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NGC 326

Hercules A: (Dreher & Feigelson 1984)

dual filament elliptical twist




Introduction

Quasar 3C215 (Bridleetal. 1994) ~ Quasar 3C175 (Bridle et al. 1994)

™

Quasar 3C175 ‘a

YLA Gem image () NRAD 1996

3C31 (Laing et al. 2002) 3C353 (Swan, Bridle & Baum 1998)
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Introduction

M87: Virgo Cluster NGC 1265: Perseus Cluster
(Owen, Biretta, & Eilek) (O’Dea & Owen)




Introduction

Pc scales: Superluminal Subpc scale: Collimation and acceleration
motion, one-sidedness

Galaxy M87

4000 light years 2000 light years

3C120 at 22 GHz

]

———

] HST - WFPC2
0.1 light years Visible

NASA, NRAO and J. Biretta (STScl) « STScl-PRC99-43

3C120, VLBA

Gomez et al. 2000
M87, VLA/VLBA
Junor et al. 1999



Introduction

Very frequent observations can give deep insight into jet dynamics:

3C 120 — GOmez et al. 3C 111 - MOJAVE
VLBA 22 GHz Observations | 04154379 1995.26
of
3C120 i

José—Luis Gomez IAA (Spain) f

Alan P. Marscher BU (USA) g o . )
Antonio Alberdi IAA (Spain) )
Svetlana Marchenko— Jorstad BU (USA) )
Cristina Garcia—Miro IAA (Spain) Tr | T | | |

Relative R.A. (mas)

Gomez et al. 2000 Kadler et al. 2008

http://www.physics.purdue.edu/astro/MOJAVE/index.html




Galaxy Cluster MS 0735.6+7421

CXO = HST = VLA
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X-ray
Chandra X-Ray Observatory
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Visible

Hubble Space Telescope

Radio
Very Large Array

NASA, ESA, CXC/NRAO/STScl, B. McNamara (University of Waterloo and Ohio University)

STScl-PRC06-51
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S6in NGC 7793
Pakull et al.,

M|CROQUASARS Soria et al. 2010

~20 sources with

detected jetsin the galaxy
(Massi 05, Ribo '05).

Cygnus X-1
10 arcsec ~ 190 pc Gallo et al. 2005

Bremsstrahlung Bow shock front

. . . ’ gas
Migliari et al. 7

Synchrotron
lobe

Cygnus X-1°%

Collimated.jet
From Nature 436, 819-821 (11 August 2005) >



extragalactic jets — the standard model

3C273 HST — CHANDRA - MERLIN

The production of jets is connected with the process of
accretion on supermassive black holes at the core of
AGNs

 Hydromagnetic acceleration (Blandford-Payne)

« Extraction of rotational energy from Kerr BH by
magnetic processes (Blandford-Znajek, Penrose)

Emission: synchrotron (from radio to X-rays) and
inverse Compton (y-ray emission) from a relativistic
(et/e-, ep) jet (e.g., Ghisellini et al. 1998). Seed photons for
the IC process:

«Self Compton: synchrotron photons

«External Compton: disk, BLR, dusty torus, CMB

Jets are relativistic, as indicated by:
*Superluminal motion at pc scales.
*One-sidedness of pc scale jets and brigthness asymmetries between
jets and counterjets at kpc scales (due to Doppler boosting of the emitted radiation).

Jets: Relativistic collimated ejections of thermal (e+/e-, ep) plasma + ultrarelativistic
electrons/positrons + magnetic fields + radiation, generated in the vicinity of SMBH

\

(GENERAL) RELATIVISTIC MHD + ELECTRON TRANSPORT + RADIATION TRANSFER




Introduction

Can astrophysical jets be treated as flows?

Blandford & Rees 1974

1 Some justification is perhaps needed for treating the relativistic plasma as a fluid,
even though the collisional mean-free-paths are very long. If a magnetic field B gauss were
present, the Larmor radius for a proton of Lorentz factor ¥y would be ~10712yB-1 pc, The
smallest length-scales of the flow patterns we should consider are 1—10 pc. Thus even a
magnetic field whose dynamical effects were completely negligible could guarantee fluid-like
behaviour. Collective processes in the plasma would also decrease the effective mean-free-
path. (Similar arguments justify a fluid dynamical approach in discussing some aspects of—
for instance—the solar wind.) The nature of the  hot ’ fluid is discussed further in Sections 3
and 4. If the mean-free-paths are small, the path of a typical particle closely follows a stream-
line of the bulk flow; also we are justified in assuming a sharp boundary between the two
fluids—except in so far as instabilities occur.




Introduction

Can astrophysical jets be treated as flows?

CLASSICAL RELATIVISTIC
_eB qgb  wL
wWr, = wp = = —
me Yme ~
vy
W

r_is the Larmor radius
n <<L

L is the scale of the problem

The magnetic field keeps the particles confined.



Basic equations

Relativistic flow

y  dz” | _
u = o =0,1,2,3 four-velocity
cdT

T" = (e + p)u"u” + pg""”  energy-momentum tensor T = phu"u” 4 pg"”

e = pc’ + ps total energy density h = ¢+ +p/p specific enthalpy
Conservation of particle number

JH = put VipJ' =0

Conservation of energy and momentum
VT =0
Covariant derivative

VuA” =AY, +Th, A°

with A% = f}i
I

and

v — 1 (E)QM.L + 811;’}\5 B 'E:}gr:r,u:)

[} - ._ 5 i A
H 2 dr? I A



Basic equations

We work in Minkowski space-time

o(pu”) _
R
g,u,u _ MY = diag(—l, 1,1, 1) —> N, — S'J/r(f‘j‘lfﬂ) —
0 0 1 0 H p—
0 0 0 1 AR
Ak
Continuity equation (lab frame)
A = 1 7 v 4 :
W = \Il 1}2 > H'u — ];{‘ (1‘ ?) —_— D = puﬂ — p-[{f . —_— % —|_ v(DV} - 0
)




Basic equations

Energy-momentum tensor in Minkowski space-time

1 2 e
[ phw? —p phW > — phw2 phW > — \
Nl A2 1 }2 1.3
phW2L phw 20 )", phW> phW 22
Tlu,:; _ (M C [ C
2 1 .12 J242 2.3
phﬁf’z% phW? Lc; phW? G ) +p phW? 7 ;
3 1.3 2_3
2l QU UV 0 (v*)?
\ o o phW2 phW2 Ll 4p
At alill i
Conservation of energy and momentum or + dfi” g
cot dxt
o 0i T2 40 8t _ ,
relativistic momentum i = 1™ phW=r o+ V(S'V)+(Vp) =
c c -
%—l—(‘ V((S—Dv)=0

relativistic energy-density 7= 7" — pu’c® = phW? —p — pWe* —>

OVl +p)v] =0

—



Basic equations
classical relativistic
primitive conserved primitive conserved
0 P P pW
u pu v phW 2y
P pu?/2 + P/(v — 1) p phW?2 —p — pW
0 J (pu) =0 8_D+ V- (Dv) =0 (mass conservation)
ol Tor - ot -
) I S
é_t(P“} ‘|‘£—T(P“2 + P) =0 % +V-(S®@v+ pl) =0 (momentum conservation)
d 3] I
It (PE) +E [(pE + P)u] =0 3 + V. (S—Dv) =0 (energy conservation)
B
plk = lpu —|—,oa‘:ipu + P



Relativistic hydrodynamics: SRHD equations

D
aa—f + V. (Dv) =0 (mass conservation)
oS _ 4
i +V- (S®v+ pl) =0 (momentum conservation)
ot :
5 +V-(S—Dv) =0 (energy conservation)
STATE VECTOR FLUX VECTORS
U=(D,S" 5 5 1) F = (DV,SW + 8" %V 4+ 8%, 5% + 8%, 5" — DV)
DEFINITIONS
D = pW: relativistic rest-mass density. FLUID REST FRAME QUANTITIES
S = phW?v: relativistic momentum density. p: proper rest-mass density.
T=phW?c? — p—pWec?: relativistic energy den- h=1+¢/c*+ p/pc*: specific enthalpy.

sity. ¢: specific internal energy.

v: fluid flow velocity. p: pressure.

W =1/+/1—v?*/c*: flow Lorentz factor.
RELATIVISTIC EFFECTS
h>1(e>c?)

W=>=1(v—c)



Relativistic Maghetohydrodynamics

RMHD: Describes the dynamics of relativistic, electrically conducting fluids in the presence of magnetic fields.

Ideal RMHD: Absence of viscosity effects and heat conduction in the limit of infinite conductivity.

The relativistic description is easier in terms of the MAGNETIC FIELD FOUR-VECTOR IN THE LOCAL FLUID

REST FRAME, b = (b°.b).

EQUATIONS
oD .
5 + V- (Dv) =0 (mass conservation)
dS*
Y +V-((S"+ 0 h)ev+pl- )=0
(momentum conservation)
Jt* N .
2y +V.(S*—Dv) =0 (energy conservation)
(induction equation)
(magnetic flux conservation)
b’ = W(v- B), ,o o (_ zpmag'] |
bi _ E + Llib'ﬂ' P . P

DEFINITIONS
S* = ph*W?*v — 1"b: relativistic momentum density.
T = ph*W?2c* — p* — — pWc?: relativistic energy den-
sity.

B = W (b — b%/c): laboratory magnetic field

FLUID REST FRAME QUANTITIES

p* = p(1+[}); B: magnetization, magnetic to internal (gas)
energy density ratio.

h* = h+ ©; 6: magnetic to rest mass energy density ratio.
RELATIVISTIC/MAGNETIC EFFECTS
p>1

B, o > 1: force-free magnetic field; Poynting flux dominated
flow



Basic equations

steady flow, Bernoulli equations

J
¢ + v(DV) =0 D = puﬂ = p-[{' ., —> p[:z)I-’{*‘r(Z)'L‘[:EJ'H'R[:E)Q — pD'[.{,-"D?_}D}TR%
or, 00 02 2 r 2 1 17 — E
?/—l— ViiT4+p)v]=0 7=T" —puc =phW*—p—pWe —> (E)H fﬁ) = h@H 0
adiabatic expansion p(z)p(2)™" = popy

R



Basic equations

Internal beam structure: governed by the relativistic beam Mach number, My 5, :

. Y For models with same v,, c,, stronger
- (N 11 bﬂfb) . b b .

Web ¢ internal shocks and hot spots in
relativistic jets

Mean flow follows relativistic Bernoulli's law:

Hot jets: adiabatic expansion down the jet: h, YU, w, N
Cold jets: h, ~ 1, W, ~ constant

hy W, = constant

Large-scale evolution: dynamics governed by the momentum, IT;, and energy, L,
fluxes through the terminal shock (which are roughly proportional to h,\W,?); cocoon
temperature depends also on the particle flux, J;, through the ratio L, / J,

(proportional to h,W,)



Basic equations

Equivalence between classical and relativistic models with the same values of:

hy W2

« Inertial mass density contrast: n = % & np = b
. Up Wb Up
* Internal beam Mach number: M- = M- 2
Cp = Wae

For equivalent models, classical and relativistic jet models:

* have almost the same power and thrust —>

 BUT different rest mass fluxes

* AND the velocity field of nonrelativistic —>

jet simulations can not be scaled up to
give the spatial distribution of Lorentz
factors of the relativistic simulations

Same jet advance speed (similar cocoon
prominence) similar cocoon/cavity
dynamics

Different cocoon temperature, particle
number densities

Relativistic simulations needed to
compute Doppler factors

Komissarov & Falle 1996, 1998
Rosen et al. 1999



Shocks

the jet flow is supersonic it generates shocks.

Rankine-Hugoniot jump conditions

classical flow relativistic flow

prur = pau2 piWive = paWaws
2 _ 2 Y y
prur + 1= poup + B prhaWiv +p1 = p2haW35vs + po
1 2 L 2 MW2u, = prhiW
EU-T -+ h-l — EH-Q -+ h’-g frieavk i - fiiavv gt
~ P =y kT

h=1+h'_1)p=?;1_m h=c*4+c+p/p



Shocks

the jet flow is supersonic it generates shocks.

Rankine-Hugoniot jump conditions

classical flow relativistic flow
pruy = pau2 piWive = paWaws
2 2 . N
prui + 1= poup + P prhaWiv +p1 = p2haW35vs + po
1, 1 5 ha W20 _ R W 24
EU-T -+ h-l — 5“9 -+ h‘g P1iiivvyin — P1riavv
h—14 VP v kT h=ct+cs+p/p

external meadiu f
5
[

. jet
(=] : a

4] Z F2

Figure 3.1: Structure of the reconfinement shock for satic external medium.

Nalewajko 2011 Scheuer 1974
Blandford & Rees 1974



Shocks

P4 |
I
________ P _ 1
| Ps Generation and propagation of
S Ps _ __._. _ relativistic blast waves
vy=0 I ve=0 LR L L
............. 1|5 | P . o |
Xp X - I', dense shell =7
0.9 P \ \‘ shock |
N ) L : :—P_
@ '\2) : @\f : (3 : ':_J o7k A - u | a
4 - i
4:\ | | | - \\ e ! contdet 4
- -t ! | W o U discontin|uity
"~ | o sk W ——
P [ o h I N\ W | |
I ~ L o _1 I AN |
I I I [ e / ~ i _
I I I I o r L |
| | | [ L SN, T ———— | |
........ 1 L 1 1 s \“‘\\___ !
head tail ~contact shock x LR - '
of rarefaction discontinuity | initial discontinuty
—0.1 n T T A R |
t 0.0 0.2 0.4 0.6 0.8 0
radius
Figure 7: Generation and propagation of a relativistic blast wave (schematic). The large pressure
Jump at a discontinuity initially located at v = 0.5 gives rise to a blast wave and o dense shell of
material propagating at relativistic speeds. For appropriate initial conditions both the speed of the
leading shock front and the wvelocity of the shell approach the speed of light, producing very narrow
structures.

Figure 1: Schematic solution of a Riemann problem in special relativistic hydrodynamics. The
initial state at t = 0 (top figure) consists of two constant states 1 and 5 with py > ps, p1 = ps, and
v = vg = 0 separated by a diaphragm at rn. The evolution of the flow pattern once the diaphragm
is removed (middle figure) is illustrated in a spacetime diagram (bottom figure) with a shoek wave
(solid line) and a contact discontinuity (dashed line) mowing to the right. The bundle of solid lines
represents a rarefaction wave propagating to the left.



Large-scale morphology and long-term evolution.

Shocked ambient medium ?

Terminal shock/

hot spot ___ Contact
o discontinuity

compact radio source

" radio lobes

Morphology and dynamics governed by the interaction with the external medium.



Large-scale morphology and long-term evolution.

Terminal shock/
Contact

discontinuity
Head advance speed: 1D estimate from ram
pressure equilibrium between jet and ambient Bow shock
in the rest frame of the jet working surface

classical jet

pu(vp — vp)* +}/b= PaVi; +}9a/

\/ Pb/ Pa

Up = Up
Pb/ Pa




Large-scale morphology and long-term evolution.

Quiet Mednm (1GM)

Terminal shock/

Inflow

Contact
discontinuity

Head advance speed: 1D estimate from ram
pressure equilibrium between jet and ambient
In the rest frame of the jet working surface Bow shock

relativistic jet

/
Vhp — —U
1212 12,12 i a 2 2
polwWi 0" + Py = pahaWo 0" +Pa =" p W} (1y — vnR)” = pahavi g

\/ ool W2/ paha
Uy

Vh,R =
1+ /pshs W2/ pahia
V b a1

[ h [
pb/pa




Large-scale morphology and long-term evolution.
v, SHOCKED IGM
i/

OBSERVABLE
\ RADIO LOBE

SHOCKED
JET MATERIAL

e.g., Begelman & Cioffi 1989, Kaiser & Alexander 1997, Scheck et al. 2002,
Perucho & Marti 2007, Kino et al. 2007

L, , ,
P, x .-rRE, R. being the radius
U A g
P, = .":-"aRf

strong shock limit



Large-scale morphology and long-term evolution.
v, SHOCKED IGM
i/

OBSERVABLE
\ RADIO LOBE

SHOCKED
JET MATERIAL

e.g., Begelman & Cioffi 1989, Kaiser & Alexander 1997, Scheck et al. 2002,
Perucho & Marti 2007, Kino et al. 2007

L, , L
P, x N .-rRE, R. being the radius
L , .
b s . > 1/R. x R,
P, = PﬂRf .

constant ambient density and
bow-shock velocity



Large-scale morphology and long-term evolution.

constant velocity and ambient density

/R, o R, > R ootV Pooct™', /R octl?
L
. . P, oc —
variable velocity Vs As
Vhy X 1~ |
—> P, =p,R; > o<t B=—12—ald
: . ey 205+ 1)
Fe OC I'E_ 1t
Es o r]_."z—l::'.l'ld-" P5 ox r—l—ur.r'E‘ lell.r Rs o r]_."E+5l.'lf.l"-’|-
@~ — 1/3 R,oct™2 Pooct™0 /R, otV
A SHOCKED I1GM

Y X5 ;;ﬁ
& -
9.9, he¥d
__________________
RADIO LOBE

SHOCKED
JET MATERIAL



Large-scale morphology and long-term evolution.

variable velocity and density

W, 2—a 2(o—2) —ax(44+73)
Ve OC 19, po o< 17 Ry o ti75, Py o<t e
pq o R 0.7 —1.3 0.2
. 5 R.ooct, FPooct™, L/R; i
a ~ —0.1

thermodynamical variables in the cocoon

L
P.:-'““"'PE.EI - e = JE T(}:Ei
Ubs A 1"|:|5‘d‘c' ‘ J. A,
J. : mass flux through the
terminal shock (assumed 0 t_l T o tO
C
copstant) SHOCKED IGM

% DX
__________________
RADIO LOBE

SHOCKED
JET MATERIAL



Large-scale morphology and long-term evolution.

L.

sxternal meadium

, — - shocked zone . 2(2 L]\]J)ll 2
- jat =
8, : g 1 ™ Falle 1991
[§] Z- Lz 7TPC Q + 1/

Figure 3.1: Strucmire of the reconfinement shock for siatic external medium.

for y=5/3 2495  for y=4/3

temporal evolution

/ P. ~ t~'=%/2 for homogeneous ambient ——» =z ~ ¢1/2+a/4
_1/2
ze x Po 77T

Ups ¢ —2

P, ~ t‘_g for pPa X Z —_— T X T

—



Instabilities
KELVIN-HELMHOLTZ

g - specific internal energy

pp = mn - rest mass density, I - adiabatic index

2 P ar’ S TATAY 74 I;E
B(p+5) |5+ PV +Vp+ 55 =0,

}"L+‘Fw 7) }=

(w= p+%, relativistic enthalpy)

V=v+h, p=p+p, 9¢'=p+p



Instabilities

KELVIN-HELMHOLTZ

V=V,

linearized equations of
RHD in planar coordinates

§+Mbg) ]gl,b:“ —> relativistic flow

a._.-
— = . p—— =0 :
322 Ta— 1ar3) £la —> steady ambient

8= (8TFT(x)+ &8 F (x))expi(kzz — wt) + b.c. JlF *(x) = exp(Likyx)

Pa=pp, ha=hy [T = Rp boundary conditions



Instabilities

KELVIN-HELMHOLTZ

DISPERSION RELATION

1 o (@5 —ky)">
vrbmm(% kz)lﬂ th:[:(l)gﬂ k%ﬂ}lﬁ P = )

- symmetry index.

- frequency in the rest frame.

- wavenumber in the rest frame
wpo = Yr(® — Mpk) - frequency in the beam frame.

— f-‘ijg,m} - wavenumber in the beam frame.
Ia=T=4/3 - adiabatic index.
kpx = (Wi, —k2,)}/? - transversal wavenumber.

8= (8TFT(x)+ 8 F (x))expi(kzz — wt) + b.c.

e Temporal approach: w complex (w,+iw;), k real. w; is growth rate

e Spatial approach: k complex (k- +ik;), w real. k; is growth length



w,(c/R) w,(c/R)

Instabilities
KELVIN-HELMHOLTZ: solutions

1D-m: T T IIIIII| T T T TTTTT

Fff'!.f

ﬂD{H 1 1 |||-||||'.
0.1 1.0 10.0
k(1/R)
symmetric

w,(c/R),w,(c/R)

10.000 |

1.000 |

0.100 |

0.010

0.001 !

0.1

1.0 10.0
k(1/R)
antisymmetric

hotter, slower or less dense jets show faster growth rates.



Instabilities
KELVIN-HELMHOLTZ: solutions

10.000

10000~ T ¢
1.000 {
3 g
s . 12 J231/2 £
% kjL= (@ —k") 2 0100}
o o [
=) g
= =
Jd — A T
J '
= 2)
ﬂ-m1 1 1 IIIIII|.. 1 1 11 1111 ﬂ-m‘. 1 1 I|||||| - 1 1 L1 1 111
0.1 1.0 10.0 0.1 1.0 10.0
K(1/R) K(1/R)
symmetric antisymmetric
surface 1st body 2nd body surface 1st body 2nd body




Instabilities

KELVIN-HELMHOLTZ: 3D cylindrical coordinates
5 [ O a\° Ugﬂjl 1 dpi
(rﬁ tUig; ) PIL= "5~ 7o

: . 2
) 1‘_) If“} I‘_)
—~ _ = ().
' (r)“‘ T2 2 f)f) Pi1

ngal Nl ngal L Ipa1 N ngal _
Ot2 l—'j D2 o 022 -

Cylindrical coordinates
Wave equation: Bessel form, e.g. Hardee 2000.

Bb J:I:H [.ﬂ'bRb ) ﬂ'a Hil: n {ﬁaﬂb]
XbJEn [.E'bRb ) XaHxn(PaRp)

1/2

(0 —kVp 4)* ( c.:qu_g,ﬁ)E
— e (g2
Bpa = Tba[ 2 | P |

Sba

(@—kVp4)

filrs g, z) = fiir) exp [ikz + ni — wt]]

oA

azimuthal wavenumber



Instabilities

KELVIN-HELMHOLTZ: magnetized flows

Hardee 2007

2 & o 2 2 2
— P/ +r—P + 3% — 0’| Pl =0 1/2
ﬂr ar P
i =
o+ () P/
32— YX [y Eé y 171
| i T 32 Thu—w) 12 1/2
V2 ooy - 2 - V2 I e A
FEXC, + 14+ B (29 (e - w) % - BY i | xC vA [—1 Ve
1 4
B; J.(B;R) B HY (B.R)
Xj Jn(BiR)  xe gV (3.R)
2(—2 2.2\ {—-2 .22\ _ 2
S (wj — K545 (“’j - "‘jLAj) — 242 W 2.2 e = (0 — k)
.Sj = 5 5 —5 5 75 Xi =774 :r(W Kila; 5 5
Vs @5 — F5V4;05 Kje = (ic — r.uu:;-‘e/r: )
- 2.2 117 2 2 o 2 2v—1/2
. = .Y LI ey i = ]. — U
5’3 _ 2 (wgﬂ: — hg&g) (wg — hgvie) Xe = Ve VAe ( H,ELAE) ‘}3_\,3 _{ UJ;/L, 12 -
| 1%138-—,2 - hzvieﬂ'z TAje = (1 - 'L"Aj,e/ ) '

filro@,2,t) = filr

r)expli(kz + ng — wt)]

W =p+[[/( —1)]P/c?



Instabilities

KELVIN-HELMHOLTZ: sheared flows

i

.29 (l —wvy)  p,, ,
P! 4 ( oVo; © uP )P] |
— Vyq Peot o/ planar coordinates
(- vg.k,)? ‘
+ ‘}’6( — (kz_m”{};‘.}g)}jlzﬂ
C'S"D' /
& p dp
2 VY— + Fa(rjp=0 cylindrical coordinates
= 1ia
1 ;ﬁ 0 }fﬂm olw = lov.g) + k. dpafdr
Fi(r)=—- p
o dr w—Fkv-g Pyho
(W - k___]?:_ﬂ}i.},z n
FQ(I'} = G—_+(}%1’:_D{w — Fzvz0) + IEE:) (wvzo—kz).

Csf0

No dispersion relation.



Instabilities
KELVIN-HELMHOLTZ: sheared flows

10.000 | 10.000 [
1.000 1.000
z 2
s S
= I =
F 0.1005 ‘l-'_? 0.100 E
) : ) :
z z
0.010¢ 0.010
0.001 0.001 iy
0.1 0.1 1.0 10.0
k{1/R)

thin shear layer

resonant modes: faster growing for larger Lorentz factors.



Instabilities
KELVIN-HELMHOLTZ: sheared flows

1Dum; 1 ] 1 IIIII| 1 ] 1 1ﬂmﬂ; ] 1 1 |||||| 1 1 1 IIII
1.000 F 1,000 |
= =
S g
= | - =
& n.1m§ & f.].u:u]g
= =
= H =
0.010 F 0.010 £
0.001 0.001 e o
.1 1.0 10.0 0.1 1.0 10.0
k(1/R) k(1/R)

thicker shear layer

resonant modes: slower growing for thicker shear layers.



Instabilities

(et

G

(b)

""'\ —

sma  Sgusage instability

an axial magnetic
field would prevent
their growth.

Instability for T 2

Only numerical works for relativistic flows. C

b
i

Classical flows: e.g. Appl & Camenzind 1992,
Appl 1996, Istomin & Pariev 1994, 1996,
Begelman 1998, Lyubarskii 1992, 1999,
Bonanno & Urpin 2010

Pinch
— INSTABILITY
LINEAR KINK NONLINEAR KINK






Outline of the second part
numerical simulations of relativistic jets

Introduction.

Numerical codes and first simulations.
Parsec-scale jets.

Long-term evolution.

Instabilities.

The largest scales: energy deposition in the ambient.



Relativistic hydrodynamics: SRHD equations

D
aa—f + V. (Dv) =0 (mass conservation)
oS _ 4
i +V- (S®v+ pl) =0 (momentum conservation)
ot :
5 +V-(S—Dv) =0 (energy conservation)
STATE VECTOR FLUX VECTORS
U=(D,S" 5 5 1) F = (DV,SW + 8" %V 4+ 8%, 5% + 8%, 5" — DV)
DEFINITIONS
D = pW: relativistic rest-mass density. FLUID REST FRAME QUANTITIES
S = phW?v: relativistic momentum density. p: proper rest-mass density.
T=phW?c? — p—pWec?: relativistic energy den- h=1+¢/c*+ p/pc*: specific enthalpy.

sity. ¢: specific internal energy.

v: fluid flow velocity. p: pressure.

W =1/+/1—v?*/c*: flow Lorentz factor.
RELATIVISTIC EFFECTS
h>1(e>c?)

W=>=1(v—c)



Relativistic Maghetohydrodynamics

RMHD: Describes the dynamics of relativistic, electrically conducting fluids in the presence of magnetic fields.

Ideal RMHD: Absence of viscosity effects and heat conduction in the limit of infinite conductivity.

The relativistic description is easier in terms of the MAGNETIC FIELD FOUR-VECTOR IN THE LOCAL FLUID

REST FRAME, b = (b°.b).

EQUATIONS
oD .
5 + V- (Dv) =0 (mass conservation)
dS*
Y +V-((S"+ 0 h)ev+pl- )=0
(momentum conservation)
Jt* N .
2y +V.(S*—Dv) =0 (energy conservation)
(induction equation)
(magnetic flux conservation)
b’ = W(v- B), ,o o (_ zpmag'] |
bi _ E + Llib'ﬂ' P . P

DEFINITIONS
S* = ph*W?*v — 1"b: relativistic momentum density.
T = ph*W?2c* — p* — — pWc?: relativistic energy den-
sity.

B = W (b — b%/c): laboratory magnetic field

FLUID REST FRAME QUANTITIES

p* = p(1+[}); B: magnetization, magnetic to internal (gas)
energy density ratio.

h* = h+ ©; 6: magnetic to rest mass energy density ratio.
RELATIVISTIC/MAGNETIC EFFECTS
p>1

B, o > 1: force-free magnetic field; Poynting flux dominated
flow



relativistic hydrodynamics

Ju N OF'(u) B
ot drt

0 u= (D, st s% 8% )

Fi(u) = (Do’ §'0' +pott . S20f 4 po?', S%0f 4 po*t §' — Do)T

D=pW | vt =t ;’-u.“

i 2.0 1o
St=phW=v", 1=12.3 W= 40 —

T=phW? —p - D

(E.Ui\j_‘k . 1 T i L pY FY
it Ax (F-H%d,k - F-a—%d.-k) Ay Figetn ~Fiite ) =

1(ﬁ F )+SMﬁELﬂ”

—_— . 1 — z 1
Az \ nikt3 Lik—3

Time integration using Runge-Kutta method.



relativistic hydrodynamics

Generation and propagation of

P1 | relativistic blast waves
| 1.1 T T T T
________ P ] e ]
I Ps - \ dense shell /|
| EC o \ ‘ shock |
| bs , L
mm —_ . 7
vi=0 | vg=0 07k ) o i
............................... R - N — L . L lconfud-
Xp X ‘\_: = . i discontinjuity
AN 77
0.3k ~ I i -
D@ SN
i e i
| oaE i =~ I_ R
-—— :\ - L " initial discontinulty [
| ~ R —0.1 I I + I L
| -~ - | 0.0 0.2 0.4 0.6 0.8 0
| | | radius
| | | |
1 1 1 [ Figure 7: Generation and propagation of o relativistic blast wawve (schematic). The large pressure
-------- | I I | iscontinud it - — 0.5 gives i i
- Jump at a discontinuity initially located at v = 0.5 gives rise to a blast wave and a dense shell of
head tail contact shock x

of rarefaction

material propagating at relativistic speeds. For appropriate initial conditions both the speed of the

discontinuity leading shock front and the velocity of the shell approach the speed of light, producing very narrow

structures,

Figure 1: Schematic solution of a Riemann problem in special relativistic hydrodynamics. The
initial state at t = 0 (top figure) consists of two constant states 1 and 5 with py > ps, p1 > ps, and
vy = ve = 0 separated by a diaphragm at rn. The evolution of the flow pattern once the diaphragm
is removed (middle figure) is illustrated in a spacetime diagram (bottom figure) with a shoek wave
(solid line) and a contact discontinuity (dashed line) mowing to the right. The bundle of solid lines
represents a rarefaction wave propagating to the left.

rarefaction shock contact discontinuity
-
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t
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Figure 2:  Godunov's scheme: local solutiong of Riemann problems. At every
interface, 2;_1, x; 4 and ;5. alocal Riemann problem is set up as a result
of the diseretization process (bottom panel), when approximating the numerical
solution by piecewise constant data. At time t" these discontinuities decay into
three elementary waves which propagate the solution forward to the next time
level £+ (top panel). The time step of the numerical scheme must satisfy the
Courant-Friedrichs-Lewy condition, being small enough to prevent the waves
from advancing more than Az /2 in At.



relativistic hydrodynamics

See Marti & Miller, Numerical Hydrodynamics in Special Relativity,Living Reviews in Relativity,
http://mww.livingreviews.org/Articles/Irr-2003-7
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HRSC METHODS DESCRIBE ACCURATELY HIGHLY RELATIVISTIC
FLOWS WITH STRONG SHOKS AND THIN STRUCTURES



relativistic magnetohydrodynamics

Fast, slow shocks & rarefactions; Alfvén waves; shock tubes.
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Anton et al. 2005 (also Komissarov 1999, van Putten 1993, Balsara 2001, Del Zanna et al. 2002,
De Villiers & Hawley 2003, ...)



first jet simulations (classical jets)

Hydrodynamical non-relativistic simulations (Rayburn 1977; Norman et al. 1982) verified the basic
jet model for classical radio sources (Blandford & Rees 1974; Scheuer 1974) and allowed to identify

the structural components of jets.

Shocke

d ambient medium

o

— R axis —=
-
.I::

Terminal shock/
Contact

discontinuity

Bow shock

Morphology and dynamics governed by the interaction with the external medium.



relativistic jet simulations

First relativistic simulations (2D): van Putten 1993, Marti et al. 1994, 1995, 1997; Duncan & Hughes 1994
Relativistic, cold jet models

Relativistic, hot jet models

o

-

Density + velocity field vectors _
“featureless” jet + thin cocoons without backflow + stable “knotty” jet + extended cocoon + dynamical working surface:
terminal shock: naked quasar jets (e.g., 3C273) FRII radio galaxies and lobe dominated quasars (e.g., Cyg A)

3D simulations (Nishikawa et al. 1997, 1998; Aloy et al.
1999; Hughes et al. 2002, Perucho et al. 2006, ...)

HUO wenistiigeee o o e

20-30 Mcells

8.6 Mcells

75.

! 20 25 3a

5
R.
2[R Perucho et al. 2006 0 =
Aloy et al. 1999

a 5 10



RMHD simulations

(Nishikawa et al. 1997, 1998; Komissarov 1999; Leismann et al. 2005, Keppens et al. 2008)
Relativistic jet propagation along aligned and oblique magnetic fields (Nishikawa et al. 1997, 1998)

15.0

Relativistic jets carrying toroidal magnetic fields (Komissarov 1999):

10.0

» Beams are pinched

* Large nose cones (already discovered in classical MHD
simulations) develop in the case of jets with Poynting flux

» Low Poynting flux jets may develop magnetically confining
cocoons (large scale jet confinement by dynamically
important magnetic fields)

L 08

] toe®

375

L o025

0o

3 3

2 Models with poloidal magnetic fields (Leismann et al. 2005):

0.0

C2-pol-1

0 "0 30 40 *The magnetic tension along the jet affects the

e’ log p I ' structure and dynamics of the flow.
= 140.0 r/c -1.5
; 240 «Comparison with models with toroidal magnetic fields:
-2.5
le 3.0 -The magnetic field is almost evacuated from the
-5 -35 cocoon. Cocoons are smoother.
—4.0
-10 Bl |45 - Oblique shocks in the beam are weaker.



parsec-scale jets

Aloy etal. 1999 ! // \\

.
| jet spine,

U.BE: {" :': f
Ik e
|

-

specific internal

. o energy O sh ar*\layer
shear layers in relativistic jets . L
Lorentz factor - . -

S TS S I N S S S S S A S S R R

Intensity across the jet

10° to the LOS|
—> top/down asymmetry

—6E..

Aloy et al. 2000

=2 =] 0

. .
90° to thie LOS low polarization rails



parsec-scale jets

In order to compare with observations, simulations of parsec scale jets must account for
relativistic effects (light aberration, Doppler shift, light travel time delays) in the emission

Basic hydro/emission coupling (only synchrotron emission considered so far; Gomez et al. 1995, 1997;
Mioduszewski et al. 1997; Komissarov and Falle 1997):

» Dynamics governed by the thermal (hydrodynamic) population
» Particle and energy densities of the radiating (non-thermal) and hydrodynamic populations proportional

(valid for adiabatic processes)
 (Dynamically negligible) ad-hoc magnetic field with the energy density proportional to fluid energy density
« Integration of the radiative transfer eqgs. in the observer’s frame for the Stokes parameters along the LoS

» Time delays: emission ( &,) and absortion coefficients ( K,,) computed at retarded times
» Doppler boosting (aberration + Doppler shift):

8\?(9) =5%,, K\(l)obb =5, 6= v /v =5 (T, cosd)
Improvements:

* Include magnetic fields consistently (passive magnetic fields: Hughes 2006; RMHD models: Roca-Sogorb,
MP et al.)

« Compute relativistic electron transport during the jet evolution to acount for adiabatic and radiative losses
and particle acceleration of the non-thermal population (non-relativistic MHD sims.: Jones et al. 1999;
R(M)HD sims: Mimica et al. 2009)

* Include inverse Compton to account for the spectra at high energies

* Include emission back reaction on the flow (important at high frequencies)



parsec-scale jets

RHD jet simulations and emission:

- Komissarov & Falle 1996, 1997
- Gomez et al 1996, 1997, Agudo et al. 2001, Aloy et al. 2003

Log Rest—mass Density
—0.01 )

Overpressured jet

_—

- | 1 | standing shocks I

11.29
5,15
1.00

Gomez et al. 1997

Simulated Radio Maps of Relativistic Jeis

Agudo et al. 2001




parsec-scale jets

Precession and component injection in 3D and comparison with observations

Three-dimensional ray-casting view of
the simulated jet in the LAB frame. The
image is produced by ray-tracing the
Lorentz factor and the pressure,
assigning an opacity to each volume
element proportional to the magnitude
of each variable.

"« far side view

Time sequence of the simulated radio maps
(total intensity in arbitrary units using a square
root brightness scale) as seen in the O-frame.

The epoch is shown at the right of each .
snapshot. The maps are computed for a viewing [l s S, .
angle of 15° and an optically thin frequency of T e
22 GHz. ‘

Aloy et al. 2003: 3D hydro + emission (synchrotron) sims. of relativistic

precessing jets (including light aberration, Doppler shift and light travel time
delays)



parsec-scale jets
Roca-Sogorb, MP, et al. Total flux 0’

Goals:
* Interpret the phenomenology of polarization radio maps (role of
shear layers, shocks, magnetic field configurations,...)
* probe the dynamical importance of magnetic fields

RMHD model:
» Beam flow velocity: 0.99c
* (hydrodynamic) beam Mach number: 1.75
» Overpressured jet: beam-to-ambient hydrodynamic pressure = 2
 Equipartition helical magnetic field (pitch angle: 20°)

. Polarized flux  1.4°

Results confirm emission asymmetry
variations as a function of the
observer’s angle to the LoS, 0’
(Aloy et al. 2000)

Total flux

Polarlzed qux

| T

Total flux

Polarized flux’




- Roca-Sogorb, MP et al.

Log Pressure

parsec-scale jets

RMHD jet simulations and emission:

200e+00[ | 4

?
Model A, |¢=65° |B=0.1|y=4 |c=2]

Log Fressure

1
%
Jet radius

260001 4

;r—
Model Az | ¢ = 65°

B=1 |y=4 |0‘=2

Log Pressure

280001 4

175e400]

Model A, [¢p=65° [=3 |y=4]|c=2

Jet radius

.:‘ l-_- :.

il

a=14°

Total Flux (Jy/pixel)

Polarized Flux (Jy/pixel)

v For values of B>1, is the magnetic field, instead of the thermal pressure, the one that controls the jet dynamics. Jets more

magnetized present more and weaker shocks in the grid length.

v'We suggest that jets presenting stationary components may have a relative weak magnetization, with 8 close or below equipartition.



od

parsec-scale jets

Mimica et al. 2008

Spectral evolution along with the RHD simulation:
» expensive, implies evolving the ultrarelativistic particles along with the RHD egs.

Emission: SPEV (Spectral Evolution) — LOSE (Local Synchrotron Emissivity)

intensity [arb. units] T - '0.3 yl’ intensity [arb. units]
0.4 0.0 0.2 0.4 0.6

|

—— =

0

5

10

15 20 25 30 0 5 10 15 20 25 30

ZObS [Rb] Petar Mimica 2008 Zobs [Rb] Petar Mimica 2008

Creativs Corvmons BY-NGND.

Creaive Commana BY-NG-ND



Simulations of FRI jets (Perucho & Marti 2007):
sconfirm the FRI paradigm
gualitatively,
sinteraction with the ambient
(temperatures, expected X-ray
emission...),
sinformation on the evolution.

long-term evolution

(" Long term evolution and jet composition (Scheck et al. 2002):

« Evolution followed up to 6 106y (10% of a realistic
lifetime).

* Realistic EoS (mixture of e-, e+, p)

* Long term evolution consistent with that inferred for
powerful radio sources

* Relativistic speeds up to kpc scales

* Neither important morphological nor evolutionary
differences related with the plasma composition

recollimation shock

adiabatic expansion ancHaE A

Logarithm of rest-mass dgnsity

jet disruption
S and mass load




long-term evolution

C

(" Long term evolution and jet composition (Scheck et al. 2002):
« Evolution followed up to 6 106y (10% of a realistic
lifetime).

* Realistic EoS (mixture of e-, e+, p)

< * Long term evolution consistent with that inferred for
powerful radio sources

* Relativistic speeds up to kpc scales

* Neither important morphological nor evolutionary

\ differences related with the plasma composition

FRI jet t < 7.5 10° yrs

Simulations of FRI jets (Perucho & Marti 2007):
sconfirm the FRI paradigm

gualitatively,
sinteraction with the ambient ol
(temperatures, expected X-ray »

em I SS I O n e ')’ Logarithm of rest—mass density e

einformation on the evolution.



long-term evolution
Perucho & Marti 2007

Last snapshot (T =7 10° yrs ~ 10 % lifetime of 3C31)

Log Proper Rest-Mass Density Log Temperature
7.07e-23 6000 | . i ' 3.18e+10 6000
shocked ambient
4000 4000
A,

2000 \ 2000
S0 o 3.11e+08 0 -t

-2000 Vi SR SRR -2000

-4000 \ -4000

bow shock
7.15e-30 -6000 _ 1] 3.04e+06 -6000
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Tracer Log Pressure
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Bow shock Mach number ~ 2.5, consistent with recent X-ray observations by Kratft et al.
2003 (Cen A) and Croston et al. 2007 (NGC3081)




long-term evolution

Extended B&C model: (Perucho & Mart) Perucho & Marti 2007

« RS Xt .
Ups X 17 o ~-0.1,B~-1
—_— P ot |
3 0
A o’
Log Proper Rest-Mass Density
6000 | : ‘ ' ! i i ,
4000 R 1 *u @
S 1x10% 2x10% 3x10° \ 5%x10% Ex10%° 7x10°
2000 | N g
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-4000 - |
-6000 L : ! i ! L 1 '- l:)C\ . p_C

>ocoon evolution: 30x10° 6.0x10° 90x10° 1.2x10° 15x10° 1.8x10°

L; = i
PP - j4 T, x J A ~ constant | T
I — for negligible pollution with amblent
e v il particles (N, ~ 20 - 200 N, ), and - e i
bs<le x10 10 61

assuming selfsimilar transversal
expansion



long-term evolution

e i e e

FRI jet disruption by instabilities:
Rossi et al. 2008

Inhomogeneous ambient medium:
Meliani & Keppens 2008

Lozpl

"




Instabilities

Kovalev et al. (2007)

> (7 mas/sin 15%) ~ 4000 R,
Collimation region: (CDI/KHI)

~200 R, to ~ 4000 R,

ive Declination (mas)

Launching region: (CDI)

0 -20 40 - a0 ~100 e (04 maS/SH1 150) -~ 200 Rs

Relative Right Ascension (mas)

Collimation region Walker et al. (2008)

Launching region

Beam:~04x02mas 0.3 mas~0.024 pc ~42R,

Dec Offzet (mas)

Junor, Biretta & Livio (1999)
Ly, Walker & Wrobel (2004)

-10 -15

-5
RA Offset (mas)

Copy and paste from Phil Hardee’s talk at IAU 275 meeting (with permission) .



The sub-parsec scales: CD instability

Mizuno et al. (2009, 2010, see poster)

Sub-Alfvénic regime

Periodic

R; = a/2: Jet flows through kink R, = 4a: Kink propagates with the flow
The position of the velocity shear with respect to the characteristic radius of the
magnetic field has an important effect on the propagation of the CD instabilities .

CD INSTABILITY
There is an efficient conversion of energy from the Poyinting flux to particles.



The sub-parsec scales: CD/KH

Super-Alfvenic velocity shear

3D isovolume of density with B-field lines show the jet is
disrupted by the growing KH instability

Longitudinal cross section

y 06 08 1.0 1.2 1.4 y
Lo

-1 o] 1 2

Mizuno et al. 2007 o/ X
Transverse cross section

Non-relativistic: Hardee & Rosen 1999, 2002:
Helical B field stabilizes the jet (magnetic tension).




The parsec scales and beyond:
KH instability

Perucho et al. (2004a, 2004b)

Log Pressure
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Ine parsec scales and pbeyond:
KH instability

Axial velocity pert.
Pressure pert.

\ ACD
103N | / %
’ peak in pressure=», 1
102 F . /
3 : ‘ i
- Fend of \inear .
> 100 L iy S R S -
O z R § -
= - pont T"N:""“-'*—*wx i rle)t L
% 10~ : o saturation 4 | LH < 2?2
: O—2 ?"\J/ . _§ LTJ(_E')j: - 2%
.I O _3 —J‘v'\,.l«.\‘u'lj | | | | | | | | ]
O 200 400 600 () 2er(e)
t(R/¢) i =

Perp. velocity pert.

-KH instabilities saturate when the amplitude of the perturbation of
axial velocity (in the jet reference frame) reaches the speed of light
(Hanasz 1995, 1997).



The parsec scales and beyond:
KH instability

Discovery of resonant modes and their effect
via numerical simulations (Perucho et al. 2005,

2007)

0.100

0.100 IR
Overall decrease

of grbmnh rates Shear layer resonances (peaks in the growth rate of

high order modes at maximum unstable wavelength)

Vortex sheet approx.
0.1 1.0 10.0 0.1 1.0
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201 & Numerical
15 15 simulations

| - confirm the
= = dominance of
058 o resonant modes

e in the
no . o o= perturbation
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growth

theoretical representation theoretical representation  numerical simulation



The parsec scales and beyond:
KH instability

Perucho et al. 2005, 2007
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See also short A saturation (Hardee 2011)



The parsec scales and beyond:
KH instability

UST1: efficiently mixed and slowed down.
UST2: progressive mixing and slowing.

ST: resonant modes avoid disruption and generate a hot
shear layer that protects the fast core.

1.2 60

1.0

40

M;




The parsec scales and beyond:

KH instability

Shear layer (mean profiles of variables).

Upper panels: thermodynamical variables.

Lower panels: dynamical variables.
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The parsec scales and beyond:
KH instability

Lorentz factor Log. specific int. energy Tracer
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3D RHD simlations of jet stability using RATPENAT.
5123 =1.342 108 cells

«128 processors
-21-28 days Perucho et al. 2010




The parsec scales and beyond:
KH instability

Axial momentum in the jet material versus time
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3D RHD simlations of jet stability using RATPENAT.
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*128 processors Perucho et al. 2010
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The parsec scales and beyond:
KH instability

Agudo et al. 2001
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The parsec scales and beyond:
KH instability

3C120 Gémez et al. 2000

3C111 Kadler et al. 2008
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The parsec scales and beyond:
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The parsec scales and beyond:

K H N Stab' | |ty 0836+710: Perucho et al.
' ' 2008, Perucho et al., in prep.

.................................................................................................

3C 120: Gomez et al. (2001)
3C120 at 22 GHz
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Non-linear effects

Wind-jet interaction in massive X-ray binaries 6 10X cm ~ 0.04 AU

wind from the star

2 102¢cm
~0.13 AU




1.86e-14

1.17e-16

7.32e-19

2.93e-14

1.89e-16

1.22e-18

z (cm)

x (cm)

z (cm)

x (cm)

Non-linear effects
Wind-jet interaction in massive X-ray binaries: 3D simulations
Perucho, Bosch-Ramon & Khangulyan 2010

t=977s

Logarithm of rest-mass density. X cut

P,= 3 10°°erg/s

Log. Densit
2x10" L 9 Y L
1x10"
0 Bde-14 %
-1x10"
2x10" ‘ . "
g ; : = ; 2.4x10 2.4x10
0 2.0x10" 4.0x10"" 6.0x10" 8.0x10" 1.0x10” 1.2x10"” 1.4x10” 1.6x10” 1.8x10™ 20616 % (R)
y (em) )
Logarithm of rest-mass density. Z cut
2x10"" : ‘. "
—_— "82e-19 T
N
0
11
110 2.4x10" 2.4x10"
2x10" x (R)
0 2.0x10" 4.0x10" 6.0x10" 8.0x10" 1.0x10' 1.2x10"” 1.4x10” 1.6x10" 1.8x10™
y cm) — 37
t=192 s P,= 10°’erg/s
Logarithm of rest-mass density. X cut .
. . Log. Density
210" L, L,
e 1x10" 1x10"
X
—~ b5x10" —~ Bx10"
0 4 EN— 0 ® 5:; 0
i 5%x10" -5x10'°
1x10 11 11
1x10 -1x10
2x10" - n | N . 5 ] 1" 1 1 n
-2.4x10 0 2.4x10 -2.4x10 0 2.4x10
0 20x10" 4.0x10" 6.0x10" 80x10" 1.0x10" 12x10" 1.4x10"" 1.6x10™ 1.8x10° 2.0x10™ 5 % (R)
y (em) Y
ogarithm of rest-ass density. Z cut 1x10" 1x10"
11 )
2x10 E 5)(1010 E 5)(1010
1x10" 8 = Q = 0
f 5%x10™ 5x10'°
4x10" Ax10"
110 -2.4x10" 0 2.4x10" -2.4x10" 0 2.4x10"
2x10" | — — ) r N ) ) | X (R) X {R)
0 2.0x10" 4.0x10"" 6.0x10" 80x10" 1.0x10" 12x10” 1.4x10"”" 1.6x10" 1.8x10” 20x10™

y (cm)



3.67e-13

8.32¢-16

1.88e-18

3.98e-13

4.88¢-16

5.97¢-19

Inhomogeneous wind. P;= 3 10°erg/s

r {cm)

r (cm)

1.80e-13

4.77e-16

1.26e-18

1%10"

transv. (cm)

Non-linear effects

Wind-jet interaction in massive X-ray binaries: 3D simulations
Perucho & Bosch-Ramon, in preparation

Inhomogeneous wind. P;= 103’erg/s

z (cm)

2x10"? 3x10%

z {cm)

5x10"

5x10""

5x10" 0 5x10'
paral. (cm)

4x10"

5.45e-13

1.12e-15

2.32e-18

5.27e-13

6.65e-16

8.40e-19

r (cm)

r (cm)

1%10"

5.78e-13

9.24e-16

transv. (cm)

1.48e-18

z (cm)

4x10"”

3x10"

2x10"
z (cm)

Log. rest-mass density
-

5x10"

5x10"



The largest scales:
Energy deposition in the ambient

« MS0735+7421
(McNamara et al.
2005).

« 200 kpc diameter
cavities.

 Shock-wave
(M=1.4).

« pV=10% erg.

o T=108yr.

o Ps=1.7 10%% erg/s
(from pV).



The largest scales:
Energy deposition in the ambient

« 2D axisymmetric hydro simulations with RATPENAT
using up to 140 processors (added as the jet grows) during
months... =10% computational hours for the whole project.

«Jets injected at 1 kpc into a King-profile for density (Hardcastle
et al. 2002, Perucho & Marti 2007) in hydrostatic.
« Corresponding Dark Matter distribution of 1014 Mg within 1 Mpc.

* Powers: 10* erg/s (J3 - leptonic) — 10* erg/s (J1 —leptonic, J4 -
baryonic) — 104¢ erg/s (J2 - leptonic).
« Jet radius: 100 pc. Jet velocity: 0.9 -0.99 c

* Injected during 16 to 50 Myr. The simulations reproduce the jet
evolution up to 200 Myr.

*Resolution: 50x50 pc or 100x100 pc per cell in the central region
(Total 16000x2000 cells, 800 /900 kpc x 500 kpc).



The largest scales:
Energy deposition in the ambient

200 Myr

46
Perucho et al. 2011, submitted 10 erg/s



X-ray morphology




The largest scales:

Energy deposition in the ambient
Perucho et al. 2011, submitted
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The largest scales:
Energy deposition in the ambient

1046 erg/s

Schlieren plot: enhanced density gradients.



The largest scales:
Energy deposition in the ambient
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1044 erg/s

100 kpc




The largest scales:
Energy deposition in the ambient

2(a—1)—(14a)(4+5)

Ve X 1%, po X P Rt Dot 4R Ry ti, Pyt w0
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o I5] P, R, &t 1] . R, &t 3 P. R,
J1  Sim 0.07 -1.55 -1.58 0.75] -0.23 -0.52 -1.09 0.66| -0.74 -1.02 -1.70 090
Model -1.65  0.79 -1.05  0.64 -1.43  0.58
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