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ABSTRACT

Long Gamma Ray Bursts (lGRBs) are associated with jets in Type Ic broadline supernovae. The

Collapsar model provides a theoretical framework for the jet formation from the core collapse of

a massive star in such supernovae. The GRB can only be produced after a successful jet break

out from the star. Under this formalism the GRB duration (t90) has been hypothesized to be the

difference between the central engine activity duration (teng) and the jet breakout time (tbo), that

is t90 = teng − tbo. This disallows t90 > teng and puts a lower bound on successful lGRB jet central

engine duration (teng > tbo), various numerical simulations have shown otherwise. This study considers

a photospheric GRB emission from a relativistic jet punching out of a Wolf-Rayet-like star. We use

the bolometric lightcurve generated to calculate the lGRB duration (t90) for varying engine duration.

We find for longer engine duration the lGRB lightcurve reflects the jet profile and t90 ≈ teng. While

for shorter engine duration, the t90 has photospheric radius (Rph) dependence. This can be modeled

by a relation, t90 = t90eng + 0.03
(

Rph

c

)
, where c is the speed of light, with a lower bound on t90 for a

successful lGRB. This relation should be most relevant for possible low-luminous lGRBs originating

from a collapsar with central engine duration comparable to the jet breakout time.

Keywords: long GRB — Collapsar — Supernova — Numerical HD — ISM: jets and outflows

1. INTRODUCTION

Gamma Ray Bursts (GRB) are typically classified by

their temporal prompt emission phase and marked by

excessive sub-MeV or higher energy photons. The burst

duration is defined by the time taken between the 5% to

95% of the total fluence of the burst, called t90. A pop-

ulation distribution plot for the number of GRBs and

their duration from BATSE observations produces a bi-

modal distribution. This bimodal Gaussian distribution

hints at two classes of GRBs separated around t90 ∼ 2

s margin. These two separate classes are identified as

short-Gamma Ray Burt (sGRB) and long-Gamma Ray

Burt (lGRB) (Kouveliotou et al. 1993). The two burst

classes have since been associated with separate astro-

physical processes. The sGRB has been associated with

Neutron Star - Neutron Star merger (Eichler et al. 1989)

with the first direct observation from GRB170817A (Ab-

bott et al. 2017; Dastidar & Duffell 2024). The lGRB are

associated with collapsing massive stars and confirmed

with direct observations (Galama et al. 1998). Several

authors have also hinted towards a third classification

of GRBs based on t90 population distribution (Horváth

1998), as a hidden population of intermediate or soft

GRBs (Mukherjee et al. 1998) or low luminous GRBs

(Bromberg et al. 2011). For this study, we investigate

lGRBs from collapsing massive stars.

The Collapsar Model (Woosley 1993; MacFadyen &

Woosley 1999) provides a theoretical framework for

Gamma Ray Bursts from the core collapse of a super-

massive star. According to the Collapsar Model, the

stellar interior collapses on itself, leaving behind a cen-

tral compact object. The compact object accretes the
remaining collapsed material, and this accretion power is

converted into a relativistic jet. The jet punches through

the star, and under the right conditions breaks out of

the stellar surface. Not all core collapse supernovae lead

to a GRB. It is argued that such jets are choked before

punching out of the star with the energy deposited in the

jet cocoons (Lazzati et al. 2011; Piran et al. 2019). Jets

with engine duration (teng) less than the jet breakout

time (tbo) are expected to fall under this category (i.e.

teng < tbo). For teng > tbo, due to relativistic effects, the

observed duration of the GRB (t90) reflects the jet op-

eration time or equivalently the engine duration (Sari &

Piran 1997). The jet, central engine, and collapsar inter-

action effects are imprinted on the GRB prompt emis-

sion (Lazar et al. 2009). This leads to the well known

lGRB duration relation t90 = teng−tbo (Bromberg et al.
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2012). The GRB-engine duration relation, under a given

universal breakout time and power-law distribution in

teng can be used to model the observed lGRB popula-

tion distribution (Bromberg et al. 2012; Sobacchi et al.

2017; Petropoulou et al. 2017).

However, low-luminous lGRBs (llGRBs) do not fit the

population predicted by the above relation (Bromberg

et al. 2011). Shock breakout of the jet from the star

has been proposed as a natural explanation for low lu-

minous GRBs (Nakar & Sari 2012). Moreover, jets

with teng ∼ tbo are expected to lead to llGRBs and

therefore these bursts should be the most direct probe

to the t90 correlation. The low duration lGRB pop-

ulation distribution shows a plateau-like feature, but

this could potentially be attributed to a purely statisti-

cal and sample-incompleteness interpretation (Osborne

et al. 2024). Additionally, Barnes et al. (2018) found t90
a factor of 5 greater than the teng for engine duration

less than the jet break out time for a Type Ic broad-line

supernova. These results motivate a closer look at the

lGRB duration and engine duration correlation, espe-

cially for shorter engine duration.

In this work, we study the jet launched by a central

engine due to the core collapse of a Wolf Rayet star.

The jet travels through the star and breaks out into a

circumstellar wind medium. The feasibility of a suc-

cessful long Gamma Ray Burst is checked for a varying

central engine activity duration (teng). We then inves-

tigate imprints of the central engine activity duration

on the lGRB prompt emission duration (t90). This is

done assuming a photospheric GRB emission (Mészáros

& Rees 2000; Lazzati et al. 2013) model using bolomet-

ric luminosity for the prompt emission lightcurve. We

further study the effects of different photospheric radii

(Rph) on the lightcurve and hence the burst duration

(t90).

This paper is arranged as follows. Sec. 2 discusses

the motivation and numerical setup for our jet-star in-

teraction model and bolometric luminosity calculations

for a photospheric Gamma Ray Burst. This is followed

by a detailed discussion of the hydrodynamical evolu-

tion of the jet-star system in Sec. 3. In this section,

we also report the results of our model. Sec. 4 analy-

ses and discusses these results. Here we propose a novel

relationship between lGRB burst duration and the pho-

tospheric radius. Finally, we present the conclusions of

our findings and their implications in Sec. 5.

2. NUMERICAL SETUP

Our stellar progenitor model is motivated by Barnes

et al. (2018). The innermost region of a WR star is as-

sumed to have collapsed into a compact object. A stel-

lar model for a WR star is inducted for the outer layers.

This assumption works since the outer layers of the star

are unaffected by the core collapse and insensitive to the

density profile of the collapsed region. These assump-

tions may affect the estimations of the elements in the

supernova phase, but lGRB dynamics and lightcurve are

not likely to be affected. Owing to the stripped-envelope

nature of WR stars, a very low-density stellar wind den-

sity profile is used outside the star.

Inside the star, the collapsed region (or cavity) is mod-

eled by removing material from the computational do-

main inner to Rcav = 1.5 × 10−3R⊙ ≈ 1000km. The

density in this region is set to 10−3 times the density at

Rcav. The density beyond the cavity (r > Rcav) is set

to the pre-collapse density profile of a WR star. The

density profile (ρinit) is given by :

ρinit =
0.0615Mwr

R3
wr

(
Rwr

r

)2.65 (
1− r

Rwr

)3.5

(1)

Where the stellar radius Rwr = 1.6R⊙ is the extent of

the stellar atmosphere, and Mwr = 2.5M⊙ is the stellar

mass beyond the cavity (Mcav ≈ 1.4M⊙). These val-

ues correspond to a total stellar mass M ≲ 4M⊙. A

detailed description of the model is presented Barnes

et al. (2018).

The central compact object after the core collapse

plays the role of a jet launching engine in our model.

In essence, we do not need an exact structure of the

compact object. Rather, it is modeled as a jet nozzle

with an opening angle, θ0, injecting energy at a con-

stant luminosity, L0. A Gaussian angular structure is

used for the jet. The jet and its counter jet are launched

from the central engine along the polar axis. Instead

of a sharp engine duration cut-off, the engine injects

energy which exponentially decays over a characteristic

timescale,“teng” (Eq. 2). A lGRB is typically expected

to have the same duration as this time scale. In this

study, we explore this very correlation between teng and

t90 for varying engine activity time.

Leng = L0 × exp

(
−t

teng

)
(2)

We focus on a single maximum luminosity for all of

our simulations. That is, we fix L0 = 1.63 × 1052 erg/s

and vary teng over a range (see Sec. 3). This results

in jets with different total energy associated with each

engine duration. For a given teng, the total engine energy

Eeng = L0teng, with half the energy in each of the jets

and the counter jet. The engine opening angle is fixed

at θ0 = 0.2 rad (= 11.5◦). For a detailed description of

the jet nozzle refer to Duffell & MacFadyen (2015).
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2.1. Prompt Emission

The exact mechanism behind the prompt emission in

a lGRB is still an area of active debate. However, it

is universally accepted that a fraction of the internal

kinetic energy of the jet or the jet star interacted ma-

terial is converted to the prompt emission via some in-

ternal dissipation mechanism (Zhang et al. 2006). This

energy dissipation can be due to external shock inter-

actions (Rees & Meszaros 1992) or internal dissipation

shocks (Narayan et al. 1992; Rees & Meszaros 1994).

The existence of thermal emission in lGRB has been

shown in observations (Pe’er 2015) and spectral prop-

erties (Axelsson & Borgonovo 2015). This motivates a

photospheric dissipation model (see Zhang (2018) for a

detailed list).

Figure 1. Pictorial depiction of the variables involved in lGRB

prompt emission. The jet (blue border), with an input luminosity

profile (Lj(t)), punches out of the stellar surface (red border) at

Rwr. Upon crossing the photosphere (Green dashed, Rph), we

estimate the bolometric luminosity for lGRB prompt emissions (γ-

rays) from the relativistic material in the jet. The black dashed

arrow represents the jet axis (observer’s line of sight). We also

correct for the photon arrival delay from off-axis γ-rays by adding

the angular delay time, tang Eq. (4).

In this work, we look at the prompt emission du-

ration (t90) for a lGRB due to photospheric emission.

This is estimated from the bolometric lGRB lightcurve.

Which in turn reflects the energy distribution in the jet-

cocoon. We can therefore approximate the exact un-

derlying emission mechanism for the lGRB as a pho-

tospheric emission from the dissipation of the internal

jet energy. The exact value of the observed luminosity

will scale with the energy conversion efficiency at the

photospheric radius. We do not however expect this to

modify the observed time scales for the prompt emis-

sion. The time scales will rather be dominated by the

hydrodynamical timescales of the problem. Under these

assumptions, we calculate the bolometric luminosity of

the prompt emission by converting all of the internal

energy of the jet material, after its interaction with the

stellar envelope, as it crosses the photosphere. The ob-

served luminosity is given by :

L(t) = 4πR2
phρ(t)h(t)Γ(t)

2β(t)c (3)

Where, ρ(t) is the local density of the relativistic ma-

terial at the photosphere (Rph) moving with Lorentz

factor Γ(t) and velocity βc, and h is the specific en-

thalpy of the material. Since the production of γ-rays

necessitates a relativistic boost, we consider only the

material having Γβ > 1 for luminosity calculations. We

use the ultra-relativistic equation of state e = P/3 (e

and P being the internal energy density and pressure

respectively) and h = c2 + 4P/ρ.

To account for the emission contributions from the

material directed away from the line of sight axis of the

observer, an angular spreading time (tang) is added to

the observer time (tobs) as, tobs = t + tang (Fig. 1).

Where t is the local time in the blast frame.

tang =
Rph

c

[
1− cos

(
1

Γ

)]
(4)

The hydrodynamical quantities are obtained from the

numerical simulations from the Jet Code and the bolo-

metric luminosity is calculated with the Firefly Code

(Dastidar & Duffell 2024).

3. RESULTS

The jet propagation through the WR star in our sim-

ulations is shown in Fig. 2. Energy is dumped at the

center of the collapsed star through the nozzle as a func-

tion of time (Eq. 2). We computed the evolution for a

range of engine durations from 0.2 s < teng < 465 s. For

a given simulation (single teng), the jet hence formed

travels through the cavity and enters the stellar enve-

lope. Photospheric emissions from the relativistic mate-

rials then emit a prompt GRB. In this section, we first
discuss the jet propagation through the star for a typical

engine duration, teng > tbo. Then we present our results

on the effects of the different engine durations on these

dynamics, followed by the signatures it leaves behind in

the GRB lightcurve and duration.

3.1. Jet Propagation

The jet forms the typical jet-cocoon structure

(Bromberg et al. 2011) quickly after it is launched from

the cavity into the stellar envelope. The jet head is

marked by high pressure and sub-relativistic velocity.

Most of the energy is yet to be injected into the jet.

The cocoon is sub-relativistic and has isotropic pres-

sure which collimates the jet. The shocked collimated

jet is ultra-relativistic and at pressure equilibrium with

the cocoon. The unshocked jet is a very small conical

structure at the center of the domain. This results in
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Figure 2. Snapshots of the hydrodynamical evolution of our model. This figure is divided into 9 panels. Each column of 3 vertical panels

represents a single engine duration plotted at different evolution times. With each panel, the line plot shows the four velocity (red) and

luminosity (yellow) along the jet core. The white dashed lines enclose the jet head (dRuu). The left column plots for teng ≈ 0.7 sec(≪ tbo),

teng ≈ 3.2 sec(∼ tbo) in the center column, and teng ≈ 232 sec(≫ tbo) for the right column. Each row of 3 horizontal panels plots the jet

evolution after the same time, for different teng. The bottom panel shows the jet while it is still within the stellar envelope (the extent of

the envelope is Rwr = 1.6 radial code units). The middle panel shows the jet cocoon soon after the breakout, and the top panel is plotted

when the jet reaches Rph = 100Rwr. In each panel, the right quadrant plots the density distribution, while the left quadrant plots the

four velocity distribution (with cut-off, Γβ > 1). The most luminous region that emits the lGRB has been shown in green contours in each

panel. For teng ≪ tbo, the jet slows down rapidly, and we see no lGRB contours in the top panel. For teng ∼ tbo at all times (all Rph),

and teng ≫ tbo at earlier times (smaller Rph), the lGRB is emitted from the jet head and hence their t90 show photospheric dependence.

Finally, for teng ≪ tbo, the lGRB is dominated by the shocked jet, and for most photospheric radii we get t90 ∼ t90eng.

two relativistic shock fronts moving forward with differ-

ent Lorentz factors. The leading shock (the shocked jet

front) has a lower Lorentz factor than the trailing shock

(the unshocked jet front). Similar results have been seen

by Barnes et al. (2018).

As the jet propagates, energy is continuously injected

into it, which along with the increased ram pressure from

collimation pushes the jet head to higher velocities. This

increases the cocoon height. The injected jet profile is

still reflected in the unshocked jet. The cocoon elonga-

tion increases the jet head height. Almost all the energy

injected in the jet is confined within this jet head, as it

is the most dense region. In our simulations, all the jets

(with different teng) reach this phase of the evolution.

The jet at this stage is confined well within the star in

a cocoon at a higher pressure than the ambient.

For engines that shut off at this stage, which corre-

sponds to teng ≪ tbo, the unshocked jet transfers all its

remaining energy to the jet head while the jet remains

collimated. The double shock structure within the jet

vanishes at this point. The collimated jet-cocoon struc-

ture then travels through the stellar envelope. As it

breaks out of the star, the cocoon experiences a sudden

decline in ambient density and undergoes free expansion.

This is marked by a small interval of shock acceleration

for the jet head (Γβ ∼ 4 − 40). Soon the jet trans-

fers its energy to the cocoon as it expands and becomes

spherical. The jet head starts to decelerate during this

period.

If the engine continues it increases the jet head height,

which expands the cocoon and decreases its pressure.

The cocoon pressure eventually becomes insufficient to

collimate the jet. As a result, the jet head speeds up to

relativistic velocities. This causally disconnects parts of

the jet.

If the engine deposits still more energy into the jet, the

jet becomes uncollimated. The unshocked jet acceler-

ates through the shocked jet, approaching the jet head.

Since the unshocked jet front is much faster than the

shocked jet, most of the energy is stored in the now rel-

ativistic jet head, which gradually seeps into the cocoon

via a thin layer from the jet head. Two distinctive rel-

ativistic shock fronts mark the shocked and unshocked
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regions of the jet. At this stage, the jet-cocoon structure

is uncollimated with its head close to the stellar surface.

If the engine is turned off at this stage (teng ∼ tbo),

most of the energy is stored in the jet head, while the

fastest region is still the unshocked jet. As there is no

further injection of energy into the system, the uncolli-

mated jet gradually spreads out, increasing the energy

transfer rate into the cocoon. The unshocked jet slows

down as it transfers all its energy to the jet head and

eventually dies out. The shocked jet initially gains this

velocity before slowing down to sub-relativistic velocity

after it loses all its energy to the cocoon. The cocoon

balances out the pressure and becomes spherical. In

this scenario, there are no internal collisions, either be-

tween the two shock fronts within the jet (unshocked

and shocked jet) or the shocked jet front and the jet

head.

However, if the engine remains active and injects still

more energy (teng ≫ tbo), the unshocked jet becomes

faster. The cocoon loses more pressure and the jet be-

comes completely uncollimated. The unshocked jet front

eventually collides with the shocked jet front. This elim-

inates shocked jet material along the jet axis. As a re-

sult, the hydrodynamic parameters behind the jet head

exactly reflect the jet properties. Eventually, after the

jet breaks out the jet head slows down, while the un-

shocked jet accelerates. The reverse shock in the jet

head becomes weak and the unshocked jet front collides

with the forward shock of the jet head. The jet then

undergoes free expansion as a single shock front, unaf-

fected by the ambient medium. Most energy is confined

within a thin region behind the relativistic shock and in

a thin layer around the jet. Any observations of the jet

along its axis reflect the exact jet structure powered by

the central engine of the collapsed star.

3.2. Prompt Emission

As discussed earlier, we present our results for a pho-

tospheric prompt emission from the above jet dynam-

ics for a WR star. The photosphere arises naturally

when the total optical depth of the jet becomes unity.

However, our codes do not intrinsically measure the

opacity. Hence we consider artificially enforced pho-

tospheric radii in our models. To consider the effects

of the photospheric radii we compute GRB bolometric

lightcurves for each teng at 8 different radii, Rph/Rwr =

[2, 10, 20, 40, 80, 100, 200, 400].

For different regimes of teng, the jet undergoes differ-

ent stages of its evolution as it breaks out of the star and

interacts with the ambient medium. lGRB bolometric

lightcurves for different engine duration (teng) at a given

photospheric radius (Rph = 100Rwr ≈ 1.1 × 1013 cm)

(a) lGRB lightcurve for various engine duration emitted at
Rph = 80Rwr ≈ 8.9× 1012 cm.

(b) lGRB lightcurve for teng ≈ 232 sec if emitted at different
radii.

Figure 3. lGRB lightcurve for our model. In (a), the coloured

dashed lines represent the input jet profile for the correspond-

ing teng. While the vertical coloured dotted lines are the corre-

sponding t90 (for both plots, (a) and (b)). For shorter engine

duration (red, teng ∼ 2 sec < tbo) the luminosity profile devi-

ates from the input jet profile. While for longer engines (cyan,

teng ∼ 140 sec > tbo) the lightcurve reflects the input luminosity

profile for the jet very well, hence we get t90 ∼ t90eng. In (b) we

adjust the time axis to coincide the multiple bursts at different

Rph for a direct comparison. The orange dashed line represents

the input jet luminosity profile, Lj(t) = L0e−t/teng . For the pho-

tosphere near the stellar surface (say, red curve) the lightcurve

decays sharper than the input profile. While for Rph further away

they decay as the input profile, and their t90 saturates to t90eng.

are plotted in Fig. 3. Input analytical functions for

the jet are plotted as dashed lines over the lightcurve.

For shorter engine duration (teng ≳ tbo), we see the

lightcurve at Rph = 100Rwr deviate significantly from

the analytical jet structure. While for longer engine du-

ration (teng ≫ tbo) the lightcurve reflects the jet struc-

ture exactly. We estimate the lGRB prompt emission

duration (t90) from the bolometric lightcurve as the time



6 Dastidar & Duffell

it takes for the area under the curve to fall by 90%.

These are marked by the vertical dashed lines in Fig. 3.

There is an important caveat to consider. A jet break-

ing out of the star at relativistic velocities (Γβ ≥ 1) may

not have enough relativistic material to emit a GRB. To

estimate this, we calculate the luminosity averaged four

velocity (⟨Γβ⟩L(t)) for each jet as it travels through the

photosphere. The luminosity averaged four velocity is

calculated as:

⟨Γβ⟩L(t) =

∫∞
0

Γβ(t)× L(t)dt∫∞
0

L(t)dt
(5)

The results are plotted in Fig. 5. The top panel plots

the luminosity average four velocity for each jet hav-

ing ⟨Γβ⟩L(t) ≥ 1 at different photospheric radii. Only

these engine durations emit a successful long gamma ray

burst. We find that jets with engine duration less than

∼ 2 seconds do not emit a GRB for our choice of jet

and stellar parameters. While for longer engine dura-

tion (teng ≥ 20 seconds), ⟨Γβ⟩L(t) saturates to a value of

few thousands. The lower panel in Fig. 5 plots the t90
for the corresponding jets (the solid lines). We estimate

t90 for only those jets which produce a lGRB.

We also argued in the previous section (2) that Rwr ≤
RGRB ≤ Rdec. Hence, the shorter engine duration in

Fig. 5 does not produce a lGRB at a larger photospheric

radius. Therefore, we exclude the t90−Rph combination;

for jets that are decelerating at the given photospheric

radius (that is, when Rdec < Rph).

For a successful jet breakout, we also investigate the

imprints of jet structure variability on lGRB lightcurves.

Fig. 4 shows lGRB lightcurve for an input jet pro-

file that varies sinusoidally as sin(2πt/10teng). We find

for teng ≈ 1.8 sec (< tbo) with a successful breakout,

the lGRB shows no such variability in the bolometric

lightcurve even at larger photospheric radii. While for

longer engine durations, teng ≈ 232 sec (≫ tbo), the jet

structure variability is reflected in the lGRB lightcurve.

These variations follow the input jet variability in tem-

poral scales with diminished luminosity at all photo-

spheric radii.

4. DISCUSSION

The results presented above can be summarized in

three categories based on the ⟨Γβ⟩L(t), which in turn de-

pends on the engine duration. The first regime, teng ≪
tbo: the engine shuts off while the jet cocoon is still

well within the star. Therefore, they have ⟨Γβ⟩L(t) < 1.

These jets hence fail to produce a gamma ray burst. We

thus call this the failed GRB regime. The red shaded

region marks this in Fig. 5-8.

(a) lGRB lightcurve for teng ≈ 2.8 sec.

(b) lGRB lightcurve for teng ≈ 232 sec.

Figure 4. lGRB lightcurve for a sinusoidal jet structure.

The dashed lines show the input jet profile, Leng(t) = L0 ×
sin2

(
−2πt
10teng

)
exp

(
−t
teng

)
. The solid lines plot the corresponding

lGRB bolometric lightcurves. In (a), since the jet head dominates

the emission for a shorter engine duration, the jet variability gets

smeared out and we get a smooth profile at all photospheric radii.

In (b) for a longer engine duration (teng > tbo), as the emission

is dominated by the unshocked jet, the variabilities within the

jet structure are reflected with the same frequency in the lGRB

lightcurves. In our model, this is manifested as periodic dips in the

lighjtcurve coincident with the input jet profile. All the lightcurves

are shifted to begin at t = 0.

The second regime, teng ∼ tbo: the engine is shut off

around the time the jet cocoon breaks out of the star.

Therefore, given that ⟨Γβ⟩L(t) remains greater than 1,

and the lGRB lightcurve reflects the shocked jet head

profile. Consequently, t90 increases as the photosphere

shifts further away from the stellar surface. This is a

crucial result that shows dependence of t90 with Rph.

The GRB duration at a given Rph also increases in this

regime as teng increases. Hence, t90 also has strong teng
dependence. The yellow shaded portion in Fig. 5-8

marks this regime. Further, due to the jet head dominat-

ing the emission, any variability within the jet structure
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Figure 5. Plot for numerically estimated t90 for teng. The top panel shows the luminosity averaged four velocity, ⟨Γβ⟩L(t) for the all the

teng modeled at different Rph. The lower panel plots the t90 = t95 − t5, calculated from numerically generated lGRB lightcurves for the

same. The jets having ⟨Γβ⟩L(t) > 1 emit lGRB. For teng < 1.2 sec, we get ⟨Γβ⟩L(t) < 1. Hence the region marked red indicates lGRB less

jets. The yellow region, spanning 1.2 sec < teng < 24 sec, indicates a rising ⟨Γβ⟩L(t) (upper panel) and a strong photospheric dependence

(lower panel). In the green region beyond teng > 24 sec, ⟨Γβ⟩L(t) saturates to ∼ 103. The jets can not accelerate further due to baryon

loading. Correspondingly in the lower panel, the lGRB duration is dictated by the central engine activity time. This gives, t90 ∼ t90eng. The

black dashed line in the lower panel plots the Bromberg model for t90 (Bromberg et al. 2012). The solid black line marked, tbo shows the

breakout time for different teng obtained from numerical results.

Figure 6. This plot is same as Fig. 5 at a given photospheric

radius Rph = 80Rwr = 128R⊙. The blue curve in the lower

panel plots our t90 and teng model over the numerical results.

The Bromberg model is also plotted in a black dashed line for

comparison. Significant deviation can be seen between the two

models for shorter engine durations.

is smeared out and we get a smooth lGRB bolometric

lightcurve from this regime (Fig. 4).

The third regime, teng ≫ tbo: the engine shuts off long

after the jet has broken out of the star. As a result of

this, they break out at ultra-relativistic velocities and

continue to remain so for long and ⟨Γβ⟩L(t) saturates to

a high value (∼ 4 × 102). The same is also reflected in

the GRB lightcurve which reflects the input profile for

the jet (Fig. 5). We hence obtain the well known result

t90 ∼ t90eng in this limit. Where t90eng is the duration over

which 90% of the total input energy is deposited in the

jet analytically. Finally, this region is marked by the

green shaded region in Fig. 5-8. Any variability within

the jet structure is also consequently reflected in the

lGRB bolometric lightcurve for such jets (Fig. 4). The

last two regimes, teng ∼ tbo and teng ≫ tbo emit a suc-

cessful prompt lGRB. The t90 in these regimes depend

on the photospheric radius and the engine duration, the

effects of which can be modeled together as (Fig. 8):

t90 = t90eng + 0.03×
(
Rph

c

)
(6)

Since the jet head is the dominant contributor to lumi-

nosity for a given engine duration, the photospheric de-

pendence of t90 can be modeled by tracking the jet head

width (dRuu) as the jet propagates (Fig. 7). The width
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Figure 7. Plot for photospheric dependence of t90 for a given teng . The left panel plots our numerical results. The colored dashed line,

dRuu/c, is the light-crossing time between the shocked jet head and the unshocked jet head, the jet head width for each teng . This is the

distance between the white dashed lines for the line plots in Fig. 2. The markers represent the t90 (Fig. 5) for the given jet. The long-term

evolution of dRuu/c can be modeled as 0.03× (Rh/c), where Rh is the distance of the jet head from the stellar core. The right panel plots

the results of our model, t90 = t90eng + 0.03× (Rph/c), as a function of jet head distance (effectively Rph), keeping teng fixed. The engine

durations are highlighted by the color of the region they belong to in Fig. 5. The dotted horizontal lines are the corresponding t90eng .

of the jet head can be modeled as dRuu ≈ 0.03(Rh)/c,

where Rh is the distance of the jet head from the col-

lapsed core. The stellar radius dependence can be re-

moved by re-writing the above relation as,

t90 = t90eng + 0.07 sec ×
(
Rph

R⊙

)
(7)

Fig. 6 over plots our model (blue dashed line) (Eq.

7) with our results (red solid line) at Rph = 100Rwr.

The top plot constraints the teng at Rph for which a

lGRB is emitted, that is ⟨Γβ⟩L(t) > 1.0. The bottom

plot shows the teng − t90 correlation. We compare this

with the known relation t90 = teng − tbo, plotted in gray

dashed line in the lower panel. Fig. 8 compares our re-

sults and our model at different photospheric radii. This
plot shows only the successful lGRB emitted. That is,

the emission from teng ≪ tbo with ⟨Γβ⟩L(t) < 1.0 are

not included, along with jets which are in the deceler-

ating phase for a given photosphere. In addition, due

to numerical limitations in resolving the domain scales,

longer jets at smaller photospheric radii had to be man-

ually omitted. The relation Eq. 7 holds even at larger

photospheric radii.

5. CONCLUSION

In this work, we investigate the correlation of cen-

tral engine activity duration (teng), powering a jet, of a

collapsed Wolf Rayet star and the lGRB duration (t90)

(if successful). The jet traverses through the remain-

ing stellar envelope Eq. (1), and given enough energy

breaks out of the star (t ≡ tbo). Following a successful

breakout, we assume a photospheric GRB emission at

Rph. For each jet, we calculate the luminosity weighted

average four velocity (⟨Γβ⟩L(t)), given by Eq. 5, to de-

termine the success of lGRB emission at a given Rph.

Since lGRBs are emitted by the (ultra-)relativistic and

luminous material, if ⟨Γβ⟩L(t) > 1 we categorize them

as lGRB candidates. Otherwise, if ⟨Γβ⟩L(t) ⩽ 1 they are

categorized as lGRB-less failed jet supernova. For each

jet with a given teng, we generate a bolometric lightcurve

(Fig. 3) and estimate the t90 from it. Irrespective of

teng, jets that successfully break out of the star do so

with tbo ∼ 4.3 seconds for our jet and stellar parame-

ters (Fig. 5).

As discussed in Sec. 3, our results show three dis-

tinctive categories of lGRB based on their t90 (Fig. 5).

The first category is that of failed jets (red-shaded re-

gion), that is jets that do not emit a GRB. We find

the upper limit for central engine duration in this cate-

gory as, teng ⩽ 1.2 seconds (∼ 0.3tbo). These jets have

engine duration significantly shorter than the breakout

time, that is teng ≪ tbo. The second category of jets

(marked by the yellow region in Fig. 5), shows sig-

nificant photospheric and teng dependence on the t90.

The region spans over teng ∈ (1.2 − 24) seconds, which

corresponds to ∼ 0.3tbo − 5.6tbo. Hence, this region

is marked by teng ∼ tbo. The t90 is dictated by the

light crossing time in the jet head at any given pho-

tospheric radii. The lower limit, t90,min = teng,min +

0.07 sec × (Rph,min/R⊙) ≈ 1.4 seconds, in this region

serves as the shortest possible t90 in our model. Finally,

the third category of jets (marked by the green region),

have lGRB duration dictated solely by teng. Jets with

teng > 24 seconds (∼ 5.6tbo) fall under this category.
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Figure 8. This plot shows the results for our model. The left panel is the same as the lower panel of Fig. 5. The right panel plots the

results of our model, t90 = t90 + 0.07 sec × (Rph/R⊙), for the corresponding teng and Rph. The solid black line in the right panel shows

the analytical breakout time for the jets (assuming the jet head travels almost at the speed of light). The dashed black line in both panels

plots the Bromberg model for comparison.

This region is hence marked by teng ≫ tbo. So, the

longest possible t90 is dictated by the longest possible

time for which the central engine can power the jet.

We thus propose a new model for lGRB t90 = t90eng +

0.03 × (Rph/c) (Eq. 7). For our parameters of a WR

star, with stellar radius Rwr = 1.6R⊙ and M∗ = 4M⊙.

This can equally be scaled in terms of the stellar radius

as, t90 = t90eng + 0.07 sec × (Rph/R⊙). However, the

caveat here is that this coefficient of 0.03 also depends

on the jet properties such as power and opening angle.

We plan to explore the effects of jet properties on this

term in follow-up studies.

Now let’s look at some of the direct consequences

of this model. Traditionally in the Bromberg model

((Bromberg et al. 2012)), long gamma ray burst jets are

categorized based on successful breakout (teng > tbo) or

not (teng < tbo) (corresponding failed jets). For com-

parison this is plotted as the black dashed line in Fig.

8. As expected, the Bromberg model has a sharp cut-off

on t90 ∼ tbo, which we do not find. Thus, in the engine

duration regime, teng > 1.2 sec to teng ≈ 4.3 (∼ tbo)

we get successful jet breakout and a GRB consequently.

In contrast to the standard GRB duration correlation,

which predicts a failed jet breakout in this regime. Fur-

ther, within the yellow regime, we predict an additional

monotonically increasing dependence of t90 on the pho-

tospheric radius. While in the standard picture, the

only dependence is on the difference teng − tbo. For yet

longer engine duration, teng ≫ tbo, our model predicts

the same t90 as the Bromberg model, that is t90 ∼ teng.

In addition, variabilities within the jet structure are re-

flected in the lightcurve for jets which shuts off after

breaking out of the stellar surface.

Bromberg et al. (2011) analyzed a set of 5 llGRBs and

estimated the breakout times based on luminosity and

assumed stellar properties and a jet opening angle. They

found three out of the five llGRBs, GRB980425/1998bw,

GRB031203/2003lw, and GRB051109B have t90 greater

than the inferred engine duration. Our model pro-

vides an interpretation for the duration of such low-

luminous lGRBs where the extended t90 duration arises

from larger photospheric radii for a short engine dura-

tion. These lGRBs also do not show variability in their

lightcurves, as expected for short-engine duration jets in

our model.

The correlation of lGRB duration with engine dura-

tion also serves as a model to estimate the lGRB popula-

tion distribution (Bromberg et al. 2012). In our upcom-

ing works, we plan to use our new model to estimate

the population distribution of lGRB, and investigate

the low luminous lGRB population density in detail.
A re-evaluation of archival data from Swift and Fermi

lGRB observations may further reveal photospheric de-

pendence for existing observations. We further plan to

extend a similar analysis for short Gamma Ray Bursts

and investigate similar correlations. Upcoming missions

with enhanced onboard GRB detection like the Space

Variable Objects Monitor (SVOM) and BurstCube will

further enhance the lGRB and sGRB catalog. Many

aspects of astronomical Gamma Ray Burts remain de-

bated. The GRB duration remains one of the best pa-

rameters to categorize them. Our work provides a new

model basis for this categorization in the light of new

and exotic GRB detection.
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