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Simulating relativistic jets

1. relativistic hydrodynamics simulation
•finite-volumes
•method of lines
•shock-capturing
•approximate Riemann solver

2. non-thermal particle evolution
•phenomenological shock acceleration
•radiative and adiabatic loses
•semi-analytic electron-kinetic eq. solver
•spatial advection

3. radiative transfer
•time-dependent emission and absorption
•relativistic effects (beaming, Doppler)
•light-travel times
•synchrotron, inverse-Compton scattering



MRGENESIS

MRGENESIS (Aloy et al. ‘99 ApJS , Leismann et al. 
’05, A&A, Mimica et al. ‘07, ‘09 A&A)

• finite volume approach
• method of lines: separate semi-discretization 

of space and time
• time advance: TVD Runge-Kutta methods of 

2nd and 3rd order
• high-resolution shock-capturing scheme
• inter-cell reconstruction: PPM
• numerical fluxes: Marquina, HLLE, HLLC
• RMHD: constraint transport to conserve ∇B
• orthogonal coordinate systems: Cartesian, 

cylindrical, spherical
• MPI + OpenMP: scales up to 10K cores
• HDF5 library for parallel I/O



Non-thermal particles
• model: relativistic shocks accelerate 

electrons to high energies
• phenomenological source term:

electron-kinetic equation
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Synchrotron radiation
synchrotron emissivity: j(⌫) =

p
3e3

4⇡mec2
B

Z
d� n(�) R

✓
⌫

⌫0�2

◆

⌫0 =
3e

4⇡mec
B

R(x) =
1

2

Z ⇡

0
d↵ sin2 ↵ F

⇣
x

sin↵

⌘
F (x) = x

Z 1

x

d⇠ K5/3(⇠)

n(�) = n(�
min

)

✓
�

�
min

◆�q

; �
min

 �  �
max

j(⌫) =

p
3e3B

8⇡mec2
n(�

min

)�q
min

✓
⌫

⌫
0

◆
(1�q)/2

H

✓
⌫

⌫
0

�2

min

, q,
�
max

�
min

◆

H(x, q, ⌘) =

Z
x

x/⌘

2

d⇠ ⇠(q�3)/2 R(⇠)interpolation of the function:

• advantage: synchrotron computation cost reduced by a factor 50-100
• tradeoff: large interpolation table (2GB) needs to reside in RAM



Radiative transfer
• for a fixed observer time T, need to process 

the whole spacetime evolution to compute 
a single virtual image

• tightly coupled, highly non-local problem
• 5D problem:
• virtual detector image (x, y)
• observation time T
• observation frequency ν
• contributions along the line of sight s

dI⌫
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= j⌫ + ↵⌫I⌫

radiative transfer equation:
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SPectral EVolution code

S. Tabik et al. Computer Physics Communications 183 (2012) 1937

• SPEV (Mimica et al., Astrophysical J. 696 (2009) 1142) :
• non-thermal electron transport and evolution equations
• time- and frequency-dependent radiative transfer in a dynamically changing background
• parallelization: MPI (over detector pixels), OpenMP (over particles)

Mimica et al., Astrophysical J. 696 (2009) 1142
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Simulation building blocks

RMHD
(GRBs, blazars)

exact Riemann solver
(blazar, GRB internal shocks)

3D transport & evolution
(radio maps, off-axis light curves)

Spherical
(on-axis GRB 
blast wave)

Cylindrical
(blazar internal 

shocks)

Synchrotron (+ EC)
(radio maps, blazar X light curves, GRB 

afterglows, TDE radio transients)

Synchrotron self-Compton
(blazar radio-to-γ-ray light curves and spectra)

Depending on the application, select one from each row:

RHD
(AGN jets, TDE jets)

+

+



Swift J1644+57
•Swift J164449.31573451 (z = 0.354), initially identified as GRB110328A
•longevity of its afterglow points to a different explanation: a blazar-like jet 

fed by a tidal disruption of a solar-mass star
Zauderer et al. 2011 Mimica, Giannios & Aloy 2010

Metzger, Giannios & Mimica 2012
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RHD simulations of TDE jets
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Light curves and technical details
Technical details

•uniform spherical grid, 2D resolution 
54000 x 250 (12 million numerical cells)

• 1400 snapshots: dense linear coverage 
(600 snap.) until 1.6 yr; progressively 
increasing intervals (800 snap.) 1.6 - 15 yr

• dense coverage in time necessary to 
correctly compute the light curves

• total res.: 54000x250x1400 = 1.89 1010

• 3D estimate: 2 1012 points
• tens to hundreds of GB of shared RAM 

(machine LluisVives at UV, 114 cores)
• size of the intermediate files increases 

quadratically with number of snapshots!

C. Aloy, master’s thesis

• 106 non-thermal emitting regions (32 bins)
• enough space-time coverage is crucial for 

correct light curve computation
• extension of the duration of the light curve 

requires disproportionally more computation 
time and storage space!

Radio light curve



Light curves and technical details
Technical details

•uniform spherical grid, 2D resolution 
54000 x 250 (12 million numerical cells)

• 1400 snapshots: dense linear coverage 
(600 snap.) until 1.6 yr; progressively 
increasing intervals (800 snap.) 1.6 - 15 yr

• dense coverage in time necessary to 
correctly compute the light curves

• total res.: 54000x250x1400 = 1.89 1010

• 3D estimate: 2 1012 points
• tens to hundreds of GB of shared RAM 

(machine LluisVives at UV, 114 cores)
• size of the intermediate files increases 

quadratically with number of snapshots!

C. Aloy, master’s thesis

• 106 non-thermal emitting regions (32 bins)
• enough space-time coverage is crucial for 

correct light curve computation
• extension of the duration of the light curve 

requires disproportionally more computation 
time and storage space!

Radio light curve



Light curves and technical details
Technical details

•uniform spherical grid, 2D resolution 
54000 x 250 (12 million numerical cells)

• 1400 snapshots: dense linear coverage 
(600 snap.) until 1.6 yr; progressively 
increasing intervals (800 snap.) 1.6 - 15 yr

• dense coverage in time necessary to 
correctly compute the light curves

• total res.: 54000x250x1400 = 1.89 1010

• 3D estimate: 2 1012 points
• tens to hundreds of GB of shared RAM 

(machine LluisVives at UV, 114 cores)
• size of the intermediate files increases 

quadratically with number of snapshots!

C. Aloy, master’s thesis

• 106 non-thermal emitting regions (32 bins)
• enough space-time coverage is crucial for 

correct light curve computation
• extension of the duration of the light curve 

requires disproportionally more computation 
time and storage space!

Radio light curve



Light curves and technical details
Technical details

•uniform spherical grid, 2D resolution 
54000 x 250 (12 million numerical cells)

• 1400 snapshots: dense linear coverage 
(600 snap.) until 1.6 yr; progressively 
increasing intervals (800 snap.) 1.6 - 15 yr

• dense coverage in time necessary to 
correctly compute the light curves

• total res.: 54000x250x1400 = 1.89 1010

• 3D estimate: 2 1012 points
• tens to hundreds of GB of shared RAM 

(machine LluisVives at UV, 114 cores)
• size of the intermediate files increases 

quadratically with number of snapshots!

C. Aloy, master’s thesis

• 106 non-thermal emitting regions (32 bins)
• enough space-time coverage is crucial for 

correct light curve computation
• extension of the duration of the light curve 

requires disproportionally more computation 
time and storage space!

Radio light curve



1D versus 2D

on-axis obs.

off-axis obs.

• 1D - 2D comparison
• comparison with J1644+57

• radio maps, spectra
• light curves
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GRB 101225A (BB dominated GRB)

Properties:
• Its γ-ray emission was exceptionally 

long-lived  (T90 > 7000 s).
• It has no classical afterglow: the X-

ray emission following the GRB is 
best fitted with blackbody + 
power-law spectrum

the SED follows a power law owing to synchrotron emission created in
shocks when the jet hits the interstellar medium (see, for example,
ref. 2).
An optical spectrum taken two nights after the burst does not show

any spectral lines (see Supplementary Information).We fitted the SED
and light curve with the template of SN 1998bw, a type Ic supernova
associated with GRB 9804258, and obtained a redshift of z5 0.33 (see
Supplementary Information). At this distance, the supernova has an
absolute peak magnitude of onlyMV,abs5216.7mag, which makes it
the faintest supernova associated with a long GRB9,10. In contrast, the
c-ray isotropic-equivalent energy release at z5 0.33 is .1.43 1051

erg, typical of other long GRBs but more luminous than most other
low-redshift GRBs associated with supernovae11. We detect a possible
host galaxy in g9 and r9 bands with the OSIRIS instrument on GTC
(Gran Telescopio Canarias) at 6months after the burst with an abso-
lute magnitude of onlyMg,abs5213.7mag, ,2mag fainter than any
other GRB host12. Although its blue colour matches that of a star-
forming galaxy, our observations do not allow us to resolve it as an
extended source.

At z5 0.33, the X-ray black body has a radius of ,23 1011 cm
(,3 solar radii) and a temperature of ,1 keV (107K) at 0.07 d with
little temporal evolution. Such a thermal component, attributed to the
shock breakout from the star, has also been observed forXRF 06021813,
XRF 100316D/SN 2010dh14 and GRB 09061815, all nearby GRBs asso-
ciated with type Ic supernovae14,16,17,18, with similar temperatures but
larger radii. The UVOIR black body starts with a radius of 23 1014 cm
(,13 AU) and a temperature of 8.53 104K at similar times and evolves
considerably over the next 10 days, reaching a radius of 73 1014 cm
and temperature of 5,000K. The evolution of the two black-body
components suggests that they must stem from different processes
and regions (see Supplementary Information).
An appealing model is a helium star–neutron star merger with a

common envelope phase, a model that has been proposed earlier as a
possible progenitor for GRBs19–21. In this scenario, a binary system
consisting of two massive stars survives the collapse of the more
massive component to a neutron star. When the second star leaves
themain sequence and expands, it engulfs the neutron star, leading to a
common-envelope phase and the ejection of the hydrogen envelope
and part of the helium core as the remnant spirals into the centre of the
second star. When the neutron star reaches the centre, angular
momentum forms a disk around the remnant of the merger, allowing
for the formation of a GRB-like jet. This remnant might be a magnetar
whose prolonged activity can explain the very long duration of the
GRB.
The interaction of this ultra-relativistic, well-collimated jet with the

previously ejected common-envelope material can explain both the
X-ray andUVOIR emission components. Estimating that the in-spiral
takes 5 orbits or 1.5 yr and material is ejected at escape velocity, the
outer ejecta are at a distance of a few times 1014 cm at the time of the
merger, consistent with the radius of the UVOIR black body. We
assume that the ejecta form a broad torus with a narrow, low-density
funnel along the rotation axis of the system that permits the passage of
the c-radiation generated in the jet. Most of the jet hits the inner
boundary of the common-envelope ejecta and only a small fraction
of it propagates through the funnel. TheX-ray emission is produced by
shocks created by the interaction of the jet with the inner boundary of
the common-envelope shell. As the jet passes through the funnel, it
decelerates owing to the increased baryon load and shear with the
funnel walls so that a regular afterglow signature is suppressed.
When the now mildly relativistic, mass-loaded jet breaks out of the
common-envelope ejecta, it produces the UVOIR emission in the first
10 d. As the supernova shock expands beyond the common-envelope
shell, we observe a small bump in the light curve at,30 d. This helium
star/neutron star merger scenario naturally assumes the production of
a relatively small amount of radioactive nickel, leading to a weak
supernova (for a detailed description of the different processes, see
Supplementary Information).
A similar scenario might explain another, previously detected,

event, XRF 06021813, which showed a thermal component both in
X-rays and at optical wavelengths (see Supplementary Information),
albeit with a different progenitor system producing a brighter super-
nova and a fainter GRB. On the other hand, a class of GRBs exist that
show a thermal component in X-rays, but have a classical afterglow
with a power-law SED, such as GRB 09061815. Finally, SN 2008D, a
type Ib supernova in NGC 277022 showing X-ray emission, had an
early thermal component in the optical emission (see Supplementary
Information), attributed to the shock breakout and independent of the
supernova emission itself. GRB 101225A might hence be, together
with XRF 060218, a member of a newly defined class of ‘black-body-
dominated’, supernova-associated, long-duration GRBs, which arise
in very dense environments that are created by the progenitor systems
themselves; this dense environment thermalizes the high-energy output
fromthe collapsing star. Thenon-relativistic, uncollimated emission in
this scenario makes it difficult to detect such events at higher redshifts.
This makes GRB 101225A a fortunate case that allows us to derive
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Figure 2 | Light curves of GRB 101225A in X-ray and ultraviolet/optical/
infrared bands. a, X-ray light curve; b, light curves in ultraviolet to infrared
bands (colour coded by wavelength; see key). Filled circles, detections; large
symbols, our observations; small symbols, values from the literature; triangles,
upper limits; error bars, 1s. Solid lines are the combined light curve from the
black-body and the supernova component, excluding the contribution from the
host galaxy. Dashed lines and dotted lines show the evolution of the black-body
component and of the supernova, respectively. Observations started almost
simultaneously in X-rays and optical/ultraviolet wavelengths. The X-rays
reached a peak flux of 4.343 1029 erg cm22 s21. After an initial shallow decay
of slope t21.1086 0.011 up to 21 ks, the X-rays show a strong decay with a slope of
t25.956 0.20, inconsistent with synchrotron emission. The UVOIR light curves
have a shallow maximum at the beginning, with different peak times for the
individual bands due to the maximum of the black-body emission passing
through the spectrum. The second component emerging at around 10 days
post-burst is the contribution of an underlying supernova, modelled with the
GRB-SN 1998bw as a template, stretched in time by a factor of 1.25 and
decreased in luminosity by a factor of 12 (in restframe). The absolute
luminosity of the supernova is MV,abs5216.7mag, the faintest supernova
associated with a GRB. At,180days we detect the very faint host at
magnitudes of g95 27.366 0.27 and r95 26.906 0.14 orMg,abs5213.7
(0.001 L*, whereL* is the characteristic luminosity). c, Colour image of the field
of GRB 101225A observed at 40 days (indicated by a grey bar in b) with the
afterglow location marked by a box.
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Jet-shell interaction scenario
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Thermal and non-thermal emission
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Thermal and non-thermal emission

thermal
emission

non-thermal
emission

• thermal emission: bremsstrahlung
• opacity: modified Kramers
• non-thermal emission: synchrotron
• non-thermal absorption: SSA
• source located at 0.33 <= z <= 0.85
• source observed on-axis
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Summary
• MRGENESIS+SPEV:

• simulation framework applied to AGN, GRB and TDE jets
• modular and adaptable to computing at different scales

• future development:
• technical

• go beyond the shared-memory parallelism for particles
• improve I/O performance
• multidimensional shock front reconstruction

• modeling
• improve non-thermal particle model
• include polarization
• radiative transfer in GR


