Violent Universe Explored

by
Japanese Xray Satellites

Hideyo Kunieda
Nagoya University

Asia Academic Seminar
CPS 8th International School of Planetary Science
September 30, 2011 at Awaji



Lecture Plan
September 30, 9:00-10:15

I. Basic processes in High energy astronomy
I-1: Why X-ray astronomy?
I-2: Emission mechanisms
I-3: Energy sources
I1. High energy phenomena
II-1: Stellar X-ray emission

September 30, 10:45-12:00

II-2: Supernova remnants (SNR)

II-3: Neutron stars and blackholes

II-4: Active Galactic Nuclei

II-5: Cluster of galaxies and Cosmology




I-1. Why X-ray astronomy?

1. Sun http://swc.nict.go.jp/sunspot/  Optical Image

Photosphere : Black body radiation
T =6430°K-> A .., ~4500 A

Wien’s law AT =2800micron K} -
Density —10'" atom/cc (10 g/cc)

ttp://swc.nict.go.jp/sunspot

X-ray Image by

Corona : Thin thermal emission + lines |
T=10°" K> A ~30A if BB) |
Density —~ 1098 atom/cc

peak

http://hinode.nao.ac.jp/latest/

2OTO=T1507 18:563:44UT Open/Ti_poly
http://hinode.nao.ac.jp/latest/



I-1. Why X-ray astronomy?

2. Cluster of Galaxies

Optical image : Component galaxies
Emission from stars

__Optical Image

Visible mass ~ M

X-ray image : Hot plasma
T ~ 1073°K Virgo
Plasma mass ~ 1-5 M Cluster

X-ray Image by
ASCA

Mass to bind hot gas in clusters

Dark matter
Mass ~ 5-20 M




Radiation and related physical processes

Radio A=0.1 - 100 mm
Molecular emission
Vibration, rotation

Infrared A= 1-100 micron
Dust emission
Low temp. stars

Optical A=4000-7000A
Main sequence stars

T= 6430°K-> A

peak

~4500 A

/FM Radio frequency
80.7 MHz
A=3x10'9%cm/8.07x10’

\_ =4 x10% cm )

~
Black body radiation

37°C =>310°K

L ~ 9 micron )

-~ A
H Ly-& 1215A
Ly limit 912A

| HBa-o (H-o) 6562A y

Absorption & emission lines from excited atoms



Radiation and related physical processes

Ultra-violet A= 100-4000A " Binding energy

Early type stars(<7000°K) | (Outer most electron)
H (13.6eV),He (24.6 eV),

Emission lines | Li54eV).Be®3eV)
X-rays A= 1-100 A ~
Plasma temp. 10°8 K Binding energy
. I; (Inner most electron)
Emission lines C(280eV). O(550eV)
(transition between levels) (Ar(3.1keV), Fe(7.1keV),

Gamma rays A< 1A
Nuclear transition L Synchrotron rad. }
High energy particles Compton rad.




Radiation mechanisms of X-rays

Magnetic
Field
Sun, Stars High energy
Nuc.lear Electrons\ |
Fusion Supernovae \4 N
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Life cycle of stars

Rado & Infrared
Observations

Planetatry .
/&- nebma :

‘ ., .
FR G e \
Supernova

Sun * = explosion
° ° ’& ®
__ Visible stars Red giant



Fraction of atmosphere

X-rays are observable
from out side atmosphere
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X-ray Telescope

Hakucho (1979)
90kg 200kg 420kg

JAXA



I1-2: Emission mechanisms

1. Black body radiation

Thermometry of steel furnaces based on the radiation

Ev)dv=2Z(v)KTdv Z.(v): lattice points in phase space
(1) Long wave side : Rayleigh-Jeans distribution

47 L°3
Z(V) d V = seccccccn== v 2 d vV
C 3
E(V) dv St kT
[0 X 2 T v 2 dv
I3 C3

When v --> small, it well represents observed spectra
but when V is large, U will become infinity.




I1-2: Emission mechanisms

1. Black body radiation

(2) Short Wave side : Wien distribution

47 L3
Z(v)d vV =--emmna- v2exp(-hv/kT)d v
C3
27Z(v)hvdv 87h
L R T — v3exp(-hv/KT)dv
L3 o

When h v /kT >>1, it well represents observed spectra
but does not match with the data when h v /kT <<1




I1-2: Emission mechanisms

1. Black body radiation

(3) Interpolation : Planck distribution

Planck distribution
exp(h v /kT) -1

When h v /kT <<1, exp(- hv /kT) =1 + hv /KT

8 T KT
UWv)dv =--mmemm-e- v2d+v Rayleigh-Jeans
3
When h v /kT >>1, exp(h v /kT) >>1
8 T KT

UWV)dV = cmmemeeae viexp(-hv/kT)dv Wein
3




I1-2: Emission mechanisms

1. Black bo
Planck SRR v T

distribution

rad
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I1-2: Emission mechanisms

1. Black body radiation

Peak frequency : derivative of Planck’s eq. =0

S7h 1
U(V) = ==mmmmes mmmmmmmmm e v3idwv Planck distribution
¢ expthv/KkT) -1
x 3
f(X) = -=mmmmme-- when x= hv/kT
ex -1

of  3x*(eX-1)—x%*

31-e)=x left term = 0(x=0), =1.8(x=1), =2.4(x=2), =3(x=)
x=2.812 hvmax=2.82 kT

AmaxT =2900(um * K) Wien’s law




I1-2: Emission mechanisms

1. Black body radiation

Total brightness : Integration of Planck’s eq.

U(v) ¢
| e Ca——
47
27h 1
f Bv)d v =-ammee- v3dv
c? exp(h v /kT) - 1
When x= hv/kT
2h KT x3 4
B —_—emmmmme e-———— 4 | - dX 9 e
51, 4
— --.%.zt.--.lf--- 4 = o T4
15¢%h3

0=5.67 x 10~ erg cm2 deg s! : Stefan-Boltzmann constant




I1-2: Emission mechanisms

1. Black body radiation

<— Wavelength, m

Planck oo e BT e
distribution 1| -
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I1-2: Emission mechanisms

2. Line emission and absorption
Emission from Fe atoms

v
0 keV — ~ Brc=Ec-Ex
0.05 keV ] I > 7.11 keV(<1.743 A )
0.71 keV [ -
-~ Exa=Ey-E
1 K KB K
Pk B/V =7.06 keV( 1.7571&%(X
_|-Ky =rays
- | EK o=KL - EK
v vV = 6.40 keV( 1.9374 )

711 keV T hvll
SHE Characteristic X-rays

\/

Analysis of elements



I1-2: Emission mechanisms

2. Line emission and absorption

Absorption by Fe atom

R - Absorption edge
-~ - E =E~ —E
0 keV P RC C K
0.05 keV T 7 > 7.11 keV (<1.743 & )
0.71keV T B
kg~ Bk =Em “Eg
la | = 7.06 keV (1.757 & )
4 K/a/
A/// EKa:EL_EK
= 6.40 keV (1.9374 )
7.11 keV
K=shell Absorption lines

If outer electrons are ionized



I1-2: Emission mechanisms

2. Line emission and absorption

Absorption by Fe atom

(@ 0" vpe! T TN 1 llll’l.J
O - N .
e ‘Absorptlon edge\ E - :
O v ‘.
st E >E = 7.11
0))]
0))]
oc 3 = 1.
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I1-2: Emission mechanisms

Emission from hot plasmas

Tonization state
Electron collision/Photo 1ionization Free electrons
Recombination . ! Equilibrium

Lines from ionized ions

Binding energy increases after the removal of outer electrons
Fe XVII(16 electrons are removed) Fe K& X-ray ~6.4 keV

Fe XVIII - XXV ~6.7 keV
Fe XXVI ~6.9 keV
Line energy ---> Tonization state

Line ratio of an element --->
Tion, Te (Balance of ionization/recomb.)
Line ratio ----> Atomic abundance




I1-2: Emission mechanisms

Emission from hot plasmas

Galactic| 1 :

| ounts/sec/keV
&

Koyama et al, 2007: Publ. Astron. Soc. Japan, 59, 221
Koyama et al, 2007: Publ. Astron. Soc. Japan, 59, 245

Center | _ f\ ) /\ ",\
A v
0.2 | 4* v'd

| I I I |

-

8;:’ Ll

5

gy (keV)

Neutral Fe @6 .4 keV
He like Fe @6.7 keV
H like Fe @6.9 keV

Resolved by
AE~140 eV of CCD




I1-2: Emission mechanisms

Emission from hot plasmas

. LN e N R pae XlS

* SgrB

B 6.3-6.5keV band

Koyama, 2006:
Journal of Physics ;

Conference Series, 54, 95
0.8 0.6 04 0.2 0 -0.2 -04 -0.6



I1-2: Emission mechanisms

3. Bremsstrahlung

Dipole d Radiation into the unit solid angle Q g2

e DD emmsmm——— SiIl2 6 W
dQ 47xnc3

If O is the angle b.etween B(t)and n,

e? :
o R— J dQ sinZ 0 (B(1))? -
16 7t %g,C —>Max. at perpendicular direction
o2

= e V(©)? § dQ sin? 0 (B(1))?

16 7t %g,C B=v/c




I1-2: Emission mechanisms

3. Bremsstrahlung

When dQ = sin0 dO dy

dW e? . B0 831
----- SE—%
dt T €,C
dW  e2v2(t) sin O 5
..... = e [ JQ >
dt 167 2e,c (1-v(t) cos 6, ¢ )’
>
When B=v/c =2 1 5

Isotropic in the rest frame
—> Lorentz transformation - Beaming




I1-2: Emission mechanisms

3. Bremsstrahlung

Lorentz transformation 1
X’ — Y (X_Vt) X= ‘}/ (X’ +Vt> V= mmmmmmmm e
. , J (1 = v2/c2

Y =y y=y ( )
£ =z : z=7’
t" =y (t-vx/c? t=y (t’ +vx’ /c?)

llX=dX/d = _T__(_qz(____ny_C_lF____) _______ L_'Il(____-l:\_/ __________

v (dt’ +vdx/02) 1 + vu, /c?
uy= ———————— 1;1 —y———’— ————————— VvV (Xa Y9 Z)
v(1+vu,’/c?) — .
u,’
u _______________________

v(1+vu,’/c?)



I1-2: Emission mechanisms

3. Bremsstrahlung

Measured in the moving system 1
. ’ . . ) fy S ——
Velocity u’, direction 6°, T v
Parallel component to v 1s affected by the motion v
u, +v u,
e VSTV

sin O= - Yo csin®’
c cyY(1+ vcosB /c)
Here, u’=c, u,=c cos0,u =c sin0 z 7’

If O=m/2, sin@=1/y

c=5




I1-2: Emission mechanisms

3. Bremsstrahlung

Thermal bremsstralung

Impact parameter b

Ze? b dt 27¢?
AV = -
m (b? + v2t2)3/2 mbV
dW(b) 872¢
————————— S b<<v/w

dw 3 7t c3m?v2b?



I1-2: Emission mechanisms

3. Bremsstrahlung

Thermal bremsstralung eV
Ion density n. electron density n, :

Integrate b from b_. to « b R
Ze
dW oo dW(b)
------------ =n,n,27xV § ---eeeemeee-b db
do dVdt b. do
16e8 b...
e — n, n; Z? In(------- )
3cim?v b_.
16 7 e®
e — n, n, Z? g.(v, ) (eq 5.11)
3V3 c3m?v

George B. Rybicki, Alan P. Lightman, 1979:
Radiative Processes in Astrophysics, Wiley-VC, 158



I1-2: Emission mechanisms

3. Bremsstrahlung

Thermal bremsstralung eV
Thermal distribution of electrons :
dP « exp(-E/kT) d®v = exp( - mv%/2KkT) d3v b o
o dW(v, m) >
| [ —————— v2 exp(-mv2/2kT) dv ~ <©
dW v . dodVdt
dvdtdw o
| v2 exp(-mv%/2kT) dv do=2  dv
0)
dwW 27 2° 7t ef
S S [ ——— T2 72 n,n, e™klg  (eq.5.14a)

George B. Rybicki, Alan P. Lightman, 1979:
Radiative Processes in Astrophysics, Wiley-VC, 160



I1-2: Emission mechanisms

3. Bremsstrahlung

Thermal bremsstralung eV
Thermal distribution of electrons :
dP x exp(-E/KT) d3v = exp( - mv?/2kT) d3v b:
| R
o  dW(v, w)
[ v2 exp(-mv%/2kT) dv Ze
dW v dedVdt
dVdtdw 00
| v? exp(-mv%/2KkT) dv dw=2 7t dv
0
dwW 27 2° 7t eb
Ay S, § L J—— T12 72 1, n, ehVkT g (eq. 5.14a)
dV dt dv 3km 3mc?
dwW 27 kT 25 7t €6
Y S— L — Zn,n,g (eq. 5.15a)
dV dt 3m 3hme® oo B. Rybicki, Alan P, Lightman, 1979: Radiative

Processes in Astrophysics, Wiley-VC, 160-161



Emission from hot plasmas

o
yg'uzaku: 180 ksec
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Koyama et al, 2007: Publ. Astron. Soc. Japan, 59, 221
Koyama et al, 2007: Publ. Astron. Soc. Japan, 59, 245
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Thermal radiation from SNR

Cassiopeia A

C ASCA
100" g1Q

[—
=
|

Intensity [arbitrary unit]

=
[—
|

0.01

L2 EBRFEUH@HETOS ok Energy [keV]
http://www.u.phys.nagoya-u.ac.jp/r_e/r_e3_4.html



I1-2: Emission mechanisms

4. Synchrotron radiation

q d A A
- VX B=mrw?* |[=--(ymv) B
C dt F \Y%

W= ------- Cyclotron frequency |=-------

mc Y mcC

2 v, 2w?
<P>= LA y =(1-v2/c?) 12
3¢
4 dp/dt=

P=---—- 0p,cB2%y2Ug (eq. 6. 7b)
3

U, =B2 8= . Energy density of B

George B. Rybicki, Alan P. Lightman, 1979:
Radiative Processes in Astrophysics, Wiley-VC, 169



I1-2: Emission mechanisms

4. Synchrotron radiation

Typical frequency At=(v % w pSina)~ 1

3 3v2gB sina
Wc=----ySwgsina =

2 2mc

2 ¢*B2 y2B%sin? o ) —>
3m?3c? (eq 6. 17b) 1y
If energy spectrum of electrons is power law,
N(y)dy=C,ydy
P (@) o 0 ® D2 [ F(x) xP-32 dx (eq. 6. 22a)
p-1
S = ===mm---
2 George B. Rybicki, Alan P. Lightman, 1979:

Radiative Processes in Astrophysics, Wiley-VC, 173-174



I1-2: Emission mechanisms

5. Compton scattering

doy 1
dQ 2

é"

eq(7.4)

George B. Rybicki, Alan P. Lightman, 1979:
Radiative Processes in Astrophysics, Wiley-VC, 197



I1-2: Emission mechanisms

5. Compton scattering

Inverse | e1=hvy_
If E, is large (>> m_c2), i f\[\f\J
e=Nv
observer frame. ha§ to be /\/\/\4>ij— ) _\.6 _____
referred to the incident photon
, (1 B 0 ) Eelectron
£'=¢ -p cos
! hv<< hv’ 4
----- =cory? J (1 - BcosB)ende electron
NN - - - - Y
"
4
P=---- orcy?B?Upy Upy = | ende
3 Energy density E,,
electron

of radiation



I1-2: Emission mechanisms

Radiation Processes

Line emissions

Thermal Bremsstrahlung

Synchrotron

4
P=---—- 0p,cB2%y2Ug

(eq. 6. 7b)

Inverse Compton

George B. Rybicki, Alan P. Lightman, 1979:
Radiative Processes in Astrophysics, Wiley-VC,

161




I1-2: Emission mechanisms of high energy photons
Synchrotron-self-Compton Model for a Blazer

(a) 46

Mrk 421

N
)

N
~
T

Log luminosity VL, (erg/s)
A~ A~
S oo
I

N
[

40

radlo

:
85'
§
¢ !
o !
!
]
]
!
i
1 1 | (|

T

. ' ,
., [
o % 3¢
. . v ’
o0 b v ’ I
oG . . ' 7
’
g v, 0
o ' v, 0
., 5 v
, [ .
.y ] "
J H o
K o~

bpticaf | 'XT—ra‘y |

fG'eV'V '

" Inverse

TeV 7

Compton: |

Macomb, D, J, 1995:

The AstroPhysical Journal, 449,99

16 20
Log frequency (Hz)

24 28



I1-2: Emission mechanisms of high energy photons

Non-thermal component of SNR !
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I-3: Energy sources of

high energy phenomena

Energy release of X-ray sources

Sun

SN
AGN
Cluster
v burst

L,p~10" erg/s
L ~10%" erg/s
E ~ 10°! erg

L~104-47 erg/sec Gravitational Energy

E~10%erg

E~10°2 erg/sec

Nuclear fusion
Gravitational Energy

Dynamical+G Energy
Hypernovae?




1. Nuclear energy

SUN

Energy release of the Sun

--> Black body radiation
kT=6430°K. r =600,000 km. o=5.67x10"

L=4m? oT*= 4.4 x 10 erg/s

{ =

3600 s/h x 24 h/d x 365 d/i/ x46x 108y

=1.45x 1017 sec

(3.15 x 107 secly)

E=Lxt=6x10"erg



1. Nuclear energy

SUN Nuclear reactions

PPchain (O p+p2>2H+et+v 0.16MeV
H+p=>3He+ y [6.7MeV/3H]
for kKT > 8 10°K

3He + 3He > “He + 2p [26.1MeV/4H]

(I)  kT>2107KIC/A2 5 &
SHe + “He =2 "Be + vy
Be+p 2B+ v
8B > 8Be + ¢t v 7 MeV Solar neutrino
SBe - 2%He i

CNO cycle
He burning

C O burning---> Fe



2. Gravitational energy

Sun

Neutron stars

Blackholes
1M

Solar

3.8x 108 erg

l Supernova

R=10%cm

Mechanical E of
Expanding shell

e

E =2 x 10°° erg = Neutrino

R=3x10°cm

E =7 x 10>%erg

Escape velocity AtRg, v, =c¢

v, =2GM/R Then

Rg = 2GM/c?
=3 (M/M

solar

| 994

Escape

KAMIOKANDE

) km




I1. High energy phenomena

II-1 : Stellar X-ray emission




1. Stellar X-ray emission

(1) Evolution and X-ray emission from proto-stars

Contraction of molecular cloud
Release of angular Momentum
Class O Accretion disk
I Bipolar flow

X-rays emission discovered by ASCA
IT  Central star

IITI Central star (Nuclear reaction)

Gravitational E --> Heating
--> Rotation --> B -->Hot plasmas

High energy electrons
Hard X-rays



Evolution of a Star

104 105 106 107 108
age — f : | >

I

Disk

\

@b O ©

W/

Envelope

Class O Class | Class |l Class Il s

Sequence
Protostar T Tauri Star




Star forming region
p Oph Molecular Cloud

Optical (Digitized sky survey) Radio (BCO) (NANTEN telescope)

-----
A i Yo

\ RO i . E ; < R A a0 ' . .
Optical image light years Radio image 2 light years
(Extinction) (Molecular cloud



X-ray blinking of proto stars in SFR




(2) Solar X-rays

Main sequence stars
Core Temp. and Density --> Ignition of Nuclear reaction

Photo-sphere: T ~ 6000°K Blackbody
Corona: T ~ 10%7 K --> several keV --> X-rays

Nuclear energy --> Convection/Rotation --> B

Solar magnetic field --> Extends into the atmosphere
Reconnection --> K -->Acceleration of €

Thermalization Hard X-rays

Soft X-rays



Soft X-ray Movie of the Sun by Yohkoh

http://www.1sas.jaxa.jp/home/solar/yohkoh/



Soft

Hard

Solar Flare observed by Yohkoh

ERX (G i)

Al 12 Fliter Be Fliter Temperature

Emlssion Medsure

13=Jdan=1892 17:26:52-17:27:40UT

[wmle'u
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