertia. The motion of eT can excite Alfvén waves,
which in turn react on the e* and scatter them [94,95] (the
faster the e* move, the more they get scattered due to the
generated Alfvén waves and consequently, slow down).
Their streaming velocity along field lines is much smaller
than ¢ and is close to the ion Alfvén velocity (see
Appendix B 1 for further details),

B 63kms- L Pion Y
Vp = ~ .
AT Arpo, 1uG\1073 GeV/cm?

If the field lines were rigid and oriented in the radially
outward direction, the e* would stream straight along the
field lines at v, and the time to escape would be
rwam/ Va4 ~ 5.4 Myr. However, the field lines are likely
tangled rather than straight and are also constantly being
rearranged by turbulence. Thus, even though e* stream
along field lines, the motion of e* resembles diffusion as
the field lines are themselves in a random walk configu-
ration (see, e.g., [96]). We discuss these effects further in
Appendix B 2 and use the conservative estimate f.y,fine =
19 Myr from Eq. (B3). We show the opacity of Leo T as a
function of e* energy in the bottom panel of Fig. 2. The
opacity for the MW corotating clouds is discussed in
Appendix C.

The calculations performed till now assume that e* are
closely tied to magnetic field lines. To verify this, we
calculate their relativistic gyration radius as

ym,c
g qB

=54y x 10719 p, (8)

1 uG
B
which is indeed much smaller than the expected coherence
length of the magnetic field (1 pc) in galaxies. Let us now
discuss the magnetic field strength in Leo T (B). While
there is no direct measurement of B, one can make
reasonable estimates for its the largest and smallest prob-
able values. B should be much larger than the value of the
extragalactic field strength (which is expected to be ~1 nG
[97]). This is because the magnetic field in Leo T is
enhanced by turbulent dynamo processes involved in star
formation inside the galaxy. The upper limit of B can be
inferred by comparing the star formation rate (SFR) in Leo
T with other dwarfs. Strong magnetic fields (> 6 uG) are
observed only in dwarfs with extreme characteristics such
as starburst dwarfs with much higher metallicity and global
SFR than typical local group dwarfs [98]. Leo T on the
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FIG. 2. Opacity factor of the Hr gas in Leo T as a function
of energy of injected photons (top) and kinetic energy of injected
e'/e™ (bottom). We use Eq. (10) for A, and Eq. (6) for 1, (we
use B 1 uG and t.gpp. =~ 19 Myr for this plot). Leo T is a
strong probe of photons with E, <200 eV and electrons
with £, < 10 MeV.

other hand has very low SFR ~ 107 My /yr [76] and
therefore, B should be lower. One can also make a rough
indirect estimate of B based on extrapolation of the
calibrated relation between XSFR and the strength of
magnetic field in dwarf irregular galaxies from Ref. [98],
which gives <1 uG for Leo T. We adopt the conservative
value of B =1 uG in our calculations for the gas opacity
and note that lower values of B will lead to longer
confinement timescales (because of smaller v4) and there-
fore stronger limits on DM.

B. Photon energy deposition in gas

Photons can transfer energy to gas via different mech-
anisms like the photoelectric effect, compton scattering,
pair production, Rayleigh scattering, and photonuclear
absorption (see Fig. 34.15 of [99]). For low energy photons
(ie., E, 100 keV, which is the range we are most
interested in for this paper), photons primarily heat the
gas via the photoelectric effect where they ionize H or
He atoms in the HI gas. A fraction of the photon energy in
that case is spent in the ionization of the atoms, and the rest
is converted into the KE of the electron. The energy finally
deposited as heat in the gas is, therefore,

Eheat:Z(Ei_IH>fe(Ei_IH)(1_e_ly)’ (9)

1

where Iy is the ionization energy of hydrogen and
fe(E;—1Iy) is again the heat deposition fraction of
the KE of the electron from Eq. (4). The optical depth is
given by

A = Z n;6;(E)rw- (10)
i=H,He

which takes into account the photon fraction which escapes
the galaxy without collisions with the gas and is shown in
Fig. 2. o(E) corresponds to effective photon cross section,’
including all the effects mentioned at the beginning of this
sub-section, and ryway = 0.35 kpc. The opacity of HI in
Leo T is shown in Fig. 2. The decline seen below E, <
5 keV is because the photoelectric cross section gets
significantly damped: opg o E;>7, while it levels out for
E, 25 keV due to Compton scattering and pair production
contributions. We also assume HI gas is optically thin to
radiation below the ionization threshold of 13.6 eV.’

It is important to emphasize that the gas in Leo T is
optically thick for 13.6 < E, <200 eV (i.e., the extreme
UV [EUV] range), which is precisely the range where
constraints from direct measurement of photon back-
grounds are the weakest (see Fig. 1 of [63]). EUV back-
ground measurements are notoriously challenging because
EUV photons are strongly scattered/absorbed in the ISM
(we currently only have upper bound estimates for the EUV
spectrum). As we will see later in Figs. 3 and 4, Leo T is
highly complementary to other astrophysical measurements
of photons in the EUV range.

IV. CONSTRAINTS ON DM

In this section, we derive our constraints on annihilating/
decaying DM, both for model-independent scenarios and
for particular models of DM. Let the volume-averaged

rates: {C,H,Q} correspond to astrophysical cooling,
astrophysical heating, and DM heating, respectively. For

a system to be in a steady state, we need |Q| = |C — H|.
In this paper, we set conservative bounds on the DM

*For E, <30 eV, we use the following fitting function
from Ref. [100]: 6(E) = 6oy~/?(1 + y'/?)~*, where y = E/E,
and {E;on/eV, 00/ (10718 cm?), Ey/eV} is {13.6, 606, 6.8} for H
and {24.8,3.94,112.88} for He. For E, > 30 eV, we use the
attenuation length data from [99,101]: https://henke.lbl.gov/
optical_constants/atten2.html;https://physics.nist.gov/PhysRefData/
XrayMassCoef/tab3.html.

Note that one exception for this case is for a very small region
of photon energies close to 10.2 eV (which corresponds to the
Lya line), where photons are resonantly absorbed by HI.
Furthermore, dust grains in the gas can also absorb photons
lower than 13.6 eV [102]. We do not consider this additional
photoionization heating effect so our limits are conservative.
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FIG. 3. Top left (right): Lower limits on lifetime of DM decaying to e* (yy). Bottom left: Upper limits on s-wave and p-wave velocity-
averaged annihilation cross section of yy — e™ e~ (Bottom right: only s-wave limits on yy — yy). Limits from the gas-rich Leo T dwarf
galaxy are in black and from the Milky Way corotating gas cloud G33.4-8.0 are in blue. We adopt v, = 220 km/s for showing the
p-wave constraints. See the main text for other bounds in the figures. We also show the effect of changing the observed temperature
estimate from 7Ty, = 6100 K to the 26 conservative value: Ty, = 7552 K (see Sec. II); this leads to shifting all the Leo T bounds in this
figure by a factor of ~2, as shown by the dashed black lines. Overall, Leo T updates existing limits on y — e lifetime by more than an
order of magnitude for m, € [1-10 MeV]. Leo T also gives stronger constraints than all the previous literature on y — yy
for m, € [26.2 eV-keV].

interaction cross section by requiring Q < C. Note that ~ Fory — e*, we use Eq. (5) with E, = m, /2 (for yy — e*,
more stringent bounds could in principle be placed by  we instead use E, = m,,), similarly also for photon energies

including the astrophysical heating rate Q < |C — H|. E,. We show the results for all the cases in Fig. 3. Bounds
We use O = % i dVdfr’% = NlM/3 Jow dr 2 d‘tj% where  from Leo T are shown in solid black whereas the bounds

from the MW gas clouds are shown in blue. For the DM
decay cases, the sketched/filled regions show the ruled-out
parameter space (we do not however sketch/fill regions for
the annihilation case in order to avoid confusion because
two different scenarios are compared in the same plot: s
wave and p wave). Let us discuss each of the subpanels of
Fig. 3 separately,

we substitute dE/dtdV from Eq. (3). As discussed in
Sec. IIC, we restrict the integration range to be within
the warm neutral medium (ryway = 0.35 kpc) for all our
volume averaged integrals.

A. Model independent constraints

In this subsection, we set limits on the decay lifetime of (i) y = e*: For m, < 10 MeV, the temperature of the
DM (z™") and on the velocity averaged DM annihilation gas in Leo T updates existing limits by more than an
cross section (ov). We consider both e e™ and yy channels. order of magnitude and sets the most stringent lower
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bound on ™", This has implications for the model
building of MeV-scale DM [104], together with
complementary probes from BBN and CMB, among
others [105-107]. Additional limits are from the
temperature of intergalactic medium (IGM) [108] in
gray, CMB anisotropy [109] in cyan, the Voyager
satellite [110] in green, and x/y-ray searches [111]
in orange.

(i1) y — yy: The Leo T limit is seen to provide refined
constraints for 30 eV <m, < 1 keV, and we will
discuss the implication on specific DM models in
Sec. IV B. Additional limits are from CMB spectral
distortions [112] in cyan, CMB anisotropy [109] in
violet, and x/y-ray searches [111,113-115] in gray.®
Note that the robust general constraint on decaying
DM (dDM) [119,120] independent of final state
gives 7™" > 4.5 x 10'8 s, about 10 times the age of
the Universe. As this limit is a few orders of
magnitude weaker, we have not shown it explicitly
in Fig. 3.

(iii) yy — e™: Additional limits are from the Planck
CMB survey [109] (see also [121]), compilation
of x-ray and y-ray data [111] surveys like Integral
[122] and Voyager [110], and the temperature of
IGM [108]. Note that Leo T gives stronger con-
straints for the s-wave annihilation case as com-
pared to all the Milky Way probes. For calculating
the p-wave constraints, we adopt v,s = 220 km/s
corresponding to the typical velocity distribution
observed in the MW (this involves rescaling the
Leo T s-wave limits by a factor (7v/6/220)2,
given the 1D velocity dispersion of DM is
~7 km/s [73,74,79]). It is worth noting at beyond
m, > GeV, there are strong limits from y-ray ob-
servations of gas-less dwarf spheroidals [62,123]
and of extragalactic halos [124].

(iv) yy — yy: Additional limits are from CMB [125],
NuStar [116], and Integral [117]. Note that, to the
best of our knowledge, the only probes in the sub-
keV regime are provided by Leo T and MW gas
clouds. The spectral distortions of the CMB can in
principle constrain the sub-keV regime, but the
existing analyses have focused on the limits for
DM decay rather than annihilation. The calculation
for recasting the decay limits from CMB to the
annihilation case is highly nontrivial; hence, we do
not attempt it in this paper.

Throughout this work, we have assumed that all of DM
is either decaying or annihilating, but one can also consider
scenarios where only a fraction of DM (fy) is undergoing
these effects. Our bounds on the lifetime in Fig. 3 will

®Recent and future X /y-ray searches can improve the previous
x/y-ray limits by about 1 order of magnitude for m, > 10 keV
[116-118], which are not included in our plot.

simply be weakened by a factor of fpy (f3y for the
annihilation cross section). Note that this is different from
the case of WF21, where the scaling with fp) is nontrivial
because the distribution of DM itself changes as a result of
interactions with ordinary matter.

B. Constraints on particular DM models

1. Axions/axionlike particles(ALPs)

A widely studied example of DM that can decay to two
photons is the axion or more generally, axionlike particle
(ALP); see, e.g., [126-128]. We consider the following
generic Lagrangian of the ALP:

1 -
L,D ——maaz—%aF”"Fﬂ,j, (11)

2
and remain impartial to the detail of how the ALP-photon

coupling is generated. The decay rate of a — yy can be
directly computed to be

migs
Lo ="gun - (12)

We recast the limits from DM decay lifetime in Fig. 3 to
Jayy» and show the results in Fig. 4. Other limits displayed
in the figure include MW gas clouds in blue, CMB spectral
distortions [112] in cyan, reionization [127] in gray, XMM-
Newton [113] in violet, horizontal branch stars [129] in tan,
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FIG. 4. Bounds on ALP DM with mass m, and ALP-photon
coupling g,,, from the Leo T dwarf galaxy (black) and the MW
gas cloud, G33.4-8.0 (blue); see the text for other bounds. The
dashed line shows the Leo T limit using the 26 conservative gas
temperature estimate. We also show couplings preferred by the
QCD axion [103]. Note that the flux of photons in the extreme
UV range and soft x-ray range (Eppoon ~ 13.6-500 €V) is
notoriously difficult to probe in astrophysical searches as these
are readily scattered/absorbed in the ISM. This is precisely the
range where Leo T is the most sensitive, which makes Leo T
highly complementary to direct astrophysical searches.
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extragalactic background light (EBL) [127] in red, optical
searches in galaxy clusters Abell 2667 and 2390 [130] in
light orange, and finally, spectroscopic measurements of
Leo T from the MUSE spectrograph [61] in green. The
range of g,,, for QCD axion models [103] is also shown
as the orange band in the figure. We have not shown
forecasts from future line intensity mapping surveys [131]
for m, <1eV and x-ray surveys (e.g., eROSITA,
ATHENA [132]) for m, 2 1 keV. Currently, Leo T pro-
vides the best limit on ALP-photon coupling for
m, ~ 30 eV-keV. It is important to mention that our
bounds put significant pressure on keV-mass axion explan-
ations of the XENONIT anomaly [133], even if these
axions constitute a very small fraction of the DM.
Before proceeding, let us briefly comment on another
heating mechanism due to ALPs. So far we have assumed all
the ALPs are from the DM halo. A DM independent source
of ALPs could be stars and supernovae [129]. This is
because the coupling of ALPs to photons and/or charged
fermions allows thermal production of ALPs in stellar
environments. While these ALPs propagate in the
Universe, they can be converted to photons near magnetic
fields, or just spontaneously decay to photons and/or charged
fermions [134], and thus, inject energy to astrophysical
systems. Setting limits on this scenario by Leo T requires a
detailed model of the flux of ALPs and the propagation
effects, which is beyond the scope of the present paper.

2. Higgs portal scalars

New CP-even scalars have extensively been studied
recently in many different contexts of DM models, such
as Higgs portals [135], dark Higgs bosons [136], dark
glueballs [137], and many others [138,139]. In this section,
we follow Ref. [140] and consider a generic scenario of a
keV-scale scalar S that mixes with the SM Higgs boson by an
angle 6. A simple realization of the scenario may be achieved
by a Higgs portal operator |H|>S? with both H and S
acquiring a vacuum expectation value (VEV), and then the
mixing angle 6 would be determined by the coupling
constant 4 and the two VEVs. More concrete examples of
the realization are given in [140], where, for particular
models, it is shown that the desired DM abundance can be
established by the freeze-in mechanism if § ~ 1071,

The S-Higgs mixing leads to interactions between S and
SM particles. For mg < 2m,, the dominant decay channel of
the scalar is § — yy through a loop of charged fermions
similar to the Higgs boson. The decay rate is then given

by [140]
— 1.13 x 106 ("”)392 !,
1 keV
(13)

where a = 1/137 is the electromagnetic fine structure
constant, and vgyw = 246 GeV is the electroweak VEV.

121 a2m§92

Ty, = ———3-—
579 51230k,
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FIG. 5. Upper limits on the mixing parameter € between the

scalar § and Higgs boson as a function of mg. Bounds are from
Leo T (black), general dDM constraints [119,120] in orange, stellar
luminosity limits [140] in green, x-ray searches [111,113-115]
in gray, CMB spectral distortions [112] in cyan, and CMB
anisotropy [109] in violet. The dashed line shows the Leo T limit
using the more conservative gas temperature estimate (7552 K
instead of 6100 K).

All constraints on the decay lifetime of DM to two
photons from Fig. 3 can be used to constrain S — yy. The
resulting limits on § are shown in Fig. 5. An additional limit
is the stellar limit on S shown by the light green region,
which is independent of requiring S to be DM [140].”
Via the S-Higgs mixing, the hot environment in the interior
of stars can abundantly create S particles [140-142]
(similar to axions and ALPs [129,143]), and the luminosity
of the star would therefore be affected. Note that the stellar
limit is reported only for mg > 100 eV in Ref. [140]; it
should also be able to constrain mg < 100 eV to some
extent and overlaps with our Leo T limit. There are also
independent limits from precision measurements of Higgs
bosons and mesons that exclude 8 > 10~* [140,144], which
are however relatively weaker than the limits in Fig. 5.

The limit from Leo T exceeds other limits in the
30-100 eV mass range; however, stellar limits, if extrapo-
lated to sub-keV masses, might be stronger. Our analysis
can be easily translated to other scalar DM that decays to
two photons. For instance, the dark glueball DM can decay
to two photons with the decay rate controlled by parameters
such as the dark confinement scale and the number of dark
colors [137]. We anticipate the temperature of Leo T would
produce strong bounds for sub-keV dark glueballs as well.

3. Sterile neutrinos

Sterile neutrinos, especially those with keV-scale masses,
are widely studied as a DM candidate and simultaneously,

"We have combined solar, red giant, and horizontal branch
limits from Ref. [140], where limits from white dwarfs are also
derived and are shown to be stronger. However, the white dwarf
limit is sensitive to the luminosity of the white dwarf, and thus,
we have not included it in our figure.
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as a possible explanation of the unidentified x-ray lines
at 3.5 keV (for detailed reviews, see, e.g., [114,145]).
Models of sterile neutrinos are normally parametrized by
the mass of the sterile neutrino, m,, and the mixing angle
0 between sterile and ordinary neutrinos. In general, 0
cannot be too large or the Universe would be overclosed
by sterile neutrinos, as far as the known production mech-
anisms such as nonresonant [146] and resonant production
[147] are concerned. References [148,149], however, point
out that these limits rely on the assumption of a standard
cosmology and thus can be evaded with a nonstandard
cosmology prior to BBN.

We are therefore motivated to study robust observational
limits on sterile neutrinos. The main model independent
limits on € come from the (non)observation of photons
produced from their decays. At the one-loop level, a sterile
neutrino y can decay to an ordinary neutrino v and a
photon, and the decay rate is [114]

m 5
I, =55x102(—%4_) s\, 14
oy = 3.5 x 10770 (1 keV) s (14)

where 62 = |6,|* + |6,,|> + |0,|* is the total mixing to all
the three ordinary flavors.

We again directly use all the limits presented in Fig. 3 to
constrain @ in Fig. 6, except that z™" needs to be halved as
only one photon is produced from the decay. We do not show
the bound from Ref. [10], which is derived specifically
for the case of resonantly produced sterile neutrinos. Aside
from the photon-related limits, there is a universal lower limit
on the mass of fermionic DM called the Tremaine-Gunn
bound [150]. This bound rules out the possibility of fermions

0.001
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1077}
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101} -

102 103 104 10°
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FIG. 6. Upper limits on the sterile neutrino mixing para-
meter 6> as a function of m,,. We show limits from Leo T in
black, Tremaine-Gunn bound [150] in orange, x-ray searches
[111,113-115] in gray, CMB spectral distortions [112] in cyan,
and CMB anisotropy [109] in violet. The dashed line shows the
Leo T limit using the more conservative gas temperature estimate
T = 7552 K. The data point with error bars shows the sterile

neutrino explanation of the 3.5 keV x-ray line excess [114].

lighter than 400 eV making up the entirety of DM based on
dwarf galaxy phase space arguments.

The Leo T limit covers the weakly constrained parameter
space between x-ray searches and the Tremaine-Gunn
bound, from 400 eV to 1 keV. Incidentally, this mass
range coincides with the boundary between warm DM and
cold DM. Warm DM has relatively long free-streaming
length which would suppress structure formation, and its
feasibility has been extensively studied using cosmological
simulations. While the presence of small-scale structures
disfavors a low-mass warm DM particle around keV
[10,11,151], there has been no consensus conclusion about
the precise value of the lowest allowed mass. In this respect,
gas-rich dwarf galaxies can provide an independent venue
to test warm sterile neutrino DM in parallel with cosmo-
logical methods.

4. Dark baryons

The next model we consider is a dark neutron y
that mixes with the ordinary neutron n. At the level of
hadrons, the effective Lagrangian for the mixing can be
written by L D §(yn + ny), where the parameter & is
determined by the UV completion of the model [152]. If
6| < |m, —m,|, by diagonalizing the mass matrix, we can
see that the mixing induces the following neutron-dark
neutron transition [153]:

L D%H;‘(GﬂDF""n—i—c.c., (15)

where p,, is the magnetic dipole moment of neutrons, and
0 = 6/|m, — m,,|. The dark neutron model has received a
large attention as it provides a simple setting to address
the neutron lifetime anomaly [154,155], baryogenesis
[152,156], and the XENONI1T anomaly [157], with poten-
tial connections to DM.

In this study, we consider the case of heavy dark neutron
DM, ie., m, > m,. The two decay modes are y — ny
and pev, with the former dominating because it does not
require weak boson mediation. The decay rate of y — ny is
given by [153]

E, \3
- 162 v -1
., =45x10"°0 (10 . ) s, (16)

with E, being the energy of the photon E, = m, (1 — m2/
m2)/2~m, —m,.

Let us first derive the limit on @ from gas heating of
Leo T. As long as the dark neutron is not tightly degenerate
with the ordinary neutron, the typical energy of the photon
from dark neutron decay is above MeV. The corresponding
opacity factor 1 — e~ in Fig. 2 is therefore exceedingly
small. As a conservative estimation, we neglect the heating
due to photons. The main heating source is the neutrons
from dark neutron decay. These neutrons would most likely
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p decay into electrons before they collide with gas particles
because the neutron decay rate I',, is much larger than the
scattering rate n,,,(cv) for neutron-nucleus cross sections.
The electrons would then interact with the gas and deposit
heat as we have discussed in Sec. IIT A.

A small complication here is caused by the fact that the
energy of these electrons is not a constant. Fortunately,
since the neutron has very low kinetic energy, the spectrum
of electrons from the f decay can be studied in the rest
frame of neutrons. To leading order, the differential decay
width of neutrons is

dar, 1+32 T
dEe :7|VMLI|ZG%" Ez _m%Ee(mn _mp _Ee)zv
(17)

where 4 = —1.27 is the vector-axial ratio, and V,; = 0.97
is the CKM matrix element. The probability density of
electrons with energy E, is thus given by B(E,)=
I,'dln,/dE,. The volume averaged heating rate is then

1
ﬁ/drdEeranEheatﬂ(Ee)l}, (18)
"wnm

0=
where Eyey = fo(E, — m,)(E, —m,)(1 —e™*), and the
integration on E, ranges from m, to m, —m,. By com-
parison with the cooling rate of Leo T, we obtain the limit
from Leo T on € in Fig. 7. The similar limit from MW gas
clouds is depicted by the blue curve.
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FIG. 7. Upper limits on the neutron-dark neutron mixing angle
0 as a function of m,. The black and blue curves are obtained
from the temperature of Leo T and MW gas clouds. The Leo T
limit is conservative as we neglect the heating by photons. The
dashed line shows the Leo T limit using the more conservative
gas temperature estimate 7 = 7552 K. Also shown in the plot are
general dDM constraints [119,120] in orange, x/y-ray searches
[111,113-115] in gray, CMB anisotropy [109] in violet, and the
temperature of cold neutron stars [153,158] in cyan. The x/y-ray
and CMB anisotropy limits are recast by Eq. (19).

In Fig. 7, we show additional limits from dDM [119,120]
in orange, x/y-ray searches [111] in gray, CMB anisotropy
[109] in violet, and the temperature of cold neutron stars
[153,158] in cyan. The x /y-ray and CMB limits are obtained
as follows. The original limits in Refs. [109,111] (also in
Fig. 3) are limits on the lifetime of DM decaying to two
photons and would not directly apply to dark neutrons. Given
a set of limits (m, 7o), which prescribes the minimal
lifetime of DM decaying to yy for DM mass m, we can

map it to (m,,, 7y, ) by

. m m .
(m,, 7 ) = <—|— m,,,rmm>. (19)
X0 XNy 2 2m)( 144

In the yy decay mode, each photon has an energy E, = m/2,
and therefore, dark neutrons with mass m, ~ m,, + m/2 will
produce photons with the same energy E,. The factor
m/(2m,) accounts for the scaling in the number density
of photons from y decay relative to the yy decay case.

The gray and violet region in Fig. 7 show the excluded
values of @ from x/y-ray searches and CMB anisotropy
reinterpreted via Eq. (19). Due to the dilution effect of
m/(2m,,) in Eq. (19), our CMB limit on 6 is weaker than
the one reported in Ref. [153]. We also direct readers to
Ref. [153] where limits on dark neutron DM with other
primordial densities and BBN limits on non-DM dark
neutrons are derived. In general, although the Leo T limit
on dark neutrons is less constraining than x/y-ray limits,
they rely on different products from dark neutron decay and
are therefore complementary.

We also note that there are models of DM particles
carrying two units of baryon number [159-161]. If such
particles can decay to two neutrons, our methodology can
be tailored to constrain them. We will discuss this scenario
in a future work [162].

5. Excited DM states and other models

Models of excited or inelastic DM assume the DM
particle y has an excited state y* [163,164]. The scenario
enables a rich phenomenology to explain a few anomalies
observed by direct detection experiments, including
DAMA and XENONIT [163-165]. Furthermore, depend-
ing on the magnitude of the mass splitting 6 = m,- —m,,
the excited state y* can deexcite via transitions y* — ye*e™
or y* — yy, providing potential solutions to the integral
511 keV and 3.5 keV x-ray excess [163,166].

The deexcitaton processes y* — yete™ and y* — yy can
be constrained by Leo T. For example, the constraint on
the lifetime of y* — yy is identical to sterile neutrinos in
Sec. IV B 3. The decay rate of y* — yy in general depends
on the mass splitting J, the fraction of DM that is in the
excited state, as well as the model dependent details of
how the transition is generated (i.e., the coupling constants).
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For benchmark models with 6 < 1 keV, we expect Leo T to
impose strong limits.

V. DISCUSSION

Let us now discuss the cases in which our DM limits are
complementary to existing astrophysical limits in the
literature. Decays and annihilations of DM have already
been probed by searching for resulting optical, x-ray or
y-ray photons from astrophysical systems. However,
photons in the UV and soft x-ray ranges are extremely
difficult to probe in direct searches as these are easily
scattered/absorbed in a typical astrophysical medium. This
is precisely the range where Leo T gives strong constraints
(see Fig. 2). Apart from astrophysical searches, early
Universe probes of CMB anisotropies and CMB spectral
distortions have been used to constrain DM annihilation
and decay [109,112,125,167-169] (as they are also sensi-
tive probes of nonstandard heating/ionization of gas). Our
constraints are complementary to them because the sys-
tematics and assumptions in our analysis are entirely
different (e.g., we have no assumptions about cosmology
in our analysis).

It is worth discussing the observational criteria that make
Leo T a strong calorimetric probe of DM. We believe
the following criteria can also be used to identify other
astrophysical systems which could give comparable or
stronger DM limits:

(i) the DM density surrounding the Higas should

be large.

(i) The gas cooling rate of the system should be low
(which implies low values of HI number density, gas
temperature, and gas metal fraction).

(iii) The gas should be in a relatively steady state (the
system should not be undergoing a merger or
significant accretion).

Let us now discuss the susceptibility of our DM bounds
to the uncertainties in modeling the DM halo of Leo T. As
discussed in Sec. II, we adopted the best-fit model by
Ref. [71] for the DM halo. Reference [71] also reports a
range of fitted DM halo parameters with 3¢ errors. We find
that the parameters within this 3¢ range, which give the
worst possible weakening, change our DM decay lifetime
bounds only by <5% (DM annihilation cross section
bounds change by <10%). There is one additional point
worth discussing. Given the HI line of sight velocity data of
Leo T, there is no measurable rotational motion of HI gas
[74]. However, it could be that the axis of rotation of the gas
aligns with our line of sight. In this case, the model of
Ref. [71], which used hydrostatic equilibrium to calculate
the DM halo mass, needs to be revised, and the dynamical
halo mass could increase significantly (which would make
our DM bounds stronger). We also note that the model of
Ref. [71] does not take into account astrophysical heating
and radiative cooling of the HI gas. In a future study, we
plan to perform hydrodynamic simulations of gas-rich

dwarfs like Leo T which include thermal feedback from
DM alongside the standard astrophysical heating and
cooling effects.

VI. CONCLUSIONS

Some of the low-mass gas-rich dwarf galaxies located
outside the virial radius of their host are relatively pristine
systems and have ultralow gas cooling rates. This makes
the gas in the systems very sensitive to heat injection by
annihilation or decay of dark matter (DM). We required that
DM heat injection rate to be lower than the gas radiative
cooling rate in the Leo T dwarf galaxy and our primary
results are as follows:

(i) we set bounds on the decay lifetime of DM to e*
(photons) which are stronger than all the previous
literature for mpy ~ 1-10 MeV  (mpy ~ 0.02—
1 keV) [see top panel of Fig. 3].

(ii) we constrain annihilation cross section of DM to e*
comparable to constraints from CMB and x/y-ray
surveys (see bottom panel of Fig. 3).

(iii) we translate our constraints to specific DM models
like axion-like particles (ALPs), Higgs portal sca-
lars, sterile neutrinos and dark baryons (see Figs. 4,
5, 6, and 7, respectively) and obtain strong bounds.

We plan to report limits from Leo T on gas heating due to
electrophilic axions and compact objects like primordial
magnetic black holes in an upcoming work [47]. Some
other low-mass gas-rich dwarfs have properties similar to
Leo T and are also well-studied (e.g., Leo P [170]); we plan
to derive DM limits from them in a future work. We note
that some dwarfs recently discovered in Ref. [171] could
have even smaller gas cooling rates than Leo T. However,
such an analysis requires follow-up measurements of their
dynamical masses and gas kinematics, which are currently
lacking.

Upcoming optical and 21 cm surveys will find and
characterize a much larger number of ultrafaint and gas-rich
dwarfs than present, e.g., the Rubin observatory could
detect dwarfs like Leo T (My = —8) up to ~5 Mpc [4].
This might potentially result in detection of hundreds of
galaxies similar to Leo T and can enable even more
stringent probes of heat exchange due to DM.

The mathematica code associated with this paper and the
data files for the plots are publicly available online.®
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APPENDIX A: DETAILS ON HI GAS COOLING

In Sec. I C, we had presented an overview of the cooling
of HI gas in Leo T. In this appendix, we present additional
details on the calculation of the radiative cooling rate. For
T 455 ~ 6000 K, the collisional cooling is dominated by fine
structure lines of metals in the gas, and the rate is primarily
dependent on the number density of metals, neutral hydro-
gen, and electrons in the gas [81]. To model the electron
density, one needs to take into account ionization of gas due
to the UV/x-ray metagalactic background (e.g., [80]) (the
additional ionization enhances the metal line deexcitations,
thereby increasing the gas cooling rate). In the case of high
density gas, however, the gas can self-shield itself from the
UV metagalactic radiation, which results in lowering the
cooling rate. An ideal way of accounting for the meta-
galactic ionization and the self-shielding effects in an
astrophysical system is to model the system using a
radiative transfer code.

WE21 calculated the cooling rate using Eq. (2) and
obtained the cooling function A(T) from the widely used
astrophysical radiative cooling software Grackle [82].
Grackle however does not do a full radiative transfer
computation but uses the following approximations. It
uses precomputed cooling tables from the cLouDyY [172]
code for a gas irradiated with the metagalactic background.
However, the cLOUDY tables were calculated under the
plane-parallel assumption (i.e., for a plane-parallel gas slab
illuminated by a perpendicular beam) and are therefore an
approximation for the case of Leo T which has a nearly
spherical geometry. One other assumption in Eq. (2) is that
the cooling function A depends only on the temperature of
the gas and not on its ionization state or the number density.
Furthermore, Grackle also includes an approximate pre-
scription for the self-shielding effect using fitting functions
from [173].

Instead of using the aforementioned assumptions, one
can obtain a more accurate estimate of the cooling of the
gas by using a radiative transfer code and then solving for
the metal cooling transitions. Reference [71] performed
a full radiative transfer computation to model the ioniza-
tion profile of Leo T (as shown in Fig. 1). K21 used this
model and explicitly solved the radiative cooling transitions

of the most important metals to obtain their estimate:
C~7x1073° GeVem™s~!, which we used in our study.
Note that this is slightly higher (factor of ~1.8) than the one
obtained in WF21 using the approximate cooling estimate
from Eq. (2) and the Grackle cooling function.

Apart from metal line cooling, there is also the cooling
due to emission of Lyman-a photons when collisions
between H atoms can excite the electrons. This channel
is however exponentially suppressed when the gas temper-
ature is lower than that corresponding to the difference in
the first two energy levels of the H atom (i.e., 10.2 eV); the
corresponding cooling rate is given by [50,174]

éLya o —118348 K/T
— = 75x1077 ————|. (Al
erg/om’/s "M i

Given the abundance of H and metals in the WNM of
Leo T, we find that the Ly-a cooling starts dominating
over metal line cooling around ~8000 K but is negligible
for the observed gas temperature: 7 < 6100 K. As discussed
in Sec. II B, we calculate limits for the more conservative case
of temperature of the gas (i.e., Tgs = 7552 K). The corre-

sponding C becomes ~1.46 x 1072 GeV cm™ s~ upon
accounting for both the metal line and Ly-a cooling channels
(with both contributing roughly equally).

1. Leo T gas metal abundances

For calculating the metal cooling rate, we have
assumed that the gas metal abundance relative to solar is
given by the value derived using stellar spectroscopy
(10[Fe/H = 10-174) [83]. In this subsection, we discuss
some of the assumptions involved in this regard. A more
appropriate metallicity value to use in the gas cooling
calculation is the one calculated directly from the gas
instead of stellar spectroscopy. However, the gas-phase
metallicity has not been directly measured in Leo T because
of lack of an extended HII region in the gas (needed to get
spectra). It is therefore worth comparing the metallicity
value of Leo T with the prediction from metallicity scaling
relations and also relative to other dwarf galaxies with
similar properties. Using the mean luminosity-metallicity
relation from [175] or stellar mass-metallicity relations
from [176], we find the metal fraction to be ~1072 for
Leo T (we use the following measured values for Leo T:
My = -8 and M, ~ 10° M [75]).

Leo P is another gas-rich low-mass dwarf galaxy with
properties broadly similar to Leo T. For Leo P; however, a
HII region has been detected and the gas metal abundance
derived from oxygen lines is 107173 [175]. It is also worth
mentioning that the metal abundance derived from stellar
spectroscopy in Leo P (10Fe/H = 10718) is fairly well
consistent with the gas metal abundance. The stellar mass
of Leo T is smaller than Leo P (by a factor of ~5), we
expect the Leo T metal abundance to be lower than Leo P.
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Hence, the value of Leo T metallicity used in this paper
(10~17%) is conservative.

It is worth noting that the cooling rate calculation by K21
assumes that the ratio of chemical abundances of various o
elements (e.g., oxygen or carbon) to the iron peak elements
[a/Fe] is ~0 in Leo T. As we argued earlier, o abundances
have not been measured for Leo T, but for Leo P, the
oxygen abundance is indeed similar to Fe abundance. See
also Sec. 5.1 of K21 where they provide an alternative
justification for [a/Fe] being ~0 for Leo T.

In a general scenario, gas metallicity can be lower than
stellar metallicity due to capture of metals in gas by dust
particles (i.e., the interstellar depletion effect). This effect is
however negligible for very low-metallicity gas in galaxies
like Leo T (where the dust fraction is expected to be
low) [50,177].

APPENDIX B: DETAILS ON e¢* CONFINEMENT
1. e* streaming velocity

In Sec. IIT A, we had assumed that the relativistic e* with
energies MeV—GeV produce Alfvén waves, which in turn
scatter them, and therefore, the e* move with Alfvén
velocity (v,), which is much smaller than c¢. In this
subsection, we explicitly calculate the streaming velocity
(Vgyream) OF €* and show that it is indeed close to v4. Vgyeam
can be obtained by balancing the growth rate of Alfvén
waves due to relativistically streaming e® with the wave
damping rate due to ion-neutral collisions. The ion-neutral
damping rate is given by [see Eq. (A3) of [178]]

n
Fdamping ~ 10—10 S—l (1 - 0.9xp) (ﬁ) s (Bl)

for x, 2 1072, where X, 1s the ionization fraction. In the
frame of reference moving with the Alfven waves, the wave
growth rate is [94,95]

I Nin(rg 2 72) (vstream _ 1>’

growth — rg nt v (BZ)

where n(r, > r?

s = 1) is the number of charged particles having
gyration radius larger than rg = ym,c/eB, n* is the number
density of charged particles, vgean 1S the streaming velocity
of e* along the magnetic field lines. n(r, > r9) has two
contributions: the e* emitted by DM, and the mildly to
fully relativistic cosmic rays produced due to star forma-
tion and supernova activity (see, e.g., [179]). Performing
a rough estimate for the first source: n(r,>rj)~
2npmleonfine/ Tom (We use 7py from the bound in Fig. 3),
we already find (Vggeam/v4 —1) < 1, and therefore,
Vseam = U4 for the range of values covered in our plots.

It is also worth mentioning that the Alfvén waves travel
along the anisotropy direction of the e* distribution. As the
DM density falls radially, the gradient of the generated e*

distribution is also along the radial direction. Furthermore,
the star formation profile in Leo T is also concentrated
towards its center, so the e produced due to it will also
have a radial gradient.

2. Diffusion of magnetic field lines

In Sec. I A, we argued that the field lines are tangled
rather than straight and are also constantly being rearranged
by the turbulence. Thus, even though e* stream along field
lines, the motion of e* resembles diffusion as the field lines
themselves are in a random walk configuration. In this
appendix, we quantify this diffusive motion.

There is no rotation observed in Leo T so the field
orientation is therefore expected to be random rather than
ordered. The coherence length of the field is given by
Leon ~ Ly min(1, M733) [180], where Ly, is the scale at
which ISM is stirred due to supernova explosions or star
formation (i.e., the driving scale of the turbulence). M, is
the Alfvén Mach number of the turbulence at its injection
scale, and we discuss it in Sec. B2a below. Ly, is
typically 50-100 pc in spiral galaxies; however, it can
be much smaller (i.e., 1-20 pc) for dwarf galaxies [181].
We conservatively use the value 100 pc in our calculations.
The diffusion coefficient therefore becomes D ~ v L.,/3
for the M, > 1 case [96], which we use to calculate the
confinement timescale in the WNM as

.~
tconfme -

FYNM 19 1 #G 100 pe <MA

3
~ —= | Myr. B3
UALcoh B Lturb 1 ) Y ( )

It is worth mentioning that our estimate of the confine-
ment time is similar to that of K21, who report ~9 Myr
(K21 does not consider the effects of turbulence and
therefore derives a slightly more conservative time esti-
mate). Note that we do not considering scattering of e*
with magnetic field inhomogeneities (e.g., [182,183]) and
including this effect will further increase ?#,yyfine-

a. Calculation of M,

The value of M, governs the degree to which the field
lines are rearranged by the turbulence. In the absence of a
large-scale ordered magnetic field, as is the case for Leo T,
M, is expected to be larger than one. We adopt the
conservative value of M, = 1 in this paper.

Let us still discuss the explicit form of M 4 in case robust
estimates from observations of Leo T or simulations are
available in the future. M, is given by [96]

My

_ Uurb -1 1 ﬂG
B/\/4rp B

Protal % Vturb
0.075GeVem™ ) 7.7km/s’

(B4)

where p is the total matter density (ions + neutrals), and
Vuy De the turbulent velocity of Alfvénic modes at the
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injection scale of the turbulence. The relation of v, to
the 3D ISM velocity dispersion (¢) depends on how the
turbulent energy is partitioned between Alfvénic, slow, and
fast modes [184]. It is likely that there is somewhat larger
energy in Alfvénic modes as compared to the other two
modes, and therefore, v, > ¢/+/3 (for reference, Ref. [96]

estimate likely values could be v,,,;, ~ 6/v/2, and M, ~ 2
based on inputs from simulations; see also [185]).

APPENDIX C: OPACITY ESTIMATES
OF THE MW COROTATING CLOUD

For our estimates, we use the size of the G33.4-8.0 cloud
to be the geometric mean of the two observed dimensions

from [85]: /24 x 8 = 13.9 pc. We substitute this value
into Eq. (10) to obtain the photon optical depth. Let us
now calculate the opacity of the cloud to e*. We use the
diffusion coefficient in the Milky Way for a particle with
energy Eas D ~ 3 x 10% (-£)"/* em? s™! from [96]. This
gives the confinement time as Zcopfine = j0ua/ (6D), Which
we substitute in Eq. (6) to get the opacity. It is worth
mentioning that annihilating/decaying dark matter can
create a diffuse flux of photons or e within the halo of
the MW. Such diffuse flux can also heat the gas in the MW
clouds in addition to heating from emission from DM
within the cloud, but we have not considered this additional
heating effect in this paper.
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