A closer look at the 21cm line

Absorption Lines

ABSORPTION

Emission Lines
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Hypertine splitting

The spins of the electron and proton in the
nucleus of the hydrogen atom can couple

Ground state energy levels split based on
whether spins are ‘parallel” or ‘anti-parallel’

L.ower state 1s that where spins are anti—parallel

J = |electronic angular momentum] /% ,
I = |[nuclear angular momentum| /A , and
F = [total angular momentum| /A .

Spin of electron = 2 ZS F=]+1
Spin of proton = 2 1/2 F=1o0r0




21 cm transition
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Population of states and emissivity

* Excitation temperature often called ‘spin
temperature’ for hypertine splitting of states

* Upper level excited by CMB photons, thus Texc = I5pin > 0682 K,-

Ty = gu e—hl/uE/kTexc - 36_0682 K/Tspin e 3

Ty ge

Emissivity

n(HTI) independent of
/ spin temperature!
A,y 3

.1/: u—hu V%—Au hu HI v
Jv = M Pt @y % T Aue hvue n(H) ¢

3
Ty = Zn,(HI), Ny R
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21 cm absorption coetficient

Contributions from pure absorption

and stimulated emission: KRy =10y — Ty, |O-uf|

Recall relationships between Einstein coefficients and with the cross section
3 3

C gu gu C
£ 8rhy3 T Mg g 8mhy T
dn.,, v
(%)z_m = ne/du qu(l/)c% ~ W’Uuh—cy /dV 0u(V)

Bu = — [ dv op(v)
U — 7 V Opu\V
: hv %
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21 cm absorption coetficient

Ry =Ny¢0py — nu’0u€’

'U,A'U, u

ge 8w

gu A'UJE )\2£¢1/ -1 i e_hVUE/kTSpin}

gE 3 /
hv ~ 10 eV, hv / k ~ 0.0682

Recall key assumption: Recall T;, < 0.0682 K




21 cm optical depth

iy iAug hc)\ug
327 kTspin

Ky

n(HI) ¢

Assume Gaussian line profile
i 1 C 1 e—u2/20%,
V 2T Vye OV
N(HI)E/ds n(HI)

3 1 Aug)\ie hc e—u2/20%/ Column densities 2

— often exceed 10%! cm-
32T V2T w/ - self-absorption important!
N(HI) 100K R
7, = 2.190 (HD) 100K lans
1021 Cm_2 Tspin oy
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The optically thin case

. . . . _ T i oy
: N(HI) £ 10*° cm 2 222
Optically thin column density regime (HI) S —
. . L=1,0)+ [ juds
This allows us to neglect absorption:
3
_II/(O) S 16_71'Au£ hVuE ¢I/ N(H I)
I,(0) 1s the intensity measured in an ‘off pointing: / (I, — I,(0)] dv = %Aug hvye N (HI)
T

/ [T — Ta(0)] du= / 2;V2 I, — 1,(0)] Sdu

1 2
Instead of I,, express in terms of _ 3 he)2, A,y N(HI)
‘antenna temperature’ T 327 k
—54.89 Kkms™* il 1)

1020 cn—2



Masses ot optically thin clouds

Mass in frequency units:

Mass in velocity units:

My = D7 Fops
i 3Authu£ . E

DL ° Fobs
—4.945 x 10" M
. © (Mpe> (JyMHz> ’

My1= D F,d
i 3Aul hc L .

DL 2 nyd’U
=2.343 x 10° Mo (1 + 2 ( ) ( )
ol ) Mpc Jykms™?

D, = luminosity distance, z = redshift of object; 1 Jansky (Jy) = 10% erg s! cm™ Hz'!



Measuring spin temperature

Continuum
radio source

ABSORPTION

Blank sky
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In general, we detect WNM in emission only
CNM in emission and absorption



Measuring spin temperature

Continuum
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Measuring spin temperature

T3 (v) =Trse™ ™ + Tpin(l — €7 ™)

Tzﬂc(’v) = Tskye_T” -+ Tspin(1 — e_T”)

ABSORPTION

Solve two equations with two unknowns:
Trs — Tsy
T (0) = T3 (v)]
T3 (v)Tis — T3"(v) Tasey
(Trs — Taxy) — [T (v) — T3" (v)]

7(v)=In

Tspin (v) =

—~
X
S
o0
pd
O
7))
2
=
w

In case of absorption, (Trs —Tuxy) > [T3"(v) — T (v)]

We can then solve for T ; and 1!

pin



Using spin temperature to measure N(H 1)

Recall that for optically thin clouds: / T4 — Ta(0)] du= / < (1~ 1,(0)] de

2kv?
3 hC)‘ie
= o~ Ay N(HI)
_, N(HID)
=54.89 Kkms 1020 eq—2
Therefore: dN(HI) 3821 Kk  engy
do 3N hody, A (V) Taer (V)]
{ on(,\ _ 18 .. —2
(it ©<0.1) _1.813 LA ~Tay(v) | 10 _—
K km s
, . INHI) 327 &k
> (). " = Ts in
If 1> 0.1 and we’ve measured Tspin - 3 oA, [ (v)7(v)
Recall, in general: _ 1813 Tspin(v)T(v) < 1018 cm 2
1 = 1. =
- 9100 N(HD) 100K kms~! 27503 K o




