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Brief history of dark ages

Compton  
scattering  
inefficient

1000 500 200 100 50 20 15

1 2 5 10 20 50 100 200

2

5

10

20

50

100

1000

Redshift z

Te
m
pe
ra
tu
re

[K
el
vi
n]

Time [million years]

Dark Ages

R
ec
om
bi
na
tio
n

C
os
m
ic
D
aw
n

Tγ
Tg

T
g ⇠

(1 +
z) 2

T� ⇠ (1 + z)

X-rays  heat  
and ionize hydrogen



Wouthuysen*-Field Effect
S.R. Furlanetto et al. / Physics Reports 433 (2006) 181 – 301 199

Fig. 3. Level diagram illustrating the Wouthuysen–Field effect. We show the hyperfine splittings of the 1S and 2P levels. The solid lines label
transitions that mix the ground state hyperfine levels, while the dashed lines label complementary transitions that do not participate in mixing.
From [130].

excited to the triplet state (requiring significantly more energy than the cold neutral IGM can provide; see [111] for
a detailed discussion). Ionized helium avoids this problem and may be significant in partially ionized gas (though the
accompanying free electrons will still dominate because of their larger velocities). To our knowledge, these rates have
not yet been calculated.

Finally, we have collisions with trace elements. Spin exchange cross sections in H–D collisions have been evaluated by
[120] (see Section 2.6).Although they are much larger than the corresponding H–H cross sections at small temperatures,
their rarity means that they still have no significant effect on TS .

2.3. The Wouthuysen–Field effect

A less obvious coupling process has become known as the Wouthuysen–Field mechanism9 [66,67]. It is illustrated
in Fig. 3, where we have drawn the hyperfine sublevels of the 1S and 2P states of HI. Suppose a hydrogen atom in the
hyperfine singlet state absorbs a Ly! photon. The electric dipole selection rules allow !F =0, 1 except that F =0 → 0
is prohibited (here F is the total angular momentum of the atom). Thus the atom will jump to either of the central
2P states. However, these rules allow this state to decay to the 1S1/2 triplet level.10 Thus atoms can change hyperfine
states through the absorption and spontaneous re-emission of a Ly! photon (or indeed any Lyman-series photon; see
Section 2.4 below). This is analogous to the well-known “Raman scattering” process, which often determines the level
populations of metastable atomic states, except that in this case the atom undergoes a real (rather than virtual) transition
to the 2P state.

2.3.1. An approximate treatment
We begin with a relatively simple and intuitive treatment of this process. Reality is considerably more complicated;

we discuss more precise calculations in Section 2.3.3 below. The Wouthuysen–Field coupling must depend on the total
rate (per atom) at which Ly! photons are scattered within the gas,

P! = 4"#!

!
d$ J$($)%!($), (37)

9 As a guide to the English-speaking reader, “Wouthuysen” is pronounced as roughly “Vowt-how-sen,” although in reality the “uy” construction
is a diphthong with no precise counterpart in English.

10 Here we use the notation F LJ , where L and J are the orbital and total angular momentum of the electron.

Wouthuysen (1952)
Field (1958)

*vowt-how-sen

from Pritchard & Furlanetto (2006)

Physics of 21 cm absorption
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(a) (b)

FIG. 3: Temperatures vs redshift for standard parameters. All curves include the baseline Compton heating, which
is negligible at these redshifts. Left panel: The red (black) dotted, dashed-dotted, dashed, and solid curves show the
kinetic (spin) temperatures with no heating, only Lyman-↵ heating, only CMB heating, and both Lyman-↵ and

CMB heating, respectively. Right panel: Di↵erential brightness temperature against the CMB, �Tb.

realized in the early universe, but rather as illustrations
of the size of the CMB heating e↵ect.

Figure 3 shows the evolution of temperatures for
our toy Lyman-↵ flux model, computed by integrating
Eq. (18). All the curves include the baseline Compton
heating (the e�ciency EComp in Eq. (18)), which is small
at the redshift ranges shown. The dotted-dashed and
dashed curves show results with only pure Lyman-↵ heat-
ing (i.e., Eq. (10)) turned on and only CMB heating (i.e.,
Eq. (17)) turned on, respectively, while the solid curves
show results with all the sources of heating turned on.
Figure 3a shows the kinetic (Tk) and spin (Ts) temper-
atures, while Fig. 3b shows the brightness temperatures
against the CMB (�Tb) calculated using Eq. (15).

For our toy Lyman-↵ flux model, and without any ad-
ditional heating, the kinetic and brightness temperatures
at z = 17 (15) are Tk = 7K (5.6K) and �Tb = �0.18K
(�0.2K). The CMB heating alone makes a ' 8.6%
(' 15%) correction to both Tk and �Tb at z = 17 (15).
In comparison, Lyman-↵ heating alone makes a ' 1.3%
(' 5%) correction to both Tk and �Tb at z = 17 (15).

We have neglected X-ray heating, which is expected to
be important after the formation of the first sources (see,
e.g., Ref. [4] and CJ04). The amount of X-ray heating is
highly uncertain; in several astrophysical scenarios con-
sidered in the literature (see, e.g., Ref. [14]), X-ray heat-
ing would dominate all the sources of heating considered
in this paper. Hence the calculations in this paper should
be important only in the absence of any significant X-ray
heating.

B. Non-standard temperature evolution

Several recent papers have explored modifications to
the standard temperature evolution to explain the large
amplitude of the absorption dip reported by EDGES [15–
17, 31–34]. In the limit of low values of the 21–cm op-
tical depth ⌧21, the brightness temperature as given by
Eq. (15) depends on the temperatures only through the
combination (1�T�/Ts). In standard ⇤CDM cosmology,
at this redshift, the temperatures satisfy T� > Ts > Tk.
Modifications that increase the size of the dip do so by
either reducing Tk (and hence Ts) [15, 31–34], or increas-
ing T� [16, 17] (note that T� here is the Rayleigh-Jeans
brightness temperature on the blue side of the 21–cm
line, and not necessarily the blackbody temperature of
the CMB).
We will illustrate the e↵ect of CMB heating within

both kinds of scenarios. In each case, we use the same
model for the Lyman-↵ flux as was used in Sec. IVA.
We use these examples to demonstrate the importance
of CMB heating in non-standard thermal histories.
The first test case is the milli-charged dark matter

model, in which a fraction of the DM has a small e↵ective
electric charge and interacts with the ionized part of the
baryons. In this model, the interaction cross section be-
tween the DM and a charged target t is �t = �0,t(vt/c)�4.
This model is already severely constrained by a number
of astrophysical and laboratory experiments; current es-
timates that include the EDGES results as a constraint
(but do not include CMB heating, nor any models for the
Lyman-↵ flux) allow for a charged fraction of fDM ⇠ 1%
for DM particle masses in the range 10�80 MeV [31–33].
The additional cooling depends on the bulk relative

 Δ Tb

Since Tg≤Ts≤Tγ, 
2 ways to enhance 
 absorption signal: 

1. Increase Tγ(17) 
2. Decrease Tg(17)
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• One option is to inject more photons corresponding to 
21cm wavelength around cosmic dawn, e.g from new 
particle decay or from dark photon oscillations


• Another option for enhancing the 21cm absorption signal is 
to decrease temperature of the hydrogen gas at the cosmic 
dawn with respect to the standard scenario


• I know of two ways of achieving the latter


• One is through interactions between hydrogen and another 
colder fluid, which could be part or all of dark matter


• The other is by arranging for an earlier decoupling of gas 
from the CMB

BSM explanations of strong absorption
see e.g 
Pospelov et al  
1803.07048

Fraser et al  
1803.03245

see e.g 
Barkana,  
Nature 555

Berlin et al 
1803.02804

Barkana et al  
1803.03091

ⒶⒶ, Petraki 
1803.10096
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• Hydrogen gas decouples from the CMB at around z~150, after 
which its temperature decreases adiabatically as (1+z)^2, as 
opposed to the (1+z) evolution of the CMB temperature


• In the standard scenario, Tg is already 7 times smaller than Tγ 
around the cosmic dawn


• If the decoupling occurs earlier, the gas will be correspondingly 
colder at the cosmic dawn 


• What keeps equilibrium for z≽150 is Compton scattering on the 
free electron fraction

free electron 
fraction

Thomson 
cross section

xe ⌘
ne

nH + np

(1 + z)
@Tg

@z
=2Tg � �C(T� � Tg)

�C ⌘
8⇡2�TT

4
�

45Hme

xe

1 + fHe + xe

helium fraction

Colder gas from earlier Compton decoupling



• Clearly, gas-CMB coupling through Compton scattering would be  
weaker if free electron fraction was suppressed


• In standard scenario, xe is fully fixed by complex but perfectly 
understood physics of hydrogen recombination


• It’s easy for new physics to increase xe, e.g. via dark matter 
annihilation. However, decreasing is more tricky 


• However, if there is a mismatch between proton and electron, 
numbers in the universe, such that ne < np,  then during dark ages 
xe can be reduced

(1 + z)
@Tg

@z
=2Tg � �C(T� � Tg)
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8⇡2�TT

4
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45Hme
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@z
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↵B(Tg)

nB
1+fHe

xexp � �B(T�)e�E12/T� (1� xp)

H(z)(1 + z)

⇥
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Colder gas from earlier Compton decoupling



 Charge sequestration
• We postulate that there is a mismatch between proton and 

electron numbers in the universe, such that ne < np 


• If that was the whole story, the universe overall would not be 
charge neutral, which would be a disaster 


• Thus we need to introduce another stable particle with 
negative charge, and non-zero abundance in the universe, 
such that on the whole the universe is charge neutral 


• For this talk I will not discuss the identity of the particle X, but 
just parameterize the relevant phenomenology by its mass mX 
, charge εX, and relative abundance  rX with respect to baryon. 
A priori, X can be all of dark matter or small fraction thereof  


• Charge neutrality of the universe imposes the relation

QX = �✏X

rX ⌘ nX

nH + np

=
nX

nB
(1 + fHe)

21cm absorption signal from charge sequestration
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The unexpectedly strong 21cm absorption signal detected by the EDGES experiment suggests
that the baryonic gas was colder at redshift z ⇠ 17 than predicted in the standard scenario. We
discuss a mechanism to lower the baryon temperature after recombination. We introduce a stable,
negatively-charged particle with a non-negligible cosmological abundance, such that the universe
remains charge-neutral but the electron and proton numbers are no longer equal. The deficit of
electrons during recombination results in an earlier decoupling of the baryon gas temperature from
that of the cosmic microwave background (CMB). This implies a smaller ratio of the gas and CMB
temperature at z ⇠ 17. The parameter space of the mechanism where the 21 cm absorption signal
is significantly enhanced is probed by the CMB spectrum, cooling of stars and supernovae, and
colliders. Nevertheless, we find viable regions corresponding to sub-eV or MeV-scale milli-charged
particles, or to TeV-scale multi-charged particles.

Introduction. The EDGES observation of the 21cm
absorption signal [1] opens a new window on the early
universe, during the so-called dark ages and cosmic dawn
epochs, allowing us to test the standard ⇤CDM scenario
and place novel constraints on hypothetical particles and
interactions beyond the Standard Model (SM). The am-
plitude of the signal is described by the formula [2, 3]

T21[K] ⇡ 0.035

✓
1� T�(z)

Ts(z)

◆r
1 + z

18
, (1)

where T� is the temperature of the CMB radiation, Ts

is the spin temperature of the hydrogen gas describing
the relative occupation number of the singlet and triplet
states, and we used ⌦b = 0.0449, ⌦m = 0.3156 [4].
One expects that, during the relevant epoch, the spin
temperature is coupled to the kinetic gas temperature:
T� � Ts & Tg for z 2 [15, 20]. The standard ⇤CDM
scenario predicts T�(17) ⇡ 49 K, Tg(17) ⇡ 6.8 K [5],
which implies T21 & �0.2 K. On the other hand, EDGES
finds T21 ⇡ �0.5+0.2

�0.5 K, where the quoted uncertainty is
99% CL, which corresponds to a 3.8 � deviation from the
⇤CDM prediction.

From Eq. (1) it is apparent that the absorption signal
observed can be enhanced either by modifying the CMB
spectrum [6, 7] or by decreasing the baryon gas tempera-
ture at z ⇠ 17. The latter can be achieved in the presence
of interactions between baryons and dark matter (DM)
[8, 9], however concrete realization of that idea run into
severe observational constraints [10–13]. In this letter we
pursue a di↵erent path to cooling the baryon gas during
the dark ages. In the standard scenario, the baryon tem-
perature decouples from that of the CMB around z ⇠ 200
because the Compton scattering rate of CMB photons on

⇤
adam.falkowski@th.u-psud.fr

†
kpetraki@lpthe.jussieu.fr

free electrons falls below the critical value. After the de-
coupling, the baryon gas cools faster with the decreasing
redshift, as Tg / (1+z)2, compared to T� / (1+z). The
Compton scattering rate is proportional to the electron
ionization fraction xe. Therefore, when xe is decreased

compared to the standard evolution, the decoupling oc-
curs earlier, and baryons are colder at the cosmic dawn.

In the standard scenario the number densities ne, np

of free electrons and protons are equal at all times, en-
suring the charge neutrality of the universe. We propose
that there exists another stable particle with a negative
electric charge and with a non-negligible abundance (at
least) around the time of recombination. Denoting our
particle as X, and its electric charge �✏X , the charge
neutrality condition becomes:

xp = xe + ✏XrX , (2)

where xp ⌘ np/nB , xe ⌘ ne/nB , rX ⌘ nX/nB (more
generally, rX = (nX � nX̄)/nB), and nB is the baryon
number density. The presence of the new charged com-
ponent a↵ects the ionization history. We will show that
✏XrX & 10�4 leads to a significant suppression of xe after
recombination. This, in turn, implies an earlier decou-
pling of the gas from the CMB photons, a smaller value
of Tg at the cosmic dawn, and thus a stronger 21 cm
absorption signal.

Ionization fraction and gas temperature. We
study the ionization history in a universe where ne 6= np

using the 3-level atom model [14–16]. In this approxima-
tion, recombination of hydrogen proceeds through the
2S and 2P levels, while higher excited levels are ignored.
Furthermore, one assumes most of the baryons are in
the form of protons and ground-state hydrogen atoms,
nB ⇡ np + nH ⇡ np + n1S , while helium and heavier
elements are ignored. Finally, we assume the CMB is
not a↵ected by new physics, thus T�(z) = T0(1 + z),
T0 = 2.725 K. Adapted to our case, the evolution equa-
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• Our scenario predicts smaller electron fraction 
and larger proton fraction during the dark ages 


• For εX rX << 1, recombination history is pretty 
standard at redshifts z ~ 1000

Decreasing Tg by sequestration ⒶⒶ, Petraki 
1803.10096

21cm absorption signal from charge sequestration
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The unexpectedly strong 21cm absorption signal detected by the EDGES experiment suggests
that the baryonic gas was colder at redshift z ⇠ 17 than predicted in the standard scenario. We
discuss a mechanism to lower the baryon temperature after recombination. We introduce a stable,
negatively-charged particle with a non-negligible cosmological abundance, such that the universe
remains charge-neutral but the electron and proton numbers are no longer equal. The deficit of
electrons during recombination results in an earlier decoupling of the baryon gas temperature from
that of the cosmic microwave background (CMB). This implies a smaller ratio of the gas and CMB
temperature at z ⇠ 17. The parameter space of the mechanism where the 21 cm absorption signal
is significantly enhanced is probed by the CMB spectrum, cooling of stars and supernovae, and
colliders. Nevertheless, we find viable regions corresponding to sub-eV or MeV-scale milli-charged
particles, or to TeV-scale multi-charged particles.

Introduction. The EDGES observation of the 21cm
absorption signal [1] opens a new window on the early
universe, during the so-called dark ages and cosmic dawn
epochs, allowing us to test the standard ⇤CDM scenario
and place novel constraints on hypothetical particles and
interactions beyond the Standard Model (SM). The am-
plitude of the signal is described by the formula [2, 3]

T21[K] ⇡ 0.035

✓
1� T�(z)

Ts(z)

◆r
1 + z

18
, (1)

where T� is the temperature of the CMB radiation, Ts

is the spin temperature of the hydrogen gas describing
the relative occupation number of the singlet and triplet
states, and we used ⌦b = 0.0449, ⌦m = 0.3156 [4].
One expects that, during the relevant epoch, the spin
temperature is coupled to the kinetic gas temperature:
T� � Ts & Tg for z 2 [15, 20]. The standard ⇤CDM
scenario predicts T�(17) ⇡ 49 K, Tg(17) ⇡ 6.8 K [5],
which implies T21 & �0.2 K. On the other hand, EDGES
finds T21 ⇡ �0.5+0.2

�0.5 K, where the quoted uncertainty is
99% CL, which corresponds to a 3.8 � deviation from the
⇤CDM prediction.

From Eq. (1) it is apparent that the absorption signal
observed can be enhanced either by modifying the CMB
spectrum [6, 7] or by decreasing the baryon gas tempera-
ture at z ⇠ 17. The latter can be achieved in the presence
of interactions between baryons and dark matter (DM)
[8, 9], however concrete realization of that idea run into
severe observational constraints [10–13]. In this letter we
pursue a di↵erent path to cooling the baryon gas during
the dark ages. In the standard scenario, the baryon tem-
perature decouples from that of the CMB around z ⇠ 200
because the Compton scattering rate of CMB photons on
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free electrons falls below the critical value. After the de-
coupling, the baryon gas cools faster with the decreasing
redshift, as Tg / (1+z)2, compared to T� / (1+z). The
Compton scattering rate is proportional to the electron
ionization fraction xe. Therefore, when xe is decreased

compared to the standard evolution, the decoupling oc-
curs earlier, and baryons are colder at the cosmic dawn.

In the standard scenario the number densities ne, np

of free electrons and protons are equal at all times, en-
suring the charge neutrality of the universe. We propose
that there exists another stable particle with a negative
electric charge and with a non-negligible abundance (at
least) around the time of recombination. Denoting our
particle as X, and its electric charge �✏X , the charge
neutrality condition becomes:

xp = xe + ✏XrX , (2)

where xp ⌘ np/nB , xe ⌘ ne/nB , rX ⌘ nX/nB (more
generally, rX = (nX � nX̄)/nB), and nB is the baryon
number density. The presence of the new charged com-
ponent a↵ects the ionization history. We will show that
✏XrX & 10�4 leads to a significant suppression of xe after
recombination. This, in turn, implies an earlier decou-
pling of the gas from the CMB photons, a smaller value
of Tg at the cosmic dawn, and thus a stronger 21 cm
absorption signal.

Ionization fraction and gas temperature. We
study the ionization history in a universe where ne 6= np

using the 3-level atom model [14–16]. In this approxima-
tion, recombination of hydrogen proceeds through the
2S and 2P levels, while higher excited levels are ignored.
Furthermore, one assumes most of the baryons are in
the form of protons and ground-state hydrogen atoms,
nB ⇡ np + nH ⇡ np + n1S , while helium and heavier
elements are ignored. Finally, we assume the CMB is
not a↵ected by new physics, thus T�(z) = T0(1 + z),
T0 = 2.725 K. Adapted to our case, the evolution equa-
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Decreasing Tg by sequestration
More charge asymmetry

Smaller electron fraction

Earlier gas-CMB decoupling

Colder gas at cosmic dawn

Stronger 21cm absorption
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✏XrX xe(17) xp(17) Tg(17) [K] T�(17)/Tg(17)
0 1.5⇥ 10�4 1.5⇥ 10�4 7.5 6.6

10�5 1.4⇥ 10�4 1.5⇥ 10�4 7.5 6.6
10�4 1.0⇥ 10�4 2.0⇥ 10�4 7.0 7.0

3⇥ 10�4 3.9⇥ 10�5 3.4⇥ 10�4 6.4 7.7
5⇥ 10�4 1.1⇥ 10�5 5.1⇥ 10�4 5.8 8.5
10�3 2.1⇥ 10�7 1.0⇥ 10�3 5.1 9.7

Table 2: Free electron and proton fractions and the gas temperature at
z = 17 as functions of the milli-charge contamination parametrized by qXrX .
For qXrX = 0 I should compare to the standard result Tg(17) = 6.8 K, which
means my numerics is o↵ by 10% from the fully monty calculation beyond
the Peebles model.

2 Millicharge realization

2.1 Basics

The energy density of X normalized to the critical one can be expressed as

⌦X = ⌦brX
mX

mp

(2.1)

The fraction of dark matter in the universe made my X can be recast as

fX ⌘ ⌦X

⌦DM

= rX
mX

mp

⌦b

⌦DM

⇡
✓

✏XrX
3⇥ 10�4

◆✓
3⇥ 10�6

✏X

◆⇣ mX

50MeV

⌘
. (2.2)

Obviously, we need fX  1. Since ✏XrX is roughly fixed, to decrease fX
we need either to increase ✏X or decrease mX , in both case making dark
matter more strongly interacting with protons. Thus, it is easiest to pass the
constraints for fX = 1.

2.2 Annihilation and scattering

The symmetric component can annihilate via an s-channel photon into elec-
trons, or in the t-channel into two photons:

h�viXX̄!e+e� ⇡ ✏2Xe
4

32⇡m2
X

=
⇡↵2✏2X
2m2

X

,

h�viXX̄!�� ⇡ ✏4Xe
4

32⇡m2
X

. (2.3)

7

Compton and CMB heating included 
Lyman-α and X-ray heating not included



Decreasing Tg by sequestration

500 100 50 40 30 20 15

-0.4

-0.3

-0.2

-0.1

0.0

Redshift z

ΔT
b
[K
]

ϵX rX=0
ϵX rX=3⨯10-4

ϵX rX=10-3
EDGES 99% CL EDGES signal  

explained for  
εX rX  ≽ 3×10^-4

Early 21cm  
absorption dip 
also enhanced 

�Tb ⇡ 0.04 K⇥
✓
1� T�(z)

Ts(z)

◆r
1 + z

18

Ts evolution takes into account collisional and radiative transitions 
Fields-Wouthuysen effect crudely modeled as sudden drop of Ts from Tγ to Tg at z=20 
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Even more constrained parameter space if one insists 
 to reproduce the central value of EDGES measurement

Parameter space for X



Parameter space for X
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• Global absorption signal, also the early one, similar to 
cooling-by-DM  scenario (what about anisotropies?)


• Distortion of CMB?  But effects due to suppressed 
electron fraction estimated to be unobservable


• Plasma screening effects on photon propagation in the 
galaxy? But plasma frequency below 1Hz and small 
optical depth if X is subleading


• Modified chemical history of the universe? 

Smoking gun?



Molecular hydrogen

Effect of charge sequestration on  
production of molecular hydrogen 
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Cosmological baryon density

H + p → H+
2 + γ

H + H+
2 → H2 + p

H + e → H−
2 + γ

H + H− → H2 + e

H2 production via proton-initiated reaction chain  (more relevant at cosmological density) 
may be enhanced by order of magnitude

H2 production via electron-initiated reaction chain  (more relevant in high density clouds) 
may be suppressed by orders of magnitude



• New window on the early Universe has just opened


• If the EDGES observation of the unexpectedly strong 21cm 
absorption is confirmed, we will  have a strong hint of 
departure from the standard cosmological model 


• Several (but not too many) models already constructed to 
explain the EDGES signal strength. Charge sequestration is 
one open possibility.

Take-away


