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Introduction 1

Schedule
X-Rays in the Galaxy

13.10. JW Introduction, Interstellar Medium

20.10. – NO LECTURE –
27.10. MK The Galactic Center / Antrittsvorlesung JW

03.11. MK Supernova Remnants, Nucleosynthesis

X-Rays from Normal Galaxies

10.11. JW X-ray Populations in Galaxies

Supermassive Black Holes in Active Galaxies

17.11. JW AGN Taxonomy, Seyfert Galaxies I

24.11. JW Seyfert Galaxies, II

01.12. MK Radio Galaxies and Blazars, I

08.12. MK Radio Galaxies and Blazars, II

Large Scale Structure and Cosmology

15.12. JW Galaxy Clusters

22.12. JW γ-ray bursts

12.01. MK X-Ray Background and AGN Evolution, I

19.01. MK X-Ray Background and AGN Evolution, II

26.01. JW X-Ray Background and AGN Evolution, III

02.02. JW Summary
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Introduction 2

Literature

LONGAIR, M.S., 1992, High Energy Astrophysics, Vol. 1: Particles, Photons,

and their Detection, Cambridge: Cambridge Univ. Press, ∼50C
Good introduction to high energy astrophysics, the 1st volume deals extensively with high

energy procsses, the 2nd with stars and the Galaxy. The announced 3rd volume has never

appeared. Unfortunately, everything is in SI units.

TRÜMPER, J., HASINGER, G. (eds.), 2007, The Universe in X-rays, Heidelberg:

Springer, 96.25C
Recent book giving an overview of X-ray astronomy written by a group of experts (mainly) from

Max Planck Institut für extraterrestrische Physik, the central institute in this area in Germany.

BRADT, H., 2004, Astronomy Methods: A Physical Approach to Astronomical

Observations, Cambridge: Cambridge Univ. Press, $50
Good general overview book on astronomical observations at all wavelengths.

http://pulsar.sternwarte.uni-erlangen.de/wilms/teach/xray2/
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Introduction 3

Literature

CHARLES, P., SEWARD, F., 1995, Exploring the X-ray Universe, Cambridge:

Cambridge Univ. Press, out of print
Summary of X-ray astronomy, roughly presenting the state of the early 1990s.

ASCHENBACH, B. et al., 1998, The invisible sky, New York: Copernicus

Popular “table top” book summarizing the results of the ROSAT satellite, with many beautiful

pictures.

KROLIK, J., 1999, Active Galactic Nuclei: From the Central Black Hole to the

Galactic Environment, Princeton: Princeton Univ. Press, 632pp., $57.50
The most comprehensive textbook on AGN available, covers much more material than what is

possible here.

KEMBHAVI, A.J. & NARLIKAR, J.V., 1999, Quasars and Active Galactic Nuclei:

An Introduction, Cambridge: Cambridge Univ. Press, 476pp., $50
Graduate level textbook, similar to Krolik, but often explains things from a somewhat different

point of view.
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Interstellar Medium
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The Milky Way 1

The Milky Way

Carroll & Ostlie, Fig. 24.6

components of the Milky Way:

• Galactic disk:

– rotating

– young & old stars, open star

clusters

– gas & dust

• Galactic halo:

– non-rotating,

– old stars only, globular

clusters

– no gas, no dust

• Galactic bulge: rigid rotation

NASA/Caltech/Spitzer
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The Milky Way 3

The Milky Way

Milkyway is a barred spiral

galaxy Luminosity:

∼ 2 × 1010 L⊙

Mass: ∼1011 M⊙ (radiating)

∼1012 M⊙ (total)

Stellar density:

∼ 0.3 M⊙ pc−3

1 M⊙ = 2 × 1033 g = 2 × 1030 kg,
1 L⊙ = 4 × 1033 erg s−1 = 4 × 1026 W

I

E
F

C
O

DRI

L

A
I

N

R

D
N

X
A

E
A

ESI
I

C

M

L
M
V

A

AI

A
D

R

E

L
G

E

2–6

Absorption in the ISM 1

Absorption in the ISM

0.1 1.0 10.0
Energy [keV]

1

O
bs

er
ve

d 
F

lu
x 

[e
rg

 cm
-2

 s-1
 ke

V
-1
] NH=3⋅1019

NH=1⋅1020

NH=3⋅1020

NH=1⋅1021

NH=3⋅1021

NH=1⋅1022

NH=3⋅1022

Interstellar Medium:

Gas and dust absorbs

X-rays

Effect of intermediate

medium of Hydrogen col-

umn density NH on ob-

served X-ray spectrum.

Iobs(E) = e−σISM(E)NH Isrc(E)

(2.1)

where: NH: Hydrogen

column density (unit:

H-atoms cm−2):

NH =

∫ d

0
nH(ℓ) dℓ where nH: Hydrogen density (H-atoms cm−3) (2.2)

and where Isrc: emitted X-ray spectrum, Iobs: observed X-ray spectrum
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Absorption in the ISM 2

History

Papers:

Brown & Gould (1970): First real computations using o.k. cross sections.

Fireman (1974): Include effect of iron, first attempt to describe influence of dust.

Ride & Walker (1977): Dust and phases of ISM. Largely ignored.

Morrison & McCammon (1983): The de facto standard (XSPEC: original model wabs . . . ).

No dust, fixed abundances.

Bałucińska-Church & McCammon (1992): Better cross sections, based on Henke et al.

(1982), newer (and variable) abundances. No dust or molecules. (XSPEC: model phabs and

model wabs. . . ).

Wilms, Allen & McCray (2000): Updated cross sections, includes dust and molecules

(XSPEC: model tbabs . . . ).
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Absorption in the ISM 3

Absorption Cross Section

σISM = sum over contributions of astrophysically relevant elements:

σISM = σgas + σgrains + σmolecules (2.3)

Gas and Molecules:

σgas, molecules =
∑

Z,I

AZ · aZ,I · (1 − βZ,I) · σbf(Z, I) (2.4)

where: Z nuclear charge, I : ionization stage

AZ abundance in number with respect to H

aZ,I ionization fraction

βZ,I depletion factor (amount of element in dust)

σbf(Z, I) photoionization cross section

Dust:

σgrains =
∑

Z,I

AZ · βZ,IfZ,I · σbf(Z, I) (2.5)

where

fZ,I : “self blanketing factor” (takes into account shielding of elements in dust grains)
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Absorption in the ISM 4

Photoionization cross sections

In X-rays: photon energy ≫ binding energy of outer shell electrons

=⇒ relativistic QM effects become important.

X-rays absorbed in inner shells

=⇒ K- and L-shell absorption.

Result of approximate computations: For E ≫ Ethresh:

σbf ∝ E−3.5

Experimental measurements are rare.

Compilations of cross sections:

TOPBASE (Seaton et al.): no relativistic effects.

Henke tables (Henke et al., 1982; Henke, Gullikson & Davis, 1 993): combination of

experimental and theoretical data.

Verner data (Verner et al., 1993; Verner & Yakovlev, 1995): relativistic computations, edge

energies adjusted to measured values.

EPDL 97 (Cullen, 1998): compilation of measured and theoretical data; falls under export

restrictions (US law: International Traffic in Arms Regulations; ITAR)
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Absorption in the ISM 5

Photoionization cross sections: He

101 102 103 104 105

Energy [eV]

1012

1013

10
6  σ

 (
E

/1
 eV

)3.
5

Yan et al. (1998)

Verner & Yakovlev (1995)

Henke et al. (1993)

Marr & West (1976)

Comparison between four different theories for the He cross section.

For He: Adopt Yan, Sadeghpour & Dalgarno (1998) values.
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Absorption in the ISM 6

Photoionization cross sections: Metals

100. 1000. 10000.
Energy [eV]

-0.2
-0.1
0.0
0.1
0.2

F
e

-0.2
-0.1
0.0
0.1
0.2

C
a

-0.2
-0.1
0.0
0.1
0.2

S
i

-0.2
-0.1
0.0
0.1
0.2

O

-0.2
-0.1
0.0
0.1
0.2

N

-0.2
-0.1
0.0
0.1
0.2

C

(σ
H

en
ke

-σ
V

er
ne

r)/
σ H

en
ke

Comparison between mea-

surements of Henke, Gullik-

son & Davis (1993) and theo-

retical calculations of Verner &

Yakovlev (1995)

Currently best available cross

sections: Verner & Yakovlev
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Absorption in the ISM 7

Photoionization cross sections: H2

10 100 1000 10000
Energy [eV]

104

105

σ b
f⋅(

E
/1

eV
)3  [M

ba
rn

]

σbf(H2) (Yan et al., 1998)

2σbf(H) (Bethe and Salpeter, 1957)

Molecular effects

contribute to ab-

sorption cross

section:

σbf(H2) ∼ 2.85σbf(H)

(2.6)

Comparison between
classical H cross section
and a modern computa-
tion of the H2 cross sec-
tion.
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Absorption in the ISM 8

Abundances, I

Basic paradigm during last 50 years of astronomy:

abundances are more or less identical throughout the universe.

=⇒Measurement possible by looking at solar and meteoritic abundances

(Anders & Grevesse, 1989).

Recent evidence, mainly from measurements in the UV: ISM abundances are

subsolar, dependent on line of sight (Snow & Witt, 1995; Mathis, 1996).

All astronomical work needs the ability to change abundances relative to

the adopted (solar) abundances.
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Absorption in the ISM 9

Abundances, II

0

2

4

6

8

10

12

lo
g 

ab
un

da
nc

e

H He Li Be B C N O F Ne NaMg Al Si P S Cl Ar K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn

5 10 15 20 25 30

      

Grevesse & Anders (1989)

Odd-Even Z variability due to stability of nuclei with paired protons.

Horsehead Nebula in Orion (R. Steinberg/A. Block/NOAO/AURA/NSF)

Milky Way contains a lot of dust
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Absorption in the ISM 11

Dust, II

2.0

1.5

1.0

0.5

0.0

O
pt

ic
al

 D
ep

th
 τ

 w
rt

 λ
=

∞
 fo

r 
E

B
-V

=
0.

2

8 6 4 2 0
Reciprocal Wavelength 1/λ [µ-1]

10000600040003000200015001200
Wavelength λ [A]

21
75

 A

Interstellar reddening curve (Fitzpatrick, 1999).

Interstellar Redden-

ing is λ-dependent:

2175 Å bump gener-

ally interpreted as ev-

idence for absorption

through dust.
Mathis, Rumpl & Nord-
sieck (1977, MRN): dust
mainly graphite and sili-
cate grains with a power
law size distribution,
P (a) ∝ a−3.5, radii
ranging from 0.025µm
to 0.25 µm and density
∼ 1 g cm−3.
(similar to smoke from
cigarettes)
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Absorption in the ISM 12

Dust, III

Observational evidence and

theoretical motivation favor

porous grains composed of

silicates, graphite, and oxides

(Mathis & Whiffen, 1989; Fo-

gel & Leung, 1998)

=⇒Density of grains is proba-

bly smaller than 1 g cm−3.
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Absorption in the ISM 13

Effect of Grains on X-ray Absorption

0.1 1.0 10.0
E [keV]

0.0

0.2

0.4

0.6

0.8

1.0

1 
- 

f

Si

Si

C

C

N

N

O

O

Fe-L

Fe-L

d=0.1µm

d=0.3µm

Energy dependent shielding factor for grains of sizes 0.1µm and 0.3 µm.

X-rays: Metals are “de-

pleted” in grains

=⇒ less metals in gas

phase.

Outer skin of grains absorbs

most X-rays

=⇒we do not see atoms

embedded in the inner

part of grains

=⇒ “shielding”

Calculations show:

Grains do not have

influence above ∼3 keV.
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Absorption in the ISM 14

Result: Total Absorptivity

0.1 1.0 10.0
E [keV]

100

200

300

400

500
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S
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Ca
Cr

Fe-L

H
H+He

0.1 1.0 10.0

1000

900

 

 

σ 
E

3 ke
V
 [1

0-2
4 
cm

2 ]

Fe

Ni

0.1 1.0 10.0
E [keV]

10-6
10-5
10-4
10-3
10-2
10-1

σ 
[M

ba
rn

/H
]

σISM · E3 as function of energy for pure gas and for gas with grains with MRN distribution.

Note comparably small influence of grains.
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Solid State Effects: XAFS 1

XAFS

Nicolosi, Jannitti & Tondello (1991)

Around absorption

edges: X-ray cross

section is strongly

influenced by envi-

ronment of absorb-

ing atom

=⇒X-ray Ab-

sorption Fine

Structure

(XAFS)
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Solid State Effects: XAFS 2

XAFS

7050 7100 7150 7200 7250 7300
Energy (eV)

0

1

2

3

Synchrotron data
Convolved by 10 eV
σ = 5% edge step
σ = 10% edge step

Fe3O4

Fe metal

(E
)

U
ni

t N
or

m
al

iz
ed

 µ

Absorptivity of metallic Fe and of rust (Lee & Ravel, 2005)
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Solid State Effects: XAFS 3

XAFS

Possibly XAFS has already been

detected with the Chandra-HETGS

in the Black Hole Candidate GRS

1915+105

(Lee et al., 2002, Fig. 2)

2:07 2:09 2:11 2:13

2:19 2:21

2:27 2:29

2:33 2:35 2:37

2:15 2:17

2:252:23

2:31

1998 Feb 20: ROSAT observation of lunar occultation of Sco X-1

=⇒ X-ray dust scattering halo
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Dust Scattering Halos 2

Dust Scattering Halos, II

(Cyg X-1, Chandra-HETGS; Hanke et al., 2008)

Because of dust scattering, X-ray point

sources at larger NH do not appear point-

like

=⇒ X-ray Scattering Halos

(Trümper & Schönfelder, 1973; Predehl & Schmitt, 1995;
Predehl & Klose, 1995)

Cyg X-3 (Chandra-HETGS)
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Dust Scattering Halos 3

Dust Scattering Halos, III

(Xiang, Lee & Nowak, 2007, Fig. 1)

Rayleigh-Gans approximation gives scattering cross section:

dσsca(a, E, θsca)

dΩ
∼ exp

(

−0.46E2a2 θ2

(1 − x)2

)

(2.7)

θ in arcmin, a in µm, E in keV; see Predehl et al. (2000) and Xiang, Lee & Nowak (2007)

Total scattering cross section:

σsca ∼ E−2 (2.8)

=⇒ Scattering halos are soft
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Dust Scattering Halos 4

Geometrical Distance Estimation

(Xiang, Lee & Nowak, 2007, Fig. 1)

Typical scattering angle (from dσ/dΩ):

θsca =
λ

π
a ∝ E−1 (2.9)

Small angle approximation gives size of halo (note θsca = θ + α):

θ = (1 − x)θsca (2.10)

Time delay:

c∆t =
xθ2

1 − x
D =⇒ ∆t = 1.15 h ·

D

1 kpc

(

θ

1 arcmin

)2 x

1 − x
(2.11)

=⇒ Time delay measurement gives D!
First used by Predehl et al. (2000): distance of Cyg X-3 is ∼9 kpc
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Dust Scattering Halos 5

Geometrical Distance Estimation

Practical measurement of D is

complicated because of cross-

talk between source variability

and halo variability, because

of point spread function of tele-

scope mirrors.

(Xiang, Lee & Nowak, 2007, Fig. 2)



I

E
F

C
O

DRI

L

A
I

N

R

D
N

X
A

E
A

ESI
I

C

M

L
M
V

A

AI

A
D

R

E

L
G

E

2–28

Dust Scattering Halos 6

Geometrical Distance Estimation

(Xiang, Lee & Nowak, 2007, Fig. 4)

For 4U1624−490: Delay Halo vs. Source is 1.6 ksec
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Dust Scattering Halos 7

Geometrical Distance Estimation

4U1624−490 has distance of

10.2+2.4
−1.4 kpc (assuming MRN and

amax = 0.25 µm)

(Xiang, Lee & Nowak, 2007, Fig. 8)
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