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Relativistic?

 Be careful:

1. relativistic shock = shock moving at relativistic speeds

— (,Br)shock >1
2. relativistic equation of state: particles in the fluid move at relativistic

speeds

— (ﬁr>particle >1
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Strong shocks

* as in the non-relativistic case a shock is said to be strong If:

Mach number M = ﬁﬁuiu > 1

sound upstream

ram pressure

— then M? =

thermal pressure

« equivalent to cold upstream medium: ,852~z—” <1
u

* both depending only on upstream frame (initial condition)
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Non-relativistic jumping conditions

mass p =myn number
PaVa = PuVu nd.Bd — nuﬁu

momentum
PaV§ + Pa = PuVh + Py

energy

:vu
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Non-relativistic jumping conditions

mass p =myn number
PaVa = PuVu nd.Bd — nuﬁu

momentum :> 2

PaV§ + Pa = PuVh + Py

energy

:vu
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Number conservation

e In rest frame: n

- define number flux 4 vector: N* = nu* = n (T, Tv?)

« conservation of number of particles: ‘ aMN“ =0 ‘

1 .
0, NH = Eat(nr) + 0;(nlB') =0

e relativistic version of continuity equation (8 < 1: d,n + V(nv) = 0)
(in rest frame no flux and d;,n = 0)
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Energy, enthalpy,... - density

* In relativistic physics new concept of rest mass

« sum up all internal/isotropic “energy reservoirs” of a fluid: enthalpy

rest mass thermal pressure
density (also an energy density) different from
2 non-relativistic definition:
—_—> —
w q i pe J T P W = Ejnt T Prh

(internal) energy density e

internal degrees of rest mass of Isotropic motion of
freedom: ;,,; particles: pc? ensemble of particles =
thermal pressure: pg,

internal energy: e

DESY enthalpy: w




Conservation of energy and momentum

* energy and momentum are a combined concept in relativity

— energy momentum tensor T*V = wu*u" + py,g*""
 perfect fluid: no viscosity/heat conduction

energy density energy flux
/WF2 —p| | wIl?B wI? B, wI'? B, \
: BiT?w +p | B1Bel?w By BsIPw
BiT?w +p | BBl w
\ symmetric IB,D?FZW + p/

* 4 equations (1 energy + 3 mom.): auTW =

DESY

0

momentum
flux



Shock rest frame and 1D

downstream (behind) shock upstream (ahead)

NH* = (nl,nBT,0,0)

wl? —p wl4p 0 0
wl?f  BT?w+p 0 0
0 0 p 0
0 0 0 p

THY =
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Conservation across shock

downstream (behind) shock upstream (ahead)

e assume conservation of particles/4-momentum across the shock

— conservation of fluxes across shock 9, X* = %atx 0 _9,Xt=0
— NO sources (% 9, X°=0): - 9,X'=0

: e lim €/2 -
—integrate across infinitesimal small box e 0 f_e/z 0;X'=X,—X;=0

i — yl L —
DESY__)Xupstream = Xdownstream (:)‘ |[X ]] - O‘ 10




Relativistic jumping conditions

downstream (behind) shock upstream (ahead)

NH* = (nl,nBT,0,0)

wl? —p wl4p 0 0
wl?f  BT?w+p 0 0
0 0 p 0
0 0 0 p

THY =
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Relativistic jumping conditions

downstream (behind) shock upstream (ahead)

V¢ = G, 0,0

O0¢ Oy

wl? —p wl4p 0 0
wl?f  BT?w+p 0 0
0 0 p 0
0 0 0 p

THY =

DESY.
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Relativistic jumping conditions

downstream (behind) shock upstream (ahead)

V¢ = G, 0,0

O0¢ Oy

wl? —p wl4p

2 2172
THY — W%,B BFSZ‘FP 2 8} [['BZFZW_l_p]]:O
0

0 0 D

DESY.
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Non-relativistic jumping conditions

mass number
PaVa = PuVu nd.Bd — nuﬁu
momentum
2 _ 2
pdvd T Pa = PuVu T Pu

energy

:vu
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Transition of jumping conditions

DESY.
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Transition of jumping conditions

number density flux

momentum [2 momentum density flux
[pv? +p] =0 > [B*T“w + p] = 0
enthalpy density flux

l"2
.
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Equation of state

« Jumping conditions = system of equations

— relates 3 upstream variables to 3 downstream variables, e.g. {,n,w} or {,n,p}
— however equations contain further degree of freedom

— need additional relation: equation of state

— relates thermal pressure py, to internal energy e

* polytropic equation of state: ‘ p=H—-1)(e—p) ‘
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Deceleration of fluid at a strong shock - Bu

10°F — y=4/3
| —— y=5/3

1024 ---- B=2/3
| ---- B=1/3

10

100?

Bdl a

10_1?

non-relativistic regime: -
constant ratio of 8, and g, 107
— constant deceleration | .
efficiency 1072

10_43 N N Y A,
1073 1072 101 10° 101 102 103
Bul'y

DESY.



Deceleration of fluid at a strong shock

10°F — y=4/3
{ — V=53
1024
{ - B=1/3

Bdl a

10_1?

non-relativistic regime:

— constant deceleration

efficiency 1072y

10_4; T
1073 1072 107!

DESY.

101?

100?

2

constant ratio of 8, and 8; 19

—--- B=2/3

100 10t

Bul'u

T

103

-

‘,Bu_)l

fory =5/3
Ba—=7V—1=

_ W N

— fory =4/3

relativistic regime:
constant value of S,

— shock always decelerates
downstream flow to
non-relativistic speeds
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Deceleration

,\
— y=4/3
6 - —— y=5/3
y+1
5_?_—1 (strong)
2]
Q
o
Q3_
2_
3
2
1_
O-""I i LI | ! LI | ! LI | ! LI | : o rrrry T LA |
103 1072 101 109 101 102 103
Bul'y
non-rel.: Bu o Y+1
Ba V-1

DESY.



Deceleration - B
,\
— y=4/3
61 —— y=5/3
S_E—J_r-i— (strong)
2]
<Q 3]
relativistic:
2 ; Bu 1 _ |3 fory=4/3
.- : Ba 7-1 |15 fory =5/3
O-..... e A
1073 1072 101 109 101 102 103
Buly
non-rel.: Bu o Y+1
Ba V-1
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Deceleration

-

) ) U FOUS USSR |
-~ — pulpu=1e—-10

/
6 - v -== pulpy=1e—05y
;—J_r;‘ (strong) I/ — y=4/3
5 ] —— y=5/3
!I

B S R TR Tt

Y+1 +1 1
non-rel.: Be=_%¥ =Y

Ba —1+— V-1142F Pu p2
DESY. 14 M2 1+)7—1 pu "4

> M > 1 forall g,I,, > 1073

\]\/[ ~ 1 for g, I, = B, > (p—”)l/z

Pu

relativistic:

Bu . 1 _ |3 tory=4/3
1.5 fory =5/3

Ba V-1
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Number density - compression

non-relativistic regime:
constant ratio of n, and ny
— constant compression

2
—t5ez

efficiency
ng _ Bu — 4
ny Ba

DESY.

ng/ny

103
102-
| strong: 4 and 7
101 J -
109- a
s
1 4
1/
4
10714
: — pJp,=1le—-10
10724 - : ~==- pulpu=1le-05
o — y=4/3
103" — y=5/3
T T e T T LI T
BUrU
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Number density - compression

non-relativistic regime:
constant ratio of n, and ny
— constant compression
efficiency

Bu
Ba

~ 2
e

Yy+1

Ng

ny

DESY.

103
102-
| strong: 4 and 7
101 J _
109- a
s
1 4
1/
4
10714
ﬁ — pJp,=1le—-10
10‘2-5 -=== pulp,=1le—05
] ‘ —— y=4/3
10-34" — y=5/3
10-3 102 10! 10° 10' 102 103
BUrU

relativistic regime:
compression scales with T,
— arbitrary high
compression

nq
ny

fl

Bul'y

o< I,

Bal'a

\

const
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Efficiency of pressure conversion

Pd
Eth =
[B“T*w +p] = 0 e
21"2 + 21"2
->p+p 5 1P B

ram pressure

thermal pressure

outgoing thermal pressure

consider ratio: — :
1ncom1ng ram pressure

— heating efficiency

e — Px
X wyf?I'?

DESY

strong shock

0.2
—— y=4/3
—— y=5/3
0.0
103 1072 1071 10° 101 102 103

Bul'u

6/7
3/4
2/3

1/3



Efficiency of energy conversion

strong shock

1.02
[BT?w] =0 |-| [nTB] =0
1.00
S BT+ BI(T - 1)p / 48
s 1 0.98 e T e —
14 49
thermal energy kinetic energy 0.96 -
density flux density flux
0.0 15
consider ratio: c.)utgoiflg th.erm.al energy dens.ity flux 16
incoming Kinetic energy density flux
— very close to 1 092 o
— thermal energy density (strong): v=5/3
eq < I, (Iy — Dpy, r‘zfl [ py 090=""To2 107 100 10t 10°  10°
' Bul'y
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Kinetic energy per particle (downstream rest frame)

p
E € d 2 c y-1
strong shock ( ; )

102_
 {Bkin) _ 1 PBala Pa Pu
mc* ]//\ —1 ,Buru Pu Pu

~ /%—M“uforl“u > 1

[wa = (1- ,Buﬁd)rurd

1 >relativistic shocks produce
1070 e JE 0 9 reativistic (thermal) particles!
— pair creation?

10—6_
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Where is this description too simple?

* |[n the derivation we assumed that these values are defined
infinitesimally close to the shock (e — 0)

— often assumed to hold within an entire homogeneous blast wave

* this simple 1D picture neglects any kind of turbulence

 feedback of non-thermal particles: We love to use shocks as sources
of non-thermal particles (e.g. via diffusive shock acceleration)

— the particles heat up the upstream medium (see e.g. Caprioli et al. 2020)
— these shocks are collisionless, so we need to add magnetic fields to diffuse particles

DESY
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Summary on relativistic shocks

all shocks convert incoming bulk kinetic energy into heating

downstream speed always transrelativistic (in the shock rest frame)

density compression by I,

- thermal energy density increase by factor I/
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Energy Momentum Tensor in Rest frame of fluid

T = wutu’ + pgg*v

0
0

0
0
p O
0

/

— THY =

OO O N
S OoOT O
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Relativistic ram pressure & kinetic energy density

ram pressure 322 pc? kinetic energy density (I — 1) pc?

2 pc?

r2pc2

define better wB?I?

105' 105_

103' 103_

101- 10%-

.ot
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o

1011 10714
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BUrU BUrU
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