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Extragalactic jets

X-ray: NASA/CXC/SAO; Optical: NASA/STScl; Radio: NSF/NRAO/AUI/VLA; VLBI inset: Boccardi et al.
2017. Blandford et al. 2018.




Extragalactic jets

0.01 pc ~ 0.1mas

pss . 500 AU

Image Credits: NASA/HST (optical), NRAO (VLA),
Craig Walker (7mm VLBA), Kazuhiro Hada (VLBA+GBT 3mm),
EHT Collaboration (1.3 mm)




Formation

e Blandford-Znajek Tchekhovskoy 2012

B, > B, Vfluid ~ Vfield
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pIIl — B(p/87r JL
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* The jets probably form from the extraction of rotational
energy from the SMBH.

* The toroidal component is dominant. It cannot be
constant across the jet cross-section.



Equations

TH — ph*u"‘u” + p*g;w _ pipY

b, is the magnetic field in the fluid rest-frame
h* = h + |b|*/p the gas plus field enthalpy,

p* = Pgas +|b|?/2 b = bab* = B2/7* + (v-B)"
= Pgas .

conservation equations: mass:
iV a
VT =0 Vy(pu#) =0. gtp + Vi(yp0') =0,
momentum:
2 ph* v’

B+ Vj(y%h*v'ol + 6 — bb) = 0 =123
= B'/vy +0'y(v-B)
energy:
d(ph*y?* — p* — bV —
ot

field equations:

aa—]:—l—VXE—O V-B=0. E=-vXxB

o) + V- (oh*y*v =" —pyv) =0, b’ = y(v-B)



Are jets unstable?

Linear perturbation:

X(r) — Xo(r)+ Xq(r,¢,z,t) X=v,p0,p, B

Linearized momentum equation:

a -
= [B(em)1 — P+ 298 (v-v1) (ph)o] +V - [13(oh)1v + 298 (v - v1) (ph)ov + 13(oh)ovi
a -
ot [BO(V vi) + (1+0*)Bo By — (v- By +v1-Bo)v- Bo/c|

4V. [ (Bo-B1)v + B2vq — (v-Bg)By — (v - B1)Bg — (v1 - BO)BO] — 0.

Linearized energy equation:

0 0P
oo |5+ (vOpwi] + 9P+ 55— (o x By) — (11 x Bo) =0,

Linearized field equations:
V:-B1=0
aBl E1 = —v x B —vq X By.

VxE =-—77



Yes, they are
Non-magnetized jets (B = 0):

e No rotation (v = v%e;): e Rotation (v = v?ey + v7e,):
- No expansion (dv" /dt = 0): KHI - No expansion (dv"/dt = 0): KHI
- Expansion (90" /dt # 0): RTI - Expansion (dv" /dt # 0): CFI

Magnetized jets (all non-expanding cases):

e No rotation (v = v%e;): e Rotation(v = v‘Pe4, + v%e,):
- KHI - Centrifugal buoyancy
- CDI + KHI

- CDI/pressure-driven instability

Xq(r,¢,z,t) = Xq(r) exP(i(clot + m¢ — k;z))



KH instability

Perucho et al. (2004a, 2004b)
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KH instability
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KH instability. The disruption process
can be slow if the growing modes
have small wavelengths.
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KH instability
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Rayleigh-Taylor instability

Effective inertia

2
log y“ph criterion
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Matsumoto & Masada 2013
Matsumoto, Aloy, Perucho 2017




Centrifugal instability

Gourgouliatos & Komissarov 2018 a,b

criterion: ) )
reduces to RTI when Q is continuous across the

¥>-¥1 <0, ¥ = p},72(QR2)2’ discontinuity  p2ha73 — prh17i <0,
dIn¥Y

JinR =~ M~ M = YQR/ (7yscs),




Current driven instability

M, is the total to magnetic energy
ratio.

lA—[J

Left column: no rotation.

. F Right column: rotation.
Top to bottom: poloidal to toroidal
dominating field.
M, = 1 sets the limit between

F the KHI and the CDI

Bodo et al. (2013, 2016, 2019)

Axial field, super-Alfvénic flows, differential rotation (Bodo et al. 2013, 2016, 2019).
Current-free shear layers stabilize short wavelengths (Kim et al. 2017, 2018).
In force-free jets, a shear in the toroidal field is also stabilizing (Istomin & Pariev 1994, 1996).



Large-scale collimation

Even sub-sonic (sub-fast-magnetosonic)
relativistic jets can remain collimated in the absence
of confining medium |

nozzle v<© | )
v, 0 Uy fUg, U < (
- B
0 | 1
o o<1/

free expansion

credit: S.S. Komissarov



Unexpected collaborations

Time = 325 Rjc
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See also short A saturation (Hardee 2011)



Unexpected collaborations

HST WFPC2 / MERLIN MERLIN 18cm

A small (linear) oscillation of the jet head can enhance jet propagation velocity due
to the induced obliquity of the terminal shock.

Perucho, Marti, Quilis 2019



Mass-load and deceleration
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Shear-layer loading by
turbulent mixing.

Worrall et al. 2008, Goodger et al.
2010, Wykes et al. 2013, 2015, Mller
et al. 2014.

Possible interaction with obstacles in
Centaurus A: Clouds, O/B type stars?
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Deceleration of FRI jets
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Kharb et al. (2012)

find X-ray emission
from these regions
In 15/21 FRI’s (nine
X-ray jets).




Deceleration of FRI jets

Laing & Bridle 2014

(a) 1553+24 (b) 0755+37 e) 3C 31

(c) 0206+35 (d) NGC 315 R
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Following Komissarov (1994), Bowman et al.
Log Proper Rest-Mass Density (1996), we performed simulations of FRI jets

T T T T T

2.47e-25 1000 T . . .
with a source term in mass accounting for

mass-load from stellar wind.

. King density profile.

3 '7'2 -350"11,4:/2
| Nexrt = Ne (1 + ?)
e

2.97e-29

r (pc)

Deprojected Nuker profile
(Lauer et al. 2007).
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. e @)
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Perucho, Marti, Laing, Hardee 2014



Deceleration: mass load by stellar winds
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Jet velocity (less or no load)



Deceleration: mass load by stellar winds
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Deceleration: mass load by stellar winds
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RMHD simulations: 1D code

The approximation is valid as long as:

Komissarov et al. 2015

» the radial dimension of the flow is much smaller than the axial one
; ) : N r< z
(quasi-one-dimensional approximation):
+ the flow is relativistic in the axial direction: UT’ v¢ LV~
Consistency with the 1D version of the divergence free condition: B" « B¢, B?

Under these conditions, the steady-state equations of RMHD can be accurately approximated by the
1D time-dependent equations, with the axial coordinate acting as temporal coordinate

Log(p_g)
-1.49e+00
§ i‘ e - ‘B‘/j -2.50e+00
Model HP03 - -3.50e+00
Marti et al. 2016 10 20 30 40 50
Lorentz factor

7.83e+00
Top half-panels: - ' - 4-4le+00i

1.00e+00
2D time-dependent sims. ©

Bottom half-panels:
Q1D approximation

1.50e-01
7.52e-02
0.00e+00




Jet deceleration (RMHD): equilibrium

Marti, MNRAS, 2015b

Top-hat profiles for density, axial flow Toroidal magnetic field:

velocity and axial magnetic field:

2B?,,(r/Rpo )
,0'7 0<,,,.<1 7,m ,1m : O< <1
o) = { 1‘7 r>1 B*(r)=1{ 1+ (r/Rpsm)? '
’ ’ 0, r> 1.
. B v;, 0<r<l1
Y (T) N { 07 r > 17 Units: R] =1
..\ _J B, 0<r<i c=1
B~(r) = { 0, r>1,
pa =1
2
x ( >_|_ b_ (total pressure: 1
p =Ppp,c 9 thermal + magnetic) W = ﬁ (flow Lorentz factor)
— U

—

h* = h(p,e) + b_: (total specific enthalpy) (v°, E) = (W(ﬁé), W + W(rﬁé) 17)

h(p, €): specific enthalpy

(magnetic field four-vector in the comoving frame)

Transversal equilibrium: dp* B ph*W2(Ugb)2 (bqb)Q
dr r r

€ : specific internal energy




Stellar mass-load: setup

letpower: L. = (p;jh;W; + B‘f’j WA jc”,
N6&C315 VLA 21cm/optical
Copyright () AUI/NRAO 2006
1.e43 erg/s .
3C 296 NGC 315
A. Bridle A. Bridle

-~

: 7\ —1.095
Ambient pressure: Pa(2) = Pao (] 4 (_) ) , r.=200/500pc R ,=1pc

e,

- Te,s

24 7o) 2\ —1.095 Q,= 10~ 11 1\,1@5,1.—1
Stellar wind mass-load: Q(z) = Qp (1 + ( — ) ) :
Jet composition: Leptonic.

Stellar wind: electron-proton.

Qo= 10" Mgyr™
r.s =500 pc
Perucho, Marti, Anglés, Laing, in preparation



Results

Log(p_g)
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Perucho, Marti, Anglés, Laing, in preparation
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Deceleration: mass load by stellar winds

Logarithm of rest-mass density.
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0.0 Lot

3D simulation of a stellar-wind entering the
jet at z =100 pc.

Shock propagating towards the jet axis.
Upstream wave in the shear layer.

Perucho, Bosch-Ramon & Barkov (A&A, 2017)
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Deceleration: mass load by clouds
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(see also Bednarek & Protheroe 1997, Barkov et al. 2010, 2012, Araudo et al. 2013, Wykes et al. 2013,
Khangulyan et al. 2013, Vieyro et al. 2017, Torres-Alba & Bosch-Ramon 2019, ...)
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8x108stars in the jet in Cen A.
Particle acceleration at the
interaction sites could explain
the high-energy emission from

the jet.
~ 23 x 1072 M yr!

Total mass entrainment given by the model.



Global effect of mass-load

steady-state equations:

oz(1pv°) = 4,
o-(ph*v*v* 4+ p* — bPIF) = ¢7,
o- (ph* v*v* — 'V — vpv?) = v* ¢,

Az Az

mass conservation: A(p’yvz

Ah gAz
ho — (p17%)o




Global effect of mass-load

In terms of the ratio of loaded mass to the initial mass flux:

1. Strong relative mass-load (qAz > (7pv®)g): In this case Ah < 0 and the conservation equation

tells us that the initial jet enthalpy is transferred to the entrained flow.

2. Mild relative mass-load (gAz ~ (7pv7)p): In this case Ah could be both smaller than or larger
than zero, depending on the value of the terms accounting for deceleration (so the initial jet
enthalpy can grow).

3. Small relative mass-load (gAz < (7ypv®)p): In this case, we could neglect the source term g in
the conservation equation above, and would be left with the Bernoulli expression for adiabatic
evolution: hy = constant, where expansion of a hot jet flow translates into acceleration.

M n Az \° / tan(a) \2 [/ Rip\ °
e —31 s 12 -3
Pioj0¢ > 6710 (10‘12M@yr‘1) (101@6‘3) <1l<pC) (tan(1°)> <1PC> Bem




Summary
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You can also read..

Review

Dissipative processes and their role in the evolution
of radio galaxies

Manel Perucho 2
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