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Motivation: Dwarf galaxies to probe DM

• Popular alternatives to CDM affect structure at small scales 
e.g., fuzzy DM, warm DM, self-interacting DM

• Baryonic feedback in dwarf galaxies is low  
- pristine laboratories for non-standard interactions
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Figure 1
Census of Milky Way satellite galaxies as a function of time. The objects shown here include all
spectroscopically confirmed dwarf galaxies as well as those suspected to be dwarfs based on less conclusive
spectroscopic and photometric measurements. The major discovery impact of the Sloan Digital Sky Survey
(SDSS; from 2005–2010), the Dark Energy Survey (DES), and the Panoramic Survey Telescope & Rapid
Response System (Pan-STARRS; 2015), each of which approximately doubled the previously known
satellite population, stands out in this historical perspective.

opened the floodgates, and within two years the known population of Milky Way satellite galax-
ies more than doubled (Belokurov et al. 2006, 2007; Sakamoto & Hasegawa 2006; Zucker et al.
2006a,b; Irwin et al. 2007; Walsh et al. 2007). Over the following decade, new discoveries contin-
ued at a rapid pace in SDSS and other surveys (e.g., Belokurov et al. 2008, 2009, 2010; Bechtol
et al. 2015; Drlica-Wagner et al. 2015, 2016; Kim & Jerjen 2015; Kim et al. 2015a; Koposov et al.
2015a, 2018; Laevens et al. 2015a,b; Martin et al. 2015; Homma et al. 2016, 2018; Torrealba et al.
2016b, 2018), such that the Milky Way satellite census has now doubled yet again (Figure 1).
Thanks to significant investments of telescope time in deep imaging and spectroscopy of the
newly discovered objects, along with accompanying theoretical modeling, we now have a gen-
eral understanding of the properties of these systems and their place in galaxy evolution and
cosmology.

Although the faintest dwarf galaxies resemble globular clusters in some ways, when the pop-
ulation of low-luminosity stellar systems is considered as a whole it is clear that they are galaxies
rather than star clusters: (a) The stellar kinematics of ultra-faint dwarfs (UFDs) demonstrate that
they contain significant amounts of dark matter; (b) all but the very lowest-luminosity UFDs have
physical extents larger than any known clusters; (c) within each UFD, the abundances of Fe and α

elements exhibit substantial spreads resulting from extended star formation and internal chemical
enrichment; (d) UFDs follow a luminosity–metallicity relationship, whereas globular clusters do
not; (e) the abundances of certain elements in UFDs are similar to those in brighter dwarfs and do
not resemble the light element chemical abundance correlations seen in globular clusters. Each
of these results is discussed in more detail in the remainder of this article.
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Motivation: Dwarf galaxies to probe DM

Simon 19
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Dwarf galaxies have been used to probe 
 DM annihilation or DM decays

Eg. Draco,
Eridanus,
Sculptor,  
Fornax,
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Neutral hydrogen (HI)

Gas-rich dwarfs can probe DM-SM interactions
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Gas-rich dwarfs only recently  
discovered
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Mostly 
gas-poor

Gas-rich

Gas-rich dwarfs only recently  
discovered

Video: Yang et al. 2014
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Leo T gas-rich dwarf

• Local group dwarf (420 kpc away)

Faerman et al. 13
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Faerman et al. 13

• Local group dwarf (420 kpc away)

• Ideal for our study

1. DM dominated and gas rich

2. Good observation data from 
 GMRT+WSRT (radio), HST+SDSS+Keck (optical)

3. DM and ionization profile  
modeled by Faerman et al. (2013)

4. “Cleaner” system to study than  
large galaxies like the Milky Way

Leo T gas-rich dwarf
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• Heat exchange is analogous to two fluids in thermal contact

Constraints from DM heat exchange

<latexit sha1_base64="hfnke7Obhs0jyBrmH7Zc6bRBCgw="></latexit>

Ė ⌘ dE

dV dt
/ � (TDM � Tgas)
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• Heat exchange is analogous to two fluids in thermal contact

Constraints from DM heat exchange

• To set limits:  
|DM heat exchange rate| ≤ |Gas cooling rate|

• Logic: System which cools slowly is more sensitive to energy transfer by DM

<latexit sha1_base64="hfnke7Obhs0jyBrmH7Zc6bRBCgw="></latexit>

Ė ⌘ dE

dV dt
/ � (TDM � Tgas)
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• Heat exchange is analogous to two fluids in thermal contact

Constraints from DM heat exchange

• To set limits:  
|DM heat exchange rate| ≤ |Gas cooling rate|

• Logic: System which cools slowly is more sensitive to energy transfer by DM

Metal fraction of gas relative to sun
(~0.02 for Leo T)

<latexit sha1_base64="hfnke7Obhs0jyBrmH7Zc6bRBCgw="></latexit>

Ė ⌘ dE

dV dt
/ � (TDM � Tgas)

(More metals More lines available for cooling)
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DM candidates constrained by 
Leo T

1. Hidden photon DM

2. Primordial black holes (PBHs)

3. Axions / ALP

4. Millicharge DM

5. s-wave, p-wave DM annihilation
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1. Results for ultra-light hidden photon DM

DW & G. Farrar 19

• Dark sector comprised of vector 
bosons only  
(no corresponding fermion)
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DW & G. Farrar 19

• Dark sector comprised of vector 
bosons only  
(no corresponding fermion)

See also: McDermott et al. 20
Caputo et al. 20  

Fedderke et al. 21

1. Results for ultra-light hidden photon DM
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• UV radiation is efficiently 
absorbed by the gas

Optical

UV

2. Limits on axion/ALP
decays

X-ray
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• Our limits are complementary  
to optical & X-ray searches 

• Significant pressure on proposed  
axion expl. for XENON1T anomaly 

if they form a fraction of DM

Optical

UV

X-ray

2. Limits on axion/ALP
decays
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FIG. 1. Left: Constraints from Leo T on the fraction of DM in PBHs, for a monochromatic mass function, derived from
considerations of only photon emission (red), dynamical friction (green), mass outflows (blue), as well as combined heating
(dashed black). The reach of the constraints is bounded by the diagonal (solid black) line from the condition of Eq. (12). The
uncertainty in the emission and outflow input parameters leads to the uncertainty in the corresponding constraint (upper and
lower dashed black lines). Right: Constraints from the Leo T dwarf galaxy on the PBH gas heating are shown in blue. The
light blue shaded band denotes the variation in the PBH emission parameters. Other existing constraints are shown by dashed
lines, including Icarus [75] (I) in purple, Planck [76] (P) in yellow, X-ray binaries [49] (XRB) in green, dynamical friction of
halo objects [45] (DF) in red, Lyman-– [77] (Ly-–) in maroon, combined bounds from the survival of astrophysical systems in
Eridanus II [78], Segue 1 [79], and disruption of wide binaries [80] (S) shown in magenta, large scale structure [21] (LSS) in
cyan, and X-ray/radio [81] (X/R) in brown.

the model of Ref. [83], the hydrogen gas density is found
to vary from ≥ 0.2 cm≠3 in the center to ≥ 0.03 cm≠3

at r = 350 pc. Both the cooling and heating rates scale
roughly as n

2, so we approximate the gas density to be
a constant n = 0.07 cm≠3 in the inner region. Similarly,
the DM mass density drops from flDM ƒ 4 GeV/cm3 at
the center to 2 GeV/cm3 at r = 350 pc, which we ap-
proximate to be as a constant value of 3 GeV/cm3. The
hydrogen gas has a dominant non-rotating warm com-
ponent with a velocity dispersion of ‡g = 6.9 km/s and
T ƒ 6000 K [83, 84] and also a sub-dominant cold com-
ponent that we ignore. The DM is expected to have the
same velocity dispersion as the gas, ‡v = ‡g. The sound
speed is taken to be cs = 9 km/s from the adiabatic
formula with T ƒ 6000 K. Combining the radius and
number density, the column density of hydrogen gas in
the central region of Leo T is nrsys = 7.56 ◊ 1019 cm≠2.
We adopt the gas metallicity to approximately follow the
stellar one4, [Fe/H] ƒ ≠2 [85]. Using the above param-
eters in Eq. (10), the resulting Leo T’s cooling rate is
taken to be Ċ = 2.28 ◊ 10≠30 erg cm≠3 s≠1.

In Fig. 1 we display the resulting limits from gas heat-
ing in Leo T on PBHs contributing to DM, along with

4
This is accurate to factor of few.

other existing constraints.
In summary, we have presented a new constraint on the

abundance of PBHs in the intermediate ≥ 10 ≠ 103
M§

mass range, which is of great interest in connection with
the LIGO gravitational waves events, as well as the lack
of early seeds for supermassive black holes. PBH inter-
actions with ISM result in the heating of gas, which we
have used to set the limit. We considered several generic
heating mechanisms, including the photon emission from
accretion, dynamical friction, and mass outflows/winds.
Applied to the Leo T dwarf galaxy, our analyses yield
a new constraint in a broad range of the PBH masses,
MPBH ≥ O(1)M§ ≠ 107

M§. This is a novel type of
a constraint, which was not previously considered for
PBHs. Unlike some existing constraints, our limit does
not depend on the cosmological history, which makes it
a robust, independent test of PBHs in the intermediate-
massive PBH mass-range. Our analysis can be readily
applied to other systems.
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Figure 1. Constraints on the PBH dark matter fraction fBH is shown. Our
result is shown as a turquoise shaded region. We also show other constraints
from different astrophysical considerations: Galactic γ -ray flux measured by
INTEGRAL satellite (orange shaded; Laha et al. 2020b), and extragalactic
γ -ray flux without AGN background (purple shaded; Ballesteros et al. 2020)
for comparison. The bound scales as fBH ∝ M3 as long as M ! 10−18 M⊙.
See the main text for details.

& Oosterloo 2018). From the metallicity measurement of individual
stars, iron abundance in Leo T is found as [Fe/H] = −1.74 (Kirby
et al. 2013).1

The profile of atomic hydrogen and free electrons is needed for
the computation of the gas cooling rate. We assume that the gas
is pressure-supported and is confined in the gravitational potential
of dark matter halo (Sternberg, McKee & Wolfire 2002; Faerman,
Sternberg & McKee 2013). The ionization structure is obtained by
solving ionization equilibrium, ζn(H0) = αBn(H+)n(e−), where ζ

is the photoionization rate due to ultraviolet (UV) background light
and αB is the case B recombination rate (excluding a recombination
to the ground state). For dark matter, Burkert profile is adopted:

ρdm(r) = ρs

(1 + r/rs)(1 + (r/rs)2)
, (1)

with best-fitting parameters for observed Leo T H I column density,
rs = 709 pc, and ρs = 3.8 GeV cm−3 (Faerman et al. 2013).2 By
iteratively solving ionization equilibrium equation while accounting
self-shielding of UV background light due to atomic hydrogen, we
reproduce the ionization structure of Leo T (Wadekar & Farrar 2019).
Although the profile of atomic hydrogen and free electrons has been
already obtained in Wadekar & Farrar (2019), we nevertheless show
them in Fig. 2 as well as the photoionization rate due to the cosmic
UV background for self-contained discussion (cf. fig. 1 in Wadekar
& Farrar 2019). We have assumed that cosmic ray ionization has
negligible effects on the overall ionization structure of Leo T. This
will be justified in Section 5.2.

1[X/Y] ≡ log10(nX/nY) − log10(nX/nY)⊙, where nX,Y is the number density
of species X and Y and the subscript ⊙ represents the solar abundance.
2The cuspy NFW profile might be used. The best-fitting parameters for the
NFW profile yield the enclosed dark matter mass within 300 pc as M300 ∼
6.5 × 106 M⊙, while the best-fitting Burkert profile predicts M300 = 8 ×
106 M⊙ (Faerman et al. 2013). This might result in ∼20 per cent change
in the PBH heating rate. The best-fitting parameters for the NFW profile,
however, are less consistent with the %CDM prediction obtained from large-
scale N-body simulation Aquarius (Springel et al. 2008).

Figure 2. (Top) Profiles of atomic hydrogen and free electrons in Leo T,
obtained from the procedure described in the main text. We choose Twnm =
6000 K, Mwnm = 2.8 × 105 M⊙, rwnm = 350 pc, vs = 30 km s−1 [scale
velocity, defined as v2

s = (4πG/3)ρsr
2
s ], and rs = 709 pc (Ryan-Weber et al.

2008; Faerman et al. 2013). This result was also obtained in Wadekar & Farrar
(2019), but shown here for the self-contained discussion. (Bottom) The total
photoionization rate in Leo T due to cosmic UV background (Sternberg et al.
2002; Haardt & Madau 2012).

3 C O O L I N G A N D H E AT I N G

The energy transfer rate per unit volume is

dE

dV dt
= Ḣ − Ċ, (2)

where Ḣ is the total heating rate and Ċ is the total cooling rate. We
derive a new bound on the fraction of PBH dark matter by imposing

1
V

∫
dV ḢBH <

1
V

∫
dV Ċ, (3)

where ḢBH is the heating rate due to PBH Hawking radiation. The
volume integration is performed over the volume of system under
the consideration; in our case, this would be the volume of WNM
in Leo T. Although there are other heating sources such as cosmic
ray and photoionization heating, we ignore them for a conservative
estimate. We derive Ċ in the next section, ḢBH in Section 3.2, and
present the result in Section 4.

3.1 Cooling

Cooling is a process that extracts energy from the system. For
the ISM, it is dominated by photon emission. A variety of pro-
cesses contribute to the gas cooling. It includes rotational and
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Leo T is promising for constraining 
non-standard heating scenarios

• Simple pipeline for 
setting bounds

<latexit sha1_base64="p0cxBtHwMM6tmOdlZL+cRO4KvsE=">AAACD3icbZC7TsMwFIYdrqXcCowsFhWIKSRQVLpVsJStSPQitSFyXKe1ajvBdpCqqG/AwquwMIAQKysbb0OaBsTtlyx9+s85Ose/FzKqtGW9GzOzc/MLi7ml/PLK6tp6YWOzqYJIYtLAAQtk20OKMCpIQ1PNSDuUBHGPkZY3PJvUWzdEKhqISz0KicNRX1CfYqQTyy3sCbfLkR5IHtfOx7CrKCfX0DLtg08b8/HVkVsoWqaVCv4FO4MiyFR3C2/dXoAjToTGDCnVsa1QOzGSmmJGxvlupEiI8BD1SSdBgThRTpz+Zwx3E6cH/UAmT2iYut8nYsSVGnEv6ZwcqX7XJuZ/tU6k/RMnpiKMNBF4usiPGNQBnIQDe1QSrNkoAYQlTW6FeIAkwjqJMJ+GUEkFp1AuZVCxv0JoHpr2sWldlIrV0yyOHNgGO2Af2KAMqqAG6qABMLgF9+ARPBl3xoPxbLxMW2eMbGYL/JDx+gFt8pyt</latexit>

nHI ' 0.1/cm3
<latexit sha1_base64="OyFCblYJpPm5lwCmFgUjOyPG3wE="></latexit>

nDM ' 2GeV/cm3

<latexit sha1_base64="1/ph1CiawFZjTCsUh+fkBw91mo8=">AAACJHicbZDLSsNAFIYn9VbrLerSzWARXNVEKrW4KerCjVDBXqApZTKdtkNnJnFmUiihD+PGV3Hjwgsu3PgsJmms1x8Gfr5zDufM7/qMKm1Zb0Zmbn5hcSm7nFtZXVvfMDe36soLJCY17DFPNl2kCKOC1DTVjDR9SRB3GWm4w7O43hgRqagnrvXYJ22O+oL2KEY6Qh3zZNRxONIDycM+UhPoKMrJDfyi55czWHLgJx3yAzXpmHmrYCWCf42dmjxIVe2Yz07XwwEnQmOGlGrZlq/bIZKaYkYmOSdQxEd4iPqkFVmBOFHtMPnkBO5FpAt7noye0DCh3ydCxJUaczfqjI9Uv2sx/K/WCnTvuB1S4QeaCDxd1AsY1B6ME4NdKgnWbBwZhCWNboV4gCTCOso1l4RQTgSnplRMTdmehVA/LNhHBeuqmK+cpnFkwQ7YBfvABiVQARegCmoAg1twDx7Bk3FnPBgvxuu0NWOkM9vgh4z3D1aTpj0=</latexit>

vgas ' vDM ' 7 km/s

<latexit sha1_base64="+SAHBtzX691t+9OE8vw603lporo="></latexit>

|Ė| . 4⇥ 10�30 erg/s

• Suggestions for more candidates are welcome!
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Recent surveys 
 of gas-rich dwarfs

(figure by A. Kravtsov)

• Lot of recent interest  
(driven by galaxy formation 
 studies)

• Possible synergies with DM  
studies

- Star formation in metal-poor ISM 
(relevant for formation of 

massive BHs seen in LIGO)  

   - Baryonic content of low mass halos 
and reionization feedback

+FIGGS
THINGS  

LITTLE THINGS
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Summary

• Leo T gives strong constraints on 
- Hidden photon DM 

   - Millicharged DM
   - Axion like particles
   - Primordial BHs
   - DM annihilations

• Gas-rich dwarfs are very sensitive 
probes of non-standard DM-
ordinary matter interactions 

Dark photon DM

ALPs
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1. Early universe limits (CMB/BBN):  
- Assumptions about cosmology

2. Direct-detection limits:  
- Uncertainities in vel. distribution and 
number density of DM at Earth  
- Uncertainities in charged DM distribution 
because of strong magnetic fields & 
supernovae in the Milky Way

4. Results for  
Millicharged DM

DW and Farrar 19
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5. DM annihilation (s-wave & p-wave)

����
���
���

���
����

���
-��
�

���
� �
�� �
��
�� (
�-�
���

)

��� �
(�-����)

�-
���

��
� (
�-�
���

)
��
� (
�-�

���
)

��� ��� ���� ����
��-��

��-��

��-��

��-��

�χ (��)

〈σ
�〉

(�
�
� )
�-
�

DW et al., in prep

Preliminary



!24

• Lowest DM-gas 𝑣rel occurs at cosmic dawn ~ 0.3 km/s 
• Barkana 18 hypothesized DM interactions of the form

4. Constraining Millicharged DM



!25

• Lowest DM-gas 𝑣rel occurs at cosmic dawn ~ 0.3 km/s

• High 𝑣rel in Milky Way ~ 300 km/s  
(σ ∝ 𝑣rel -4 evades traditional astrophysical constraints) 

• Dwarf galaxies can constrain such interactions (𝑣rel ~ O(10 km/s) )  

• Barkana 18 hypothesized DM interactions of the form

4. Constraining Millicharged DM
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Caution:  limits on fractional component of DM

1% millicharged DM escapes

➡ no observable change
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Chivukula et al. 1990
Dubovsky & Hernandez 2015

Bhoonah et al. 2018a, b
Bhoonah et al. 2020

Alternate systems for constraining DM-SM interactions: 
Milky Way gas clouds
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Tcloud ~ 100 K    Twind ~106 -107 K 

Alternate systems for constraining DM-SM interactions: 
Milky Way gas clouds

✓.

G. Farrar,.., DW et al. , 2019

Chivukula et al. 1990
Dubovsky & Hernandez 2015

Bhoonah et al. 2018a, b
Bhoonah et al. 2020
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