Lecture Notes for Astronomical Spectroscopy

1 Fundamentals of atomic spectroscopy

1.1 Quantum number definitions

Let’s consider an atom or ion with 1 valence electron. Valence electrons are
defined as those electrons which lie outside the atomic core, that consists of the
stable group of electrons filling a complete shell. The elements that have only 1
valence electron are H and alcaline metals (Li, Na, K, Ru, Ce). Tons with only
1 electron are, instead, He™, Lit™ etc. The state of an atom or ion with only 1

valence electron is defined by the following quantum numbers:
e n principal quantum number (n =1,2,3, ... o)

[ azimuthal quantum number (I =0,1, ... n — 1)

e s spin quantum number (s = £1/2)
e j inner quantum number (j =1+ s)
e m,; magnetic quantum number (—j < m; < j)

Each quantum number is connected with some characteristics of the electron
in its level. n defines the energy level in which the electron can be found. [ is
related to the angular momentum associated to the orbital motion and the states
with [ = 0,1,2,3,4 ... are also named s (sharp), p (principal), d (diffuse), f, g
... The angular momentum quantum numbers [, s and j are associated with the

actual angular momentum vectors E, S and J by the relations:

|L| = /1(l + 1A (1)
1S| = /s(s + 1)k (2)
17l =50 +1)h (3)



Electron states are defined by means of their quantum numbers n, I, s, j (and m;
if a magnetic field is present) and each state corresponds to a different binding

energy.

1.2 Bohr atomic model

According to Bohr’s model, electrons can be interpreted as classical particles
orbiting about the atomic nucleus only on trajectories which give raise to an
angular momentum that is a multiple of A. If we consider, for example, an atom
of Na I (Z = 11), the electron configuration is

15%25%2p% 3s!

——

atomic core

where 1522522p® is the electron configuration of the atomic core, while 3s'

represents the valence electron in its ground state.

1.3 Russell-Saunders coupling

If an atom or ion features more than 1 valence electron, the interaction be-
tween the vectors of the system leads to coupling of the electron properties. In

particular, if for any pair of electrons i, j the conditions
liflj >> 1 —s; (4)
Si—8j>li—8i (5)

we can perform a vectorial sum of the orbital and spin angular momenta and,

thus, define the total azimuthal quantum number:
L=Y"0 |Ll=vLL+1)
and the total spin quantum number:
S=Y"5 ISI=VS(S+1),

where the sums are calculated on the valence electrons only.

We can therefore define the term state of an ion as it is described by the quan-
tum number set n, L, S. In general, lower orbits have higher binding energy and,
for the hydrogen atom, it turns out that E, = Ey-n~2 (with Ey = —13.6eV).
Each nLS term naturally splits into » = 2J + 1 sub-levels, characterized by

different values of J:
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Figure 1: Energy diagram for the electron configurations of the Na I atom.

o if L>S J=L+SL+(S-1).. L—(S—-1),L—-S r=25+1
o if L<S J=S+LS+(L-1)..5-(L-1),S—L r=2L+1

so that, in absence of any external field, the term nLS is split in a multiplet

nLSJ. Each multiplet term is represented by the notation:

QS+1LJ

Knowing the state of an ion, we can derive the statistical weights of its levels
(which are equal to the number of different ways an electron can fill the level)
and, in conditions of thermodynamical equilibrium, we can calculate the ratio

between the occupation numbers.

We also define the parity of a state to be odd or even, depending on the

parity of the sum )", l;, so that the term is represented by:

2S+1LL(IO,G)



Example on Na I terms:

there is 1 valence electron of configuration 3s', therefore

25¢ /2 s term
L<S r=2L+1=1— singlet term
If the electron is in a higher angular momentum state, however, the situation

may be different, as, for example in the cases with:

L+S5=3/2
L=1 S:1 J= /
2 L—-S=1/2

a doublet of P terms, or
L+S=5/2
L=2 S=: J= /
2 L—5=3/2

representing a doublet of D terms. The detailed notation of the Na I ground
level is 1522522p5 3251/2 and the Na I doublet at AA5890, 5896 comes from the
transitions

3°S7 ), = 32P)y A =15895.92A
3°S7 ), = 32Pg)y A =15889.95A

which are illustrated in the electron configuration diagram given in Fig. 1.

1.4 Grotrian diagrams

Grotrian diagrams represent a means of illustration of the energy levels of ions,
through the introduction of two distinct scales. The first one gives the energy
difference of the considered level with respect to the ground state, in eV. A
second scale, called the term scale, provides the ratio between the absolute
value of the binding energy and the product hc, given in kaiser or cm™1. An
example is illustrated in Fig. 2. By the definition of the term scale, it turns out
that it is:

_ |Binding energy|

7, £ (6

and, recalling that:

h=413-10"%eVs™ =6.626- 1072 ergs™!
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Figure 2: Example of a Grotrian diagram

c=299792-10Y cms™?
leV =1.6022- 1072 erg

it turns out that:

1 E (eV)
T, =—= 7
A 123981078 (eVcm) ™)

T,» measures the wave number corresponding to the transition between the
m level and the free state. For a transition between two levels m and n, on the
contrary, it is:

Em —E,| 1 AE (eV) ®)
he T An 12398 - 10—8eV em

|Tm - Tnl =

so that an energy difference of 1 eV corresponds to a radiation wavelength of

12398 A.

1.5 Fine structure

In the presence of an external magnetic field, each multiplet term splits in
g = 2J + 1 simple terms, due to the various possible orientations of the angular
momentum J with respect to the field lines. If there is no external magnetic field,
we still have to weigh each energy levels g times, in the statistics of occupation
numbers. In this case, it is said that the LSJ term is g-times degenerate. Fig. 3

summarizes the hierarchy of terms.
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Figure 3: Electron configuration term hierarchy.

The statistical weight of a total term LS is calculated as the sum of the

weights of its multiplet terms LSJ:

L+S 25
g= Y. 2J+1)=> [2(L—-S5+k)+1] (9)
J=L-S k=0

This sum is an arithmetic progression of terms with step 1 and it equals the
product between the number of members and the arithmetic mean of the first

and the last member:

(2L — 25 +1) 4 (2L — 25 + 45 + 1)
2

g=(25+1) —(2S+1)(2L+1) (10)

In the case of the hydrogen atom, with § = 1/2 and g = 2(2L + 1), each

total term LS corresponds to a statistical weight of:

n—1

gn =Y 2L +1) =2n" (11)
L=0

Therefore, in the hydrogen atom, all the LS terms with the same principal

quantum number n have the same energy. This occurs because the hydrogen



atom has only one electron and there is no mantle affecting the binding energy
according to the orbit’s eccentricity. Of course, this situation changes for more

complex ions.

1.6 Selection rules

An ion with a particular electron configuration may change to a different one,
provided that it can exchange the amount of energy corresponding to the energy
difference of the initial and final configurations. For transitions involving energy
exchanges with radiation, through the emission or absorption of photons, the

following selection rules apply:
1. only transitions connecting states with the same parity are permitted
2. AJ=41,0but J=0 — J =0 is forbidden
3. AL = £1, 0 but it must always be Al = £1 for the jumping electron

4. AS =0 (if L > S this means that transitions between states with different

multiplicity are forbidden)
5 AM; ==+1,0but My =0 — Mj; =0 is forbidden, if it is also AJ =0
The conditions 1 and 2 hold in dipole approximation, while 3 and 4 are valid in
Russell-Saunders coupling.

1.7 Level population - the Boltzmann equation

If we consider a sample of atoms and ions, we can introduce the following defi-

nitions:

N;, number of i-times ionized atoms in the energy level n per cubic cen-

timeter (cm™3)

N; =", Ni, number of i-times ionized atoms (em™3)

N =Y, N; number of atoms and ions of an element (cm™?)

Xin €xcitation energy of the level n from the ground state of the i-times

ionized atom



® Xi; = Xioo lOnization energy from the ground state of the i-times ionized

atom
e g, statistical weight of the n level in the i-times ionized atom

In conditions of Thermodynamical Equilibrium, where every energy ex-
change process is perfectly balanced by its own inverse, the distribution of the

ions of a given element in the available energy levels is given by the Boltzmann

Nin Gin Xin
= Zin - 12
N; gi1 P ( kBT) (12)

where kp = 1.38 - 10~ erg K™, It can be easily seen from Eq. (12) that the

formula:

population of excited levels decreases exponentially with their excitation energy,
though an increase of temperature brings to an higher population of the excited
levels, because of the higher average energy of particles, that can therefore fill
more easily the excitation energy gap through collisional processes.

Summing Eq. 12 over all the excitation states n, we have that:

N; 1 Xin
- " — 13
Ny gi1 zn:g P ( ka) ( )
and, dividing Eq. (12) by Eq. (13), we get:
= - 14
N, o ( ka) ’ 14)

where we have introduced the partition function

Ui(T) = Z n XD (- ::;) . (15)

U;(T) is a converging function because of the exponential factor (which quickly

drops toward the high energy levels) and of the level broadening effects (such
as natural broadening, collisional broadening and Doppler effects) which limit
the number of discrete energy levels to a finite n, above which any further level
melts in a continuous band.

Eq. (14) is the Boltzmann formula for the population of the generic level n,
relative to the total ion abundance Nj;, in thermodynamical equilibrium. For

computational purposes, it is useful to express Eq. (12) in logarithmic form:

log

n
)

N, — 08 gf — Xint (16)

?

with 6§ = 5040 - T~ 1.



1.8 Ionization - the Saha equation

The Saha equation is the relationship which describes the equilibrium estab-
lished for the reactions of ionization and recombination and it can be regarded
as the extension of the Boltzmann’s formula to the region of space where the
levels are continuously distributed with positive energy. Assuming that x¢ is
the ionization potential of a particular species, indeed, we can represent the
state of a free electron with kinetic energy K as:

p2

E=xo+K=x0+
2mev

(17)

Recalling from Quantum Mechanics that we cannot define the properties of an

electron with an accuracy better than:
dpydz > h (18)

we have to subdivide the six-dimensional phase space' in cells with a volume of
h3, each one being able to contain up to 2 electrons. The number of atoms in
the ground level which lost an electron, whose position in the phase space is in
the range & — ¥ + dZ and p'— p'+ dp'is given by:

dN11 go1 1 1 2 2 2 d3$d3p
= 2= —_—— | — _— 19
No 2o CPUTRT | 2m (pz + P, +P2) + Xo 5 (19)

where the factor 2 expresses the number of electrons that can share the same

phase space cell. If we integrate Eq. (19) over the whole phase space, we have:

Ny g /+Oo/ { 1 ( 1 2)] d3zd3p
S pdu exp |- : 20
Not g1 )ooe SO KT \2me i h? (20)

where V is the volume averagely available for one electron. If we consider

the approximation in which 1 ion corresponds to 1 electron, we can use the

expression:

V=Nl= ,f;T (21)

with p. representing the electron pressure. Integration of Eq. (20) over the

3/2

momentum yields a factor (2rm.kpT)*/* and, since there is no function of the

spatial coordinates, with the introduction of Eq. (21) in Eq. (20), the result is:

Nupe o J11 (27m)%/2(kpT)>2 ( X0 >
o — ot 3 exp | —2= .
No1 go1 h kT

(22)

1Remember that we must use vectorial quantities to describe the phase space. Therefore &
will be the three-dimensional position vector and p’ provides the additional three dimensions

of the velocity space.



This relation gives the ratio between the occupation number of the ground level
of the singly ionized atom, with respect to the occupation number of the ground
level of the neutral atom. Summing over all the possible excitation levels and
considering the more general case of subsequent ionization states, we get the

Saha equation:

N; e i T) (2 e 3/2 kgT)>—2 i
+10e _ o Uin1(T) (2mme)*=(kpT) exp (=X ) (23)
N; U;(T) h3 kT
which has a logarithmic expression:
Niy1pe Uir1(T) 5
1 ——— | =log |2———=| — x40 + = logT — 0.48, 24
on (T2 =tox Xy o+ 1 2y

provided that ; is measured in eV and p,. in dyncm™2.

Notice from equations (23) and (24) that the effect of increasing the electron
pressure is to reduce the degree of ionization (recombinations are favored and
there are fewer cells for free electrons), while increasing temperature raises the

ionization.

2 Radiation transport

2.1 The Radiative Transport Equation

We now want to consider the case in which a gaseous nebula is ionized, either by
a shock wave, or by radiation coming from a thermal or a non-thermal source.
The main difference between the cases of thermal (e. g. stellar) and non-
thermal (e. g. AGN) radiation is the Spectral Energy Distribution (SED) of the
ionizing photons. In the case of a star, the SED is well represented by a Black
Body function of appropriate temperature, while in the AGN case the spectrum
is essentially given by a combination of power-law continuum and of emission
lines (mainly H lines, with a prominent Balmer series and several forbidden lines
of [O 1I1], [O 1], [S 11}, [N II], [Ne III]). The most important consequence of the
different spectral shapes is the excess of high frequency photons, produced by
power law SEDs, illustrated in Fig. 4.

Let’s now consider the case, illustrated in Fig. 5, of a radiation beam which
crosses a gas cloud and describe what happens during the interaction between

the gas cloud and the low density radiation field. In particular, we need to

10
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Figure 4: Ionizing photons SEDs for a thermal (curve) and a non-thermal

(straight line) radiation source.

introduce some parameters to describe the radiation field. To do this, let’s
take into account a surface ¥ and an area element dA on it (see Fig. 6). The
energy flowing through the area d A cos @ per unit time, unit frequency in a beam
propagating in the solid angle d€2 is given by the specific intensity:

dE,

I, = dA cos 8dvdQdt

[ergem™2s 1 Hz ! (25)

As the beam passes through the cloud, energy may either be absorbed or
emitted due to the interactions of radiation with the atoms. We define the
emission coefficient:

B dE,
" dsdA cos 8dQdtdy

€ [ergcm®s™Hz 1] (26)

as the amount of energy added to the beam while crossing the element volume
dsdAcosf (per unit frequency and time), while we introduce an absorption
coefficient through the expression:

dE,

Py = = TdA cos 6dudnds

(27)

11



source observer

Figure 5: Scheme of a radiation source observed behind an intervening gas cloud.

The line of sight to the source defines the r coordinate of the problem.

Notice that, while the emission coefficient €, is an amount of energy, the ab-
sorption coefficient represents the fraction of energy that will be absorbed from
a beam of specific intensity I, and it is measured in units of cm™!.

If we take into account a radiation beam which propagates into a medium

for a path of length ds, in the most general situation its specific intensity will

be affected by the emissions and absorptions of energy according to:
dl, = —k,I,ds + ¢€,ds. (28)

Dividing Eq. (28) by the length element ds, we obtain the Radiative Transport

FEquation in its differential form:

1,

= k1, + e, 29
P te (29)

In the case of pure absorption (i. e. €, = 0) Eq. (29) becomes
dr,
L 30
Is (30)

and, if s* is the geometrical thickness of the cloud, its solution is:

L,(s") = 1,(0) exp <— /0 ) k:,,(s)ds) . (31)

12



Figure 6: Geometry of a radiation beam crossing a surface X.

The exact solution of Eq. (31), therefore, requires a detailed knowledge of k, (s)
in each point within the cloud.
In order to solve the radiative transport problem in a more general case, we

introduce the optical depth of the medium through the definition:
dr, = k,dr = —k,ds (32)

(notice that the optical depth is a dimensionless quantity that, for our geometry,
is null at the observer’s side of the cloud, while it is maximum deep in the cloud,

on the source’s side). The total optical depth of the medium is, thus:

o= /0 " () = / O o (5)ds. (33)

Dividing Eq. (29) by —k,, we have:

dl, €
— =1, - —. 34
dr, k. (34)
The quantity S, = €, /k, is a characteristic of the cloud, fairly independent from
the properties of the radiation source, that is called source function. Eq. (34)

can be re-arranged in



and, multiplying both members by a factor e, we get

d

?[Iyeilu] = 7SV67TV (35)

that can be integrated to:

I(r, = 0) = / "8, (r e dry + Lge | (36)
0

where we have called I,y = I,,(7) the specific intensity of the initial radiation
beam, as it strikes the cloud on the source’s side. It can be seen from Eq. (36)
that the emergent intensity is the sum of the original specific intensity, emit-
ted by the source and attenuated by the whole path across the cloud, and of
any contribution arising within the cloud itself and attenuated by a path corre-
sponding to its own depth. Recalling the expression of source function, indeed,

the integral on the right hand side of Eq. (36) turns out to be:

T r*
—Ty — —Ty
/ S,e dT,,—/ e e vdr,
0 0

meaning that the overall emitted radiation is a sum of contributions attenuated
by the proper e~ factor.
If we now assume S, = const inside the cloud, the integration of Eq. (34)
yields:
I,(0) = S,(1—e ™)+ Loe ™. (37)

This solution has two fundamental limits:

e 7, >> 1 (optically thick case), which implies 7,(0) = S, (i. e. we only

see the cloud, through its source function)

e 7, << 1 (optically thin case), that, in the approximation e~™ ~ 1 — 7,

gives I,,(0) = 73(S, — Io) + Lo-

Taking into account the optically thin case, if we do not look along the direction

to the radiation source, it is I, = 0 and, therefore
I,(0) = 7,5, = €,

meaning that all the radiation produced in any element ds emerges from the

cloud without being absorbed.

14



In conditions of Thermodynamical Equilibrium the energy absorbed in a

volume element dV must be equal to the energy emitted in the same region:
kI, =€, (38)

and the source function is given by the Planck distribution:

Zl — I, = B,(T) (39)
where we recall that:
2h13 1
B,(T) == (40)

2 ehv/ksT _ 1’
When this condition is carried out in the continuum, outside the lines, we can
describe the level population with the Boltzmann equation (14), the ionization
degree with the Saha equation (23) and the source function with the Black Body
distribution. The temperature to be used in these relations must be the same

and coincident with the kinetic temperature of the gas.

2.2 The Equivalent Thermodynamic Equilibrium

A fundamental question is the problem of under which conditions the assump-
tion of Thermodynamic Equilibrium is valid. A particular region is in ther-
modynamic equilibrium when each process has exactly the same probability to
occur as its opposite one. Energy is constantly exchanged in all its forms and a
steady state is reached if the translational kinetic energy is exchanged between
all the particles, without being transformed into other forms of energy (for in-
stance, when elastic scatterings dominate). The particle velocity distribution is

then very similar to the Maxwell law:

4 m \*? mu?
o(v, T)dv = - <2]€BT> v? exp <_2k'BT> dv. (41)

In a real astrophysical plasma the translational energy of particles is trans-
formed in radiating energy as a consequence of the collisional excitation of the
levels of ions or molecules and of the subsequent spontaneous de-excitation with
the emission of a photon. However, this process is quite rare, with respect to
elastic collisions, as it can be seen from a simple comparison of the charac-
teristic process cross-sections (being oo ~ 107 cm~2 for elastic scattering,

Orec ~ 10729 cm~2 for electron—ion recombinations and O forb ~ 1075 ecm~2 to

15
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Figure 7: Geometry of a radiation beam flowing through a surface element dA.

excite a nebular line). In general, then, atoms and electrons in the interstel-
lar gas have a velocity distribution that looks very similar to the Maxwellian
expression of Eq. (41) and the same value of the temperature can be used to
describe the different kinds of particles that compose the gas. As a consequence,
the relative population of levels will be very similar to the one the gas would
have in thermodynamic equilibrium, if collisional excitations and de-excitations
dominate over the radiative processes.

We, therefore, define a condition of Equivalent Thermodynamic Equilibrium

as a situation in which

e there is thermal equilibrium (all the particles are described by the same

temperature)

e translational kinetic energy is NOT converted into other forms of energy

2.3 Radiation density

If a radiation beam flows with the speed of light ¢ through a surface element d A

in a direction oriented with an angle 6 with respect to the surface normal, like

16



it is shown in Fig. 7, we have that d¢t = ds/c and we can write the expression

of the specific intensity of Eq. (25) in the form:

cdFE,

Iy = A cos odudnds’

(42)

but, since dA cosfds = dV, the presence of a radiation beam implies the exis-

tence of an energy density per unit frequency:

dE, 1,dQ2
dvdv ¢ (43)

Integrating over all the possible propagation directions, we define the radiation

density as:

m:l/zma (44)
4

Cc

so that, for an isotropic radiation field, it is:

4
U, = il I,. (45)
C

2.4 Radiation transport in the lines

Let’s consider again the general solution of the transport equation (36):

*
nu

I,(0) = Sy(1,)e"™dr, + Loe ™.
0
In order to determine I,, we have to know the source function S, = €,/k,
in each point. In general, the absorption and emission of radiation are due
to continuous processes, which arise from free-free, free-bound and bound-free

transitions, and to discrete ones, generated only by bound-bound transitions.

We can therefore separate the two contributions and write:

e,]f + ef
SV(TV) = m (46)

If we now focus on the line contribution, the total energy emitted in a certain

direction per unit volume per unit time, due to a transition n — m, is:

1
/ €, dv = 7hVnmAnmNna (47)
line dm

where A, is the spontaneous transition probability coefficient (numerically
equal to the number of transitions n — m which can occur per unit time, or,

equivalently, to the inverse mean life time of the level n) and N,, is the particle

17



densities of ions in the level n. It is convenient to define the normalized line
profile as a function of frequency v (v), such that:
Y)dv =1 (48)
line

so that the line emission coefficient can be expressed as:

65 = '(/}(V)/ €ydl/ = %hynmAnman(V) (49)
line T

On the other hand, the energy absorbed in a transition m — n per unit

time, per unit volume, per unit solid angle is:

1 1
/ k,I,dv = 4—hl/nmNmanU — — i N B Uy (50)
line T

VUnm A nm?

where B,,, and B,,, are, respectively, the absorption probability coefficient
and the stimulated emission coefficient, so that the right hand side of Eq. (50)
accounts for the energy that is subtracted from the beam by absorptions and the
energy that is added back to it, because of stimulated emissions. If we assume
that I, is constant and isotropic in the line, we can assume U, = 4nl, /c (Eq. 45)

and, taking the intensity out of integration in Eq. (50), we get:

h nm
/ kydy = “2"™ (B, Now — Burm Noy). (51)
line ¢

To find the line absorption coefficient, we simply have to multiply this integral

by the normalized line profile ¢ (v), so that it is:

k‘L - hVnm (BnmNm - BnmNn)¢(V) (52)

v c

The spontaneous and stimulated transition probabilities A,,,,, Bnm and By,
are named Finstein coefficients and are related together by general expressions,
that can be derived in conditions of thermodynamic equilibrium. In such con-
ditions, indeed, all the reactions relating levels n = m (n > m) are perfectly
balanced, and we can set up a statistical balance equation between the radiative

transitions connecting the levels:

Solving Eq. (53) for U,, we get:

NnAnm

U, =
Nman - Nanm

18



that can be re-arranged in:

U, = A$. (54)

Ny, _
N,, B nm

For an isotropic radiation field of low frequency, the thermodynamical equilib-

rium condition implies that:

N, m dm 7’2”" m 9 m hv, nm
_ 9m 1 55
Ne gt o kT (550)
4 4 8712
U, =1~ 2 (2 ) kpT = 2 kpT, (55b)
C C C C

where we made use of the Rayleigh-Jeans approximation of the black body
distribution:

B,(T) =1, ~2 (%)2 kT

that holds at low frequencies. Since Eq. (54) must be equal to Eq. (55b), it

turns out that:

A 82
nm — k‘BT
N’"L 3 ’
Tann - Bnm &
which is satisfied by the solution:
8wh?
Anm = 73Bnm7 (56&)
c

Using Eq. (56a,b), we can write the expression of kL in Eq. (52) in the form:

hv, Im N,
ki = = (V) Ny Bmn |1 — =222 57
b= M) ol (57)
and, introducing Eq. (56a) in the expression of €L (Eq. 49):
2h2 4
€& ==z Nat(v )2 By (58)

n

The source function in the line is then given by the ratio between Eq. (58) and

Eq. (57): )
2hv3 ([ gnN, B
L niVm
S, = 2 <gm ; 1) . (59)

Since in thermodynamic equilibrium the level population follows the Boltzmann

distribution:

Nn ~ On hl/nm
= e (i) (60)
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the expression of SL reduces to:

% 1
Su = p) hinm
¢ eFBT —1
that is the Planck distribution, in agreement with the solution of the transport

equation in thermodynamical equilibrium of Eq. (39).

2.5 Deviations from thermodynamic equilibrium

Equations (57), (58) and (59) give us the general expressions of the absorption
coeflicient, of the emission coefficient and of the source function within a spectral
line. We now want to determine the ratio between the level populations, without
assuming our system to be in thermodynamic equilibrium. Instead, we assume
a steady state, i.e. a condition where there are no temporal variation of the
level population.

We define:
e R, the velocity of radiative transitions n — m
e (., the velocity of collisional transitions n — m

The steady state assumption implies that the condition:

dN,
dt

=Ny, Z(an + Onm) - Z Nm(Rmn + Cmn) =0 (61)

is satisfied for each level n. To obtain the level population, we must solve a
system of equations like Eq. (61), called statistical equations, for each level. In
addition, the complete solution would require the sums over m to be extended
and to include the continuously distributed states, in order to account also for
ionizations from the level n. A similar system of equations canbe introduced
to describe the ionization equilibrium, for which we have that the number of
ionizations equals the number of recombinations.

For the moment, let’s just consider the statistical equations for bound state
only, under the effect of radiative and collisional transitions. The transition

rates can be expressed as:

20



n > m departures n < m departures
Rom = Apm + Ban Uy Rym = BunUy
Crm = N'Qunm Crm = N'Qum
n > m arrivals n < m arrivals
Ry = B Uy Ron = Amn + BrnUy
Crn = N'Qumn Crn = N'Qumn

where we have introduced the collision partner density N’ and the rate of the
collisional efficiency Q...,, expressing the frequency of effective collisions for a
gas of unit density (therefore measured in cm3s~1).

With this distinction and an isotropic radiation field, we can set up the

steady state equation for each level n:

4dr

m<n m
=3 N B T h 4 Y NoAgn NS N Qi (62)
m m>n m

The complete solution of the level populations is achieved by solving Eq. (62) for
all the levels, together with the transport equation, accounting for the presence

of the radiation field, which, in this case, becomes:

dl, _ v,
ds c

9mNn hvym,
Byun N, <1 ~ >1/J(Z/)Iy+ 1 AnmNat(v). (63)

IniVNm

We shall see later on how these equations can be used to solve some specific
problems, under suitable assumptions for the cases of astrophysical environ-

ments.

3 Scattering processes and kinetic temperature

3.1 The cross-section of collisional interactions

In §2.2, while comparing the processes that can occur in astrophysical plasmas,
we met the concept of cross-section. In general, a cross-section is the area that
must be hit in order for a certain process to take place. For particle interac-
tions, we can practically define the particle cross-section as a surface having the

same radius as the particle radius. The particle radius, in its turn, is defined as
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Figure 8: A test particle ¢ approaching a target particle @) with initial velocity

Voo -

the minimum distance that can be reached by a particle of the same sign, ap-
proaching from infinity with a velocity ve,. Considering the situation illustrated
in Fig. 8, the minimum distance is reached when the initial kinetic energy of
the approaching particle has been fully converted into positional energy in the

target particle’s field:

= — 64
2 re (64)
Solving for rg, it is:
27 e>
=9 65
ro mu2, (65)
2

and the cross-section is simply o = 7rg.

It can be immediately seen that the cross-section depends on the particle
potentials and relative velocities. Let’s assume that, in a gaseous nebula, the
ions (or molecules) and their collisional partners have, respectively, the average
velocities v4 and vg. Clearly, their relative velocity will be v = v4 — vg. If
o(v) is the cross-section of the ions with respect to their collisional partners,

the volume swept by one particle in a second is:
V =0c(v)v (66)
and, being N’ the density of collisional partners, the rate of collisions becomes:
C(v) = N'vo(v). (67)

The quantity C'(v)/N’ has the same dimensions of the rate of collisional effi-
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ciency Q(v), thus we can define:
Q(v) = vo(v) (68)

and write:
C(v) = N'Q(v).

When we are dealing with inelastic scattering, we express the cross-section of
the transition n — m as o,,,(v) and the related coefficients @, are obtained
averaging over all the relative velocities between atoms and their collisional
partners. If we only had elastic scatterings, the distribution of relative velocities
would become a Maxwellian function. Deviations from this distribution are
due to the inelastic scatterings that can occur when collisional excitations are
followed by radiative de-excitations. This process subtracts energy from the gas
and, for this reason, the high energy tail of the velocity field is missing.

Concerning the rates of collisional efficiency, we said that Qun, =< VO (V) >.
For particles such as H I, H 1T, He T and He II that interact with e™, the collisions
are elastic up to energies of ~ 10eV and anelastic scatterings, due to collisions
with heavier ions or molecules, are less frequent, because of their lower abun-
dances. As a consequence, in H I and H II regions we should expect relative
variations from a Maxwellian distribution of velocities to be in the order of
~ 107%. In addition, within a volume of a few mean free paths, all the particles
have the same kinetic temperature, so that we can assume that all the kinds
of particles present follow a Maxwellian velocity distribution. This is of funda-
mental importance, because it implies that also the relative velocities v follow

the same distribution, given by:

1 _ a2
(b(va T)dU = W@ 202 dvzdvydvzy (69)
or, in polar coordinates:
471— 2 _i
o0 T = Sy e dv (70)
where we have:
v? = vi + vi + vg
1 e — 1
— mam ’U% = *kBT
2my + me 2
— 1 1 kgT
02211%:( >kBT% B
ma Me me



3.2 The rate of collisional efficiency

Taking into account the transition n — m (n > m), the rate of collisional

efficiency is given by:

Qrnm = vopm(v) = /000 VO pm (V)P (v, T)dv. (71)

If excitations and de-excitations are dominated by collisional processes, we can
assume the system to be in thermodynamic equilibrium and we can derive a gen-
eral relation between Q.,,,, and Q... Indeed, from the balance of the processes,

we have:

QnmNnNe = anNmNe (72)

and, since the population ratio is again following the Boltzmann distribution:

= — = —¢€

an Ny, 9n 77};;'1;”; ) (73)

In the case of collisions of atoms or ions with electrons, due to the low

electron mass, with respect to that of any atom, and since

ma

E.=FEjp— V- = VA

Me
we can consider the atoms as non moving targets and take the relative velocities
to be coincident with the electron velocities. If we consider a collision in which
the kinetic energy of the electron is higher than the excitation energy of the
ion’s first excited level, part of the kinetic energy is converted into ion excitation
energy and the electron flies away with a lower velocity (energy). In conditions
of thermodynamic equilibrium, the number of excitation per unit volume and
time, which occur by collisions with electrons in a particular energy range, must
be equal to the number of de-excitations per unit volume and time, which send
back the electrons to the same energy range (super-elastic scattering). If this

happens in the range

v1 — v1 + dvp for incoming e~

v9 — Vg + dwy for outcoming e~

then:
N€N1U10'12(U1)¢(’U1)d’01 = NENQUQUQ]_ (’Ug)gb(’l)g)d’l)g. (74)
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Given that, in thermodynamic equilibrium it is:

% - 2o (75)
and, from the energy balance:
%me”% = X21 + %mevi (76)
we can derive:
vidv, = vodug, (77)

introducing Eq. (75) and (77) into Eq. (74), we get:

X21

12(01)p(v1) = %e‘wmwm (78)

Recalling Eq. (70), we can calculate the ratio:

o () on (M) - (3) o

Finally, we can write:

( éj}) . (79)

o1a(vy) = 2 (”)2 21 (v2). (30)

g1 \ U1
The interaction cross-section of a collisional excitation is known from quan-

tum mechanics to be:
h? Q(1,2)

o1a(vy) = , 81
12(v1) I g (81)

where the quantity (1, 2) is called the collisional strength and gives the prob-
ability that the wavelength associated with the electron motion (A = h/p =
h/mv) can interact with the ion at different distances during the encounter.

Comparing Eq. (80) and (81), we can also write:

Th? Q(1,2
021(v2) = m2u2 (92 ) (82)
e”2

The collisional de-excitation efficiency coefficient is, then:

oo
Q21 :/ V091 (V)p(v)dv =
0
o h? Q(1,2) 4 me \*? mev?
= v = vZexp | —
0 m2v3  go VT \2kgT 2kpT
Arl/252 oo 2
_ 1/7; h / Q(1,2) exp (-me“ >dv. (83)
game!?(2kpT)3/2 Jo 2kgT
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Plugging in the numbers, we get:

8.629-1075 < Q(1,2) >

Qn = SR (54)

Assuming that the factor < Q(1,2) > /g2 lies between 1 and 10, and for
temperatures in the range 10* K — 2-10* K (achieved when photo-ionization is the

357!, For the typical

main heating mechanism), it is found that Q2; ~ 1077 cm
densities of gaseous nebulae (N, ~ 10* cm™3), we have that Qo3 N, ~ 1073571,
Even in the high density environment of the cores of Active Galactic Nuclei,
where N, ~ 10%cm™3, it is Q21 N, ~ 10%2s~! and the emission of radiation
through spontaneous radiative decays, which has a probability coefficient Aoy ~

10851, turns out to be 10° time more efficient in de-populating the first excited

level of H.

4 Study of the population ratio in a two-level

system

4.1 Dilution of radiation

The dilution factor is defined to account for the weakening of the radiation
field at large distances from the source. If a star has radius R* and the field
is evaluated at a distance r from its center (r >> R*), then the solid angle

subtended by the star, as seen from the point of observation, is:

71'R*2

5 -

Q" =

- (85)

If the flux received in the observation point is ®,(r), then the mean specific

intensity of the stellar disk at distance r is:

= @y (r)
I 86
) = 2L (56)
Therefore, at the surface of the star, we have:
— ®,(R*
I*(R*) = 2, (7' (87)
T
but, because of energy conservation, we also have:
I P, 2
U(T) . (?”)7T7” — 1 (88)

T¥(R*) @, (R*)mR*?
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i. e. the specific intensity does not depend on distance. The energy
density is defined as: o
1 — Ix

U, = f/ ao = o (89)
¢ Jon c

and it is not isotropic. For use in the statistical equations, however, we have
to deal with the radiation field as it were actually isotropic, so we define an

equivalent isotropic radiation field I,,, having the same energy density of the

real one:
4 QO
T, =T, (90)
having:
I, =—TIr, 1
47T v (9 )
where we define the dilution factor:
Q*
= 92
i (92)

The dilution factor can be easily interpreted as the percentage of the celestial
sphere that is covered by the source, as seen from the observing point.

We can compute, as an example, the dilution factor of the Sun, at the
distance of the Earth. Since Q® = wRZ /r?, from Eq. (92) we have

_ mR% _ (7-10°km)?

= ~ ~ 551076
42 7 4 - (150 - 106km )2

It turns out that the dilution factors of radiation fields in the optical are gener-
ally very small numbers, as soon as the distance from the source exceeds a some
tens of source radii. In other frequency ranges, on the other hand, the situation
can be very different. In the radio domain, for instance, the dilution factor is

W ~ 1 because nearly the entire sky can be source of radiation.

4.2 The two-level system in the optical range

Tons and molecules are characterized by complex energy structures, with many
levels connected by different transitions. However, the mechanisms which are at
the basis of spectral line formation and propagation can be better understood
if we consider the transitions as independent from each other, sending back the
treatment of further details to later sections. A single transition can be generally
represented by only 2 levels (departure and arrival, with, in our notation, Ey >

Eq). We also make the following simplifying assumptions:
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1. there are no ionizations or recombinations
2. the transitions 1 = 2 occur in the optical range

3. the radiation field which surrounds the atom is a diluted black body of the
form:

I, = WBV(T*)v (93)
where W << 1 (because of assumption 2) is the dilution factor.

Under such assumptions, in the statistical equilibrium between the two lev-

els:

47 47
Ny <NeQ12 + CIuBm) =Ny <A21 + NeQo21 + CL/321> (94)

we can neglect all the terms in which there is a contribution from I,, and write:
NiNeQ12 = Na(Az1 + NeQ21), (95)

that gives:

No NeQ2
e fewes 96
N1 NeQo + Ay (96)

Since in thermodynamical equilibrium it is:

NiQ12 = NaQ21 (97)
we have that:
g2 -4z
Q12 = Q2156 "7 (98)

substituting Q12 in Eq. (95) and dividing by N.Q2; yields:

Mo 1o )
N1 14 A21/NeQa1 g1

We can therefore define a departure coefficient from thermodynamic equilibrium

in the level n as:
N,

bn: N;;’

(100)

where N, is the equilibrium population of level n. From Eq. (99), it turns out
that the ratio:
ba 1

e - 101
b1 1+ Ay /NQa (101)

represents the deviation from thermodynamic equilibrium. Indeed, if collisional

processes dominate over radiative ones, it is N.Q21 >> Agy and by /by ~ 1,
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meaning that the relative populations of the two levels set as they would be in
equilibrium. When, on the contrary, As; = N.Q21 half of the de-excitations
of collisionally excited levels occur via spontaneous radiative decay. For each
transition, thus, we can define a critical density:

Ay

N, = 2L
T Qn

such that if N, > N, collisional de-excitations dominate and we do not see
photons emitted in the line, while, if N, < N, the spontaneous radiative decays
can take place and the line is emitted by the medium. Therefore, the simple
presence or absence of a spectral line is already an indicator of the density range

where the ion species we are studying lies in.

4.3 The departure coefficients of permitted and forbidden

lines

The most abundant element in the Universe is H. The transition 2%p — 1%s
leads to the emission of a photon of frequency v = 2.46 - 10'® Hz (A = 1216 A,
Lyman «), with an average lifetime of the excited level of t ~ 10~%s. The
transition probability is given by the inverse lifetime and it is Aa; ~ 10%s.
These orders of magnitude apply fairly well to permitted transitions. If the gas
temperature approaches the typical value of a photo-ionized nebula (T ~ 10* K)
the collisional de-excitation was estimated in Qa; ~ 10~7cm3s ™' (cfr. §3.2)

3

and, with an electron density N, ~ 10* cm ™3, we have:

b 1
b1 1+ A /NeQoa

and all the atoms are in their ground level.

~ 10—11

If we now consider a different ion, that is commonly found in photo-ionized
nebulae, namely O III, there is a complex transition system, that is illustrated
in the Grotrian diagram of Fig. 9. The transitions plotted on the diagram are
forbidden by violation of the illustrated selection rules. The involved levels, that
are called metastable, are not populated via cascade recombination from higher
levels, since we do not observe the corresponding emission lines, neither they
can be excited by absorption of radiation, because the transition is forbidden.

Therefore, they can only be populated by collisional excitation from the ground
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Figure 9: Grotrian diagram for the forbidden transitions of [O III] in the optical

spectrum.

level (a bound-bound process). Under the assumption of a diluted radiation
field, we can still neglect ionizations and recombinations, and just take collisions
into account.

Assuming again T ~ 10*K and N, ~ 10* cm™3 and considering the transi-

tion system 2 — 1, for which we have:
A1 (5007) = 2.1-107 2571

A51(4959) ~ 0.7-107 257!
it is:
b 1
b1 14 A /NeQa

which is 10 good orders of magnitude than the value that we found for the

1071

permitted transitions of H. This means that the population of the excited level
of an ion with forbidden transitions is favored by a factor 10'° with respect to
the case of permitted transitions. If we compare the emission coefficients of the

forbidden and permitted lines, we find that:

65 (permitted) (NQAQI)(permitted) ~1

65 (forbidden) (N2A21 ) (forbidden)

(remember the fundamental assumption of low density radiation field), meaning
that, in the case of a line emitting nebula of proper density, we can expect the

forbidden lines to be as strong as the permitted ones.
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4.4 Conditions for the emission of forbidden lines

In the case of photons arising from forbidden lines, the nebula is transparent
and the radiation we observe is the whole radiation produced by all the ions in
the nebula. As a consequence there is no need to solve the transport equation

and we simply get:

I, = / " S,dm, + Lo, (102)

0
where we called I, the intensity of the continuum under the emission line.
Recalling the definition of the source function and the expression of the opti-
cal depth (Eq. 32), since radiation is not re-absorbed, from Eq. (102) we can

estimate the intensity of the emission line as:

IFE=1,-I0=er" (103)

v

and what we observe is the real intensity of the line over the continuum pro-
duced throughout the nebula. Introducing the expression of the line emission
coefficient (Eq. 49):

It = iNQAmhygm(y)r*. (104)

Yo A4r
Therefore, the intensity of a forbidden line depends on the population of the
excited level and on the coefficient of spontaneous emission.
We can try to estimate the number of emitted photons per ion J. This
number will be equal to the number of collisional excitations that are not sub-
sequently de-excited by another collision and can, therefore, decay through a

spontaneous radiative emission. Put into equations, this is:

_ NaAzr  NaNeQa2

J 105
N, N, (105)
Eq. (105) can also be expressed as:
N
92 e s
J=="2(Ay; — N, = (Ayy — N.Qo) 22— — 106
Nl( o Q) = (4 Q21)91 1+ A21/NeQ21 (106)
from which we get:
Aoy — ]\7e __hv
J= MNngl 92 —F5t (107)

(A21 + NeQoa1) 9
The zeroes of Eq. (107) can be obtained for:

Ne@21 =0 NeQa1 = Aoy
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while we get a maximum for:
Nngl = 0.41A21.

So, for N, = 0.41N, we have the maximum line intensity (flash of IF). At
lower densities, the line intensity decreases because the excited levels are not
sufficiently populated, while, for N, > N, the emission line is again suppressed,
because of collisional de-population of the excited level.

Summarizing, there are 3 fundamental conditions to produce a strong for-

bidden emission line:

1. a temperature T high enough to provide the electrons with the required

kinetic energy to populate the metastable levels
2. an electron density in the range 0.1N, < N, < N,

3. a diluted radiation field (otherwise the metastable levels could be easily
destroyed, since an optical-UV photon may be energetic enough to further

ionize the excited ion).

4.5 The two-level system at radio frequencies

In the case our ion or molecule has two energy levels that are connected by
a transition in the radio domain, because of the diffuse background radiation
(mainly the Cosmic Microwave Background CMB), the radiation field comes
from all directions and it has a dilution factor W ~ 1. Using again the Rayleigh-
Jeans approximation of the black body function (holding at low frequencies),

we have a thermal source with specific intensity:
N 2
I, =2 (7) kpTs, (108)
c

where Ty is the radiation temperature.
In these new conditions, the general statistical equilibrium of the two levels,
described by Eq. (94), becomes:

Nz g2 N'(Qa1/Agr)e” M /keT) 4 Welhwar/ksTs) — ] -1 (109)
N ¢ 1+ N'(Q21/A2) + Welhvar/keTs) —1]-1 7

where N’ is the density of the collisional partners, that, in this case, are mainly

other ions and molecules. Using the approximation:

e ~1+ax
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that applies when = << 1, we can re-arrange Eq. (109) in:

& _ @ e—(huzl/kBT) + (A21/NIQ21)(/€BT5/hU21) (110)
N1 g1 1+ (A21/N'Q21) + (A21/N'Qo1)(kpTs/hvay)

In the limit of A2 /N'Q21 << 1 (dominating collisions), Eq. (110) reduces to
the Boltzmann formula and we have thermodynamic equilibrium.

We can notice that Eq. (110) involves two different temperatures:
e T the kinetic temperature of the collisional partners
e T the radiation temperature

We introduce a third artificial definition of temperature, called the ezcitation

temperature Tk, such that the population ratio is:

No 92 _(hvor JknTs)
—= = e W . 111
N g (111)

Since we are in the radio regime, it turns out that
hvor << kpTg < kpTs < kT

and, given that

o (hva ke o 1 _ PV
kpT;
for any 4, we can introduce the quantity:
A kpTs

T = . 112
N’Q21 hvay ( )

Combining Eq. (111) and (110), with the use of Eq. (112) and the exponential

approximation, we get:
1 (/e + (YT s
Tg 1+2 '

Looking at the expression of z, we see that:

_ (N'Qa1) ! _tu
(A21kpTs/hvar)~t  tg

i.e. x represents the ratio of the average lifetimes of the excited level against
the collisional and the radiative decays. Indeed, recalling the general equation

of statistical equilibrium for a two-level system (Eq. 94), we have that:

1

ty =
N'Qa21

(114)
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is the mean lifetime in presence of collisional processes only, while:

1
o A21 + 32147{'[1,/0

is the mean lifetime in presence of radiative processes only. Using Eq. (56a) to

ts (115)

remember that:
8rhy?

3

Ao =

and estimating I, as in Eq. (108), we can express the denominator of Eq. (115)
as:

4 34
B211L/+A21 = Ao 673111/-*-1 =
c 8rhv3 ¢

[ kpTs _ kpTs
_( % +1> Ay =5 Ay (116)

from which Eq. (115) is justified. Eq. (113) can be, therefore, re-written in

terms of mean lifetimes:

1 (tu/Ts) + (ts/T)
Tg ty +tg

. (117)

We see immediately that, in the limit tg >> t, the collisional processes dom-
inate, then the excitation temperature coincides with the kinetic temperature
of the collisional partners (thermodynamical equilibrium). On the other hand,
if t, >> tg, radiative processes are dominating and we get T ~ Tg.

Even in the radio case, based on the lifetimes of the considered energy levels,
we can determine the level population, if we assume that Eq. (111) applies, with

Tg giving either an estimate of T or T, depending on the ratio ¢, /tg.

4.5.1 The HI 21 cm line

H I emits a very important line, arising from a hyper-fine structure transition,
involving an inversion of the electron spin vector, with respect to the nuclear
spin. The energy gap is AE = 5.9 - 107 %eV, corresponding to a frequency
v = 1420 MHz, the excited state is the one with both the electron and nuclear
spin pointing in the same direction, while the ground state is the one where
the two vectors are opposed. This line is originated in H I regions (outside
the border of H II regions, where all the ionizing photons have been absorbed,
as we shall discuss later on), where the ionization is low. In these regions the

collisional partners are other H I atoms and the following conditions apply:

T~100K Qo ~1070cemds™' Ay ~ 28710 P!
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Measuring the energy gap in eV, it is:
kpTs Ts

hy  11600AFE

and

(NgQa)™? -
v (AglkBTs/hI/)_l 0 NH

Considering only the background radiation at Ts ~ 3 K, we have that x << 1

implies Ny > 1073 cm™3, that, at the typical densities of an atomic cloud
(0.1em™3 < Ny < 1em™3) is certainly satisfied. The H I excitation temper-
ature is called spin temperature and it gives a reliable estimate of the kinetic

temperature of particles in the cloud.

4.5.2 The CO line at 2.6 mm

Let’s now move to the case of a molecular cloud and consider the CO emission
line at 2.6 mm. The most frequent collisional partners are Hy molecules and the
environmental conditions are:

-1

Tk ~10—-30K Qo ~2-1072cm?s Aoy ~6-107 871

and the line corresponds to a rotational transition with AE = 4.8 - 107*eV.

Putting all the numbers together, we have that:
r~5-10°-=2

In very dense clouds, we can easily reach N’ > 5-10* cm™2 and the level pop-
ulation is again governed by the kinetic temperature of the collisional partners.
In the intermediate cases, both the kinetic and radiation temperature affect the

distribution of the level populations.

4.6 H 1 column densities from measurements of the 21 cm
emission line

Due to the hyper-fine structure of the H I fundamental level, we can consider

the term 12s; /2 as a doublet with an excited stage F' = 1 and a ground level

F = 0. The lifetime of the level F =1 1is ¢t ~ 3.5 10 s (forbidden transition).

The emission coefficient is, as usual:

N
Ell; = T;hl/loAlol/}(l/) (118)

35



and, since H I is characterized by the spin temperature, we can assume that,

within the line:

EL

Sv Y10
L
kl/

2
= By(Tupin) ~ 2 (T) k5 Tspin, (119)

where we used the Rayleigh-Jeans approximation, holding in the radio domain.
From the observations of the radio line, we can measure the so-called brightness

temperature:
L vio\ 2
IX(Ty) =2 (—) ki (120)
c
If the radiation is entirely produced by emission of H I along the line of sight,
it is:

L T & -
I, = / 7L€ ™dr,, (121)
0 v
that, using Eq. (119) and (120), becomes
2 2 *
2(22) kT =2 (20) kpTopin(1 -7,
c c

which yields

Ty = Tapin(1 —e7 7).

If there is no absorption (7% << 1) and the emission arises from atoms with
constant spin temperature:

*
Tb = Tsme .

Dividing Eq. (118) by Eq. (119), we get the line absorption coefficient:

Ny (v) hvig
L _ 1 2
ku - 871'(1/10)2 (kBTspin> AIOC ) (122)

so that we can evaluate the optical depth within the line:

o Ao b o
= / kfds _ - 102 <k;10) / Nids, (123)
0 V1o Blspin / Jo

where the quantity:

0

is called column density and express the number of ions which lie in a column

2

of unit base along the line of sight and is measured in cm™*. To evaluate nq,

we consider the Boltzmann equation in the form:

M _ 91 —(hwio/ksTepin)
o Yo
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with the statistical weights:
F=1-¢g=02F+1)=3

F=0—g =02F+1)=1

so that:

M g,-0.07/Tepin o 3

no

For the total H I column density, we have:

ni
nH:no—&—nl:?—i—nl:gnl

so that, in the whole column:

. Ajpc? hvig 3
= [ 2 ) Iy
v 8m2y \kpTopin ) 47

and, therefore:

4 812, (kpTspin
ng = -1 ™10 Btsp _
3 A1062 hV10
327 kBTspin 14
= — | —=—4A " 2.8-10 T s pin.
3 ( hehio 1°> v Tv s

Since the quantity actually measured is 7v*Tsp;, = T3, we can estimate the
column density as:

ny ~ 2.8 - 107,

and, given an estimate on the dimension of the cloud, we can draw a lower limit

to the gas density Ny of the cloud.

4.7 Line intensity as a function of density and tempera-

ture

To determine the intensity of a line, we must solve the transport equation:

a_,
dr, kL

for which we need an expression of the source function:
L
el/

SL_ v 2hy3 gnNm 1 !
v k£ - C2 gmNn
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together with the statistical equations:

N?’L {ZBTLT)’LZJZTIV + Z ATL'HL +N/ZQTL77L} =

m<n m

departures from level n

- ZNman%ﬂLj T Z Ny Apom + NIZNQOn

m m>n m

arrivals to level n

If we consider the case of a diluted radiation field, we can neglect induced emis-
sion and radiative excitation and only take into account collisional excitations,
collisional de-excitations and spontaneous emissions. In such circumstances we
do no longer have to solve the radiative transport equation. This condition is

actually verified for:
e lines arising from collisional excitation of heavy ions
e the optical recombination lines for an optically thin gaseous nebula

We recall that for the expression of the specific intensity of an emission line:

L
Ilf :/ S,fe_T”dTl,
0

since it is:

L _ L
S, dr, =¢€,

in the optically thin case we can write:

Ik = /0 %NnAnmw(y)dr, (125)

where we used the line emission coefficient defined in Eq. (49). If we assume
constant density and temperature and we take into account two emission lines,
departing from different excited levels n and n’, but with the same lower level

m and the same profile ¢(v), their intensity ratio will be:

I’rl;/m a Vrltl’m A%L/m N"/ .

Since, for optically thin lines in diluted radiation field, we can express the pop-

ulation ratio as in Eq. (99):

In e_h’/nmr/k’BT

Im 1+ A /NeQum

Np
Ny
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Figure 10: The transition scheme of [O III].

so that:

If;m . 9n Vnm Anm 1 + Anm/NeQnm e 7h(1/nm - Vn’m)
I’rLLl'm B 9n’ Un'm An’m 1+ An’m/NeQn’m P kBT
(127)

4.7.1 Determination of the gas density

If we consider an emission line doublet, with the two excited levels very close in
energy (Vnm & Vn'm), the exponential term of Eq. (127) is of the order of ~ 1

and the intensity ratio only depends on N.:

L. g0 Awm [ 14 Apn/NeQnm
IL 7 g Awin \1+ Apin/NeQuim

For the high density limit (N, >> 1cm™3), Eq. (128) reduces to:

(128)

L
L - )
In/m gn’ An/m

while, for the low density regime (N.Q << A), we have:

It O Qum < Q(n,m) >
Iil/m B gn’ Qn’m B < Q(’I’L/,m) >’

where we made use of the general expression for the rate of the collisional

processes Qnm given in Eq. (84).

4.7.2 Determination of the gas temperature

In order to determine the gas temperature, we need a system of forbidden emis-

sion lines arising from two different and distant metastable levels. In this case,
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indeed, the dependence of the intensity ratio on temperature of Eq. (127) be-
comes very strong. A similar case is produced by the [O III] transition system,
that we report again in Fig. 10. This is a three-level system that, in absence of
radiative excitation and induced emission, has a statistical equilibrium of the

form:

(N1Q12 + N3Q32)Ne + N3Azs = NoAgi + NoNe(Qa1 + Q23) (129)
for level 2 (1ds) and:

(N1Q13 + NaQa3)Ne = N3(Az1 + Azz) + NaNe(Qz2 + Q31) (130)

for level 3 (sg). Eq. (129) and (130) can be solved together, for the level

occupation numbers, and they yield:

NiNAQ12[A31 + Azs + Ne(Q31 + Q32)] + Q13(NeQ32 + As2)}

Ne = NeQ23(NeQ32 + Asz) + [Ao1 + Ne(Qa1 + Q23)][Asz1 + Aza + Ne(Qs31 + Q32)]

_ NeN1Q13 + NeN2Q23
Asi + Azz + Ne(Qs2 + Qs1)

For this particular ion, we have:

3

A31(2321) =2.3-10" s

A32(4363) = 1.657 "
Ag1(5007) = 2.1-10" 2571
Ao1(4959) = 0.7-107 2571

which implies Ay >> Ag;. In addition, due to the fact that IX(4363) is very
small at low density, the 3"¢ level is charged by collisions. However, since
Q13 << @23, due to the larger energy gap, and that Q32 and (3; do not play
a major role, because level 3 decays radiatively to level 2 (and it is very rare
to have collisional excitations 2 — 3 at low density), the the solution of the

statistical equations reduces to:

_ NiNQ12
A1 + NeQ21

N3(As; + Aszz) = NeN1Qis.

2
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With the appropriate substitutions,? it is:

N3 Q3 Azt < _4 Q12> _ knT
2= T (1417310742 ) exee/keTe 131
Ny Qqp Azp + Az Ay (131)

with:
x=10"2N, T /2.

5 Recombination lines

5.1 Population of the levels

The recombination lines are the lines emitted by the permitted radiative transi-
tions, which follow the recombination of an electron with an ion. In the photo-
ionized gas of H II regions we can realistically assume that the population of a

particular level n only occurs through:
e direct recombination to n

e recombinations to higher levels, followed by a radiative transition cascade

ton
In a low density environment, interacting with a diluted radiation field, this, in
turn, implies that:
e there is no stimulated emission

e the level n is not populated via collisions or radiative excitations through

absorptions of radiation (i. e. the nebula is optically thin)

e the neutral atoms are in their fundamental level and they are ionized from

there

From the observations of H II region spectra, we know that there is statistical
equilibrium (otherwise the emission lines would be subject to strong variations
that are never seen) and we can, therefore, set up a system of statistical equa-

tions, accounting for the relevant processes:

n—1 0o
Nn E Anm - E AmnNm + NpNeaOn(Te)a (132)
m=1 m=n+1
departures from level n arrivals to level n

2see appendix A for the calculation.
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where g, (T,) is the coefficient of direct recombination to level n as a function
of the electron temperature 7,, while IV, represents the density of the most
abundant ion, namely H II.

If we were in conditions of thermodynamical equilibrium, we could use the

the equations of Saha and Boltzmann (Eq. 22 and 12) to describe the system:

NN (@rmeksT)2

Ny h3

2
Nn 2n e_XOn/kBT

that can be combined in:

N,N.  (2mm.kpT)3/?
N, h3

TL—Qe—(Xo—XOn)/kBT7 (133)

which would give:

B2 3/2
Though in general we cannot assume thermodynamical equilibrium, the result
of Eq. (133) can still hold by simply introducing the departure coefficient of
level n:

3/2
N, = b N.N.n? L e(xo=xon)/kBT (135)
noTnepne 2rmekpT '

Substituting this expression of the level populations into the statistical equations

Eq. (132), we have a system of equations to determine the b,, coefficients:

3/2 o)
OZOTL(TG) <27TmekBT> 6*(X07X0n)/kBT + Z bmAmnef(Xgmf)(on)/kBT —

n2 h?
m=n-+1

n—1
=bn Y Anm. (136)
m=1

In this case (that we remind is an optically thin nebula), the coefficients b,, are
only a function of T'. This happens because at low densities the only processes
that can originate the lines are captures of free electrons in the excited levels,
followed by radiative cascades to the lower levels. The system of Eq. (136) is not
trivial, but numerical solutions indicate that b,, increases with n, so that, when
the energy level is high enough, b, — 1. This happens because the average
lifetime of high excitation stages are longer and there are more probabilities to

achieve thermodynamical equilibrium.
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5.2 Intensity of the optical recombination lines of H 1
In the optically thin case

hv,
JL = nm
v 47

V() Anm /O ' N, dr. (137)

Introducing Eq. (135) into Eq. (137) for the population of level n, we can write:
It = F,,.(T.) / N,N.dr, (138)
0

where we grouped all the characteristics of the transition into the factor F,,, (Te).
Applying quantum mechanics considerations, that are beyond the purpose of

these notes, the intensity can be expressed as:

Gnm_ bn 15800 E
IE =34.24
v = 3424505 732 P ( n2T, ) 1+ N(Het)/N,’

(139)

where we needed the Gaunt factor of the transition g,,, and we introduced the

emission degree:
E= / NZ2dr. (140)
0

Eq. (139) expresses the dependence of the intensity of a H I recombination
line on the energy levels connected by the transitions and the environmental

conditions.

5.3 Intensity of the radio recombination lines

In the cases with n ~ 100 we have a departure coefficient b, ~ 1 (there is

approximately thermodynamical equilibrium) and:
St =B,(T.).

If we again consider an optically thin medium, it is:

*

IuL :/ Bu(Te)kzI;dTa (141)
0
with (see Eq. 57):
hl/nm gmNn

kL = NiwBon (1 - : 142
= P )N B (1 920 (142

In this expression, we can isolate the factor:

gmNn bn 7}“//]9 T, bn

1-— =1-— Bfe 1 — — 143
< gnNm > bm ¢ bm ’ ( )
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where the last step applies to the low frequency regime of the radio domain. In
some cases, it can happen that the factor of Eq. (143) may become negative,
resulting in a negative absorption coefficient. This is the MASER effect, that
occurs when the stimulated emission overweighs the radiation absorption, lead-
ing to an enhancement of the radiation field intensity due to the path travelled
by the beam through the gas.

As opposed to the optical case, in the radio domain the continuum is strong

enough to produce induced emission (due to the thickness of H II regions in

radio):
Lo > 1Y
and the factor:
4
Bum—1,
c

must be included in the statistical equations (136) to determine by,.

6 Continuous emission and absorption

6.1 Sources of continuous emission and absorption

The dominant processes that give rise to continuous absorptions and emissions

in the interstellar gas are due to:

e free - free transitions (in the radio domain or in the optical and X-rays for

the thermal bremsstrahlung of hot plasmas)

e bound - free transitions (absorption of ionizing radiation in the UV and

re-emission in the optical, without significant contributions from the radio)

e acceleration of free electrons of the non-thermal cosmic radiation in inter-

stellar magnetic fields (synchrotron radiation in all the frequency intervals)

It is very important to remember that the recombination cross-section is o oc v=2

(cfr. Eq. 65), so that recombination is more likely to affect the slowest electrons
of the velocity distribution. We shall later see that in ionization equilibrium,
the photo-ionization processes generally produce fast electrons (depending on

the average energy of the ionizing photons), that must be slowed down before
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recombining. The slowing process transfers the electron kinetic energy into the

gas, so that ionization turns out to be a globally heating mechanism.

6.2 Free-free transitions of thermal electrons

When an electron moves close to another charged particle (most commonly a
positive ion), according to the classical theory it emits a peak of radiation. If
the plasma consists of hydrogenoid ions of charge Ze and with a Maxwellian
distribution of velocity, the emission coefficient is:
1/2 26
6Ixj(f -f)= g <2;) TrLg/Qc?’Z(I;ﬂ“)l/?gffNeNi exp <k}:T> ) (144)
where gy is tha Gaunt factor of the free - free transition. Numerically speaking,

Eq. (144) is:

a9 Z%g hv
b(f = )~ 5441070 N, Ny exp (—kBT). (145)

Due to the exponential factor, at the typical temperatures of H II regions (T ~
10* K) the emission occurs in the radio and far IR domains.

When the radiation frequency is appreciably larger than the plasma fre-
quency (i. e. the frequency at which plasma particles oscillate after being

perturbed by an external electric field):

€2Ne)1/2

V>>vp = (
TMe

the Gaunt factor can be expressed as:

2kpT)3/? T3/2
grf = ﬁ In % — 1.443} = @ [hﬁ + 17.7] (146)
0 rZe2mt %y T v
In the radio range:
arf ~ T0'15Z/_0'1. (147)

With these expressions, we can integrate Eq. (144) over all the frequencies and,

assuming isotropy, derive the total emission coefficient:
dmesy = 47r/ E(f — fdv = 1.426 - 1072 22T~ Y2 N, N, g77. (148)
0

For 10* K < T'/Z? < 10° K we have that 1.25 < g7y < 1.45, therefore always in

the order of unity.
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The absorption coefficient k¥(f — f) can be computed directly from the

€®(f — f) if we assume that there is thermodynamical equilibrium. From:

2
€y v

AN LA
k., 2 P

we have:
k2

ke
21/2kBT
where we used the result €& oc T7035,=01 " derived combining Eq. (145) and

(147).

x T71.35V72.1

ko (f = f) = ; (149)

We can now define the optical depth of the free-free process:

Tj(f—f):/ k’;(f—f)dr:8.24-10—222T—1-35y—2-1/ N.N;dr . (150)
0 0
emission degree £

We can immediately see that 77(f — f) is a decreasing function of 7 and v,
while it increases with the emission degree E. From Eq. (149) and (150) we
infer that the gaseous nebulae become optically thick at low frequencies. As an

example, in a H II region with
Ne=N,=10°’cm™® Z=1 T~10*K r*~10pc
we have that TJ( > 1 for v < 200 MHz.

6.2.1 The thermal radio continuum

When the particle velocity distribution is Maxwellian, in the radiative transport

equation:
dl, €
Y = I+
ds + k,
we can apply the identity:
€v
7 = By Te )
= B(T)

with:
2

B,(T.) = 25 ksT.
If the source function is spatially constant (i. e. T, is not a function of position)
and there is no background source (1,0 = 0), we had the solution in the form of
Eq. (37):

I, =5,(1—e ™), (151)
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Figure 11: The thermal radio continuum in the optically thick and optically

thin regimes.

with S, = B, (T.). Eq. (151) has two limits:
>1 — I,=B,(T.) — I, xVT,

v
Th<<l — IL,=7'B,/(T.) — I, xvy 0177035

where we made use of Eq. (150) to express the dependence of 7,5 on frequency and
temperature. The two limits imply that the thermal radio continuum appears
similar to the one illustrated in Fig. 11, with two different regimes. In the
optically thick regime, at low frequency, the continuum reproduces the shape of
a black body function and a measurement of specific intensity in this region gives
the electron temperature 7.. Moving at higher frequencies, the gas becomes
optically thin and the continuum is nearly independent from temperature and
frequency itself. A measurement of the intensity in this region yields an estimate

of the emission degree E, that, given some constraints on the size of the cloud,

results in a lower limit on the electron density N..
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6.3 Bound-free and free-bound transitions in the optical

- Uv

If we consider H and hydrogenoid atoms, we can define the free state through a

continuous variable x depending on the kinetic energy of the free electron:

1 RhZ?
Ekzimv =2 (152)
where
2metm,

R= =3.29-10'"° Hz

12
is the Rydberg constant in frequency units. The absorption coefficient for a
transition n — x is:
_ 647*'m.e' 024 VA

~ . 1029
B

where gy, s is the Gaunt factor (~ 1 with a weak dependence on v in the optical)

ky(b—f) InfNon, (153)

ndu3

and Noy, is the density of neutral atoms in the excitation level n. From Eq. (153)
it is important to notice that absorptions are disfavored in the high excitation
levels and it is inversely proportional to the 3"¢ power of the ionizing radiation
frequency. This is very important because, provided that photons must
carry enough energy to cover the ionization threshold, more energetic
photons are less likely to be absorbed.

For the recombination of a free electron with velocity in the range v —v +dv
to a bound energy level n, we can derive an emission coefficient starting from

the expression of the line emission coefficient of Eq. (49):

hv,
I nm
- | nmiV¥n
€, = Y(v)Apm N

and write in analogy:

ez —n)dv = %Ne(v)dUan(U)Nh (154)

where:

Ne(v)dv = Neop(v, T)dw

an (U) = V0zn (U)

. If elastic collisions dominate, ¢(v,T') is a Maxwellian distribution and:

1/2
me/ h2v

k —
Ey(f - b) - (2’/TkBT)3/2

02040 (V) Ne Ny exp (—%) . (155)
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To express the emission coefficient, we need an estimate of the factor v2o,, (v).

In thermodynamic equilibrium we must have:

€k 2hv? 1
kE B,(T) = 2 ohw/ksT _ |

and the Saha equation between the two ionization stages:

Ny po = 2911 (2mme)3/? (kpT)>/? o—an/knT
NOn gon h3

so that, taking the ratio of Eq. (154) and (153) and performing all the substi-

tutions we get:

hv \* gon KE(b — f)
2 n vy
VOopn(V) = — | ————=. 156
() (me0> g1 Non (156)
Introducing the expression of kX (b — f) of Eq. (153), we have:
647’024,y 1
V20 n (V) = 2 E 2 Int (157)

3v3mec3ht vn3’
that can be introduced in Eq. (155) to evaluate e&(f — b).

6.4 Continuum emission from recombination

In the visible and UV spectral ranges we have the Balmer and Paschen continua
(those arising from direct recombinations to levels 2 and 3, respectively). To

calculate the coefficient we can start from the effective recombination cross-

sections:
S N VI 59
3B mec3h3 n3 v2 Xy, + mev?/2
—_————
hv
For the emission coefficient, we have:
m 3/2 2
€xn(V)dv = hv (27%; ) Oanvoe”Me? /kBTNediv,
which becomes:
1287r4elOmegnf 1 hv — xn
zn = — T T NeN =
(V) = 2 Grmekp )52 1 © ( kT ) P
AFE
= 1.7-10733g, ;T3 *n =3 (—kBT> N.N,. (159)

The total energy emitted in the continuum for a recombination to the level n
has a luminosity density given by:

e 4.5-10722
47T€wn = 477/; Ewn(V)dU = WNENP.

n

49



For the direct recombinations to the ground level n = 1 in a photo-ionized

nebula with 7= 10*K and 1ecm™2 < N, < 108 cm—3:
4re; =4.5-1072* —4.5-10 % ergem 357!

and a free-free emission coefficient (Eq. 148):

1.426 - 10727 Z2N,N,g;;

72 =14-100% -1.4-10Bergem 3571,

47T6ff =

therefore the recombination continuum is usually the dominant contribution.

6.5 The 2-photon emission

The transition between levels 2s — 1s in H is forbidden, but it can occur
through the temporary formation of a short-lived intermediate energy level and

the emission of two continuum photons, provided that:
hv' + hv' = hvy; = 10.2eV.

The transition has a probability coefficient A(2s — 1s) = 8.26s7! and it results
in the emission a a symmetric continuum peak, centered at A = 2431 A(AE =

5.1eV), which becomes observable when N, < 10*cm~3.

7 lonization equilibrium

7.1 Statistical equilibrium in ionized nebulae

We know from observations that ionized nebulae are characterized by emission
line spectra. The lines are originated by a source of ionization (either a shock
front or a ionizing radiation field) and by subsequent recombinations. The
existence of the emission lines is possible when the ionization and recombination
processes achieve an equilibrium in which the number of ionizations is balanced
by the number of recombinations. Without this balance, the gas would evolve
towards a state of full ionization or complete neutrality and no emission lines
would be produced. In the equilibrium condition, instead, there is a constant
degree of ionization, meaning that a fraction of the atoms is always ionized and

the population of the free levels is constant.
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If we only consider ionization and recombination processes in which only 1

electron is released or captured, the ionization equilibrium can be described as:
Ni(Riit1+ Ciiv1) = Nig1(Riv1,i + Cig14), (160)

with:

R; i+1 photo-ionization rate

Ciiy1  collisional ionization rate

R;+1,; radiative recombination (cooling process)

Cit1,; 3-body recombination (recombination of an electron with energy

transferred to a second electron)
It is intuitive to derive that:
Ri+1,i x N

Ciy1,; x NoN'  negligible at low densities

7.1.1 Radiative ionization

For a nebula mainly consisting of Hydrogen atoms, Eq. (160) becomes:
No(Ro1 + Co1) = N1 Ryp. (161)

To estimate the photo-ionization rate Ry; we need to compute the integral:

> kzlj(l _f)Iu
hv

number of absorbed photons

N()R()l = 471'/ dl/, (162)

vo

where we assumed that ionizations occur only from the ground level. This
assumption is reasonable because in interstellar conditions all neutral atoms are
in their ground level (cfr. §4.3 for the case of permitted lines) and we can use
No = Npi. From Eq. (153) we know that the absorption coefficient is:

4

Z
K1 — ) = 3-10%° g, s N,
L(1=1) 53905 Nox

that, for H becomes:

No1
EF(1— f) f::3~10297

and setting:

I, = WB,(T)

o1



with W ~ 10716 (diluted radiation field) and T'~ 4 - 10* K (ionization from hot

stars), we do not need to solve the transport equation. Eq. (162) becomes:

3-10% - 4x Ny W [ B,(T
NoiRor = o / (4  av. (163)
h v |V
Using the Stefan-Boltzmann law:
oT?
B,(T) = —, 164
(1) = (164)

with o = 27°k%, /15h3¢? being the Stefan-Boltzmann constant, we can numeri-

cally estimate Eq. (163), obtaining:
Ro1 ~ 10781,

This means that the typical lifetime of a neutral atom in the diluted radiation
field of hot stars is ¢t = 10%s. In H II regions all atoms are ionized from the
ground level and the ionization of a neutral atom by absorption of radiation
occurs every 10%s. Ionizations are nonetheless globally frequent, because of the

large number of atoms available in the cloud.

7.1.2 Additional sources of ionization
At large distances from the hot stars the main sources of ionization are:

e the diffuse component of the cosmic radiation (mainly the X-ray back-

ground)

e the collisional ionization due to the high energy particles of the cosmic

radiation

For what concerns the X-ray background, we have to recall that the absorp-
tion coefficient is k%(1 — f) oc v=3. It turns out that Ro; ~ 107'7s7! for low
energy photons (0.2keV < E < 1keV) while it is Ry; = 0 for the high energy
ones (E > 1keV).

The collisions with particles of the cosmic radiation can be described by a
collisional ionization rate Cy; which is comparable to the low energy radiative
ionization rate (Co; ~ 10717 s71) for particles with kinetic energy E < 100 MeV
and null above this limit.

In addition, in regions with 7" >> 10*K, such as the hot plasmas from

which the emission lines of O IV arise (e. g. the hot intra-cluster medium, with

52



T ~ 105 — 107 K) the kinetic energy of thermal electrons can reach values as

high as E ~ 102 — 102 eV, for which we have a rate of collisional efficiency of:

Qo1 ~ 107" VT em® s,

7.1.3 Recombination

The recombination rate with subsequent emission of photons is:
Rit1, = Neay, (165)

where:
;= E (6779}
n

is the total recombination coefficient and

Qi = /000 VO zn (V)O(v, T)dv

is the recombination coefficient at level n. From Eq. (157) we have:

_ 64m%e!0Z 1 gy
3v3mec3ht v n3

V20 um (v)

and, in the case of hydrogenoid atoms with a Maxwellian distribution of velocity

corresponding to the kinetic temperature of the electrons, using:

1
hy = §mev2 + (X0 — Xon)

we get:

2975el024 M 5/2 Xn Xn '\ 9nf
- _ F gnt 166
“o m2c3h3 (67rkBT> P ( kBT> (k:BT> n3 (166)

with %, representing the ionization energy from level n and

0 -t

We define the partial recombination coefficient:

af) =3 ag. (167)
=Jj

so that:

n—1

(1) (n) E :
Qy " = Qo Qn - =0 — [ 7Y

1=1
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For hydrogenoid atoms, it is:

af) = (168)

2.06 - 1071122 < X1 >

/2 " \kpT )"
This coefficient is useful because nebulae are nearly transparent for recombina-
tions to levels n > 1 (since all the neutral atoms are in the ground level), while
recombinations to the ground level itself produce photons that can re-ionize
other atoms. These are re-absorbed after traveling a certain distance, which,
if smaller than a significant fraction of the cloud size, can be neglected in the
so-called on the spot approximation.

Considering only H atoms (Z = 1) in a H II region with 7" = 10*K and

N, =102 cm—2 we have:

aél) ~4-10"Bem3s !

al? ~26-107 B cm?s !

and from the statistical equilibrium equation:

N1 Ro1 +Con

No N}
it turns out that:
N o5
Ny '

In the hot component of the ISM (like the thin clouds far away from the ionizing
sources detected through their O IV lines) with

T~10K Qu~107"VT Ry ~1077"s™! N,=4-10"3cm™?
04(()1) ~10"Memds!

we have:

Ny 6
— ~ 10
Ny

that is full ionization.

7.2 lonization equilibrium in H 11 regions

Let’s consider ionization equilibrium in the presence of a hot star. Indicating

with
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Ny the number of neutral atoms
Ny the number of ions
Ny = Ng+ Ny the total H abundance
if H is much more abundant than the heavier elements it is also the only relevant

source of free electrons. This implies that:

N, = Nj. (169)
Since:
Rop ~ 1078571 NoRo1 = N1 Ry
—
Co1 ~ 10-17g—1 Rig = Neaé = N.ap

we can neglect the ionization due to collisions (and that produced by the back-

ground radiation) and the ionization equilibrium is:

N()R()l = NlNeao. (170)
From this expression, we get:
Ny Ro1
— = . 171
NO NeOZO ( )

Taking into account a central star belonging to the first spectral types (T ~

10* K), we have:

Rop ~ 107871 ap ~4-10713 ecm? 571

that, put into Eq. (171), gives:

N1 25- 10* em ™3

N, N, :
so that, using the identity of Eq. (169), we finally have:
NE

Ny=— ¢
0 95.104cm 3

(172)

If we know the value of Ny = Ny; we can evaluate the bound-free absorption

coefficient. Starting again from the expression of Eq. (153), it is:

4

Z
E¥(n — f) ~3-10%

nsu3 ganOn

that, for H atoms in their ground level, reduces to:

N
kE(1—f)~3- 1029%. (173)
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We recall that ionization can occur only above the threshold frequency:
vo = (912 A) = 3.2895 - 105 Hz,
so that, at the threshold frequency, we find:
EF(1— f) =8.4-10"18Ny;.

Therefore, for gaseous nebulae with electron densities in the range 10?2 cm ™3 <

N, <103 em™3, using Eq. (172), we get
34-107%em ™ < kF(1— f) <3.4-107%cm ™.

An optical depth of 7,, = 1 is reached after a mean free path of the order of k’jfl,
which ranges approximately from 0.1 pc, for N, = 102 cm 2, down to 0.001 pc,
for N, = 102cm~3.3 Since the typical dimensions of a nebula largely exceed
1 pc, this means that the ionizing photons are absorbed within a very small
geometrical path, thus satisfying the on the spot approximation. In particular,
we have demonstrated that photo-ionized nebulae are optically thick to

the Lyman continuum.

7.3 The diffuse ionizing radiation

The optical thickness of photo-ionized nebulae to the Lyman continuum intro-
duces some additional complications in the expression of the photo-ionization
equilibrium. Indeed, we have to take into account the fact that direct recom-
binations to the level with n = 1 produce a diffuse radiation field with v > vy,
which contributes to the ionization. The expression of Ry;, that we derived from
Eq. (162), must be corrected for this effect, by the introduction of the diffuse

radiation component in the radiation field specific intensity:
I, =1I+1%

We can try to estimate the fraction of direct recombinations to the ground
level:

NiRig = NiNeag = N1Ne(0zég) — ao1), (174)

3Remember that 1 pc ~ 3-10!8 cm.
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with:

ar =14-108em?s™" o =26-10Bem®s™ ap=4-10"Bems .
From these quantities, it turns out that the fraction of recombinations at the
ground level is a1 /g = 35%), while the fraction of recombinations at levels with
n > 2is ad/ag = 65%. These ratios imply that the diffuse radiation field has a
non-negligible role and we cannot neglect the contribution of ionizing photons
from the environment. Introducing the distinction between the source and the
diffuse radiation fields in Eq. (162), we have:

X kp( = f)U5 + 1Y)
hv

N01R01 = 471'/ dv. (175)

Vo
Separating the contribution of direct recombinations to the ground level, the

ionization equilibrium of Eq. (175) can be written as:

< Ek(1— pHI © kk(1— I
NlNeaéQ) + {N1Neag1 } = 477/ Mdu + {471'/ ”(f)”dy} .
o hv o hv

(176)
If the on the spot approximation holds, the two terms in curly braces of Eq. (176)
are exactly balanced and cancel out.

If we define the ionization degree as:

Ny
recalling that Ny = Ny 4+ N; it turns out that:
N, =Ny =zNg. (178)
The ionization equilibrium becomes then:
No1Ro1 = NeNla(()z)a
that, in terms of x, is:
[es] kIs 2 (2)
(1—2)Ny - 47r/ }VWVdu = 2’ Nylay”, (179)

Yo

where we used an absorption coefficient per atom:

v No1
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7.4 The ionization front

The transport equation expressed in polar coordinates becomes:

oI, 01, sin 0
cosf — v =—k, I, +e,, (180)

or 90

where 6 is the angle with respect to the radial coordinate. In the case of spherical
symmetry, since:

@y:/ 1,(6) cos 6dQQ, (181)
4

we have:

e, 2 1d

R

r2®,) = —4rk, I, + 4re,, (182)

where the factor 47 arises from the fact that we define the intensity of the

isotropic radiation field as:

drl, = QI
with:
@, (r)
I’ =
v QO

being the average intensity of the stellar disk, that does not depend on distance.
Due to the absorption along the path from the surface of the star to the distance

T

r, we have to make the substitution I} — I, x e~™, with 7, determined by:

dr, = k¥ o Nodr = kX (1 — 2)Nydr. (183)

vatom

Since k¥ oc v=3 (for v > vy), the optical depth increases at low frequencies. In

particular, it is:

1—
1—a)Ngr* « ( x)NHr*.

* k
T, =k -
v3

v v atom(

Due to the pronounced dependence of the opacity on frequency, we have that
the radiation at low frequency is considerably weakened and the intensity dis-
tribution appears shifted toward the higher frequencies. Another important
consequence is that high energy photons penetrate deeper layers of the cloud
and they are the last ones to be absorbed.

In the case of a photo-ionized nebula, we have to consider, in addition to the

stellar radiation, also the diffuse radiation field, with an emission coefficient €?.
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With this distinction, if we divide Eq. (182) by hv, multiply by 47 and integrate
over frequency, we get

d P35 4 P ° ko (I3 + I o ed
. [47#2/” ”I;:”dy} = 4gr? {—477/11 (’;uj_”)du—i—élw/y ;Zdy} .
(184)

0 0 0

Instead of trying to solve Eq. (184) it is better to understand the meaning of

its different members. For the flux of the source radiation field, we have:

By definition, it is:

and we have:
* Tx T
> x y rem WL

The member in the left hand side of Eq. (184) is:

> Ps 4 (I)d
Lo(r) = 4nr? —£ ¥y, 185
R (185)
that represents the number of ionizing photons produced by the star and by the
diffuse radiation field. In the right hand side of the equation, instead, we have:
> 65 2 A2
4 ’ Edy = 2" Ngap1,

0
meaning that the number of photons produced in the diffuse radiation field is
equal to the number of direct recombinations to the ground level n = 1. If the
photons of the Lyman continuum are re-absorbed on the spot, then:
oo
47 /UO k;—igdu = m2NI2{a01

meaning that the number of absorbed photons, too, is equal to the recombi-
nations at n = 1 and ®¢ = 0. With these assumptions, we can re-define the
number of ionizing photons produced by the star of Eq. (185) as:

oo

Le(r) = 4mr? /

Yo

@S
v 1
) dv, (186)

and re-write Eq. (184) as:

d

aLc(r) = 47r7"2[—;v2N12{a0 + xQle_Iam],

59



x(r) A

Figure 12: Ionization degree as a function of distance from the ionizing radiation

source.

which, using the definition of the partial recombination coefficients of Eq. (167),
becomes:
d

&Lc(r) = —471'7"23;2N12{0482). (187)

Eq. (187) tells us that the variation in the number of ionizing photons with
distance from the source is equal to the number of recombinations at levels
n < 2.

Due to the variation of the number of ionizing photons, the ionization degree
itself is a function of the distance from the source = z(r). This function can
be determined solving the following set of equations:

o ks

k
(1- x)NH47r/ ﬁdu = x2NI2{a(()2)

Yo

—T,

2
Is :7*6 v R*
v v 4,r,2

m,(r) =kF - (1 —2)Nyr.

If we know Ny, R., I* and we use kX(1 — f)g = 3-10%v73, it is found that
2(r) is nearly constant and very close to 1 (full ionization) where the ionizing

photons are still available, while it quickly drops to 0 at the distance where
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all the ionizing photons have been absorbed, as it is shown in Fig. 12. The
distance where the absorption of all the ionizing photons is carried out is called
the Stromgren radius rg and it can be obtained from integration of Eq. (187)
with the condition:

Lc('r‘s) =0.

Using z(r) = 1 for r < rg, the integral of Eq. (187) is:

47

5 Nio? (rd — RY). (188)

Lo(rg) — Le(Ry) = —Lo(R,) =

Since R. << rg, it can be neglected in the right hand side of Eq. (188), obtain-

ing:
4
Le(R,) = %N?{a((f)rf. (189)

The luminosity is given by:

LC(R*):/ q)]ER*)zleidy

v

0
and since:

O = Axl*

v

we can solve Eq. (189) for rg:

Tk Y dv
N?_IQE)Q) Vo hV

o Ix
N; = *~d
L /1,0 hv v

(190)

_ 1/3
3R [® T3 ] /
rs = .

The integral:

is the flux of ionizing photons at the surface of the star, and, recalling that at
T ~ 10*K it is:

al?) =2.6-107 ¥ cmds ™,

the Strompgren radius expressed in pc is:

R\ 23
rg =123-1077 (> NN (191)
Re
For x = 1 we have:
N1 >> Ny
3-10%
TV:(l—LL')NH 3 ~ 0.
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Table 1: List of common element ionization potentials.

Element | 1% ionization | 2"¢ ionization
potential (eV) | potential (eV)
H 13.6 -
(@) 13.6 34.9
N 14.5 29.5
Ne 21.6 41.1
He 24.6 54.4

If « decreases to 0.5, the optical depth increases steeple, so that the mean free
path of a photon with v = vy becomes smaller and smaller (¢ ~ 10~ pc for
Ng =10%2cm™2 and £ ~ 10~* pc for Ny = 103 cm—3).

As it is shown in Fig. 12, the ionization degree quickly drops to zero at a
distance approximately corresponding to the Stromgren radius. In this transi-
tion region, we have an overlapping of neutral and ionized gas. For this reason,
this region hosts free electrons and ion species such as H I, HII, O I and O II
(the first ionization potential of O is approximately equal to that of H). This
region is very important, because its the only place where a significant emis-
sion of forbidden lines from [O I] can arise. If the ionizing radiation source is
non-thermal (as, for example, in the case of AGNs or other power-law spectrum
sources), there is an excess of high energy photons (Fig. 4), which are absorbed
at the border of the nebula, because of their smaller absorption cross-section.
This results in a smoother transition from the ionized region to the neutral one,
therefore producing a larger transition region. In this case the intensity of the
emission lines, coming from the transition region, are enhanced and we are able
to discriminate the nature of the ionizing radiation source from the emission

line intensity ratios.

7.5 Stratification of ionization

In the spectra of photo-ionized nebulae we can observe emission lines produced
by H and several other elements. In Table 1 we report the first ionization

potentials of the elements emitting the brightest lines. The most abundant
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Figure 13: Ionization stratification for the cases of stars with 7" < 40000 K and
T > 40000 K.

element after H is He, with:
N(He)
N(H)

and, since xo(He) >> xo(H), He can be present in H II regions either as He I or

~ 0.1

as He II. If there are not enough photons to ionize He, then there can be neither

O III nor NIII. It is convenient to subdivide the UV radiation in two bands:
1. 13.6eV < hr < 24.6eV has photons that can only ionize H (and O)
2. hv > 24.6eV has photons that can ionize all the elements

Though the high energy band photons can in principle ionize every element,
they will rather be absorbed by heavy ions, instead of H, in spite of its higher
abundance. This happens because of the photo-ionization cross-section, which,
above the ionization threshold, decreases as 2. Therefore, the H I atoms are
very small targets for this kind of photons, that are much more likely to interact
with an heavy element. Moreover, if there are photons in the low energy band,
they can only be absorbed by H I atoms, leaving only the heavy ions with the
possibility to absorb the high energy photons.

If the source of ionizing radiation is a thermal source with 7" < 40000 K,

the ionizing photons are mainly belonging to the low energy band. A thermal
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source with 7" > 40000 K, instead, produces a significant number of photons with
hv > 24.6eV and the ionization structure that is observed in the surrounding

medium differs in the two cases, as it is shown in Fig. 13.

7.6 Extinction by dust grains

From observations in the IR, we know that dust is present in the densest H II
regions. As a consequence, UV radiation is absorbed and the Strémgren radius
becomes smaller. Since it can be assumed that the dust / gas ratio is constant,
the dust content of the nebula increases with density. If we call rg the dust
reduced Stromgren radius, we define the decrease factor as the ratio

s

rs
Calling 7,5 the optical depth due to dust at the distance of 5 and Ay the visual
extinction in the H II region, there is an empirically verified relation, stating
that:

Tvs = 4AV

7.7 H 1 regions

All the stars belonging to the O and B spectral classes are surrounded by H 1T
regions. Photons with hv > 13.6eV cannot escape from these regions, but
lower energy photons can still ionize heavy elements in the neutral gas, like,
for example, C T (xo = 11.26eV), SiI (xo = 8.15eV) and Fe I (xo = 7.87¢eV).
In addition, a residual ionization of H is still possible, due to collisions with
particles of the cosmic radiation (Co; ~ 107*7s~! for E < 100 MeV) and to
interactions with the X-ray background (Rg; ~ 10717s™! for hv < 1keV). The

resultant ionization degree can be evaluated through the statistical equilibrium:
No(Ro1 + Co1) = N1 Ryo, (192)

with Rjg = Neagf) (on the spot re-absorption of all the Lyman continuum
photons).

In a neutral medium, we have:

Ny << Ny = ]V(I’II)7
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so that the electron density is:
N. = N; + 2oN(HI), (193)

where we caled xg the abundance of electrons coming from other sources (heavy

elements) relative to H I. Eq. (192) becomes then:
N(HI)(Ro1 + Co1) = N[Ny + zoN(HI)]a?
and:

(ROl + 001) = N(H I)

In this case, the quantity:
Ny
N(HI)

y:

is a measurement of the ionization degree (since it is equivalent to x = Ny /(No+

Ny) for Ny << Np). The statistical equation Eq. (194) in terms of y is:
NHDaPy? + NHI)aPy — (Ro1 + Co1) =0, (195)

that, solved for y gives:

—zoal? + \/ N2(HT)z2a$"? + 4N (HI)zo0y
2N (HD)ol?

y:

)

that is:

1/2
N Z0 Ro1 + Co1
_ |44 tlo )y
Y= NED 2 ( + 2))

N(HID)22a
In the case of complete ionization of C I, Si I and Fe I, for normal chemical
compositions, it is zg ~ 5 - 1074,
7.7.1 Cold dense neutral cloud

We now consider, as an example, the physical conditions of a cold dense cloud

of neutral gas. The typical parameters of this environment are:
T ~100K N(HI) =20 cm 3 (Ro1 + Co1) ~ 10717 g1

aéQ) ~6.8-10"2cm’s
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For the ionization degree, we get:

Ny

~12-107*
N (I 0

corresponding, through Eq. (193), to an electron density of:

N.=(12-10"*+5-10"*)N(HI) ~ 1.24 - 102 cm 3.

7.7.2 Hot tenuous neutral cloud

Another set of physical conditions is found in the hot tenuous neutral regions of
the gas, which surround, for example, photo-ionized clouds. Here we generally
find:

T ~4000K N(HI)~1lcm™> (Rgs+ Coi)~10717s7!

o ~521-10" 3 cm®s
It results that y ~ 4 - 103 and:
N, ~4.6-10"3cm™3,

i. e. the electron density is lower in the hot gas.

7.8 Heating and cooling mechanisms

The thermodynamical state of the interstellar gas depends on its kinetic tem-

perature. The temperature, in its turn, is controlled by the heating rate T’

(measured in ergcm™3 s_l) and by the cooling rate A (expressed in the same

units). If the system is in thermal equilibrium, the temperature must be con-

stant and both heating and cooling have to occur with the same rate:
I=A.

Both the rates depend on gas density and temperature, though their efficiency
may change, due to the different processes that are at work.

The main processes which contribute to interstellar gas heating are:
e photo-ionization
e ionization by cosmic rays

e shock waves
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e heating by dust grains
e evaporation of Hy formed on the surface of dust grains
The main cooling mechanisms, instead, are:

e collisional excitation of metastable levels, followed by radiative de-excitation
(with photons that escape the nebula, because their absorption is forbid-

den)

e free-free emission from thermal electrons (mainly effective at very high

temperatures T ~ 10° K)

The metastable cooling is very effective plasmas with T ~ 10* K, where the free
electrons have the proper energy to charge the excited levels by collisions. In
higher temperature plasmas, or in the case of extremely metal poor gas, cooling
by excitation is not possible, because the ions are destroyed or they are not
even available. In these cases, free-free becomes dominant, but equilibrium can
only be achieved when it is really effective. We shall now consider some cases

of interest.

7.8.1 Photo-ionization heating in H II regions

Photo-ionization is the main heating source of a H II region. The mean energy
of the electrons that are released can be expressed as:

5 f;oo h(v — vo)kX T, /hvdy
c [ k5L [hvdy

(196)

and it depends on the shape of the ionizing radiation spectral energy distribu-
tion, but not on its intensity. If the temperature of the source is 7" and we can

assume:
I, =WB,(T),
then the initial temperature of the released electrons settles to:

2 *
Ijozgjj7

provided that hvg > kgT™.
Due to the photo-ionization cross-section (o4, V’S), the most energetic

photons are absorbed far away in the nebula. For this reason, if 7* > 40000 K,
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though there are many high energy photons, the initial temperature, close to the
star, is relatively low (T < T*), while, if T7* ~ 10000 K, the high energy photons
are rarer, but absorptions are more frequent and the average energy of the
free electrons (and, consequently, T') is higher. However, within the Stromgren
radius, where all the ionizing photons have been absorbed, the average energy
is larger for the hot stars.

From the emission lines of [O II] or of [S II] we can derive estimates of the
gas density and try to measure 1" at the border of the nebula. If we are able to
resolve the line emitting region, we can perform such measurements at different

positions. In ionization equilibrium, it will be:
N.Niog = N. Ny Z VO g, €qno(197)
n
so that we can derive the balance between the energy gain:
N.NiaE.

and the energy loss:

1 -
imeNeNl zn: Ugo'a:n

resulting in the expression of heating as:

1 -
I'= N.NiawE, — imeNeNl Xn:v?’om. (198)

7.8.2 Cooling from metastable level transitions

To evaluate the efficiency of cooling by excitation of metastable levels, we have

to balance the number of collisional excitations:
NeNitQim

with that of collisional de-excitations:
NeNimQma

and consider that only the ions which, after having been collisionally excited,
decay through a radiative transition actually take part to the cooling of gas.

The cooling rate is, therefore:

A= N, Z(Em — E1)(NitQ1m — NimQm1)- (199)
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If the electron density is low (N. < N.), we can neglect the collisional de-

excitations and find:
A=N.> (B — E)NiQim. (200)

In the case when no heavy ions are available, the only effective coolant is

the free-free emission of thermal electrons. This implies:
App=dmeyy

with:
err ~ 1431072 222N, Nigyy

and:

grp o T0.15V70.1

(cfr. §6.2 Eq. 147). This mechanism is always at work, but it is far less effi-
cient than the emission of forbidden lines, when the ions are available. If the
temperature grows, the efficiency of the free-free also increases, until it eventu-
ally achieves equilibrium with the heating mechanism at some high temperature

value.

7.9 Thermal equilibrium in H 11 regions

In H II regions the thermal balance is mainly achieved by equilibrium between
photo-ionization heating and metastable level cooling, as shown in Fig. 14. The
mean energy produced by photo-ionization is expressed through Eq. (196), which
holds throughout the nebula. Close to the star, Eq. (196) can be evaluated in:

— 3
E. = “kpTo,
2BO

with T initial temperature of the electrons. In this case, we can neglect the

diffuse component of the radiation field I¢ and, considering k, o v~3, we can

apply the Wien regime:
I, = WB,(T*) = Wyie hv/koT",

that can be integrated to get:



10% A N =10?cm?

102 r N = 10%cm?

10000 K 20000 K 30000 K T

Figure 14: Thermal balance between the main heating and cooling mechanisms
working in a H II region. The equilibrium temperatures correspond to the
values where the efficiencies of heating and cooling processes (here expressed in

ergcm ™3 s~ 1) become equal.

with ¢y = 0.98 for T* =~ 4000K and vy ~ 0.87 for T* =~ 30000K. For low
temperature stars, we have few ionizing photons with energy very close to the
ionization threshold that are absorbed immediately in the nebula. For this
reason the kinetic energy of the electrons is very close to the temperature of the
source.

The photo-ionization rate in photo-ionization equilibrium is:

| i 3
th = N.N; <aOEe - §menzl <V 0zn >> )

so that, close to the star, we have:
Ny =N, =N,

_ @ _ 25 X1 ~11
oy =0y = T1/2<I>1 (W) -10

E. = ¢oT"

and if ¢(v) is a Maxwell-Boltzmann distribution:

~29-1072'N,N,

r T1/2

[T*4po®1(T) — Ty (T)],
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with:
1(T) = const. Z V304

Solving the transport equation in radiation dilution with the on the spot as-
sumption, we can get F. at each point in the nebula. If we consider the nebula
as a whole, it results:

E = ¢kBT*,

with ¥ = 1.05 for T* = 4000 K and ¢ = 1.35 for T* = 30000 K. In this case we
measure T' > T™* because we only see the effect of the highest energy photons.
In a pure H nebula, thermal equilibrium is achieved at a temperature T ~
3-10* K, while, in the presence of heavy elements, we have T' ~ 10* K. However,
if we increase the electron density of the gas, approaching the critical density of
the forbidden lines, the temperature increases again, because the efficiency of

radiative de-excitation through the emission of forbidden lines becomes smaller.

8 Extinction

The most evident effect of the interstellar dust is extinction of the light produced
by faraway stars and nebulae. Extinction in the visual band is mainly due to
scattering (light subtracted from our line of sight) and partially to absorption
(photons re-processed and emitted at different frequencies). If we call o the
intrinsic intensity of a source and I its observed intensity, then we have:

1
22—, (201)
Ino

Interstellar extinction is characterized by the value of 7, along the path from
the source to the observer. It is computed from spectro-photometric measure-

ments of pairs of stars belonging to the same spectral type. If we label the two

stars as number 1 and 2, the ratio between their fluxes is:

2
) _ Foa() _ir)-m@) _ D—ge_[”(l)_”@)], (202)
Fy(2) Fpx(2) D7

where D; and D5 are the distances to the two stars. It is convenient to choose
the two stars in such a way that one is reddened and the other not. This is

possible if the not reddened star is a very close one. Let’s assume, for example
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Tx(2) ~ 0, so that Eq. (202) becomes:

(1) DI

= 203
which yields:
Doy F\(1)
=2ln— -1 .
D\ n D1 n F)\(2)

The logarithm of the flux ratios increases with A and it becomes approxi-
mately constant at very long wavelengths. The logarithm of the distance ratio,
instead, is independent on A and it is generally unknown, though it can be esti-
mated from measurements of F)\ at very long wavelengths, where 7, ~ 0. From
measurements of the ratio Fy/Fy taken at different wavelengths we can extract

the extinction curve. It turns out that:

e T, is approximately the same function of wavelength for all stars in every

direction
e only the normalization of the curve is a function of direction

This result is the consequence of the fact that the dust has the same physical
properties throughout the interstellar medium (at least in our own Galaxy) and
that it is found approximately in the same ratio with respect to gas, except
for some notable situations (such as dense molecular clouds, that are generally

more dusty). We can, therefore, write:
™ =Cf(N), (204)

where C depends on the distance from the source and f(\) is the same in every
direction. With this expression, we can evaluate Eq. (201) at two different

wavelengths:
L) _ To(M) —crron-roa)) (205)

IA2) — To(N2)

The effect of interstellar extinction is to change the observed intensity ratio of

two lines, with respect to their intrinsic value in the original nebula.
f(A) is normalized in such a way that:
TH'y — THao — 05
Setting C' = 1 we have:
0.68

fN) = ~ 0.39 for A > 0.437um
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fN) = g +0.31 for\ < 0.437um,

resulting in:
fHB) =1.

If we know the theoretical intensity ratios of some emission lines, like in the
case of the hydrogen Balmer lines, we can calculate the value of C' and apply
an extinction correction to the other line intensity ratios of, for example, [O III]
etc. Indeed, since it is:

e = 100434,

Eq. (205) becomes:

I(A) — IO(A) 1070.434(7’)\77}13) — IO()\)

IHB)  I(Hp) ~ Io(HP)

where ¢ = 0.434C'. Now, since we have:

10— —F@EB)], (206)

IN/L(\) 107/ ™)
I(Hﬂ)/Iz(Hﬁ) ~ 10—cf(HB) (207)

and f(HB) = 1, taking separately the numerator and denominator of Eq. (207),

we infer:
I(HB)

8 o(1B)

Going to the magnitude scale:

I(Hp)

Ag=2.5c=251o
/ & Is(HpB)

and, similarly:

Ay =2.5log I{)((/l\)) = 2.5¢f ().

It is a common use to take the effective wavelength of the visual band V as

a reference. It is:

Ay —Ag _ f(V)=fEHE) _ f(V)-1 oo

E(HS —Ha)  f(HP) - f(Ha) 1 f(Ha)

where F(HB —Ha) is the color excess at the wavelengths of HF and He, defined

as:

E(HS — Ha) = [m(Hp) — mo(HP)] — [m(Ha) — mo(Ha)].

It results:

Ay = Az — 0.425E(HpB — Ha)
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Figure 15: Effect of the extinction on the observed Balmer line intensity ratios

(03 > Cco > 01).

and
E(B-V)  Ap—Ay  f(B)- f(V)

B(HG —Ha) Ay~ A, J(05) — f(Ha) 50

Therefore:

E(B - V) = 0.863E(Hf — Ha).

The functional behavior of extinction can be obtained in the form:

I(Ha) o Iy(Ha) . o) —
8 1)~ Tymp) O
I(Hy)  Io(Hy)
log 71y = 108 7 7gz) — <l () — 1)
which, putting:
r ¢ ) I(Ha) 1 Iy(Ha)
YT TmER) TR 1o(HD)
_ o I(Hy) Io(Hy)
© =198 T(5i5) ~ ¢ 7,(Hg)
ields:
’ Y fHa) -1
z  f(Hy) -1
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meaning that the logarithms of the line intensity ratios vary along a straight
line of fixed slope for different values of ¢ (see Fig. 15). Therefore, the amount of
extinction can be estimated by the distance along the line between the observed
line ratio and the calculated value of the unextinguished ratio. If we estimate the
Balmer line intensity ratios for different values of ¢, assuming that the extinction
behaves in the same manner both in the Milky Way and in extra-galactic objects,
we can draw maps of the extinction originated in our own Galaxy and correct the
observations for this effect. Later on, reporting the object’s line intensity ratios
on the theoretical diagram, we can estimate the amount of residual extinction,

that turns out to be the one intrinsically originated in the source itself.

A Solution of the [O m] statistical equilibrium
We start from the equation system:
NeN1Q12 = Na(Az1 + NeQ21) (A1)

NeN1Q13 = N3(Aszy + Asz) (A2)
Taking the ratio of Eq. (A2) and (Al):
Qs N3 Asp + A5

=2 tee el A3
Q12 Nz Az + NeQo2 (43)
Since for this system we can assume:
N1Q13 = N3Qs1, (Ad)
we get:
N.
Q13 = QSIF? = Q31 z%e_h”“/kBTe (A5)
and, similarly:
N.
Q12 = Q2lﬁj = Qzlzfief}wm/mn- (A6)
The ratio of of Eq. (A5) and (A6) is:
Qs _ @gje—hum/ksn (A7)

Q2 Qa1 92
We can introduce Eq. (A7) into Eq. (A3) and solve for the population ratio:

Ns = %gje*hl%z/kBTw
Ny Q2192 Asg 4+ Aszq

; (A8)

(0]



which, expanding the expressions of the collisional transition rates according to

Eq. (84), can be evaluated as follows:

Ny Q@3,1) 92 93 —hvss /hpT, A21 + NeQa1

No o Q(2,1) g3 90 Aso + Az

= A3,1)__4n (1 + NeQ21> e hvsz/kpTe —
Q(2,1) Azz + Az Az

0(3,1) Ay Ne 622, 1) ) hs/ksT
= ’ 1+ -8.63-10 ’ waz/kpTe A9
9(27 1) A32 + A31 A21 ngel/Q ¢ ( )

For this ion we have:
@(*D)=(2S+1)(2L+1)=1%5=5

therefore:

Ny Q3,1 Ay

No  Q(2,1) Agp + Ay

1+1.73-107*

_ —1/2
(10"2N,T: / )9(271)] o—hvsz/kpT.
Aoy ’

that, after the introduction of the factor:
x=10"2N.T1/?

is the result of Eq. (131).
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