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Afterglow

• Observed from Radio to 
TeV 

• Lasting days after the 
prompt emission

GRB 130427A Panaitescu et. al. 2013



Open problem: the mystery of X-ray emission
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X-ray afterglow emission

Kumar et al. 2008

Signatures of magnetar central engines in SGRBs 1071

Figure 8. SGRB BAT–XRT rest-frame light curves fitted with the magnetar model. The light grey data points have been excluded from the fit. The dashed
line shows the power-law component and the dotted line shows the magnetar component.
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Figure 8 – continued
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Rowlinson et al. 2013
• Duration up to


• Abrupt or smooth decay


• Chromaticity with optical  

𝒪(104 s)



Other Features

jet models (Mészáros et al. 1998; Zhang &Mészáro 2002; Rossi
et al. 2002) that invoke an angular structure of both energy
and Lorentz factor, one needs to assume that the spectral index
! is also angle dependent in order to explain the spectral evo-
lution. Furthermore, in order to make the model work, one needs

to invoke a more-or-less on-axis viewing geometry. Nonethe-
less, this model makes a clear connection between the spec-
tral evolution and the light curve, so that f c "; tð Þ / t # tp

! "
/

#

!t þ 1%# 2þ!c tð Þ½ %"#!c tð Þ, where !c(t) is the observed spectral evo-
lution fitting with !c(t) ¼ aþ # log t. We test this model with

Fig. 2.—Same as Fig. 1, but for those tails with significant spectral evolution but without superposing strong flares (Group B). The solid lines show the results of our
proposed modeling.
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Figure 1. Left panel: LX vs. T ∗
a distribution for the sample of 101 GRB afterglows with the fitted correlation shown by the dashed line. The red points are the IC

bursts. Central panel: the same distribution divided into five equipopulated redshift bins shown by different colors—black for z < 0.89, magenta for 0.89 ! z ! 1.68,
blue for 1.68 < z ! 2.45, green for 2.45 < z ! 3.45, and red for z " 1.76. The solid lines show the fitted correlations. Right panel: the variation of the power-law
slope (and its error range) with the mean value of the redshift bins.
(A color version of this figure is available in the online journal.)

Table 1
Fitting Parameters

GRB z FX dFX βa dβa log T ∗
a d log Ta log LX d log LX Class

50315 1.949 1.16e−11 1.56e−12 1.47 1.23 3.97 0.09 47.49 0.56 Long
50318 1.44 1.0e−8 1.41e−9 0.93 0.18 1.62 0.59 50.09 0.62 Long
50401 2.9 5.41e−11 1.41e−11 0.87 0.23 3.19 0.04 48.58 0.12 Long
050416A 0.6535 2.82e−11 3.82e−12 1.16 0.32 2.86 0.09 46.70 0.11 Long
050505 4.27 4.93e−12 3.84e−12 1.09 0.04 3.67 0.09 48.02 0.34 Long
050525A 0.606 2.92e−9 6.81e−10 1.04 0.15 2.29 0.10 48.84 0.11 Long
050603 2.82 1.10e−12 6.64e−13 0.91 0.10 4.25 0.25 46.82 0.27 IC
50730 3.97 2.58e−11 1.55e−12 0.54 0.05 3.46 0.01 48.58 0.04 Long
50802 1.71 2.20e−11 1.49e−12 0.82 0.08 3.39 0.02 47.63 0.04 Long
050820A 2.612 6.28e−11 5.12e−12 0.91 0.10 3.40 0.03 48.53 0.06 Long
50824 0.83 5.37e−13 1.10e−13 0.95 0.14 4.91 0.15 45.24 0.10 Long
050904 6.29 5.79e−12 6.16e−13 0.61 0.02 3.15 0.40 48.09 0.46 Long
050922C 2.198 8.54e−12 2.29e−12 0.92 0.24 3.38 0.09 47.48 0.16 Long
051016B 0.9364 3.22e−12 5.60e−13 0.83 0.15 3.83 0.11 46.14 0.09 Long
051109A 2.35 2.51e−11 7.74e−12 0.93 0.02 3.40 0.11 48.01 0.13 Long
051221A 0.5465 7.91e−13 1.06e−13 0.95 0.18 4.47 0.07 44.96 0.08 IC
60108 2.03 1.69e−12 2.99e−13 1.00 0.24 3.80 0.09 47.17 0.14 Long
60115 3.53 3.51e−12 6.62e−13 0.96 0.21 3.06 0.11 47.59 0.14 Long
60124 2.297 4.02e−11 3.25e−12 0.97 0.14 3.75 0.03 48.20 0.07 Long
60206 4.05 5.69e−11 1.61e−11 1.29 0.59 3.12 0.08 48.95 0.35 Long
060210 3.91 4.84e−12 2.65e−12 1.05 0.04 3.77 0.22 47.90 0.24 Long
60218 0.0331 1.32e−12 5.34e−13 3.51 0.45 5.29 0.13 42.52 0.18 Long
060223A 4.41 1.14e−11 5.98e−12 1.02 0.12 1.99 0.22 48.37 0.24 Long
60418 1.49 1.47e−10 2.17e−11 1.04 0.22 2.68 0.07 48.30 0.11 Long
060502A 1.51 5.79e−12 5.86e−13 1.04 0.11 3.94 0.08 46.91 0.06 IC
060510B 4.9 3.51e−13 3.96e−14 1.57 0.12 3.78 0.48 47.39 0.5 Long
60512 2.1 1.60e−12 5.69e−13 1.08 0.28 3.31 0.21 46.75 0.20 Long
60522 5.11 1.88e−12 5.80e−13 1.14 0.28 3.17 0.14 47.70 0.21 Long
60526 3.21 4.21e−12 7.22e−13 0.95 0.11 3.27 0.10 47.57 0.09 Long
60604 2.68 2.31e−12 2.92e−13 1.08 0.10 3.87 0.06 47.13 0.07 Long
60605 3.8 6.48e−12 1.03e−13 1.03 0.11 3.32 0.05 47.94 0.09 Long
060607A 3.082 4.17e−12 5.29e−13 0.57 0.06 3.77 0.02 47.53 0.06 Long
60614 0.125 1.54e−12 2.05e−13 0.88 0.05 5.01 0.04 43.79 0.06 IC
60707 3.43 3.74e−12 1.40e−13 1.34 0.18 3.81 0.16 47.59 0.19 Long
60714 2.71 1.71e−11 1.52e−12 0.90 0.15 3.07 0.05 48.01 0.09 Long
60729 0.54 7.97e−12 2.58e−13 1.03 0.04 4.88 0.02 46.95 0.02 Long
60814 0.84 2.75e−11 2.92e−12 1.10 0.11 3.71 0.04 46.96 0.06 Long

Notes. The first column is the GRB identification number; the second, z, the redshift; the third, FX , the X-ray-observed flux; the fourth, dFX , the error on the
X-ray-observed flux; the fifth, βa , the spectral index; the sixth, dβa , the error on the spectral index; the seventh, log T ∗

a , the logarithm of the characteristic rest-frame
time; the eighth, d log Ta, the error on log Ta ; the ninth, log LX , the logarithm of the X-ray source luminosity at Ta; the tenth, d log LX , the error on log LX ; the last
column is the class, namely, indication of the GRB type, long or IC (intermediate class).

(This table is also available in a machine-readable form in the online journal.)

However, as mentioned above, since both LX and T ∗
a depend

on redshift (LX increasing and T ∗
a decreasing with z) and

the sample covers a broad redshift range, all or part of the
anti-correlation might be induced by these dependencies. It
is therefore important to determine the extent of this effect

and determine the true or intrinsic correlation. In addition, any
cosmological evolution in LX and/or T ∗

a will affect the degree
of the observed anti-correlation. Figure 1 (central panel) shows
the color-coded fitted lines. The distribution of the subsamples
presents different power-law slopes when we divide the whole

3
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Magnetar as GRB central engine

Ω



Magnetar as GRB central engine

Ω

Baryon Pollution ?

See e.g. Ciolfi 2020a



How is a GRB Jet?

Top Hat Jet Structured Jet

Core

Wings

Γ0

Γ0

Γ(θ)



Structured Jets Confirmed!

GRB 170817/GW 170817 afterglow

D’Avanzo et al. 2018, Dobie et al. 2018,  
Alexander et al. 2018, Troja et al. 2018 
….. 

Top-Hat Jet 
Off-axis (qualitative)
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Figure 1. De-beamed core plateaus: X-ray light-curves for a
structured jet with ↵ = 8, � � 1 (the latter is chosen to ensure
that material from the core dominates the plateau, as described
in §3.1) and di↵erent observation angles (from top to bottom:
�✓ = 0 � 0.03 in steps of 0.005). The X-rays are initially domi-
nated by high-latitude emission, and at later times by the forward
shock afterglow. Results are shown for an ISM medium (top) with
n = 1 cm�3 and a wind medium (bottom) with A⇤ = 0.1. We have
also taken here: Ekin, iso = 1054 erg, ✓ j = 0.1, �j = 400, ⌘� = 0.1,
✏e = 0.1, ✏B = 0.01, p = 2.2.

more details). Light-curves arising from this scenario for a
given set of physical parameters and changing values of �✓
are shown in figure 1.

Finally, the energy at the core of the jet can be related
to the observed �-ray energy. Assuming that the observed
�-rays are always dominated by material moving along the
line of sight (see §2), we have

E� =
⌘�

1 � ⌘�
Ek(✓v) =

⌘�

1 � ⌘�
Ej

✓
✓v
✓ j

◆�↵
. (10)

Writing ✓v = ✓ j + �✓ and using the relation between �✓ and
tp (equation 8) we plug the previous expression into equation
9 to obtain
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The term in the bracket is the leading order approximation

of 1 +
⇣
tp
tj

⌘ ✏
1+2✏

, where tj = td,los(✓ j )[✓ j�0(✓ j )]
1+2✏
✏ is approx-

imately the jet break time and tp/tj = (�✓/✓ j )
1+2✏
✏ . Writing

the equation in this way makes it clear that since �✓ < ✓ j ,
tp < tj . This means that the evolution immediately after the
plateau still follows the normal (pre jet break) decline phase
of GRB afterglows. For longer plateaus the two time-scales
start approaching each other leading to a shorter ‘normal
decline’ phase. In principle, a measurement of tp, tj from
observations of a given burst would lead to a direct estimate
of �✓/✓ j that is independent of any of the other physical
parameters. However, as the viewing angle becomes larger,
the jet break transition tends to become smoother, and so
in practice it may prove quite challenging to extract this
information from observations.

Equation 11 provides a relation between the three ob-
servable quantities E�, Lp, tp that is largely independent of
the energy and Lorentz factor structure beyond the core.
The correlation between Lp/E� and tp, as well as the correla-
tion between E� and Lp are depicted in figure 2 as compared
with observations. Note that the latter correlation does de-
pend on the structure beyond the core (or alternatively on
the decline of ⌘� beyond the core, see §2). It appears that
the observed correlations can be readily reproduced. We
stress that we do not attempt here any detailed fitting of
the model, as there are clearly some degeneracies between
some of the parameters which will hinder the usefulness of
such an approach. The purpose of this figure is simply to
demonstrate that correlations similar to the observed ones
can naturally be reproduced by this model with very rea-
sonable choices of the physical parameters.

We end this description by noting that this type of
plateau will exist even in (the idealized scenario) of purely
top hat jets (where there is no �-ray and afterglow produc-
tion by material beyond the core). In this case, the plateau
properties remain the same as discussed above, However,
in order for the �-rays to remain detectable, the observation
angle has to be somewhat closer to the core (i.e. �✓ . 5��1

j );

E� in equation 10 is then replaced by the R.H.S. (q�4) term
in equation 5.

3.2 Plateaus from material moving close to the

line of sight

In this case, the plateau is due to forward shock synchrotron
emission from material travelling close to the line of sight
that has not yet began decelerating significantly. If the burst
is taking place in a wind environment, this scenario too can

MNRAS 000, 1–10 (2019)
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Figure 3. Late deceleration plateaus: X-ray light-curves for a
structured jet with ↵ = 8, � = 3 and di↵erent observation angles
(from top to bottom: �✓ = 0 � 0.1 in steps of 0.02). The X-rays
are initially dominated by high-latitude emission, and at later
times by the forward shock afterglow. The plateau in this case is
produced by material moving close to the line of sight (and exists
for a wind medium only). Results are shown for Ekin, iso = 1054 erg,
✓ j = 0.1, �j = 100, A⇤ = 0.1, ⌘� = 0.1, ✏e = 0.1, ✏B = 0.01, p = 2.2.

parameters (and so long as ⌘� is independent of ✓) with
varying viewing angles, we use equations 12, 13, 10 to ob-

tain Lp / E
1� p

2 +
�(3p�2)

↵
� . Since 1 � p

2 ⇡ 0 and since the ob-
served relation can be approximately fit with an exponent
1 . X . 1.5 (where Lp / EX

� ) it is evident that if the
Lp � E� is to be dominated by the viewing angle e↵ect, then

↵ & 2
3 (3p � 2)� ⇡ 3� is needed in this model. At the same

time, equation 12 clearly demands that ↵ < 4� in order for
plateau durations to become more extended at larger view-
ing angles (which is needed to obtain the values of some
of the longer observed plateaus with realistic parameters).
Therefore, barring possible inter-correlations between other
burst parameters, some fine-tuning in this model is required
to reproduce the observed Lp � E� correlation from view-
ing angle e↵ects alone. Generally, a very steep structure is
required for the distribution of energy beyond the core.

The model as well as the observed correlations are de-
picted in figure 4. The Lp/E� � tp relation may be approxi-
mately reproduced, while, as mentioned above, the Lp � E�

correlation requires a rather steep energy structure beyond
the core as compared with the Lorentz factor structure,
which is in some tension with the requirement for producing
long lived plateaus in this scenario.

4 DISCUSSION

4.1 Relationship between plateau and prompt

properties

We begin this section by noting on a commonality between
the two types of plateaus explored in §3.1, 3.2, which will
indeed persist in any interpretation within which there is
a strong correlation between the �-ray energy and energy
used to power the plateau which is largely independent of

Figure 4. Late deceleration plateaus: correlation between Lp/E�

and tp (top) and between Lp and E� (bottom) as expected from
equations 12, 13, 14. Results are shown for ↵ = 8, � = 3, ✓ j = 0.1,
⌘� = 0.05 � 0.2, �0 = 100, Ekin, iso = 1053�54 erg, ✏e = 0.1, ✏B = 0.01,
p = 2.2, A⇤ = 0.1 � 1 for wind. The solid lines depict the median
choice of parameter, varying only the viewing angle and leaving all
other parameters fixed. Circles mark observed GRB data, adapted
from Tang et al. 2019.

the energy and Lorentz factor distributions beyond the jet
core. This commonality has to do with a specific relation-
ship between the three observable parameters: the (isotropic
equivalent) �-ray energy (E�) the duration of the plateau (tp)
and the luminosity at the end of the plateau (Lp). Let us as-
sume that E� / Ek where Ek is the kinetic energy used to
power the plateau. Under the usual Blandford-Mckee blast
wave evolution, Ek is tapped to radiation mainly through
the forward shock as the blast wave interacts with the sur-
rounding medium. For typical burst parameters (Nava et al.
2014; Santana et al. 2014; Granot & van der Horst 2014;
Zhang et al. 2015; Beniamini et al. 2016; Beniamini & van
der Horst 2017), the X-rays reside above ⌫c , ⌫m, where the
luminosity scales with the kinetic energy and the time as:

Lp / E (2+p)/4
k t(2�3p)/4

p / E (2+p)/4
� t(2�3p)/4

p . For p ⇡ 2, this

leads to Lp / E�t�1
p which is close to the observed relation.

Some small modifications to the relation above are expected
due to the e↵ects of, e.g., slight deviations from the linear

MNRAS 000, 1–10 (2019)

Beniamini+ 2019

Plateau originated by the forward shock (external 
dissipation) from a structured jet observed slightly off-axis  

Off-axis forward shock 
(Beniamini+ 2020)

Two possible mechanisms:


1) Off-axis emission from the core (initially 
beamed away) that becomes progressively 
visible while the jet decelerates. 


2) On-axis emission from portions of the jet 
that have not stat to decelerate yet (only for 
wind-like medium)

• Correlations reproduced

• Chromaticity explained assuming different 

position of the X-ray and optical bands with 
respect to the synchrotron frequencies


• Sharp drop not explained



Our Model



Steep Decay
The High Latitude Emission (HLE) Model

The steep decay is the tail (in X-ray) of the prompt emission. The energy is released instantaneously 
by a curved surface in highly relativistic motion.  The difference in the time of flight of photons from 
different regions of the emitting surface shapes the lightcurve 

The Recipe

The Main Ingredients

Kumar & Panaitescu 2000,  Ap. J., 541, 2, L51-L54

• Difference in time of flight of photons


• Relativistic motion

The Assumption

• Instantaneous emission


• Spherical emitting surface


• (Power law spectrum)



Steep Decay
The High Latitude Emission (HLE) Model

Kumar & Panaitescu 2000,  Ap. J., 541, 2, L51-L54
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Steep Decay
The High Latitude Emission (HLE) Model

Kumar & Panaitescu 2000,  Ap. J., 541, 2, L51-L54
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∝ ν−β t−(2+β)Fν = ∫S
Iν cos θobsdΩobs



Steep Decay + Plateau
The High Latitude Emission (HLE) Model

Oganesyan, SA et al. 2020 

The Assumptions

• Instantaneous emission


• Structured emitting surface


• Negligible opacity everywhere 


• Observer along the jet axis


• Same spectrum everywhere



High latitude emission- Structured Jet
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High latitude emission- Structured Jet
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High latitude emission- Structured Jet
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High latitude emission- Structured Jet

Fν(tobs) =
2π
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L
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0

β4
0c2 (S(ν′ ) ϵ(θ)
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Γ(θ) = 1 + (Γc − 1)exp[−
θ2

θ2
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R0 = 1015 cm
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Comparison with Data
Figure 5. from Structured Jets and X-Ray Plateaus in Gamma-Ray Burst Phenomena
null 2020 APJ 893 88 doi:10.3847/1538-4357/ab8221
http://dx.doi.org/10.3847/1538-4357/ab8221
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Forward Shock

Figure 7. from Structured Jets and X-Ray Plateaus in Gamma-Ray Burst Phenomena
null 2020 APJ 893 88 doi:10.3847/1538-4357/ab8221
http://dx.doi.org/10.3847/1538-4357/ab8221
© 2020. The American Astronomical Society. All rights reserved.

Figure 6. from Structured Jets and X-Ray Plateaus in Gamma-Ray Burst Phenomena
null 2020 APJ 893 88 doi:10.3847/1538-4357/ab8221
http://dx.doi.org/10.3847/1538-4357/ab8221
© 2020. The American Astronomical Society. All rights reserved. GRB 100906AGRB 061121

Conclusions
• The FS can contribute to the Plateau

• The HLE contributes (or domininates) the X-ray 

light curve, but the optical light curve is due to 
FS. This explains the chromaticity!

Oganesyan, SA, et al. 2020



Steep Decay + Plateau
The High Latitude Emission (HLE) Model

SA, Oganesyan et al. 2020 

Same Assumptions

• Structured emitting surface


• Same spectrum everywhere

Relaxed Assumptions

• Instantaneous and non-

instantaneous emission


• Structured opacity


• Arbitrary observer
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Summary

• We proposed a model based on High Latitude Emission effect that predicts a 
softening after the steep decay, occurring when the jet is structured 

• The X-ray flux is comparable to the forward shock emission (standard afterglow), 
while the forward shock dominates in optical. This explain the chromaticity

• This emission can be observed off-axis. Therefore, in the case of Short GRBs, it 
can constitute a promising electromagnetic counterpart of gravitational waves

• Correlations NOT tested. To explains difference in duration and luminosities, non-
universal jet structure is required


• Our model cannot easily explain an hardening of spectrum during plateau


• Our model cannot easily explain very long duration ( ) plateaus> 104 s

Open Problems



Thank you for your attention! 
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Figure 6. Volume renderings of the Bernoulli criterion (blue colormap) indicating unbound material and the disk contour
at ⇢ = 1010 g cm�3 (red) for models B0 (left), B15-nl (center left), model B15-low (center right), and B15-high (right). The
renderings depict the simulations at t� tmap = 15.1ms for B15-nl, at t� tmap = 19.4ms for B0 and B15-low, and at t� tmap =
20.9ms for B15-high. The di↵erent times are chosen to depict the simulations towards the end of steady-state operation of the
outflows which is at di↵erent times t � tmap due to the di↵erent collapse times (see Fig. 1). Additionally, we show magnetic
field lines for simulations B15-nl, B15-low, and B15-high in the lower quadrant of the renderings. The z-axis is the rotation axis
of the HMNS and we show the innermost 357 km. The colormap is chosen such that blue corresponds to material with lower
Lorentz factors �hut ' 1, while yellow corresponds to material with �hut ' 1.5, and red to material with �hut ' 2� 5. We
note that for rendering purposes we have excluded part of the unbound ejecta in the equatorial region.

4. DISCUSSION

We have carried out dynamical GRMHD simulations
of a magnetized hypermassive NS formed in a BNS
merger including a nuclear EOS and neutrino cooling
and heating. We have run simulations at three di↵erent
resolutions of up to h = 55m and reference simulations
with no magnetic field and no neutrino physics. The
highest-resolution simulation is designed to fully resolve
magnetoturbulence driven by the MRI. We have run all
the simulations to collapse to a BH.
We find an outflow that is consistent with a mag-

netized wind (Thompson et al. 2004) from the HMNS
that ejects neutron-rich material along the rotation
axis of the remnant with an outflow rate Ṁej ' 1 ⇥
10�1 M� s�1. This leads to a total ejecta mass of
3.5⇥10�3 M� for the binary configuration we have stud-
ied in this paper. We can also use the average outflow
rate calculated during quasi-steady state operation to
estimate the ejecta mass for binary configurations that
leave behind HMNSs that collapse at later times. For
longer-lived remnants the total ejecta mass can there-
fore be the dominant ejecta component when compared
to the dynamical ejecta 10�4 M� < Mej < 10�2 M� and
winds driven from a BH accretion disk.
The broad distribution in velocity space of the ejecta

with a significant fraction of material with velocities in
the range of 0.3c < v

r
< 0.5c sets it apart from the

dynamical ejecta v
r
< 0.3c and winds driven from an

accretion disk v
r
< 0.1c (Fahlman & Fernández 2018).

Thus magnetized winds, possibly in combination with
spiral-wave driven outflows (Nedora et al. 2019), can ex-
plain the blue component of the kilonova in GW170817,
as anticipated by Metzger et al. (2018). Taking into
account the outflow rates observed in the simulations,
results from other published numerical studies (Shibata
et al. 2017; Radice 2017; Nedora et al. 2019), and the
inferred overall mass ejected by the NSM in GW170817,
our results suggest a plausible scenario in which the
merger remnant collapsed to BH on a timescale of
O(100 ms). This is consistent with earlier interpreta-
tion of the event based on both the red and blue kilonova
observations (Margalit & Metzger 2017).
The magnetic field enables the launch of a jet in all

simulations with neutrino e↵ects. The emergence of this
jet is aided by neutrino cooling which reduces baryon
pollution in the polar region. We also find that MRI-
driven turbulence is e↵ective at amplifying the magnetic
field in the shear layer outside of the HMNS core to
1016 G and that this ultra-strong toroidal field can sig-
nificantly boost the Lorentz factor of the jet. In our
highest-resolution simulation the jet reaches a terminal
Lorentz factor of ' 5, is mildly relativistic, and the cor-
responding luminosity is ' 1051 erg s�1. The Lorentz
factor measured from our simulations is only a conser-
vative lower estimate as we did not include full neu-

Magnetar as GRB central engine
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Figure 1. Meridional view of rest-mass density (top) and �ut (bottom) at 102, 170, and 212ms after merger for model ‘B5e15’. Blue
(red) color in the bottom row corresponds to fluid elements that are unbound (bound) according to the geodesic criterion (see, e.g.,
Hotokezaka et al. 2013 for ut definition).
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Figure 2. Evolution of total magnetic energy for the two models
discussed in this work. Vertical line marks the time of merger.

though not conclusive, this result reinforced the idea that
jet formation might be very challenging without a BH.

In this Letter, we present new GRMHD simulations of
BNS mergers aimed at exploring the prospects of jet forma-
tion from long-lived NS remnants. Covering up to more than
250ms after merger, these simulations are to date the longest
of their kind. We show, for the first time in a full BNS merger
simulation, the formation of a magnetically-driven and col-
limated outflow in such a system, identifying the launching
mechanism and evaluating the associated energetics. The
BNS model at hand, consistent with the inferred properties
of the GW170817 system, o↵ers also an opportunity to di-
rectly test the long-lived NS central engine hypothesis by
assessing whether such an outflow could lead to a SGRB jet
compatible with GRB170817A. Our findings reveal a com-
bination of outflow energy, collimation, and Lorentz factor
for which producing a SGRB jet appears virtually impossi-
ble, thus pointing in favour of a BH origin for GRB170817A
and SGRBs in general. We discuss possible consequences
that would apply if the above indication is confirmed, as
well as caveats and limitations of our current investigation.

2 PHYSICAL MODEL AND NUMERICAL
SETUP

Our initial data reproduce a BNS system with the same chirp
mass as estimated for GW170817 (Abbott et al. 2019) and a

mass ratio of q' 0.9 (individual masses ' 1.44, 1.29 M�). As
equation of state (EOS) for NS matter, we adopt a piecewise-
polytropic approximation of the APR4 EOS (Akmal et al.
1998) as implemented in Endrizzi et al. (2016). This choice
leads to a merger remnant that does not collapse to a BH
within the simulation timespan. As in previous studies (e.g.,
Ciolfi et al. 2019 and refs. therein), the two NSs are endowed
with initial dipolar magnetic fields confined to their interior.
We perform two di↵erent simulations, which only di↵er for
the initial magnetic energy, namely Emag ' 4 ⇥ 1047 erg and

Emag' 1.6⇥1046 erg, corresponding to initial maximum field

strengths of 5 ⇥ 1015 G and 1015 G, respectively (models
‘B5e15’ and ‘B1e15’). As we discuss in more detail in the
next Section, these very high field strengths are chosen to
reproduce the magnetization levels expected after merger de-
spite the fact that magnetic field amplification mechanisms
are not fully resolved.

Numerical codes, methods, and setup are the same
adopted in Ciolfi et al. (2017, 2019), with the following ex-
ceptions. First, we extended the computational domain up
to ⇡ 3400 km along all axes. Then, we lowered by two or-
ders of magnitude the level of the artificial floor density
(⇢⇤ ' 6.3 ⇥ 104 g/cm3), which now corresponds to a mass
of ' 3.5 ⇥ 10�3 M� within a sphere of radius 3000 km. This
ensures that the artificial floor has only a minor impact on
the ejecta dynamics. Finally, we employ a resolution with
finest grid spacing of �x⇡250m.

3 EVOLUTION AND EMERGENCE OF
COLLIMATED OUTFLOW

Among the two models considered, only the one with higher
initial magnetic energy leads to the formation of a collimated
outflow (Fig. 1), while the other one does not show any sign
of it. The overall merger and post-merger dynamics appear
however rather similar up to ⇠100ms after merger.

The evolution of magnetic energy is shown in Fig. 2 for
both models. At merger, magnetic fields are amplified via the
Kelvin-Helmoltz (KH) instability (e.g., Kiuchi et al. 2015,

MNRAS 000, 1–6 (2020)
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When neutrinos are included they sweep 
away material around the axis, helping the 
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Magnetars can power GRBs!
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Off-Axis case
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Comparison with Forward-Shock
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The case of GW170817

SA, Oganesyan et al. 2020 



Adapted from Ghirlanda+2021
Grimm et al. (in prep.)

Prospect for Detection

ET

ET+ LIGO+ Virgo + KAGRA

Gravitational Wave

THESEUS - SXI

GRB 140903A placed at z=0.5 
0.5-10 keV lightcurves



Spectral Evolution

νobs Time

Sp
ec

tr
um

Sp
ec

tr
al

 In
de

x

Detector

νobs = D(θ) ν

ν−βs

−βs



Spectral Evolution

νobs Time

Sp
ec

tr
um

Sp
ec

tr
al

 In
de

x

Detector

νobs = D(θ) ν

ν−βs

−βs

ν−αs −αs



Spectral Evolution

νobs Time

Sp
ec

tr
um

Sp
ec

tr
al

 In
de

x

Detector

νobs = D(θ) ν

ν−βs

−βs

ν−αs −αs



Spectral Evolution

The Spectral Evolution follows the Doppler factor evolution. When 
the Doppler factor decreases the spectrum softens, when the 

Doppler factor increases the spectrum hardens.  
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Spectral Evolution - Data

jet models (Mészáros et al. 1998; Zhang &Mészáro 2002; Rossi
et al. 2002) that invoke an angular structure of both energy
and Lorentz factor, one needs to assume that the spectral index
! is also angle dependent in order to explain the spectral evo-
lution. Furthermore, in order to make the model work, one needs

to invoke a more-or-less on-axis viewing geometry. Nonethe-
less, this model makes a clear connection between the spec-
tral evolution and the light curve, so that f c "; tð Þ / t # tp

! "
/

#

!t þ 1%# 2þ!c tð Þ½ %"#!c tð Þ, where !c(t) is the observed spectral evo-
lution fitting with !c(t) ¼ aþ # log t. We test this model with

Fig. 2.—Same as Fig. 1, but for those tails with significant spectral evolution but without superposing strong flares (Group B). The solid lines show the results of our
proposed modeling.
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Fig. 2.— Optical and X-ray prompt (counterpart) and delayed (afterglow) emissions for GRB 061121, as measured
by Swift/XRT and UVOT telescopes (Page et al 2007), plus MDM data for the late optical afterglow, and the best-fit
obtained with the Large-Angle Emission model. This is a burst with a GRB tail and an afterglow plateau (type 1).
Upper panel: data and model fluxes. For the best-fit, the uniform Core parameter is Γcθc = 3.3 and the last pulse
has peak epoch to = 75 s and duration tγ − to = 10 s. The Core emission best-fit parameters are: spectral peak-energy

ε(C)
p = 10 keV, peak-flux F (C)

p = 20 mJy, both in the observer frame and for an emission boosted by the axis Doppler

factor D(θ = 0) = 2Γc, spectral slope below peak β(C)
o = 1/3 (for synchrotron emission from uncooled electrons),

above peak β(C)
x = −1.6. The power-law Envelope has a Lorentz factor with an angular dependence Γ ∼ θ−2.0 and

emission parameters ε(E)
p = 0.7(θ/θc)0.4 keV, F

(E)
p = 70(θ/θc)1.5 mJy (for the axial Doppler factor above), and spectral

slopes β(E)
o = 1/3 and β(E)

x = −0.93, thus the co-moving frame X-ray emissivity satisfies i′ν′ ∼ θ1.9. The optical and
X-ray light-curve plateaus are not simultaneous, which indicates that (at least) the optical plateau originates from
another mechanism. Lower panel: spectral slopes. 10 keV is always above the two peak-energies, 1 keV is crossed by
the Core’s peak-energy just before the plateau begins and is above the Envelope’s peak-energy at all times, while the
optical is always below any peak-energy. Thus, the 1-10 keV spectral slope measured at the end of the GRB tail sets

the Core’s high-energy slope β(C)
x , while that measured during the afterglow sets the Envelope’s high-energy slope β(E)

x .
The decrease of the Doppler factor during the GRB tail yields a decrease of the observer-frame spectrum peak-energy
by a factor (Γcθc)2 + 1 # 12 and a progressive softening of the 1-10 keV Core spectrum from the low-energy slope

β(C)
o = 1/3 at the pulse peak (when ε(C)

p = 10 keV) to the low-energy slope β(C)
x = −1.6 at the end of the GRB tail

(when ε(C)
p = 1 keV), consistent with the softening of the 1-10 keV spectrum measured by Swift/XRT.

Zhang et al. 2007
Panaitescu 2020
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Opacity

τ(θ) =
YeσT LK,ISO

4πmpc3Γ2(Γ − 1)(1 + β) [ 1
R

−
1

R + ΔR(1 + β)Γ2 ]

SA, Oganesyan et al. 2020 



Theseus SXI (0.3-6 keV)

FoV = 1 sr


Res < 1-2 arcmin

XGIS (2 keV- 20 MeV)

FoV = 1.5 sr


Res = 5 arcmin (2-30 keV)
IRT (0.7 − 1.8 μm)

Table 2: Number of NS-NS (BNS) mergers expected to be detected in the next years by second- (2020+) and third- (2030+) generation GW
detectors and the expected detection number of electromagnetic counterparts as short GRBs (collimated) and X-ray isotropic emitting counterparts
(see §3.1 and 3.2) with THESEUS SXI and XGIS (see text for more details). BNS rate is a realistic estimate from Abadie et al. 2010 and
Sathyaprakash et al. 2012 and the BNS range indicates the sky- and orbital inclination-averaged distance up to which GW detectors can detect a
BNS with S NR = 8.

GW observations THESEUS XGIS/SXI joint GW+EM observations

Epoch GW detector BNS range BNS rate XGIS/sGRB rate SXI/X-ray isotropic
(yr�1) (yr�1) counterpart rate (yr�1)

2020+ Second-generation (advanced LIGO, ⇠200 Mpc ⇠40⇤ ⇠5-15 ⇠1-3 (simultaneous)
Advanced Virgo, India-LIGO, KAGRA) ⇠6-12 (+follow-up)

2030+ Second + Third-generation ⇠15-20 Gpc >10000 ⇠15-35 &100
(e.g. ET, Cosmic Explorer)

⇤ from Abadie et al. 2010a

cessed by the baryon-polluted environment surrounding the merger site (mostly due to isotropic matter ejection in the
early post-merger phase), with time scales of minutes to days and luminosities in the range 1043–1048 erg s�1 (e.g.
Yu et al., 2013; Metzger and Piro, 2014; Siegel and Ciolfi, 2016a,b). In particular, in soft X-rays (at ⇠keV photon
energies) these transients can last from minutes to hours and, for the most optimistic models, reach luminosities as
high as 1048 erg s�1 (Siegel and Ciolfi, 2016a,b). According to alternative models, X-ray emission may also be gen-
erated via direct dissipation of magnetar winds (see, e.g., Zhang, 2013; Rezzolla and Kumar, 2015). Furthermore, the
high pressure of the magnetar wind can in some cases accelerate the expansion of previously ejected matter into the
interstellar medium up to relativistic velocities, causing a front shock which in turn produces synchrotron radiation in
the X-ray band (with a high beaming factor of ⇠0.8; see, e.g., Gao et al. 2013).

Figure 13 shows predictions for magnetar-powered X-ray emission following a NS-NS merger according to a
number of di↵erent models. Overall, typical time scales for these transients are comparable to magnetar spin-down
time scales of ⇠103–105 s and the predicted luminosities span a wide range that goes from 1041 to 1048 erg s�1.
Joint GW+EM detection rates with THESEUS/SXI are discussed below. These rates depend not only on the rate of
NS-NS mergers, but also on the (essentially unknown) fraction of mergers forming a long-lived NS remnant, which
is necessary to produce spindown-powered transients. The observation of this type of emission after a NS-NS merger
would indeed indicate that the remnant is long-lived, allowing for significant constraints on the equation of state of
the remnant itself (e.g. Piro et al., 2017; Drago and Pagliara, 2018).

In the case of GW170817/GRB170817A, no evidence for this type of emission was found in the soft X-ray
band. However, the first deep pointed observations at ⇠keV photon energies only started ⇠15 hours after merger
with Swift/XRT (Evans et al., 2017). Possible constraints could be provided by the MAXI (2-10 keV) observations
taken at 4.5 hours after the trigger, with a flux limit of ⇠ 10�8 erg cm�2 s�1. We note that for GW170817 the nature
of the remnant (BH vs. long-lived NS) was not established for this event, thus making it di�cult to put constraints on
theoretical expectations. For future observations, being able to catch the soft X-ray emission (or to firmly assess its
absence) within the relevant time scale after a GW trigger will require a monitoring (wide-field) instrument sensitive
to ⇠keV energies. THESEUS/SXI will perfectly respond to this need.

The expected detection rate of the isotropic X-ray emission from NS-NS mergers is quoted in Table 2. Taking into
account the sensitivity vs exposure time provided in Amati et al. 2017 the SXI will detect almost all X-ray transients
at < 200 Mpc, as shown in Figure 13. Starting from the realistic rate of NS-NS mergers that will be detected with GW
observatories in 2020-2030, we have accounted for: 1) the fraction of the sky covered by the SXI FoV, that is ⇠ 8%,
for serendipitous discoveries, and 2) the fraction of NS-NS systems that can produce X-ray emission (i.e. that do not
form immediately a BH), that we assumed to be within 30%-60% (Gao et al., 2013; Piro et al., 2017). Moreover, we
consider the fraction of BNS sources that could be followed-up with SXI after a GW alert, estimated to be of the order
of ⇠ 40%. From these computations, we find that during the 2020s the joint GW+EM detection rate with THESEUS
of these X-ray counterparts of NS-NS mergers is ⇠ 6-12 per year. Starting from around 2030, with the third-generation
GW detectors, isotropic X-ray emission from NS-NS mergers as predicted by some models (e.g. Siegel and Ciolfi,
2016b) could be detected up to ⇠ 10 times larger distances, with an improved joint GW+EM detection rate of few
hundreds per year (depending on the largely uncertain intrinsic luminosity of such X-ray component, see Table 2 and
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