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OUTLINE
* Background.

 The HI-21cm hyperfine transition.
* Absorption and emission issues.
* The spin temperature.

 HI column densities, spin and kinetic temperatures, HI masses.

e HI-21cm observational studies.



BACKGROUND
2
* Kinetic temperature  : f(v) = (m/27kT,)"2 e™"/2kIk

- Excitation temperature : (n/n) = (g/g) e hv/kTx

e Radiation temperature : B(v,T;) = (2hv¥/c?) [eMV/KTR _ 17!
Rayleigh-Jeans limit : B(A,T) = (2kT/A?)

e Einstein A-coefficient : A = (647t462\/3/3hc3)(gu/g1) D,

e Equation of radiative transfer:

TV .
I,(t,) = LO)e™ + [ ™ PS dt , where S, = (j/x,).
J, = Emissivity; Attenuation coefficient, K, = n,0,,(V) —n G (V).

e For a uniform medium, with level populations given by Ty:

I, = [(0)e™ + By(Ty) (1-e™)



THE HI-21cMm LINE

* “Spin-flip” transition: e-p* spins go parallel to anti-parallel.
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- “Forbidden” magnetic dipole transition: A,, = 2.87x 107" s

21cm

» Large mean lifetime ~ 1/A,, = 107 years!

21cm

P = 5% 1071 Hz!

e Narrow natural broadening, Av,, . ~A, .



THE HI-21cM LINE: ABSORPTION ISSUES

« Level populations: (n,/n,) =(g,/g,) e VKT

T, = “Spin temperature”; g=2S+1); g, =3, g,=1.
*hv/k=0.07K, < Tqg ® (n/ny) = 3 (1 -hv/kTy) ® n=4n,.

e The absorption cross-section 1s given by

« The attenuation coefficient, K, = n,G,,(V) —n,0,,(V).
= K, = (c¥/81v2). 3. A, . (n/4). o(v) [1 —e™kTs ]
= (3¢?/32mv?) . A n. (v) (hv/kTy)

2lcm®

e Optical depth, T, = Jk,ds= (3¢%/32mv?) A,,. O(V). (hv/kT) Ny,
= Total HI column density, N, = 1.82 X 10%8 JTg T, dV.



THE HI-21cM LINE: EMISSION ISSUES

 Level populations: (n,/ny) =(g,/g,) e /KT

chv/k ~0.07K (< Tg) = (n,/ng)=~ 3 (1-hv/ikTg) = n=4n,

« Equation of radiative transfer: (Draine 2011)
dl, = -I x,ds + j,ds
T SN N
I, = L0 e™+ [ ™7/, dr. L +dl

* Kirchhoff's law: (j,/x,) = B,(Ts) pathiengtn S
> IV = Iv(o) e v 4+ BV(TS) (1 — e'Tv). optical depth T T4+dT

e For HI-21cm, (hv/kTo) <1 = T, = Ty(0)e™ + Ty (1 —e™).

o If there's no background source = T, = T¢(l —e™).



HI-21cM STUDIES
e The HI column density, N, = 1.8 X 108 JTgT, dV.

e Isothermal cloud: The brightness temperature, Ty = Tg (1 —e™).

e For optically-thin absorption, T, < 1 = Ty = T .1,
> Ny = 1.8x 10" [T,dV

= Can measure N directly from HI-2lcm emission studies!

* In the general case, Ny, = 1.8 X 10'8 | Ty, [l —e'TV]'1 dV.

e HI-21cm optical depth depends on both Ny & Tg; T, oc (1/T)
= More difficult to detect absorption from warm HI.

» Absorption by an isothermal cloud: N, = 1.8 X 108 T, Jt, dV.
For multiple clouds on the sightline: N, = 1.8 X 108 <T> | 1,dV;

Column-density-weighted harmonic mean <T> = [X.(n/T))]!



THE SPIN TEMPERATURE

* Level populations determined by the kinetic temperature, the
HI-21cm radiation field and the Lyman-o colour temperature.

e For collisional excitation or de-excitation (i.e. 1ignoring radiation):
(dn,/dt) = n_nyk,, —n.n k,; - n; A

ko, & k,, are collisional rate coefficients: k,, = (g,/g, ki, e hv/kTy

n, = density of the colliding partner.
In the steady state, (dn,/dt) = 0 = (n,/n)) = nk,, /[n k,, + Al

e Including a radiation field, of specific energy density u,
= (dn,/dt) = ny[nk,, + n, (8,/80)A o]l —ny[n .k, + (1 + ny)AIO]

where n, is the photon occupancy number = (c’/87thv’)u,

« For black-body radiation, n, = [eMV/&Tr _ 171,

» Steady state: (nj/ny) = [nky, +n, (g,/g)A ]/ [n kg + (1 +n)A]



THE SPIN TEMPERATURE

e (n;/ny) = [nk, + n, (g/g8)A o]/ [n .k, + (1+ nY)AIO]

e Critical density: Collisional de-excitation = Radiative de-excitation

ncrit,u = [Zl<u (1 +ny)A ]/ [Zl<u ul]
If n, > N = Ty=T¢ ; 1f n, K N = Ty =Tkg.

« Note: Black-body radiation & T, =T, = Ty =T, for all densities!

e« For the HI-21lcm line, n_ .. = (1 +ny)A10/k10.

crit
Main collision partners: HI atoms. (e.g. Allison & Dalgarno 1969)

Radiation field temperature ~ (2.73 + 1.04) K =3.77 K
= Photon occupancy number ~ (3.77/0.07) ~ 55

> n_. =17 X107 (T /100 K)?% cm™ (50K < T < 200 K)

« Solve Ty = 0.07/In(nyg,/n,g,) for different n, and T, values.



THE SPIN TEMPERATURE

e (n;/ny) = [nk,, + n, (g,/g8)A o]/ [n .k, + (1 + nY)AIO]
(Draine 2011)
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- H I spin excitatio
If n,>n_, = Tg=Tg. - T,=3.77K (n,=55)

If n,<n_.= Tq=3.77K.
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e Collisions 1nsufficient to thermalize HI-21cm levels at low densities.

* Wouthysen-Field mechanism: Lyman-a radiation field ?
Also 1nsufficient for typical Lyman-o intensities. (Liszt 2001)



HI-21cm STUDIES: OBSERVABLES

e Emission studies: It T <1 = N, = 1.8 X 10'8 fTB dV
= Can measure Ny, directly from HI-2Icm emission studies!

» Absorption studies: Ny = 1.8 x 10'® T¢ [t dV.
= Can infer T¢ 1f Ny, known (HI-21cm emission or Ly-o).

 If T, < 1, Gaussian line profile in local thermal equilibrium.
= Can fit multi-Gaussian profile to infer kinetic temperature.

* Zeeman splitting: Shift of 2.8 Hz /uG between 2 polarizations.
= Infer parallel magnetic field via polarization studies.

 External galaxies: HI mass, My, =2.35 X 10° D? [S dV (M)

Mapping studies: Gas mass, distribution, velocity field.
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