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4.4 Fine Structure: Spin-Orbit Interaction *%gﬂﬂé%*@ : ?H'I,ié- ' fjﬁ%%é‘

As mentioned earlier, when a configuration has L > 0 and S > 0, there are dif-
ferent ways the orbital and spin angular momenta can add to give total angular
momentum J. Each will have different value of LL - S, and will differ in energy due
to spin-orbit coupling. The fractional energy shifts are of order ~ 102 eV. This
splitting of energy levels is referred to as fine structure.
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4.6 Hyperfine Structure: Interaction with Nuclear Spin HBREHEN - ZBlE- B FRINERS

If the nucleus has nonzero spin, it will have a nonzero magnetic moment. If the nucleus has a magnetic moment, then fine-structure
levels with nonzero electronic angular momentum can themselves be split due to interaction of the electrons with the magnetic field
produced by the nucleus. This “hyperfine” splitting is typically of order 1076 eV. Hyperfine splitting is usually difficult to observe in
optical spectra due to Doppler broadening, but it needs to be taken into account if precise modeling of line profiles is required.
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e Brightness temperature 7' (v): The brightness temperature T5(v) is de-
fined to be the temperature such that a blackbody at that temperature would
have specific intensity B, (Tg) = I,

. hv/k
. In[1 + 2hv3/c21,] (75)

In LTE, the brightness temperature 7'z is equal to the actual thermodynamic
temperature of the emitting and absorbing material.

ekT —1

B(V, T) — Q}CLQVB hz/l
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e Antenna temperature 7" 4(v): Brightness temperature has a simple ther-
modynamic interpretation, but has the disadvantage of being a nonlinear
function of intensity /,,. Radio astronomers have found it convenient to mea-
sure intensities in terms of the “antenna temperature:”

2

s (7.6)

L= 2kv2 "

The advantage of antenna temperature (as opposed to I'z) is that it is linear
in the intensity. In the limit k74 > hv (or, equivalently, n, > 1), one sees
that 7'y ~ T'gs. This is commonly the case at radio frequencies.

B(v,T) = 2~ .1

2
€ eRT —1

Rayleigh-Jeans limit:

hv <<kT,

Bv,T) ~2hv3/c? x (hv/ kT) = 2v*kT /c?
=2kT | \2
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e Excitation temperature 7'.,.: The excitation temperature of level u relative

to level £ is defined by
@ = g_ue_Eue/kTexc,uZ or Texc wl o EuE/k y (7.8)
S o m ()

where n,, ny are the populations of the upper and lower levels; g,,, g, are
the degeneracies of the upper and lower levels; and E,» = E, — Ejy is the
difference in energy between the upper and lower levels.
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If the gas is optically thin [7(v) < 0.1], the HI column density per unit velocity
can be directly obtained from the observed intensity:

i

dN(HI) 32 k YGEIBH , TEEKERE
7T on
dv " 3)2 hed , T3 (v) — Toky (v)]

on _ 18 —2
_1813 a0~ Tag () | 10 =
K kms

(8.26)

whereas if 7(v) £ 0.1 and we have measured 7(v) and Tpin (v) using Egs. (8.24
and 8.25), we can correct for self-absorption:

dN(HI) 321 &
dv  3X2 hcAy
Tepin(v)7(v) 10 cm™—2

X
K kms

Tspin(v)T(v) (8.27)

=1.813

(8.28)

JEERH |, AlEE A ER
K Tspin , BEFZE
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Figure 30.1 Cooling rate for neutral HI gas at temperatures 10 S 7' S 2 x 10* K
for two fractional ionizations. For T' < 10* K, the cooling is dominated by two fine
structure lines: [CII]158 ym and [O1]63 pym.
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Table 1.2 Mass of HII, HI, and H» in the Milky Way (R < 20 kpc)

Phase M(10° M) fraction Note
Total HII (not including He) 1.12 23% see Chapter 11
Total HI (not including He) 2.9 60% see Chapter 29
Total H2 (not including He) 0.84 17% see Chapter 32
Total HIL, HI and H-> (not including He) 4.9
Total gas (including He) 6.7

s FHIRHRMEETHI ~60% , EFHII~23% , 5FH,~17%
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