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Relativistic jets with PLUTO RMHD code
~ 20 M CPU hrs and counting




Jet-ISM Simulations

Spherical gas
distriution

Densities: nwo = 150-2000 cm-3

Power = 1044 - 1046 ergs-1

Disks

Densities: nwo = 100-400 cm-3
Power = 1045 - 1046 ergs-1

© =0, 20,45,70

Gas mass ~ 109-101° M,

No Geometry Ilj’:g\;v(epr) (n?z,r:?\i:;\::) Inclination

1 Spherical 44 400

2 44 400

3 45 400

4 45 150

5 45 200

6 45 400

7 45 1000

8 46 2000

9 Disk 45 100

10 45 200

11 45 200 20
12 45 200 45
13 45 200 70
14 46 100

15 46 200

16 46 400 0
17 IC 5063 45 200 90
18 44 200 90




Time: 2.21 Myr ' -~ Jime: 2.21 Myr
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Mukherjee+2016,2017

Multiphase ISM and multiphase outflows:

Dilute hot energy bubble
Shocked dense (n > 100 cm-3) outflowing gas at >100 - 300 kms-!

Less dense (n~1-10 cm-3) fast flowing (>1000 kms-!) from sheared
cloud material

Low power jets remain confined. Less effective in outflow, but shock
heats the ISM.

https://youtu.be/Fh5819VkQyw



Mean radial velocity of clouds Escape fraction vs radius
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Time in Myr

Not enough gas ‘escapes’, depends on density of clouds and jet
power.

Galactic Fountains!



Peak frequency (Hz)

Frequency (Hz)

10" Low density simulations B, D & E
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The spectra transition from a GPS to a CSS as the jet
evolves to larger scales.

Pro: The sims follows the turnover-linear size
correlation for some ranges of length scales and
reasonable densities.

Con: Depends on the extent of the gas distribution.
Our sims: have dense gas ~ 2-3 kpc. So it fails for
larger sizes.

10" Medium density simulations A,C,F & G 10" High density simulations H, I, J & K
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Bicknell, DM+2018



Density (X-Z)
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* Inclined jets couple more with turbulent disc.
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* Backflow from the jet impacts a much larger part of the disc and engulfs it.

* Local outflows are launched at points of direct interaction

https://youtu.be/8eeKSc9_AJQ
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lonised free-free absorbing gas clouds

Shocked

molecular gas

High surface brightness O Low surface brightness
radio plasma radio plasma
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Radio jet ~ 100 pc

Warm H2, shocked, ~10% K,
~ 2 kpc;
blue shifted by 100 kms-!



Shocked OIllI
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shocks, can be
observable in
emission lines.

Increased
dispersion
perpendicular
to jets.
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Standard approaches: SFR = — for p > Py echord » i & P2

b
No input about turbulent velocity dispersion or Mach number. Work by
Ankush Mandal

Better option: Use a turbulence based SFR prescription (Krumholz+2005,
Federrath+2012).

Velocity dispersion SFR surface denisty
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— K-S relation Sim. D
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@ Positive feedback may not mean strong enhanced
of SFR efficiency. Inefficient positive feedback.

@ Positive & negative feedback can happen in the
same system.

® Depends on many other factors: jet power, ISM
density, jet-ISM coupling
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Spatial evolution:

Spectral evolution:

Vaidya et al. 2018

Energy losses, synchrotron,
inverse compton

DSA model for acceleration at shocks

Finally:




Density Den51ty (W1th particles)
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energy, indicates shocks

Particles get energized
at shocks.

Shocks inside the jet
spine, jet-head and
cocoon

Complex trajectories
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. | % Turbulent cocoon
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shocked gas
Turner & Shabala 2015

external medium

Ry,

- Multiple internal shocks which can re-
accelerate electrons in the backflow.

- Goes against the standard paradigm of
a terminal hotspot and free-stream

* Turbulent cocoons have more shocks




CRE Spectrum

CRE spectrum at different locations
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Mukherjee+ 2021
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® Mixing of CREs with different shock
histories in turbulent cocoon

® CRE spectrum has imprints of different
pops. Not just a power-law with cut-off.

® Electron spectrum varies with region.

® Internal shocks reflected at
synchrotron at higher frequencies
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Initial Gas Density Lower Jet Power Higher Jet Power

Time: 0.00 Myr =10" ergs™ ime: 3. =10 ergs Time: 0.79 Myr

Recollimation

«X shocks
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®  Within the galactic potential jets couple strongly with host's ISM

® Low power jets are important! Couple more with the ISM, will induce more turbulence
and more numerous!

® Both turbulence (-ive) and compression (+ive) may affect SFR. Net mass-loss/
ejection difficult.

® Turbulence in unstable jets can re-accelerate non-thermal electrons at complex shocks






Standard approaches: SFR = — for p > Py echord » i & P2

Lt

No input about turbulent velocity dispersion or Mach number. Work by
Ankush Mandal

Better option: Use a turbulence based SFR prescription (Krumholz+2005,
Federrath+2012).

Velocity dispersion

@ ldentify potential star forming
clumps. using a clump-finder.

® Find intra-cloud statistics: velocity
dispersion, Mach number.

® Compute SFR of each clump
assuming a turbulence driven SFR

model
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Webb 1989 |gno|~e:
V. (u'fy) + iz : . @ Spatial diffusion
p 3 ® Shear
@ Diffusion in momentum
space, Fermi 2nd order

Spatial evolution:

Spectral evolution:

Energy losses, synchrotron,
inverse compton
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Keshet & Waxman 2005 Takamoto & Kirk 2015



Maximum energy of shocked electrons

_ ymec? B MIN(6z/2)eB

T T B




