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OVERVIEW

1. Constraining new physics with Galactic 
Center gas clouds.

2. Ultra-light dark photon dark matter. 

3. Milli-charged dark matter.

4. Sub-MeV dark matter.
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Gas Clouds As Dark Matter Detectors
174 gas clouds 100s of pcs from center of Milky Way galaxy                    

(see Astrophysical  Journal Letters 770, L4 2013)

Extremely cold interiors
Coldest clouds sensitive to small 

heating from dark matter.

Parsec sized
Much larger than any 

terrestrial detector.

Million year existence* 
Exposure time much larger 
than terrestrial detectors.

* Not relevant for this presentation.

Sizeable amounts 
of ionized gas 

Extremely sensitive to dark 
matter-nucleon interactions.

WHY GAS CLOUDS?
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Gas Clouds As Dark Matter Detectors

Standard Heating Sources

UV Background

Hot exterior

Cold interior

Cosmic Rays

Dust gas 
collision

Cooling inferred mainly from molecular excitation and de-excitation.
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interaction cross sections scale linearly with both the gas
cloud cooling rate and the electron or iron density. On the
other hand, as can be verified from Table 1, the gas cloud
cooling rate scales inversely with gas cloud metallicity (and
by extension, iron density), and the gas cloud cooling rate
also scales inversely with electron density. This makes the
gas cloud heating bounds on dark matter interactions
relatively insensitive to assumptions about gas cloud
metallicity.

A few comments are in order concerning the dark matter
density in the Galactic Center, as this does affect bounds on
dark matter interactions with Galactic Center gas clouds.
Technically, there is no direct evidence of dark matter in the
central 3 kpc of the Milky Way, since this region is
predominantly composed of baryonic matter [40,41].
However, results from N-body simulations, hierarchical
clustering, and dynamical halo structure considerations
[42] indicate that the most plausible halos will have a

FIG. 1. CLOUDY models from top to bottom for clouds G1.4 − 1.8þ 87, G357.8 − 4.7 − 55 and G1.5þ 2.9þ 1.05 from [5].
Columns from left to right show the equilibrium cooling rate, temperature, and unbound electron (and hydrogen) number density for a
given radial depth into the cloud, as measured from the surface. As detailed in Table 1, the radial depth of these clouds varies from 8-12
parsecs. The solid blue, dashed and dotted orange lines correspond to the C1, C2, and C3 gas cloud models described in Table 1. In the
density plots, the solid black line shows the constant hydrogen density.
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cosmic-ray parameters (which will physically tend to vary
depending on the location of the cloud) to produce a cloud
matching the observed average temperature.
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 Fig. 1. The three rows in Fig. 1
correspond to the three gas clouds modeled, listed from
coldest to hottest from top to bottom. Columns 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 the radius from the center of
the object. In each plot, the blue solid, yellow dashed, and
yellow dotted lines correspond to models C1, C2, and C3
(summarized in Table 1), respectively; these models
assume different gas cloud metallicities as indicated. In
the density plots, the solid black line indicates 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 efficient 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 Ref. [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.

D. Gas cloud bounds on dark matter

In the following sections, we will present Galactic Center
gas cloud bounds on dark matter. We note that these bounds
are based on the fact that cold gas clouds cool predomi-
nantly via radiative cooling. As was pointed out in Ref. [3],
radiative cooling for gas clouds with temperatures approx-
imately 10–1000 K is a monotonic decreasing function of
temperature (see, e.g., Fig. 4 in Ref. [38] and Fig. 5 in
Ref. [6]). As a consequence of the monotonic decreasing
form of gas cloud radiative cooling curves and the Second
Law of Thermodynamics, there is a maximum possible
heating rate for any gas cloud observed at fixed density and
temperature ranging from approximately 10 to 1000 K.
This implies the following bound on dark matter heating of
cold gas clouds,

VDHR ≤ VCR; ð2Þ

where the first term is the volumetric heating of the gas
cloud by dark matter and the second term is the volumetric
cooling via radiative processes detailed earlier.
Because it is most likely that Galactic Center gas clouds

have solar metallicity [39], especially given the relatively
young age of the gas clouds in question (approximately
10 Myr), we use the solar metallicity model C1 for our gas
clouds throughout the remainder of this paper to set bounds
on dark sectors. As noted in Ref. [3], models C2 and C3
yield similar bounds in the case of dark matter that
predominantly interacts with electrons or iron, which is
the case for dark matter considered in all three sections of
this paper. This is because the dark matter bounds on

TABLE I. Summary of the different gas cloud models simulated using CLOUDY, which match the properties of clouds G1.4 − 1.8þ 87,
G357.8 − 4.7 − 55, and G1.5þ 2.9þ 1.05 from Ref. [5]. The average temperature (T̄), gas cloud radius, and density (ρ̄) are taken from
McClure-Griffiths, while the metallicity relative to solar metallicity ðZ=Z⊙Þ, the presence of dust grains in the simulation, the 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.

Dark matter
Model T̄(K) Radius (pc) ρ̄ (cm−3) Z=Z⊙ Grains UV CR (s−1) n̄e (cm−3)

Ave. cooling
(erg cm−3 s−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
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Gas Clouds As Dark Matter Detectors

VCD
Cooling rate by excitation.

VSHR Heating rate from Standard Sources.

VDHR: Heating rate 
from dark matter.

No assumptions about thermodynamic equilibrium.

  VSHR + VDHRVCD ≥
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1. Ultra-light dark photon dark matter.

Extend Standard Model by a massive U(1) gauge boson.

shape similar to the eponymous Navarro–Frenk–White
(NFW) profile [43]. In this study, we will use a generalized
NFW profile as presented in Ref. [41],

ρxðrÞ ¼ ρ0

!
r0
r

"
γ
!
rs þ r0
rs þ r

"
3−γ

; ð3Þ

where rs ¼ 20 kpc is the standard scale radius of the
Milky Way. We will use the generalized NFW paramaters
in Ref. [41], which were fit to match a morphological
model of the stellar matter in the inner “bulge” region
of the Milky Way galaxy [44]. The parameters of model
“CjX” in Ref. [41] are r0 ¼ 8 kpc, γ ≈ 1.03, and
ρ0 ¼ 0.471 GeV=cm3. This yields dark matter densities
near Galactic Center gas clouds of approximately
ρ ∼ 10 GeV=cm3, which agrees well with standard halo
profile parameters in the literature [3]. In the captions of
bounds presented in this paper, we provide a simple
prescription to rescale bounds, for readers who wish to
consider the effect of different background dark matter
densities.
The line-of-sight distances of gas clouds G1.4−1.8þ87,

G357.8−4.7−55, and G1.5þ 2.9þ 1.05 from the Galactic
Center are RG1.4 ¼ 0.31 kpc, RG357 ¼ 0.75 kpc, and
RG357 ¼ 0.41 kpc, respectively. Because the generalized
NFW halo model predicts an increased dark matter
density in the Galactic Center, when calculating Galactic
Center gas cloud local dark matter densities, we will
conservatively multiply these line-of-sight distances by a
factor of

ffiffiffi
2

p
to account for their projected distance from

the Galactic Center. Therefore, the projected distances
we use for G1.4−1.8þ87, G357.8 − 4.7 − 55, and
G1.5þ2.9þ1.05 are rG1.4¼0.44kpc, rG357¼1.1kpc, and
rG357 ¼ 0.58 kpc, respectively, implying dark matter den-
sities near these three gas clouds of ρx;G1.4¼17GeV=cm3,

ρx;G357 ¼ 6.6 GeV=cm3, and ρx;G1.4 ¼ 13 GeV=cm3,
respectively.
Finally, we note that, throughout this document, we will

use a Galactic Center velocity dispersion of v̄ ≈ 180 km=s.
This velocity dispersion is consistent with results in
Ref. [40] and is on the low end of velocity dispersion
values allowed for by Milky Way dynamical considerations
[41]. Using this velocity dispersion will tend to produce
conservative bounds in the case of dark matter–nucleon
scattering and dark matter–electron scattering for heavy
dark photon mediated dark matter (for which the dark
matter induced gas cloud heating rate scales roughly as
velocity cubed). On the other hand, this low velocity
dispersion does produce slightly aggressive bounds in
the case of very light dark photon mediated dark matter,
considered at the beginning of Sec. IV (for which dark
matter induced gas cloud heating scales inversely with
velocity). In the latter case, we have verified that changing
the velocity dispersion by a factor of 2 changes the bounds
on the y axis coupling parameters in Fig. 3 by less than a
factor of 1.2, which is not visible on the scale of the plot.

III. ULTRALIGHT DARK PHOTON
DARK MATTER

Ultralight dark photon dark matter requires a rather
simple extension of the Standard Model (SM), where the
Standard Model gauge group is augmented by an extra
local Uð1Þ symmetry. This model has, in addition to the
Standard Model hypercharge, another Abelian gauge
boson, which we denote by A0 and call the “dark photon”
[45–51]. The dark photon has a mass and a kinetic mixing
with the Standard Model hypercharge boson. For dynami-
cal processes occurring in the sub–giga electron volt range,
the physical A0 field mixes predominantly with the
Standard Model photon. The resulting Lagrangian is

L ¼ LSM −
1

4
FμνFμν −

1

4
F0
μνF0μν þm2A0

μA0μ −
e

ð1þ ϵÞ2
ðAμ þ ϵA0

μÞJμEM; ð4Þ

Here, the kinetic part of the Lagrangian has been diagon-
alized, and we have adopted the convention of Ref. [4] for
the definition of the mixing parameter ϵ. The interested
reader is invited to consult Ref. [52] for a review of the form
of Lagrangians with two localUð1Þ gauge symmetries. The
mass m of the dark photon can be generated via the
Stückelberg mechanism for simplicity, although it is
straightforward to add an extra scalar field and generate
m via spontaneous symmetry breaking. The interaction part
of this Lagrangian consists of the electromagnetic current
JμEM coupled to the photon and the dark photon, with the
latter coupling suppressed by a factor of ϵ in the limit that
ϵ ≪ 1.

Much like axion dark matter, an ultralight dark photon is
a plausible dark matter candidate because it can provide a
matterlike energy density via oscillations of the dark
photon field. Ultralight dark photon dark matter can be
produced by cosmological excitation of its longitudinal or
transverse field components as first considered in
Refs. [53–55]. Assuming no additional couplings to lighter
fields, ultralight dark photon dark matter is metastable,
since for mA0 ≪ 2me, it decays to three photons with a
rather long lifetime [56]

τA0 ¼ 273653π3

17ϵ2α4EMme

!
me

mA0

"
9

: ð5Þ
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1. Dark electric field in the gas. 

2. Free electrons accelerated - current. 

3.  Gas medium is not a perfect conductor.

4. Heat dissipation.
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Ultra-light dark photon dark matter. 

It can be verified that, even for an order 1 mixing, ϵ ∼Oð1Þ,
so long as m ≪ keV, the dark photon is long lived enough
to be a dark matter candidate. Recently, a number of studies
have indicated that an excited scalar field can transfer
energy to a light dark photon field and that through this
mechanism even extremely light dark photons may con-
stitute the entire dark matter abundance [57–59].
In this work, we place new bounds on ultralight dark

photon dark matter for m ≤ 10−10 eV. We use the heating
mechanism detailed in Ref. [4], which can be summarized
as follows. An ultralight dark photon, through its mixing
with the Standard Model, photon produces an oscillating
electric field which generates a current and dissipation in
any medium that is not a perfect conductor. In our case,
cold gas clouds at the Galactic Center harbor unbound
electrons and ions which will collide with each other after
they are accelerated by the oscillating electric field. This
altogether transforms dark photon potential energy into the
kinetic energy of charged particles in cold gas clouds. We
will only highlight the most important facets of the
mechanism here—the interested reader is encouraged to
consult Ref. [4] for a thorough derivation of the effect.
We model the ionized part of our gas clouds as a

nonrelativistic plasma. For the purpose of setting bounds
on dark photon dark matter, this is a conservative approxi-
mation, since we neglect collisions between the ionized and
neutral component of our gas clouds, where these addi-
tional collisions would result in greater energy transferred
from the dark photon field to the gas. For gas clouds
reported in Ref. [5], the plasma frequency, i.e., the typical
electrostatic oscillation frequency of electrons in response
to a charge separation, is

ωp ¼

ffiffiffiffiffiffiffiffiffiffi
4πne
me

s

≈ 5 × 10−13 eV
"

ne
2 × 10−4 cm−3

#
1=2

; ð6Þ

where here we normalize to gas cloud G1.4 − 1.8þ 87’s
electron density ne ≈ 2 × 10−4 cm−3, as given in Table 1.
Since we are considering a plasma medium and not

empty space, there is a screening effect that limits the
interaction range of electrons with any external electric
field. This is the Debye length of the plasma
(λd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tg=ð4παEMneÞ

p
), which can be interpreted as the

effective Compton wavelength (related to the effective
mass) of the dark photon in a plasma. If the dark photon
mass is around the size of the plasma frequency, m ∼ ωp,
the dark photon can resonantly convert into ordinary
photons. Because of this dark photon conversion process,
cosmic microwave background data can be used to exclude
dark photons with masses in excess of approximately
10−14 eV [60]. However, for masses below this, dark
photons will not decay to photons in the early Universe,
and gas cloud heating by dark photon dark matter places
leading bounds on this region of parameter space.

To obtain the heating rate due to the ultralight dark
photon field, the equations of motion of the two Uð1Þ
vector fields are solved and combined with that of the
nonrelativistic plasma to obtain the frequency of the dark
photon modes, ω. The latter has a real and an imaginary
part, ω ¼ ωh þ iγh, and the imaginary part, γh, gives the
volumetric heating rate Q, i.e., the heating rate per unit
volume

Q ¼ 2jγhjρx; ð7Þ

where ρx is the dark matter density. In our case, the dark
matter density is ρx ∼ 10 GeVcm−3 for cold gas clouds
near the Galactic Center [3]. The asymptotic expressions
for γh in the limit that the dark photon mass is either smaller
or larger than the gas cloud plasma frequency are

γh ¼

(
− ν

2 ð
m
ωp
Þ2 ϵ2

1þϵ2 ; m ≪ ωp

− ν
2 ð

ωp

m Þ
2 ϵ2

1þϵ2 ; m ≫ ωp;
ð8Þ

where ν is the collision frequency describing the interaction
of electrons and ions in the plasma,

FIG. 2. Bounds on ultralight dark photons with mass m and
kinetic mixing parameter ϵ, using three cold Galactic Center gas
clouds, with parameters given in Table 1, and local dark matter
densities according to a generalized NFW profile and projected
distances from the Galactic Center detailed at the end of Sec. II.
Readers wishing to rescale these bounds for different dark matter
background density models should note that the bound on ϵ scales
as 1

ρ2x
. Bounds using gas cloud G1.4 − 1.8þ 87, using the temper-

ature reported in Ref. [5], have been indicated as preliminary; see
Sec.VII. Different CMB limits from the decay of dark photons into
Standard Model photons are also shown in orange [60]. Bounds
from satellitemeasurements of Jupiter’smagnetic field are given in
red [60]. A constraint from heating of the MilkyWay’s interstellar
medium by dark photons is shown in blue [4]. The same
mechanism, but applied to gas clouds with average temperature
137 K (G357.8 − 4.7 − 55 with an average cooling rate of
3.4 × 10−28 erg s−1 cm−3) and 22 K (G1.4 − 1.8þ 87 with an
average cooling rate of 1.9 × 10−29 erg s−1 cm−3) are shown in
purple and black, respectively.
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137 K
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Gas Clouds As Dark Matter Detectors

Not shown: comparable constraints from Leo T Dwarf Galaxy 
(see PRD103, 123028 (2021).

arXiv:1509.00039
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2. Milli - Charged dark matter.

Dark matter with a small Electromagnetic coupling.

1.3. U’(1) EXTENSIONS OF THE STANDARD MODEL 18

The Standard Model extended by U0 (1) group

As we have seen above, the unbroken Standard Model contains an abelian gauge

group, UY (1) and after spontaneous symmetry breaking it is reduced to another

abelian group, the UEM (1) group of Electromagnetic interactions. For any complete

realisation of U 0 (1) extensions valid at high energies we must consider the mixing

with the hyper-charge group and work out the consequences of spontaneous symmetry

breaking in full generality. Since the physical photon and Z boson are defined in terms

of a rotation of the hyper-charge and A3 component of the SUL(2) group, they both

couple to the new vector boson, which we label as A0. However, if the mass of this new

boson is well below the EW scale the Z boson can be integrated out and A0 interacts

mainly with the photon. This will always be the case in this thesis. We will mostly be

interested in sub-GeV mass range, and the most general Lagrangian can be obtained

by considering the Mb = 0 scenario above with Jb ⌘ JEM , the Electromagnetic current

which is proportional to the fermionic charge Q, and Ja ⌘ JD, some dark current we

specify later on. Omitting the kinetic terms, the diagonalized Lagrangian then reads

L =
1

2
m2A0

µA
0µ + eJEM

µ Aµ +

✓
gp

1 � ✏2
JD

µ � e✏p
1 � ✏2

JEM
µ

◆
A0µ. (1.28)

In the above expression the first line is the dark photon mass term, the second is

the coupling between the dark photon and the dark sector current, and the third

is the mediation term between between the Standard Model and the dark sector.

The mass m of the dark photon can be generated via the Stückelberg mechanism for

simplicity, although it is straightforward to add an extra scalar field and generate m

via spontaneous symmetry breaking. We will consider three possibilities later in this

m = 0

Dark sector  
acquires milli-charge

Heating effect just like charged particles energy dissipation.

Bethe-Bloch formula with e → ϵe
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Milli - Charged dark matter.

density nn, temperature Tg, line-of-sight distance from the
Galactic Center rlos, and local standard of rest velocity v0,
of the most sensitive cloud which we use in setting bounds,
G1.4 − 1.8þ 87, are M ¼ 311 M⊙, rgc ¼ 12 pc, nn ¼
0.3 cm−3, Tg ≲ 22 K, rlos ¼ 332 pc, vg ¼ 87.2 km=s.
Dark matter-nucleon scattering.—Dark matter that inter-

acts with nucleons will collide against and heat atomic nuclei
in gas clouds. Scattered atoms have a mean free path that is
small compared to the gas cloud [62] and so will thermalize
efficiently. For dark matter particles scattering elastically
with nuclei in clouds, the per-nucleus heating rate is

DHR ≈ nxσNxvxEnr; ð3Þ

where nx ¼ ρx=mx is the local number density of dark
matter, Enr ≈ μ2Nxv

2
x=mN is the average energy transferred

per elastic scattering interaction, with a dark matter of mass
mx, nuclei of mass mN, and dark matter-nuclear reduced
mass μNx; σNx is the dark matter-nuclear cross section. The
customary spin-independent per-nucleon cross section σnx is
defined in terms of σNx as [63]

σNx ¼ A2F2
AðEnrÞ

μ2Nx
μ2nx

σnx; ð4Þ

where A is the number of nucleons per nucleus, μnx is
the dark matter-nucleon reduced mass, and the Helm form
factor is

F2
AðEnrÞ ¼

!
3j1ðqrÞ

qr

"
2

e−s
2q2 ; ð5Þ

where j1 is the Bessel function of the first kind,
q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNEnr

p
, r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2n − 5s2

p
, the nuclear size is

rn ¼ 1.2 A1=3 fm, and the nuclear skin depth is s ∼ 1 fm.
For bounds on dark matter scattering presented in

Fig. 1, we integrate over Boltzmann distributed velocities,
accounting for the predicted dark matter velocity at the
cloud’s location, v0, and the cloud’s velocity relative to
the galactic rest frame, vg. We consider the scattering
off of the most abundant atomic elements in the gas
cloud, hydrogen, helium, oxygen, and iron, with mass
abundance fractions following solar metallicity, fA¼
ffH;fHe;fO;fC;fFeg¼f0.71;0.27;0.0097;0.004;0.0014g.
Altogether, the bound on σnx in Fig. 1 is

σnx <
VCR
nn

!X
A

fAA2μ4Nxnxmn

μ2nxm2
N

×
Z

dv3xv3xF2
ABðvx; vesc; yÞ

"−1
; ð6Þ

where we sum over atomic elements A, nnfAmn=mN is the
number density of A, FA is the Helm form factor given
above, and VCR is determined using Eq. (1) and param-
eters given above for gas cloud G1.4 − 1.8þ 87. The
integral is taken from zero to the dark matter escape
velocity vesc ∼ 0.002, y≡ cos θ indicates the angle
between the dark matter wind and the gas cloud, and
the Boltzmann distribution is [63]

B ¼
Exp½−ðv2x þ v2g þ 2vxvgyÞ&

π3=2v30ðErf½
vesc
v0
& − 2vesc

π1=2v0
Exp½−v

2
esc

v20
&Þ

ð7Þ

where this is normalized so that
R
dv3xB ¼ 1, the dark

matter velocity dispersion is v0 ≈ 6 × 10−4 hundreds of
parsecs from the Milky Way Galactic Center [64], and the
gas cloud-Milky Way relative velocity is vg ∼ 90 km=s for
gas cloud G1.4 − 1.8þ 87 [35].
Figure 1 shows the effect of increasing the gas cloud

metallicity to ½Fe=H& ¼ 0.5. For higher mass dark matter,
there is no effect on the bound, since heating occurs mainly
via scattering with iron; heavy nuclei are heated A5 times
faster than hydrogen by high mass dark matter, cf. Eqs. (3)
and (4). Therefore, increasing cloud metallicity equally

FIG. 2. Constraints are shown on millicharged dark matter
scattering with cold Galactic Center gas clouds, for dark matter
particles with charge ϵ≡Q=e, which compose all (fDM ¼ 1) or
one percent (fDM ¼ 0.01) of the dark matter. The metallicity of
the gas cloud does not substantially alter the result, as explained
in the main text. Galactic Center gas cloud bounds on milli-
charged particles are likely unaffected by galactic magnetic fields
[43,44], because magnetic fields in the Galactic Center are
oriented towards the edge of the halo [45,46], as opposed to
being oriented parallel to the disk of the Milky Way. Parameter
space that would explain the EDGES 21 cm anomaly for fDM ¼
0.01 is shown with a dotted grey line, taken from [47] (see also
[47–53]). Bounds from supernova 1987a production of milli-
charged particles [54], from the SLAC millicharged particle
search [55], and from the millicharged particle contribution to the
number of relativistic degrees of freedom in the early Universe
(Neff ) [56] are indicated. For some recently reported experimental
results on millicharged dark matter, see [41,57,58]. For additional
cosmological bounds, which can be sensitive to the millicharged
fraction of dark matter (fDM), see [36,44,59,60].

PHYSICAL REVIEW LETTERS 121, 131101 (2018)

131101-3

Q/e



11

Gas Clouds As Dark Matter Detectors

3. Sub - MeV Dark Matter

Dark photon mediator to DM Fermion

ν ¼ 4
ffiffiffiffiffiffi
2π

p
α2EMne

3
ffiffiffiffiffiffiffiffiffiffiffi
meT3

p logðΛÞ:

Here, αEM is the electromagnetic fine structure constant,
and Λ is the Coulomb logarithm, logðΛÞ ¼ log

ffiffiffiffiffiffiffiffiffi
4πT3

α3EMne

q
.

Even though the expressions for the heating rate in (8) are
asymptotic, we take them as hard cutoffs in establishing our
bounds for light dark photons shown in Fig. 2. Further
work would need to be done to accurately model
dark photon heating of the plasma when ωp ∼m. We
display new bounds on ultralight dark photon dark matter,
obtained by equating the heating rate give in Eq. (8) to the
cooling rates of gas clouds G357.8 − 4.7 − 55 and
G1.4 − 1.8þ 87, as given in Table 1.

IV. SUB–MEGA ELECTRON VOLT MEDIATOR
VECTOR PORTAL DARK MATTER

Besides being a dark matter candidate, dark photons can
also serve as the mediator between dark matter and the SM.
Indeed, this scenario has been extensively studied in the last
decade [46,47,61–66]. Cold Galactic Center gas clouds will
prove especially sensitive to vector portal dark matter
coupled through a sub–mega electron volt mass dark
photon, with intermediate strength couplings. Such dark
matter evades detection by terrestrial experiments, because
it is moving too slowly to be detected after scattering with
the Earth’s atmosphere and crust, to excite electrons to
detectable energies in existing experiments.
We will consider a simple vector portal model to

demonstrate that cold gas clouds can be used to explore
dark matter models with light mediators. Our results
indicate that other dark matter models coupled to the
Standard Model through light mediators may also be
constrained by cold Galactic Center gas clouds; this is left
to future work. Here, we take dark matter to be a Dirac
fermion χ that communicates with the Standard Model via a
kinetically mixed dark photon A0. Specifically, the
Lagrangian we will be studying is the following:

L¼LSM−
1

2
m2

A0A0
μA0μ−

1

4
F0
μνF0μν−

κ
2
FμνF0μν−gDA0

μχ̄γμχ:

ð9Þ

We note that in this section we will denote the kinetic
mixing parameter as κ, in keeping with historical con-
vention [46] and to not confuse this with the ϵ mixing
parameter in Sec. III; note that ϵ and κ have different
definitions. To take this gauge basis Lagrangian to the mass
basis, we shift Aμ → Aμ − κA0

μ, which results in an electro-
magnetic current for A0 with a coupling proportional to κ.
The parameters in this simplified vector portal model are
the dark photon mass ðmA0Þ, the dark matter mass ðmχÞ, the
gauge coupling of the dark photon with dark matter ðgDÞ,
and κ, which determines the coupling of dark photon with
Standard Model fields.

Since the interactions of the dark photon proceed
through the Standard Model photon current, vector portal
dark matter interacts with Standard Model particles charged
under Uð1ÞEM. For the coldest Galactic Center gas cloud of
interest, G1.4 − 1.8þ 87, we will only consider dark
matter interactions with unbound electrons in the cloud;
interactions with electrons bound to atoms and nuclei will
be of subdominant importance because the energy depos-
ited on unbound electrons will be much larger. For the
model detailed above, the cross section for dark matter
scattering with unbound electrons has the following form,

σχe ¼
8πκ2αDαEMμ2χe
ðm2

A0 þ q2Þ2
; ð10Þ

with μχe ≡ mχme

mχþme
being the reduced mass of the dark matter

(DM)-electron system, αD ¼ g2D=ð4πÞ, q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Enrme

p

being the momentum transfer between the dark matter
and electron, and Enr ≈ μ2χev2x=me being the average energy
transferred per elastic scattering interaction. Using cold gas
clouds, a constraint on this model is obtained by requiring
VCR > VDHR ∼ nenxσχevxEnr, where VCR is the cooling
rate of the designated gas cloud per unit volume and VDHR
represents the DM heating rate per unit volume:

VCR>
8πκ2αDαEMnenxμ4χe

me

Z
d3vxv3x

Bðvx;vesc;yÞ
ðm2

A0 þ2μ2χev2xÞ2
:

ð11Þ

The integral is taken from zero to the escape velocity of
dark matter from the Milky Way, which is approximately
0.002 [67], with y≡ cos θ indicating the angle between the
dark matter and the electron, and B is a Maxwellian DM
velocity distribution defined in Ref. [3], with normalizationR
d3vxB ¼ 1. To gain some intuition for the bounds

provided by Galactic Center gas clouds over a range of
dark photon masses (mA0 ), we will investigate two limits: 1)
mA0 ≪ q, in which the interaction of dark matter with
electrons is through a long-range force, and 2) mA0 ≫ q, in
which the interaction of dark matter with electrons is a
contact interaction.
In the limit that mA0 → 0, we would expect an infrared

divergence to arise in the integral in Eq. (11), since in the
limit vx → 0 the integral diverges. This infrared divergence
is regulated for dark matter scattering in cold gas clouds
because the dark photon will gain a thermal mass through
its interactions with the gas cloud plasma as also discussed
in Sec. III. The thermal mass can be found from the Debye
length, which is λd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tg=ð4παEMneÞ

p
. The Debye length

indicates the scale at which the dark photon necessarily
mediates finite-range interactions in a cold gas cloud,
compared to infinite-range interactions it would mediate
in empty space. Taking the thermal mass into consideration,
we arrive at a well-defined infrared cutoff for the case of a
very light A0. For mA0 ≪ q,
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κ2αDαEM <
VCR
ne

!
2πnx
me

Z
d3vx

Bðvx; vesc; yÞ
vx

log
"

2μ2χev2x
ðmax½1=λd; mA0 $Þ2

#$−1
: ð12Þ

The millicharged DM is the special case of the scenario
discussed here, where the vacuum mass of A0 is zero. If
mA0 > 1=λd, then the infrared divergence is regulated by the
mass of a dark photon.
When the dark photon is larger than both the plasma

frequency and the maximum momentum exchanged
between the electron and dark matter, the dark matter
electron scattering interaction becomes a contact interac-
tion. For mA0 ≫ q; 1=λd,

κ2αDαEM <
VCR
ne

!
8πnxμ4χe

me

Z
d3vxv3x

Bðvx; vesc; yÞ
m4

A0

$−1
;

ð13Þ

which is well defined in the sense that there are no
divergences in this expression.
In Figs. 3 and 4, we plot galactic gas cloud constraints on

vector portal models, using Eq. (11), gas cloud parameters
given in Table 1, particularly the average volumetric
cooling rate obtained for gas cloud G1.4 − 1.8þ 87,
VCR ¼ 1.9 × 10−29 ergs cm−3 s−1. In Fig. 3, we note that
for the mass choice mA0 ¼ 10−7 GeV the bound shifts
dramatically at mχ ¼ 10−4 GeV. This is because at this
mass value the dark photon mass is roughly equal to the
momentum exchanged between the dark matter and elec-
tron, mA0 ∼ q ∼mχvx. Put another way, at this dark matter
mass, the dark matter–electron scattering dynamics shift
from long-range to contact interactions; therefore, the
relevant bound shifts from Eq. (12) to Eq. (13).
In Figs. 3 and 4 and the preceding treatment, we have

considered relatively small couplings between dark matter
and electrons. However, if the coupling of dark matter to
electrons (κ2αDαEM) is sufficiently large, bounds from
Galactic Center gas clouds will no longer apply. Dark matter
with a large enough coupling to electrons will deposit most
of its kinetic energy into electrons near the surface of the gas
cloud and may not appreciably heat the interior region. To
estimate this effect, we will require that dark matter retain at
least half of its initial kinetic energy by the time it reaches the
center of the gas cloud. The energy transfer of a dark matter
to the cloud is simply dE=dr ¼ neσχeEnr. Given that the
depth of the gas cloud G1.4 − 1.8þ 87 is r ¼ 8 pc, the
coupling for which dark matter loses half its kinetic energy
after traveling the radius of the cloud is

κ2αDαEM ∼ 10−7
"

mχ

GeV

#
; ð14Þ

for a long-range interaction ðmA0 ≪ qÞ, and

κ2αDαEM ∼ 1 ×
"

mχ

GeV

#"
0.5 MeV

μχe

#
4
"

mA0

10 keV

#
4

; ð15Þ

for an interaction with mA0 ≫ q.

FIG. 3. The constraint on the product of the couplings κ2αDαEM
is shown in magenta (regions above each line are excluded), for
vector portal dark matter heating of Galactic Center gas clouds
with gas cloud parameters given in Table 1 and local dark matter
densities according to a generalized NFW profile and projected
distances from the Galactic Center detailed at the end of
Sec. II. Readers wishing to rescale these bounds for different
dark matter background density models should note that the
bound on κ2αDαEM scales as 1

ρx
. Bounds using gas cloud

G1.4 − 1.8þ 87, using the temperature reported in Ref. [5],
have been indicated as preliminary; see Sec. VII. A few bench-
mark masses with mA0 ≪ αme are shown. The constraints from
the Galactic Center gas cloud apply up to coupling values given
in Eqs. (14) and (15). The mass range mA0 ≪ αme is chosen in
this figure for ease of comparison with terrestrial experiments
(SENSEI [68] and XENON [69]). Other constraints come from
the SLAC millicharge search [70] shown in gray, supernova
1987A cooling [71] presented in green, and the stellar cooling
[72] shown in red. The constraints on effective relativistic degrees
of freedomNeff from BBN and CMB observations [72] are shown
in cyan and purple, respectively.
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Bðvx; vesc; yÞ
vx

log
"

2μ2χev2x
ðmax½1=λd; mA0 $Þ2

#$−1
: ð12Þ

The millicharged DM is the special case of the scenario
discussed here, where the vacuum mass of A0 is zero. If
mA0 > 1=λd, then the infrared divergence is regulated by the
mass of a dark photon.
When the dark photon is larger than both the plasma

frequency and the maximum momentum exchanged
between the electron and dark matter, the dark matter
electron scattering interaction becomes a contact interac-
tion. For mA0 ≫ q; 1=λd,

κ2αDαEM <
VCR
ne

!
8πnxμ4χe

me

Z
d3vxv3x

Bðvx; vesc; yÞ
m4

A0

$−1
;

ð13Þ

which is well defined in the sense that there are no
divergences in this expression.
In Figs. 3 and 4, we plot galactic gas cloud constraints on

vector portal models, using Eq. (11), gas cloud parameters
given in Table 1, particularly the average volumetric
cooling rate obtained for gas cloud G1.4 − 1.8þ 87,
VCR ¼ 1.9 × 10−29 ergs cm−3 s−1. In Fig. 3, we note that
for the mass choice mA0 ¼ 10−7 GeV the bound shifts
dramatically at mχ ¼ 10−4 GeV. This is because at this
mass value the dark photon mass is roughly equal to the
momentum exchanged between the dark matter and elec-
tron, mA0 ∼ q ∼mχvx. Put another way, at this dark matter
mass, the dark matter–electron scattering dynamics shift
from long-range to contact interactions; therefore, the
relevant bound shifts from Eq. (12) to Eq. (13).
In Figs. 3 and 4 and the preceding treatment, we have

considered relatively small couplings between dark matter
and electrons. However, if the coupling of dark matter to
electrons (κ2αDαEM) is sufficiently large, bounds from
Galactic Center gas clouds will no longer apply. Dark matter
with a large enough coupling to electrons will deposit most
of its kinetic energy into electrons near the surface of the gas
cloud and may not appreciably heat the interior region. To
estimate this effect, we will require that dark matter retain at
least half of its initial kinetic energy by the time it reaches the
center of the gas cloud. The energy transfer of a dark matter
to the cloud is simply dE=dr ¼ neσχeEnr. Given that the
depth of the gas cloud G1.4 − 1.8þ 87 is r ¼ 8 pc, the
coupling for which dark matter loses half its kinetic energy
after traveling the radius of the cloud is

κ2αDαEM ∼ 10−7
"

mχ

GeV

#
; ð14Þ

for a long-range interaction ðmA0 ≪ qÞ, and

κ2αDαEM ∼ 1 ×
"

mχ

GeV

#"
0.5 MeV

μχe

#
4
"

mA0

10 keV

#
4

; ð15Þ

for an interaction with mA0 ≫ q.

FIG. 3. The constraint on the product of the couplings κ2αDαEM
is shown in magenta (regions above each line are excluded), for
vector portal dark matter heating of Galactic Center gas clouds
with gas cloud parameters given in Table 1 and local dark matter
densities according to a generalized NFW profile and projected
distances from the Galactic Center detailed at the end of
Sec. II. Readers wishing to rescale these bounds for different
dark matter background density models should note that the
bound on κ2αDαEM scales as 1

ρx
. Bounds using gas cloud

G1.4 − 1.8þ 87, using the temperature reported in Ref. [5],
have been indicated as preliminary; see Sec. VII. A few bench-
mark masses with mA0 ≪ αme are shown. The constraints from
the Galactic Center gas cloud apply up to coupling values given
in Eqs. (14) and (15). The mass range mA0 ≪ αme is chosen in
this figure for ease of comparison with terrestrial experiments
(SENSEI [68] and XENON [69]). Other constraints come from
the SLAC millicharge search [70] shown in gray, supernova
1987A cooling [71] presented in green, and the stellar cooling
[72] shown in red. The constraints on effective relativistic degrees
of freedomNeff from BBN and CMB observations [72] are shown
in cyan and purple, respectively.

GALACTIC CENTER GAS CLOUDS AND NOVEL BOUNDS … PHYS. REV. D 100, 023001 (2019)

023001-9

Sub - MeV fermonic dark matter.



14

Gas Clouds As Dark Matter Detectors

THANK YOU!


