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121 years ago: discovery of X-rays

* 1895: Discovery of “X-Strahlen” (“X-rays”, named “Rontgen radiation” in
several languages).

* Awarded the first Nobel Price ever in 1901 “in recognition of the
extraordinary services he has rendered by the discovery of the remarkable
rays subsequently named after him.”
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X-ray wavelengths and length scales
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X-ray wavelengths are comparable to the dimension of single
atoms or small molecules.
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Physics of the Universe in X-rays

Gamma rays, X-rays and ultraviolet
light blocked by the upper atmosphere
(best abserved from space).
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) . Most of the
Visible light infrared spectrum
observable absorbed by
fr9m Earth, atmospheric
with . gasses (best
a!:mospherlc observed
distortion. from space).
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X-ray observations must be taken above the earths atmosphere.
X-ray astronomy derives directly from space exploration.
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Common units in X-ray astronomy

« Converting wavelength (in A) into photon energy (in eV or keV):

A=hc!E =12398.4193 (eV A)/ E =12.3984193 (keV A) | E

* Typical X-ray spectral range:
0.1 keV — 100 keV or
0.12398 A — 12.398 A

» Soft X-rays versus hard X-rays: often defined as
0.1 keV — 1 keV and

E2dN/dE (10* keV?m 25 TkeV™ )

Crab nebula seen with

; Beppo-SAX C
1 keV — 100 keV, respectively. Kﬁmor et al. (2001) v
* Flux units: i I
photon counts or energy (in erg) per (s cm® keV)
1erg=10"J

2.42 x 10 erg/(s cm? keV) = 1 pJy ~ 1 mCrab
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Some X-ray radiative processes: free-free emission

X-ray

electron

X-ray Continuum Radiation
(Brehmsstrahlung)

L

proton

10

L)

Deceleration of
energetic electrons in
the electric field of
heavier charged
particles — emission of
a non-thermal spectrum.

Relative intensity
.

02 04 06 08 10
Wavelength (nm)
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Atomic emission. Image credit: CXC/S. Lee/CC-NC-A.
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Fluorescence. Image credit: NASA/CXC/M.Weiss/CC-NC-A.
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Atomic transitions after
collisional or radiative
excitation or after photo-
lonization and
consecutive
recombination...

Fluorescence: X-ray
photons can knock
electrons out of the K-
shell - consecutive
fluorescence.
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Some X-ray radiative processes: atomic transitions
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» Strong absorption edges
of OVII and OVIII

* Complex sub-structure
with many absorption lines
* Lines are blue-shifted
v_.~1000 km/s (outflows)

Energy [KeV]

900 ksec observation
with Chandra '

Kaspi et al. (2002)

High resolution
spectrum of an AGN
outflow seen in
transmission.
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Some X-ray radiative processes: Compton scattering

N

—)
(_\_)g Pioneering modeling in the context of
?u \ L0 black hole accretion
- George & Fabian (1991)

L T T T T T T T

Compton down-scattering
of X-ray radiation by a
relatively cold matter
containing low energy or
bound electrons. The
photon looses energy at :
each scattering event - o b
emission of a “reflection” f
spectrum. ¢ |
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synchrotron
photons

electron, e
(spiralling around
magnetic field lines)

Radiation emitted by electrons
spiraling in a magnetic field:

— fast electrons: synchrotron

— slow electrons: cyclotron
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* Wernher von Braun develops
the ballistic rocket
“Vergeltungswaffe 2" (V2)
during the late 1930s

* Atthe end of World War I,
Wernher von Braun and his
rocket technology are captured
and transferred to the USA -
pioneering work for the
American Space Program
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* Earliest rocket experiments by 1
R. H. Goddard during the 4
1920s.

* Leap in technology of the
American Space program due
to the expertise of the
Wernher von Braun team.

Dr. Robert H. Goddard and His Rockets:
Dr. Goddard and liquid oxygen-gasoline
i rocket in the frame from which it was fired
* Biggest rocket: Saturn V used on March 16, 1926, at Aubum,
Massachusetts. It flew for only 2.5

for the ApO”O program seconds, climbed 41 feet, and landed 184
feet away in a cabbage patch. From 1930
to 1941, Dr. Goddard made substantial
progress in the development of
progressively larger rockets, which
attained altitudes of 7800 feet.
Credit: NASA
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Wernher von Braun: A pioneer of

America's space program, Dr. von Braun
stands by the five F-1 engines of the
Saturn V Dynamic Test Viehicle on display
at the U.S. Space & Rocket Center in
Huntsville, Alabama, circa 1369. Dr. von
Braun served as the first director of the
MASA Marshall Space Flight Center and
was the chief architect of the Saturn V
launch vehicle, the superbooster that
propelled the Apollo spacecraft to the
Moon.

Credit: NASA
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1962: Discovery of Sco X-1

Riccardo Giacconi, Bruno Rossi
and collaborators

Launch of an Aerobee rocket with
the purpose to look for X-ray
emission from the moon

Payload: 3 large area Geiger
counters

Max. altitude of 225 km

Flying higher than 80 km for 350 s
Flight direction: almost straight
north for a distance of 120 km

No significant X-ray emission from
the moon, but...
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1962: Discovery of Sco X-1

Riccardo Giacconi is awarded the Nobel prize in 2002 for his pioneering
work and the discovery of the first extra-solar X-ray source.

PHYSICAL REVIEW
LETTERS

DECEMBER l, 1962 Numser 11

VoLume 9

EVIDENCE FOR X RAYS FROM SOURCES OUTSIDE THE SOLAR SYSTEM"

Riccardo Giacconi, Herbert Gursky, and Frank R. Paolini
American Science and Engineering, Inc., Cambridge, Massachusetts

and

Bruno B. Rossi
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received October 12, 1962)

Data from an Aerobee rocket carrying a pay-
load consisting of three large area Geiger coun-
ters have revealed a considerable flux of radia-
tion in the night sky that has been identified as
consisting of soft x rays.

The entrance aperture of each Geiger counter

anmanlmbad af masmas ladinldin] cian sdadasmim oo

ter was placed in a well formed by an anticoinci-
dence scintillation counter designed to reduce the
cosmic-ray background. The experiment was in-
tended to study fluorescence x rays produced on
the lunar surface by x rays from the sun and to
explore the night sky for other possible sources.

M bhn hania af tha lbaann s af saloes e weces
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1962: Discovery of Sco X-1

“isotropic (?)” X-ray background
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The step to X-ray observatories: UHURU

* Rocket flights above 100 km
are limited to a few minutes.

 For considerable observation
time a satellite is needed.

* 12 Dec 1970: launch of UHURU
as the first X-ray space
observatory.

e Live time until March 1973

* First systematic X-ray surveys
ever conducted
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Observat

The step to X-ray observatories: UHURU

* Spectral band 2 .. 20 keV
* Focusing instrument

* Payload: two proportional
counters

* Flux limit 104 of Sco X-1
 A=0.084 m2
* Angularres. =0.54°

* First black holes Cyg X-1,
Her X-1, X-ray pulsars

THE FOURTH UMURU CATALOG

* Extragalactic X-ray
sources & galaxy clusters

* Total of 339 sources Iin
the 4th Catalog
(denominations like
4U1957+11 etc..) Figure 4. The x-ray sources observed by UHURU plotted in galactic coordinates. The site of

the dot is proportional to intensity on a logarithmic time scale. From X-ray Astronomy
(Eds. R. Giacconi, H. Gursky), 1974, Riedel, Dordrecht, p. 156.
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Black holes, compact objects
and accretion physics

Cosmic Feedback
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Astrophysics of Hot Cosmic Plasmas

%1 School of Astroparticle Physics
23 - 28 May 2016
OHP, Saint Michel I'Observatoire

Large-scale structure
of the Universe
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Why should we care about X-ray polarization?

Note: almost any
interaction of EM
radiation with matter also
modifies its polarization
state!

ERGO: Considering the
polarization state of light
gives us a set of two
additional,
independent
observables as a
function of photon
wavelength, time, and
space.

@
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Processes producing X-ray (de-)polarization

Oscillator model y
for Thomson I
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_ _ scattering |
Resonant line scattering 0

Electron scattering

|
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Dilution (by unpolarized radiation) |
|
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General Relativity o t AN Z
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Synchrotron and SSC emission
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Scattering

Strong polarization: ® = 90° (Reflection)
Weak polarization: ® = 0° (Transmission)
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So-far (soft) X-ray polarization experiment

b} 5.2 keV
() 2.6 kev 9.0 (b} 5.2 ke Oapn

{24

~18

12

- r
il

0S0-1 undergoes launch preparation. (NASA photo)

E 20

E 20

Bragg-reflection
polarimeter

Crab Nebula (OSO-8), Weisskopf et al (1978)
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Widening the field of view

* To discover new and possibly transient X-ray
sources, It iIs important that X-ray telescopes
also have a significant field of view.

* |tis then necessary to enable X-ray imaging
together with spectroscopy.

* This requires focusing instruments and two-
dimensional detectors — CCD cameras
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Reflected
X-rays
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Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter
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1978-1982: NASA's Einstein satellite

* First X-ray imaging
observatory ever

e P.Jl. Riccardo
Glacconi

* Set of 4 Wolter
type-1 nested
mirrors focusing X-
rays up to 8 keV in
energy

* Angular resolution:
5 arcsec on axis,
degrading to 1.5
arcmin at the edge
of the 1 degree field
of view
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* First X-ray imaging
observatory ever

e P.l. Riccardo
Giacconi

* Set of 4 Wolter
type-1 nested
mirrors focusing X- Einstein Chandra
rays up to 8 keV in

ERsLgy Crab Nebula

* Angular resolution:
5 arcsec on axis,
degrading to 1.5
arcmin at the edge
of the 1 degree field
of view

Einstein
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1990s: The ROSAT satellite

* Germany, USA, UK
0.2 - 2.4 keV

* @ =2 arcsec

» X-ray all-sky survey
catalog, more than
150000 sources

* detection of isolated
neutron stars

* Comets

* Collision of Comet
Shoemaker-Levy with
Jupiter




-~ o A B =7 g > ‘i 4
From the 1960s to the current and future generation of X-ray observatories: F== o o B - N & School of Astroparticle Physics

successive X-ray instruments and crucial discoveries i . i - [0 - " BES ; 23 - 28 May 2016
% eR 8 i ] e . b i x OHEP, Saint Michel I'Observatoire

ROSAT PSFC ALL-SKY SURVEY Soft X-ray Background

Al T Prajection
Calactic |1 Coordinate System

chrnA=E AT

d-colour mags:
red: 21 4 ke green Db ke bluc: 008 20 ket

Color code from red to white represents average photon energy
T~ afew 100 000 K (red), T ~ 20 million K (white)
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Scattered solar X-rays from the moon.
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FIRST X-RAY IMAGE OF A COMET
Comet Hyakutake - C/1996 B2 ROSAT HRI

March 27, 1996

10 arcmin o
{ < O/))
0 km s

/))
g

‘

C. Lisse, M. Mumma, NASA GSFC
K. Dennerl, J. Schmitt, J. Englhauser, MPE




chool of Astroparticle Physics
23 - 28 May 2016
OHP, Saint Michel I'Observatoire

From the 1960s to the current and future generation of X-ray observatories: §
successive X-ray instruments and crucial discoveries .

René W. GOOSMANN
OLT

Observatoire astronomique de Strasbourg

1993-2001: The Japanese ASCA satellite

* The sensitivity of ASCA's instruments allowed for the first detailed, broad-band
spectra of distant quasars to be observed.

* ASCA's suite of instruments provided the best opportunity at the time for identifying
the sources whose combined emission makes up the cosmic X-ray background.

* ASCA saw broad iron lines proving that the active nucleus of a galaxy is a super-
massive black hole.

* ASCA provided analysis of the elemental composition, heterogeneity and particle
acceleration of supernova remnants by dispersing X-rays.

* ASCA saw X-ray emission from a
newly-formed protostar.

* ASCA saw a two-temperature
structure of hot plasma in a galaxy ASCA | ASTRO-D
cluster.
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* Window opened on X-ray spectroscopy of emission lines

* First indication ever of a relativistic iron emission line in
an active galactic nucleus

* One key motivation for the science case of XMM-
Newton...

10 15

Line flux (1 0> phfsfkeWcmz)
5
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L | L
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Line flux (1 O_SphfsfkeWcmzl
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first AGN with relativistic disk line

ROSAT |
PSPC |

ASCA

SIS
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MOS
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1993-2001: The Japanese ASCA satellite

* First
Indication ever
of a relativistic
Iron emission
line — how to
Interpret it?

NON-SPINNING BLMRACIK HOLE

4 6 4 =]
ENERGY (keV) ENERGY (keV)
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* XIPE (X-ray Imaging Polarimetry * SVOM (Gamma burst mission)
Explorer) — ESA M4 candidate, with very broad (and fast) multi-
launch 2025 lambda coverage, launch 2022

* Two more X-ray polarimetry
missions competing for the NASA
SMEX program, launch for 2022
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(Selected) future mission (projects)

The road to a next generation X-ray observatory

ESA

XEUS ESA + JAXA

concopt XEUS CV
s \ proposal

2007

| The Next Generation
af X-rav Observatories

concept
2008 ESA

(+ JAXA, NASA ?)

ATHENA

Constellation-X concept
concept 2011
1995-6

Athena+
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