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Reminder: The average optical spectrum of AGN is dominated by broad

and narrow lines.
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Typical spectra of AGN (and planetary nebulae) are dominated by Hydrogen
lines, plus emission from O 111 at 5007 A (“nebulium”).

Physics: gas is in photoionization equilibrium with radiation of the vicinity of the

J
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TABLE 1
LINE STRENGTHS

Identification Restframe Start* End* Relative  Standard  Equivalent Note

Wavelength Flux® Deviation ~ Width

A) @ @ (4)

Lyf + 0 VI 1026 & 1034 1018 1054 9.3 53
Lya + NV 1216 & 1240 1186 1286 100 88 52
o1 1302 1288 1325 35 19
cn 1335 1325 1354 25 13
SiIV+01V] 1400 1953 1454 19 5 10
cIv 1549 1452 1602 63 41 37
He Il + O 111 1640 & 1663 1602 1700 18 21 12 [¢))
AL + C 11} 1858 & 1909 1828 1976 29 2 2
2000 feature . 1985 2018 0.49 . 042
2080 feature e 2035 2125 41 . 37 )
2140 feature . 2125 2158 0.34 . 0.32 3)
2175 feature 2158 2204 0.76 0.78 (4)
2200 dip? )
2225 feature . 2206 2238 047 . 051
ci 2326 2242 2388 60 . 6.4
[Ne IV] 2423 2386 2464 22 . 239 (6)
Mg Il 2798 2650 2916 34 20 50 ()
2970 feature . 2908 3026 63 - 10 (8)
3130 feature 3100 3156 0.73 . 13
3200 feature . 3156 3236 0.95 . 17 ©)
[Ne V] 3346 3324 3372 052 . 1.0
[Ne V] 3426 3302 3452 1.0 . 21
0 1) 3127 312 342 0.78 15 19
[Ne I11) + He I 3869 & 3889 3804 3934 36 9.8 (10)
[Ne 111) 3968 3934 4012 13 . 39
(s 11) + H6 4068/4076 & 4102 4044 4148 28 89
Hy + [0 111) 4340 & 4363 4276 4405 13 33 9.8
H, 4861 4704 5112 22 41 58
(o 1m) 4959 4942 4976 0.93 15 38
[o 1] 5007 4986 5044 34 36 15
Fe Il COMPONENTS:-
1 1610 2210 46 18
2 2210 2730 26 69
3 . 2960 4040 39 23 (11)
4 4340 4830 11 8
5 5050 5520 68

* Wavelength limits between which the line flux was integrated.

® Percent of combined flux of Lyz + N v. )

Notes—(1) Separation from C 1v arbitrary; (2) Possible contribution from Fe 11; (3) Possible contribution from
N 11 A2140; (4) Possible contribution from He 11 2186, but note that He u 4686 is not scen; () Silicate dust
absorption feature or gap in the Fe 1t emission?; (6) Flux and equivalent width calculated after a 20% correction for
second-order Lya contamination; (7) Blended with Fe 1 emission; (8) Possible contribution from Fe 11; (9) Possible
contribution from He n 13203, but note absence of He 11 44686; (10) Continuum fitting particularly uncertain due to
Balmer emission; (11) This component includes the Balmer continuum.
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Strength of emission lines
characterized by their
equivalent width, defined by
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units of EW: A.

Similar definitions also also exist
for F- or v-space!



e \Rate Equations, If ~N

lonization structure of gas in AGN determined from the rate equations:

Atoms can be ionized and can recombine
= number density of ions can change with time.

Define

nz(z): number density of species Z in ionization stage z (units: cm~3),
A(z, z + 1): transition rate from stage 2 to z + 1 (units: s™?).

then

dny(z)
dt

=nz(z — LNz —1,2)
—nz(z)(Mz, 2+ 1)+ Az, 2 — 1))
tnz(z+ DAz +1,2) (7.2)
In equilibrium: dnz/dt = 0 and thus
nz(z+1)  Az,z+1)

nz(z) - Az +1,2) (73)

In Eq. (7.2) only adjacent ionization stages are connected, calculation gets (much) more complicated if also

s IPhotoionization, I} ~N

Kz. 2 + 2, etc. are connected. )
lonization Equilibrium 3
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The rate equations are determined from all physical processes with result in
ionization or recombination.

e Most important processes for ionization:
— Photoionization
— Collisional lonization
e Most important processes for recombination:

— Radiative Recombination
— Dielectronic Recombination

We will now look at the physics of these processes in greater detail.
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Photoionization: lonization of
an ion by a photon.

Reaction equation:

(Z,2)+y — (Z,z+1)+e”

Photon needs energy hv > ionization energy I =: hiinesh, remaining energy, hv — I, goes into
kinetic energy of electron and is thermalized

Photoionization rate:

F (v)d (7.4)
— OpflV )AV .
hy M

where oy photoionization cross-section (“bf”: bound-free).

Vthresh

_J
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opt Is determined by quantum mechanics.
For Hydrogen, for absorption from the nth level (Menzel & Pekeri ,ﬁ%ﬁ):
6471 meetC 1 1
= n,v) x — 7.5
where the Gaunt-factor, gyy, is tabulated, e.g., by‘Karzas & LatteA 41961) and is
x v~1/2 away from threshold.
For the ground state of hydrogen:
—4zcot ™tz
vpe
9oty = SWﬁ;m (7.6)

where 22 = 11 /(v — v1) and where hu; is the binding energy of Hydrogen.

Useful fitting formulae for all elements and ions with Z < 30 have been published by ‘Verner & Yakovlev‘lggg
and Verner et al.|1996, detailed calculations have been performed by the opacity project (TOP, Seaton et al.).
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Note strong £~ dependency above the absorption edges!

In the X-rays, most of the absorption is not from hydrogen, although absorbing columns are still given in
terms of an equivalent hydrogen column, Ny.
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Resonance structure close to ionization threshold: oy is influenced by
autoionization resonances, where more than one electron is involved.
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e |Collisional lonization, I} ~N
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Collisional lonization rate depends on the electron velocity distribution:

Collisional lonization:
lonization of an ion by a
collision with an electron.

Reaction equation:

(Z,2)+e” — (Z,2+1)+e +e”

00

Yeol (2,2 + 1) = neCy(z,Te) = ne/ oi(v)vfv)dP = ne (voy) (7.7)

Uthresh
where o is the collisional ionization cross-section, and C; is the collisional ionization rate
coefficient (units cm3s).

Kln AGN one typically assumes f(v) to be a Maxwell distribution. )
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TTT] I T T [ T TTT] T

U=
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C is normally presented in tabulated
form, a typical fitting formula is:

_ xp(—I/kT)
CplanT) = A2
2(2,T) = AT a.(T/T7)
U SN | Lo Lragald [ 7.8)
100 200 500 1000 2000 where T, = I /kT.

Electron energy (eV) See, €.9., Arnaud & Rothenflug 41985) or

|Radiative Recombination, I} ~N
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Recombination rate:

Radiative Recombination:
Capture of an electron into the
excited state of an ion with
subsequent radiative cascade
to ground state.

Reaction equation:

(Z,z4+1)+e” — (Z, z)+y+y+. ..

‘Shull & Van Steenburg (1982).

\Uj(v) for Ar 1v dArnaud & Rothenflué, , Fig. 8) )

A =t neaz,.(T) = ne/ oi(v)vf(v)d* =: ne (owv) (7.9)
- ° J
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The recombination cross-section, oy, can be obtained from the photoabsorption cross-section,
oyt Using the Milne relation (see handout),

2.2
Gem DV

(7.10)
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The cross-section for recombination, o, can be easily derived using the principle of detailed balance. The derivation given here follows [Osterbrock (@).
The mi hysical that bal d hotoionization by photons in th f hv to h(v 4 dv) on th hand, and (; it induced) . 1 1
recomtinaion fom elecions inthe vekociy ange o v 0 -+ o n e ther . Ths, vand ware rlaed by Assume: cloud irradiated by photons
L + e = @11 Simplification: only source for ionization: photoionization
mevdv = hdv 712 Equilibrium: number ionizations = number of recombinations —-
In thermodynamical equilibrium, the rate of induced recombinations is exp(—hv /kT,) times the rate of induced ionizations (this is the “detailed balance”, such that 00 F
nenz.s100m(v) f(v) dv = (1 wxl)(fzw/m))WLZ,Z“"E;I"I/(TE)W(V)JV (7.13) / n(ZZ)O'bf(V)—VdI/ _ Oz(T) nen(Zz+1) (7.16)
Because we are in thermodynamical equilibrium, the radiation field is a Planckian, B,,, and the electron distribution, f(v), is given by the Maxwell-Boltzmann distribution, Vion hV
4 (me NP where
for= NG (25%) v o 1 o ] )
As is shown in many introductory books to astrophysics, in thermodynamical equilibrium the ionization structure is given by the Saha equation, Ubf(V) . phOtOIonlzatlon Cross SeCtIOH (sz, XX E—3)
aste _ 2ets ()Y i 715 a(Te): total recombination coefficent (cm*®s™?)
nz. z; )
where the g; are the statistical weights of the two ionization stages. ni: partIC|e denSIty (Cm _3)
Inserting everything gives the Milne relation . o rew? o . Fy Iocal phOtOI’\ ﬂ ux (e rg Cmfz 371 kev—l)
op(v) = — 550V .
Gz41,1 MU . . . .
for the recombination cross section oy, into the nth level of the ion (Z, z). Here, we've explicitly written down the statistical weight of this level as g. , and assumed that Where Fy IS related tO the source Iu mi nOSlty via
the recombining ion, (Z, z + 1) is in its ground state (n = 1).
An alternative derivation using quantum mechanics uses symmetry arguments for the relevant matrix elements (z|H|z + 1). FV _ Ll/ 5 (7 ] 17)
47D
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4 \Dielectronic Recombination] ™\ 4 |Photoionization| ™\
Since ou(v) is a strongly peaked function, we can write Eq. (7.16) as
n(Z7)ow(vi )% ~ a(T)nen(Z*) (7.18)
Dielectronic Recombination: bfi ¥ion hVion ¢ :
Capture of electron into
P and therefore
excited Rydberg state, n(ZZH) Tut(Vion) L 1 (7.19)
followed by radiative ~ -
stabilization n(Z?) o(T) AmDne hvion
i.e., ionization equilibrium mainly depends on
Reaction equation: L
g L/AnD?hvien, 1 # ionizing photons/cm?®
U= = (7.20)

—(Z9+7+.. where U is called the ionization parameter

— *

‘ (Z,z+1)+e — (Z,2+1) Ne c # electrons/cm?®
1

| - ,

I many other definitions available!

Since two electrons are excited = dielectronic recombination leads to emission of satellite lines,
important, e.g., in solar corona and in photoionized gases around X-ray binaries, less so in AGN.
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In reality, as shown before many radiative processes need to be considered:

lonization:

e Photoionization

e collisional lonization

e Auger-lonization
Recombination:

e radiative recombination

e dielectric recombination
Continuum Processes:

e Bremsstrahlung
e Compton-Scattering

Real life: Solution using advanced radiation codes such as Cloudy or XSTAR
K(it is not worthwhile to develop your own code. . .).
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Fe ionization structure and temperature profile of a cloud with ny = 1 cm~2 as a function of
distance from a central source with a typical AGN continuum.
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e Line Diagnostics, I} ~N

Before performing detailed spectral analysis of AGN spectra we need to
understand how the physical properties of the emitting gas are determined.
e Density
e Temperature
e Mass
To get a first estimate for these parameters, full blown photoionization
computations are not necessary

—> Line diagnostics.

e Line Diagnostics, I} ~N
2
A
B12 C12 A21 B21 c21
Y Y
1
Line diagnostics makes use of (de)excitation mechanisms for line emission:
e Collisional Excitation, C'y,
e Radiative Deexcitation, A,
e Collisional Deexcitation, C5;
Coefficients for stimulated emission, B,;, and for radiative excitation (=absorption), B,1, can generally be
ignored
Line Diagnostics 2
e Collisional (De)Excitation, I ~N
Computation of C;:
For excitation, overall upwards rate is given by
R12 = nenlclz = NNy /E O']_2(E)Ef<E)dE (721)
where
e 01, collisional cross section
e f(E): electron velocity distribution
015 varies roughly oc E~L. It can be parameterized as
h? Q1o
E) = 7.22
o12(E) (87rmeE> <91 ) (r:22)
where €y, is called the collision strength and obtained from gquantum mechanics . ):
- 8m gf77
Qii=|—7= = G(T 7.2
! (\/§> Ej; () 29
where G(T') is a Gaunt factor.




e Collisional (De)Excitation, Il} ~N e Line Diagnostics: Density, I} ~N

Using the information from the previous slide and assuming a Ooll
Maxwell-Boltzmann distribution for f, the upwards rate is 3/ 5
I
1/2 1/2 T D . . . .
R 2rht\ Y 712 2P exp E1p (7.24) | | Density diagnostics: Choose atom with
12 = 1 — 7 :
© \ kem g1 kT : | two levels with almost same excitation
: : energy.
Analoguously, the rate for collisional de-excitation is | | Excited ions then deexcite either
o 3726, : radiatively or collisionally.
a1 = ey ; o12(B)Ef(E)E (7.25) : 13729 Line ratio between lines depends on
ok 1/2 Oy : : rate of collisional deexcitations and thus
= NeN2 (k: 3) T2 (—> (7.26) | | is density dependent.
BT 92 I I _3
o / | | For ne ~ 1000 cm~° use [O1]
as for de-excitation the energy threshold is zero. : : 3729/3726, for higher densities: Cii
V V 4
S3/2
N _J N _J
Line Diagnostics 4 Line Diagnostics 6
e Collisional (De)Excitation, 11} ~N e Line Diagnostics: Density, I1} ~N
To derive (2,1 in terms of {21,, make use of microreversibility: Rate equations in equilibrium:
Ir? equiliprium, we know that the population densities are given by the Boltzmann n1neCiz = na Az + noneCay (7.31)
distribution: ny g Eu nineCi3 = ngAszy + nzneCs; (7.32)
m_ o <_ﬁ> (7.27) such that
e . _ n neC n
where g1, go: statistical weights (g = 21 + 1). n2 _ " j 120 - e - 92021 exp(—FEip/KT) (7.33)
But in equilibrium, by definition the upwards and downwards rate are the same: M 21 T Tetr21 21T Net2191
ne__meCis  Me 30 oo Bu/kT) (7.34)
Ry, = Ry (7.28) n1 Az +neCs Az +1eCa101 o r .
such that Assuming the cloud is optically thin (i.e., absorption is negligable), the intensity
n2 P g2 E1p of an emitted line is
—=|— — |lexp | ——= (7.29)
nq g1 921 kT 47'(']21 = Az]_’flzhl/z]_ (735)
and therefore
o =y (7.30)
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e Line Diagnostics: Density, IIlf
Using 4 l>1 = Asinshing, the line ratio is
I A h 4
faa _ 21M2 1/21/ 7T (7.36)
I31 A31n3h1/31/47r
since vp1 ~ v31. ..
A
_ Lt (7.37)
e s Ay 4
2192 A21 Az1 + Nl
=== exp(—Fso /KT (7.38)
C31.93 Az1 Az + neC (=Fa2/KT)
G201+ ne/ners
= = exp(—Fs3 /KT (7.39)
93C311 + ne/ner 2 (=Ee2/kT)
where the critical density is defined by
Ner2 = Azl/czl (7.40)
\_
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s Line Diagnostics: Density, IV}
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kNote: Typical temperatures in AGN are ~10%K




