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Wilhelm C. Roentgen &%

The discovery of X-rays in 1895

MRS % 0023

Wilhelm Réntgen's image of Anna Bertha
Rontgen's hand. Image credit: Wellcome
Library, London.
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Roentgen’s 1901 Nobel Price
in Physics (first ever)
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X-ray & y-ray SRR

5 %3 AR 1% Photon - JEF
RETINER: v

HFHEE: E=hvo=hc/A h=6.625110"ergs  Planck’s const
E=kT k=1.380110"ergK™"  Boltzmann's
T -temperature  Wien displacement law, peak hv=2.82kT,,

B{i: electron-volts (eV) 1 eV = 1.6x10° erg

R E=124/(4) (keV)
ST RK-HEE b
4o E=8.620107T (eV) 1eV =1.16x104 K
KFEEE-RE \ :
T=1.16010°E (K) 1keV ~107 K

YR B: om.g. S
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13.6 - 100 eV 0.1 - 200 keV 200keV-10%>eV (PeV)
$RER (Hz) 3.3E15 - 2.4E16 2.4E16 - 4.8E19 > 4.8E19
EK (A) 911 - 124 124 - 0.062 < 0.062
mE(K) 1.6E5 - 1.16E6 1.16E6 - 2.3E9 > 2.3E9

[ NN

ERE B BRI 2  Hot & energetic universe !



X-ray 7& 3 ®H H — R B % B 58 5

T 2R T m,, - proton mass
xSV V> 5,000km/s; TRMEER E~ % m, V2 ~ KT

* T>10%k ~10keV

385

R R U] SR EYREL ~ 15 AR RIEE 7R AV
* B ZR: starAV> 100km/s; T>3x108k ~0.3keV

*» R ZRMH]: galaxy AV > 1000km/s; T >3x107k ~3 keV

. GM) -

Gl IR 2E R G R 4E BLIR S kT =« Rmp M/R: compactness (HIHIRSE)
» 2 RHF: M~10"M,,, R~2Mpc = T~1078k

«» [HE: M~1Mg,, R~1Ry,, 2 T~4x10%k (softXray!) HEZEIEE
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FEEL IR UL (photoelectric absorption)
E=13.6eV- ~60keV

B FH5 (Compton scattering)
60 keV < E < ~10MeV

FEEIE DA F T (pairproduction)
E>1.02MeV ( £F > 5-10 MeV)
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cosmic X-rays cannot reach the ground

NASA’s Explore-1
1958 AILIE -3t ER AT

Atmospheric transmission to EM radiations m/
Visible —

Ultra-
Gamma vio::t '"'(rl?tl;‘d Microwave Radio

- Shorter waves uv) Longer waves p

e

‘-—;’—:

from NASA .
ience.nz sa:go%issi onsfexplorer
g L 5 7

F51 k=5

Thermosphere
(auroras)

Mesosphere
(meteors burn up)

Stratosphere
(ozone layer at 20-30

km; jets fiy at 10 km) *

e [ e

Optical
“window™ Radio “"window™

ATMOSPHERE

Troposphere
(st

Pictures from NASA
https://science.nasa.gov/missions/explorgss




K B K BH B X-ray 4 5}

V-2 rockets 1949%F A BH#E M 21| 2y X B 2R 4
RAEFME— X SRR, EHF 1962

Solar corona Solar X-ray
Geigerit
Ay

X-ray 2K H FSolar corona: kT ~106k
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PR B 1E R 1R X S e AN Tl e A ) A AR I 2]

Dr. Fiedman with ferobee rocket.



FEERFHOHE D - X $46 (1962)
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‘Observing Sco X-1 was the reward nature offered to scientists willing
to gamble on a long shot’. — R. Hirsch <Glimpsing an Invisible Universe>
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more X-ray sources discovered in the 1960's
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F.D. Seward and P.A. Charles, 2014
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compact objects: white dwarf, neutron stars & black holes

white dwarf
 radius 5800 km

more massive, smaller
radius

1 solar mass

neutron star
radius ~ 10km
more massive, smaller radius

black hole
radius 3 km _ 2GM M

. . T'sh = =~ 2.95 km,
radius proportional to mass c? Isun



Black hole X-ray binary : stellar mass black hole

M390"

r.u,.(.;(,ool‘ . Cyg X-1
£ ®Déneh :
mass ~ 20 M _sun

compact objects with

mass > 3 M _sun have to
be black holes

energy source: gravity potential energy

S S
e N matter is heated to 106-107 k in the process of falling

on black hole, and emits X-rays
space-time singularity celestial object in the universe

B e it
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Milestones & X-ray missions since 1962

1962- 1970 K Fii A BRLLG

e Soc X-1, Crab Nebular, bright X-ray binaries, etc.
o 1t extragalactic source: M87 (active galaxy)

e (luster of galaxies (Coma cluster)

1970s Uhuru : 15t X-ray KX L& , HEAO-I, Ariel-V, ...

1978 Einstein 1L & : 15t X-ray telescope

1980s: EXOSAT, Ginga, ...

1990 ROSAT: 15t IR FE X 26 4 R 1K KR (1.8 T 5%, >10 T HEIR)
1990s: ASCA (first CCD) , Beppo-SAX, RXTE, ...

1999- KX 26K W & Chandra, XMM-Newton

2000- Swift, Suzaku, MAXI, AstroSAT, NuSTARS, NICER, HXMT-ZR, eROSITA, IXPE, XRISM, EP



BN X JIZREXRUKRER: Uhuru BE

4U catalogue: 339 X H}£kiA
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netal 1978



HERO R-1 ALL-SKY X-RAY CATALOG
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F—H X &L EmiE: Einstein Observatory (HEAO-II)

X-ray reflection by Frist: (NASA) 1978-1981
Higher reflectivity for lower-E X-rays 100 X more sensitive than Uhuru

Revolutionzied X-ray astronomy

6 ~ a few degrees

M

Smooth surface ~a few'Ang.(rms)

XMM-Newton, Chandra, NuSTAR, eROSITA...

ok B U EP-FXT



ROSAT: BENMNFREMRXGIEZEXKRIKEK

Roetgen Satellite (1990-1997)
ROSAT ALL-SKY SURVEY Sources

0.1-2.4keV Aitoff Projection

Galaclic Il Coordinale System

RoetgenSatellite
(1990-1997)

— . ” . .."",” .. iil .“:;: e, -{.I :. -‘. ..-‘;- :' i . *'. iy
ENE R AT (e ~80,000

wvages §-har-8g

B ARA A sources

Energy range: L1 -2.4 keV
Credit: MPE




ASCA BE: BHIX{EH X8§% CCD

ASCA (JAXAISAS) 1994-2001 SMBHAIRARBHONLILESRE : X 574 FFe 4
First X-ray satellite using CCD

spectral resolution AE/E~ 10%

5[ AV~ 10000km/s ~ (1/3)c
| AV~ GM/R
[ Raar

%ﬂﬁj ‘ ‘ _____ f T‘|
AR [ERIE Z 20 A
Energy (keV)

“Gravitationally redshifted emission implying an
accretion disk and massive black hole in the active galaxy
MCG-6-30-15"

Tanaka + (1995) 23



Current X-ray astronomy satellites

Focal Plane/
Detectors

' ~ XRISM (JAXA/NASA)
BURNLENSHEXLN (NASA ) 3-79keV high energy resolution 3 eV
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Chandra (NASA ) XMM-Newton (ESA) EP-FXT@ (CAS)
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XRISM (JAXA)

2023-

X-ray Spectrum of Supernova Remnant N132D Measured by XRISM Resolve

Image: XRISM/ Xtend

/g& =NZRE A
}-1/ E‘ HE‘ X-ray photon é
E
8 M
Thermometer
p 4 Suzaku/XIS ‘ IL \ :) Abgorbeg )
XRISM/ Resolve LES Weals link

JL+ mk €&

energy resolution
<5eV
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What do we get from X-ray observations?

X-ray image X-ray spectrum

Get all three in one X-ray photon detection!

XMM-Newton )
X-ray lightcurve

¢ 10—

S8 03-10keV

“—
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Q
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X-ray count rate (s7)
B
»
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:
L 2
—_———

0

o 100 200 @00 400 500 60O
lime since t,,, = 2008 January 9.5645 UT (s)




){%F}_‘_ Sty . _— . .- gﬁ}:u)—‘— ' *
ok uﬁm aqm% x%%%lf% (ROSAT:EE)

Sl *

SEA
»* _, .

£

credit: MPE

2

xﬁ%%%ﬁkﬂ%WM%”E&ME Wéx



X-rays from objects in solar system

ROSAT PSPC
The -Mobon
Junie 291990

T XA 2 AR AT =



X-rays from comets

FIRST X-RAY IMAGE OF A COMET
Comet Hyakutake - C/1996 B2 ROSAT HRI

March 27, 1956

sampled
region

10 aremin
—

55000 km

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

Charge-exchange emission

ON

—
r—

o
2}

Postbreakup

Intensity (counts/sec/keV)

0
0.2 0.5
Channel energy (keV)

Chandra ASIS Lisse et al. 2001

-
Charge exchange. Image credit: Chandra.



The sun/stars seen in optical and X-ray

optical
Solar photosphere

KT ~ 5,800k =

1992/01 /23 05:57:16.000

X-ray
Solar corona:
kT ~10°k, n ~ 1089 cm3




Supernova remnants in X-rays FREH T2

PN
= HERLF
> FH

X-ray FrSHAgHE

100 } . ol
electrons accelerated ANl s
10 2 3 U A
by S8 Z’ F il ; '-.j.': a 1
® 1" % i
« VF \q\ 1
= \
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2
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The Crab Nebula and pulsar, Chandra X-ray scope

Energy (keV)



X-ray image of the Galactic center

D. Q. Wang et al. 2002 Credit: NASA/CXO/Chandra



eROSITA X-ray bubble

SRG/eROSITA 0.3-2.3 keV - RGB

4 i livescience.com

IN SR s ST Credit: MPE/IKI MPE



BEER




B KA : il 2 R

optical

Credit: NASA/CXO/Chandra



Long-standing mystery of cosmic X-ray background solved

XMM deep field Chandra deep field,

. -
Hasinger et al. Alexander et al.

CXB X-ray radiation is (almost) resolved into discrete X-ray sources:
active galaxies and galaxies = black hole accretion energy



A cluster of galaxies seen in X-ray and optical

CHANDRA X-RAY




AGN heating/feedback

S AmIMEIBT BRI CM S 14 5 35 B 4 Perseus cluster

Chandra X-ray [3 Color] Chandra X-ray [Sound Waves]

Credit: NASA/CXO/Chandra

Energy feedback from central

N/SMBH N
é(o;un/ speed ~103km/s = K B[E)fE107 £ !

Fabian 2006



XTI e¢/bin

Cnts/sec

X BiepIXR =

Cyg X-1 (BH X-ray

iRl A TEIRIR

Flux [Crabs]

Gamma-ray burst
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Velo 40 Event - July 2, 1967

1500 -
First GRB
€ 1000} 1967 .
©
% .
8 500} <
Vela-5A/B 1969-197 ‘ 0 n A . . 5
e -4 -2 0 2 4 6 8

Time (seconds)

Klebesadel, Strong & Olson 1973

AL 50 AR TR (AR R 2
3-12keV
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fio 2 . B B Swift

BAT
coded mask +
CdznTe #RMEF 5000cm2

FoV: >1000 MR, =|SL8.3
ove 2 s T EES.I M
13-300keV . 18 B

XRT: 0.3-10keV + 1.0 BT EIE
UVOT: optical/UV 45/30
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NGC 5905
(Komossa et al. 2001)

LfE{E 2 3= 4 Tidal disruption event (TDE)

max escape

mean binding speed ~10*kms'

energy~ |d\c

ZIMAY

RIARIRE

Rees 1988
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Detector area (cm?2)

104

103

102

10"

X595 /MBS B RinkRzmNAR R

Very large space observatories or new technology

A

bulk of extra-galactic X-ray transients

Galactic: mostly X-ray binaries
extra-galactic: mostly GRB

SWIFT/
BAT

* Non-focusing: pinhole, coded-aperture
* Hard X-ray/y-ray
*incomplete list « No dedicated transient-science mission

1970 1980 1990 2000 2010 2020 Year



K K- Einstein Probe (EP) 2024+
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YXAM 2030’s, 2040’s

Your X-ray Astronomy Mission

Athena+ (ESA)
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