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The 21cm line of atomic hydrogen
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21-cm radio signal

» First observations from galactic HI in 1951.

* First observations at the cosmological scales -
Bowman et al (EDGES) Nature Letters 555 (2018) 67

* Dark matter interpretation -Barkana, Nature 555 (2018)
71



Spin temperature is defined by the ratio
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Detailed balance equation for HI number density in J=0 and
J=1 states

g (001 + Po1 + AOIN'y) = Ny (Clo + Pyo + AIO(I T Nv))

(Gas collisions

CMB photon absorption

UV -photons from early stars



Transitions rates caused by collisions with gas (mainly HI)

T.
Cor = L Cho e T+/Tk ~ 3Cho (1 )
9o Tk

Transitions caused by UV-photons (Wouthuysen-Field effect)
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Einstein emission and absorbtion coefficients

Ao = 1 A0 = 3 Ao
go

N, = (/T —1)"! ~ T, /T,.

(27)° a v,
3m?

A = — 2.869 x 10719 ¢!

Rate of spin transitions induced by CMB photons
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Putting all this in the detailed balance equation
ng (Cor + Po1 + A Ny) = n1 (Cro + Pio + Aw(1+ N5))

Lower gas temperature
to lower spin temperature
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21-cm brightness temperature
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First 21-cm observation , Bowman et al , Nature 2018
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ToM(z =17) 2 —220 mK
TEPCES (3 ~ 17) = —5007209 mK
Predicted spin temperature T5(z = 17) > 6.8 K

Spin temperature implied by EDGES
Ty(z=17) = 3267128 K

Barkana et al 1803.03091



Three ways of explaining excess dip observed by
EDGES

* |nteraction of protons with CDM to lower gas
femperature.

 (Generate excess CMB at ~ 79 MHz by axion-
photon conversion, axion decay, dark photon
mixing etc.

e Lower spin temperature by spin flip interactions.
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Pospelov, Pradler, Ruderman, Urbano (2018)
Resonant conversion of dark photons to 21-cm photons.
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CMB spectrum not well tested at 85 MHz region
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Pospelov et al (2018)

* Light DM a, decaying to two dark photons via an ALP coupling:

1 o Mi o @
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* Dark photon mixes with EM via “familiar’ kinetic mixing
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QCD Axions

AXIOon mass
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HI spin flip by resonant axion emission into axion BE
Lambiase & SM (2018)

Axion-electron coupling

Sikivie (2014)

First term can cause spin flip by axion emission/absorbtion
by electron or proton in HI



Auriol, Davidson, Raffelt 1808.09456

e Axion coupling too weak to give observable eftect.

e Spin flip process raises spin temperature not
lowers it.



Spin temperature from spin flip
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If {J=0M=0}+{J=1,M=0,+1} are in equilibrium

n1 =3ng theretore T, — oo

True for photon mediated transitions



However ...tor axion mediated spin flips

fc_e<f= 1,M = 0,+1|pg '§e|J= 0,M = 0)
a

b
2’
(J=1,M = +1|5¢|J = 0,M = 0) = 0.

(J=1,M =0|S¢|J = 0,M = 0) =

J=0 state connects to only one of the J=1 states



It axion spin flip Is the most dominant process

ny/ng =1
and the spin temperature goes towards

T, = T, (In[1/3])~! = 0.062K

We need T, ~1.68 K

Taking into account all processes (including axions)

S T, T. , 2
AIO -+ CIOT; +P10ﬁ -+ §Fl%



Transition by axion emission/absorption

Transition amplitude
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Numerical value
— -27 2 3 -2
[[,=6.2x10 gsPigNp GeV
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- 10—46
l“laO ~ 10 eV.

Rate for photon induced transitions

I 1
Y = A1oNy = AloT—7 =1.36 x 1072/ (Z+ ) eV
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We need effects first order in  fa ...coherent spin flip

Jaynes-Cummings model
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Spin-oscillations in axionic bath
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Axion induced transition frequency
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1-0 transition amplitude by axion emission
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Transition probability

) _ ,
P2 (1) = Q sin \/(E —~E ) +Q? ¢
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Taking into account decoherence due to photon process

P = fo dte””" P{, (1)
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Eig = E, = /m2 +p2 for any m,



Axion Induced transition rate

1/2
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Number of thermal axions at z=17

n, = 0.45 x 10 %eV?



Rate for photon induced transitions

T 1
Y —1.36 x 102 (“ ) eV

— ~ A
Y = A1oNy 107 T

Axion process competitive with the photon process!



Thank You



Axion mass depends upon the temperature

In the low temperature regime the axion mass can be approximated by

1+0.507T/A
m; f2 = 1.46 107°A* —, 0 < T/A < 1.125,
1+ (3.53T/A)
104 E A = 400 MeV
s 3 Dilute gas behaviour,
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Olivier Wantz, E.P.S. Shellard  arXiv:0910.1066



It ma(T) = Fig at 1T <1leV

Mixing angle
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