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- Statistics and energetics of shocks
- Cosmic rays acceleration at shocks
- Generation of vorticity at shocks
-> developed into turbulence
(Generation of magnetic field at shocks)
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MAP OF THE UNIVERSE
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Cosmological shock waves in a ACDM universe
(Q,= 073, Qpy = 0.27, 0y, = 0.043,h = 07,n= 1, 55 = 0.8)

X-ray emissivity shocks

g = 1037 - 10-?° erg cm-3 s! and higher vy, = 15 - 1500 km st and higher
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Spatial distribution of cosmological shocks
in the large-scale structure of the universe

X-ray emissivity shock waves
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rich, complex shock morphology:
shocks "reveal” filaments and sheets (low density gas)
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y(Mpe)

Velocity field and shocks in a cluster complex
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1 QObservation of
| shocks in the LSS
of the universe
- still scarce
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o[ size of arcs: ~ 2 Mpc i 1d6 Mpc 2

e RIEEIRS| radio arcs in A3376
" : observational
evidence for
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merger shocks ?
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Frequency and energetics of cosmological shocks
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Overveiw of large-scale structure formation
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Cosmic rays accelerated at cosmological shocks

key ideas behind DSA shock front
(diffusive shock acceleration)

- Alfven waves in a converging flow
act as converging mirrors

— particles are scattered by waves
— cross the shock many times

particle

"Fermi first order process” ¥ T
BN 1
u
Ap _|Au| energy gain 2
D u @t each crossing
converging
mirrors
3 downstream = upstream
< AT -3

shock rest
:§ frame
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for quasi-parallel shocks

- Cosmic_ ray acceleration

efficiency at shocks
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- kinetic energy flux
through shocks

Fk - (1/2)f‘1v53

- net thermal energy flux
generated at shocks

Fin = (372) [Po-Py(ro/r)9] u;
- d(M) Fk

- CR energy flux
emerged from shocks

Fer= h(M) Fy
(Kang, Ryu et al 2007)
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log[dY,(V)/dlog V]

log[dY,(M)/dlog M]

Cosmic rays accelerated at cosmological shocks:
infegrated over the evolution of the universe

log[Y,(>M)]
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-CR acceleration
< shocks with
M = 2~5
V. ~ 1,000 km/s

-E, accelerated at
shocks = ~ 0.5 x E,,
generated at shocks,

assuming parallel shocks,
and no pre-existing comp.

- the intergalactic space
may be filled with the CR
ions and electrons
accelerated by
cosmological shocks

- but E/E,, too large?
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log(t) years

Highest energy protons accelerated at cosmological shocks
CRCEIREEAS EEEES BTN (Kang, Rachen, Biermann 1997)

- ohm~H Tace (P) ~ 8 x(p)/V44 mean acceleration time
. Tioss = €nergy loss time scale due to CBR
1%ace = Tioss 2 Epmax ~ 10182 eV for Bohm

Epmax ~ 107 eV for Jokipii

12

10

Bohm diffusion in parallel shocks

> Kg=ry,c/3
Jokipii diff. in perpendicular shocks

- KJ b r'g Vs: 3(\/5 /C) Kg ™ OOIKB
1 18 19 20 21
log (E) eV V. =1,000 km/s, B =16

diff. along field lines and drift across field are limited by the finite size

2 E .ox = Z B, BR : return back to "Hillas" constraint,

s0 E,max ~ a few x 10'8 eV for protons at cluster accretion shocks
(Ostrowski & Siemieniec-Ozieblo 2002)

for irons, with B=1p6 V = 1,000 km/s, Eg, noc~10%0 eV

Inoue et al (2007)
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Vorticity generated at cosmological shocks

directly at curved shocks

—> at postshock

e curved shock 2 1% A
VB =0 £ _(pr—p)” Uxn
CS
P2/ R
P, preshock density
w?é 0 P2 postshock density
U preshock flow speed
different jump of B N unit normal to shock surf.
(Bernoulli function) R curvature radius of surf.
by the baroclinic term baroclinity
¥ constant p
; 2] T / constant p
B yes ?V'O X¥P b due to entropy variation

induced at shocks
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Vorticity in a cluster complex (ryu, Kang, Cho et al 2008)
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Vorticity in the large-scale structure of the universe

— 2—1 O 1 2 3 4

108(0gas/ <Pgas>)
(o cur'l(v)
: age of the universe (~1.4x10% yrs)

age
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Vorticity in the large-scale structure of the universe
- inside clusters and around (T > 107 K): o™t ~ 20 w: curl(v)
- in filaments (10° K< T < 107 K, or WHIM): 0*t o, ~ 10 t . qge of

age

- in sheets (104 K < T < 10° K, or lukewarm): o*t,, ~1 The universe

age
- in voids (T < 10* K): 0*1f,,, ~ 0.1
| | | | I I =1 | | | I | I 1=
[ oo o o T> 107K ] ]
210 E = 3 10,
E = 108 K < T'< 10" K — @
S B 1 - =
k : ._._‘\‘\“»\‘\‘\‘ :: : /\m
% 1
- = Rk
3 N T _ \/
v - -1 —
0.1 E = — 0.1
e il I | | I | 1=
volume averaged 1 mass averaged

vorticity 1 +7 1 4z vorticity



Turbulence in the intergalactic medium

If +/% 1 n-over >~ @ few, vorticity cascades to develop
turbulence in the intergalactic medium.

Here, ti,rm.over ~ 1/ 0.

- inside clusters and around (T > 107 K): o™t ~ 20

age
- in filaments (10° K < T < 107 K, or WHIM): 0*t,, ~ 10
- in sheets (10* K< T < 10° K, or lukewarm): o*t,,, ~ 1

- in voids (T < 104 K): o*t... ~ 0.1

age

It is likely that turbulence is well developed in
clusters and filaments, but the flow is mostly

hon-turbulent in sheets and voids.
(Ryu, Kang, Cho et al 2008)
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- 66— o 7| the turbulence ener

<€ turb/ € th mass - of in the in’rer'galac’rgiz
medium, assuming that
all the energy of
vortical motions goes to
turbulence

M‘rur‘b 3 1
(subsonic turbulence)
in clusters

M’rurb ~
(transonic turbulence)
in filaments

<& turb/a th >

log T(K)
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Amplification of magnetic field by stretching
: (turbulence dynamo)

| weak later
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fluid elements and field lines move together
back reaction is negligible if E,;<Eyin,

-> the intergalactic magnetic field of <B> ~ a few pu6
in clusters and ~10 nG in filaments results in




Development of turbulence and amplification of
magne’ric fields behind shocks (Giacalone & Jokipii 2007)

Warped Shock Front

Transverse Vortices

> ~a

Flow
Upstream Flow ® — ( ) Enhanced
/ Magnetic Field'je]d St]‘ength

Density —_—
Fluctuations




log10(density)

7 . -

4.537e~01-2.454-01 -3.818e-02 1.697e-01 3.763e-01 5836e-01 7.908a-01

log10(abs(curl(v)))

og10(temperature)

reproduction of

Giacalone & JoKipii
2007

still 2D
need 3D

6.172e=01=2.2032-07 1.765e~01 5.734e-01 9.703e-07 1.387e+00 17642400

0og10(B magnitude)

N X m
A TP, preliminary
. N

=3 000e+00 -2 R1e+00 -1 7628+ -1 147a+00-52%32a=01 9 60407 7 193a-=01

=2 BE9a+00 =2 371e+00 =1 774e+00 -1 276e+00 —6 7RBa=01 —=1.313a=01 4 162e-=01
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3D distribution
of magnetic field
strength in (100
h-! Mpc)? box:

concentrated in
clusters and groups
along filaments

-> “cosmic web of
filaments"

volume filling factor:
f (B>10 nG) ~ 0.01
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Summary

Cosmological shocks are common, at least, in numerical works,
although observations are still scarce.

Energetically most relevant shocks in the LSS of the universe
- weak with sonic Much number M, ~ 2 - 4
- non-relativistic with shock speed Vs ~ 2000 km/s
- Alfven Mach number M, >~ 10
- magnetized with all tfurbulent field in upstream
- pre-existing cosmic rays
-> different from shocks in heliosphere, SNRs, GRBs, ...

We need to better understand the physics of cosmological
shocks!
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the main channel
through which the
gravitational energy

thermal ions cosmic ray
& electrons ions & electrons
entro ’\ i Fermi 1st Order
generation g , process
ici l:f plasma
\::%r:éggey/ *’rabl lities
intergalactic
turbulence turbulence . e
dynamo magnetic field
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Thank you |
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