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Figure 1. The 21-centimeter cosmic hydrogen signal. (a) Time evolution of
fluctuations in the 21-cm brightness from just before the first stars formed through
to the end of the reionization epoch. This evolution is pieced together from
redshift slices through a simulated cosmic volume [1]. Coloration indicates the
strength of the 21-cm brightness as it evolves through two absorption phases
(purple and blue), separated by a period (black) where the excitation temperature
of the 21-cm hydrogen transition decouples from the temperature of the hydrogen
gas, before it transitions to emission (red) and finally disappears (black) owing to
the ionization of the hydrogen gas. (b) Expected evolution of the sky-averaged
21-cm brightness from the “dark ages” at redshift 200 to the end of reionization,
sometime before redshift 6 (solid curve indicates the signal; dashed curve indicates
Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating
and ionization of the hydrogen gas. There is considerable uncertainty in the exact
form of this signal, arising from the unknown properties of the first galaxies.

by a logarithmic slope or “tilt” nS = 0.95, and the variance of matter fluctuations
today smoothed on a scale of 8h�1 Mpc is �8 = 0.8. The values quoted are indicative
of those found by the latest measurements [2].

The layout of this review is as follows. We first discuss the basic atomic physics
of the 21 cm line in §2. In §3, we turn to the evolution of the sky averaged 21 cm
signal and the feasibility of observing it. In §4 we describe three-dimensional 21 cm
fluctuations, including predictions from analytical and numerical calculations. After
reionization, most of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation). In §5 we describe the
prospects for intensity mapping of this signal as well as using the same technique
to map the cumulative emission of other atomic and molecular lines from galaxies
without resolving the galaxies individually. The 21 cm forest that is expected against
radio bright sources is described in §6. Finally, we conclude with an outlook for the
future in §7.

We direct interested readers to a number of other worthy reviews on the subject.
Ref. [3] provides a comprehensive overview of the entire field, and Ref. [4] takes a
more observationally orientated approach focussing on the near term observations of
reionization.

21 cm SIGNAL

 Measurable: Brightness 

 

 

T21 ∝ Tspin − TCMB

T21 > 0 ⟹ Emission

T21 < 0 ⟹ Absorption

1109.6012: Pritchard & Loeb



GLOBAL SPECTRUM

60-90 MHz 

1311.0014

87.5-175 MHz 

1710.01101 50-130 MHz 


1806.09531

Bowman et. al. 

Nature 555, 67 (2018) 



TEMPERATURE EVOLUTION

Compton 

Decoupling

X-ray heating 

T[K]

 z
10 102 103
1

10

102

103

104

TCMB

TB



TEMPERATURE EVOLUTION

T[K]

 z
10 102 103
1

10

102

103

104

TCMB

TB

Ts

Ts → TB

Collisions with gas



TEMPERATURE EVOLUTION

T[K]

 z
10 102 103
1

10

102

103

104

TCMB

TB

Ts

Ts → TCMBCMB



TEMPERATURE EVOLUTION

T[K]

 z
10 102 103
1

10

102

103

104

TCMB

TB

Ts

1s

2p

Ts → Tα → TBWouthuysen–Field Effect

Lyman-α

First Stars



TEMPERATURE EVOLUTION

T[K]

 z
10 102 103
1

10

102

103

104

TCMB

TB

Ts

Wouthuysen–Field Effect
EDGES



EDGES EXPERIMENT

24

LETTERRESEARCH

Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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FIG. 1: Regions of the minicharged-particle parame-
ter space that can be explored by 21-cm observations,
and current constraints. Each solid line represents the
minicharge required to reduce the baryonic tempera-
ture by a factor of two, if a fraction fdm of the DM is
minicharged, where the color scales from black to red as
fdm decreases. Each line ends at m� = 6GeV ⇥ fdm, as
heavier particles would not be able to produce enough
cooling. We note that, if fdm = 1, all charges in the plot
are ruled out, as explained in the main text. In hatched
we show the regions excluded by supernova cooling from
1987A (blue) [51] (updated from Ref. [56], shown for ref-
erence in blue short-dashed line), from a change in BBN
(orange) [52], and constraints from the SLAC millicharge
experiment (brown) [53]. The purple hatched region rep-
resents the region above which DM would have e�ciently
annihilated into dark photons (if present), and caused a
change in Ne↵ & 1 [54]. Finally, in green long-dashed
line we show the minicharge required to obtain the right
DM abundance, for fdm = 1, computed with Eq. (15).
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limits are less strict, and in particular, even particles with
minicharges as large as ✏ & 10�6 ⇥ (m�/MeV)0.3, which
would be in thermal contact with baryons at the CMB
epoch, are allowed to compose up to a percent of the
DM [60]. This closes the apparent gap form� & 200 MeV
in Fig. 1, as the 21-cm data would require a fraction of
the DM with charges above this threshold that is above
a few percent. Thus, we will focus on the fdm < 10�2

case for the rest of this Letter.

So far it has been su�cient for us to assume that
minicharged particles compose a fraction fdm of the dark
matter, regardless of their origin. However, the cos-
mology of minicharged particles can place constraints
on their charge. Particles with minicharges larger than
✏ & 10�8(m�/MeV)1/2, which encompasses the region of
interest, would reach equilibrium with the visible sector
in the early Universe. This severely limits minicharged
particles lighter than electrons, as they would appear
as additional light degrees of freedom (Ne↵) during big

bang nucleosynthesis [52]. We label the constrained re-
gion as BBN in Fig. 1. Moreover, if a dark photon (�0)
is present—as is expected to obtain minicharged parti-
cles [61], although not necessary [62]—this particle can
also appear as light degrees of freedom during both BBN
and the CMB [54, 63]. We can estimate for what value
of the minicharge ✏ dark photons would be produced, by
requiring that the timescale for two minicharged particles
to annihilate into dark photons is longer than a Hubble
time. For minicharged particles in thermal equilibrium
with the SM in the early universe, their rate of annihila-
tion into dark photons2 is [54]

���̄!�0�0 = n��v ⇡ 10�3
g
04
T� , (13)

where g
0 is the coupling constant between � and �

0. By
requiring this rate to be smaller thanH ⇡ T

2

�
/Mpl, where

Mpl is the reduced Planck mass, we can obtain a con-
straint on g

0, so that DM does not annihilate to dark
photons before T� = m�. Since the DM minicharge, ✏ is
the product of the dark-photon mixing  times the dark
coupling g

0, and we require  < 1, this translates into the
approximate constraint

✏ . 2⇥ 10�5

⇣
m�

MeV

⌘1/4
, (14)

for m�  ⇤QCD ⇡ 200MeV, where ⇤QCD is the QCD
scale, which we label as Ne↵ in Fig. 1. Here we have
assumed that � are spin-1/2 particles, and we note that
this constraint can, of course, be tightened if  ⌧ 1,
extending to � masses as high as a GeV [54].
In the standard freeze-out scenario, the DM production

is halted when the baryonic temperature drops below its
mass, and its annihilation rate determines the relic abun-
dance left in the dark sector. To compute the minicharge
required to produce the right DM abundance, we use the
approximate formula

⌦ch
2 ⇡ 0.1⇥

⇣
xf

10

⌘ 10�26cm3s�1

(�v)
, (15)

where xf = m�/Tf , Tf is the freeze-out temperature,
and for minicharged dark matter the annihilation cross
section to fermions is [34]

(�v) =
⇡↵

2
✏
2

m2
�

s

1�
m

2

f

m2
�

 
1 +

m
2

f

2m2
�

!
. (16)

We will ignore any dark-sector interactions, and for sim-
plicity, we will only consider annihilation into electron-
positron pairs. To obtain a simple estimate for this quan-
tity we further approximate xf to be a constant, as it only

2 Note that � annihilations into ��0, or Compton-like processes
(�� ! ��0) would be suppressed by a 2 factor, and at most
alter the constraints by a O(1) factor.

1802.10094 Munoz, Loeb
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FIG. 2. The abundance of a m� = 1 MeV millicharged par-
ticle with charge q� 2 {10�6e, 10�8.3, 10�10.1e}, evolved with
Eq. (3). For the q� = 10�6e case, the particle thermalizes at
around 100 GeV. Otherwise, it never reaches chemical equi-
librium, represented by Y eq

� . For the q� = 10�10.1e scenario
the abundance is set by freeze-in, and can achieve the same
relic abundance as freeze-out with q� = 10�6e. However such
charges are too small to produce the EDGES signal.

FIG. 3. The numerically calculated freeze-out abundances
⌦� of a Dirac fermion with mass m� = 1 MeV and charge
q� 2 {10�6e, 10�5e, 10�4e}. Its equilibrium abundance Y eq

�

is plotted for reference.

We conclude that in the region of interest, millicharged
particles reach chemical equilibrium and undergo freeze-
out.

III. RELIC ABUNDANCE

If no depletion branches exist, the number of mil-
licharged particles at freeze-out uniquely determines the
amount today. More specifically, as the coupling with the
thermal bath increases, the number of millicharged parti-

cles after freeze-out decreases, see Fig. 3, as the particles
are in chemical equilibrium for a longer period of time.
Neglecting the equilibrium term at freeze-out due to its
exponential decrease, and treating the thermal cross sec-
tion to be constant, we integrate Eq. (3) from the time
xf of freeze-out until today (which we take to be x = 1).
Note that the number of particles at the onset of freeze-
out is much larger than the sum total today, see Fig. 2,
and so its inverse can be neglected post-integration. The
present photon temperature Tcmb is much smaller than
the millicharged particle mass today, and so the popula-
tion of millicharged particles is non-relativistic. There-
fore, we convert the relic number of millicharged particles
Y�(x = 1) into an energy density by multiplying both
by its mass and the current entropy density. This multi-
plication leads us to express the energy density today in
units of the critical energy density as

⌦� =
⇡

9

xf

h�vi

✓
g⇢(m�)

10

◆1/2
gs(Tcmb)

gc(m�)

T
3
cmb

M
3
plH

2
0

, (6)

with H0 the Hubble constant today. This equation holds
for both Dirac fermions and complex scalars. Ref. [23]
reported this abundance must compromise a fraction be-
tween (m�/MeV) 0.0115% . f . 0.4% of the entire DM
content in order to both explain the EDGES 21-cm signal
and evade the CMB constraints on the model.
In Fig. 4 we plot the millicharged fraction f = ⌦�/⌦c,

with ⌦c the cold dark matter energy density in units
of the critical density. Overlaid on top are the aforemen-
tioned EDGES compatibility requirements. Since Eq. (6)
is linear in the onset of freeze-out we do not worry about
the exact timing of onset and take xf = 10.

FIG. 4. The dark-matter fraction f of millicharged particles
with mass m� and charge q� for Dirac fermions (DF). At fixed
mass, the abundance decreases with increasing charge. At
fixed charge the abundance minimizes at the electron mass
due to a peak in the cross section with electrons, and in-
creases on either side otherwise. The sudden jump at around
the electron mass is due to the assumed discrete change in
temperature after e± annihilation.
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Even after imposing the compatibility requirements,
there remains a nonzero amount of parameter space that
is still viable to explain the EDGES signal. In order to
constrain this remaining amount, we calculate the e↵ect
of an additional particle on the e↵ective number of rela-
tivistic degrees of freedom during recombination. To this
end, we use our earlier result that this region is in chem-
ical equilibrium. As a result, we can use the equations of
Ref. [17] that detail such an e↵ect for particles in chem-
ical equilibrium, only updating their calculations using
Planck 2018 parameters.

IV. Ne↵ BOUND

The addition of a new particle whose non-gravitational
interaction is solely electromagnetic and decoupling pe-
riod is during or after neutrino decoupling TD further en-
hances the photon temperature relative to the neutrino
temperature T⌫ due to entropy conservation. As a result,
the measured e↵ective number Ne↵ of relativistic degrees
of freedom at recombination is shifted downward. In the
context of n particles with masses and degrees of freedom
{mi, (g⇢)i}, i 2 {1, ..., n} and instantaneous neutrino de-
coupling, we use Eq. (10) of Ref. [17] to express Ne↵ as

Ne↵ = N⌫

"
1 +

7

22

nX

i=1

(g⇢)i
2

F

✓
mi

TD

◆#�4/3

,

F (x) ⌘ 30

7⇡4

Z 1

x
dy

(4y2 � x
2)
p
y2 � x2

ey ± 1
, (7)

with N⌫ the number of relativistic neutrinos at recombi-
nation, and the plus/minus for fermionic/bosonic statis-
tics. Realistically, the additional particle not only im-
poses changes in Ne↵ but also in the helium mass fraction
YP, due to interactions during big-bang nucleosynthesis
(BBN). Although we do not calculate this mass fraction
here, a proper treatment of constraining Ne↵ requires us
to use the joint analysis on both Ne↵ and YP from Planck
2018, which allowed both variables to vary freely. In this
analysis they inferred a conservative 95% confidence level
constraint on the e↵ective number of relativistic degrees
of freedomNe↵ = 2.97+0.58

�0.54 [24]. Since the e↵ect of an ad-
ditional particle is to lower Ne↵ , we consider the Planck
2018 lower bound when inferring the CMB limit.

In order to derive constraints on our millicharged par-
ticle ((g⇢)1 = 2 or 4), we plot in Fig. 5 both this lower
bound as well as Eq. (7), taking TD = 2.3 MeV and
N⌫ = 3.046. In addition, we show via the same plot
that it is possible to evade the Planck 2018 lower bound
constraint if the Universe has two extra neutrinos at the
time of recombination for a Dirac fermion (DF). Finally,
for reference we show the Planck 2018 upper bound on
Ne↵ .

Since any value of Ne↵ below the Planck value is ruled
out, we impose a lower bound on the millicharged parti-
cle mass at m� = 8.62 MeV. We show this bound, along

FIG. 5. The e↵ective number Ne↵ of relativistic degrees of
freedom as a function of the millicharged particle massm�, as-
suming N⌫ relativistic neutrinos at recombination for a Dirac
fermion (DF). The solid reddish brown line is the 95% confi-
dence level lower bound from Planck 2018. The dashed coun-
terpart is the resulting lower bound on the millicharged par-
ticle mass for N⌫ = 3.046.

with the most recent upper bound on the charge of the
millicharged particle from SLAC [15], in Fig. 6. Com-
bined with our prior relic abundance constraints, and
those of Ref. [23], the millicharged particle is completely
ruled out.

FIG. 6. The dark matter fraction f of millicharged particles
with mass m� and charge q� for Dirac fermions (DF). The
region between the dashed and solid red line is the range of
relic abundances that are compatible with CMB and EDGES
constraints. The region above the solid grey line is ruled out
due to SLAC measurements. Finally, the region to the left
of the reddish brown vertical line is ruled out due to Ne↵

constraints. The viable regions between the SLAC and relic
abundance regions have nonzero overlap, but this overlapped
region does not intersect with the region permitted by Ne↵ .

Neff

2

the cross section is two orders higher in q�. The rel-
evant quantity for the production of a population of
millicharged particles however is the thermally averaged
cross section h�vi =

P
↵h�↵

vi [25],

h�↵
vi = 1

8m4
�TK

2
2 (m�/T )

Z 1

4max(m�,m↵)
ds
p
s(s� 4m2

�)�
↵
K1(

p
s/T ), (2)

with T the photon temperature, and Ki(x) the modified
Bessel function of order i. We plot Eq. (2) in Fig. 1 after
summing over all charged Dirac fermions in the Standard
Model.

FIG. 1. The sum of thermal cross sections between all charged
Dirac fermions in the Standard Model and a millicharged par-
ticle with mass m� 2 {1 MeV, 10 MeV, 100 MeV} and charge
q� = 10�6e. For temperatures higher than the electron mass
this expression follows the expected Coulombic scaling rela-
tion x2 ⇠ T�2, while exponentially cutting o↵ at lower tem-
peratures. There is a period, however, below the millicharge
mass, where the thermal cross section is constant, though only
when the millicharge mass is larger than the electron mass.
The discrete jump is due to the change in particle content at
the QCD crossover.

Millicharged particles are created by the annihilation
of Dirac fermions and depleted by the inverse reaction.
The abundance n� of millicharged particles is thus gov-
erned by the Boltzmann equation

dY�

dx
= ��

⇥
Y

2
� � (Y eq

� )2
⇤
, (3)

written in terms of Y� = n�/s, and its equilibrium coun-
terpart Y

eq
� = (neq

� )/s. Here, � = sh�vi/(dx/dt) with
dx/dt = xs

p
3⇢/(Mplc) and Mpl is the reduced Planck

mass. In addition, ⇢ = (⇡2
/30)g⇢(T )T 4 is the energy

density, s = (2⇡2
/45)gs(T )T 3 the entropy density, and

c = T (ds/dT ) = (2⇡2
/15)gcT 3 the heat-capacity den-

sity [26]. We use the dimensionless inverse temperature
x = m�/T to track time, and the values from Ref. [27]

for gs, g⇢, and gc, where gi is the relativistic degrees of
freedom for the corresponding density i.
We now investigate if millicharged particles reach

chemical equilibrium by determining when pair produc-
tion is e�cient. That is, if the number of millicharged
particles dY� created in some fraction of a time dx/x is
greater than or equal to Y

eq
� , the chemical equilibrium

number, then this process is e�cient and chemical equi-
librium is reached instantaneously. Otherwise, chemical
equilibrium is not reached. Since the last particle in the
Standard Model to go non-relativistic is the electron, the
latest time (or lowest photon temperature) that chemical
equilibrium could be obtained is at Tmin ⇡ max(m�,me).
At smaller temperatures, either the equilibrium abun-
dance or the thermal cross section exponentially cuts o↵
and production of millicharged particles is suppressed.
For millicharged particle masses 0.1 . (m�/MeV) .

100, the minimum temperature is approximately the mil-
licharged particle mass, Tmin ⇡ m�, and the only relevant
thermal cross section is with electrons, h�vi ⇡ h�e

vi.
Therefore, as long as reheating, or any other particle-
production mechanism, produces a thermal bath contain-
ing at least photons and electrons at temperature T �
Tmin, it is possible to attain chemical equilibrium with
this bath. Moreover, at such a temperature the thermal
cross section simplifies as h�vi ⇡ h�e

vi ⇡ q
2
�e

2
/(16⇡2

T
2).

We then evaluate and rearrange the aforementioned con-
dition (dY�/d log x)/Y eq

� & 1. Assuming we have not

reached chemical equilibrium, Y
2
� ⌧

�
Y

eq
�

�2
, the tem-

perature of equilibration has an upper bound,

Teq . 100 GeV
⇣

q�

10�6e

⌘2
✓
gc(Teq)

gs(Teq)

◆✓
10

g⇢(Teq)

◆ 1
2

. (4)

Evaluating Eq. (4) at the minimum temperature Teq =
Tmin allows us to characterize equilibration only in terms
of the millicharged particle’s mass m� and charge q�,

q�

e
& 10�8.5

✓
g⇢(m�)

10

◆ 1
4
✓
gs(m�)

gc(m�)

◆ 1
2 ⇣ m�

1 MeV

⌘ 1
2
. (5)

It follows that an initial millicharged abundance of zero
will still reach chemical equilibrium within the allowed
region of masses and charges. In order to verify the
above conditions, we now perform a numerical check us-
ing Eq. (3), which involves all relevant Standard Model
particles.
First, we check that the equilibration time specified by

Eq. (4) is correct. Then, we check that the boundary
between equilibration and non-equilibration in Eq. (5) is
correct. Finally, we double check that in our region of
parameter space chemical equilibrium is achieved. How-
ever, we only check that this equilibration occurs for a
particle with the smallest permissible charge, as all other
points have higher production e�ciencies at Tmin. We
demonstrate all three checks in Fig. 2 and find they all
clear. Although it is not plotted, the same conclusion
holds for millicharged particles that are complex scalars.

1903.09154 Creque-Sarbinowski et. al.
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DARK NULEOSYNTHESIS
 When  , dark nucleosynthesis can begin
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HEATING VS HUBBLE
 Transfer cross-section: 

 Scattering rate with ambient baryons


 

 : negligible thermal contact with baryons
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In the regime where ṪD = 0, we can solve for the z

dependent fraction in blobs Fblob by setting Eqn. 11 to
0. We find for TD � ⇤D,

Fblob =Min

 
1, 2HTD ⇥

"
2

3

m�xe⇢b

(m� +mb)
2

�0

u
3

�,b

⇥
(r

2

⇡
(Tb � TD)

)#�1
1

A (12)

We can see that in the limit where Tb � TD, and when
interactions are strong enough, the quantity in square
brackets is much larger than Hubble cooling and hence
Fblob ! 0. This happens because in this limit, blobs that
form immediately break up into elementary charges. As
the disparity between Tb and TD shrinks, Fblob ! 1.

The time evolution of the baryon temperature obeys

Ṫb =� 2HTb +
2

3

mbxe⇢D

(m� +mb)
2

FblobfD

1 + fHe + xe

�0

u
3

�,b

⇥
(r

2

⇡
(TD � Tb)

)
+ �C(TCMB � Tb) (13)

where fHe ⌘ nHe/nH is the helium fraction and �C is the
Compton scattering rate.

The initial conditions we use are

Tb(z = 1000) = TCMB(z = 1000) ⇡ T
0

CMB
⇥ 1000

T
0

CMB
= 2.725 K

TD(z = 1000) = 0 K (14)

Setting the initial dark temperature to 0 K is not phys-
ical, but is accurate because the time evolution rapidly
adjusts the temperature to its correct value just below
z = 1000.

III. EXISTING LIMITS

As alluded to in the introduction, the constraints on
composite mCPs can be quite di↵erent from elementary
mCPs of the same charge. We elucidate further below.

Stellar bounds: For ⇤D ⌧ 1 keV, the relevant de-
grees of freedom in the interior of stars and supernovae
are the elementary mCPs, and their charge is restricted
to ✏f < 10�14 for small enough mf . The blobs are
never produced in stellar environments. However the
limit on the elementary charges translates to a limit on
blob charge:

✏� < 10�14
m�

⇤D
. (15)

BBN and CMB Ne↵ : As we have seen in the
previous section, when there is significant thermal

contact with baryons and Tb � ⇤D, Fblob ! 0 and
the relevant degrees of freedom are the elementary
charges before recombination. Thermal equilibrium with

the SM is reached only if [6, 19] ✏f & 10�8
� m�

10 K

� 1
2 .

This is more restrictive than stellar constraints only
when mf ⇡ ⇤D  1 µeV. Dark photons arising from
bremsstrahlung and mesons from dark fusion are pro-
duced at the temperature of the dark bath and hence do
not contribute appreciably to Ne↵ either.

CMB power spectrum: The e↵ect of mCP scatter-
ing on protons was investigated in [4], and constraints
from Planck 2015 data e↵ectively ruled out mCPs as a
solution to EDGES for fD > 0.4%. It is interesting to
note that since these limits only depend on the charge
to mass ratio ✏�

m�
, they apply equally to blobs as well as

elementary charges. However, it was found in [4] that
no limits exist for fD  0.4%, so we restrict ourselves to
smaller fractions.

IV. RESULTS

We now display results obtained by numerically solv-
ing the coupled di↵erential equations for time evolution.
We consider a benchmark blob mass m� = 1 MeV, and
charge ✏� = 4⇥ 10�6 and fD = 0.4%. We start by track-
ing Fblob(z) for di↵erent ⇤D in Fig. 1. For large z, heat
from the baryonic bath disintegrates the blobs rendering
Fblob ⌧ 1. For lower z, cooling due to Hubble expansion
begins to dominate, resulting in larger values of Fblob.
For the same z, we see that as ⇤D is reduced, a smaller
fraction of the dark bath exists in blobs as it is easier to
break them apart.
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FIG. 1. The evolution of the fraction of the dark millicharged
bath in blobs as a function of redshift is shown for di↵erent
⇤D, the dark confining scale. Smaller ⇤D leads to smaller
blob fractions.

In Fig. 2, the time evolution of the baryonic temper-
ature Tb and the dark temperature TD are shown for
di↵erent choices of ⇤D, the dark confining scale. The
CMB temperature TCMB and the baryon temperature Tb
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane for g0 = 0.1.
The results of this work are: the constraint on Ne↵ during BBN (dark blue) and on Ne↵ by Planck
(light blue). We have also improved the bounds from white dwarves (WD), red giants (RG) and
horizontal branch (HB) with respect to the originals by calculating the high mass behavior. The
remaining bounds are taken from elsewhere: LHC [23], DM [57], COLL [57], SLAC [58], OPOS [59],
TEX [96] and CMB [94, 95] (see also appendix C).

the MCP+HP Lagrangian extending the SM. In section 4 we describe the equations and
reactions ruling the evolution of the energy density of the hidden sector. In section 5 We
present the bounds coming from Ne↵ at the CMB epoch and explain di↵erent examples
of the thermal histories encountered in di↵erent regions of parameter space. In section 6
we focus on the constraints from BBN and in section 7 we present our conclusions. The
revision of the astrophysical bounds at high masses and the update on MCPs’ acoustic
oscillations is done in the appendix.

2 The model

In this article we extend the SM gauge group by an additional unbroken local U(1)
h
under

which all SM particles are singlets. We also add a massive hidden fermion charged under
the new U(1)

h
only. The additional terms to the SM Lagrangian then read

L = �
1

4
F

0
µ⌫F

0µ⌫ + f̄(i /D �mf )f �
�

2
Fµ⌫F

0µ⌫
, (2.1)

where F
0
µ⌫ , Fµ⌫ are the field strength tensor of the HP and SM photon, respectively, f

denotes the hidden fermion, mf its mass and � is the kinetic mixing parameter after
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CONSEQUENCES
 No direct Collider, Beam Dump, Stellar constraints


 Enlarged Parameter space for milli-charge DM
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FIG. 1. Schematic of the experimental concept. Dark matter
passing through an oscillating electric field is deflected, setting
up propagating waves of alternating dark matter millicharge,
⇢�, and millicurrent, j�, densities. Dark matter waves flow
unimpeded through an electromagnetic shield, creating small
electromagnetic fields that can be measured with a resonant
LC circuit inductively coupled to a magnetometer (not de-
picted) inside the shielded detector region.

is shown in Fig. 2.

Millicharged and Millicharge-like Dark Matter. To il-
lustrate our idea, we consider the scenario in which DM,
denoted by �, couples to standard electromagnetism with
an e↵ective charge qe↵ ⌧ 1. This is often referred to as
“millicharged” DM, and in its simplest incarnation re-
quires no new particles beyond the DM itself. A natural
way for such e↵ective models to arise is when the DM is
charged under a hidden sector gauge boson A

0
µ (a “dark

photon”) that kinetically mixes with the SM photon [6],

L �
✏

2
Fµ⌫ F

0µ⌫ +
1

2
m

2
A0 A

02
µ , (1)

where mA0 is the dark photon mass and the dimensionless
coupling, ✏ ⌧ 1, controls the strength of kinetic mixing.
DM coupled to a massless dark photon (mA0 = 0) induces
an e↵ective millicharge

qe↵ = ✏ e
0
/e , (2)

in addition to DM self-interactions controlled by e
0,

where e is the SM electric charge and e
0 is the dark

photon gauge coupling. For non-zero mA0 , DM interac-
tions with SM matter are millicharge-like over distance
scales . m

�1
A0 and exponentially screened at larger dis-

tances. We consider an experimental apparatus local-
ized to O(meter)-scale distances, for which mA0 = 0 and
mA0 . meter�1

⇠ 10�7 eV are qualitatively indistin-
guishable. We focus on the massless case for simplicity
and discuss finite-mass corrections in the Supplementary
Material.

Sensitivity to this range of mediator masses is well
matched to models of sub-MeV DM production in the
early universe. The primary benchmark model for
production of sub-MeV DM is the “freeze-in” [2] of
a DM abundance from the annihilations of thermal
electrons [14–16] (and a related reaction, plasmon de-
cay [17]). These reactions generate a DM abundance
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FIG. 2. The anticipated reach to millicharged dark mat-
ter in the qe↵ � m� plane for various experimental con-
figurations of our setup at 90% C.L., compared to exist-
ing constraints (shaded gray). In all cases, we assume a
year of integration time, a spatially-averaged field-strength
of hEdefi = 10 kV/cm, and ! = 100 kHz. The green line cor-
responds to the projected reach of a detector optimized for
detection of magnetic fields, such as the DM Radio experi-
ment [7]. The reach of dedicated LC resonators optimized for
detecting electric fields is also shown. The lines labelled “E-
field (I-III)” correspond to various deflector/shield volumes,
LC circuit temperatures, and quality factors as indicated in
the legend. Also shown are the direct detection sensitivities
of 1-year exposures for the near-term planned experiments
SENSEI (100 g) (purple) [8, 9] and SuperCDMS-G2 (1 kg)
(yellow) [1], assuming zero background. Longer-term R&D
on direct detection concepts with meV-scale energy thresh-
olds (such as detectors using superconductors [10], Dirac ma-
terials [11], or polar crystals [12, 13] as targets) could extend
direct detection sensitivity to keV-scale DM masses. Along
the solid blue line, the millicharge abundance from freeze-in
production in the early universe is in agreement with the ob-
served dark matter energy density.

consistent with observations for couplings of size
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where me is the electron mass, mPl is the Planck mass,
and Teq ' 0.8 eV is the temperature at matter-radiation
equality [17]. In order to remain consistent with other
constraints, realizing this scenario for sub-MeV dark pho-
ton mediators requires mA0 . 10�9 eV [16, 17]. There-
fore, viable freeze-in models for sub-MeV DM lie firmly
in the millicharge-like regime for the class of experiments
we consider.1

1 It has been argued that millicharged DM may be evacuated from
the galactic disk by supernova shocks [18, 19] (but see, e.g.,
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Millicharged and Millicharge-like Dark Matter. To il-
lustrate our idea, we consider the scenario in which DM,
denoted by �, couples to standard electromagnetism with
an e↵ective charge qe↵ ⌧ 1. This is often referred to as
“millicharged” DM, and in its simplest incarnation re-
quires no new particles beyond the DM itself. A natural
way for such e↵ective models to arise is when the DM is
charged under a hidden sector gauge boson A
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µ (a “dark

photon”) that kinetically mixes with the SM photon [6],
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coupling, ✏ ⌧ 1, controls the strength of kinetic mixing.
DM coupled to a massless dark photon (mA0 = 0) induces
an e↵ective millicharge

qe↵ = ✏ e
0
/e , (2)

in addition to DM self-interactions controlled by e
0,

where e is the SM electric charge and e
0 is the dark

photon gauge coupling. For non-zero mA0 , DM interac-
tions with SM matter are millicharge-like over distance
scales . m
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A0 and exponentially screened at larger dis-

tances. We consider an experimental apparatus local-
ized to O(meter)-scale distances, for which mA0 = 0 and
mA0 . meter�1

⇠ 10�7 eV are qualitatively indistin-
guishable. We focus on the massless case for simplicity
and discuss finite-mass corrections in the Supplementary
Material.

Sensitivity to this range of mediator masses is well
matched to models of sub-MeV DM production in the
early universe. The primary benchmark model for
production of sub-MeV DM is the “freeze-in” [2] of
a DM abundance from the annihilations of thermal
electrons [14–16] (and a related reaction, plasmon de-
cay [17]). These reactions generate a DM abundance
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ter in the qe↵ � m� plane for various experimental con-
figurations of our setup at 90% C.L., compared to exist-
ing constraints (shaded gray). In all cases, we assume a
year of integration time, a spatially-averaged field-strength
of hEdefi = 10 kV/cm, and ! = 100 kHz. The green line cor-
responds to the projected reach of a detector optimized for
detection of magnetic fields, such as the DM Radio experi-
ment [7]. The reach of dedicated LC resonators optimized for
detecting electric fields is also shown. The lines labelled “E-
field (I-III)” correspond to various deflector/shield volumes,
LC circuit temperatures, and quality factors as indicated in
the legend. Also shown are the direct detection sensitivities
of 1-year exposures for the near-term planned experiments
SENSEI (100 g) (purple) [8, 9] and SuperCDMS-G2 (1 kg)
(yellow) [1], assuming zero background. Longer-term R&D
on direct detection concepts with meV-scale energy thresh-
olds (such as detectors using superconductors [10], Dirac ma-
terials [11], or polar crystals [12, 13] as targets) could extend
direct detection sensitivity to keV-scale DM masses. Along
the solid blue line, the millicharge abundance from freeze-in
production in the early universe is in agreement with the ob-
served dark matter energy density.
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where me is the electron mass, mPl is the Planck mass,
and Teq ' 0.8 eV is the temperature at matter-radiation
equality [17]. In order to remain consistent with other
constraints, realizing this scenario for sub-MeV dark pho-
ton mediators requires mA0 . 10�9 eV [16, 17]. There-
fore, viable freeze-in models for sub-MeV DM lie firmly
in the millicharge-like regime for the class of experiments
we consider.1

1 It has been argued that millicharged DM may be evacuated from
the galactic disk by supernova shocks [18, 19] (but see, e.g.,
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SUMMARY
 Exciting anomaly in 21cm physics


 Elementary mCPs solve anomaly but in severe tension with cosmology


 mCP nuclei of similar charge and mass evade most constraints and explain EDGES


 “Thermostat” phase around 

 Expanded parameter space for viable DM albeit at low momentum

TD ≈ ΛD


