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and short GRB locations do not show any obvious anisotropy,
which is consistent with an isotropic distribution of GRB
arrival directions. The histograms of the logarithms of GBM-

triggered GRB durations (T50 and T90) are shown in Figure 4.
Using the conventional division between the short and long
GRB classes (T90�2 s andT90>2 s, respectively), we find

Figure 3. Sky distribution of GBM-triggered GRBs in celestial coordinates. Crosses indicate long GRBs (T90 > 2 s); asterisks indicate short GRBs.

Figure 4. T50 (left) and T90 (right) distributions. Lines show the best-fitting models.

Figure 5. Scatter plots of spectral hardness vs. duration are shown for the two duration measures T50 (left plot) and T90 (right plot). The estimated errors for both
quantities are not shown but can be quite large for the weak events. Nevertheless, the anti-correlation of spectral hardness with burst duration is evident.
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“short-hard” 
GRBs Long-soft 

GRBs

~2 sec

Gamma-ray bursts

distribution of Fermi  GRBs on the celestial sphere 
(4th Fermi GBM catalog, von Kienlin+ 2020)

• a burst of gamma-rays in the sky 
• duration > 2 sec → long-duration GRB  
• massive stars’ explosive death → relativistic jet 
• association with supernovae (SNe), in particular, 

SNe-Ic
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• a burst of gamma-rays in the sky 
• duration > 2 sec → long-duration GRB  
• massive stars’ explosive death → relativistic jet 
• association with supernovae (SNe), in particular, 

SNe-Ic

➡︎ Talks on Friday
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• nearby GRBs (< a few 100Mpc) are low-luminosity 
GRB 

• smaller Lγ,iso and Eγ,iso by 5-6 orders of 
magnitudes 

• outliers in Epeak-Eiso relation 
• more common than normal GRBs

(GRB060218-like) low-luminosity GRBs

GRB060218 
(SN 2006aj)

GRB171205A 
(SN 2017iuk)

Swift GRBs 
(N~390)

Swift BAT + XRT

Swift GRBs (N~390)

GRB171205A
GRB060218
GRB100316D

GRB100316D 
(SN 2010bh)

e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006), 
100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)
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(GRB060218-like) low-luminosity GRBs
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GRB171205A 
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 successful jet without CSM 
 failed jet with massive CSM 

low-luminosity GRBs are failed jets?

massive CSM/envelope 
             R~10-100Rsun?
jet

progenitor R~Rsun

jet progenitor 
  R~Rsun

stellar 
  cocoon

CSM 
  cocoon

(sub-)relativistic           
                ejecta

ultra-relativistic jet

Nakar (2015), see also Suzuki & Shigeyama (2013)

shocked jet

Afterglow

thermal emission

prompt γ-ray emission

γ,X-ray
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CSM = Circum-Stellar Materials
➡︎ Talks by K. Maeda and others on Wed.
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(GRB060218-like) low-luminosity GRBs
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X-ray transient missions: Now and Future

BAT/Swift WXT/EP ECLAIRs/
SVOM

Energy range 
[keV] 15-150 0.4-5 4 - 250

FoV 
[str] 1.4 0.35 2

Sensiviity    
[erg/cm2/s]

~10-8 

(for a GRB)
1.2x10-10 

(for 100s)
several  
10-8?

localization 
accuracy [‘] ~4 ~2-3 3-10

https://swift.gsfc.nasa.gov/about_swift/bat_desc.html
https://arxiv.org/abs/2209.09763
https://irfu.cea.fr/Projets/SVOM/svom.html

• Swift BAT(2004-) :can miss soft X-ray-dominated transients like llGRBs 

• Einstein Probe: launched in 2024/1 and now in the commissioning phase 

• SVOM (Space-based multi-band astronomical Variable Objects Monitor) mission: 
launched in 2024/6
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• cosmological GRBs had been promising ν sources 

• So far, IceCube found no association of ν events with (powerful) GRBs. 

• (powerful) GRBs contribute only up to 1% of diffuse ν flux at ~0.1-1 PeV? 

• unlike cosmological GRBs, llGRBs are dark in γ-ray, but more common

low-luminosity GRBs are UHECRs and ν source?

Abbasi+(2012,21,22), Aartsen+(2015,16,17)

Waxman&Bahcall(1997), Rachen&Meszaros(1998), Ahlers+(2011)

e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006), 100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)

Halzen&Kheirandish (2022), arXiv:2202.00694



 1. Jet formation 

 2. Jet deceleration 

• jet deceleration = energy dissipation 
• the jet energy goes into kinetic and thermal energies of expanding CSM 
• a small fraction of the thermal energy goes into CRs and ν 
• remaining part goes into thermal radiation

 4. Ejecta expansion 

 5. particle acceleration 

Ejet → Ekinetic, Einternal
ϵradEinternal ≃ Erad

ϵaccEinternal ≃ ECR + Eν

Ekinetic Ethermal

CR, ν obs.

GW, ν obs.

low-luminosity GRBs are failed jets?

EM obs.

but, not always (e.g, radiation condition,  
           Murase&Ioka 2013, Senno+2016)Egrav (or Erot) → Ejet, ESN, Eν, EGW
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ϵsbEinternal ≃ Eγ,X

EM obs.

 3. Shock breakout 
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EM obs.

 3. Shock breakout 
ϵsbEinternal ≃ Eγ,X

Egrav (or Erot) → Ejet, ESN, Eν, EGW
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EM obs.
our ongoing work

our ongoing work

 What is the property (M, E, composition, …) of the relativistic ejecta?  
 How the ejecta properties are dependent on CSM parameters?

 3. Shock breakout 
ϵsbEinternal ≃ Eγ,X

Egrav (or Erot) → Ejet, ESN, Eν, EGW



Jet simulations
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x,y

z>0

inner core Rin=109cm

thermal bomb 5x1051erg 
 + relativistic jet  5x1051erg

CSM/Extended envelop 
Mcsm: 0.1 - 10 Msun 
Rcsm: 40Rsun or 400Rsun

model Mcsm[Msun] Rcsm[Rsun]

M01R40 0.1 40

M03R40 0.3 40

M1R40 1.0 40

M3R40 3.0 40

M10R40 10 40

M01R400 0.1 400

M03R400 0.3 400

M1R400 1.0 400

M3R400 3.0 400

M10R400 10 400

see, AS & Maeda (2022) for more detail

ρcsm ∝ r−2

• 3D special relativistic hydrodynamic simulation in (x,y,z)  
• 14 Msun CO core (16TI; Woosley&Heger 2006) 
• chemical composition: hypernova-like (e.g., Iwamoto+ 

2000) 
• thermal bomb (5x1051 erg, Rin=109cm)  
• relativistic jet (5x1051erg per jet, tjet=20s, θjet=10 deg, 

Rin=109cm, Γ∞ ~100) 

GRB jet simulations: setups

14M◉ CO core



• a GRB jet-CSM collision in meridional slice (x-z plane) from t=1.0 to t=22.0 s

GRB jet simulations: jet dynamics

density

pressure

4-velocity

Ejet=5x1051erg 
Mcsm=1Msun 
Rcsm=400Rsun

star

jet

jet

recollimation shock

AS, Irwin, &Maeda (2024)
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• a GRB jet-CSM collision in meridional slice (x-z plane) from t=30 to t=200 s

GRB jet simulations: jet dynamics

density

pressure

4-velocity

Ejet=5x1051erg 
Mcsm=1Msun 
Rcsm=400Rsun

jet

jet

recollimation shock 18

AS, Irwin, &Maeda (2024)



• a GRB jet-CSM collision in meridional slice (x-z plane) from t=100 to t=3x103 s

GRB jet simulations: jet dynamics

density

pressure

4-velocity

Ejet=5x1051erg 
Mcsm=1Msun 
Rcsm=400Rsun

CSM

jet

jet

19

AS, Irwin, &Maeda (2024)



• a GRB jet-CSM collision in meridional slice (x-z plane) from t=2x103 to t=9x103 s

GRB jet simulations: jet dynamics

density

pressure

4-velocity

Ejet=5x1051erg 
Mcsm=1Msun 
Rcsm=400Rsun

CSM

20

AS, Irwin, &Maeda (2024)
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GRB jet simulations: CSM mass dependence

density

pressure

4-velocity

40Rsun models t= 50 s

• 40Rsun models: Mcsm=0.1-10Msun 

• massive CSMs decelerate the 
jet efficiently 

• massive CSMs collimate the jet 
• Mcsm=10Msun: non-relativistic jet 

head.

AS, Irwin, &Maeda (2024)
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40Rsun models t=100 s

• 40Rsun models: Mcsm=0.1-10Msun 

• massive CSMs decelerate the 
jet efficiently 

• massive CSMs collimate the jet 
• Mcsm=10Msun: non-relativistic jet 

head.

GRB jet simulations: CSM mass dependence

AS, Irwin, &Maeda (2024)
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40Rsun models t=150 s

• 40Rsun models: Mcsm=0.1-10Msun 

• massive CSMs decelerate the 
jet efficiently 

• massive CSMs collimate the jet 
• Mcsm=10Msun: non-relativistic jet 

head.

GRB jet simulations: CSM mass dependence

AS, Irwin, &Maeda (2024)
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40Rsun models t=200 s

• 40Rsun models: Mcsm=0.1-10Msun 

• massive CSMs decelerate the 
jet efficiently 

• massive CSMs collimate the jet 
• Mcsm=10Msun: non-relativistic jet 

head.

GRB jet simulations: CSM mass dependence

AS, Irwin, &Maeda (2024)
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40Rsun models t=500 s

• 40Rsun models: Mcsm=0.1-10Msun 

• massive CSMs decelerate the 
jet efficiently 

• massive CSMs collimate the jet 
• Mcsm=10Msun: non-relativistic jet 

head.

GRB jet simulations: CSM mass dependence

AS, Irwin, &Maeda (2024)
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Figure 5. Angle-averaged radial profiles for the models with ' = 40 '� (left) and 400 '� (right). The density, four-velocity, and pressure profiles are plotted
from top to bottom. The profiles in each panel are color-coded in terms of the CSM mass. In the top panels, a power-law density profile with an index of �5 is
plotted for comparison.

expand in a quasi-spherical way and start covering the CSM, which
constitute the outer freely expanding material beyond the dip. On the
other hand, the initial thermal bomb and a fraction of the jet energy,
which has been dissipated in the star and CSM, make the stellar mate-
rial accelerated. This constitutes the inner freely expanding material
within the dip. After an long enough time for relaxation, the injected
energy is shared by the whole ejecta and the entire velocity distribu-
tion follows A/C. [CMI: I don’t quite understand this point] [k1: I have
rephrased sentence here.][CMI: so basically, the materials located at
the ’dip’ did not have time yet to convert their internal energy into
kinetic energy?] The non-relativistic jets in the two models [k1: with
the largest CSM masses in this sequence - does it what you mean?]
take longer times to reach the outer CSM radius, which significantly
delays the completion of the energy redistribution and the freeze-out
of the density structure. Nevertheless, the outermost layers of each
model appear to follow a power-law profile with a slope similar to
d / A

�5. This indicates that the density profile for this high velocity
ejecta has already freezed out. For the models with 'csm = 400 '�
(right panels), the pressure and kinetic energy density in Figure 5 are
indeed comparable with each other around A = 2–3⇥ 1013 cm, while
the pressure is negligible compared with the kinetic energy density
at outer layers with A > 3 ⇥ 1013 cm. [k1: I have added the first line
in the above sentence - ok?] [CMI: ok]

2.2.4 Mass and energy spectra

As in the previous work, we calculate the mass, the kinetic energy, and
the internal energy distributions of the ejecta traveling at 4-velocities

faster than a threshold value �V,

" (�V) =
π
>�V

d�d+ , (6)

⇢kin (�V) =
π
>�V

d�(� � 1)d+ , (7)

and

⇢int (�V) =
π
>�V

✓
W

W � 1
�2 � 1

◆
?d+ . (8)

Here, the volume integration is carried out only for numerical cells
with the 4-velocity larger than �V. Figure 6 shows the mass and en-
ergy distributions for all the models. The distributions are compared
with the model without a massive CSM in Suzuki & Maeda (2022)
(black dashed lines).

As is pointed out by Suzuki & Maeda (2022), the mass distributions
show a flat non-relativistic part and a relativistic power-law part with a
high-velocity cuto�. These two segments are connected around �V '
0.1. In contrast to the no CSM model extending to the maximum 4-
velocity of �V ⇠ 100, the models in this work show progressively
lower maximum 4-velocities for larger CSM masses.

Despite the clear di�erence in the velocity cut-o�s, the mass and
energy distributions in the non- and mildly relativistic regimes are
similar to each other. The ejecta mass with the velocity exceeding
0.12 is more or less 0.1 "� for di�erent CSM masses. The corre-
sponding kinetic energies are of the order of ' 1051 erg. In Figure
7, we plot the mass and the kinetic energy of the ejecta with the
4-velocity faster than 0.12 as a function of the CSM mass. The mass
" (�V > 0.1) only slightly increases as a function of the CSM mass
for "csm = 0.1 "�–1 "� and then stays constant ('csm = 40 '�)

MNRAS 000, 1–18 (2023)
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MNRAS 000, 1–18 (2023)

GRB jet simulations: radial profiles

• angle-averaged profiles of density, 4-
velocity, pressure, and kinetic energy 
density 

• almost free expansion (v=r/t) 
• density structure is remarkably universal 
• power-law function of radial velocity with 

index -5: ρ ∝ v−5 ∝ r−5

26

AS, Irwin, &Maeda (2024)



GRB jet simulations: CSM mass dependence GRB jet in CSM 11

Figure 7. CSM dependence on the ejecta accelerated to 4-velocities faster
than 0.12. The mass and the kinetic energy of the ejecta are plotted as a
function of the assumed CSM mass in upper and lower panels, respectively.
In each panel, we present results for di�erent CSM radii (blue circle; 40 '�
and orange square; 400 '�). We also plot the model without massive CSM
from Suzuki & Maeda (2022).

3 OBSERVATIONAL SIGNATURES OF JET-CSM
INTERACTION

In this section, we discuss the properties of the relativistic ejecta from
jet-CSM interaction in the viewpoint of expected electromagnetic
wave signals. Our hydrodynamic simulations suggest that ' 0.05–
0.12"� of materials are typically accelerated to sub-relativistic
speeds (�V > 0.1) and then ejected with the kinetic energies of
' 1–5 ⇥ 1051 erg. Our simulation results suggest that in the pa-
rameter range we explore, the mass and kinetic energy of the fast
ejecta are not sensitive to the CSM mass and radius (Figure 7), but
are probably dependent on the jet properties. The power-law density
profile, d / E

�5, is likely independent of the jet and CSM proper-
ties. This profile could be widely applied to jet-powered transients,
while the density normalization and thus the total mass and energy
would depend on the jet property. These findings motivate us to
construct emission models assuming a fixed density and velocity
profiles, but with adjustable normalization constants. As we have
discussed in Suzuki & Maeda (2022) and Maeda et al. (2023), this
ejecta component commonly manifests itself in some fast-evolving
and/or energetic astronomical transients likely involving relativistic
jets.

3.1 Thermal emission from cooling ejecta

Thermal photons emitted from the photosphere are expected to be
a dominant process giving rise to early bright emission. In the fol-
lowing, we consider the ejecta as spherical and freely expanding gas
for simplicity. As the ejecta expands, radial layers become dilute and
transparent to thermal photons one after another. This receding pho-
tosphere eventually releases the thermal photons kept in each radial
layer. The released thermal photons almost freely travel into the inter-

Figure 8. Schematic representation of 5 evolutionary stages of a GRB jet
propagating in a massive CSM. [CMI: I’m not sure we need to include the
stellar cocoon in the figure]

stellar space and seen as early photospheric emission. The following
consideration does not include additional heat sources, such as 56Ni
and 56Co decay. Therefore, our model is applicable only in the initial
phase up to a few days.

The brightness of the photospheric emission is determined as a re-
sult of the competition between the timescales of the photosphere re-
cession and adiabatic cooling; the emission becomes luminous (dim)
and short-lived (long-lived) when the ejecta becomes transparent
earlier (later) before losing the thermal energy due to the expansion.
Thus, the dynamical evolution and the opacity in the ejecta deter-
mine the brightness of the thermal emission. The thermal emission
from cooling ejecta has been observed in some historical SNe in their
infant stages and thus theoretical models have also been investigated
extensively (e.g., Falk & Arnett 1977; Ensman & Burrows 1992;
Nakar & Sari 2010). In this work, we present a model specialized for
our high-velocity, power-law ejecta (see also, Suzuki et al. 2019).

We describe the details of the light curve model in Appendix
A. We consider freely expanding spherical ejecta with a power-law
density profile, Equation A1. The ejecta extends from the minimum
velocity Vmin to the maximum velocity Vmax, which are fixed to be
(Vmin, Vmax) = (0.1, 0.7) in the following. The radiation energy dis-
tribution is also assumed to be a power-law function, Equation A5. In
the cocoon breakout, a part of the CSM close to the jet axis is swept
by the forward shock earlier and then accelerated to higher velocities,
forming the outermost layer of the ejecta in the free-expansion stage.

MNRAS 000, 1–18 (2023)

• a fraction of CSM is swept by the shock 
driven by the jet 

• mass and energy of ejecta accelerated 
beyond v=0.1c:   

• weak dependence on the CSM properties 
(Mcsm and Rcsm)

- M(v>0.1c) ~ (0.05-0.12)Msun  
- Ekin(v>0.1c) ~ (1-5)x1051erg

27
AS, Irwin, &Maeda (2024)



EM emission modelings
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 1. Jet formation 

 2. Jet deceleration 

• jet deceleration = energy dissipation 
• the jet energy goes into kinetic and thermal energies of expanding CSM 
• a small fraction of the thermal energy goes into CRs and ν 
• remaining part goes into thermal radiation

 4. Ejecta expansion 

 5. particle acceleration 

Ejet → Ekinetic, Einternal
ϵradEinternal ≃ Erad

ϵaccEinternal ≃ ECR + Eν

Ekinetic Ethermal

CR, ν obs.

GW, ν obs.

EM emission from mildly relativistic ejecta

EM obs.

but, not always (e.g, radiation condition,  
           Murase&Ioka 2013, Senno+2016)Egrav (or Erot) → Ejet, ESN, Eν, EGW

29

ϵsbEinternal ≃ Eγ,X

EM obs.

 3. Shock breakout 
 relativistic ejecta  
with Mrel, Erel, Eint at R0
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Table 1. Model parameters for SNe
SN names SN 2006aj SN 2017iuk SN 2020bvc

Mej[M�] 2.5 8.0 8.0

Esn[1051 erg] 10.0 10.0 8.0

MNi[M�] 0.38 0.30 0.30

simplicity, we identify the photosphere calculate the radi-

ation temperature The radial velocity vph of the gas at the

photosphere is also recorded.

3 Results

In this section, we present the results of our simulations.

We first focus on the ejecta evolution (Sec. 3.1) and the

multi-band light curves (Sec. 3.2). Then, we compare our

results with observed SNe ( Sec. 3.3). The free parameters

to fit individual SNe (ejecta mass Mej, the kinetic energy

Esn, and the nickel mass MNi) are summarized in Table 1.

We note, however, that precisely reproducing the multi-

band light curves of these SNe in the literature is not our

purpose here and thus these parameters are not fine-tuned

for individual objects.

3.1 Ejecta evolution

Figure 1 shows the temporal evolution of physical variables

in an example model. The model parameters are assumed

as follows; . Initially, the outer radius of the relativistic

ejecta is located at r = 200R� ' 1.4⇥ 1013 cm. Due to

the assumption of the kinetic energy dominating over the

total energy of the ejecta, the density and velocity pro-

files almost keep their initial shapes according with the

expansion. In the outermost layer, the density profile de-

velops a spike, corresponding to the shocked ejecta and

ambient gas. According to the shock expansion, the max-

imum velocity slightly decreases with time. The radiation

and gas temperature are coupled with each other mostly

over the entire ejecta. Correspondingly, the gas temper-

ature exhibits a sharp spike, indicating the decoupling of

the shocked gas from the radiation in the immediate down-

stream of the forward shock. The outgoing luminosity also

show an extrema ahead of the forward shock. The peak

value of the radial luminosity distribution decreases with

time.

3.2 UV-optical light curves

In the following, we focus on the properties of thermal

emission expected from the relativistic and non-relativistic

ejecta.

Fig. 1. Ejecta evolution

3.2.1 Photospheric emission

As the ejecta freely expands and eventually becomes trans-

parent, the ejecta releases thermal photons (Figure 2).

Here, a couple of distinct energy sources are assumed; the

initially loaded internal energy and the radioactive energy.

Accordingly, the bolometric light curve exhibits two dis-

tinct emission episodes separated around t⇠ 3–4days. The

former decaying component is realized by the gradual re-

lease of thermal radiation in the relativistic ejecta. This

is in analogy to cooling envelope emission from SNe with

extended envelopes or CSM. Then, the radioactive energy

input from 56Ni and 56Co decay chain heats the ejecta and

produces the later bump, as in normal stripped-envelope

SNe.

The early emission is initially as bright as Lbol '
1046 erg s�1 and then monotonically decreases to Lbol '
1043 erg s�1. In SIM24, we developed an analytic model

for the early thermal emission. The model assumes that

the thermal energy kept in the relativistic ejecta is gradu-

ally released as the photosphere receded into deeper layers

of the ejecta. In the same way as the analytic model, this

early emission arises from the photosphere recession into

v = r/t 
ρ = v-n or r-n (n=5)

radius

density

internal energy

SN 
ejecta 

MNi
relativistic 
ejecta

radius
eint = r-m (m=5)

r=R0=vmaxt0r=0.1ct0

t=t0 - kinetic energy: Erel (or Mrel) 
- initial radius: R0 

- max 4-velocity: Γβ=0.7 
- internal/kinetic energy ratio: f=0.5
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Fig. 2. Bolometric (top) and multi-color (bottom) light curve for model with.
The temporal evolution of the photospheric velocity and the effective temper-
ature are also plotted in the 2nd and 3rd rows.

the ejecta. This is also confirmed by the temporal evolu-

tion of the velocity vph at the photosphere, which initially

stays constant and then declines.

The luminosity bump around 10 days is powered by

radioactivity. Thus, the light curve behavior in this regime

is governed by the nickel mass, the ejecta mass and energy,

and the opacity in the same manner as normal stripped-

envelope SNe, which is not repeated here.

3.2.2 Multi-band light curve

The e↵ective temperature at the photosphere is also char-

acterized by a monotonic decline in the early emission

stage. Then, the temperature evolution becomes flat

around the radioactive peak. This behavior characterize

UV-optical light curves.

First of all, the steadily declining bolometric luminos-

ity and temperature create the first peak in the multi-band

light curves in UV-optical bands. This is also the same be-

havior as shock-cooling emission from SNe. As the temper-

ature declines, the spectral peak of the thermal emission

shifts toward longer wavelengths. This leads to a brighten-

ing in a fixed band. This spectral peak shift combined with

the overall luminosity decline makes a peak in the magni-

tude evolution. As shown in Figure 2, all UV-optical light

curves show this peak, though the peak magnitude and

epoch are di↵erent from a band to another. A general

trend is that a light curve in a bluer band shows a brighter

peak at an earlier epoch.

The first peak is followed by radioactively powered part

as in the bolometric light curve. In UV-bands, radioactive-

powered emission is not so bright as to make the light

curved double-peaked. On the other hand, optical light

curves, e.g., V -band, clearly show distinct two peaks at ⇠1

and ⇠ 10 days. These multi-band photometric behaviors

are dependent on the ejecta properties and energy sources.

3.2.3 Parameter dependence

Next, we consider how the early light curves are dependent

on the model parameters. Figure 3 shows the UV-optical

multi-band light curves with di↵erent sets of (R0, Erel).

The SN parameters are fixed to those for SN 2006aj (Table

1). Thus, the properties of the radioactive bump are al-

most identical among these models. The early radiation is,

on the other hand, sensitive to the initial radius R0 and the

total energy Erel (or mass) of the ejecta. Generally, mod-

els with smaller (larger) initial radius and energy produce

shorter-(longer-)lasting and less (more) luminous thermal

emission.

The brightness of the early thermal emission is deter-

mined by the expansion and di↵usion timescales(see, e.g.,

Arnett 1996). While the ejecta freely expands, the adia-

batic cooling continuously reduces the thermal radiation

energy remained in the optically thick part of the ejecta.

The expansion also reduces the optical thickness of the

ejecta and thus shortens the di↵usion timescale of thermal

photons in the ejecta. Photons initially trapped in a layer

becoming transparent at t have reduced their energies by

a factor proportional to the volume change ⇠ (vt/R0)
3,

where v is the initial velocity of the layer. Therefore, a

larger initial ejecta radius R0 leads to higher luminosity

for the ejecta with the same energy.

On the other hand, the dependence on the ejecta energy

is understood as follows. A larger ejecta energy leads to a

larger amount of the initial radiation energy. In our ejecta

model, the density normalization of the ejecta scales with

the total energy because of the fixed density and velocity

profiles. For a uniform and constant opacity , the overall

scaling of the optical depth of the entire ejecta would be

⌧ / Mrel

v2rel,mint
2
/ Erel (13)

The constant opacity is a good approximation in early

epochs, in which electron scattering is a dominant opacity

source. A larger ejecta energy thus means a later tran-

Thermal emission powered by jet dissipation
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• thermal emission from the fast ejecta can 
account for the early UV-opt luminosity of 
llGRBs and SN Ic-BL 2020bvc 

• this thermal emission could be common

AS+ in prep

v = r/t 
ρ = v-n or r-n (n=5)

radius

density

internal energy

SN 
ejecta 

MNi
relativistic 
ejecta

radius
eint = r-m (m=5)

r=R0=vmaxt0r=0.1ct0

t=t0 - kinetic energy: Erel (or Mrel) 
- initial radius: R0 

- max 4-velocity: Γβ=0.7 
- internal/kinetic energy ratio: f=0.5
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Fig. 2. Bolometric (top) and multi-color (bottom) light curve for model with.
The temporal evolution of the photospheric velocity and the effective temper-
ature are also plotted in the 2nd and 3rd rows.

the ejecta. This is also confirmed by the temporal evolu-

tion of the velocity vph at the photosphere, which initially

stays constant and then declines.

The luminosity bump around 10 days is powered by

radioactivity. Thus, the light curve behavior in this regime

is governed by the nickel mass, the ejecta mass and energy,

and the opacity in the same manner as normal stripped-

envelope SNe, which is not repeated here.

3.2.2 Multi-band light curve

The e↵ective temperature at the photosphere is also char-

acterized by a monotonic decline in the early emission

stage. Then, the temperature evolution becomes flat

around the radioactive peak. This behavior characterize

UV-optical light curves.

First of all, the steadily declining bolometric luminos-

ity and temperature create the first peak in the multi-band

light curves in UV-optical bands. This is also the same be-

havior as shock-cooling emission from SNe. As the temper-

ature declines, the spectral peak of the thermal emission

shifts toward longer wavelengths. This leads to a brighten-

ing in a fixed band. This spectral peak shift combined with

the overall luminosity decline makes a peak in the magni-

tude evolution. As shown in Figure 2, all UV-optical light

curves show this peak, though the peak magnitude and

epoch are di↵erent from a band to another. A general

trend is that a light curve in a bluer band shows a brighter

peak at an earlier epoch.

The first peak is followed by radioactively powered part

as in the bolometric light curve. In UV-bands, radioactive-

powered emission is not so bright as to make the light

curved double-peaked. On the other hand, optical light

curves, e.g., V -band, clearly show distinct two peaks at ⇠1

and ⇠ 10 days. These multi-band photometric behaviors

are dependent on the ejecta properties and energy sources.

3.2.3 Parameter dependence

Next, we consider how the early light curves are dependent

on the model parameters. Figure 3 shows the UV-optical

multi-band light curves with di↵erent sets of (R0, Erel).

The SN parameters are fixed to those for SN 2006aj (Table

1). Thus, the properties of the radioactive bump are al-

most identical among these models. The early radiation is,

on the other hand, sensitive to the initial radius R0 and the

total energy Erel (or mass) of the ejecta. Generally, mod-

els with smaller (larger) initial radius and energy produce

shorter-(longer-)lasting and less (more) luminous thermal

emission.

The brightness of the early thermal emission is deter-

mined by the expansion and di↵usion timescales(see, e.g.,

Arnett 1996). While the ejecta freely expands, the adia-

batic cooling continuously reduces the thermal radiation

energy remained in the optically thick part of the ejecta.

The expansion also reduces the optical thickness of the

ejecta and thus shortens the di↵usion timescale of thermal

photons in the ejecta. Photons initially trapped in a layer

becoming transparent at t have reduced their energies by

a factor proportional to the volume change ⇠ (vt/R0)
3,

where v is the initial velocity of the layer. Therefore, a

larger initial ejecta radius R0 leads to higher luminosity

for the ejecta with the same energy.

On the other hand, the dependence on the ejecta energy

is understood as follows. A larger ejecta energy leads to a

larger amount of the initial radiation energy. In our ejecta

model, the density normalization of the ejecta scales with

the total energy because of the fixed density and velocity

profiles. For a uniform and constant opacity , the overall

scaling of the optical depth of the entire ejecta would be

⌧ / Mrel

v2rel,mint
2
/ Erel (13)

The constant opacity is a good approximation in early

epochs, in which electron scattering is a dominant opacity

source. A larger ejecta energy thus means a later tran-
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Fig. 4. Light curve fitting result for GRB 060218/SN 2006aj. The multi-band
light curves in UV-optical bands are plotted from top to bottom. The model
parameters for the relativistic ejecta is set to be Erel = 5⇥ 1051 erg and
R0 = 200R�.

ing a power-law radial density profile successfully repro-

duce observed spectra with broad-lined metal absorption

features Maeda et al. (2023). These photometric and spec-

troscopic properties are remarkably in line with the rela-

tivistic ejecta in jet-CSM interaction scenario.

3.3.3 SN 2020bvc

SN 2020bvc is a broad-lined type-Ic SN detected by opti-

cal surveys, but is claimed to be a member of jet-powered

SNe. This object indeed shares similar properties with

GRB-SNe. Figure 6 shows the comparison of SN 2020bvc

with a theoretical light curve. Even the earliest obser-

vation only appears to catch the tail of the early ther-

mal emission, which makes the parameter estimate highly

uncertain. We also mention that the explosion epoch of

this event is poorly constrained in comparison with SNe

with GRB trigger, even though it is better than most nor-

mal SNe. We adopt the explosion epoch adopted by Ho

et al. (2020) based on the last non-detection. This re-

Fig. 5. Light curve fitting result for GRB 171205A/SN 2017iuk. The model
parameters for the relativistic ejecta is set to be Erel = 1⇥ 1051 erg and
R0 = 50R�.

sult indicates the di�culty of pinning down the properties

of the relativistic ejecta without capturing the early UV-

optical emission in its peak epoch. The early spectra of

SN 2020bvc show similar spectral features as SN 2017iuk

is also successfully modeled by Maeda et al. (2023).

A caveat on the light curve modeling is

3.4 Early optical emission

In the following, we consider a possible contribution of an-

other emission component in early optical light curves. As

the photometric evolution of SN 2006aj in Figure 4 suggest,

V -band magnitude reaches as bright as MV ' �18 in the

earliest observation at ⇠ 10�2 days, while UV magnitudes

are darker than that in the same epoch. The UV light

curves then becomes brighter than optical light curves,

producing a bright peak. On the other hand, optical light

curves show a slower rise or even a flat evolution toward

later epochs. In other words, the emission is initially red

and then evolves to blue around the UV-dominated peak.

The case of GRB 060218/SN 2006aj

33

• GRB 060218/SN 2006aj: LC fitting looks 
quite good 

• discrepancy in early optical LCs (<104 

sec) 
• early UV emission is a good probe of the 

total energy of the mildly ejecta (and 
thus the dissipated jet energy) 

• constrained parameters are isotropic 
equivalent values 

• non-spherical effects? 

AS+ in prep

ejecta parameters: 
• R0=200[Rsun] 
• Erel=5x1051[erg] 
• Γβmax=0.7 
• ρ∝ (Γβ)-5  
• Esn=10x1051[erg] 
• Mej=2.5Msun 

• Mni=0.38Msun 

• free expansion, v=r/t



The case of GRB 171205A/SN 2017iuk
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• GRB 060218/SN 2006aj: LC fitting looks 
quite good 

• discrepancy in early optical LCs (<104 

sec) 
• early UV emission is a good probe of the 

total energy of the mildly ejecta (and 
thus the dissipated jet energy) 

• constrained parameters are isotropic 
equivalent values 

• non-spherical effects? 

AS+ in prep

ejecta parameters: 
• R0=50[Rsun] 
• Erel=1x1051[erg] 
• Γβmax=0.7 
• ρ∝ (Γβ)-5  
• Esn=10x1051[erg] 
• Mej=2.5Msun 

• Mni=0.38Msun 

• free expansion, v=r/t
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Volumetric rate summary
• long GRB rate: RlGRB ~ 1[events/Gpc3/yr] 

• llGRB rate: RllGRB ~ 100-1000 [events/Gpc3/yr] ? 

• Assuming a jet dissipation energy Ediss and event rate R, the energy injection rate is 

• CCSNe: RCCSN ~105[events/Gpc3/yr] 

• broad-lined Ic SNe: RIc-BL ~ 2-3% of RCCSN ~ (2-3)x103 [events/Gpc3/yr] 

• double-peaked Ic-BL SNe: 1/6 or 2/6 of RIc-BL ~ 300-1000 [events/Gpc3/yr] ?

e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006 ), 100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)

·Einj ≃ 3 × 1045 ( Ediss

3 × 1051 [erg] ) ( RllGRBs

1000 [Gpc−3yr−1] )[erg Mpc−3 yr−1]

cf.)   ·Eν,PeV ∼ ·EUHECRs ∼ 1044 − 1045[erg Mpc−3 yr−1]

Einstein probe, SVOM

UV-opt follow-up (ULTRASAT,UVEX)  
                                       + LC model grid
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• (low-luminosity) GRB 171205A/ SN 2017iuk at 
D=163Mpc 

• optical spectroscopy as early as 0.06 days after GRB 
trigger 

• Eiso~2.2x1049[erg], T90~190[s]

36

103             104.                105 
Time after GRB [s]

Time after GRB [d]

4000              6000.                 8000 
Wavelength [Å]

Frequency [Hz]

RBB

TBB

L

Izzo+ (2019, Nature) including K. Maeda & AS

Early spectral evolution of GRB-SNe



• (low-luminosity) GRB 171205A/ SN 2017iuk at 
D=163Mpc 

• optical spectroscopy as early as 0.06 days after GRB 
trigger 

• blue-shifted absorption features with v=105km/s~0.3c  
• Fe,Co,Ni well mixed into the fast component (X~0.01) 
• density profile ρ∝ v-6

Ca II 8498Å

Si II 6355Å

Chemical abundance distribution 
used for the spectral modeling 

with the TARDIS code
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• (low-luminosity) GRB 171205A/ SN 2017iuk at D=163Mpc 
• optical spectroscopy as early as 0.06 days after GRB trigger 
• blue-shifted absorption features with v=105km/s~0.3c  
• Fe,Co,Ni well mixed into the fast component (X~0.01) 
• density profile ρ∝ v-6
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Engine-driven supernovae 2273 

MNRAS 522, 2267–2278 (2023) 

Figure 6. The synthetic spectra in the infant to early phases, for Models CO138 nomix (brown), CO138 mix with v max = 80 000 km s −1 (cyan) and 100 000 km 
s −1 (magenta), POW mix with v max = 60 000 km s −1 (blue), 80 000 km s −1 (green), 100,000 km s −1 (orange), and 120 000 km s −1 (red). Shown here for a 
demonstration purpose are the spectra of GRB-SN 2017iuk (black; Izzo et al. 2019 ), GRB-SN 1998bw (gre y; P atat et al. 2001 ), and SN Ic-BL 2020b vc (gre y: 
Hiramatsu et al. 2020 ) at similar epochs (when available) on the bottom of each panel. The spectrum of SN 2020bvc is subtracted by an arbitrary power −law 
continuum to highlight the spectral features. 
et al. 2019 , see also Section 3.1). The 56 Ni mixing also affects the 
evolution of the photosphere and therefore the photospheric velocity 
itself, e.g. at the maximum light (Dessart et al. 2016 ; Moriya et al. 
2020 ). This is also seen in the spectral line velocities (Fig. 7 ). The 
other effect is the additional absorption in the ‘mixed’ models espe- 
cially in the blue, which is provided by metals, e.g. Fe II and Co II, in 
the outer layer (see the feature between 4000 and 5000 Å in Fig. 7 ). 

The general behaviour in the time e volution, for dif ferent choice 
of the outermost ejecta velocity ( v max ), is clearly seen in the spectral 
evolution. Initially Models POW with different values of v max show 
noticeable differences in the synthetic spectra as can be seen in the 
spectra on days 0.5, 1, and 2. On day 7, the models with v max = 
120 000 and 100 000 km s −1 converge to show indistinguishable 

spectra, while the difference is still seen as compared to the other 
two models ( v max = 80 000 and 60 000 km s −1 ). The similar 
behaviour is discerned between Models CO138 with v max = 100 
000 and 80 000 km s −1 , which show clear difference up to day 
2, while the difference disappears on day 7. As time goes by, the 
difference between Models POW with v max ≥ 100 000 and 80 
000 km s −1 becomes smaller on day 11, and these two models 
become indistinguishable on day 15. Finally, their spectra merge 
into Model POW with v max = 60 000 km s −1 on day 19, i.e. around 
the peak. 

The main difference between the model sequences CO138 and 
POW is the density structure at ! 50 000 km s −1 ; the POW sequence 
has a flatter density structure and thus a higher density there than the 
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s −1 (magenta), POW mix with v max = 60 000 km s −1 (blue), 80 000 km s −1 (green), 100,000 km s −1 (orange), and 120 000 km s −1 (red). Shown here for a 
demonstration purpose are the spectra of GRB-SN 2017iuk (black; Izzo et al. 2019 ), GRB-SN 1998bw (gre y; P atat et al. 2001 ), and SN Ic-BL 2020b vc (gre y: 
Hiramatsu et al. 2020 ) at similar epochs (when available) on the bottom of each panel. The spectrum of SN 2020bvc is subtracted by an arbitrary power −law 
continuum to highlight the spectral features. 
et al. 2019 , see also Section 3.1). The 56 Ni mixing also affects the 
evolution of the photosphere and therefore the photospheric velocity 
itself, e.g. at the maximum light (Dessart et al. 2016 ; Moriya et al. 
2020 ). This is also seen in the spectral line velocities (Fig. 7 ). The 
other effect is the additional absorption in the ‘mixed’ models espe- 
cially in the blue, which is provided by metals, e.g. Fe II and Co II, in 
the outer layer (see the feature between 4000 and 5000 Å in Fig. 7 ). 

The general behaviour in the time e volution, for dif ferent choice 
of the outermost ejecta velocity ( v max ), is clearly seen in the spectral 
evolution. Initially Models POW with different values of v max show 
noticeable differences in the synthetic spectra as can be seen in the 
spectra on days 0.5, 1, and 2. On day 7, the models with v max = 
120 000 and 100 000 km s −1 converge to show indistinguishable 

spectra, while the difference is still seen as compared to the other 
two models ( v max = 80 000 and 60 000 km s −1 ). The similar 
behaviour is discerned between Models CO138 with v max = 100 
000 and 80 000 km s −1 , which show clear difference up to day 
2, while the difference disappears on day 7. As time goes by, the 
difference between Models POW with v max ≥ 100 000 and 80 
000 km s −1 becomes smaller on day 11, and these two models 
become indistinguishable on day 15. Finally, their spectra merge 
into Model POW with v max = 60 000 km s −1 on day 19, i.e. around 
the peak. 

The main difference between the model sequences CO138 and 
POW is the density structure at ! 50 000 km s −1 ; the POW sequence 
has a flatter density structure and thus a higher density there than the 
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Models with different profile (CO138 or pow) and maximum velocities
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Summary: llGRBs in multi-messenger era
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 1. Jet formation 

 2. Jet deceleration 

 4. Ejecta expansion 

 5. particle acceleration 

Ejet → Ekinetic, Einternal
ϵradEinternal ≃ Erad

ϵaccEinternal ≃ ECR + Eν CR, ν obs.

GW, ν obs.

EM obs.

but, not always (e.g, radiation condition,  
           Murase&Ioka 2013, Senno+2016)Egrav (or Erot) → Ejet, ESN, Eν, EGW

EM obs.

 3. Shock breakout 

• jet deceleration in massive CSM = energy dissipation 
• jet energy goes into kinetic and thermal energies of expanding ejecta 
• a small fraction of the thermal energy channeled into CRs and ν 
• thermal radiation as a probe of the dissipated energy

ϵsbEinternal ≃ Eγ,X

Einstein probe, SVOM

ULTRASAT, UVEX

IceCUBE (gen2?)

+hiZ-GUNDAM?

+Chronos with UV?
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 1. Jet formation 

 2. Jet deceleration 

 4. Ejecta expansion 

 5. particle acceleration 

Ejet → Ekinetic, Einternal
ϵradEinternal ≃ Erad

ϵaccEinternal ≃ ECR + Eν CR, ν obs.

GW, ν obs.

EM obs.

but, not always (e.g, radiation condition,  
           Murase&Ioka 2013, Senno+2016)Egrav (or Erot) → Ejet, ESN, Eν, EGW

 3. Shock breakout 

EM obs.

our ongoing work

our ongoing work

• jet deceleration in massive CSM = energy dissipation 
• jet energy goes into kinetic and thermal energies of expanding ejecta 
• a small fraction of the thermal energy channeled into CRs and ν 
• thermal radiation as a probe of the dissipated energy

ϵsbEinternal ≃ Eγ,X
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• nearby GRBs (< a few 100Mpc) are low-luminosity 
GRB 

• smaller Lγ,iso and Eγ,iso by a few orders of magnitudes 
• outliers in Epeak-Eiso relation 
• what are they?

Campana+(2006)

low-luminosity GRB as off-axis GRB?

r-band light curve of GRB 130427A/SN 2013cq, Xu+(2013)

The Astrophysical Journal, 776:98 (6pp), 2013 October 20 Xu et al.

Figure 2. Field of GRB 130427A/SN 2013cq taken at the NOT/ALFOSC at
00:18 UT on 2013 May 13, when it was close to the GTC spectrum time of
00:35 UT on 2013 May 14. North is up and east is to the left. The angular
resolution is 0.′′19 pixel−1 and it is clear that the GRB/SN lies in the northwest
part of its extended host galaxy.

i = 16.92 ± 0.01 mag, z = 16.86 ± 0.02 mag) and the
simultaneous X-ray spectrum by the X-ray Telescope (XRT)
on board the Swift mission.22 Using synchrotron models and
extinction laws from the Local Group (see Krühler et al.
2011 for details), we estimate the reddening of the host to
be E(B − V )host = 0.05 ± 0.02 mag for a Milky Way–type

22 http://www.swift.ac.uk/xrt_curves/554620

extinction law. Within the errors, this value is consistent with
the reddening derived assuming an SMC or LMC extinction law
because of the small amount of reddening and the wavelength
range probed by our observations.

2.2. Spectroscopy

Our first spectrum was obtained using NOT/ALFOSC. The
total exposure was 1800 s with a mean time of 0.44 days
post-burst. The spectrum covers the range 3200–9100 Å with
a resolving power of ∼700. We identify prominent absorption
lines of Mg ii 2796 & 2803, Mg i 2852, and Ca ii 3934 & 3968,
as well as weak emission lines of [O ii] 3727 and Hβ, all at a
common redshift of z = 0.34.

A second spectrum with intermediate resolution was ob-
tained shortly afterward using the Very Large Telescope (VLT)
equipped with the XSHOOTER spectrograph. The continuum
was well detected over the full range 3000–24800 Å. A num-
ber of absorption features are visible, including Fe ii 2344,
Mn ii 2577, Mg ii 2796 & 2803, Mg i 2852, Ti ii 3074, Ca ii 3934
& 3968, Na i 5890 & 5896, and emission lines such as
[O ii] 3727, Hβ, [O iii] 5007, and Hα, all at a common red-
shift of z = 0.3399 ± 0.0002. In the XSHOOTER spectrum,
Na i D 5890 & 5896 absorption was detected at the redshift
of the host. We measure equivalent widths of 0.18 ± 0.02 and
0.08 ± 0.03 Å for the Na i D1 and D2 components, respectively.
Using the relations in Poznanski et al. (2012), we obtain an es-
timate for E(B − V )host = 0.03 ± 0.01 mag, but remark that
there exists a substantial dispersion of E(B − V ) ∼ 0.15 mag
in this relation. Considering different calibrations/systematics
involved in the above E(B − V )host measurements, we adopt
E(B − V )host = 0.05 mag for the host extinction.

Given the relatively low redshift, we planned a third spec-
troscopic observation with the aim of detecting SN signatures.
Based on the light curve evolution, we obtained a spectrum of
the optical counterpart and host galaxy with the 10.4 m Gran

 0.001

 0.01

 0.1

 1

 0.1  1  10

F
lu

x 
D

en
si

ty
 (

m
Jy

)

Time since burst (days)

GRB 130427A / SN 2013cq

r (host subtracted)
r (host+AG subtracted)

AG
AG+SN

SN 1998bw
SN 2010bh

Figure 3. SDSS r-band light curve of GRB 130427A/SN 2013cq in the observer frame. Filled squares denote host-subtracted magnitudes, while filled circles are
host- and afterglow- (AG) subtracted magnitudes. The shape and brightness of the latter are consistent with that of a core-collapse supernova. The red dashed line is
our AG model (see the text for the best-fitting parameters). The blue solid line plotted against the light curve of SN 2013cq is a model supernova. SN 2013cq peaks
earlier than SN 1998bw and is about 0.2 mag fainter in the rest-frame B band.
(A color version of this figure is available in the online journal.)
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SN 2020bvc: an optically-selected off-axis GRB-SN?
• ZTF discovery 
• ATLAS non-detection 
• follow-up spectroscopic obs. 0.8 days 
• early spectrum dominated by blue 

continuum 
• late-time X-ray and radio detection: similar 

to SN 2017iuk.
Izzo+ (2020)

Ho+ (2020)
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SN 2020bvc: an optically-selected off-axis GRB-SN?
• ZTF discovery 
• ATLAS non-detection 
• follow-up spectroscopic obs. 0.8 days 
• early spectrum dominated by blue 

continuum 
• late-time X-ray and radio detection: similar 

to SN 2017iuk. 

• 1 or 2 out of 6 SNe Ic-BL(z<0.06) are 
accompanied by early bright emission: 
20-30% of SNe Ic-BL show jet signature? 

dust scattering (Margutti et al. 2015; Irwin & Chevalier 2016). On
the other hand, Waxman et al. (2007) argued that the long-lived
X-ray emission could be explained naturally in a model of mildly
relativistic shock breakout into a wind, and that it was the radio
emission that required a separate component. The data we have are
less detailed than those obtained for SN 2006aj, so they are not
useful in distinguishing between these different possibilities.

7. Early ZTF Light Curves of Nearby Ic-BL SNe

As discussed in Section 5.2, the timescale and luminosity of
the shock-cooling peak are most sensitive to the shell properties
(mass, radius) and shock velocity. By contrast, the timescale
and luminosity of the radioactively powered peak are set by the
nickel mass, ejecta mass, and explosion energy. So, it is not
obvious that the properties of the second peak (which are
heterogeneous; Taddia et al. 2019) should be correlated with
the properties of the first peak.

In Figure 17, we show early (<4 days) light curves of five
nearby (z  0.05) Ic-BL SNe observed as part of ZTF’s high-
cadence surveys, which were spectroscopically classified as part of
the ZTF flux-limited (Fremling et al. 2020) and volume-limited
(De et al. 2019) experiments. The light curves shown are from
forced photometry on P48 images (Yao et al. 2019), and epochs of
spectroscopy are marked with an “S.” For the two most luminous
events, we show the light curve of SN 2006aj for comparison. We
can rule out a first peak like that of SN 2006aj (duration ≈1 days,
peak luminosity≈−18) for all events except one (ZTF 19ablesob).
Note that the faintest LLGRB SN, SN 2010bh, peaked at
M=−17mag; with the ZTF flux-limited survey, we would be

over 90% complete for such events out to z=0.03. SN 2020bvc
peaked brighter thanM=−18.5, so the flux-limited survey would
be over 90% complete for such events out to z=0.06.
Our high-cadence optical observations provide the first

evidence that Ic-BL SNe like LLGRB 060218/SN 2006aj are
not the norm. Radio follow-up observations have only been
sensitive enough to show that events like LLGRB 980425/
SN 1998bw are uncommon (Corsi et al. 2016) and in most
cases have been unable to rule out emission like that seen in
SN 2006aj and SN 2020bvc.
There are many degeneracies that complicate the interpreta-

tion of Figure 17. Rise time and peak luminosity are sensitive to
the velocity of the shock. The shock velocity when it breaks out
of the star is sensitive to the outer density gradient in the stellar
envelope and the energy of the explosion. Even if all Ic-BL
progenitors were identical, there could be a strong dependence
with observing angle. Ic-BL SNe are expected to be asymmetric
and bipolar, so the ejecta directed along the poles will move
faster than along the equator. Thus, an event viewed along the
poles could have a much brighter shock-interaction peak.
Finally, assuming identical and spherically symmetric

explosions for the Ic-BL SNe, there could be wide diversity
in the properties of the ambient material, i.e., mass, radius, and
geometry. The circumstellar medium (CSM) itself could be
asymmetric (e.g., a disk rather than a spherical wind),
introducing even more complicated viewing-angle effects.
As we discussed in our analysis of another fast-rising

luminous Ic-BL SN, SN 2018gep (Ho et al. 2019a), it can be
difficult to know when it is appropriate to model such emission

Figure 17. Early (% 1t 4 days) light curves of nearby Ic-BL SNe observed as part of ZTF’s high-cadence surveys from forced photometry on P48 images (Yao
et al. 2019). The B-band light curve of SN 2006aj is shown as a gray line for comparison. Epochs of follow-up spectroscopy are marked with an “S” along the top of
the panel.
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likely less collimated and are detectable in the nearby universe
only.

5. LL-GRBs AS A DISTINCT GRB POPULATION
FROM HL-GRBs

As discussed above, the high detection rate of the LL-GRBsmo-
tivates us to consider the LL-GRBs as a distinct GRB population
from the HL-GRBs. The conventional HL-GRBs generally have
a luminosity of L > 1049 erg s!1. We therefore take a prelimi-
nary criterion of L < 1049 erg s!1 to select our LL-GRB sample.
LL-GRBs are faint. They are only detectable in a small volume of
the local universe, and a large fraction of the population is below
the sensitivity threshold of the detector. The observable LL-GRBs
with Swift are rare events comparable to HL-GRBs. It is unlikely
that a large sample could be established with the current GRB
missions, so it is difficult to investigate !LL through fitting its
log N -log P distribution or through our 1D criteria (as is done
for the HL-population). We can only roughly constrain the !LL

and !LL
0 with a few detections and limits of LL-GRBs. GRBs

980425 and 060218 are two firm detections of LL-GRBs.5 There
are also two other marginal detections for the LL-GRBs, i.e.,
GRBs 031203 (z ¼ 0:105, L ¼ 3:5 ; 1048 erg s!1) and 020903
(z ¼ 0:25, Soderberg et al. 2002; L ¼ 8:3 ; 1048 erg s!1).

5.1. Luminosity Function and Local Rate

With the four detections and the other constraints from obser-
vations,we constrain the LF of these LL-GRBs. The luminosity of
these LL-GRBs ranges from5 ; 1046 erg s!1 to 8:3 ; 1049 erg s!1.
Assuming also a broken power law LF for the LL-population
(similar to eq. [4]), we take Lb around 10

47 erg s!1 and constrain
"1 and"2 by requiring that the 3# contour of the two-dimensional
distribution encloses these LL-GRBs. This places constraints on
both "1 and "2. In order to make the 3 # contour marginally
enclose the nearest burst, GRB 980425, but not overpredict the
detection probability at z < 0:01,"1 should be shallow. Similarly,
"2 is constrained by GRBs 031203 and 020903. Based on these
observational constraints, we search for "LL

1 and "LL
2 by taking

LLLb ¼ (1:0# 0:3) ; 1047 erg s!1. We find that "LL
1 ¼ 0# 0:5

and "LL
2 $ 3:0 4:0 can roughly reflect these constraints. We use

the same simulation method as that for HL-GRBs to derive the
distribution of !LL

0 . The parameters are taken as "LL
1 ¼ 0# 0:5,

"LL
2 ¼ 3:5# 0:5, and LLL

b
¼ (1:0# 0:3) ; 1047 erg s!1. The dis-

tribution of !LL
0 together with that of these parameters are also

shown in Figure 2.We obtain !LL
0 ¼ 325þ352

!177 at a 90% confidence
level. The two-dimensional distribution in the (log L; log z) plane
is shown in Figure 3. It is found that the LL-GRBs form a distinct
‘‘island’’ from the main ‘‘continental’’ population. The detection
rate of the LL-GRBs thus can be explained without overpredict-
ing the HL-GRBs. These results suggest that the current data are
consistent with the conjecture that LL-GRBs form a distinct pop-
ulation from HL-GRBs, with a low luminosity and a high local
rate. The constrained luminosity functions for both HL and LL
populations are displayed in Figure 5a.

5 Note that GRB 060218 shows significant hard-to-soft spectral evolution
(Campana et al. 2006; Ghisellini et al. 2006) and that the peak energy of its in-
tegrated spectrum matches the Amati relation (Amati et al. 2007). GRB 980425
significantly deviates from this relation. Ghisellini et al. (2006) argued that by con-
sidering the spectral evolution effect, GRB 980425 may be consistent with the
Amati relation.

Fig. 5.—(a) The combined LFs of both LL- and HL-GRBs, derived from a set of ordinary parameters (solid line) and from two sets of parameters that are roughly
regarded as the lower (dash-dotted line) and upper (dashed line) limits of the LFs. (b) The observedGRB event rates for both LL- andHL-GRBs as a function of ‘‘enclosing
redshift’’ zenc (i.e., the volume enclosed by this redshift) for the three parameter sets shown in panel (a). The same line styles for different models are adopted in both panels.

LOW-LUMINOSITY GAMMA-RAY BURSTS 1115

Fig. 3.—Jointed contours of the logarithmic GRB detection rate [log (dN /dt)] distribution in a two-dimensional (2D) [ log L, log (z)]-plane, as compared with
observational data ( panel a), assuming that the HL- and LL-GRBs are two distinct populations. The two firm LL-GRBs are denoted by stars, and the SwiftHL-GRBs are
denoted by filled circles. The cross-hatched region marks the limitation of the Swift/BAT detectability, where the threshold is derived by using the Swift/BATsensitivity
in the 50–150 keV band for a standard GRB with Ep ¼ 200 keV in the GRB local frame. The bold solid curve in panel (a) marks the 3 ! confidence level of the 2D
distributions for the HL- and LL-GRBs. The comparisons of the observed 1D distributions of log L and log zwith the model predictions are presented in panels (b) and
(c), respectively. The dashed curve in panel (a) and the dashed lines in panels (b) and (c) are, respectively, the 3 ! contour of the 2D distribution and the corresponding
1D distributions derived from a LF with "HL

1 ¼ 1:05, "HL
2 ¼ 3, and LHLb ¼ 6 ; 1052 erg s"1, which gives a 3 ! contour that can enclose all the HL-GRBs observed by

Swift and pre-Swift missions (see x 7 in the text). [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Same as Fig. 3, but for the case in which the HL- and LL-GRBs are assumed to belong to the same population. [See the electronic edition of the Journal for a
color version of this figure.]

Liang+(2007)

• nearby GRBs (< a few 100Mpc) are low-luminosity 
GRB 

• smaller Lγ,iso and Eγ,iso by 5-6 orders of 
magnitudes 

• outliers in Epeak-Eiso relation 
• what are they?

low-luminosity GRBs e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006 ), 
100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)
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X-ray transient missions: Now and Future

https://irfu.cea.fr/Projets/SVOM/payload_complete.html

https://www.svom.eu/

• Swift BAT(2004-) :can miss soft X-ray-dominated transients like llGRBs 

• Einstein Probe: launched in 2024/1 and now in the commissioning phase 

• SVOM (Space-based multi-band astronomical Variable Objects Monitor) mission: 
launched in 2024/6



• a GRB jet-CSM collision in meridional slice (x-z plane) from t=1.0 to t=22.0 s

GRB jet simulations: jet dynamics
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• a GRB jet-CSM collision in meridional slice (x-z plane) from t=30 to t=200 s

GRB jet simulations: jet dynamics
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Fig. 3. UV-optical light curves of several models. In each panel, photometric evolutions for UVW2-, UVM2-, UVW1-, U -, B-, V -, and r-bands are plotted.
From left to right, the models with increasingly large initial radii, R0 = 50, 100, 200, 400R� are compared. From bottom to top, the models with increasingly
large relativistic ejecta energy Erel = 1, 2, 5, and 10⇥ 1051 erg are compared.

sition epoch to transparent ejecta. In summary, a larger

(smaller) ejecta energy leads to brighter (dimmer) emission

lasting for a longer (shorter) period.

3.3 Comparison with GRB-SNe

In the following, we compare the numerical light curves

with CCSNe with an early UV-optical bump. Using the

model grids and the peak magnitude vs peak time rela-

tions, we constrain the appropriate model parameters for

the following three energetic SNe of interest; SN 2006aj,

2017iuk, and 2020bvc, which are introduced in Sec. 1.

3.3.1 GRB 060218/SN 2006aj

Figure 4 shows the comparison of theoretical and observe

light curves in UV-optical bands. The model with Erel =

5⇥ 1051 erg and R0 = 200R� best explains the observed

light curves. In UVW2-, UVM2-, and UVW1-bands, the

rise and decay around the peaks are well reproduced. This

good agreement suggests that the jet-CSM interaction and

the associated relativistic ejecta formation are reassuringly

a plausible scenario for GRB 060218-like low-luminosity

GRBs.

The theoretical light curves, however, under-predict

early optical brightness (e.g., V -band) by 1–2 magnitudes

at < 0.1days. The early photometric evolution admittedly

su↵ers from large measurement errors. However, this dis-

crepancy may be caused by some physical reasons. One

obvious possibility is deviation from spherical symmetry.

Although we employ a spherical ejecta for simplicity, the

relativistic ejcta is created by the jet dissipation and thus

inherently non-spherical. Another possibility is that the

early optical emission originates from di↵erent emission

component. We discuss this possibility in more detail be-

low (Sec. ).

3.3.2 GRB 171205A/SN 2017iuk

Figure shows the best-fit model assuming Erel = 1051 erg

and R0 = 50R�. The UVOT observations are conducted

The early UV-optical emission looks less luminous than

GRB 060218/SN 2006aj. The peak time is only marginally

constrained by UV photometry, < 0.5days. As a result,

the parameters for the relativistic ejecta are uncertain in

comparison with GRB 060218/SN 2006aj.

Early spectroscopic observations have been carried out

for the early optical emission from this object (Izzo et

al. 2019). The spectra and the comparison with the syn-

thetic spectra as early as 1day after the gamma-ray trigger

strongly indicate the presence of photospheric expansion at

velocities faster than 0.3c. The synthetic spectra assum-

Thermal emission powered by jet dissipation
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• dependence on energy and initial radius (Erel or Mrel, R0) Larger initial radii R0

Larger  
Erel  or Mrel
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2D simulation: Pais+(2023)

Universal density profile v-5 or r-5?

3D simulation: AS & Maeda (2022)
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2D simulation: Eisenberg+(2022)

Universal density profile v-5 or r-5?

3D simulation: AS & Maeda (2022)

　⇔　ρ ∝ v−5, r = v/t
dEkin

d ln v
∝ v0

 (dEkin ∝ ρv2r2dr ∝ ρv5d ln v)


