Four main phases, clearly visible in
Spiral glaxies, more difficult to locate
in ellipticals/lenticulars and irregulars

1. HIM

2. WIM
3. WNM
4. CNM

The LOCAL status of matter depends on energy transfer to/from the LOCAL
environment.

Cooling and heating rates determine the status of the diffuse matter.
In this respect, the role of Dark Matter is neglected (since it is relevant mostly for his
gravitational effects — see later on the rotation curve in spiral galaxies).

In the following we are going to consider line transitions.



Einstein's coefficients (0)
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([R5 Einstein's coefficients(1)

Given two atomic levels m and n ( m>n)
the following definitions hold:

Spontaneous emission: A__ ( sec‘l)z transition probability per unit
time to go from level m to n by
emission of a photon

Absorption: B__ ] = transition pro.babilily per unit time to go from
level n to m via absorption of a photon
Stimulated emission: B__ J= transition probability per unit time for

emission due to incoming radiation

J represents the density of photons at the frequency Vam so that hvnm
corresponds to the difference between the energy levels n and m



2 % Einstein's coefficients(2)

The set of emitted photons [S NOT monochromatic: the energy difference
between the two levels is not infinitely sharp.

It is described by the line profile function (LPF) ®(v) which is sharply

peaked at the frequency vam
[ fo d(v)dv=1 ]

represents the effectiveness of frequencies around Vpm for causing transitions

J=[ J.@(v)d(v)

If J, changes slowly with v, then

s ®(v) acts like a 6 function
A

d(v)

Transmission Emission




(@9 Spectral line broadening (1) — see Ghap 7 in Padmanabhar

Doppler (thermal) broadening

Atoms are in (thermal) motion wrt the observer
and the rest (atom) frame frequencies are either
red- or blue- shifted. If v, is the radial velocity

C

It is possible to derive the radial velocity
(redshift/blueshift)

Vv

Vem = Vem

Ay = v, o

bs
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the shape of the line is modified, the total energy is not

N.B. The centroid (= “natural frequency”) remains unchanged;

only in the case that the

—

whole cloud is moving, then also the centroid is (Doppler) shifted




© Spectral line broadening (2) — v, and temperature

In case we are at thermal equilibrium (Maxwell-Boltzmann)

2
-m,V,

N(v)dv, = N, vie ™ dv. where m, is the mass of the atom

2
_maC (Vobs_vem)

2

Nv)dv =~ Ne " ™™ dy

and in this case the Line Profile Function becomes (if we introduce

the Doppler width) vV 2kT
Av, - —%
C |m,
(Vats V)
—1 os_ em
plv) = [av, n| exp| - &V )’
D

Valid also in case of turbulence, once modified the Doppler width by introducing &, the rms
of turbulent velocities (with Gaussian distribution)

P \/2kT g
V —
D C m

a




ZRle Spectral line broadening (3)

Natural (Lorentz) broadening 1
an atom at an excited state has a finite lifetime At=——-

mn

the energy difference is finite as well AE=Ahv

the decay therefore follows the Heisemberg’s Principle in the form

AEAL > L

21T

AEAZ‘ZAthl > f

mn

21T

A

mn

Av>
2T
and this is the minimum bandwidth allowed for the transition between

levels m,n
WARNING: large/small values of imply broad/narrow lines




Spectral line broadening 4)

[ ] I ]

(@} Gaussian shape

(£} Lorentz shape

Spectral absorption coefficient {refative scale)

Np RAg Ap
Wavelength [Relative sczle]

Spectral line shape produced by: (a) Doppler broadening and
(b) natural and collision broadening (taken from Levi (1968)).


http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/REMOTE_SENSING/Remote_sensing13.html#962075

LS Spectral line broadening (5)

the LPF for natural broadening is

3//41T2

d(v) = 2 2
—v,_) -|—(y/41'r)

where y = Zm A

(Vobs

or Y =Y, + Y ,incasethere are transitions from a lower level
too (inclusive of radiation field and appropriate B, )

Collisional broadening
collisions introduce random changes to the phase of E/B field

rlan’
¢(v) = 2 2
(v, .~ Vv, ) +(I4m)
where I =y + 2v,, ; Ve 1S the frequency of collisions per

unit time an atom experiences.

atoms hit other particles during emission (absorption). All broadening
mechanisms coexist, with Doppler and Lorentz broadenings being
dominant.



JRME) Einstein's coefficients(3): A, atoms as oscillators

e-m waves are radiated at the same frequency of an oscillating charge

d(t) = g-x,cos(wt)

in terms of quantum mechanics, we have probability densities

Y = y(x,y,z) e

and the dipole (i.e. nucleus + electron) may be written as

—2mi(Elh)t

d (t) = fe-x‘F‘I/* dr (thesamealsofor y , z)

X

and more in general for a generic transition mto n

d™(t)=[ex¥ ¥ dr = [exy ¢ e " gy

(the same alsofor y ,z)

[ d_ﬁqn(t):e‘l:;mn(t) e—ZTrit(Em—En)/h ]

where: R’"(t) = fxqj L,U* dT |the same for RT"(t), R7"(t) |
ie. Rm” frqj g, dT




bl Emitted power ~ the meaning of Amn:

x-S oX-3
— a’(t) = ———a)x<xm wl
Py (t) e (wt)

P(t) =

2 62 w4 Xo 32 7T4 4 ezxo 327T4 4 2"
P(t)) = = Y = v(d (t
(i) = 280K = B AT K] BT gy

= A mn. hv mn (i.e. number of transitions per unit time X hv m n)

then we can derive the expression of the Einstein coefficient for spontaneous emission:

3271V -
R CH

and going to 3-D

6d4e’ 'y’ R-,zm R-,zqn 64Tty

" 3hc’ 3hc’ P
where ‘Pmn

‘2




Clesd ™) the meaning of Amn '

example:

Xo=0o = 5.3 10° cm (Bohr radius), Vmn = 3.3 10 Hz (Lya limit)
p=eay,/2 =1.3 10*% ues cm

we get: A, = 3.5-10° s

vectors R can be arranged into a (symmetric) matrix and some elements
are 0 meamng that the probability of the transition is 0, namely prohibited.

the value of the elements in the matrix may be intrepreted as oscillator
strength for that transition.

Electric dipole transitions:

Selection rules: An arbitrary (but not 0), Al = =1 (parity change),
AL =0, 1, AS=0, Al =0, =1,

(for reference to notation see Rohlf, 1994 “Modern physics from a to Z,”)
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B —

in this case the integral becomes

q,(t) = [ex’¥, ¥ dtr (also q,l(t), q,(t)

A similar expression for Amn can be derived as in the case of the dipole;
all these transitions are termed prohibited, but their probabilities (Amn)
although smaller than in the dipole case, may be relevant

Selection rules: An arbitrary, Al = 0+2, AJ =0, £1, £2, AL =0, 1, £2
AS=0,Am =0, £1, =2



@k ) Magnetic dipole

The magnetic dipole has to be considered and refers to hyperfine structure
transitions, where energy levels differ by very small quantities
Selection rules: An=Al=AL =AS =0, AJ =0, £1, Am =0, *=1

m(t) = m_cos(wt)

_ 2 4 2 _ 32"4 4 2
(P(t) = —sw (m(t)) = —= v (m(t))
3cC 3C
. 641 \° 2
mn 3h C3 ‘I'lmn
typical ratios for transitions:
A A
_Q I~ 3.10_8 _M ~ 5.10—5
Ap D

for Einstein B coefficients we need a bit more patience....



W S

ome examples of A

coefficients for electric dipole transitions

Line wavelength (A) | oscillator strength Amn (s-1)
Lyman o 1215.67 0.41620 4.70E+008
Lyman f 1025.72 0.07910 5.58E+007
Lyman vy 972.54 0.02899 1.28E+007
Lyman limit | 911.80

Hao 6562.80 0.64070 4.41E+007
Hp 4861.32 0.11930 8.42E+006
Hy 4340.46 0.04467 2.53E+006
Hd 4101.73 0.02209 9.73E+005
He 3970.07 0.01270 4.39E+005
H limit 3646.00

Pa 18751.00 0.84210 8.99E+006
Pp 12818.10 0.15060 2.20E+006
Py 10938.10 0.05584 7.78E+005
P limit 8204.00

Ba 40512.00 1.03800 2.70E+006
Bf 26252.00 0.17930 7.71E+005
By 21655.00 0.06549 3.04E+005
Blimit 14584.00

From Allen's Astronomical quantities (p 70, 71) — warning!
A__ different from Dopita & Sutherland “Astrophysics of the Diffuse Universe”, p 19




24 Selection rules for electronic transitions

Electric dipole:

An= arbitrary

Al = =1 (parity change)

AJ =0, x£1 J=0 -2 J = 0 forbidden
AL =0, =1 L=0 -2 L = 0 forbidden
AS =0,

Electric quadrupole:

An= arbitrary

Al =0 = 2 (no parity change)

AJ =0, £1, =2 J=0 -2 J = 0 forbidden
AL =0, =1, £2 L=0 > L = 0 forbidden
AS=0

Magnetic dipole:

An=Al=0

AJ =0, x£1 J=0 -2 J = 0 forbidden

AL=AS =0

n, [=electron angular momentum (=0,...n-1), S= total spin, L= orbital angular
momentum, J = L+S total angular momentum



Four Statistical laws (for thermal equilibrium):

Maxwell — Boltzmann (velocities i.e. energy for particles):

dN — 2 — V32 o2 kT
TV f(v)evie ™ ~ Ve T where o = —F
dv m
Planck (spectral distribution for radiation)
41T 81T hv’ 1
Ulv) = —B,(Tp) =
Boltzmann (energy level occupation in atoms, molecules)
N, _ 9 o B EnKTe 9n oMl KTe:
Saha (ionization states)
3
N, — 5 U, 1 21tm KT g e—(E,.H—E,)/kTS
2
N, u, N, h
—1
2mtm_KT _
\/ z hi >| =A thermal de Broglie wavelength; ; u,.:zn g € ialT




The equation of radiative transfer — rivisited

In case th. equilibrium we can relate A and B Einstein coefficients.

back to radiative transfer of a slab ds over a solid angle d a:

dw
dl,dw = ¢, dwds — «, [ dwds

introducing the (infinitesimal optical depth) dT=k,0s
a, _ & l
ar, K, Y

_ (cloud) source function S, |

in case of ThEq the source function is represented by the Planck's law



[, = S,\1—e "+l ,e"
which gives the well known cases:
(1) I, =7|5—1, +1, i + <1
2) I, =S, if ™ > 1

in which we have either absorption (1) or emission (2) depending on the
optical depth.

In case of line transitions (Lya, B,..,Heo, f,.. CO, HI,...) the cloud is fully
transparent (t = 0) for v#v, giving I(v) =I (v) while at the frequency of the
line (v,) we have I(v,)

The line is in emission if Iv)-1,(v) >0

while it is in absorption when Iv)-1,(v) <0



in general, in terms of temperatures, there is

absorption if the intervening cloud is colder than the background (source)

while there is emission in case it is hotter

another way to discriminate between emission/absorption in terms of
radiative transfer is:

l.e ~ + S (1—e ~)|—I, = (S,—1,)

o

S, then emission

> IO always > 0
S, < I, then absorption



example(1): stars

In case the optical depth is small
but 1, is large absorption may be

I.1 The stars 5

measured while emission is more
difficult:

unt&

Cold gas /

é

flux F, (

e _I L e L (SRS (R I 1 I 1 1 1 I |

4000 5000 6000 7000
wavelength (A)

Figure 1.1 Optical spectra of main-sequence stars with roughly the solar chemical com-
position. From the top in order of increasing surface temperature, the stars have spectral
classes M3, K0, G2, Al, and O3 — G. Jacoby et al., spectral library,
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Figure 5.24 Spectra of galaxies from ultraviolet to near-infrared wavelengths; incom-
pletely removed emission lines from the night sky are marked. From below: a red S0
spectrum; a bluer Sb galaxy; an Sc spectrum showing blue and near-ultraviolet light from
hot young stars, and gas emission lines; a blue starburst galaxy, that has made many of its
stars in the past 100 Myr — A. Kinney.



example(3): active galaxies (quasars)

Sevfert 1
NGC 4151

g

BL Lac object
0814+425

Seviert 2
NGC 4941
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Einstein's coefficients(4): B

The total (radiated) emitted energy in a cloud where a transition from a
high state n down to a lower energy state m is:

]- NmAmnthn
Eon=) . dv=hv, XN XA, ==t

in presence of a radiation field J(v) the total absorbed energy is

eab=fﬁneKVdVZﬁhvan(vmn)[Nanm - N_B_]

m=— mn

where the stimulated emission is considered a “negative” absorption

if we can consider the continuum J(v) constant within the line profile, then

C
llv) = —J
W) = =0
hv
and finally Ep = - [

NB _—N_B

m-—mn




F@E Einstein's coefficients(5)

if we multiply &m(v) and &,(v) times the line profile function ¢ (v)
(assumed identical in both absorption and emission) we obtain

hvnm
EV: (b(v)AmnNm
417
hv,_
C

when there is equilibrium between emission and absorption (radiation at
thermal equilibrium): the emitted energy balances the absorbed energy:

€em — €ab

In terms of Einstein coefficients

AmnNm — BnmNnJ<Vnm)_NmanJ<Vnm) — J(Vnm> Nanm o Nman
IV = o
Vnm Nn/Nm Bnm o Bmm




(A9 Einstein's coefficients(6)

in case of thermal equilibrium, we can use the Boltzmann equation for Np,

Nn Amn
J(V”m) - hv, kT
(gn/gm>e " Bnm o an
d
" Amn/an
JWVom) = hv,, /KT
(gn/gm)e " Bnm/an o 1
which must be the Planck's BB radiation energy distribution:
8 hv’ 1
Uplv) =
P o oM
imposing the condition J(v_) = Uy(v, )weget:
(" ; ) ( g )
an — Amn C 3 Bnm — _m mn
§mhv g,
U J U J

warning: there is a mistake in Rybicki-Lightman p. 30, equation (1.72b), with a 4a/c factor missing



The “Local Radiation Field”

One word on the spectral energy distribution of J, in the ISM in a galaxy

like ours, at a random position, far from stars

Local Total Radiation Field
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The “Local Radiation Field”

variation along various directions

Milky Way Radiation Field
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Spatial variation of the total radiation field throughout the Galaxy.
Black line : total radiation field for GC.

Magenta line : total radiation field for R=0, z=5 kpc,

Blue line : total radiation field for R= 4, z=0 kpc,

Red line : total radiation field for R=12, z=0 kpc,

Green line :  total radiation field for R=20, z=0 kpc.



| For Hydrogen, considering two energy levels m and n(<m) (m — n)

—3 ,—1
- o M N
A = 2 - 10 2 2
n—m
-3 -1 3
m-n c 9
an =2 - 10" 2 2 3 Bnm - an
n—m 8mwhv g9,
[ correction for
stimulated emission
absorption may then be expressed in terms of Bmn, Bnm :
- N
hv hv g N_||
nm nm n ' m
K,— c ¢<V><BnmNn_anNm> — c ¢<V)BnmNn 1—bmm
N B

expressing also €, in terms of Einstens coefficients, we can write the
source function for thermal equilibrium:

3
S:Z—VZZhV QmNn_l

' ¢’ |9, N,

—1







3 N -1
Sv — & — 2h2V gm n _ 1
K, C gn Nm
With energy levels m and n(<m) (m — n) in thermal equilibrium the
upper level (m) is less populated than the lower one (n) and then

gn Nm < gm Nn

the term within brackets is > 0 as it is K,

in anomalous conditions this is not true anymore and a population
[nversion occurs:

gn Nm > gm Nn

stimulated emission is dominant (k, and S, become negative!) and the
incoming radiation is amplified.

This process is known as MASER (Microwave Amplification for Stimulated
Emission of Radiation) [LASER in the optical domain]

The “pumping” is the mechanism responsible for providing energy to
maintain the population inversion (radiative / collisional)




Masers in red giant stars:

TX Cam, distant ~ 1,000 ly, is about twice as massive as the Sun

Kemball and Diamond measured a value of 5 - 10 Gauss for the B field. It is much stronger than the average 1
Gauss strength of the principal components of the Sun's field. The VLBA images also showed a remarkably ordered
structure of the magnetic field lines. "This suggests that the magnetic field of TX Cam follows the lines of longitude
on the star" , i.e. TX Cam's magnetic field is structured similar to those of the Earth and Sun, which resemble the
field of a bar magnet, with orderly field lines running from one pole to the other. The VLBA observations provide
the first evidence for an ordered magnetic field in another star.

Every year, TX Cam, a star in the late stages of its lifetime, loses mass equal to one-third that of the Earth. "We
don't yet understand the mechanism," Diamond says, "but the magnetic field plays a role." The star is losing mass
from most of its surface, but, like the Sun, loses more from disturbed regions. VLBA observations of TX Cam and
other stars have shown motion of the gas when observed at different times.

With the VLBA's capability to make detailed maps of the star's magnetic field and to monitor the mass-loss process,
the researchers hope to shed some light on this longstanding mystery of stellar physics. Stars lose mass throughout
their lifetimes through different processes that are still poorly understood. Kemball and Diamond, having shown
that the VLBA is capable of making images detailed enough to study one such process, plan further observations
that will reveal changes in the star's magnetic field over time.

"TX Cam is a variable star, like Mira, pulsing with a period of 557 days. We want to watch the changes in the
structure of its circumstellar envelope and its magnetic field over an entire cycle," Diamond said. With the
ultrasharp "vision" of the VLBA, they can make a "movie" of the changes and hopefully learn how the mass-loss
process works. Such knowledge is important not only to understanding these stars but also to other problems in
astronomy. For example, mass-loss from stars like TX Cam is second only to supernova explosions as a contributor
to the interstellar medium, the tenuous gas and dust between the stars from which new stars and planets are
formed.



Masers in red giant stars:

Cosmic masers are natural generators of high-intensity radio waves. They operate in region of interstellar space or
circumstellar environment hosting certain molecular species and having appropriate physical conditions to excite ("pump")
molecules. Molecules thus pumped amplify radio emission at frequencies intrinsic to energy transitions of these molecules. The
pumping mechanism can be infrared radiation from the central stellar source or collisions of masering molecules with particles
of the surrounding gas. For instance, favourable conditions for maser pumping can exist behind a shock front in circumstellar
gas.

Masers are found in regions of active star formation, near protostellar or young stellar objects, as well as in gas-and-dust
envelopes of late-type variable stars (Mira Ceti-type and semiregulars). Most widespread are masers on molecules of hydroxyl
(OH), water vapour (H20), methanol (CH30H), silicon monoxide (SiO); rarer objects are masers on formaldehyde (H2CO)
and hydrogen cyanide (HCN). Hydroxyl, water-vapour and fomaldehyde masers are encountered both in star-forming regions
and late-type stars; SiO and HCN masers are found in envelopes of late-type stars; while methanol masers exist only in star-
forming regions.

This page is about the joint French-Russian project on the studies of molecular masers, mainly hydroxyl but also invoking data
on other molecular masers detected in the same objects to get a more complete physical picture of the circumstellar
environment of stars, young and old.

The following graph shows the structure of the energy levels of the lowest energy state of the hydroxyl radical. This lowest
rotational state is split into two by so-called Lambda-doubling effect. In their turn, both Lambda-doubling sublevels are
divided into two by hyperfine splitting due to interaction of the unpaired electron's spin with the magnetic oment of the
hydrogen nucleus. Transitions between these four sublevels yield four spectral lines near the wavelength 18 cm. The two
central lines near 1665 and 1667 MHz are the strongest, they are called main lines; the 1612 and 1720-MHz lines are
weaker, they are called satellite lines. The main lines are strong in masers associated with star-froming regions. Often the
1665-MHz line, which in equilibrium conditions is weaker than 1667 MHz, exceeds it in intensity. Furthermore, the 1612-
MHz line intensity in late-type stars is sometimes equal to or stronger than the main OH lines. Masers in the 1720-MHz line
are rather rare and are found only near supernova remnants. Thus, of primary interest for our study are masers in the main
lines and in the 1612-MHz satellite line.



Masers in red giant stars:
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A-doubling
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Energy levels and transitions in the ground
rotational state of the OH molecule.
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Joint observations of French and Russian radio astronomers began in late 1960s
on the Nanc¢ay Radio Telescope with the Russian-made spectral receiver for the O H
wavelength 18 cm (lines of the hydroxyl molecule OH). The high performance

parameters of the Nancay telescope enabled the researchers to obtain quality

observations of masers in many star-forming regions. Later improvements in the | |
instrumentation now allow to measure all senses of polarisation of cosmic radiation, 1612231 1665402 1667359 1720530
which largely broadens the capabilities of the instrument. Frequency, Mz

Up to now a great experience in spectral radio observations of molecular masers has been acquired by the French and
Russian teams. Beginning from 1980 the Russian group has accumulated a large database of observations of variability of
maser sources in star-forming regions in the H20 line on the 22-meter radio telescope in Pushchino (Moscow Region,
Russia); a database of such duration and completeness has no analogs in the practice of the world radio astronomy. A big
deal of maser studies has been done on the Nangay telescope, including OH line observations of star-forming regions, stellar
envelopes and comets. In 2007 French and Russian groups resumed joint observations of OH masers on the Nan¢ay Radio
Telescope. Sample spectra of the OH line forsome maser sources are shown in the figures below. New promising data have
already been obtained, including several detections of previously unknown masers, strong variability of some sources and
complete pattern of polarisation of OH masers permitting to evaluate the magnetic field intensity near young stellar objects.
In the meanwhile, the Russians have a possibility to continue the H20 maser line monitoring of the same list of maser
sources in Pushchino. Parallel monitoring of the masers in the OH and H20 lines adds value to the radio study of the
physics of circumstellar environment, since the lines are formed in the vicinity of the same stellar object, however in layers
of material at different distances from the central star. Thus, tracing variations in both lines yields a cross-section of
physical conditions near young stellar objects.
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The megamaser in NGC 4258
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_ Thermal Equilibrium (TE)

Let's consider the radiation orginated within the cloud: Kirchoff's law
applies:
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In astrophysics also other processes, beyond radiative transitions occur.
Collisions between particles are relevant and obey the thermal-behaviour, while
interactions with photons can be considered 'non-thermal' and may modify the TE
condition, i.e. Boltzmann's & Saha's laws are not valid anymore.

It is possible to define LOCAL thermal equilibrium (LTE), in which the
statistical laws and the above source function are approximately OK.

In the ISM often even LTE does not hold, although some relations are still
veryfied, and a new temperature T, can be defined to account for the

relative populations of N, and N :
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b Collisional (excitation/de-excitation) rates (1)

Mechanical interactions between particles (atoms, molecules) may alter the
energy state of bound electrons.
Depends on individual electrostatic potential, relative velocity (v ) and

collisional partner particle density ( N,) defining a cross-section (o, ).

Electron

where €2 defines the “collisional strength” (efficiency)
(de-excitation defines o, in which indices n and m are swapped)
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Collisional (excitation/de-excitation) rates (2)

At a given energy, the number of collision per unit time is

C(E)=N,vo(E)

Collisions are supposed to be elastic (anelastic are rare and are neglected)
then we can consider Maxwell — Boltzmann distribution of velocities

once we change the expression of o, .(E) to o, .(Vv), we define the
collisional excitation/de-excitation rates Q. /Q._ as

Q,, = (Vo (v)=[ [vo_ (Ve(v,T)dv ~ (v){o)
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where Mp; and Mp2 are the masses of the two colliding particles (atom
and collisional partner respectively)



Collisional (excitation/de-excitation) rates (3)

At thermal equilibrium, excitation balances de-excitation:

Nan Q = NmNp Q.
and then it is possible to derive:
9,Q =g .Q e **  whereAE=E —E_( > 0)

In general the most common collisional partners are free electrons, for
which it is possible to show that :
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From the expression of Qmn, given that v> ~ Tand { ~T "%, then
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(parameters computed for electrons as collisional partners)



j WCollisional (excitation/de-excitation) rates (4)

(contd) electrons are the collisional partners of the most common ions in the ISM:
C*, 0%, Si*, N', Ne”, ... all having €2, ~ 1 (transitions to the ion ground state

(m=1)). With typical temperatures of about 10* K (and g, ~ 1)

Q_~ 107 cm’s™'

to be compared with the competing radiative de-excitation (A, ).

For different collisional partners (HI, H,, ... other molecules) mainly interacting with HI
and molecules (H,, CO, ...) there are slight changes on the numerical value of 2,
(masses are different!).

For transition to/from ground state (m=1)

examples:

(1) H - H collision (T ~ 10° K) we get Q. =~ 100" em’s™

(2) H-H, collision (T ~ 10° K) we get Q ~ 3102 em’s™!
2 nm

exercise: application to OlII lines, examples (compute also £  of HI)



__Fine structure of Energy levels
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For an electron the electric potential within an atom is not simply that from the Coulomb's law.
Atoms with many e~ (Li,...C,N,O,...): the interaction between orbiting electrons and their spins
raises the degeneracy of the “n” states so that each “l” level has a slightly different energy.

The “m” levels remain undistiguishable unless an external strong magnetic field is applied to the

atom (Zeeman splitting).
Further, there is a spin-orbit coupling providing further energy structrue. Some atoms may have

double, triple, multiple lines closely packed (see Call, [OIII] doublet).
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__Fine structure of Energy levels: Call lines
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Forbidden lines: Nebulium (alias [OII1] )
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__[O11] lines diagnostics
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Line ratios provide information on the temperature (note that these values are typical
of HiI regions!)



