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Hydrogen atom
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Spin of proton and electron
Is ignored

Astrophysics Processes — Bradt 2008
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Fig. 10.3: Energy levels of the hydrogen atom. Downward Balmer and upward Lyman transitions
are shown. The minuscule hyperfine splitting of the ground state is shown with greatly exaggerated
spacing together with the even finer Zeeman splitting of the upper hyperfine level. The energy
difference between the upper and lower Zeeman states is given for a 1-nT line-of-sight component
of magnetic field in a hydrogen cloud. [Adapted from H. Bradt, Astronomy Methods, Cambridge,
2004, Fig. 101, with permission]



Ground State n=1

Has zero orbital angular momentun

Total angular momentun is sum of electron and proton spins
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Magnetic Moments
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Interaction Energy

Electron

2. Proton’s Magnetic Field and
Electron’s Spin Magnetic Moment —
Zero when averaged over Electron’s
Spatial Distribution
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Contact Term

MO Electron
P 3 Mp: - fbution
27R P P

Electron found

A inside proton
Dipole (sometimes)
field \ B
P
B .
( mt}m A 1o Ge8pumiN S - T
Proton | field) 3277 aé ﬁz
Me

— —t—

(.El'ctron 1
\ : Lf’zii) S-1= EﬁQ[F(F =SS+ 1) —1(I+1)]

RNy




Hyperfine Splitting
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Fig. 10.3: Energy levels of the hydrogen atom. Downward Balmer and upward Lyman transitions
are shown. The minuscule hyperfine splitting of the ground state is shown with greatly exaggerated
spacing together with the even finer Zeeman splitting of the upper hyperfine level. The energy
difference between the upper and lower Zeeman states is given for a 1-nT line-of-sight component
of magnetic field in a hydrogen cloud. [Adapted from H. Bradt, Astronomy Methods, Cambridge,
2004, Fig. 101, with permission]
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Neutral Hydrogen - HI Dark A
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HI Evolution

v, =1420 Mhz / (14z)

A, =21 cm (1+2)
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Spin Temperature
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21-signal

CNBR



Spontaneous Emission

Einstein Coefficient
Transition probability per unit time

A =2.85x 1071 7!

Lifetime ~10 million yrs



Excitation - De-excitation
‘Wouthuysen-Filed Effect

Lyman-a Pumping

Radiative Trnsition Collisional Trnsition

Effective Color Temperature
Of Lyman-a Radiation
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Rate Equation

Excitation rate De-excitation rate
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Detalled Balance

Consider a situation where radiative
processes dominate — in equilibrium
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Equilibrium

If all three processes are active
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Spin Temperature
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Tabulated in Zygelman 2005

I { 1.19x 1071077402012 (3 =1 (90K < T < 300K) Physics of Interstellar and
10 ~

2.24 x 10~ 107):207¢=0-876/T2 3 g=1 (300K < T < 103K) Izngtirlgalactic Medium -Draine,

Sada _ 1 81 % 10 (1 + 2) 15, J.
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T J,, is the flux of
S i =2 7! Hz7! o),
« is a factor of order unity Lya photons (in em - s Hz s ).




Evolution of Spin Temperature

Cosnic Dawn and Epoch of Reionization
First stars and AGNs heat IGM
Emit Lyman-a photons - Couple T_ to T,
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Summary

HIl 21-cm line - spin-flip in ground state of neutral
Hydrogen
Potential probe of Universe over large redshift range

Relative population ratio — quantified by spin temperature Ts

z>100 - collisions couple Tsto T, gas kinetic temperature
Zz <100 - Ts coupledto Ty CMBR temperature

After first stars and AGNs formed Lyman-a couples Ts to T,
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