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Powerful Power law
What is the origin of such a power-law cosmic ray spectrum 
covering about several orders of magnitude in energy?

http://www.physics.utah.edu/~whanlon/spectrum.html

http://www.physics.utah.edu/~whanlon/spectrum.html


Cosmic Accelerators.
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PLUTO code : An Overview
❖ Modular (HD, MHD, RHD, RMHD)

❖ Conservative, Finite Volume based — 
Godunov Method

❖ Static and Adaptive Mesh grid in 1D, 
2D and 3D.

❖ Supports Cartesian, Spherical, 
Cylindrical and Polar Geometries

❖ Parallelised using MPI Library

❖ Written in C, C++

❖ Used by a very large astrophysical 
community for wide range of 
problems. 

[Mignone et al. 2007, 2012]
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PLUTO code : MHD Equations.
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Set of Ideal MHD Equations Solved by PLUTO

Mass Conservation

Momentum Conservation

Total Energy Conservation

Induction Equation

Total Pressure

Total Energy

Solenoidal Condition



PLUTO Code : Non-Ideal Effects.

❖ Viscosity

❖ Thermal Conduction

❖ Magnetic Resistivity, Hall MHD, Ambipolar Diffusion

❖ Radiative Cooling.

❖ Chemistry with Species dependent EoS

❖ Lagrangian Particles : Macro-Particles

❖ Cosmic Rays, Dust : Active Particles 

Additional Physics

(Vaidya et. al. 2015)

(Mignone et al 2012, Vaidya et. al. 2017)

(Tesileanu et. al. 2008)

(Vaidya et. al. 2016)

(Mignone et. al. 2012)



PLUTO Code : Image Suite



Particle Acceleration in Magnetised Jets

❖ MODES of Particle Acceleration

❖ Diffusive Shock Acceleration (Fermi Ist 
Order)

❖ Magnetic Reconnection.

❖ Stochastic Acceleration.

❖ Radiative Losses

❖ Adiabatic Expansion, Synchrotron Cooling, Inverse Compton Scattering, 
Synchrotron Self Compton. 

❖ X-ray synchrotron emission. 

⌧sync =
3mec

4�TuB�

1 keV radiation —  Ee ⇠ 1013eV (� ⇡ 2⇥ 107)

B fields  — 200µG

⇠ 30yr(B�3/2) ⌧ ⌧dyn



Diffusive Shock Acceleration.
Head on collisions of particles with magnetic clouds.

�E

E
/ |u1 � u2|

c

❖ Widely applied physical process of particle acceleration.

❖ Relative energy gain is linear with velocity.

❖ Naturally gives rise to a power-law spectral distribution.

Average Energy Gain

Resultant Power Law
f(p) / p�m;m =

3r

r � 1
; r =

u1

u2
=

⇢2
⇢1

[Krymsky (1977), Bell (1978), Blandford & Ostriker (1978), Axford (1977), Drury (1983, 1991)]



Hybrid PIC with PLUTO.

Electron — Thermal — Massless fluid

Cosmic Rays — Non-Thermal — Particles
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The electric field is computed from Ohm’s law,
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where the first term is the standard convective term while the second term describes the relative drift
between CR and fluid and will be referred to as the CR-Hall term. Here R = q
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| is the charge density
ratio betwen CR and electrons and the regime in which the described formulation is valid demands R ⌧ 1.
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is the CR charge to mass ratio, %
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is the actual mass density contribution of a single
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Eq. (13) where � = 1/
q
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/C2 is the particle Lorentz factor. Since the actual speed of light does

not explicitly appears in the MHD equation, here C is used to specify an artificial value for the speed of
light and, for consistency reasons, it must be greater than any characteristic signal velocity. Eq. (13) is
solved by means of a standard Boris pusher using a position-Verlet algorithm:
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Particle interpolation (also referred to as field weighting) is the opposite process of interpolating grid

(fluid) quantities at a given particle position:
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where the summation now extends to all grid zones. For consistency the same weighting scheme must be
used for particles and field (see Birdsall & Langdon 2004).

2.2. Lagrangian Particles
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= v = v
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(7)

2.3. MHD-PIC

The MHD-PIC approach was recently developed by Bai et al. (2015) to describe the dynamical interac-
tion between a thermal plasma and a non-thermal population of collisionless cosmic rays (CR henceforth).
While the fluid equations are treated using the methods already available for shock capturing MHD, CR
particles are evolved with conventional PIC techniques. This formalism aims at capturing the kinetic
e↵ects of CR particles without the need to resolve the plasma skin depth, as it is typically required by
PIC codes. In the MHD-PIC formalism, instead, only the Larmor (gyration) scale must be adequately
resolved. This extends the range of applicability to much larger spatial (and temporal) scales when
compared to the standard PIC approach, inasmuch the particle gyoradius largely exceed the plasma skin
depth c/!

pe
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In the MHD-PIC formalism, the fluid equations are the standard equations of ideal magnetohydrody-
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The source term in the momentum equation describes the momentum exchange between fluid and particles
and it is straightforward to show that it must be the opposite of the Lorentz force experienced by the
particles:
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the grid.
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Electric Field : Ohms Law
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Cosmic Ray Driven Instability.

Bai et. al 2015, Mignone et. al 2017 (in prep)
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Figure 3. Density (left) and magnetic pressure (in log scale, right) snapshots for the collisionless shock problem at four
di↵erent times (reported in the titles). Only a smaller portion of the domain, of width [x

s

� L

x

/3, x
s

+ 2L
x

/3] (where
x

s

= v

s

t is the non-perturbed ideal shock position) is shown.

considered inside a shock is defined by
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where �
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and �
y

are, respectively, undivided centered approximation to the first derivatives in the x and
y direction, p

min

and p

max

are the minimum and maximum pressure over a stencil of 3 zones centered
around (i, j). Following Bai et al. (2015), we set the energy of injected particles to be 10E

sh

in the
comoving shock frame, where E

sh

= v

2

x0

/2 is the shock specific kinetic energy. In the lab frame the
particle velocity is therefore initialized to

v

p

= 10î+
p
20E

sh

⇣
sin ✓ cos', sin ✓ sin', cos ✓

⌘
(25)

where ✓ and ' are randomly distibuted angles. Since the MHD-PIC approach cannot consistently model
the injection physics, our simple recipe mimics the generation of non-thermal particles in the downstream
region of the shock (Caprioli et al. 2015).
During the first phase of injection (t . t

i

= 480⌦�1

c

), CR streaming is e↵ective only in triggering the
onset of the Bell instability as turbulent fluctuations are still small. Particles giving rise to this transient
flow do not participate in the shock acceleration process and are removed for t > 2t

i

in order to suppress
spurious e↵ects once the Bell instability is fully developed.

Shock Evolution.— The evolution of the system is shown in Fig. 3 at di↵erent times. At the beginning,
a shock is formed and reflected away from the wall at the left boundary. CR Particles injected at this
early stages move away from the shock and propagate upstream driving the Bell instability through the
formation of circularly polarised modes with wavelengths much smaller than the CRs Larmor radius. As
the instability enters the non-linear stage, magnetic field fluctuations are amplified by a factor around
⇠ 4 in the upstream region and a filamentary-like structure, alternating low and high density regions,
becomes evident. Magnetic field and density inhomogeneities are then further amplified once they cross

spectrum is related to the momentum spectrum via

f E p f p
dp
dE

( ) 4 ( ) . (35)2p=

For non-relativistic particles considered here, the energy
spectrum is expected to have the form f E E( ) 3 2µ - .

In the bottom panel of Figure 5, we show the time evolution
of the downstream particle energy spectrum for our fiducial run
R2. At early times before turbulence is fully developed
( 300 c

11 W- ), the particle spectrum reflects the initial injected
energy distribution, which peaks at E E10 sh= . The spectrum
then significantly broadens, extending substantially to the high
energy side with a very small fraction scattered to low energy
side. A high-energy power-law tail is gradually built up, with
spectral slope consistent with 3 2- . The high-energy tail
extends to higher and higher energies with time, with a roughly
exponential energy cutoff. We note that the normalization of
the downstream spectrum appears to vary slightly in time and
space, which reflects the stochasticity of the shock. For
example, by performing additional simulations with different
random seeds, we quote a relative uncertainty of 20%~ in the
normalization.

We also show with a black dashed line the expected energy
spectrum for a thermal particle distribution (Maxwellian) in the

downstream

( )( )Ef E E E e( ) 4 2 , (36)E E
th

3 2 thp= ´ -

where we choose E T0.85th 1= (note that T 31 0
2v= is the

downstream temperature from the shock jump condition). The
deduced 15% serves as a proxy for the fraction of kinetic
energy converted to accelerate particles, and the pre-factor of 4
is to account for shock compression. Clearly, the Maxwellian
distribution is distinct from our CR energy distribution as they
cannot be smoothly joined together. In reality, as shown in self-
consistent hybrid-PIC simulations, the energy spectrum is
smooth across the entire energy range thanks to a population of
supra-thermal particles whose energy lies between a few Esh to
about 10Esh (Caprioli & Spitkovsky 2013). The presence of the
supra-thermal particles is related to the particle injection
process that bridges the gap between thermal and non-thermal
particle populations (Caprioli et al. 2015). While this piece of
physics is currently missing in our simple injection prescrip-
tion, our current prescription may serve as a first approximation
to mimic the injection process, with injected E E10 sh=
particles presumably fed by the suprathermal particle popula-
tion. We plan to develop and employ more realistic injection
prescriptions in the near future.
In the upper panel of Figure 5, we show the spatial

distribution of the particle energy spectrum at relatively late
stage of the shock with t 2400 c

1= W- . We see that high-energy
CRs with energies E100 sh~ or higher penetrate into the shock
upstream and provide the source of CR current to drive the Bell
instability. The lower protrusion at E E10k sh~ into the shock
upstream is mainly due to the artificial injection procedure
adopted here, and we see that the initially injected CR particles

Figure 3. Transversely averaged profiles of magnetic field strength in the
vicinity of the shock front around time t 2400 c

1= W- for four of our simulation
runs: R1, R2, R2-hr, and R4.

Figure 4. Results from our fiducial simulation R2 at t 2400 c
1= W- . Top:

transversely averaged x-component of the CR current density profile along x̂ in
the co-moving frame. Bottom: snapshot of Λ defined in Equation (12) at
t 2400 c

1= W- , which measures the importance of the CR-Hall term. Vertical
dashed lines in the two panels indicate the location of the shock front.

Figure 5. Energy spectrum (in dimensionless form Ef(E)) of the CR particles
from our fiducial run R2. The top panel shows the energy spectrum as a
function of x in units of E 2sh 0

2v= at time t 2400 c
1= W- . The bottom panel

shows the time evolution of the downstream particle energy spectrum, as
marked with different colors indicated by the color table. The spectrum is
extracted by averaging through a layer at a fixed distance behind the shock
front. As an example, vertical black dashed lines in the top panels mark the
location of the shock front, and the vertical white dashed lines mark the layer
where the downstream spectrum is extracted. The black dashed line shows the
thermal energy spectrum with temperature T T0.85 1= .
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Energy Spectra.

Magnetic Energy

Simulation Setup
Vx = -Ma = -30 

B = (1.0, 0, 0) ⇢0 = 1 = p0Ly = 3⇥ 103c/!pi[256pts]

L
x

= 1.2⇥ 105c/!
pi

[10240pts]



Physical Scales in Jets

Physical Quantity Young Stellar Outflows
(YSOs)

Active Galactic Nuclei Jets
(AGN Jets)

Length Scale 0.1-1 pc 
(1 pc = 3 x 1018 cm)

1 - 10 kpc

Jet Radius 10s of AU 
(1 AU = 1.5 x 1013 cm)

100 pc

Velocity Supersonic : 100-500 km/s Relativistic, Bulk Lorentz 
Factor : 3 - 10

Opening Angles 5 - 30 degrees 1 - 10 degrees.

Mass Outflow Rates 10-5 - 10-7 Msun/yr 0.1-10 Msun/yr

Radiation Emission Largely Thermal Dominated by Non-
thermal emission.



Multi Wavelength AGN Jets

M87 (NRAO)

Observed Scale : Few Kilo Parsec DSA Scale : Thousand Ion Inertial Scale

⇡ 1021cm ⇡ 108�9cm
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Figure 9. 3D evolution of disk-jet structure. Shown is the distribution of the mass density (color coding) and magnetic field lines (grey
lines) for simulation run bcase2 assuming a binary system with rather close separation. A density threshold about 10�6 is applied in order
to visualize the inner disk-jet structure. The slices of the 3D distribution are shown for the dynamical time steps t = 500, 5500.

towards the secondary and is seen in particular in the
upper hemisphere (that is closer to the companion star).
The Roche lobe overflow is seen in the radial velocity
profile of the disk with positive radial velocities close to
the inner Lagrange point L

1

for simulation bcase2. We
also observe that the initial accretion disk dissolves be-
yond L1 and no disks exist beyond the Roche lobe for
late evolutionary times.
Furthermore, we observe a similar fluctuation pattern

as in simulation bcase1 and also a bump in disk mass
indicating localized accumulation of mass in the outer
disk.
The signature of the jet inclination is more distinct in

this case. This may be expected as the binary e↵ects
are larger now due to the smaller binary separation. The
bipolar jets launched from the disk first follow a direc-
tion along the z-axis before they deviate from the initial
propagation direction.
The structure and the alignment of the accretion disk

changes. We recognize that the disk becomes more and
more misaligned of with respect to the initial mid-plane.
We believe that this e↵ect indicates the onset of disk
precession, although we are not able to observe a full
precession cycle during the run time of our simulations.
As a consequence, also the jets become launched in a
di↵erent direction. This e↵ect is in particular observable
in the upper hemisphere that is closer to secondary and
in which the material is stronger a↵ected by the corre-
sponding forces of the binary system. Apart from the
intrinsic change of the jet launching direction, also jet
inclination happens - predominantly above z = 50, just
outside the Roche lobe of the primary in case bcase2.
The formation of a warped disk structure subsequently

Figure 10. Accretion mass flux evolution for simulation run
bcase2. Shown is the evolution of the accretion rate measured at
radii x, y = 5, 10, 15, 20. and height z = 3H where H = H(x, y =
10), ..., H(x, y = 20) is the thermal scale height of the disk, at this
radius.

a↵ects the launching process. Therefore, we expect to see
the footprints of the disk warps in the mass flux evolu-
tion, as well. In order to confirm this e↵ect, we mea-
sure the accretion rate at 4 di↵erent radii of the disk,
x, y = 5, 10, 15, 20 (see Figure 10). We measure the ac-
cretion rate at each radius by integrating a rectangular
box with height of three thermal scale heights z = 3H
calculated at the outer box radius with H = H(x, y =
5), ..., H(x, y = 20).
We find the following results. The accretion process

is well established for small radii, x, y < 10, indicating
steady state accretion for t > 500. This is also the area

Sheikhnezami 2015

Stone & Norman 1993



A much needed bridge!

HH 46/47  
Arce et. al 2013

IR H2 Emission HH211 
McCaughrean et. al 1994

 FeII PV Diagram HH 1043 
Ellerbroek et. al. 2013

Simulations (MacroPhysics)
Density, Velocity, Temperature, Magnetic 
field strengths. 

Bridging Factor (MicroPhysics)
Chemistry, Thermodynamics, Radiative 
processes, Particle Acceleration, Polarisation.

Multi-wavelength Emission 
and Spectra from M87



Lagrangian Particle Entities (Vaidya et. al. 2016)

dxp

dt
= vp = vf!p

Particles follow the fluid passively : Proxies for unresolved microphysics.



MacroParticles and Sub-grid Physics
Grid in Particle Energy Space  — Initial 
Emin to Emax with log-spaced bins.

Particle Density — Initial Power Law 
distribution  N(E) = N0 E-p;

Fokker-Planck Equation :

First Order Fermi :  Asymptotic Limit 
Second Order Fermi (sub-grid physics??)
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(Melrose & Pope 1993, Micono 1999, Parker 2014)
Compression Ratio.
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Macro Particles are an ensemble

of (say) electrons having a wide 
energy spectrum but located in a 
nearby physical space.



SNR & Shocks
❖ Late stages of massive 

stars results in an energetic 
explosion forming shocks.

❖ Thermal radiation [IR, 
and Optical] dominated 
by heating  due to shocks.

❖ Non-thermal radiation 
[Radio & Xray] due to 
synchrotron processes. 

❖ Believed to be sources of 
Galactic Cosmic rays up 
to the knee. 



SN 1006 : A Textbook Case
❖ Distance of 7000 light years : (Documented by Chinese Astronomers : 1st May 1006)

❖ After 1001 years — Radial extent is about 10 pc.

❖ Non-thermal synchrotron X rays  (Koyama et. al. 1995, Dyer et. al. 2001)

❖ IC Scattering of Synchrotron electron with CMB —> TeV Gamma (Pohl 2008).



Simulation Setup.

Grid: 

Ambient: 

n0 = 0.05cm�3, ~B = 2µGẑ

r ⇥ z = 12⇥ 24 pc;�r = �z = 1.56⇥ 10�2pc

Ejecta: 

r0 = 0.65pc,M0 = 1.4M�
EoS: 

� = 5/3

❖ Numerous 2D and 3D models for SN1006 
without the use of Particles.   

❖ For our first simple application of 
Lagrangian particle module, we adopt 
the 2D model with isotropic injection. 

[Orlando 2007, Bocchino 2011, Schneiter 2010]



Strong SN1006 Shock.
❖ Random distribution of 105 Macro particles in ambient medium. 

❖ Strong Adiabatic Shock :

❖ Observed spectral index : 

r =
⇢d
⇢u

⇡ 4 =) q & 2.

Sv / ⌫�↵;↵ = 0.5� 0.6 ) q = 2.0� 2.2



Supernova SN 1006
Simulated Emissivity for two bands

Bright rim features : Qualitative Comparison

A proper Quantitative Comparison would require 3D models in future.



Kilo Parsec Scale Radio JetsTARGET 2 - SPECTRAL AGEING & SKA TEMPLATES. 

Giant radio galaxy B1545-32 : 13 cm 
wavelength ATCA image
Safouris et. al. 2008

Dying, Fading Radio 
Remnants with LOFAR

ASTRON Group, 
Harwood 2016

4 J.J. Harwood et al.

Figure 1. Radio maps of 3C452 at 138 MHz (left) and 3C223 at 147 MHz (right), imaged using multiscale CLEAN in CASA. The off-source RMS noise is
0.45 mJy beam−1 for 3C452 and 0.48 mJy beam−1 for 3C223. The restoring beam is indicated in the bottom left corner of the image.

was then carried out using BBS, all solutions were transferred to
the target source, the array beam applied, and a further round of
automated flagging performed on the corrected data. Finally, the in-
dividual subbands of the LOFAR observations were concatenated
using the New Default Pre-Processing Pipeline (NDPPP) package
and a manual inspection of the data made. To obtain a reasonable
number of data points across the frequency space, but also maintain
a good signal to noise ratio, the data were concatenated into 4-MHz
bands for 3C452 and 7-MHz bands for 3C223 at HBA frequencies.
At LBA frequencies, both observations were severely affected by
the ionosphere and so were unsuitable for our analysis, with the
exception of a single 12-MHz band for 3C223 centred at 52 MHz.
Any remaining RFI was then flagged manually using CASA in the
standard manner.

In order to further improve the image quality, direction inde-
pendent phase only self-calibration was then performed on each
dataset. CASA was chosen as the preferred imaging and self-
calibration tool in order to utilise the multi-frequency synthe-
sis (MFS) algorithm with two Taylor series terms (nterms = 2;
Rau & Cornwell, 2011), which scales the flux by a spectral index
value fitted over the observed bandwidth, and multi-scale cleaning
which were not yet available to the LOFAR specific AWImager
(Tasse et al., 2013). This has the advantage of both enhancing the
image fidelity and significantly reducing the computing time re-
quired. While this removed the ability to correct for the attenuation
of the LOFAR primary beam, from figure 21 of van Haarlem et al.
(2013) we see that at 150 MHz the sensitivity at a field radius of
30 arcminutes remains >95 per cent of the peak response. The
fact that the sources are located at the centre of the field of view
and have a largest angular size of only around 5 arcminutes means
that any losses due to the sensitivity drop off could safely be ig-
nored. Unlike in the high frequency regime, the LOFAR self cal-
ibration strategy involves including only the core LOFAR stations
and iteratively moving outwards to include longer baseline. This is
due to the remote stations (i.e. the longest baselines) not being on
the same clock leading to potential time offsets, and ensures that
phase coherence is maintained. Due primarily to RFI, instrumental
and ionospheric effects (particularly at the edge of the observing
frequency), at HBA wavelengths only 6 of the 7-MHz bands for

3C223 and 10 of the 4-MHz bands for 3C452 between ∼116 and
160 MHz were suitable for final imaging.

Once self calibrated, the images were mapped at the resolution
appropriate to the lowest LBA and HBA frequencies with a cell
size one fifth of that value. Although within this paper we are only
interested in the integrated fluxes of the sources, these parameters
ensure that the images are well matched in resolution to allow a
full spectral ageing analysis to be performed in the second paper in
this investigation. A summary of parameters used for the imaging
described in this section is shown in Tables 3 and 4. HBA images
were also created using the full bandwidth centred at a frequency of
147 and 138 MHz for 3C223 and 3C452 respectively. The resulting
HBA and LBA images are shown in Figures 1 and 2.

2.3 Synchrotron/inverse-Compton model fitting

As was discussed in Section 1.2, it is a common assumption that the
relativistic particles in the lobes of radio galaxies and the magnetic
field are the only contributing factors in determining the energy
density of the lobes; however, there is no a priori reason to believe
that the total energy content (the sum of the energy density in the
radiating particles, the magnetic field, and any non-radiating parti-
cles such as protons) is not significantly higher than the minimum
energy condition. This has made estimates of the energy budget
based on radio observations alone highly uncertain.

The availability of X-ray data for our target sources reduces
this problem by allowing a determination of the magnetic field
strength to be made free from the assumption of equipartition and
minimum energy. The total losses suffered by particles emitting
at radio wavelengths are a combination of inverse-Compton and
synchrotron losses, which are proportional to the magnetic field
strength in the lobes and the equivalent field of the CMB such that
B =

√

B2
lobe +B2

CMB . The equivalent field of the CMB scales
with redshift as BCMB = 0.318(1 + z)2, hence the energy losses
of the particles due to inverse-Compton scattering at low redshifts
only becomes important at low frequencies.

Conversely, the energy gained by the CMB photons is given

c⃝ 0000 RAS, MNRAS 000, 000–000

3C452 (138 MHz) 3C233 (147 MHz) 

10 J.J. Harwood et al.

Figure 4. Synchtotron/inverse-Compton model fitting for 3C452 (top), and
the northern (middle) and southern (bottom) lobes of 3C223. Red stars indi-
cate the radio measurements fitted with a synchrotron spectrum (solid black
line). The red bow tie indicates constraints placed by X-ray measurements
with 1 sigma errors on the fitted inverse-Compton model (blue dotted line).
The green dash-dot line shows the expected location of the X-ray in the case
of synchrotron self-Compton.

An alternative explanation is that a break in the spectrum oc-
curs at a much lower frequencies than is classically expected for an
FR II radio galaxy. If this is the case, the spectrum may eventually
flatten to injection index values closer to the expected value of 0.5
and the total energy content of the lobes will be in better agreement
with those derived by Croston et al. (2004, 2005). The low fre-
quency archival observations used in the model fitting suggest that
the integrated spectrum of both 3C452 and 3C223 remains steep
down to ≈20 MHz, although the uncertainty on these measure-
ments does allow for some moderate curvature to be present. Ob-
servations at the very lowest frequencies (≈10 MHz; Braude et al.,
1970; Laing & Peacock, 1980), are limited by their large errors bars
(≈ 25 percent) and so it is not possible to conclusively determine
whether a break at very low frequencies is present in the spectrum.
MHD modelling suggests that producing integrated spectra with
such a low-frequency break is possible (Hardcastle et al., in prepa-
ration), but requires a spectrum not typically described by models
of spectral ageing and there is no easy physical interpretation as to
why such a break would occur.

The most intuitive physical explanation for the steep low-
frequency electron energy distribution observed in both 3C452
and 3C223 is a weaker than expected shock due to a slow mov-
ing jet, as may plausibly be the case for less powerful objects
such as 3C438 (Harwood et al., 2015). Theres has been some
suggestion of a correlation between jet power and injection in-
dex (Konar & Hardcastle, 2013) with weaker shocks resulting in
a steeper initial electron energy distribution; however, the strong,
bright, compact hotspots observed in both 3C452 and 3C223 mean
that this is unlikely to be the case. It is therefore more plausible
that the emission results from a fast jet. It is theoretically possible
to produce a high injection index under certain conditions through
models such as those presented by Konar & Hardcastle (2013), al-
though further investigation is required to determine if this is in-
trinsically the case.

Support in favour of an intrinsically steep injection index also
comes from the spatially resolved spectra of FR II radio lobes.
Harwood et al. (2013, 2015), who consider the spectrum of 4 other
FR II radio galaxies on smaller spatial scales, find that in all cases
the injection index is also steeper than previously assumed. These
studies attempt to account for low-frequency curvature when deter-
mining the injection index (hence electron energy distribution) of
a source and, due to being well resolved, should be relatively un-
affected by the superposition of spectra due to limited resolution.
Injection index values found in this way agree well with the low-
frequency spectral indices presented in this paper and have proved
robust against simulations (e.g. Stroe et al., 2014). We note that
preliminary tests (which will form part of paper II of this series)
also find a similar distribution using the methods of Harwood et al.
(2013, 2015) implemented in the BRATS4 software package; how-
ever, a similar assumption is made that the injection index is con-
stant over the lifetime of the source. As simulations of FR IIs are
currently unable to trace the spatial evolution and mixing of the un-
derlying electron population, it is not yet clear on what scales such
variations exist and to what extent this impacts upon the determi-
nation of injection index values determined in this way, but further
developments should make this possible over the next few years.

A physically plausible argument can therefore be made for an
intrinsically steep injection index which, if correct, would have a
significant impact on our understanding of the energetics of FR II

4 http://www.askanastronomer.co.uk/brats

c⃝ 0000 RAS, MNRAS 000, 000–000

Saripalli 2002



Application in MHD Jets.
Novel Techniques & Proposed Goals An hybrid framework for particle acceleration

Results with AGN Jets I (Vaidya et. al. 2016a)

Axisymmetric MHD Jet

Grid : [r
max

, z
max

] = [3.2, 12.8] kpc ;
�r = �z = 12.5 pc., R

jet

= 100pc
⇢
j

= 10�2
cm

�3;Ms = 4

Toroidal Field Dominated : ~
B

j

= 100µG �̂

Particles Injected amounting to

N
p

= 1.3⇥ 105MPs. Initial Spectrum a power

law : N(E , t) / E�3,

[E
min

,E
max

] = [10�4, 100] ergs

Dr. B. Vaidya (Unito) 16/09/2016 IIST 23 / 27

Vaidya et. al 2016



Instabilities in 3C 499
Magnetised jets are subject to non axisymmetric instability :                        

kink & sausage 

Guidetti 2010

Kharb, P. 2015



Going to 3D!
Extending the 2D Axisymmetric jet to 3D results in formation of 

turbulent head. 



Close to the Black hole!
A Case of 3C 3461210 F. Dulwich et al.

Figure 1. Top panel: 22.5 GHz radio intensity contours and polarization vectors (rotated through 90◦), overlaid on a heavily clipped grey-scale Chandra X-ray
image smoothed with a 0.35 arcsec (FWHM) circular Gaussian. Contour levels are 0.36 × (1, 2, 4, 8, 16, 32) mJy beam−1, and a vector of length 0.15 arcsec
corresponds to 100 per cent polarization. The angular resolution of the radio image is 0.118 × 0.108 arcsec. Bottom panel: our highest-resolution radio map,
created using a restoring beam of 0.092 × 0.080 arcsec. The figure shows the region around the brightest jet knot superimposed on a colour scale of the X-ray
emission. The offset between the X-ray and radio peak positions is clear.

Fig. 2(a) (colour-scale) shows the ratio of the percentage polar-
ization detected in the radio and optical bands, where values near
zero indicate relatively little polarized radio flux. The data show a
weak trend towards increasing optical/radio polarization ratio with
distance along the jet: out to knot C, the jet is relatively more polar-
ized in the radio than in the optical. Near the base, in knots A2 and
A3, the radio polarization is high (65 ± 10 per cent) but this falls to
25 ± 6 per cent in knot B. In the optical, knots A2 and B are 40 ± 8
and 18 ± 8 per cent polarized, respectively. No significant optical
polarization is detected in A1 or A3. The radio polarization contin-
ues to fall, reaching 20 ± 4 per cent at knot C and 14 ± 7 per cent
at knot D. In contrast, the optical polarization does not change much:
27 ± 7 per cent at C and 20 ± 6 per cent at D. Knots E and F are
weakly detected in the optical but show no significant polarization,
and little optical jet emission is detected after knot F.

The radio emission and polarization structure continue to appear
after knot D, however. We note in particular the asymmetric polar-
ization seen across knots D and E, which could indicate a helical
structure in the magnetic field. The north-western side of knot E

is highly polarized in the radio (30 ± 10 per cent), but the south-
eastern side of knot E shows no significant polarization. The radio
polarization is weaker at knot D (as noted above), but it too shows
a similar asymmetry across the jet.

The colour-scale in Fig. 2(b) shows differences (in degrees) be-
tween the apparent MFPA seen in the optical and radio data. It is
clear that the apparent MFPA differences are small throughout the
jet and, as shown in Table 2, the optical and radio polarization direc-
tions are particularly well aligned in the bulk of knot C. The radio
and optical MFPAs in the knot A complex are broadly parallel to
the jet, although they are misaligned by 25◦ ± 10◦ in knot A2. In
knot B, the apparent MFPA remains almost unchanged in the radio,
while the apparent optical MFPA rotates through a larger angle to
reduce the misalignment: the differences in knot B are less signifi-
cant, with a misalignment of 12◦ ± 7◦. At knot C the jet exhibits an
apparent 70◦ kink, and both the radio and optical apparent MFPA
rotate to remain broadly parallel to the new jet direction. The ap-
parent MFPA differences at the centre of knot C are consistent with
zero, although there is a small region to the south-west of the knot

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 398, 1207–1216
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Figure 2. Optical (HST F555W) polarimetry of the 3C 264 jet (copied with permission from Perlman et al. 2006). The image scale is 440 pc arcsec−1. Top left: Stokes
I image scaled to bring out fine-scale structure within the knots. Top right: Stokes I image with stretch that saturates on bright regions, but helps bring out faint structure
in this jet. In this view, the jet can be seen beyond the dust ring at 1′′ from the nucleus (Sparks et al. 2000). Bottom left: fractional polarization (colors) overlaid
with Stokes I contours—red indicates !45%. Bottom right: Stokes I contours with polarization (B field) vectors; a vector 0.′′1 long represents 150% polarization; and
contours are spaced by

√
2, with a base contour level of 1.783 counts s−1.

for the B-array data. Again the rms noise limit achieved in
each configuration was on the order of the theoretical noise
limit—57 µJy beam−1 for the A-array Stokes I image and
68 µJy beam−1 for the B-array, compared to the theoretical
limit of 42 µJy beam−1 for both configurations. For these data,
we also mapped the Stokes Q and U, using the same “clean
boxes” as were used to make the Stokes I image. From these the
%P and P.A. maps were made, with the well-known Rician bias
in P (Serkowski 1962) removed using the AIPS task polco.
The resulting images are shown in Figure 3, and discussed
in Section 3. Radio and radio–optical spectral index maps are
shown in Figure 5.

2.3. Chandra Observations

We observed 3C 264 with the Chandra X-ray Observatory
on January 24, 2004, using the ACIS-S instrument detector in

faint mode with the object centered on the back-illuminated
CCD, S3. This CCD was chosen due to its sensitivity in the
soft X-ray regime. We used a 1/8 sub-array of the chip to
mitigate photon pileup. A total of 38.3 ks was granted to this
program, with 34.76 ks remaining after flagging out background
flares.

The imaging data were processed using CIAO version 3.4.0,
and CALDB version 3.2.2.15 A new level 2 events file was
created following the recommended procedure in the CIAO
science threads, after which pixel randomization and the readout
streak were removed. The sub-pixel event repositioning (SER)
algorithm described by Li et al. (2004) was then applied to the
event data, and an image was generated from the resulting SER-
processed events by resampling at 0.′′246, i.e., one-half of the
native ACIS-S pixel scale. Following SER, we also applied a

15 For a discussion of CIAO see http://cxc.harvard.edu/ciao.
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Figure 1. Cartoon figure showing the di↵erent positions of the
particle and corresponding diagnostics

(viii) The power-law index, q for non-relativistic shocks
used in our model is that obtained from steady state theory
of DSA (Drury 1983),

q = q
NR

=
3r

r � 1
(22)

In case of relativistic shocks, power law index q is obtained
using analytical estimates from Keshet & Waxman (2005)
particularly under the assumption of isotropic di↵usion,
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where �
u

and �
d

are the upstream and downstream velocities
in shock rest frame (NIF in our case). In our test-particle
framework, we assume isotropic di↵usion for values of ⇥

B

6
⇡/4 and use the spectral index from Eq. 23. While for more
oblique shocks we adopt the analytic estimate obtained by
(Takamoto & Kirk 2015) for perpendicular shocks,
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3.1 Synchrotron Emission and Polarisation
Signatures

The main goal of developing the hybrid Euler-Lagrangian
module is to study non-thermal emission due to synchrotron
and IC process from high energetic particles in jets and out-
flows. The observable properties that can be estimated from

numerical simulations with the described hybrid formalism
are the intensity maps, polarization degree and Stokes pa-
rameters. In this section, we describe the method and for-
malism adopted for theoretical modeling of emitted radia-
tion.

Let us consider that each macro-particle particle is an
ensemble of large number of electrons with charge, e and
mass m

e

. The total synchrotron emissivity of such a single
electron, j0

⌫

in the local co-moving frame is given by (e.g.,
Longair 1994)
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where 1Jy = 10�23ergs s�1cm�2Hz�1, B0 is the magnetic
field measured in Gauss in the frame of radiating fluid which
in case of relativistic flows is moving with speed, � = v/c
with respect to the static observer, n̂0

los

is the unit vector
along the line of sight in the co-moving frame and the func-
tion F (x) is the usual Bessel function integral given by -
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where ⌫0
cr

is the critical frequency at which the function,
F (x) peaks. The frequency, ⌫0, in the co-moving frame is
Doppler boosted to obtain the observed frequency, i.e., ⌫

9

=
D⌫0

9

where the frequencies are measured in GHz and E is the
electron energy in ergs. Similarly, the emissivity in observer
frame, j

⌫

is obtained by appropriate boosting, j
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= D2j0
⌫

.
The Doppler factor is given by,
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where the unit vector, n̂
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points in the direction of line of
sight in the observer frame of reference.

Further, the total emissivity due to synchrotron emis-
sion, J

sy

(⌫), in observer’s frame of reference for a collec-
tion of electrons with a particle distribution functionN (E, t)
within an energy range of E
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to E
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is given by,

J
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The primed quantities in co-moving frame can be expressed
in terms of quantities in observers frame using the standard
Lorentz transformation,
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Similarly, the linearly polarised intensity due to syn-
chrotron radiation, J

pol

(⌫), is given by (e.g., Eilek & Arendt
1996)
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(32)
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Figure 5. Left panel Input mass flux, J in the lab frame is shown (red), whereas the analytical and simulated value of J in NIF are shown
with black and green colors respectively. In the right panel, the analytical (red) and simulated values of compression ratio, r (green)
estimated using Eq. B3 are shown. The simulated values are obtained as particles traverse the shock and the sampled quantities across
the shock are transformed to a shock rest frame (see text)

Figure 6. Top panels Density distribution in color at time t = 2.4 kyr along with magnetic field vectors shown as white arrows for quasi-
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Figure 1. Cartoon figure showing the di↵erent positions of the
particle and corresponding diagnostics

(viii) The power-law index, q for non-relativistic shocks
used in our model is that obtained from steady state theory
of DSA (Drury 1983),
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=
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where �
u

and �
d

are the upstream and downstream velocities
in shock rest frame (NIF in our case). In our test-particle
framework, we assume isotropic di↵usion for values of ⇥
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⇡/4 and use the spectral index from Eq. 23. While for more
oblique shocks we adopt the analytic estimate obtained by
(Takamoto & Kirk 2015) for perpendicular shocks,
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3.1 Synchrotron Emission and Polarisation
Signatures

The main goal of developing the hybrid Euler-Lagrangian
module is to study non-thermal emission due to synchrotron
and IC process from high energetic particles in jets and out-
flows. The observable properties that can be estimated from

numerical simulations with the described hybrid formalism
are the intensity maps, polarization degree and Stokes pa-
rameters. In this section, we describe the method and for-
malism adopted for theoretical modeling of emitted radia-
tion.

Let us consider that each macro-particle particle is an
ensemble of large number of electrons with charge, e and
mass m

e

. The total synchrotron emissivity of such a single
electron, j0

⌫

in the local co-moving frame is given by (e.g.,
Longair 1994)
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where 1Jy = 10�23ergs s�1cm�2Hz�1, B0 is the magnetic
field measured in Gauss in the frame of radiating fluid which
in case of relativistic flows is moving with speed, � = v/c
with respect to the static observer, n̂0
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is the unit vector
along the line of sight in the co-moving frame and the func-
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where ⌫0
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is the critical frequency at which the function,
F (x) peaks. The frequency, ⌫0, in the co-moving frame is
Doppler boosted to obtain the observed frequency, i.e., ⌫
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where the frequencies are measured in GHz and E is the
electron energy in ergs. Similarly, the emissivity in observer
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Similarly, the linearly polarised intensity due to syn-
chrotron radiation, J

pol

(⌫), is given by (e.g., Eilek & Arendt
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J
pol

(⌫;E,B, n̂
los

) =

Z
E

f

E

i

G(x)
F (x)

(D2j0
⌫

(E,B0)n̂0
los

)N (E, t)dE,

(32)

MNRAS 000, 1–17 (2016)

where the Doppler Factor,  line of sight unit vector and Magnetic field are given by 

Non-thermal emission from RMHD shocks 5

Figure 1. Cartoon figure showing the di↵erent positions of the
particle and corresponding diagnostics

(viii) The power-law index, q for non-relativistic shocks
used in our model is that obtained from steady state theory
of DSA (Drury 1983),

q = q
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In case of relativistic shocks, power law index q is obtained
using analytical estimates from Keshet & Waxman (2005)
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where �
u

and �
d

are the upstream and downstream velocities
in shock rest frame (NIF in our case). In our test-particle
framework, we assume isotropic di↵usion for values of ⇥
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⇡/4 and use the spectral index from Eq. 23. While for more
oblique shocks we adopt the analytic estimate obtained by
(Takamoto & Kirk 2015) for perpendicular shocks,
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3.1 Synchrotron Emission and Polarisation
Signatures

The main goal of developing the hybrid Euler-Lagrangian
module is to study non-thermal emission due to synchrotron
and IC process from high energetic particles in jets and out-
flows. The observable properties that can be estimated from

numerical simulations with the described hybrid formalism
are the intensity maps, polarization degree and Stokes pa-
rameters. In this section, we describe the method and for-
malism adopted for theoretical modeling of emitted radia-
tion.

Let us consider that each macro-particle particle is an
ensemble of large number of electrons with charge, e and
mass m

e

. The total synchrotron emissivity of such a single
electron, j0
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in the local co-moving frame is given by (e.g.,
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where 1Jy = 10�23ergs s�1cm�2Hz�1, B0 is the magnetic
field measured in Gauss in the frame of radiating fluid which
in case of relativistic flows is moving with speed, � = v/c
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where ⌫0
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Doppler boosted to obtain the observed frequency, i.e., ⌫
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Similarly, the linearly polarised intensity due to syn-
chrotron radiation, J

pol

(⌫), is given by (e.g., Eilek & Arendt
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(viii) The power-law index, q for non-relativistic shocks
used in our model is that obtained from steady state theory
of DSA (Drury 1983),
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where �
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and �
d

are the upstream and downstream velocities
in shock rest frame (NIF in our case). In our test-particle
framework, we assume isotropic di↵usion for values of ⇥
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3.1 Synchrotron Emission and Polarisation
Signatures

The main goal of developing the hybrid Euler-Lagrangian
module is to study non-thermal emission due to synchrotron
and IC process from high energetic particles in jets and out-
flows. The observable properties that can be estimated from

numerical simulations with the described hybrid formalism
are the intensity maps, polarization degree and Stokes pa-
rameters. In this section, we describe the method and for-
malism adopted for theoretical modeling of emitted radia-
tion.
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ensemble of large number of electrons with charge, e and
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is the unit vector
along the line of sight in the co-moving frame and the func-
tion F (x) is the usual Bessel function integral given by -

F (x) = x

Z 1

x

K
5/3

(z)dz (26)

where the variable x is

x =
⌫0

⌫0
cr

=
4⇡m3

e

c5⌫0

3eE2|B0 ⇥ n̂

0
los

| ⇡
1.6⇥ 10�10 ⌫0

9

E2|B0 ⇥ n̂

0
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| (27)

where ⌫0
cr

is the critical frequency at which the function,
F (x) peaks. The frequency, ⌫0, in the co-moving frame is
Doppler boosted to obtain the observed frequency, i.e., ⌫

9

=
D⌫0

9

where the frequencies are measured in GHz and E is the
electron energy in ergs. Similarly, the emissivity in observer
frame, j

⌫

is obtained by appropriate boosting, j
⌫

= D2j0
⌫

.
The Doppler factor is given by,

D(�, n̂
los

) =
1

�(1� � · n̂
los

)
(28)

where the unit vector, n̂
los

points in the direction of line of
sight in the observer frame of reference.

Further, the total emissivity due to synchrotron emis-
sion, J

sy

(⌫), in observer’s frame of reference for a collec-
tion of electrons with a particle distribution functionN (E, t)
within an energy range of E

i

to E
f

is given by,

J
sy

(⌫;E,B, n̂
los

) =

Z
E

f

E

i

D2j0
⌫

(E,B0, n̂0
los

)N (E, t)dE (29)

The primed quantities in co-moving frame can be expressed
in terms of quantities in observers frame using the standard
Lorentz transformation,

n̂

0
los

= D

n̂

los

+

✓
�2

�+ 1
� · n̂
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� �

◆
�

�
(30)

B

0 =
1
�


B +

�2

�+ 1
(� ·B)�

�
(31)

Similarly, the linearly polarised intensity due to syn-
chrotron radiation, J

pol

(⌫), is given by (e.g., Eilek & Arendt
1996)

J
pol

(⌫;E,B, n̂
los

) =

Z
E

f

E

i

G(x)
F (x)

(D2j0
⌫

(E,B0)n̂0
los

)N (E, t)dE,

(32)
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Figure 1. Cartoon figure showing the di↵erent positions of the
particle and corresponding diagnostics

(viii) The power-law index, q for non-relativistic shocks
used in our model is that obtained from steady state theory
of DSA (Drury 1983),

q = q
NR

=
3r

r � 1
(22)

In case of relativistic shocks, power law index q is obtained
using analytical estimates from Keshet & Waxman (2005)
particularly under the assumption of isotropic di↵usion,

q =
3�

u

� 2�
u

�2

d

+ �3

d

�
u

� �
d

=
3r

r � 1
+

✓
1� 2r
r � 1

◆
�2

d

= q
NR

+

✓
1� 2r
r � 1

◆
�2

d

(23)

where �
u

and �
d

are the upstream and downstream velocities
in shock rest frame (NIF in our case). In our test-particle
framework, we assume isotropic di↵usion for values of ⇥

B

6
⇡/4 and use the spectral index from Eq. 23. While for more
oblique shocks we adopt the analytic estimate obtained by
(Takamoto & Kirk 2015) for perpendicular shocks,

q =
3r

r � 1
+

9
20

r + 1
r(r � 1)

⌘2�2

u

q = q
NR

+
9
20

r + 1
r(r � 1)

⌘2�2

u

(24)

3.1 Synchrotron Emission and Polarisation
Signatures

The main goal of developing the hybrid Euler-Lagrangian
module is to study non-thermal emission due to synchrotron
and IC process from high energetic particles in jets and out-
flows. The observable properties that can be estimated from

numerical simulations with the described hybrid formalism
are the intensity maps, polarization degree and Stokes pa-
rameters. In this section, we describe the method and for-
malism adopted for theoretical modeling of emitted radia-
tion.

Let us consider that each macro-particle particle is an
ensemble of large number of electrons with charge, e and
mass m

e

. The total synchrotron emissivity of such a single
electron, j0

⌫

in the local co-moving frame is given by (e.g.,
Longair 1994)

j0
⌫

(E,B0, n̂0
los

) =

p
3e3

m
e

c2
|B0 ⇥ n̂

0
los

|F (x) (25)

⇡ 23.44|B0 ⇥ n̂

0
los

|F (x) Jy cm2

where 1Jy = 10�23ergs s�1cm�2Hz�1, B0 is the magnetic
field measured in Gauss in the frame of radiating fluid which
in case of relativistic flows is moving with speed, � = v/c
with respect to the static observer, n̂0

los

is the unit vector
along the line of sight in the co-moving frame and the func-
tion F (x) is the usual Bessel function integral given by -

F (x) = x

Z 1

x

K
5/3

(z)dz (26)

where the variable x is

x =
⌫0

⌫0
cr

=
4⇡m3

e

c5⌫0

3eE2|B0 ⇥ n̂

0
los

| ⇡
1.6⇥ 10�10 ⌫0

9

E2|B0 ⇥ n̂

0
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| (27)

where ⌫0
cr

is the critical frequency at which the function,
F (x) peaks. The frequency, ⌫0, in the co-moving frame is
Doppler boosted to obtain the observed frequency, i.e., ⌫

9

=
D⌫0

9

where the frequencies are measured in GHz and E is the
electron energy in ergs. Similarly, the emissivity in observer
frame, j

⌫

is obtained by appropriate boosting, j
⌫

= D2j0
⌫

.
The Doppler factor is given by,

D(�, n̂
los

) =
1

�(1� � · n̂
los

)
(28)

where the unit vector, n̂
los

points in the direction of line of
sight in the observer frame of reference.

Further, the total emissivity due to synchrotron emis-
sion, J

sy

(⌫), in observer’s frame of reference for a collec-
tion of electrons with a particle distribution functionN (E, t)
within an energy range of E

i

to E
f

is given by,

J
sy

(⌫;E,B, n̂
los

) =

Z
E

f

E

i

D2j0
⌫

(E,B0, n̂0
los

)N (E, t)dE (29)

The primed quantities in co-moving frame can be expressed
in terms of quantities in observers frame using the standard
Lorentz transformation,

n̂

0
los

= D

n̂

los

+

✓
�2

�+ 1
� · n̂

los

� �

◆
�

�
(30)

B

0 =
1
�


B +

�2

�+ 1
(� ·B)�

�
(31)

Similarly, the linearly polarised intensity due to syn-
chrotron radiation, J

pol

(⌫), is given by (e.g., Eilek & Arendt
1996)

J
pol

(⌫;E,B, n̂
los

) =

Z
E

f

E

i

G(x)
F (x)

(D2j0
⌫

(E,B0)n̂0
los

)N (E, t)dE,

(32)
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Figure 1. Cartoon figure showing the di↵erent positions of the
particle and corresponding diagnostics

(viii) The power-law index, q for non-relativistic shocks
used in our model is that obtained from steady state theory
of DSA (Drury 1983),

q = q
NR

=
3r

r � 1
(22)

In case of relativistic shocks, power law index q is obtained
using analytical estimates from Keshet & Waxman (2005)
particularly under the assumption of isotropic di↵usion,

q =
3�

u

� 2�
u

�2

d

+ �3

d

�
u

� �
d

=
3r

r � 1
+

✓
1� 2r
r � 1

◆
�2

d

= q
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+
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r � 1

◆
�2

d

(23)

where �
u

and �
d

are the upstream and downstream velocities
in shock rest frame (NIF in our case). In our test-particle
framework, we assume isotropic di↵usion for values of ⇥

B

6
⇡/4 and use the spectral index from Eq. 23. While for more
oblique shocks we adopt the analytic estimate obtained by
(Takamoto & Kirk 2015) for perpendicular shocks,

q =
3r

r � 1
+

9
20

r + 1
r(r � 1)

⌘2�2

u

q = q
NR

+
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⌘2�2

u

(24)

3.1 Synchrotron Emission and Polarisation
Signatures

The main goal of developing the hybrid Euler-Lagrangian
module is to study non-thermal emission due to synchrotron
and IC process from high energetic particles in jets and out-
flows. The observable properties that can be estimated from

numerical simulations with the described hybrid formalism
are the intensity maps, polarization degree and Stokes pa-
rameters. In this section, we describe the method and for-
malism adopted for theoretical modeling of emitted radia-
tion.

Let us consider that each macro-particle particle is an
ensemble of large number of electrons with charge, e and
mass m

e

. The total synchrotron emissivity of such a single
electron, j0

⌫

in the local co-moving frame is given by (e.g.,
Longair 1994)

j0
⌫

(E,B0, n̂0
los

) =

p
3e3

m
e

c2
|B0 ⇥ n̂

0
los

|F (x) (25)

⇡ 23.44|B0 ⇥ n̂

0
los

|F (x) Jy cm2

where 1Jy = 10�23ergs s�1cm�2Hz�1, B0 is the magnetic
field measured in Gauss in the frame of radiating fluid which
in case of relativistic flows is moving with speed, � = v/c
with respect to the static observer, n̂0

los

is the unit vector
along the line of sight in the co-moving frame and the func-
tion F (x) is the usual Bessel function integral given by -

F (x) = x

Z 1

x

K
5/3

(z)dz (26)

where the variable x is

x =
⌫0

⌫0
cr

=
4⇡m3

e

c5⌫0

3eE2|B0 ⇥ n̂

0
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| ⇡
1.6⇥ 10�10 ⌫0

9

E2|B0 ⇥ n̂
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| (27)

where ⌫0
cr

is the critical frequency at which the function,
F (x) peaks. The frequency, ⌫0, in the co-moving frame is
Doppler boosted to obtain the observed frequency, i.e., ⌫

9

=
D⌫0

9

where the frequencies are measured in GHz and E is the
electron energy in ergs. Similarly, the emissivity in observer
frame, j

⌫

is obtained by appropriate boosting, j
⌫

= D2j0
⌫

.
The Doppler factor is given by,

D(�, n̂
los

) =
1

�(1� � · n̂
los

)
(28)

where the unit vector, n̂
los

points in the direction of line of
sight in the observer frame of reference.

Further, the total emissivity due to synchrotron emis-
sion, J

sy

(⌫), in observer’s frame of reference for a collec-
tion of electrons with a particle distribution functionN (E, t)
within an energy range of E

i

to E
f

is given by,

J
sy

(⌫;E,B, n̂
los

) =

Z
E

f

E

i

D2j0
⌫

(E,B0, n̂0
los

)N (E, t)dE (29)

The primed quantities in co-moving frame can be expressed
in terms of quantities in observers frame using the standard
Lorentz transformation,

n̂

0
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Similarly, the linearly polarised intensity due to syn-
chrotron radiation, J

pol

(⌫), is given by (e.g., Eilek & Arendt
1996)

J
pol

(⌫;E,B, n̂
los

) =

Z
E

f
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F (x)
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)N (E, t)dE,

(32)
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Figure 1. Cartoon figure showing the di↵erent positions of the
particle and corresponding diagnostics

(viii) The power-law index, q for non-relativistic shocks
used in our model is that obtained from steady state theory
of DSA (Drury 1983),

q = q
NR

=
3r

r � 1
(22)

In case of relativistic shocks, power law index q is obtained
using analytical estimates from Keshet & Waxman (2005)
particularly under the assumption of isotropic di↵usion,

q =
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where �
u

and �
d

are the upstream and downstream velocities
in shock rest frame (NIF in our case). In our test-particle
framework, we assume isotropic di↵usion for values of ⇥

B

6
⇡/4 and use the spectral index from Eq. 23. While for more
oblique shocks we adopt the analytic estimate obtained by
(Takamoto & Kirk 2015) for perpendicular shocks,
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3.1 Synchrotron Emission and Polarisation
Signatures

The main goal of developing the hybrid Euler-Lagrangian
module is to study non-thermal emission due to synchrotron
and IC process from high energetic particles in jets and out-
flows. The observable properties that can be estimated from

numerical simulations with the described hybrid formalism
are the intensity maps, polarization degree and Stokes pa-
rameters. In this section, we describe the method and for-
malism adopted for theoretical modeling of emitted radia-
tion.

Let us consider that each macro-particle particle is an
ensemble of large number of electrons with charge, e and
mass m

e

. The total synchrotron emissivity of such a single
electron, j0

⌫

in the local co-moving frame is given by (e.g.,
Longair 1994)

j0
⌫

(E,B0, n̂0
los

) =

p
3e3

m
e

c2
|B0 ⇥ n̂

0
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|F (x) (25)

⇡ 23.44|B0 ⇥ n̂

0
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|F (x) Jy cm2

where 1Jy = 10�23ergs s�1cm�2Hz�1, B0 is the magnetic
field measured in Gauss in the frame of radiating fluid which
in case of relativistic flows is moving with speed, � = v/c
with respect to the static observer, n̂0

los

is the unit vector
along the line of sight in the co-moving frame and the func-
tion F (x) is the usual Bessel function integral given by -

F (x) = x

Z 1

x

K
5/3

(z)dz (26)

where the variable x is

x =
⌫0

⌫0
cr

=
4⇡m3

e

c5⌫0

3eE2|B0 ⇥ n̂

0
los

| ⇡
1.6⇥ 10�10 ⌫0

9

E2|B0 ⇥ n̂

0
los

| (27)

where ⌫0
cr

is the critical frequency at which the function,
F (x) peaks. The frequency, ⌫0, in the co-moving frame is
Doppler boosted to obtain the observed frequency, i.e., ⌫

9

=
D⌫0

9

where the frequencies are measured in GHz and E is the
electron energy in ergs. Similarly, the emissivity in observer
frame, j

⌫

is obtained by appropriate boosting, j
⌫

= D2j0
⌫

.
The Doppler factor is given by,

D(�, n̂
los

) =
1

�(1� � · n̂
los

)
(28)

where the unit vector, n̂
los

points in the direction of line of
sight in the observer frame of reference.

Further, the total emissivity due to synchrotron emis-
sion, J

sy

(⌫), in observer’s frame of reference for a collec-
tion of electrons with a particle distribution functionN (E, t)
within an energy range of E

i

to E
f

is given by,

J
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(⌫;E,B, n̂
los

) =

Z
E

f

E

i

D2j0
⌫

(E,B0, n̂0
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)N (E, t)dE (29)

The primed quantities in co-moving frame can be expressed
in terms of quantities in observers frame using the standard
Lorentz transformation,
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Similarly, the linearly polarised intensity due to syn-
chrotron radiation, J

pol

(⌫), is given by (e.g., Eilek & Arendt
1996)

J
pol

(⌫;E,B, n̂
los

) =

Z
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f
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(32)
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⇧(⌫) = J
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/J
sy

=
m+ 1

m+ 7/3

and the polarisation degree

m = 3 ! ⇧ ⇠ 75%
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Figure 8. Synthetic Stokes parameters [ergscm�2s�1], I (left panels), Q (middle panel), and U (right panels) for di↵erent values of
Lorentz factor, � = 1 (top), 5 (middle) and 15 (bottom). The particle distribution is set to be a power law with a spectral slope, m = 3.
The images shown are for ✓

ob

= 10�.

wide range of modes. We perturb the y component of the
velocity using the anti-symmetric perturbation described by
Eq. 2b of the Bodo et al. (1995) paper. The amplitude of
the perturbation is chosen to be 1% of the initial bulk flow
velocity. The wavelength of the fundamental mode, k

0

is
set to correspond the longest wavelength along x axis (i.e.,
the size of numerical domain), thus, we have k

0

= 2⇡/D
implies k

0

= 0.2. These perturbations grow with time and
develop into shocks as they steepen due to Kelvin Helmoltz
instability. The shocks are typically oblique in nature and
are typically seen in AGN jets particularly when the bulk
jet flow interacts with its ambient.

In order to study the e↵ects of such shocks on the pro-
cess of particle acceleration via DSA, we introduce a uni-
form distribution of 1.6 ⇥ 104 macro-particles at the initial
time. Macro-particles are initialized with a very steep initial
power-law spectrum (m = 9) covering a wide spectral energy
range of 10 orders of magnitude from radio to X-ray bands.
These particles over time will experience radiative losses due
to presence of magnetic fields. In fact, this is what happens
during the early stages of evolution when the perturbation is
growing but is yet to steepen into shocks. As the shocks de-
velop they modify the spectral distribution of particles that
enter into it by injecting non-thermal particles as described
in Sec. 3. The obliquity of magnetic fields with respect to
shock normal is also accounted for in the estimate of post-
shock spectral distribution of the particle using Eqs. 23 and
24.

Using the instantaneous spectral distribution of each
macro-particle and local orientation of magnetic field with
respect to a chosen line of sight, ✓

los

(in the x � z plane),
we estimate the synchrotron emissivity and polarized emis-
sion coe�cient using Eqs. 29 and 32. The value obtained
for each macro-particle is then deposited onto the fluid grid
and is shown in the top panels of Fig 13 for three di↵erent

observed frequencies, ⌫
obs

= 150 MHz, 3GHz in the radio
bands and that corresponding to 3 keV X-ray band energy.
The normalized gaussian filtered emissivity shown as colors
for time ⌧ = 0.185 Myr is obtained assuming ✓

los

= 20�

with respect to the z-axis (pointing out of the plane). The
gray color in the background represents the fluid density
clearly showing formation of oblique shocks. We observe a
clear overlap of knots with high emissivity with regions that
experience shocks particularly for lower radio frequencies.
We also see an expected decreasing trend in emission associ-
ated with energy due e�cient synchrotron losses for higher
energy particles.

Additionally, the magnetic obliquity plays a crucial role
in determining the spectral index which further estimates
the lower and upper bounds of injected spectrum at shocks.
We demonstrate this fact by comparing our results with that
obtained by fixing the spectral index m = 2.23 of injected
particles at shock (see bottom panels of Fig. 13). This value
is typically flatter than what we obtain from our models es-
pecially at the edges. The magnetic fields at oblique shocks
typically become perpendicular to the jet flow therefore hav-
ing higher probability of quasi-perpendicular shock acceler-
ation. The fixed choice of spectral index neglects this de-
pendance on magnetic obliquity resulting in similar spectral
energy bounds for particles injected at shocks (slight di↵er-
ences may arise from the internal energies of the shock). This
fact clearly is responsible for over-estimating the emissivity
particularly for X-ray bands. The di↵erences are however
slightly reduced for lower frequencies in the radio bands.
Another interesting observational feature is the measure of
polarization degree. We have overlaid contours of ⇧ for radio
band ⌫ = 3GHz on the gray background of fluid density in
Fig. 14. The contour levels vary from 20% (black) to 70%
(red). Regions of high degree of polarization > 50% is seen
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Slab Jets and Shocks.
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Figure 13. Normalized spectral emissivity (in color), J
sync

(⌫) for di↵erent frequencies, ⌫
obs

= 150 MHz (left panels), 3 GHz (middle

panels) in radio bands and X-ray energy of 3 keV (right panels) for ✓
los

= 20� and at time ⌧ = 0.185 Myr. The fluid density is also
shown in gray. The results shown in the top panels are obtained takes into account the obliquity of magnetic fields with respect to shock
normal in its estimate of spectral power. While, the bottom panels are obtained assuming a constant value of m = 2.23.
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Gómez J. L., Mart́ı J. M., Marscher A. P., Ibáñez J. M., Alberdi
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on B field orientation
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Figure 13. Normalized spectral emissivity (in color), J
sync

(⌫) for di↵erent frequencies, ⌫
obs

= 150 MHz (left panels), 3 GHz (middle

panels) in radio bands and X-ray energy of 3 keV (right panels) for ✓
los

= 20� and at time ⌧ = 0.185 Myr. The fluid density is also
shown in gray. The results shown in the top panels are obtained takes into account the obliquity of magnetic fields with respect to shock
normal in its estimate of spectral power. While, the bottom panels are obtained assuming a constant value of m = 2.23.
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Summary
❖ Multi-scalar Nature of Astrophysical High Energy Sources —

❖ Observations (up-till now) can’t resolve regions close to the central source.

❖ Simulations (up-till now) can not consistently resolve the micro-physical scales.  

❖ Complex Interplay of Physics — Requires Numerical Simulations with sub-
grid physical modules 

❖ Developed a versatile Hybrid Particle Module for the PLUTO code.

❖ Applications to High Energy Astrophysical problems using 2D simulations 
are qualitatively consistent with observations.

❖ Orientation of Magnetic fields play a crucial role in determining the Emission 
and Polarisation. 

❖ Final goal : Apply these modules to build a Synthetic Observatory that may 
provide templates to up-coming telescopes using 3D simulations.
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