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- Cosmic rays accelerated at cosmological shocks 4=

May 31 — June 4, 2005 Conference on Computational Cosmology ICTP, Italy =



radio arcs in A3376 (Bagchi 2003)

observational evidence for accretion shocks or merger shocks ?
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radio observation
in large scale stru
cture

blue: background source
red: new source

(Rudnick, preliminary)
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diffuse raiod sources in clusters of galaxies

prove the existence of relativistic electrons of energy ~ GeV
and of magnetic fields ~ uG
on scales of Mpcs !!

Coma cluster

X-ray: ROSAT (White et al. 1993)

25 arcnin  MPI

- thermal: X-ray
- -—
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Shock waves & shock-heated gas in large scale structures

large scale structure formation

cosmological shocks shock-heated gas

gas cooling
v

X-ray clusters/groups,

WHIM, etc...
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Shock waves in the large scale structure of the universe

Numerical simulations

- A cold dark matter cosmology
Q,=0.73, Q= 0.27, Q
without/with gas cooling

- computational box: (10041 Mpc)?
10247 cells for gas and gravity, 5123 DM particles, Ax = 97.7 h"'Mpc

(Ryu, Kang et al)

=0.043,7=0.7, n=1, 05 = 0.8

gas

o =1 —10%<p> and higher e =1037—-102° erg cm3 s'! and higher
2 - 2 - T




X-ray emissivity
distribution:
time evolution

(100 /7! Mpe)?

10243 cells

full box spinning
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rich, complex shock morphology:

shocks "reveal” filaments and sheets

May 31 — June 4, 2005

Conference on Computational Cosmology

1 L 1 L L L
60 80 100

ICTP, Italy



7z =15 z =10

FT T 71 | T 17T | m_!‘i.v\ T%ﬁj T ‘\ ET T 177 ‘ T T 1T ‘ T T \ I | T T \E-\|?)‘F\ | | I H
o S 7 4 L R AN i 4 A
o ey Lo ¥ 1 time evolution of s

hocks around a clus

ter complex
28 x 37 (h™! Mpc)? slice

external shocks
v, < 150 km/s

150 < v, <700 km/s
3 vy,> 700 km/s
FT T T |.| ' T TT1 r.\\ \ T ‘ \\P"‘I ‘ VI T T ‘ I H —Z\ZIIO\O‘I T I“'H“'I T T | IY‘(\ I#"\ T | I H °
0.5 winf 4 L0 - j internal shocks
- i WO 10 “;]Ff ' v, < 150 km/s
g S LR i —
j\\“\:\\& R R s ~’~/-\ g
. ~i external shocks: high Mach 1o.
g o outer surfaces of nonlinear struct. |
X -
internal shocks: low Mach no:~
inside nonlinear structure 'R

SE T
x‘fﬁu.m.lmm.%hu




&

h-'Mp

et RV . 2 s DS RN A N 100

Fme. ‘! ’1 —— o T \i Ay % wL B l h k N h

- ‘.\‘,  RE ok 180 external shocks wit

S - A\ g I

ot I SR A o g Ve Sl SUMIS

S T A N, T gas with 7, < 10°K (WHIM)

it e I Wil g i - (L SRS & o :

ST s MR e My, sheet-like structures

L i U A ‘\1 I‘ .f r %

) o e o

j— + ), 7 Js external shocks with

- - o ,«f;f S oA ey 1.50 <vg< 700 km/s -

: S w0 Z#ed, T gaswith 10° < T, < 107K

- A \ ] =

: 4 1 T . 4 : (WHIM)

s &\5- Fs ’*\w . Jdap .

P4 L— R ke T, ] filamentary structures

e e 0 '

- external shocks T gastemperature ] -

- it : external shocks with =

- — — 60 ¢ . -

: ags 4% = V> 700 L —

e Sl ©7740 5 gas w1th T 107K (hot) s

- L  deo . —

- e : knot-like structures

7| [ | L1 | | | A | L1 | | {1} Iigl | | | T | L1 1 | L1 | | (I Ig — |
<0 40 60 80 0 20 40 60 80 1000 -

o

h-Mpc h-Mpc



distribution of

shock waveswi
th v, =15 i
km s!

‘Bheet-like
structures




distribution of
shock waveswi
th v, =150 — 70
0 kms!

°Hilamentary
structures




distribution of ¢

hock waves —wit
? vy, > 700 kms

around a cluster
complex
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>3 3
internal shocks inside/around clusters/groups -‘:7._3__‘::‘




synthetic observation of merging clusters

X-ray emissivity & shock location contour: surface brightness
color map: projected emission weighted 7
°BMach number = 1.7 °BMach number = 1.3

(Hallmann, private comm.)
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statistics of Mach number distribution
(S=S,../V, 1/S=mean comoving distance btw shock surfaces) -
shock |
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heating of gas at cosmological shock waves (dashed ImB]‘
m’regra’red from z=2 100
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shock speed gas temperature

vy, = 15 - 1500 km s-! and higher T'=10%-10% K and higher
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gas temperature

T=10*-10% K and higher
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observations of shock-heated gas -

- - hot gas <= X-ray clusters/groups =

u——-\_WH.T.M <= absorptions and emissions in soft X-ray and fa F"

- LWIM <= absorptions and emissions in far UV and near U



LWIM

WHIM

ho

absorption systems
of "oxygen ions”

number of line paths pe
r unit redshift

QSOs

(many references)

-

fraction of absorptions -
as a function of temper
ature —



WHIM

hot

emissions from
“oxygen ions"

fraction of emissions as
a function of temperatu
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X-ray emissivity OVI (1032 A) emissivity

g =1037—-102° erg cm3 s-! and higher e =103 —10-33 erg cm3 s°! and higher
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CRs accelerated at cosmological shock waves (solid llﬂzll-
m’regra’red from z=2 100

)

1

-
L
Ll
[3
-

[aY, () /dlog M]

2

 —

-

|
p—

.fg

0O 05 1 2 B8 Do 1 Lb 2 ==
_I I | L | 1 17T | L I T T I__I L | T 71 | L | 1 1T | T l_ 2 | ™
[ .+, Internal Y, T internal Y, i

L . shocks + . shocks 1

__ J»v«\"'-"' - Yy, T - Yy, 711

[ Yoo T - Yer ] —
- g 7

— | Y] = -0 %

C Iexternal- external | -
- | shocks: . shocks 1 ol
- Wit B P RPN .. l“-.__ - af
_[ ' ) T ——— - i _]- 2
| JL 1

: T 1-2

: L 11 ’fl-"li b’ L1 1 | | N I . | | L1 1 1 I L1 ‘.I-: L1 11 | | I I ] I (| | ] I | 1 .

o 05 1 15 2 0 05 1 195 2

log

M

log M



averaged energy
spectrum of CRs
produced at shoc
ksat z=0

thermal leakage
& test particle m
odels adopted
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Summary

- shock waves are common in the large scale structure of the Universe,

which are consequences of structure formation
VIS oek = ~3h'Mpc with M >1.5 at z=0
S(external)/S(internal) = ~2 at z=0 and larger in the past
(VIS ... = ~1h"Mpc with M >1.5 at z=0 inside structures)

shock

- shocks with M = 2~4 heat gas most

- shock-heated gas in the intergalactic medium:

the hot component with 7>107 K: ~5 % of gas, mostly in clusters/groups
the WHIM component with 10° <7< 107 K: ~25 % of gas, mostly in filaments
the LWIM component with 7< 10° K: ~15 % of gas, mostly in sheets

- observation of shock-heated gas

through absorptions & emissions
different 1ons can be used to explore shock-heated gas with different T & p

observations would reveal filament and sheet structures (?)
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- cosmic-ray particles are natural byproducts of the collisionless shock =
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Thank you |



gas temperature

T=10*-10% K and higher
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X-ray emissivity OVI (1032 A) emissivity

g =1037—-102° erg cm3 s-! and higher e =103 —10-33 erg cm3 s°! and higher
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