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Abstract

The jet composition and radiative efficiency of gamma-ray bursts (GRBs) are poorly constrained from the data. If
the jet composition is matter-dominated (i.e., a fireball), the GRB prompt emission spectra would include a
dominant thermal component originating from the fireball photosphere and a nonthermal component presumably
originating from internal shocks whose radii are greater than the photosphere radius. We propose a method to
directly dissect the GRB fireball energy budget into three components and measure their values by combining the
prompt emission and early afterglow data. The measured parameters include the initial dimensionless specific
enthalpy density (η), bulk Lorentz factors at the photosphere radius (Γph) and before fireball deceleration (Γ0), the
amount of mass loading (M), and the GRB radiative efficiency (ηγ). All the parameters can be derived from the data
for a GRB with a dominant thermal spectral component, a deceleration bump feature in the early afterglow
lightcurve, and a measured redshift. The results only weakly depend on the density n of the interstellar medium
when the composition  parameter (typically unity) is specified.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Relativistic fluid dynamics (1389)

1. Introduction

The jet composition of the gamma-ray bursts (GRBs) has
been subject to debate (Kumar & Zhang 2015; Pe’er 2015;
Zhang 2018). The GRB prompt emission spectra can in
principle help to diagnose the jet composition: the existence of
a bright thermal component would support a matter-dominated
fireball (Mészáros & Rees 2000), while the nondetection of
such a component may suggest the dominance of a Poynting
flux in the jet composition (Zhang & Pe’er 2009).5 Broadband
observations with GRB detectors, especially with the Gamma-
ray Burst Monitor and Large Area Telescope on board the
Fermi Gamma-Ray Space Telescope, have collected rich data,
which suggest that the GRB jet composition is likely diverse.
Whereas some GRBs (e.g., GRB 090902B, Abdo et al. 2009a;
Ryde et al. 2010; Pe’er et al. 2012, see Ryde 2005; Ryde &
Pe’er 2009; Li 2019b for systematic searches) are consistent
with being fireballs, a good fraction of bursts are consistent
with not having a thermal component (e.g., GRBs 080916C,
130606B, and many others; Abdo et al. 2009b; Zhang et al.
2011, 2016; Oganesyan et al. 2017; Ravasio et al. 2019;
Burgess et al. 2020). “Intermediate” GRBs with a dominant
nonthermal component and a subdominant thermal component
have been discovered (e.g., GRB 100724B, GRB 110721A and
several others; Guiriec et al. 2011, 2015; Axelsson et al. 2012),
which may be understood within the framework of “hybrid”
jets, i.e., the composition is a mixture of a matter component
and a Poynting-flux component (Gao & Zhang 2015; Li 2020).
Some bursts (e.g., GRB 160625B) displayed a significant
change of jet composition among different emission episodes
within the same GRB (Zhang et al. 2018; Li 2019a), which may
be consistent with some central engine models (e.g., Metzger
et al. 2011). Different jet compositions may imply different

energy dissipation (shocks versus magnetic reconnection) and
radiation (quasi-thermal versus synchrotron) mechanisms.
Another interesting subject related to the GRB prompt

emission mechanism is the radiative efficiency of a burst,
which may be defined as (Lloyd-Ronning & Zhang 2004)
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where Eγ, Ek, and Etot are isotropic-equivalent gamma-ray
energy, afterglow kinetic energy, and total energy, respec-
tively, and Lγ and Lw,0 are the isotropic-equivalent average
gamma-ray luminosity and total wind luminosity at the central
engine, respectively. Considering beaming correction would
lead to the same results, since all the energy/luminosity terms
are multiplied by the same beaming factor fb, which is not
considered in the discussion below. The Eγ value can be well
measured from the data as long as the fluence is well
measured and redshift is known. The Ek term, on the other
hand, is usually estimated from the afterglow data through
modeling. Its value depends on many uncertain shock
microphysics parameters, mostly òe (Freedman & Waxman
2001), but also òB and electron spectral index p as well (Zhang
et al. 2007; Wang et al. 2015). As a result, the derived
GRB radiative efficiency has been subject to large uncertain-
ties, ranging from below 10% to more than 90% (Zhang
et al. 2007; Wang et al. 2015; Beniamini et al. 2015; Li et al.
2018).
The bulk Lorentz factor Γ of a GRB, which is related to the

kinetic energy of the outflow, has been estimated using various
methods. The maximum photon energy of prompt emission
may be used to set a lower limit on Γ (e.g., Baring &
Harding 1997; Lithwick & Sari 2001). However, a precise
measurement cannot be made since the maximum energy also
depends on emission radius, which is not well constrained
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5 A thermal component may still show up if the central engine magnetization
parameter σ0 is not extremely large and σ at the photosphere already drops to
close to unity (e.g., Gao & Zhang 2015; Beniamini & Giannios 2017).
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(Gupta & Zhang 2008).6 Two other methods can give better
estimates of Γ. The first makes use of the early afterglow
lightcurve data. If a well-defined bump is identified in the early
afterglow lightcurve, it can be interpreted as the fireball
deceleration time. The Lorentz factor before deceleration
(which we call Γ0 in the rest of the paper) can be estimated
(Rees & Mészáros 1992; Mészáros & Rees 1993; Sari &
Piran 1999), which depends on Ek and the medium density
parameter (i.e., n for the constant medium model and A* for the
wind model). Again Ek needs to be estimated from the
afterglow data or from the prompt emission data assuming an
efficiency parameter. Alternatively, if a strong thermal comp-
onent is measured from the GRB prompt emission spectrum,
one can estimate the Lorentz factor at the photosphere radius
(which we call Γph in the rest of the paper) based on the
standard fireball photosphere model (Pe’er et al. 2007). The
GRB efficiency again needs to be assumed in order to perform
the estimate. This simple method relies on the assumption of a
matter-dominated jet composition. For more general hybrid-jet
models, more complicated diagnoses are needed (Gao &
Zhang 2015). Observationally, the Γ values derived from the
afterglow deceleration method (Liang et al. 2010; Lü et al.
2012; Ghirlanda et al. 2018) is somewhat smaller than those
derived using other methods (Racusin et al. 2009; Pe’er et al.
2015).

In this paper, we propose a new method to diagnose fireball
parameters by combining the deceleration and photosphere
methods. We show that with adequate observations, one can
measure several fireball parameters related to the energy
budgets. In particular, the efficiency parameter that has to be
assumed in previous methods can be directly measured. The

method is introduced in Section 2. Some examples are
presented in Section 3. The results are summarized in
Section 4 with some discussion.

2. The Method

2.1. Energy Budget Decomposition

Very generally, the effective energy per baryon at the central
engine can be defined by the parameter

( ) ( )m h s hº +1 , 20 0

where ( ) ( ) ˆh gº + + = +n m c e p n m c e1w p w p,0
2

0 0 ,0
2

0

( )n m cw p,0
2 , σ0, nw,0, e0, and p0 are the dimensionless specific

enthalpy density (also called dimensionless entropy in the
literature, e.g., Mészáros & Rees 2000), the magnetization
parameter, number density, internal energy density, and
pressure of the fireball wind at the central engine, respectively,
and ĝ = 4 3 is the adiabatic index for a relativistic fireball
with η? 1. The last approximation in Equation (2) applies to a
pure fireball with σ0; 0, which is the regime discussed in this
paper. During the subsequent evolution of the fireball, the
effective energy per baryon can be defined by

( ) ( ) ( )m = G QR R , 3

which is conserved unless radiation is leaked out from the
fireball. Here Γ(R) is the bulk Lorentz factor of the fireball as a
function of the radius R from the central engine, and

( ) ˆ ( ) [ ( ) ]gQ = +R e R n R m c1 w p
2 is the dimensionless specific

enthalpy density as a function of R. Figure 1 shows a cartoon
picture of the evolution of μ (only up to the deceleration radius
Rdec, beyond which it is no longer of interest) and Γ

(throughout the acceleration, coasting, dissipation, and decel-
eration phases) as a function of R. One can see that before the
deceleration radius, the μ parameter undergoes two significant

Figure 1. An indicative description of the evolution of μ and Γ in a GRB fireball. Both axes are in logarithmic scales. In reality, internal shocks may spread in a wide
range of radii.

6 Most work made use of the variability timescale to estimate the emission
radius, but the estimate is only relevant for the internal shock model but does
not apply to photosphere (e.g., Rees & Mészáros 2005) or magnetic dissipation
(e.g., Mészáros & Rees 1997; Lyutikov & Blandford 2003; Zhang &
Yan 2011) models.
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drops. The first drop occurs at the photosphere radius where a
significant amount of thermal energy is released as thermal
photons. The μ value drops from η to Γph. The second drop
occurs at the internal shock radii where significant dissipation
of the fireball kinetic energy occurs and additional photon
energy (in the form of synchrotron radiation) is released from
the fireball. The μ value drops from Γph to Γ0 before entering
the deceleration phase.

For a fireball with an isotropic-equivalent total mass M, the
initial, total energy of the fireball is

( )h=E Mc . 4tot
2

The energy emitted in thermal emission from the photosphere
is

( ) ( )h= - GE Mc ; 5th ph
2

that emitted in nonthermal emission from internal shocks is

( ) ( )= G - GE Mc ; 6nth ph 0
2

and the total emitted energy is

( ) ( )h= + = - GgE E E Mc . 7th nth 0
2

The kinetic energy left in the afterglow is

( )= GE Mc , 8k 0
2

so the radiative efficiency (1) becomes

( )h
h

h
=

- G
g . 90

2.2. Prompt Emission Constraint

The fireball initially undergoes a rapid acceleration with
Γ∝ R due to the internal pressure of the fireball (Mészáros
et al. 1993; Piran et al. 1993; Kobayashi et al. 1999). It coasts at
a radius Rc= ΓcR0 at which acceleration essentially stops,
where R0 is the initial radius of the fireball, and Γc is the
coasting Lorentz factor. In order to constrain Lorentz factor
using the thermal emission information, the photosphere radius
Rph needs to be greater than Rc. In previous treatments (e.g.,
Mészáros & Rees 2000; Pe’er et al. 2007), Γc is approximated
as η (for the regime we are interested in, i.e., Rph> Rc). We
note that the fireball Lorentz factor never fully achieves η, as
the fireball contains a significant amount of internal energy,
especially below Rph. Numerical simulations (Kobayashi et al.
1999) showed that acceleration does not stop abruptly, but
undergoes a smooth transition around Rc (see also Figure 1). As
a result, a more reasonable approximation would be that the
Lorentz factor of the fireball only reaches Γph at Rph, when the
fireball becomes transparent. After discharging photons at Rph,
the internal energy becomes negligibly small, so μ becomes
close to the bulk Lorentz factor Γ= Γph, which coasts with this
value afterwards. As a result, one may approximately treat the
fireball dynamics as having an effective coasting Lorentz factor
Γc∼ Γph and an effective coasting radius at Rc∼ ΓphR0.

For Rph> Rc (i.e., Γph< Γph,*), the observer-frame (without
the (1+ z) correction from cosmological expansion) luminosity
and temperature of the photosphere emission can be estimated
as (Mészáros & Rees 2000, but with η replaced by Γph and Lw,0

replaced by Lw,ph)
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where Lph is the photosphere emission luminosity (i.e., the
luminosity of the thermal spectral component), Lw,ph is the
kinetic luminosity of the wind at the photosphere, which is
related to the total wind luminosity through Lw,ph= Lw,0(Γph/η),

( )=
G

r
R

12ph
ph

ph

is the radius of the projected photosphere area for a
relativistically moving fireball,
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is the critical Γph above which Rph becomes smaller than Rc so
that the method discussed here no longer applies, and
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is the initial temperature at the central engine. Here mp is the
proton mass, c is the speed of light, σT is the Thomson cross
section, σB is the Stefan–Boltzmann constant,  is the lepton-
to-baryon number ratio, which equals unity for a pure hydrogen
fireball but could be greater (for a pair-loaded fireball) or
slightly smaller (for a neutron-rich fireball without pair loading)
than unity. Both Lw,ph and Lw,0 are normalized to 1052 erg s−1

(hereafter the convention Q= 10nQn is adopted in cgs units).
Notice that in Equation (14) we have neglected a coefficient of
order unity, which depends on the composition of the outflow
at the jet base (Kumar & Zhang 2015). Other coefficients of the
order unity are also neglected in our derivations below.
The observed flux of the photosphere blackbody7 component

is ( ) ( )p s p=F r T D4 4bb
ob

ph
2

B ph
4

L
2 . Using Equation (11) and

noticing p h= g g
-L D F4w,0 L

2 ob 1 ( gFob is the observed total
gamma-ray flux), one can derive (Pe’er et al. 2007)
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7 The photosphere spectrum is not exactly a blackbody, but does not
significantly deviate from it (Pe’er 2012; Deng & Zhang 2014).
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and Tob= Tph/(1+ z) is the effective temperature of the
observed thermal spectrum.

Making use of Equation (10) and noticing =Lw,ph

p g g
-D F f4 L

2 ob 1, where

( )h
= =

- G
Gg

gf
L

L
, 18

w,ph

0

ph

one can further derive
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One can see that the parameters η and Y in Equation (4) of
Pe’er et al. (2007) are replaced by Γph and hg gf 1 2 3 2,
respectively. In the second equation, Equation (18) has been
used. Solving for Γph, one can further derive
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2.3. Afterglow Constraint

For a constant density interstellar medium,8 one can estimate
Γ0 using the observed deceleration time tdec. The decelera-
tion radius can be estimated with ( )p =R nm c E4 3 p kdec

3 2

( ˆ )gG G0 dec , where Γdec= Γ0/2. This gives the deceleration
radius ( ˆ ) ( )pg= G ´R E nm c E3 2 6.2 10 cmk p kdec 0

2 2 1 3 16
,52
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G- -n .0,2
2 3 1 3 The deceleration time in the observer frame can be

calculated as ( ) ( ( ) ) ( )ò= + G +t z r c dr z1 2 0.9 1dec 0

R 2dec

/GR cdec 0
2 . Reversely solving it, one finally gets (Zhang 2018)

⎜ ⎟⎜ ⎟

⎜ ⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

( )
ˆ

( )





pg

h

G
+

+

=
+ G

- G
g

-

-

E z

nm c t

t
z E

n

t
z E

n

0.9
3 1

2

170
1

2

170
1

2
. 21

k

p

k

0
3 8

3

5
dec
3

1 8

dec,2
3 8

3 8
,52

1 8

dec,2
3 8

3 8
,52

1 8
0

0

1 8

2.4. Dissecting Fireball Energy Budget

The five unknown parameters that characterize a GRB fireball,
i.e., η, Γph, Γ0, ηγ, and M can be in principle solved with
Equations (5), (6), (9), (20), and (21), using the observed
quantities Eth, Enth, Eγ, gFob, Fbb

ob, Tob, tdec, and z. There are only
two free parameters. One is  , which depends on the composition
of the fireball (pairs, protons, and neutrons), but a reasonable

estimate is ~ 1. The second parameter is the density parameter
n, which may be further constrained via afterglow modeling (e.g.,
Panaitescu & Kumar 2001, 2002). Even if it is not constrained, the
solutions only weakly depend on it. One may take a standard
value n= 1 cm−3 when solving the problem.
There is no analytical solution to the problem. One can

numerically solve the problem using a root-finding algorithm.
From Equations (5) or (6), one can solve
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From Equation (21), one can derive
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Inserting Equations (23) and (24) into Equation (20), Γ0 can be
then solved by assigning typical values for  and n. Once Γ0 is
solved, η can be solved from Equation (24); Γph and M can be
solved from Equations (23) and (22), respectively, and ηγ can
be solved from Equation (9).

3. Examples

In order to perform the diagnosis proposed in this paper, a
GRB needs to satisfy the following three requirements:

1. The burst needs to have a matter-dominated composition
with a distinct thermal spectral component. One may use the
contrast between the thermal and nonthermal components to
estimate the magnetization parameter σ0 at the central
engine based on the hybrid-jet diagnostic method proposed
by Gao & Zhang (2015; see Li 2020 for a systematic
analysis of the GRB data using the method). If σ0 is close to
0, the burst would be a fireball.

2. The burst needs to have early afterglow data that show a
distinct bump that is consistent with deceleration of a
fireball in a constant density medium (e.g., Molinari et al.
2007; Liang et al. 2010).

3. The burst needs to have a measured redshift.

Few GRBs satisfy these constraints in the current database. We
have gone over the currently detected GRBs from the archives,
but could not find an ideal case with all three criteria satisfied.
One GRB to which this method may be applied is GRB
190114C, which is studied elsewhere (Li et al. 2021).
Instead of performing case studies, in the following we perform

calculations for some example cases and explore the dependence
of the results on various parameters. For example, we consider a
GRB at z= 1 with the following observed quantities: Eth=
1053 erg, Enth= 5× 1052 erg, =g

- - -F 10 erg s cmob 5 1 2, =Fbb
ob

´ - - -6 10 erg s cm6 1 2, T= 100 keV, and tdec= 20 s. Accord-
ing to the formalism discussed in Section 2, the following fireball
parameters can be derived: η; 695, Γph; 554, Γ0; 408,
ηγ; 30.4%, and M; 3.91× 10−4Me.
In general, the results are mainly defined by three energy

values (only two are independent), i.e., Eth, Enth, and Eγ=
Eth+ Enth. This is because given a GRB duration T90 and a
redshift, the energy parameters (Eth and Eγ) can be

8 We do not discuss the case of a wind medium (Dai & Lu 1998; Mészáros
et al. 1998; Chevalier & Li 1999) in this paper. Afterglow observations suggest
that the majority of GRBs, especially those with the clear deceleration
signature, are consistent with having a constant density medium (Zhang et al.
2007; Liang et al. 2010).
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approximately translated to the flux parameters (Fbb
ob and gFob).9

The observed temperature Tob is also related to Fbb
ob through rph.

Figure 2 shows the contours of η, Γph, Γ0, ηγ, Ek, and Etot in the
Eγ− p plane, where p≡ Eth/Eγ is the thermal emission
fraction. The following parameters, i.e., z= 1, n= 1 cm−3,

= 1, T90= 15 s, tdec= 30 s, and Tob= 60 keV, are adopted in
the calculations. One can see that the efficiency ηγ is
reasonably high, between ∼(25%–40%) for the parameter
space explored. The derived parameters η, Γ0, Ek, and Etot are
all insensitive to the thermal emission fraction p but positively
scale with Eγ. Only the Γph contour positively scales with both
Eγ and p. Fixing Eγ, Γph decreases as p increases. This is fully
consistent with intuition.
Figure 3 shows the contours of η, Γph, Γ0, ηγ, Ek, and Etot

in the Tob− p plane. The following parameters, i.e., z= 1,
n= 1 cm−3, = 1, T90= 15 s, tdec= 30 s, and Eγ= 1052 erg,
are adopted for the calculations. The patterns are more

Figure 2. Contour plots of η, Γph, Γ0, ηγ, Ek, and Etot in the Eγ–p plane.

Figure 3. Contour plots of η, Γph, Γ0, ηγ, Ek, and Etot in the Tob–p plane.

9 Eth, Enth, and Eγ include the energies during the entire T90 of GRB prompt
emission, whereas Fγ and Fbb are measured during the time intervals when the
thermal emission presents. For typical GRBs, the prompt emission lightcurves
show a rough fast-rise-exponential-decay behavior and the thermal emission
usually appears at the most luminous peak region. For a theoretical estimation,
we may calculate the flux at the peak region as ∼3 times the average flux
during T90, e.g., ( ) p~ +g gF z E D T3 1 4ob

L
2

90.
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complicated, which is a result of the complicated relationship
between rph and various energy budget parameters. The
bottom-left panel again shows that usually the fireball radiative
efficiency ηγ is high, i.e., ∼(20%–60%) for reasonable values
of the measured blackbody temperatures and a typical observed
value for Tob. Given a measured Tob, ηγ increases as the thermal
fraction p increases to high values. This is due to the significant
increase of η in these cases.

4. Conclusions and Discussion

We have proposed a method to dissect the energy budget of
a GRB fireball making use of the constraints derived from the
thermal and nonthermal emission components in the prompt
emission spectrum and the deceleration bump feature in the
early afterglow lightcurve of a GRB. The key point is that the
blackbody spectral component observed in the prompt emis-
sion phase and the early afterglow bump are measuring the
bulk Lorentz factor of the fireball at two different stages, i.e.,
Γph and Γ0, respectively. Both are lower than the initial
dimensionless specific enthalpy density of the fireball η. With
observational quantities such as Eth, Enth, Eγ, gFob, Fbb

ob, Tob, tdec,
and z, one can directly measure several crucial fireball
parameters, including η, Γph, Γ0, ηγ, and M.

In order to apply the method, the three criteria discussed in
Section 3 are needed. The lack of GRBs satisfying all three
criteria is the combination of the rareness of fireballs and some
observational selection effects. For example, the GRBs with
well-studied prompt emission spectra were usually detected by
Fermi, whereas those with early afterglow and redshift
measurements were usually detected by Swift. On the other
hand, bursts that can satisfy all three constraints may be
regularly discovered by the upcoming Chinese-French GRB
detector SVOM (Wei et al. 2016), which has the capability of
obtaining both broadband prompt emission spectra (using
ECLAIRS and GRM) and early optical afterglow lightcurves
(using VT). Many of these bursts will have redshift measure-
ments with the detection of early afterglows. The diagnosis
proposed in this paper can be routinely applied to those bursts.

There are some caveats when applying the method proposed
here. First, we have applied the standard fireball photosphere-
internal-shock model (Rees & Mészáros 1994; Mészáros &
Rees 2000; Daigne & Mochkovitch 2002) that invokes two
distinct emission sites. Some models interpret both thermal and
nonthermal emissions as arising from the photosphere region
(e.g., Vurm et al. 2011; Veres et al. 2012). Our method does
not apply to those models. Second, if the central engine carries
significant magnetization (σ0? 1), which seems to be the case
for most GRBs (Zhang 2018), the simple method proposed
here does not apply. More work is needed to extend this
analysis to the case of hybrid jets following the approach of
Gao & Zhang (2015). Finally, there is another channel to leak
energy from the fireball, which is neutrino emission due to
hadronic interactions of high-energy protons accelerated from
shocks. This channel may be important for hadronic GRB
models under extreme conditions (e.g., Asano & Mészáros
2011), but would not be important for the standard fireball
model. The nondetection of neutrinos from GRBs (Aartsen
et al. 2017) suggests that the nonthermal GRB emission region
is likely far from the central engine (He et al. 2012; Zhang &
Kumar 2013), where the hadronic interaction optical depth is
low. This is also consistent with the assumption that neutrino
energy loss channel is unimportant.

We thank Peter Mészáros, Asaf Pe’er, and an anonymous
referee for helpful comments.
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