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ABSTRACT

We investigate the external reverse shock region of relativistic jets as the origin of X-ray afterglows

of jetted tidal disruption events (TDEs) that exhibit luminous jets accompanied by fast-declining

non-thermal X-ray emissions. We model the dynamics of jet propagating within an external density
medium, accounting for continuous energy injection driven by accretion activities. We compute the

time-dependent synchrotron and inverse Compton emissions from the reverse shock region. Our anal-
ysis demonstrates that the reverse shock scenario can potentially explain the X-ray light curves and

spectra of four jetted TDEs, AT 2022cmc, Swift J1644, Swift J2058, and Swift J1112. Notably, the

rapid steepening of the late-stage X-ray light curves can be attributed jointly to the jet break and ces-

sation of the central engine as the accretion rate drops below the Eddington limit. Using parameters

obtained from X-ray data fitting, we also discuss the prospects for γ-ray and neutrino detection.
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1. INTRODUCTION

Tidal disruption events (TDEs) occur when a star

is torn apart by the tidal forces of a supermassive

black hole (SMBH, e.g., Hills 1975; Rees 1988; Evans

& Kochanek 1989), resulting in a transient lasting
from months to years, visible across the electromagnetic

spectrum, from the radio, infrared, optical/ultraviolet,
to X-ray ranges (e.g., Saxton et al. 2020; Alexander

et al. 2020; van Velzen et al. 2021a). A small fraction

of TDEs exhibits luminous relativistic jet signatures.

Since the discovery of the hard X-ray transient event

J164449.3+573451 (hereafter, Sw J1644, Bloom et al.
2011; Burrows et al. 2011; Levan et al. 2011; Zauderer

et al. 2011) by the Swift satellite, three additional jet-
ted TDEs – Swift J2058.4+0516 (hereafter, Sw J2058,

Cenko et al. 2012; Pasham et al. 2015), Swift J1112.2-
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8238 (hereafter Sw J1112, Brown et al. 2015, 2017), and

AT 2022cmc (Andreoni et al. 2022; Pasham et al. 2023)
– have been recorded. The multi-wavelength observa-

tions of these four jetted TDEs have provided valuable
prototypes for studying the radiation mechanisms, ac-
cretion histories, and jet dynamics over a time window

of months to years (e.g., Giannios & Metzger 2011; De

Colle & Lu 2020; Dai et al. 2021; Yuan et al. 2024b).

The four jetted TDEs exhibit prominent similarities
in their X-ray and radio afterglows. The X-ray light

curves can be roughly described by a power-law decay,

with the index roughly ranging from 5/3 (e.g., Sw J1644,

Mangano et al. 2016) to 2.2 (e.g., Sw J2058 and AT

2022cmc, Eftekhari et al. 2024). Late-time follow-up

observations have revealed additional steepening in the
X-ray light curves, suggesting common changes in jet
evolution or the central engine (Zauderer et al. 2013;

Pasham et al. 2015; Eftekhari et al. 2024). Additionally,

the rapid variability on time scales of ∼ few×100−1000

seconds imposes further constraints on the SMBH mass

(Brown et al. 2015; Mangano et al. 2016; Pasham et al.
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2023; Yao et al. 2024), e.g., ∼< few× 107 M⊙. In the ra-
dio and sub-millimeter bands, observations have shown

that these emissions are typically long-lasting compared

to the fast-declining X-ray emission. The radio/sub-

millimeter light curves are consistent with synchrotron

radiation from electrons accelerated by the external for-

ward shock of the jet with a Lorentz factor of Γ ∼ 1−10
propagating through a circumnuclear medium (e.g., Za-

uderer et al. 2011; Giannios & Metzger 2011; Metzger

et al. 2012; Berger et al. 2012; Zauderer et al. 2013;

Yuan et al. 2016; Eftekhari et al. 2018; Cendes et al.

2021; Matsumoto & Metzger 2023; Zhou et al. 2024;

Yuan et al. 2024b). However, the origin of jetted TDE

X-ray afterglows still remains unclear.
The X-ray emission from jetted TDEs is likely pro-

duced in a separate emission region. Theoretical models

involving jets powered by SMBH spin energy via large-

scale magnetic fields (Tchekhovskoy et al. 2014; Kel-

ley et al. 2014), energy dissipation within magnetically

dominated jets (Burrows et al. 2011), variable accretion

near the SMBH horizon (Reis et al. 2012), jet shell col-
lisions (Zou et al. 2013) and internal dissipations (Wang

& Cheng 2012; Lei et al. 2013; Lei et al. 2016), inverse

Compton scattering of external photons (Bloom et al.

2011; Crumley et al. 2016), and synchrotron emission
(Yao et al. 2024) have been investigated to explain the

X-ray observations of jetted TDEs. The power-law de-
caying X-ray light curves align with the mass fallback
rates from complete (t−5/3, e.g., Rees 1988; Phinney

1989) and partial (t−2.2, e.g., Guillochon & Ramirez-

Ruiz 2013) disruptions. The late-stage sharp steepening

of the X-ray light curves may result from jet shutoff,
caused by the accretion disk transitioning from thick to

thin as the accretion rate decreases from super- to sub-
Eddington states (Zauderer et al. 2013; Tchekhovskoy

et al. 2014). Shen & Matzner (2014) suggests that the

accretion rate may undergo dramatic drop at that time

the accretion disk becomes radiatively cooling and gas-

pressure dominated.
Moreover, two-component jet model with a fast inner

component and slow outer component, has also been ex-

ploited to explain the multi-wavelength emission from

TDEs (Wang et al. 2014; Mimica et al. 2015; Liu et al.

2015; Teboul & Metzger 2023; Sato et al. 2024; Yuan

et al. 2024b). Recently, Yuan et al. (2024b) suggested
that the external reverse shock powered by a relativitisc

jet launched from the active central engines, such as
continuous energy injection associated with accretion,
can also explain the X-ray observations of AT 2022cmc,
where the late-time rapid decay can be attributed to jet

breaks. This is also analogous to the long-lasting re-

verse shock model for shallow-decay afterglow emission
of gamma-ray bursts (GRBs).

Following Yuan et al. (2024b), we investigate the

external reverse shock scenarios to explain the X-ray

spectra and light curves of the four jetted TDEs, fo-

cusing on the fast jet scenario with Γ > 10, whereas

a slow jet (e.g., Γ ∼< 5) may be responsible for the
radio emission. We present a generic, self-consistent

model based on the TDE accretion history and multi-

wavelength observations to describe the jet evolution

and the time-dependent emissions in jet reverse shock

regions. The motivation is that jet deceleration, com-

bined with an active central engine, jointly determines

the reverse shock emission, which can naturally repro-
duce the t−δ (δ ∼ 5/3 − 2.2) X-ray afterglows. Addi-

tionally, the cessation of power injection would result in
sharply decaying reverse shock emission.

We model the time-dependent accretion rate, jet evo-
lution within an external medium incorporating contin-
uous power injection, and reverse shock emission in Sec.

2. In Sec. 3, we apply the reverse shock model to fit
the X-ray light curves and spectra of four jetted TDEs

and discuss the γ-ray and neutrino detectabilities. We

discuss and conclude our work in Sec. 4 and Sec. 5.

Throughout the paper, we use Tobs, t, and t′ to denote
the times measured in the observer’s frame, the SMBH-

rest frame, and the jet comoving frame, respectively.

2. TDE JET AND REVERSE SHOCK MODELING

2.1. Accretion history

Considering a TDE originated from the disruption
of a main-sequence star of mass M⋆ by a SMBH of

mass MBH, we write down the critical tidal radius
RT = fT(MBH/M⋆)

1/3R⋆ (e.g., Rees 1988), where fT ∼
0.02−0.3 represents the correction from the stellar struc-

tures (e.g., Phinney 1989; Piran et al. 2015) and R⋆ is

the radius of the star. After the disruption, approxi-

mately half of the star’s mass remains bound within an

eccentric orbit. A fraction (ηacc) of the bounded mass

will end up being accreted by the SMBH. The fall back

time can be estimated as the orbital period of most

tightly bound matter, e.g., tfb ≈ 2π
√

a3min/GMBH ≃
3.3 × 106 s f

1/2
T,−1.2M

1/2
BH,7M

−1/10
⋆,0.7 (e.g., Murase et al.

2020), where amin ≈ R2
T/(2R⋆) is the semimajor axis

of the orbit and the stellar mass-radius relationship

R⋆ = R⊙(M⋆/M⊙)
1−ξ (Kippenhahn & Weigert 1990)

with ξ ∼ 0.4 in the mass range 1 < M⋆/M⊙ < 10

is adopted. Here, we chose fT = 10−1.2 as the fidu-
cial value and scale tfb to the value for AT 2022cmc,
M⋆ = 5M⋆,0.7M⊙ (Yuan et al. 2024b), for illustration

purposes.
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Using tfb and ηacc, and considering that the post-
fallback accretion rate follows a power-law of t−5/3, we

express the time-dependent accretion rate as (Yuan et al.

2024b)

ṀBH =
ηaccM⋆

Ctfb
×











(

t
tfb

)−α

, t < tfb
(

t
tfb

)−5/3

, t > tfb

(1)

where 0 ≤ α < 1 is the early-time accretion index1,
and C = 3 + 2/(1 − α) is the normalization coefficient.

We then parameterize the power reprocessed to the rel-

ativistic jet from the mass accretion using the energy

conversion efficiency ηj ,

Lj = ηjṀBHc
2. (2)

The accretion and jet power efficiencies, ηacc and ηj , re-
main uncertain as they depend on the dynamics of mass

fallback, disk formation, and the magnetic flux accumu-

lation (e.g., Murase et al. 2020). Meanwhile, ηj may de-
pend on the accretion rate and the SMBH spin (see, e.g.,

Lei et al. 2017); for simplicity, we assume it to be con-

stant. Noting that these two parameters are degenerate

with the stellar mass in terms of data fitting, we define

the total jet energy as Ej =
∫

Ljdt = ηjηaccM⋆c
2/2,

which, instead of ηj and ηacc, will be treated as a free

parameter.

2.2. Jet dynamics

It is useful to define a generic density profile of the ex-

ternal medium through which the relativistic jets prop-

agate and decelerate. The interpretation of radio ob-

servations using the forward shock model demonstrates

that the density profile as a function of the distance

to the SMBH (R), n ∝ R−k with 1.5 < k < 2.0, is fa-

vored (e.g., Matsumoto & Metzger 2023; Yao et al. 2024;
Zhou et al. 2024), while the analysis of radio emissions in
non-jetted TDEs suggests a little steeper profile k = 2.5

(e.g., Alexander et al. 2020). Fitting the X-ray spectra

and light curves of AT 2022cmc indicates that a fast jet

with a Lorentz factor of Γ = few×10 is typically needed

(Yuan et al. 2024b), implying that the jet could pene-

trate the circumnuclear medium (CNM) and reach the

interstellar medium (ISM). Therefore, we follow Yuan
et al. (2024b) and connect the CNM to the ISM, which

yields

next =







nISM

(

R
Rcnm

)−k

, R < Rcnm

nISM, R > Rcnm.
(3)

1 Shen & Matzner (2014) pointed out that a slow-decaying ac-
cretion rate is possible due to disk internal kinematic viscosity,
depending on the type of polytrope stars.

One possible source for the CNM within Rcnm is the
wind emanating from pre-existing disks, which predicts

the boundary Rcnm ∼ 1018 cm before merging into the

ISM (Yuan et al. 2020, 2021). Moreover, the wind den-

sity profile can be smoothly connected to ISM at the
Bondi radius (Matsumoto & Piran 2024), which predicts

the similar Rcnm of ∼ 1018 cm for MBH ∼ 107 M⊙. The
density profile within Rcnm primarily impacts jet evolu-

tion in the very early stage and does not significantly in-

fluence the results after Tobs ∼ few days. In subsequent

calculations, we adopt the fiducial values of k = 1.8 as

in Matsumoto & Metzger (2023) and Rcnm = 1018 cm.
We follow the methodology for blastwave dynamics,

as illustrated in GRB afterglow modeling (Nava et al.
2013; Zhang 2018; Zhang et al. 2023; Sato et al. 2024)

and the structured jet modeling of AT 2022cmc (Yuan

et al. 2024b), to model the jet dynamics. The jet has a

top-hat structure and points towards the observer (on-

axis). Specifically, we examine how the jet Lorentz fac-

tor and radius depend on time, given the initial Lorentz

factor Γ0, the jet opening angle θj , and next. In this
picture, as the jet penetrates deeply into the ambient

gaseous environment, it sweeps up material, leading to

the formation of the forward shock (FS), which accumu-

lates and accelerates the upstream external medium to a

Lorentz factor Γ < Γ0. Meanwhile, a reverse shock (RS)

decelerates the unshocked ejecta from Γ0 to Γ within the
jet.

For jetted TDEs, we consider a continuously pow-

ered jet, in the sense that the jet energy Ej and ejecta

mass are persistently injected from the central engine.

A comprehensive treatment of jet evolution incorporat-

ing the reverse shock and continuous injections is pre-

sented in Appendix A of Yuan et al. (2024b). Here, we
numerically solve the coupled differential equations de-
rived in Yuan et al. (2024b). The results are consistent

with the analytical solutions obtained from
∫

Ljdt ∝
Γ2mpnextc

2R3
j and Rj ≈ 2Γ2ct,

Γ(t) ∝







t−(2+α)/8, t < tfb

t−3/8, t > tfb,
(4)

where Rj is the radius of the jet. In the following sec-

tions, the jet evolutions, specifically, Γ(t) and Rj(t), will

be used to compute the time-dependent FS and RS emis-

sions.

2.3. Multi-wavelength emission from RS regions

We focus on the RS scenario, as Yuan et al. (2024b)
has revealed that the fast-decaying X-ray afterglow of

AT 2022cmc could be attributed to emissions gener-

ated in RS regions. Given the isotropic equivalent
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jet luminosity, Lj,iso = Lj/(θ
2
j/2), jet radius Rj and

Lorentz factor Γ, we estimate the relative Lorentz fac-

tor between the RS upstream and downstream, Γrel ≈
(Γ0/Γ + Γ/Γ0)/2, and the upstream particle number

density n′
0 = Lj,iso/(4πR

2
jΓ

2
0mpc

3) in the jet comoving
frame. The downstream magnetic field strength can be

parameterized as Brs =
√

32πǫBΓrel(Γrel − 1)n′
0mpc2,

where ǫB represents the fraction of the internal energy

density that is converted to magnetic field energy den-

sity.

We consider a power-law injection rate, Q̇e ∝ γ−s
e , to

describe the distribution of non-thermal electrons accel-

erated by relativistic shocks. In this expression, γe is

the electron Lorentz factor and s ≥ 2 is the spectral in-
dex. To normalize the injection rate, we introduce the

number fraction (fe) of downstream electrons that are

accelerated by RS and the energy fraction (ǫe) of internal

energy that is converted to non-thermal electrons. This

allows us to infer the minimum Lorentz factor of injected

electrons, γe,m = (Γrel−1)(s−2)/(s−1)(ǫe/fe)(mp/me)
for s > 2, and normalize Q̇e. Using Brs, Q̇e, Rj(t),
and Γ(t), we compute the time-dependent synchrotron

and inverse Compton emissions in the synchrotron self-

Compton (SSC) framework, and convert quantities in jet

comoving frame to the observer’s frame by integrating

over the equal-arrival-time surfaces. We also account for

the effect of jet break when the jet Lorentz factor drops
below 1/θj by applying fbr = 1/[1+(θjΓ)

−2] to the light

curves2. This steepens the post-break light curves after

tbr, defined by Γ(tbr) = 1/θj , with the factor fbr ∝ Γ2

for t > tbr. A detailed description of the numerical mod-

eling of RS synchrotron and SSC emissions can be found
in Appendix A.

3. REVERSE SHOCK SCENARIO FOR FOUR

JETTED TDEs

3.1. X-ray data interpretations

Table 1 summarizes the observational parameters,

such as the redshifts and the SMBH masses3, for AT
2022cmc, Sw J1644 (J1644), Sw J2058 (J2058) and

Sw J1112 (J1112). Noting that the masses of dis-
rupted stars are not efficiently identified and can de-
generate with the energy conversion efficiencies of ac-
cretion activities and jets, we treat the total jet energy

Ej =
∫

Ljdt = ηjηaccM⋆c
2/2 as a free parameter to in-

2 Here, we neglect the lateral spreading of the jet, known as the
sideways expansion, for simplicity.

3 The SMBH masses are poorly constrained. These fiducial val-
ues are chosen to satisfy the X-ray variability constraints (e.g.,
Eftekhari et al. 2024) and to ensure that the cessation times (de-
fined later) are consistent with observations.

Table 1. Physical parameters (fe = 1.5× 10−3, s = 2.3 and
ǫe = 0.2 are fixed for all TDEs) and results

TDEs (a) AT 2022cmc J1644 J2058 J1112

z 1.19 0.35 1.19 0.89

MBH [M⊙] 107 106 106 2× 106

Model parameters

α 0.80 0.65 0.85 0.70

Ej [1052 erg] 5.4 3.5 2.9 6.3

nISM [cm−3] 10 6.0 1.0 10

θj 0.15 0.1 0.1 0.1

Γ0 30 25 42 35

ǫB 0.10 0.15 0.20 0.15

Results

M
(b)
⋆ [M⊙] 3.0 1.9 1.6 3.5

Tfb [d] 77 28 27 21

Tbr [d] 79 212 76 37

T
(c)
ce [d] 227 352 331 470

(a) Data sources: AT 2022cmc (Andreoni et al. 2022; Pasham et al.
2023), Sw J1644 (Burrows et al. 2011), Sw J2058 (Pasham et al.
2015), and Sw J1112 (Brown et al. 2015).

(b) The fiducial value ηjηacc = 0.02 is used to infer M⋆ from Ej .
(c) The fiducial parameter ηradηacc = 0.05 is used to calculate the
cessation time Tce = (1+ z)tce of the central engine. Please refer
to the main text for the definitions of the fallback time Tfb, the
jet break time Tbr, and Tce.

fer the time-dependent jet power using Eqs. (1) and

(2). Additionally, we select the accretion rate index α

to model the X-ray light curves before the mass fall back
time Tfb = (1+ z)tfb and choose nISM, θj , and Γ0 as fit-

ting parameters to ensure that Tfb and jet break time
Tbr = (1 + z)tbr are consistent with the observed X-ray

light curves (see the magenta and orange lines in Fig.

1). For multi-wavelength emissions from RS regions, we

fix fe = 1.5 × 10−3, s = 2.3 and ǫe = 0.2 to reduce the

number of free parameters based on the interpretations
of the AT 2022cmc X-ray data (Yuan et al. 2024b)4,

while we allow ǫB to vary freely for X-ray spectral fit-
tings, as it significantly impacts the cooling frequencies

in the synchrotron spectra.

Although the RS scenarios have been shown to de-

scribe the X-ray afterglows of jetted TDEs, and FS emis-

sions are subdominant in X-ray ranges, we include here

the contribution from FS regions for completeness. In-

stead of introducing new free parameters, we follow the

treatment in Yuan et al. (2024b) and apply the FS pa-

4 These values are also consistent with values suggested by the RS
model for early GRB afterglow emission (Genet et al. 2007)
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adopting the typical value ηaccηj ∼ 0.02, we infer that
the masses of the disrupted stars are distributed in the

range 1.6−3.5M⊙ (see Table 1), which is consistent with

the limits estimated from optical/radio observations.

In addition to the rapid decays, another significant
feature of the observed X-ray light curves of the 4 jetted

TDEs, especially Sw J1644, is their rapid variability of
∼ a few×100− 1000 s. The variability time scale of ho-

mogeneous reverse shock downstreams is typically close

to the observation time, e.g., Trs,var ∼ (1+z)Rj/(Γ
2c) ∼

Tobs. Since the jet is continuously powered by the

SMBH, the observed variability time is modulated by

the light crossing time of the central engine (Ioka et al.

2005; Reis et al. 2012). Moreover, the stochastic mag-
netic dissipation (Zhang & Yan 2011) and small scale

plasma fluctuations may also cause short-term variabil-

ities. On the other hand, the X-ray light curves also ex-

hibit some quasi-periodic (1 − 10 days) variation, with

dips that cannot be simply attributed to external shock

evolution. These short-term structures may be caused

by jet precessions induced by misaligned accretion disks

(Stone & Loeb 2012; Saxton et al. 2012; Lei et al. 2013;

Calderón et al. 2024); however a quantitative modeling

of these effects is beyond the scope of this work.

Besides the RS emission, contributions from the FS re-
gion are also included in our calculations and are found

to be negligible in X-ray bands using the same param-
eters for radio data fitting, which disfavors the external
FS as the origin of jetted TDE X-ray emission. This

also supports the two-component jet model, suggesting
that the FS in slow (Γ0 ∼ 1−10) jets and the RS in fast

(Γ0 > 10) jets explain the radio and X-ray observations
(Yuan et al. 2024b), respectively.

5. CONCLUSIONS

We modeled the jet evolution within an external

density medium by connecting the CNM profile, e.g.,

ncnm ∝ R−k, to the ISM, and computed the time-
dependent synchrotron and SSC emission from reverse

shock regions. We concluded that the external reverse

shock model for the jet may provide a generic and self-

consistent framework to explain the baselines of the X-

ray afterglows of jetted TDEs: Sw J1644, Sw J2058, Sw

J1112, and AT 2022cmc. Remarkably, the jet break,
together with a ceased central engine when the accre-
tion rate falls below the Eddington accretion rate, could
explain the sharp declines in the late-stage X-ray light

curves, especially for Sw J1644 and Sw J2058.

Our work also predicts the peak γ-ray flux to be

∼< 2 × 10−12 erg s−1 cm−2 (see the left panel of Fig.

3), which is lower than the Fermi -LAT 100 d sensitiv-
ity and explains the non-detection of γ-rays from jetted

TDEs. Moreover, chosing an optimistic proton accel-

eration efficiency of ǫp = Lp/Lj = 1/3, the neutrino
fluences from the four jetted TDEs are still more than

two orders of magnitude lower than the IceCube-Gen2

sensitivity.

Future work incorporating external reverse shocks, pe-
riodic jet precessions, and the contribution of internal

energy dissipations would offer a more comprehensive

description of the TDE X-ray afterglows, reproducing si-

multaneously the overall slopes, short-term fluctuations,

and rapid variability.
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APPENDIX

A. TIME-DEPENDENT REVERSE SHOCK EMISSIONS

Given the minimum electron Lorentz factor, γe,m = (Γrel−1)g(s)(ǫe/fe)(mp/me), we normalize the electron injection

rate Q̇e via

(4πR2
j t

′

dync)

∫

Q̇edγe =
feLj,iso

Γ0mpc2
, (A1)

where t′dyn = Rj/(Γc) is the comoving dynamic time, g(s) = (s− 2)/(s− 1) for s > 2 and g(s) ∼ O(0.1) for s = 2.
We use the AM3 software (Klinger et al. 2023) to model the time-dependent synchrotron and inverse Compton emis-

sions in the synchrotron self-Compton (SSC) framework by numerically solving the transport equations for electrons
and photons in the comoving frame, specifically, for electrons,

∂n′
e

∂t′
= Q̇e −

∂

∂γe
(γ̇en

′

e)−
n′
e

t′dyn
, (A2)

where n′
e is the electron number density (differential in Lorentz factor and volume), t′ is the time measured in comoving

frame, and γ̇e is the electron energy loss rate due to synchrotron radiation, inverse Compton scattering, and adiabatic

cooling. In this calculation, we self-consistently determine the maximum electron Lorentz factor by equating the

acceleration rate t′−1
acc = eBrs/(γemec) to the cooling rate t′−1

c = |γ̇e|/γe.
To obtain the observed photon spectra and light curves, we convert the comoving photon density spectra n′

γ (in

the units of cm−3) to the flux in the observer’s frame by integrating over the equal-arrival-time surfaces (EATSs, e.g.,
Takahashi et al. 2022; Zhang et al. 2023; Sato et al. 2024),

F (E, Tobs) =
2π(1 + z)

d2L

∫ θj

0

dθ sin(θ)R2
j

×∆Rjfbr
j′(t̂, Rj , ε

′)

Γ2(1− βµ)2

∣

∣

∣

t̂=
Tobs
1+z

+
µRj

c

,

(A3)

where j′ = n′
γ/(4πt

′

dyn) is the emissivity per unit solid angle, t̂ is the emission time, µ = cos θ, β =
√

1− 1/Γ2,

βsh =
√

1− 1/Γ2
sh is the shock velocity with Γsh =

√
2Γ. In this expression, ε′ = (1 + z)E/Γ connects the energy

in observer’s frame (E) to energy in comoving frame (ε′), and ∆Rj = Rj/[12Γ
2(1− µβsh)] (Takahashi et al. 2022)

measures the radical thickness of the shocked region that contributes to the observed flux at Tobs. The jet break

correction factor fbr = 1/[1 + (θjΓ)
−2] is also included.


