
Controparti Elettromagnetiche di 
Coalescenza di Binarie Compatte 

Stefano Ascenzi



Image credits: I. Bartos & M. Kowalski

Merger Dynamics



Merger Dynamics



MERGER

Accretion  
Disk

Dynamical 
Ejecta

Hydro- 
Ejecta 

(NS-NS only)

Tidal- 
EjectaWind- 

Ejecta

Jet + Cocoon

Blue 
Kilonova 
(UV, Opt)

Red 
Kilonova 
(Opt, NIR)

Short Gamma-
Ray Burst Prompt 

(gamma-rays)

SGRB Afterglow 
(X-rays, Opt/NIR, 

Radio)



Magnetic-Field Amplification

Figure 1: Snapshots (left to right, top to bottom) of the coalescence of two magnetized neutron
stars, showing magnetic field strengths in the material at and below the orbital plane. Dimen-
sions in each panel are ∼ 140 km from left to right. The stars move gradually towards each
other and then merge in a “plunging phase” within about one orbital period (∼ 2 ms; first two
snapshots). This object sheds mass into spiral arms that are subsequently wrapped around the
central object (snapshots three to five) to form a hot torus (last snapshot). The magnetic field is
amplified in the shear instability between the stars and subsequently advected with the matter
to cover the surface of the central merger remnant.
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(Price & Rosswog 2006)

Figure 3: Close-up of the central regions at t=2.65 milliseconds. The colour coding shows
strength of the magnetic field whilst the arrows show the fluid velocity in the corotating frame
(that is, with the dominant orbital velocity component removed). The shear interface shown in
Figure 2 can be seen to have curled up into vortex rolls. In these vortices the field is strongly
amplified to strengths exceeding 1015G. High-field material that has passed through these vortex
rolls is subsequently spread across the surface of the central merger remnant (see first three
panels of Figure 1).
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Figure 4: Maximum magnetic field strength as a function of the number of fluid particles. All
three runs are identical apart from the numerical resolution. The maximum field strength of the
best resolved run, 2× 1015 G, is a strict lower limit on the magnetic field that can be reached in
a neutron star merger.
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(Price & Rosswog 2006)

region. The choice of parameters in Equation (3) is such that
those regions are excluded, since the turbulence there, which is
anyway smaller than in the central regions, is due to the
interaction with the artificial atmosphere.

In Figure 2, we show how the amplification changes with
resolution. We reran the same model with one higher resolution
( x 0.12 180 mD = » ) and two lower resolutions
( x 0.20 300 mD = » and x 0.24 360 mD = » ). In Figure 2,
we plot the evolution of the magnetic energy and, while the
lowest-resolution run (red dotted line) shows only a modest
increase due to just two orders of magnitude amplification in
the magnetic field, the other three resolutions show a much
larger increase. In particular, the two highest-resolution runs
produce the same magnetic energy (and the same magnetic
field values), indicating that saturation has been reached. We
note that this is the first time that such a saturation level is
reached in a BNS simulation. Previous GRMHD simulations
were not able to amplify the magnetic field more than ∼1 order
of magnitude at merger and only the Newtonian simulations by
Price & Rosswog (2006) showed large magnetic field
amplifications, but no saturation was reached and different
values were obtained for different resolutions.

5. LOCAL OR GLOBAL MAGNETIC FIELD
AMPLIFICATION?

In Figure 3, we plot the weighted average of the magnetic
field amplitude:
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with dV being the proper volume. The black solid lines
represent the evolution of Bmean when the subgrid model is

used, while the blue dashed line represents the “standard”
evolution. In both cases, we used our fiducial resolution
( x 0.15 220 mD = » ). First of all, while the maximum of the
magnetic field saturates to 10 G17~ when the subgrid model is
used, its mean value saturates to 10 G16~ . This is a clear
indication that during the evolution the strong magnetic field
generated in the turbulent regions expands and covers a large
portion of the HMNS formed after the merger. The magnetic
field amplification is therefore not killed during the merger but
survives and may considerably affect the post-merger evolution
(Giacomazzo et al. 2011). The blue dashed line represents
instead the mean value of the magnetic field when the subgrid
model is not used. In this case, the magnetic field grows only
by one order of magnitude, as seen in previous simulations
(Giacomazzo et al. 2009, 2011; Rezzolla et al. 2011; Kiuchi
et al. 2014). By properly taking into account the amplifications
due to the subgrid-scale turbulence, the magnetic field is
amplified by ∼4 orders of magnitude with respect to what can
be afforded by current resolutions. Indeed, we expect that even
without our subgrid model, one should be able to obtain such
large fields when employing sufficiently large resolutions in
order to reach saturation (which may not happen for

x 0.1 m2D ).

6. MAGNETIC ENERGY AND GAMMA-RAY
BURST ENGINE

In Figure 4, we plot the evolution of the magnetic energy
both when the subgrid model is used (solid black line) and
when it is not (dashed blue line). We also plot the turbulent
energy E wD , i.e., the integral of wD for the case in which the
subgrid model is used. During the merger, E wD grows by
several orders of magnitude and is followed by an increase in

Figure 2. Evolution of the total magnetic energy when the subgrid model is
implemented and for different resolutions: the solid black line refers to our
highest-resolution run with x 0.12 180 mD = » , the blue dashed line to

x 0.15 220 mD = » , the purple long dashed line to x 0.20 300 mD = » , and
the red dotted line to x 0.24 360 mD = » (all resolutions xD refer to the
resolution on the finest grid, i.e., the one covering the NSs). The vertical black
dashed line indicates the time of the merger of the two NS cores (which also
corresponds to the maximum amplitude of the gravitational wave signal), while
the external layers start merging a few ms before.

Figure 3. Evolution of the mean value of the magnetic field when the subgrid
model is implemented (black solid line) and when it is not (blue dashed line).
The vertical dashed line shows the time of merger (when the NS cores collide).
While in a “standard” simulation, i.e., a simulation where the subgrid model is
not implemented, the magnetic field grows by only ∼1 order of magnitude, in
the simulation implementing the subgrid model the magnetic field grows up to

10 G16~ and it saturates when reaching equipartition with the kinetic energy of
the fluid in the turbulent regions.
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Magnetic-Field Reorganization
7

FIG. 7. Evolution of the magnetic field structure for model IF q10 UU. Top left: inspiral phase, showing the magnetic field, as
well as the lower half of the NS surfaces. Top center: magnetic field 2 ms after merger together with the isodensity surface
for 5 ⇥ 1012 g/cm3, drawn as a semitransparent red surface. Top right: magnetic field structure 12 ms after merger. Bottom
left: magnetic field 22 ms after merger, together with two isosurfaces of density 108 (yellow) and 1010 g/cm3 (cyan), cut o↵
for y < 0. Bottom right: same at 35 ms after merger. The color of the field lines gives a rough indication of the field strength
(see colorbar), but for quantitative results compare figures 8, 10, and 15. The procedure for selecting which field lines to plot
is described in the appendix.

of the simulation.

B. Comparison with Rezzolla et al. 2011

As mentioned before, the specific choice of EOSs used
in this work has been made in order to favor comparisons
with previous work. In particular, our equal-mass model
employing the simplistic ideal-fluid EOS is the same as
the one studied in [19], the first work to claim the forma-
tion of a funnel-like structure in the magnetic field after
BH formation, a region of low-density matter where a jet
eventually producing a GRB may be launched.

In order to make a meaningful comparison between the
present work and Ref. [19], we first describe the di↵er-
ences in the numerical methodology of the simulations.
However, we did not investigate the influence of di↵er-
ent parameters one by one because it would have been
too expensive. Below we report what we believe are the
relevant changes.

First of all, in both works the vector potential is the

evolved variable for the magnetic field, in order to guar-
antee the divergence-free character of the magnetic field.
However, di↵erently from Ref. [19], we use the modified
Lorenz gauge [33, 34]. This avoids spurious amplifica-
tions of the magnetic field at the boundary between re-
finement levels, as was observed in the simulations of
Ref. [19].

The resolution of the simulation in Ref. [19] is the same
as our standard resolution, as is the number of refinement
levels. In the current work, we evolved the same model
also with higher and lower resolutions, as discussed in
Sec. IVH. The location of the outer boundary and the
size of the refinement levels are di↵erent from Ref. [19].
The finest refinement level after merger in this work only
extends to 30 km, compared to 44 km used in Ref. [19].
The outer boundary on the other hand was expanded to
1403 km, almost 4 times the extent used in Ref. [19].
We believe that this was an important improvement on
the previous work. The simulation described in Ref. [19]
had to be terminated when large spurious waves in the
magnetic field coming from the outer boundary had con-

(Kawamura + 2016)



Jet Launching Mechanism

stellar center the same as in the P case. In contrast to BHNS
systems, we find that interior-only initial B-fields also lead to
jet formation in NSNSs. Throughout this work, geometrized
units (G = c = 1) are adopted unless otherwise specified.

2. METHODS

We use the Illinois GRMHD code, which is built on the
Cactus6 infrastructure and uses the Carpet7 code for
adaptive mesh refinement. We use the AHFinderDirect
thorn (Thornburg 2004) to locate apparent horizons. This code
has been thoroughly tested and used in the past in different
scenarios involving magnetized compact binaries (see, e.g.,
Etienne et al. 2008, 2012b; Liu et al. 2008; Gold et al. 2014a,
2014b). For implementation details, see Etienne et al.
(2010, 2012a) and Farris et al. (2012).

In all simulations we use seven levels of refinement with two
sets of nested refinement boxes (one for each NS) differing in
size and resolution by factors of two. The finest box around
each NS has a half-side length of ~ R1.3 NS, where RNS is the
initial NS radius. For the I model, we run simulations at two
different resolutions: a “normal” resolution (model IN), in
which the finest refinement level has grid spacing 0.05
M = 227(MNS/1.625Me)m, and a “high” resolution (model
IH), in which the finest level has spacing 0.03 M = 152(MNS/
1.625Me) m. For the P model, we always use the high
resolution. These choices resolve the initial NS equatorial
diameter by ∼120 and ∼180 points, respectively. In terms of
grid points per NS diameter, our high resolution is close to the
medium resolution used in Kiuchi et al. (2014), which covered
the initial stellar diameters by ∼205 points. We set the outer
boundary at ( ):»M M M245 1088 1.625NS km and impose
reflection symmetry across the orbital plane.

The quasi-equilibrium NSNS initial data were generated
with the LORENE libraries.8 Specifically, we use the n= 1,
irrotational case listed in Taniguchi & Gourgoulhon (2002),
Table III, =M R 0.14 versus 0.14, row 3, for which the rest

mass of each NS is ( ):M k1.625 269.6 km2 1 2, with k the
polytropic constant. This same case was used in Rezzolla et al.
(2011). As in PRS we evolve the initial data up to the final two
orbits prior to merger ( =t tB), at which point each NS is seeded
with a dynamically unimportant B-field following one of two
prescriptions:
(1) The P case (Figure 1, upper left), for which we use a dipole

B-field corresponding to Equation (2) in Paschalidis et al. (2013).
We choose the parameters I0 and r0 such that the magnetic-to-
gas-pressure ratio at the stellar center is b =- 0.0031251 . The
resulting B-field strength at the NS pole measured by a normal
observer is ( )� :´B M M1.75 10 1.625pole

15
NS G. While this

B-field is astrophysically large, we choose it so that following
merger, the rms value of the field strength in the hypermassive
neutron star (HMNS) remnant is close to the values found in
recent very-high-resolution simulations (Kiuchi et al. 2015)
which showed that the Kelvin–Helmholtz instability (KHI)
during merger can boost the rms B-field to 1015.5 G with local
values reaching even 1017 G. Our choice of the B-field strength
thus provides an “existence proof” for jet launching following
NSNS mergers with the finite computational resources at our
disposal. To capture the evolution of the exterior B-field in this
case and simultaneously mimic force-free conditions that likely
characterize the exterior, we follow PRS and set a variable-
density atmosphere at t = tB such that the exterior plasma
parameter βext = 0.01. This variable-density prescription,
imposed at t = tB only, is expected to have no impact on the
outcome (cf. PRS). With our choice of βext, the amount of total
rest mass does not increase by more than ∼0.5%.
(2) The I case, which also uses a dipole field but confines it

to the interior. We generate the vector potential through
Equations (11), (12) in Etienne et al. (2012a), choosing Pcut to
be 1% of the maximum pressure, nb = 2, and Ab such that the
strength of the B-field at the stellar center coincides with that in
the P case. Unlike the P case, a variable-density atmosphere is
not necessary, so we use a standard constant-density atmo-
sphere with rest-mass density 10−10ρ0,max, where ρ0,max is the
initial maximum value of the rest-mass density.
In both the P and I cases, the magnetic dipole moments are

aligned with the orbital angular momentum. During the

Figure 1. Snapshots of the rest-mass density, normalized to its initial maximum value ρ0,max = 5.9 × 1014 ( ):
-M M1.625 g cmNS

2 3 (log scale) at selected times for
the P case. The arrows indicate plasma velocities, and the white lines show the B-field structure. The bottom middle and right panels highlight the system after an
incipient jet is launched. Here ( ):= ´ -M M M1.47 10 1.6252

NS ms = ( ):M M4.43 1.625NS km.

6 http://www.cactuscode.org
7 http://www.carpetcode.org
8 http://www.lorene.obspm.fr
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Scenario



• Promising EM counterpart of GW in optical and X-ray bands 
• They are isotropic 
• They are expected to peak within minutes to hours after the 

merger  
• Possible association with SGRB, FRB and  Kilonovae  
• They are the only EM transients which are smoking guns for 

the formation of a  long lived NS  

Why are they interesting? 



Original Contribution of the present work

 Final Goal
Obtain prediction for observable quantities: time of the peak, peak 

luminosity, spectral range.

New approach: first study of these kind of transients with RHD numerical 
simulations



Theoretical Framework

Baryon Ejecta:

Pulsar  
Wind:

⇢ej = ⇢0 exp(��
t

tdr
)
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<latexit sha1_base64="nXn0NnCkgSr6F4MMgYXrIOV/wqo=">AAACFHicjVA9SwNBEN2LXzF+nVrarAbBKlxUUAshaGMZwZhAEsLcZhKX7N0tu3NKOK72J/grbLWyElt7C/+Ll5hCRcFXPd57w8w8XytpyfPenNzU9MzsXH6+sLC4tLzirq5d2ig2AmsiUpFp+GBRyRBrJElhQxuEwFdY9wenI79+jcbKKLygocZ2AP1Q9qQAyqSOu6k7ib5J+TFv9QyIpIXaSpU5iQwpTZO9tOMWyyVvDP43KbIJqh33vdWNRBxgSEKBtc2yp6mdgCEpFKaFVmxRgxhAH5sZDSFA207Gr6R8O7ZAEddouFR8LOLXiQQCa4eBnyUDoCv70xuJv3nNmHqH7ewpHROGYrSIpMLxIiuMzDpC3pUGiWB0OXIZcgEGiNBIDkJkYpyVVvhfH7Xd0lHJO98vVk4mxeTZBttiO6zMDliFnbEqqzHBbtk9e2CPzp3z5Dw7L5/RnDOZWWff4Lx+ALwEn44=</latexit><latexit sha1_base64="nXn0NnCkgSr6F4MMgYXrIOV/wqo=">AAACFHicjVA9SwNBEN2LXzF+nVrarAbBKlxUUAshaGMZwZhAEsLcZhKX7N0tu3NKOK72J/grbLWyElt7C/+Ll5hCRcFXPd57w8w8XytpyfPenNzU9MzsXH6+sLC4tLzirq5d2ig2AmsiUpFp+GBRyRBrJElhQxuEwFdY9wenI79+jcbKKLygocZ2AP1Q9qQAyqSOu6k7ib5J+TFv9QyIpIXaSpU5iQwpTZO9tOMWyyVvDP43KbIJqh33vdWNRBxgSEKBtc2yp6mdgCEpFKaFVmxRgxhAH5sZDSFA207Gr6R8O7ZAEddouFR8LOLXiQQCa4eBnyUDoCv70xuJv3nNmHqH7ewpHROGYrSIpMLxIiuMzDpC3pUGiWB0OXIZcgEGiNBIDkJkYpyVVvhfH7Xd0lHJO98vVk4mxeTZBttiO6zMDliFnbEqqzHBbtk9e2CPzp3z5Dw7L5/RnDOZWWff4Lx+ALwEn44=</latexit><latexit sha1_base64="nXn0NnCkgSr6F4MMgYXrIOV/wqo=">AAACFHicjVA9SwNBEN2LXzF+nVrarAbBKlxUUAshaGMZwZhAEsLcZhKX7N0tu3NKOK72J/grbLWyElt7C/+Ll5hCRcFXPd57w8w8XytpyfPenNzU9MzsXH6+sLC4tLzirq5d2ig2AmsiUpFp+GBRyRBrJElhQxuEwFdY9wenI79+jcbKKLygocZ2AP1Q9qQAyqSOu6k7ib5J+TFv9QyIpIXaSpU5iQwpTZO9tOMWyyVvDP43KbIJqh33vdWNRBxgSEKBtc2yp6mdgCEpFKaFVmxRgxhAH5sZDSFA207Gr6R8O7ZAEddouFR8LOLXiQQCa4eBnyUDoCv70xuJv3nNmHqH7ewpHROGYrSIpMLxIiuMzDpC3pUGiWB0OXIZcgEGiNBIDkJkYpyVVvhfH7Xd0lHJO98vVk4mxeTZBttiO6zMDliFnbEqqzHBbtk9e2CPzp3z5Dw7L5/RnDOZWWff4Lx+ALwEn44=</latexit>

⇢pw =
RF ✏int

c2
<latexit sha1_base64="6J3GzaK9wrGEUpaGgTZTsgzOkDw=">AAACHXicjVDLSgNBEJz1GeMr6tHLYBBEJGxEUA+CKIhHFWOEbAy9k04yZHZ3mOlVwrL/4Cf4FV715Em8igf/xU3MQUXBOjVV1XRX+VpJS6775oyMjo1PTOam8tMzs3PzhYXFCxvFRmBFRCoylz5YVDLECklSeKkNQuArrPrdw75evUZjZRSeU09jPYB2KFtSAGVUo7DumU7USPRNyve41zIgkrMjb8NDbaXKDIkMKU0TcbWZNgrFcskdgP89FNkQJ43Cu9eMRBxgSEKBtbWyq6megCEpFKZ5L7aoQXShjbVsDCFAW08GmVK+GlugiGs0XCo+IPHrRgKBtb3Az5wBUMf+1Prkb1otptZOPYulY8JQ9A+RVDg4ZIWRWVnIm9IgEfQ/Ry5DLsAAERrJQYiMjLP28v/ro7JZ2i25p1vF/YNhMTm2zFbYGiuzbbbPjtkJqzDBbtk9e2CPzp3z5Dw7L5/WEWe4s8S+wXn9AFEkov0=</latexit><latexit sha1_base64="6J3GzaK9wrGEUpaGgTZTsgzOkDw=">AAACHXicjVDLSgNBEJz1GeMr6tHLYBBEJGxEUA+CKIhHFWOEbAy9k04yZHZ3mOlVwrL/4Cf4FV715Em8igf/xU3MQUXBOjVV1XRX+VpJS6775oyMjo1PTOam8tMzs3PzhYXFCxvFRmBFRCoylz5YVDLECklSeKkNQuArrPrdw75evUZjZRSeU09jPYB2KFtSAGVUo7DumU7USPRNyve41zIgkrMjb8NDbaXKDIkMKU0TcbWZNgrFcskdgP89FNkQJ43Cu9eMRBxgSEKBtbWyq6megCEpFKZ5L7aoQXShjbVsDCFAW08GmVK+GlugiGs0XCo+IPHrRgKBtb3Az5wBUMf+1Prkb1otptZOPYulY8JQ9A+RVDg4ZIWRWVnIm9IgEfQ/Ry5DLsAAERrJQYiMjLP28v/ro7JZ2i25p1vF/YNhMTm2zFbYGiuzbbbPjtkJqzDBbtk9e2CPzp3z5Dw7L5/WEWe4s8S+wXn9AFEkov0=</latexit><latexit sha1_base64="6J3GzaK9wrGEUpaGgTZTsgzOkDw=">AAACHXicjVDLSgNBEJz1GeMr6tHLYBBEJGxEUA+CKIhHFWOEbAy9k04yZHZ3mOlVwrL/4Cf4FV715Em8igf/xU3MQUXBOjVV1XRX+VpJS6775oyMjo1PTOam8tMzs3PzhYXFCxvFRmBFRCoylz5YVDLECklSeKkNQuArrPrdw75evUZjZRSeU09jPYB2KFtSAGVUo7DumU7USPRNyve41zIgkrMjb8NDbaXKDIkMKU0TcbWZNgrFcskdgP89FNkQJ43Cu9eMRBxgSEKBtbWyq6megCEpFKZ5L7aoQXShjbVsDCFAW08GmVK+GlugiGs0XCo+IPHrRgKBtb3Az5wBUMf+1Prkb1otptZOPYulY8JQ9A+RVDg4ZIWRWVnIm9IgEfQ/Ry5DLsAAERrJQYiMjLP28v/ro7JZ2i25p1vF/YNhMTm2zFbYGiuzbbbPjtkJqzDBbtk9e2CPzp3z5Dw7L5/WEWe4s8S+wXn9AFEkov0=</latexit>

✏int =
Lsd(t)

4⇡R2
NSvwind(1 +RF �)

<latexit sha1_base64="aqyiMzSEiZHCUPe6FRIXi3vdL4c="></latexit><latexit sha1_base64="aqyiMzSEiZHCUPe6FRIXi3vdL4c="></latexit><latexit sha1_base64="aqyiMzSEiZHCUPe6FRIXi3vdL4c="></latexit>

Lsd(t) =
(2⇡)4

4c3
B2R6

P 4

1

1 +
⇣

t�tpullIn

tsd

⌘2

<latexit sha1_base64="UvFoVaK4jdd4qZ/SxU32pvqpUYc="></latexit><latexit sha1_base64="UvFoVaK4jdd4qZ/SxU32pvqpUYc="></latexit><latexit sha1_base64="UvFoVaK4jdd4qZ/SxU32pvqpUYc="></latexit>

✓
<latexit sha1_base64="gmiyjNWJDp0uJQpilJHspSwDhjg=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCAroIGsog4SRSEkXryyY5cn7obo0UrPwDLVRUiJbPoeBfsI0LSJhqNLOrnR0vUtKQbX9aS8srq2vrpY3y5tb2zm5lb79pwlgLdEWoQt32wKCSAbokSWE70gi+p7DlTa4zv/WA2sgwuKNphD0fRoEcSgGUSs0ujZGgX6naNTsHXyROQaqsQKNf+eoOQhH7GJBQYEzHsSPqJaBJCoWzcjc2GIGYwAg7KQ3AR9NL8rQzfhwboJBHqLlUPBfx90YCvjFT30snfaCxmfcy8T+vE9PwopfIIIoJA5EdIqkwP2SElmkNyAdSIxFkyZHLgAvQQIRachAiFeO0l3LahzP//SJxT2uXNfv2rFq/KoopsUN2xE6Yw85Znd2wBnOZYPfsiT2zF+vRerXerPef0SWr2Dlgf2B9fAPB9JOA</latexit><latexit sha1_base64="gmiyjNWJDp0uJQpilJHspSwDhjg=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCAroIGsog4SRSEkXryyY5cn7obo0UrPwDLVRUiJbPoeBfsI0LSJhqNLOrnR0vUtKQbX9aS8srq2vrpY3y5tb2zm5lb79pwlgLdEWoQt32wKCSAbokSWE70gi+p7DlTa4zv/WA2sgwuKNphD0fRoEcSgGUSs0ujZGgX6naNTsHXyROQaqsQKNf+eoOQhH7GJBQYEzHsSPqJaBJCoWzcjc2GIGYwAg7KQ3AR9NL8rQzfhwboJBHqLlUPBfx90YCvjFT30snfaCxmfcy8T+vE9PwopfIIIoJA5EdIqkwP2SElmkNyAdSIxFkyZHLgAvQQIRachAiFeO0l3LahzP//SJxT2uXNfv2rFq/KoopsUN2xE6Yw85Znd2wBnOZYPfsiT2zF+vRerXerPef0SWr2Dlgf2B9fAPB9JOA</latexit><latexit sha1_base64="gmiyjNWJDp0uJQpilJHspSwDhjg=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCAroIGsog4SRSEkXryyY5cn7obo0UrPwDLVRUiJbPoeBfsI0LSJhqNLOrnR0vUtKQbX9aS8srq2vrpY3y5tb2zm5lb79pwlgLdEWoQt32wKCSAbokSWE70gi+p7DlTa4zv/WA2sgwuKNphD0fRoEcSgGUSs0ujZGgX6naNTsHXyROQaqsQKNf+eoOQhH7GJBQYEzHsSPqJaBJCoWzcjc2GIGYwAg7KQ3AR9NL8rQzfhwboJBHqLlUPBfx90YCvjFT30snfaCxmfcy8T+vE9PwopfIIIoJA5EdIqkwP2SElmkNyAdSIxFkyZHLgAvQQIRachAiFeO0l3LahzP//SJxT2uXNfv2rFq/KoopsUN2xE6Yw85Znd2wBnOZYPfsiT2zF+vRerXerPef0SWr2Dlgf2B9fAPB9JOA</latexit>

r
<latexit sha1_base64="wt1TNN+U0bbjjlvGq7dwnzzv1m8=">AAAB8nicbVC7TsNAEDyHVwivACXNiQiJKrIREtBF0FAmEiaREis6XzbhlPPZuttDiqx8AS1UVIiWH6LgX7CNC0iYajSzq52dMJHCoOt+OpWV1bX1jepmbWt7Z3evvn9wb2KrOfg8lrHuhcyAFAp8FCihl2hgUSihG05vcr/7CNqIWN3hLIEgYhMlxoIzzKSOHtYbbtMtQJeJV5IGKdEe1r8Go5jbCBRyyYzpe26CQco0Ci5hXhtYAwnjUzaBfkYVi8AEaRF0Tk+sYRjTBDQVkhYi/N5IWWTMLAqzyYjhg1n0cvE/r29xfBmkQiUWQfH8EAoJxSHDtcgaADoSGhBZnhyoUJQzzRBBC8o4z0SbVVLL+vAWv18m/lnzqul2zhut67KYKjkix+SUeOSCtMgtaROfcALkiTyTF8c6r86b8/4zWnHKnUPyB87HN+bskU4=</latexit><latexit sha1_base64="wt1TNN+U0bbjjlvGq7dwnzzv1m8=">AAAB8nicbVC7TsNAEDyHVwivACXNiQiJKrIREtBF0FAmEiaREis6XzbhlPPZuttDiqx8AS1UVIiWH6LgX7CNC0iYajSzq52dMJHCoOt+OpWV1bX1jepmbWt7Z3evvn9wb2KrOfg8lrHuhcyAFAp8FCihl2hgUSihG05vcr/7CNqIWN3hLIEgYhMlxoIzzKSOHtYbbtMtQJeJV5IGKdEe1r8Go5jbCBRyyYzpe26CQco0Ci5hXhtYAwnjUzaBfkYVi8AEaRF0Tk+sYRjTBDQVkhYi/N5IWWTMLAqzyYjhg1n0cvE/r29xfBmkQiUWQfH8EAoJxSHDtcgaADoSGhBZnhyoUJQzzRBBC8o4z0SbVVLL+vAWv18m/lnzqul2zhut67KYKjkix+SUeOSCtMgtaROfcALkiTyTF8c6r86b8/4zWnHKnUPyB87HN+bskU4=</latexit><latexit sha1_base64="wt1TNN+U0bbjjlvGq7dwnzzv1m8=">AAAB8nicbVC7TsNAEDyHVwivACXNiQiJKrIREtBF0FAmEiaREis6XzbhlPPZuttDiqx8AS1UVIiWH6LgX7CNC0iYajSzq52dMJHCoOt+OpWV1bX1jepmbWt7Z3evvn9wb2KrOfg8lrHuhcyAFAp8FCihl2hgUSihG05vcr/7CNqIWN3hLIEgYhMlxoIzzKSOHtYbbtMtQJeJV5IGKdEe1r8Go5jbCBRyyYzpe26CQco0Ci5hXhtYAwnjUzaBfkYVi8AEaRF0Tk+sYRjTBDQVkhYi/N5IWWTMLAqzyYjhg1n0cvE/r29xfBmkQiUWQfH8EAoJxSHDtcgaADoSGhBZnhyoUJQzzRBBC8o4z0SbVVLL+vAWv18m/lnzqul2zhut67KYKjkix+SUeOSCtMgtaROfcALkiTyTF8c6r86b8/4zWnHKnUPyB87HN+bskU4=</latexit>

Computational Domain



(Ascenzi & Ciolfi in prep.)



Photosphere

t = 0.67 sec t = 1.27 sec

⌧ =

Z 1

Rphot

⇢ dr ⌘ 2

3
<latexit sha1_base64="RHg6pl2yHGmHqNUSVlIfr45quYI="></latexit><latexit sha1_base64="RHg6pl2yHGmHqNUSVlIfr45quYI="></latexit><latexit sha1_base64="RHg6pl2yHGmHqNUSVlIfr45quYI="></latexit>



Observer Computing the observed  
Fluxes :

�l
<latexit sha1_base64="CiNkEiBuR5W+r6066IOSNx9lxXQ=">AAAB+XicjVBNS8NAFNzUr1q/qh69LBbBU0lFUG9FPXisYGyhDeVl+1qXbjZh90UosX/Cq548iVd/jQf/i0nsQUXBOQ0z83jDBLGSllz3zSnNzS8sLpWXKyura+sb1c2taxslRqAnIhWZTgAWldTokSSFndgghIHCdjA+y/32LRorI31Fkxj9EEZaDqUAyqRO7xwVAVf9aq1Rdwvwv0mNzdDqV997g0gkIWoSCqztNtyY/BQMSaFwWuklFmMQYxhhN6MaQrR+WvSd8r3EAkU8RsOl4oWIXy9SCK2dhEGWDIFu7E8vF3/zugkNj/1U6jgh1CJ/RFJh8cgKI7MhkA+kQSLImyOXmgswQIRGchAiE5Nsmcr/9vAO6id19/Kw1jydDVNmO2yX7bMGO2JNdsFazGOCKXbPHtijc+c8Oc/Oy2e05Mxuttk3OK8fqamT9w==</latexit><latexit sha1_base64="CiNkEiBuR5W+r6066IOSNx9lxXQ=">AAAB+XicjVBNS8NAFNzUr1q/qh69LBbBU0lFUG9FPXisYGyhDeVl+1qXbjZh90UosX/Cq548iVd/jQf/i0nsQUXBOQ0z83jDBLGSllz3zSnNzS8sLpWXKyura+sb1c2taxslRqAnIhWZTgAWldTokSSFndgghIHCdjA+y/32LRorI31Fkxj9EEZaDqUAyqRO7xwVAVf9aq1Rdwvwv0mNzdDqV997g0gkIWoSCqztNtyY/BQMSaFwWuklFmMQYxhhN6MaQrR+WvSd8r3EAkU8RsOl4oWIXy9SCK2dhEGWDIFu7E8vF3/zugkNj/1U6jgh1CJ/RFJh8cgKI7MhkA+kQSLImyOXmgswQIRGchAiE5Nsmcr/9vAO6id19/Kw1jydDVNmO2yX7bMGO2JNdsFazGOCKXbPHtijc+c8Oc/Oy2e05Mxuttk3OK8fqamT9w==</latexit><latexit sha1_base64="CiNkEiBuR5W+r6066IOSNx9lxXQ=">AAAB+XicjVBNS8NAFNzUr1q/qh69LBbBU0lFUG9FPXisYGyhDeVl+1qXbjZh90UosX/Cq548iVd/jQf/i0nsQUXBOQ0z83jDBLGSllz3zSnNzS8sLpWXKyura+sb1c2taxslRqAnIhWZTgAWldTokSSFndgghIHCdjA+y/32LRorI31Fkxj9EEZaDqUAyqRO7xwVAVf9aq1Rdwvwv0mNzdDqV997g0gkIWoSCqztNtyY/BQMSaFwWuklFmMQYxhhN6MaQrR+WvSd8r3EAkU8RsOl4oWIXy9SCK2dhEGWDIFu7E8vF3/zugkNj/1U6jgh1CJ/RFJh8cgKI7MhkA+kQSLImyOXmgswQIRGchAiE5Nsmcr/9vAO6id19/Kw1jydDVNmO2yX7bMGO2JNdsFazGOCKXbPHtijc+c8Oc/Oy2e05Mxuttk3OK8fqamT9w==</latexit>

�✓
<latexit sha1_base64="hQlj9lR+A7S/0CDJHh+yLjjJ4Zw=">AAAB/nicjVA9SwNBFNyLXzF+RS1tFoNgFS4iqF1QC8sIngnkjvBu85Is2ftw950QjhT+ClutrMTWv2Lhf/HuTKGi4FTDzDzeMH6spCHbfrNKc/MLi0vl5crK6tr6RnVz69pEiRboiEhFuuODQSVDdEiSwk6sEQJfYdsfn+V++xa1kVF4RZMYvQCGoRxIAZRJnnuOioC7NEKCXrXWqNsF+N+kxmZo9arvbj8SSYAhCQXGdBt2TF4KmqRQOK24icEYxBiG2M1oCAEaLy1KT/leYoAiHqPmUvFCxK8XKQTGTAI/SwZAI/PTy8XfvG5Cg2MvlWGcEIYif0RSYfHICC2zNZD3pUYiyJsjlyEXoIEIteQgRCYm2TyV/+3hHNRP6vblYa15OhumzHbYLttnDXbEmuyCtZjDBLth9+yBPVp31pP1bL18RkvW7GabfYP1+gGaSZYv</latexit><latexit sha1_base64="hQlj9lR+A7S/0CDJHh+yLjjJ4Zw=">AAAB/nicjVA9SwNBFNyLXzF+RS1tFoNgFS4iqF1QC8sIngnkjvBu85Is2ftw950QjhT+ClutrMTWv2Lhf/HuTKGi4FTDzDzeMH6spCHbfrNKc/MLi0vl5crK6tr6RnVz69pEiRboiEhFuuODQSVDdEiSwk6sEQJfYdsfn+V++xa1kVF4RZMYvQCGoRxIAZRJnnuOioC7NEKCXrXWqNsF+N+kxmZo9arvbj8SSYAhCQXGdBt2TF4KmqRQOK24icEYxBiG2M1oCAEaLy1KT/leYoAiHqPmUvFCxK8XKQTGTAI/SwZAI/PTy8XfvG5Cg2MvlWGcEIYif0RSYfHICC2zNZD3pUYiyJsjlyEXoIEIteQgRCYm2TyV/+3hHNRP6vblYa15OhumzHbYLttnDXbEmuyCtZjDBLth9+yBPVp31pP1bL18RkvW7GabfYP1+gGaSZYv</latexit><latexit sha1_base64="hQlj9lR+A7S/0CDJHh+yLjjJ4Zw=">AAAB/nicjVA9SwNBFNyLXzF+RS1tFoNgFS4iqF1QC8sIngnkjvBu85Is2ftw950QjhT+ClutrMTWv2Lhf/HuTKGi4FTDzDzeMH6spCHbfrNKc/MLi0vl5crK6tr6RnVz69pEiRboiEhFuuODQSVDdEiSwk6sEQJfYdsfn+V++xa1kVF4RZMYvQCGoRxIAZRJnnuOioC7NEKCXrXWqNsF+N+kxmZo9arvbj8SSYAhCQXGdBt2TF4KmqRQOK24icEYxBiG2M1oCAEaLy1KT/leYoAiHqPmUvFCxK8XKQTGTAI/SwZAI/PTy8XfvG5Cg2MvlWGcEIYif0RSYfHICC2zNZD3pUYiyJsjlyEXoIEIteQgRCYm2TyV/+3hHNRP6vblYa15OhumzHbYLttnDXbEmuyCtZjDBLth9+yBPVp31pP1bL18RkvW7GabfYP1+gGaSZYv</latexit>

n̂
<latexit sha1_base64="R13esnajy30LkKixE2Wll+dAj6U=">AAAB+HicjVA9SwNBFHznZ4xfUUubxSBYhYsIahe0sYxgTCAJ4d3mJVmyt3fsvhPCkR9hq5WV2PpvLPwv3sUUKgpONczM4w0TxFo59v03b2FxaXlltbBWXN/Y3Nou7ezeuiixkhoy0pFtBehIK0MNVqypFVvCMNDUDMaXud+8I+tUZG54ElM3xKFRAyWRM6nZGSGnZtorlasVfwbxNynDHPVe6b3Tj2QSkmGp0bl21Y+5m6JlJTVNi53EUYxyjENqZ9RgSK6bzupOxWHikCMRkxVKi5lIXy9SDJ2bhEGWDJFH7qeXi7957YQHZ91UmThhMjJ/xErT7JGTVmU7kOgrS8yYNyehjJBokZmsEihlJibZMMX/7dE4rpxX/OuTcu1iPkwB9uEAjqAKp1CDK6hDAySM4R4e4NFLvSfv2Xv5jC5485s9+Abv9QPJFpQa</latexit><latexit sha1_base64="R13esnajy30LkKixE2Wll+dAj6U=">AAAB+HicjVA9SwNBFHznZ4xfUUubxSBYhYsIahe0sYxgTCAJ4d3mJVmyt3fsvhPCkR9hq5WV2PpvLPwv3sUUKgpONczM4w0TxFo59v03b2FxaXlltbBWXN/Y3Nou7ezeuiixkhoy0pFtBehIK0MNVqypFVvCMNDUDMaXud+8I+tUZG54ElM3xKFRAyWRM6nZGSGnZtorlasVfwbxNynDHPVe6b3Tj2QSkmGp0bl21Y+5m6JlJTVNi53EUYxyjENqZ9RgSK6bzupOxWHikCMRkxVKi5lIXy9SDJ2bhEGWDJFH7qeXi7957YQHZ91UmThhMjJ/xErT7JGTVmU7kOgrS8yYNyehjJBokZmsEihlJibZMMX/7dE4rpxX/OuTcu1iPkwB9uEAjqAKp1CDK6hDAySM4R4e4NFLvSfv2Xv5jC5485s9+Abv9QPJFpQa</latexit><latexit sha1_base64="R13esnajy30LkKixE2Wll+dAj6U=">AAAB+HicjVA9SwNBFHznZ4xfUUubxSBYhYsIahe0sYxgTCAJ4d3mJVmyt3fsvhPCkR9hq5WV2PpvLPwv3sUUKgpONczM4w0TxFo59v03b2FxaXlltbBWXN/Y3Nou7ezeuiixkhoy0pFtBehIK0MNVqypFVvCMNDUDMaXud+8I+tUZG54ElM3xKFRAyWRM6nZGSGnZtorlasVfwbxNynDHPVe6b3Tj2QSkmGp0bl21Y+5m6JlJTVNi53EUYxyjENqZ9RgSK6bzupOxWHikCMRkxVKi5lIXy9SDJ2bhEGWDJFH7qeXi7957YQHZ91UmThhMjJ/xErT7JGTVmU7kOgrS8yYNyehjJBokZmsEihlJibZMMX/7dE4rpxX/OuTcu1iPkwB9uEAjqAKp1CDK6hDAySM4R4e4NFLvSfv2Xv5jC5485s9+Abv9QPJFpQa</latexit>

1. Calculate the effective 
area of the photosphere 
element at a given angle ✓
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Shadow zone

2. Exclude the Shadow 
zones 

3. Add Doppler effect and 
beaming
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4. Consider the different 
arrival time of photons 

Early arrival  
photons

Late arrival  
photons



Preliminary Results

Ascenzi, S. & Ciolfi, R. in prep.



Work in progress…

• Arbitrary observer (only for 
2D models)


• Multicolored light curves


• Increase the simulation max 
time
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Kilonovae

In Figure 19, we compare the detected flux to J-band light
curves for various ejecta models, and find the observed flux is
consistent with 1 1´ - -

: :M M M5 10 102
ej

1 . This mass is
higher than what is typically predicted for the dynamical ejecta
from a binary NS merger, suggesting that if the kilonova
interpretation is correct, the progenitor of GRB130603B was
perhaps an NSBH merger, or that the mass ejected was
significantly enhanced by post-merger disk winds.

Our mass estimate here is an improvement over earlier work
which neglected detailed thermalization, and gives substan-
tially different results. For example, Piran et al. (2014)
suggested ~ :M M0.02ej , less than half our new value.
However, we have not accounted for viewing angle effects.

If the ejected material is mainly confined to the equatorial
plane, the emission will be brighter when the system is viewed
face-on (Roberts et al. 2011), which would reduce the inferred
mass somewhat. In an oblate ejecta, thermalization will also be
more efficient, which could have a small impact on mass
measurements. Finally, we note that different nuclear mass
models predict different rates of radioactive heating and
differing f ttot ( ), which introduces additional uncertainties into
our mass estimate. Radiation transport simulations in three
dimensions with time-dependent thermalization models will
better constrain Mej.

6.4. Late-time Light Curve

Late-time kilonova light curves may probe the history of r-
process nucleosynthesis in CO mergers. At ∼2 days after
merger, fission ceases to be important, and a- and b-decay
dominate the kilonova’s energy supply. Energy from a-decay
is transferred entirely to fast a-particles, which thermalize

Figure 17. Synthetic bolometric light curves calculated with Sedona for three
different treatments of thermalization: full thermalization (blue curves);
Sedonaʼs original thermalization scheme, which deposits charged particle
energy but explicitly tracks the deposition of g -ray energy (lime curves); and
the time-dependent f ttot ( ) from our numerical simulations (red curves). Light
curves in the top and bottom panels adopt f ttot ( ) given by random fields and
the FRDM mass model. To illustrate the effect of uncertainties in f ttot ( ) on
light curves, we plot for our fiducial model (middle panel) Lbol for a range of
magnetic fields (thick red curve) and for the DZ31 mass model (red dashed
curve). Accounting for time-dependent thermalization efficiencies has a
significant impact on kilonova luminosity, particularly for models with lower
masses and higher velocities. For our fiducial model, the predicted luminosity
is lower by a factor of 12 at peak, and by 10 days is lower by an factor of 5.

Figure 18. Select broadband light curves for our fiducial ejecta model for two
treatments of thermalization: full f ttot ( ) (left panel), and the cruder treatment
employed in earlier kilonova calculations (right panel). The curves are dimmer
in the newer models, reflecting the reduction in thermalized energy, but
relationships between the light curves in the various bands is mostly
unchanged, so the kilonova colors are preserved.

Figure 19. Absolute (AB) J-band light curves for several ejecta models. As in
earlier figures, the width of the curves is produced by differences in f ttot ( ) due
to different magnetic field configurations. The excess IR flux (gold star)
suggests an ejected mass between ´ -5 10 2 and -

:M10 1 .
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=bE 0.5 MeV,0 , =aE 6 MeV,0 , and =E 125 MeVff,0 . For
g-rays, we take k = 0.1¯ cm2 g−1, which gives

»gt 1.4ineff, days.
As we will see in Section 5, the approximate analytic

expressions Equations (32) and (33) agree fairly well with our
numerical results.

5. NUMERICAL RESULTS

In this section, we present numerical calculations of
thermalization efficiencies as determined by modeling the
three-dimensional (3D) transport of g-rays, fission fragments,
and a- and b-particles in a magnetized expanding medium. Our
calculations used the time-evolving emission spectra intro-
duced in Section 2.5, accounted for the time-dependent
partition of radioactive energy among different decay products,
and incorporated the detailed, energy-dependent energy-loss
rates derived in Section 3. The flux tube approximation was
used to model charged particle transport, allowing us to explore
the sensitivity of our results to the architecture of the ejecta’s
magnetic field. Additional details of our transport method are
given in the Appendix.

5.1. Thermalization Efficiencies

Figure 10 presents the numerically calculated thermalization
efficiency, f (t), of all particles for the fiducial ejecta model
(Mej= ´ -

:M5 10 3 and vej= c0.2 .) Fission fragments ther-
malize most efficiently, having 2f t 0.5( ) out to ~t 15 days.
α- and b-particle thermalization is slightly lower, reaching

=f t 0.5( ) around a week post-merger, while f (t) for g-rays is
much lower, falling below 0.5 by ~t 1 day.

For massive particles, we show f (t) for radial (dotted lines),
toroidal (solid lines), and lightly tangled (l = 0.25; dashed
lines) magnetic field geometries. The magnetic field config-
uration affects thermalization in three ways.

1. Diffusion: Radial or lightly tangled fields allow particles
to diffuse outward into regions of lower density, and lead
to lower f (t).

2. Escape: Radial fields that allow charged particles to
escape before they have completely thermalized will
lower f (t). This is most important for b-particles, which
move faster than the ejecta.

3. Frame-to-frame effects: Particles in a homologous flow
lose energy, as measured in the co-moving frame (cmf),
as they move through the ejecta. These frame-to-frame
losses reduce the amount of kinetic energy a particle has
to thermalize, and therefore reduce f (t). Radial fields and
lightly tangled fields, which allow particles to move fairly
freely through the ejecta, facilitate frame-to-frame effects.
These losses are most important for a-particles and
fission fragments, which have velocities of the order of
vej, and thus have substantially different cmf energies in
different regions of the ejecta.

In light of the above, it is not surprising that toroidal fields
maximize f t ;( ) toroidal fields hold particles at one position in
velocity space, preventing diffusion, escape, and frame-to-
frame losses. Radial fields, in contrast, enhance all three of
these effects and hence minimize f (t). Thermalization in
random fields falls between these two extremes. This behavior
holds for all ejecta models studied.
While the trends shown in Figure 10—i.e., that

> » >a b gf t f t f t f tff ( ) ( ) ( ) ( )—are consistent across ejecta
models, the values of f (t) can vary significantly with Mej and
vej. Figure 11 illustrates the variance and clarifies the
dependence of f (t) on the ejecta parameters. For each point
(Mej, vej) in parameter space, and for each particle type, we plot
t50—the time at which f (t) drops to 50%. (Cases in which

= >f t 30 days 50%( ) are omitted from Figure 11.) To show
how sensitive thermalization is to magnetic fields, we include
results for radial (top panel) and toroidal (bottom panel) field
geometries.
The thermalization of all particles increases with Mej and

decreases with vej. The changes in efficiency are especially
dramatic for massive particles. For the heaviest ejecta mass
considered ( = ´ -

:M M5 10ej
2 ), massive particles thermalize

Figure 9. Analytic thermalization efficiencies calculated with Equations (32)
and (33). We use =t 10 day, and r = ´ -7.9 100

15 cm−3, corresponding to a
uniform density ejecta with the same mass and energy as our fiducial model.
For a’s, b ’s, and fission fragments we take =E 6, 1,0 and 125 MeV,
respectively.

Figure 10. Thermalization efficiencies f (t) for all particles in an ejecta with
= ´ -

:M M5 10ej
3 and =v c0.2ej (our fiducial model). Fission fragments

thermalize most efficiently, followed by a-particles, b-particles, and g -rays.
For charged particles, we plot f (t) for radial (dotted lines), toroidal (solid lines),
and moderately tangled (l = 0.25; dashed lines) magnetic fields. Toroidal
fields thermalize most efficiently, followed by random, then radial fields.
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Conclusion: Open Questions

1. Magnetic Field Amplification 

2. Jet Launching Mechanism 

3. Energy Dissipation within the Jet 

4. Thermalization of Energy in Kilonovae 

5. Any Spindown-powered Transient out 

there? 


