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Detecting MeV-TeV mass strongly interacting DM
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DM Constraints from the ISM
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Bounds on Halo-Particle Interactions from Interstellar Calorimetry
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We constrain, from the observed properties of diffuse interstellar clouds, the interactions of halo parti-
cles with atomic hydrogen.

PACS numbers: 98.60.Pr, 14.80.Pb, 98.40.Fx

The light from distant stars makes cartography of the
luminous material within galaxies possible, the simplest
observation being the distinctive shape of the galaxy. In
spiral galaxies, for example, most of the light emanates
from a small central nucleus and an extended disk-
shaped region. In addition to the obvious density infor-
mation this light provides, by examining the optical and
21-cm spectral lines we obtain "rotation curves, " maps
of the orbital velocities of the components of a galaxy as
a function of their distance from the center. From this
we deduce that the total mass distribution in spiral
galaxies is approximately that of an isothermal sphere:
The mass density falls as r, where r is the distance
from the center of the galaxy. ' The gravitational poten-
tial and the mass inferred from these rotation curves is in
conflict with the distribution of luminous matter
observed —gravitating matter outweighs luminous
matter by a factor of 3 to 10. This discrepancy is ob-
served in elliptical galaxies as well. The resolution of
this paradox lies in "dark matter, " nonluminous, gravi-
tating, material in spherical halos surrounding galaxies.
Many suggestions' have been made as to the form this

matter might take, from "condensed matter" such as
substellar size macroscopic objects made of baryons, to a
diffuse collection of some species of "elementary" parti-
cles such as axions or massive neutrinos. It has generally
been assumed that if the galactic halo is composed of
elementary particles, then these halo particles must be
weakly interacting; otherwise, it is argued, they would be
dragged into the disk of the galaxy as ordinary matter
collapses.
Recently, De Rujula, Glashow, and Sarid have point-

ed out that this reasoning could be false: If halo parti-
cles are very massive, they may not lose energy fast
enough to collapse into the disk with baryons during the
formation of the galaxy. Moreover, if halo particles in-
teract relatively strongly with ordinary matter, they will
not show up in traditional searches for dark matter
which rely on the particles interacting weakly enough to
penetrate the Earth. In particular, the authors of Ref.
2 propose that the halo of our Galaxy could be composed
of CHAMPs, charged particles with a mass of between a

few tens to 10 TeV.
In this Letter we show that the existence of neutral in-

terstellar clouds constrains the interaction of any parti-
culate dark-matter candidate with atomic hydrogen to be
quite small. We show that, even for a halo particle of
mass 1 PeV (106 GeV), the cross section with hydrogen
must be smaller than the typical atomic cross section
that we expect for a positively charged particle bound to
an electron. This argument eliminates such positively
charged particles as a dark-matter possibility, as well as
any other object that has a similar cross section.
In outline, the argument is simple: If the clouds are in

equilibrium, the rate at which energy is deposited by col-
lisions with dark-matter particles must be smaller than
the rate at which the cloud can cool. In the remainder of
this paper we use this argument to constrain the interac-
tion cross section of dark matter with hydrogen, and con-
clude with some remarks on the general viability of
charged dark matter.
If the dark-matter particles which form the galactic

halo interact with hydrogen, neutral or ionized, their in-
teractions will be largely elastic as the relative velocity is
of order of the average velocity of a halo particle (here
we assume a spherical halo with a Maxwellian velocity
distribution having an rms velocity vp of approximately
9&10 c) and is less than a,~c, the typical "velocity" of
an electron bound to a proton. The recoiling hydrogen
atom or proton will gain a momentum less than or of or-
der m~vt, and will quickly share most of its energy
through elastic collisions with other hydrogen atoms and
protons. Therefore, most of the energy deposited by the
interactions of a halo particle will go into heating the in-
terstellar medium and will not be quickly lost in radia-
tion.
The heating rate per nucleon due to halo-particle in-

teractions may be computed in terms of the transport
cross section a;, for hydrogen-halo-particle or proton-
halo-particle scattering,

do.o„= d 0 (1—cos8) (1)J dn
Integrating over a Maxwellian velocity distribution and
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ng =4x10 cm1 PeV (3)

is the local number density of halo particles of mass M
[here we assume a local halo density of 0.4 GeV/cm3
(Ref. 1)], m~ is the proton mass, and p is the reduced
mass of the hydrogen-halo-particle system.
If the interstellar medium is in equilibrium, the rate of

energy deposition due to halo-particle interactions must
not exceed the rate at which the medium can cool. The
best bound, therefore, is derived from regions with the
lowest cooling rate: interstellar H I regions. These ob-
jects consist largely of atomic hydrogen, and are ob-
served to have the following properties: (1) hydrogen
number densities of 10-200 cm, and (2) temperatures
T of 30-80 K. At these temperatures cooling proceeds
largely by deexcitation of C +=—C+( Py2) formed by
the processes e+C+ ( P 1p) e+C*+ and H+ C+
H+ C*+.
From measurements of the uv absorption by C*+, one

can deduce the column density of C*+ along the line of
sight to a bright star. Along a given line of sight the
cooling rate per nucleon due to deexcitation of C is

X =AE N(C*+)/N(H), (4)

assuming the transport cross section varies only slowly
with velocity, we find the heating rate per nucleon

yg =1.2(ng cr„vg)(p /mp)vP,

where

cross section must be obeyed by all dark-matter candi-
dates. Accordingly, we plot the excluded region in cross
section as in Fig. I, for a local halo density of 0.4 GeV/
cm'.
In addition to the heating constraint, we have also

graphed the region of cross section excluded on the basis
of silicon-detector' measurements near the top of the
atmosphere. These measurements are sensitive to dark
matter which interacts weakly enough to penetrate the
atmosphere above the detector and strongly enough to
interact with the nuclei of silicon in the detector. The
precise form of the silicon-detector constraint depends on
the relationship between the dark-matter cross section on
silicon and on hydrogen. We have plotted the constraint
for two possibilities: a geometric cross section [a(Si)= (28) o(H)l, and a completely coherent'' cross sec-
tion [a (Si) = (28) cr(H)]. We show the excluded cross-
section regions for these cases in Fig. 1. We see that
most of the region for particles interacting more strongly
than WIMPs (Ref. 12) is ruled out, with a small window
remaining. Of course, without knowing the interaction
responsible for the cross section, we cannot definitely re-
late the hydrogen and silicon cross sections. For exam-
ple, if dark matter couples to spin, the cross section on
silicon would be very small and all bounds from Si disap-
pear.
We can apply this plot to the CHAMP scenario. For

a positively charged CHAMP bound to an electron, we
expect the elastic transport cross section with hydrogen
to be very similar to the elastic hydrogen-hydrogen

where A =2.4&10 sec ' is the Einstein coefficient for
the C+ fine-structure transition, F. =7.9x10 ' eV is the
energy of the transition, N(C*+) is the column density
of C +, and N(H) is the column density of hydrogen
(ionized, atomic, and molecular). Pottasch, Wesselius,
and van Duinen find cooling rates along nine lines of
sight using International Ultraviolet Explorer and Co-
pernicus uv data and find an average energy loss per nu-
cleon of X=(8.1+'4.8) &10 ' eV/sec. We take the
average as representative of the cooling rate of HI re-
gions. This value is in agreement with calculated cooling
rates based on the observed compositions and tempera-
tures.
If we require y& ~ k, we find the constraint
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We could require that heating due to halo-particle in-
teractions plus heating due to conventional sources be
less than the cooling rate. It seems likely that grain pho-
toelectric heating is the primary conventional heating
mechanism for these regions. The actual photoelectric
heating rate, however, is uncertain and we therefore
satisfy ourselves with the less stringent condition (5).
This constraint on the hydrogen-halo-particle transport

M(GeV)
FIG. 1. The upper shaded region is excluded by limits on

halo-particle heating of interstellar clouds [Eq. (5)]. We have
also plotted constraints arising from silicon-detector measure-
ments near the top of the atmosphere (Ref. 10). The precise
form of this constraint depends on the relationship between the
dark-matter cross section on silicon and on hydrogen. Assum-
ing the dark-matter-Si cross section is geometric, the entire re-
gion below the dashed line is excluded, while if dark matter
couples coherently to baryon number, only the cross-hatched
region is excluded.
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• Halo DM at greater temperature than 
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• T~30-80 , 10 -200 cm^-3"

• Cooling via de-excitation of C*+
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The Galactic Center and ISM

Simulation of an AGN jet in a galaxy cluster 
Ricker et al.

Name State  
of H

Typical  
n [cm^-3] T(K) Heating Cooling

Molecular 
Clouds H2 >1000 10-80 cosmic 

rays CO

HI Clouds H ~30 100 PE dust CII

Warm HI H 0.1 8000 PE dust CII

Warm HII H+ 0.03 10^4 H photoion OII, SII

HII regions H+ >100 10^4 H photoion OIII

Hot ISM H+ 10^-3 10^6.5 shocks X-rays

ARAA 1990 Mathis
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HI Survey - Gas Cloud Souffle

Mass [M_sol] r [pc] n [cm^_3] T [K] v [km/s]

G1.4-1.8+87 17 8.2 0.3 22* 87.2

G357.8-4.7-55 237 12.9 0.4 137 -54

G1.5+2.9+105 311 12.3 1 198 105.7

The Astrophysical Journal Letters, 770:L4 (6pp), 2013 June 10 Mcclure-Griffiths et al.

(a) (b)

(c) (d)

Figure 1. H i images at (a) v = 161.5 km s−1, (b) v = 83.2 km s−1, (c) v = −121.2 km s−1, and v = −90.7 km s−1. The cataloged clouds whose central velocity lies
within 5 km s−1 of the shown velocity are circled.

Table 1
Compact Clouds Catalog

Name l b VLSR Peak Tb ∆v NH max Mc r
(deg) (deg) (km s−1) (K) (km s−1) (×1019 cm−2) (M⊙) (pc)

G0.2+3.8+65 0.23 3.81 63.7 4.4 5.9 5.7 25 6.6
G0.2−1.6−170 0.27 −1.62 −169.6 4.9 17.5 17.6 2190 32.9
G0.3+2.8+195 0.30 2.84 200.8 1.4 28.6 9.7 220 12.2
G0.3+3.7−82 0.36 3.74 −74.3 3.7 13.7 11.1 706 22.4
G0.7+4.5+61 0.68 4.52 63.3 9.6 5.3 10.8 287 14.2

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form
and content.)

2.1. Cloud Kinematics

The location of the clouds, color-coded by their local standard
of rest (LSR) velocities, is shown in Figure 3(a). The clouds
clearly do not follow Galactic rotation. The velocity projection
of an object at l, b onto the LSR can be written as

VLSR =
[
R0 sin l

(
Vθ

R
− V⊙

R⊙

)
− VR cos (l + θ )

]

× cos b + Vz sin b, (1)

where θ is defined around the Galactic center in a clockwise
direction from the Sun–Galactic center line. The velocity terms
VR, Vθ , and Vz are the radial, azimuthal, and vertical velocities.
In circular Galactic rotation, VR and Vz are zero and the sin l
term produces a change in sign of VLSR across l = 0◦. The
absence of this signature in the cloud distribution suggests that
the kinematics of the clouds are not dominated by circular
Galactic rotation. Because the clouds are at high velocities and
do not show the signature of Galactic rotation, we assume that
the clouds are located at the Galactic center.
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Heating and Cooling
6 U. Maio et al.

Figure 4. Total cooling due to hydrogen, helium, metals, H2 and HD
molecules as function of temperature, for gas having a hydrogen number
density of 1 cm−3. The fraction of H2 and HD are fixed to 10−5 and 10−8,
respectively. The labels in the plot refer to different amount of metals, for
individual metal number fractions of 10−3 (solid line), 10−4 (long-dashed
line), 10−5 (short-dashed line) and 10−6 (dotted line).

for OI we will have a double phase of saturation: the first one at
∼ 105 cm−3 involving the lower three states and the second one at
∼ 1011 cm−3 involving the higher two states.

As an example, in Figure 3, we show the cooling functions
for a total number density 1 cm−3 and for each metal species
10−6 cm−3; the ratio between free electrons and hydrogen is
chosen to be 10−4. With these values, the presence of electrons
can affect the results up to 10% with respect to the zero electron
fraction case. We also notice that all the metals contribute with
similar importance to the total cooling function and the main
difference in the cooling properties of the gas will depend on their
detailed chemical composition.

We also plot the cooling functions for all the temperature
regime we are interested in: at temperatures higher than 104 K, we
interpolate the Sutherland and Dopita tables (Sutherland & Dopita
1993), at lower temperatures, we include metals and molecules
as discussed previously. Figure 4 shows the cooling function for
different individual metal number fractions with abundances in
the range 10−6 − 10−3 and H2 and HD fractions of 10−5 and
10−8, respectively. These values for H2 and HD are fairly typi-
cal for the IGM gas at the mean density (see also the conclusions
of Galli & Palla 1998, and references therein). In the temperature
range 104 K − 105 K, the double peak due to hydrogen and he-
lium collisional excitations is evident at low metallicity, while it is
washed out by the contribution of different metal ionization pro-
cesses as the metallicity increases. For example, complete colli-
sional ionization of carbon and oxygen produces the twin peak at
105 K, while complete ionization of iron is evident at about 107 K.
At temperatures lower than 104 K and metal fractions lower than
∼ 10−6, the dominant cooling is given by molecules; instead, for

Figure 5. Abundances as a function of redshift. The solid lines refer to the
abundance evolution in a flat cold dark matter universe with h = 0.67,
Ω0m = 1, Ω0b = 0.037; the dotted lines refers to H2 and HD evolution
in a ΛCDM model with h = 0.73, Ω0m = 0.237, Ω0Λ = 0.763,
Ω0b = 0.041.

larger metal fractions the effects of metals became dominant.
The general conclusion is that at very high redshift, when metals
are not present, onlyH2 and HD can be useful to cool the gas down
to some 102 K, while after the first stars explode, ejecting heavy
elements into the surrounding medium, metals quickly become the
most efficient coolants.

3 TESTS

In this section, we are going to test the implementation of HD and
metal cooling using different kind of simulations. In particular, we
focus on the analysis of abundance redshift evolution, cosmic struc-
ture formation and clusters.

3.1 Abundance redshift evolution

As a first test, we investigate the behavior of a plasma of primor-
dial chemical composition (i.e. with no metals) looking at the red-
shift evolution of the single abundances. Our goal is to reproduce
the results from Galli & Palla (1998), who calculate the redshift
evolution of a metal-free gas at the mean density by following
a detailed chemical network. For this reason, here, we perform
our non-equilibrium computations on isolated particles, includ-
ing the following chemical species: e−, H, H+, He, He+, He++,
H2, H+

2 , H
−, D, D+, HD, HeH+ and assuming a flat cosmology

with no dark energy content (matter density parameter Ω0m = 1),
baryon density parameter Ω0b = 0.037, Hubble constant, in units
of 100km s−1 Mpc−1, h = 0.67 and initial gas temperature of
1000 K.

The evolution of the number fractions for the different
species is plotted in Figure 5; the electron abundance is given
from charge conservation of neutral plasma and is normally very

c⃝ 2007 RAS, MNRAS 000, 1–12
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• photoelectric heating by grains and 
ionisation"

• UV background"
• X-rays"
• Cosmic Rays "
• magneto/hydrodynamic heating"
• interstellar shocks



Cold, Neutral Hydrogen (and Helium)
Metals and molecules in structure formation 3

Figure 1. Temperature evolution of the reaction rates for deuterium chem-
istry. The labels refer to the number of the equation in the text.

n. i
t.
=
∑

p

∑

q

kpq,inpnq −
∑

l

klinlni, (7)

where kpq,i in the first term on the right-hand side is the creation
rate from species p and q, and kli is the destruction rate from in-
teractions of the species i with the species l; they are temperature
dependent and are usually expressed in [cm3 s−1].
A plot of the rates as a function of the temperature is given in Figure
1, and the exact expressions and references in Appendix A. From
the figure, it is clear that the most important reactions in the relevant
range of temperatures are (5) and (6), and that the HD creation rates
of reactions (1) and (2) are always higher than the corresponding
destruction rates of reactions (3) and (4), respectively.

We have also considered HeH+ molecule evolution and
found negligible effects on the cooling properties of the gas. The
rates forHeH+ formation and destruction are given in Appendix A.

We implement our chemistry model extending the code by
Yoshida et al. (2003), which adopts the rates from Abel et al.
(1997), and modify it for self-consistency to obtain a set of reac-
tions including e−, H, H+, He, He+, He++, H2, H+

2 , H
−, D, D+,

HD, HeH+ (a complete list of the reactions is given in Table 1).
The set of differential equations (7) is evaluated via sim-
ple linearization, according to a backward difference formula
(Anninos et al. 1997): given the time step ∆t, at each time t and
for each species i, equation (7) can be re-written as

nt+∆t
i − nt

i

∆t
= Ct+∆t

i −Dt+∆t
i nt+∆t

i (8)

where we have introduced the creation coefficient for the species i,
in [cm−3s−1], as

Ci =
∑

p

∑

q

kpq,inpnq (9)

and the destruction coefficient, in [s−1], as

Di =
∑

l

klinl. (10)

Table 1. Set of reactions in the code.

Reactions References for the rate coefficients

H + e− → H+ + 2e− A97 / Y06
H+ + e− → H + γ A97 / Y06
He + e− → He+ + 2e− A97 / Y06
He+ + e− → He + γ A97 / Y06
He+ + e− → He++ + 2e− A97 / Y06
He++ + e− → He+ + γ A97 / Y06
H + e− → H− + γ A97 / Y06
H− + H→ H2 + e− A97 / Y06
H + H+ → H2

+ + γ A97 / Y06
H2

+ + H→ H2 + H+ A97 / Y06
H2 + H→ 3H A97
H2 + H+ → H2

+ + H S04 / Y06
H2 + e− → 2H + e− ST99 / GB03 / Y06
H− + e− → H + 2e− A97 / Y06
H− + H→ 2H + e− A97 / Y06
H− + H+ → 2H P71 / GP98 / Y06
H− + H+ → H2

+ + e− SK87 / Y06
H2

+ + e− → 2H GP98 / Y06
H2

+ + H− → H + H2 A97 / Y06
D + H2 → HD + H WS02
D+ + H2 → HD + H+ WS02
HD + H→ D + H2 SLP98
HD + H+ → D+ + H2 SLP98
H+ + D→ H + D+ S02
H + D+ → H+ + D S02
He + H+ → HeH+ + γ RD82, GP98
HeH+ + H→ He + H+

2
KAH79, GP98

HeH+ + γ → He + H+ RD82, GP98

Notes - P71 = Peterson et al. (1971); KAH79 = Karpas et al. (1979);
RD82 = Roberge & Dalgarno (1982); SK87 = Shapiro & Kang
(1987); A97 = Abel et al. (1997); GP98 = Galli & Palla (1998);
SLP98 = Stancil et al. (1998); ST99 = Stibbe & Tennyson
(1999); WS02 = Wang & Stancil (2002); S02 = Savin (2002);
GB03 = Glover & Brand (2003); S04 = Savin et al. (2004);
Y06 = Yoshida et al. (2006).

The number density, nt
i , is then updated from equation (8):

nt+∆t
i =

Ct+∆t
i ∆t+ nt

i

1 +Dt+∆t
i ∆t

. (11)

We apply this treatment to all chemical species.

2.2 Metal treatment at T < 104 K

For our calculations, we consider oxygen, carbon, silicon and iron,
because they are the most abundant heavy atoms released during
stellar evolution and, therefore, they play the most important role
in chemical enrichment and cooling: indeed, supernovae type II
(SNII) expel mostly oxygen and carbon, while supernovae type Ia
(SNIa) silicon and iron (Thielemann et al. 2001; Park et al. 2003;
Borkowski et al. 2004; Meynet et al. 2006).
We make the common assumption that carbon, silicon and iron
are completely ionized, while oxygen is neutral. This is justified
because, in a cosmological context, UV radiation below 13.6 eV
(from various astrophysical sources, like quasars, stars, etc.)
can escape absorption by neutral hydrogen and generate a UV
background that can ionize atoms with first ionization potential
lower than 13.6 eV (like carbon, silicon and iron). while oxygen
remains predominantly neutral since its first ionization potential of

c⃝ 2007 RAS, MNRAS 000, 1–12
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Gas Cloud Modelling
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depth [pc] depth [pc] depth [pc]

G 357-4.7-55G 357-4.7-55
C1_137
C2_137
C3_137

DM T̄ radius ⇢̄ Z/Z� grains UV CR n̄e ave. cooling

Model [K] [pc] [cm�3] [s�1] [cm�3] [erg cm�3s�1]

C1-22 22 8.2 0.29 1 no 0.1 1⇥ 10�18 2.3⇥ 10�4 1.9⇥ 10�29

C2-22 22 8.2 0.29 0.1 no 1.9⇥ 10�3 1.9⇥ 10�19 9.7⇥ 10�5 1.6⇥ 10�30

C3-22 22 8.2 0.29 5 no 0.1 5⇥ 10�18 5.6⇥ 10�4 6.2⇥ 10�28

C1-137 137 12.9 0.421 1 yes 1 5⇥ 10�17 1⇥ 10�3 3.4⇥ 10�28

C2-137 137 12.9 0.421 0.1 yes 1 3⇥ 10�18 5⇥ 10�4 8.2⇥ 10�29

C3-137 137 12.9 0.421 5 yes 1 1.9⇥ 10�16 6.2⇥ 10�3 6.1⇥ 10�27

C1-198 198 12.3 1.57 1 yes 1 2.9⇥ 10�16 1.2⇥ 10�2 2.4⇥ 10�26

C2-198 198 12.3 1.57 0.1 yes 1 1.1⇥ 10�16 7.4⇥ 10�3 8.2⇥ 10�27

C3-198 198 12.3 1.57 5 yes 1 1.4⇥ 10�15 4.5⇥ 10�2 1.5⇥ 10�25

Table I. Summary of the di↵erent gas cloud models simulated using CLOUDY, which match the
properties of clouds G1.4-1.8+87, G357.8-4.7-55 and G1.5+2.9+1.05 from [5]. The average temper-
ature (T̄ ), gas cloud radius, and density (⇢̄) are taken from McClure-Gri�ths while the metallicity
relative to solar metallicity (Z/Z�), presence of dust grains in the simulation, ultraviolet (UV)
photon background flux relative to the standard normalization described in the text, the cosmic
ray background ionization rate (CR), and the density profile parameter were parameters varied in
the code. The average electron density (n̄e) and average cooling (ave. cooling) rates are used for
setting bounds on dark matter.

Two of the two key quantities required for setting dark matter bounds are the electron
number density and the cooling rate. These are listed in the last two columns of Table 1
and presented in Figure 1. The three rows in Figure 1 correspond to the three gas clouds
modeled, listed from coldest to hottest from top to bottom. Columsn from left to right show
the equilibrium cooling rate (assuming only standard astrophysical sources), temperature,
and electron densities for the gas cloud models previously mentioned. Note that the x axis
shows the depth into the cloud from the illuminated surface rather than radius from the
center of the object. In each plot, the blue solid, yellow dashed, and yellow dotted lines
correspond to model C1, C2, and C3 (summarised in Table 1) respectively; these models
assume di↵erent gas cloud metallicities as indicated. In the density plots, the solid black
line indicated the uniform gas density. The other curves show the electron number density
of the corresponding cloud models.

As expected, models with higher metallicities provide more e�cient cooling channels and
therefore allow for a greater external energy input, whether it be from standard astrophysical
sources or dark matter, to maintain the temperature observed in [5]. Higher metallicity
clouds also result in higher electron number densities, because the metal species provide more
readily ionized electrons to the gas. When setting bounds using these systems it is important
to note that both the electron density and cooling rate are not derived independently, and
there are some uncertainties in both the metallicity, dust grain and molecular content as well
as the local UV radiation and cosmic ray background. Follow-up observations may allow
these to be constrained further and therefore provide improved dark matter bounds.
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Ultra Light Dark Photon DM
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through mixing with the SM photon > Dubovsky 2015!"

• free electrons and ions in the gas are accelerated by this field and 
eventually scatter and heat the gas
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Composite Asymetric DM

• due to their size, gas clouds are well suited to test super heavy dark matter, 
also  
avoid the problem of overburden"

• consider a model consisting of asymmetric dark matter bound together by a 
scalar field"

• parameterise the model via the reduced constituent mass           and the total 
nugget mass"

• assume long range interaction with SM via dark photon mediator mA0

m̄�
M�
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Figure 1: Constraints are shown for the coupling ✏2↵X↵EM of an asymmetric dark matter
nugget of mass MX interacting with SM electrons through a dark photon mediator. The
pink region is excluded by cold gas clouds near the Milky Way galactic center. Also shown
on the left is the black region excluded by XENON10 [31]. The cyan region describes
a perturbativity bound which restricts g� < 1. The dashed purple and dash-dotted
blue lines correspond to in-medium and self interacting dark matter (SIDM) bounds
respectively (see text for details). Regions where the Compton wavelength of dark photon
is smaller than the nugget size are shaded gray on the right. In the upper two panels
we assume the dark photon mass mA0 = 10�3 eV. For the in-medium, perturbativity and
SIDM bounds we assume the dark photon kinetic mixing ✏ = 2⇥10�9, saturating the solar
lifetime constraint [32]. The lower two panels depict the bounds for mA0 = 10�15 eV. For
these panels, in deriving non-gas cloud bounds we fix the dark photon mixing parameter
✏ = 0.1 to be consistent with Jupiter magnetic field bounds [33,34]. In the left and right
panels we assume the nugget constituent mass m� = 10 MeV and 10 GeV respectively.
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Future Designs

• Consider more involved heating mechanisms"

• Develop the gastro-physics"

• Look for signatures in the chemical network"

• Quantify systematics of setting gas cloud bounds 
(paper coming soon!)
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