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Abstract The acceleration mechanisms of relativistic jets are of great importance
for understanding various astrophysical phenomena such asgamma-ray bursts, active
galactic nuclei and microquasars. One of the most popular scenarios is that the jets are
initially Poynting-flux dominated and succumb to magnetohydrodynamic instability
leading to magnetic reconnections. We suggest that the reconnection timescale and
efficiency could strongly depend on the geometry of the jet, which determines the
length scale on which the orientations of the field lines change. In contrast to a usually-
assumed conical jet, the acceleration of a collimated jet can be found to be more rapid
and efficient (i.e. a much more highly saturated Lorentz factor can be reached) while
the jets with lateral expansion show the opposite behavior.The shape of the jet could
be formed due to the lateral squeezing on the jet by the stellar envelope of a collapsing
massive star or the interaction of the jet with stellar winds.
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1 INTRODUCTION

Highly collimated, relativistic jets are widely considered to exist in many compact astronomical
objects such as active galactic nuclei (AGNs), blazars and gamma-ray bursts (GRBs) (Livio 1999),
whereas the physical mechanisms responsible for the acceleration and collimation of these jets are
still being debated. However, observations by theHubble Space Telescope, Chandra and VLBI,
indicate that these jets are strongly related to magnetizedcentral objects or magnetized accretion
disks (Ford et al. 1994; Harms et al. 1994; Gong & Li 2012) and this mechanism is also supposed in
many theoretical models (e.g., Mészáros & Rees 1997; Usov1992; Spruit 1999; Dai et al. 2006; Yu
et al. 2010; Yu & Dai 2007; Mao et al. 2010). According to thesemodels, the magnetically-driven
outflows are probably initially Poynting-flux dominated, and then the outflows must be converted
to kinetic energy by some kind of acceleration mechanisms toaccount for the observed large bulk
Lorentz factors of the order of102 − 103 (Fenimore et al. 1993; Woods & Loeb 1995; Lithwick &
Sari 2001; Drenkhahn & Spruit 2002). A question then arises:how can the jet be accelerated to such
a high speed?

As the most direct consideration, one may ascribe the jet acceleration as being due to the pres-
sure of the associated magnetic field in the outflow. However,for a purely radial outflow, the radial
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gradient of the magnetic pressure could be just balanced by the inward magnetic tension force and
thus no acceleration can happen (Michel 1969). Alternatively, the rapid rotation of magnetized com-
pact objects, due to magnetocentrifugal acceleration, acts as an ideal magnetohydrodynamic (MHD)
process. This occurs when a spinning central body twists themagnetic field into a toroidal compo-
nent and then the plasma is ejected by magnetic tension (Begelman & Li 1994; Daigne & Drenkhahn
2002). Unfortunately, the efficiency of such a magnetocentrifugal acceleration is always found to be
too low to explain the observed high Lorentz factors (Spruitet al. 2001; Yu et al. 2009). Therefore,
for the acceleration of a relativistic outflow, there must beanother process that can efficiently convert
the Poynting flux energy into bulk kinetic energy of the flow and accelerate the jet.

Drenkhahn (2002) has pointed out that such an efficient conversion could take place if the mag-
netic field in the outflow can change its direction on sufficiently small scales, because the changes
in direction lead to reconnection between field lines that have opposite polarity. As a result, the
Poynting-flux-dominated flow is gradually converted into a kinetic-energy-dominated one via mag-
netic reconnection. Simultaneously, the outflow is effectively accelerated due to the imbalance be-
tween the pressure gradient and the tension force appearingin the non-radial outflow. Furthermore,
Giannios & Spruit (2006) also investigated how the bulk Lorentz factor of the jet depends on the
parameters of the outflow such as energy luminosityL, baryon loadingσ0 (the initial ratio of the
radial Poynting flux to kinetic energy), and different jet opening anglesθ. The length scale of the
alternation in the field lines also plays a crucial role in determining the acceleration rate of the flow.
However, the length scale is sensitive to the configuration of the jet, which is usually simply assumed
to have a conical geometry. However, previous works disregard the collimation or possible problems
with lateral expansion. Nevertheless, more and more observations of relativistic jets in AGNs, radio
galaxies or microquasars in the other galaxies have shown that many of these jets are not purely
conical, but also exhibit other geometries, such as cylindrical (e.g., Cheng & Lu 2001; Lamb 2000;
Perley et al. 1984; Biretta et al. 1999) or have trumpet-shaped jets with lateral expansion. Therefore,
for a general consideration, it is necessary to investigatethe acceleration of astrophysical jets for
different jet geometries under the magnetic reconnection model.

In this paper we investigate the dynamics of magnetized outflows with possible evolutions of jet
geometries. We describe the dynamics of jet acceleration based on the magnetic reconnection model
in Section 2 and the reconnection timescales under different jet geometries are given in Section
3. The numerical results of the jet dynamics and the evolution of magnetization ratio with a brief
discussion are given in Section 4.

2 ACCELERATION DUE TO MAGNETIC RECONNECTION

In this section we briefly introduce and develop a dynamical model for a magnetically-driven jet
based on the model of Drenkhahn (2002). The dynamical evolution of the jet is determined by the
conservations of mass and energy. The mass flux loss per time and energy flux of the outflow can be
written as

Ṁ = Ωr2ρuc , (1)

L = ΓṀc2 + Ω
(rB)

2

4π
βc , (2)

respectively, whereΩ = 2π(1 − cos θ) is the solid angle of the jet withθ being the half opening
angle,r is the radius,ρ is the mass density andu is the radial bulk 4-velocity. We use the notationΓ
for the bulk Lorentz factor of the jet, and the dimensionlessvelocityβ = u/Γ for the bulk velocity
in units of the speed of lightc. If θ is a constant, then equations return to the case of a conical jet,
which has been discussed in previous works, and disregard the possible evolution of the length scale
associated with alternation of the field lines (Drenkhahn 2002; Giannios & Spruit 2006). Equation (2)
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shows that the total energy of the flow consists of the bulk kinetic energy fluxLkin = ΓṀc2 and the
Poynting luminosityLpf = Ω(rB)2βc/(4π). The ratio between these two components of energy is
denoted by

σ =
Lpf

Lkin

=
Ω(rB)2βc

4πΓṀc2
=

B2

4πΓ2ρc2
, (3)

which refers to the magnetization ratio of the flow (Drenkhahn & Spruit 2002; Drenkhahn 2002;
Giannios & Spruit 2006). So, we can rewrite the total luminosity asL = (1 + σ)ΓṀc2. The start
point of our calculations will be set at the Alfvén point where the centrifugal acceleration has mostly
already occurred so that the corotation of matter cannot be forced by the magnetic field. After the
Alfvén point, the acceleration of the jet will be dominatedby the reconnection processes. Denoting
the initial magnetization degree at the Alfvén point asσ0, the initial 4-velocity that is defined by the
Alfvén speed can be written asu0 = uA(rA) = (B/Γ)/

√

4πρc2 =
√

σ0 which is consistent with
previous studies (Michel 1969; Goldreich & Julian 1970; Camenzind 1986; Beskin et al. 1998). Then
we haveL = (1 + σ0)Γ0Ṁc2 = (1 + σ0)

√
σ0Ṁc2 for which we use the approximate expression

Γ0 =
√

(u2
0 +

√

u4
0 + 4u2

0)/2 ≈ u0. In the ultrarelativistic case, we haveβ ≈ 1, u ≈ Γ and
σ0 + 1 ≈ σ0 (Drenkhahn 2002). With these approximations, Equation (2)and Equation (3) become

Lpf = Ω
(rB)

2

4π
c = L

(

1 −
ΓṀc2

L

)

≈ L

(

1 −
Γ

σ0
3/2

)

, (4)

σ =
(1 + σ0)

√
σ0

Γ
− 1 ≈

σ
3/2
0

Γ
− 1 , (5)

whereL andσ0 are constant model parameters. The above equation shows that the dynamic evolu-
tion of the outflow is exclusively determined by variation inthe magnetic energy denoted by(rB)2.

By differentiating Equation (4), the dynamical evolution of the jet can be given by

dΓ

dr
= −

1

Ω

(

σ0
3/2 − Γ

) dΩ

dr
−

Ωc

4πL
σ0

3/2 d(rB)2

dr
, (6)

where the first term on the right hand side is due to a possible deformation of the outflow and
the latter one corresponds to an intrinsic dissipation of the field. The evolution of the magnetic
field for ideal MHD is determined by the induction equation asd(rB)/dr = 0. By introducing a
dissipation timescaleτ due to magnetic reconnection, an additional dissipation term would appear
in the induction equation to account for non-ideal MHD effects arising from it (Drenkhahn & Spruit
2002; Giannios & Spruit 2006)

d(rB)2

dr
= −2

(rB)2

cτ

[

1 − µ2 (rB)20

(rB)
2

]

, (7)

where the parameterµ represents the initial fraction between the field strengthsof the non-decaying
component and the total field. Combining Equations (4), (6) and (7), we can derive the dynamical
equation of the outflow as

dΓ

dr
=

2

cτ

[

(σ0
3/2 − Γ) − µ2 Ω

Ω0

(σ0
3/2 −

√
σ0)

]

−
1

Ω

dΩ

dr

(

σ0
3/2 − Γ

)

. (8)

For a conical jet with a constant value ofΩ, the above equation determines a maximum Lorentz
factor to beΓmax = σ

3/2

0 (1− µ2) +
√

σ0µ
2 (more roughly,Γmax ∼ σ

3/2

0 ), which is independent of
the specific magnetic dissipation mechanism denoted by the timescaleτ (Drenkhahn 2002).
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3 JET GEOMETRIES AND RECONNECTION TIMESCALE

The magnetic field lines with opposite directions move towards a reconnection center where the
field lines are reconnected (Petschek 1964). So, the magnetic reconnection timescale should be de-
termined by the length scaleλ′ on which the orientation of the field lines changes and the speed
associated with the motion of field lines. Specifically, we can write

τ = Γ
λ′

εv′A
, (9)

where the speed of the moving field lines is considered to be proportional to the Alfvén speedv′A
by a coefficientε (Begelman 1998; Drenkhahn 2002) and the Lorentz factor converts the timescale
from the comoving rest frame to the local lab frame. Following u′

A =
√

σ and Equation (3), the
comoving Alfvén speed can be calculated by

v′A = c
u′

A
√

1 + u′2
A

= c

√

σ

1 + σ
≈ c

√

1 −
Γ

σ
3/2
0

, (10)

which indicates that the Alfvén speed is very close to the speed of light before the magnetic recon-
nection is completed.

The alternation in the orientation of the field lines is probably caused by a misalignment be-
tween the axes of the magnetic moment and the rotation of the central compact object. Such a non-
axisymmetric structure will lead to an azimuthal componentof the magnetic field and then a helical
structure could be formed, as illustrated in Figure 1. Consequently, a wave-like variation occurs at
all latitudes, and the typical length scale of variation in the field is the diameter of the jet section.
For the usually supposed conical jet, the alternative length scale as a function of distancer to the
central object can be calculated byλ

′

= 2rθ, whereθ is the half opening angle of the jet. However,
more generally, the opening angle of the jet is not constant.In the non-constant case, it evolves with
r due to the lateral squeezing on the jet by the stellar envelope of a collapsing massive stars or the
interaction of the jet with stellar winds. Following such a consideration, a power-law evolution of
the opening angle asθ = θ0 (r/r0)

α is assumed to be the lowest order of approximation. Then the
length scale can be written as

λ
′

= 2rθ0

(

r

r0

)α

. (11)

Fig. 1 Illustrations of different structures (conical, parabolic and trumpet-like shapes) for the mag-
netic field of the jet.



Magnetic Reconnection Acceleration of Astrophysical Jetsfor Different Jet Geometries 479

Different values for the indexα determine different jet geometries, e.g. a collimated jet for −1 <
α < 0, a trumpeted jet for0 < α < 1 and the usual conical jet forα = 0. A cylindrical jet with a
constant cross section can be described as a limiting case ofα = −1. Illustrations of the different jet
geometries are presented in Figure 1.

4 RESULTS AND DISCUSSION

Generally speaking, the model presented above is viable in both situations of AGNs and GRBs,
although the length scales of the two types of objects are completely different. Specifically, the
central black holes harbored in AGNs are supermassive, on the order of106 − 1010 M⊙, whereas
objects at the centers of GRBs are stellar-mass black holes or magnetars. Therefore, the initial and
typical radius of the AGN jets must be much larger than the GRBjets. On the other hand, the Lorentz
factors of the AGN jets could be somewhat lower than the GRB ones. However, the conversion of
magnetic energy to kinetic energy of the jets, which is the focus of this paper, could be qualitatively
similar between the AGNs and GRBs. In the following calculations, we take parameter values typical
for GRB jets just as an example, i.e. the initial magnetization of the jet withσ0 = 100 at the Alfvén
pointr0 ∼ 107 cm,ǫ = 0.1 andµ2 = 0.5. More specifically, such parameters are potentially related
to a GRB with a central magnetar.

The numerical results of the dynamic and magnetization evolution of jets with a parabolic jet
structure (a collimated jet) and a trumpet-like jet structure (with lateral expansion) for the magnetic
field profile are given in Figures 2 – 5. As a comparison, the case of a usual conical jet (with a half
opening angleθ = 5◦) is also shown by the solid line, which can be approximatively described by
the following analytic solution given by Drenkhahn (2002)

Γ ≈

[

2ε(1 − µ2)σ3/2

θ
ln
( r

r0

)

+ σ0

]1/2

. (12)

As a general impression, one can see that the magnetic reconnection acts efficiently and accel-
erates the jet 2–3 orders of magnitude near the Alfvén point. In Figure 2, the acceleration of the
parabolic jets (α < 0) could be much more rapid and efficient (a much higher Lorentzfactor can be
reached) than the conical jet, whereas the trumpet-like jets (α > 0) can only be accelerated at the
very early phase and finally reach a Lorentz factor with a relatively low saturation. The jet acceler-
ations are also strongly dependent on the initial opening angle θ0 as shown in Figure 4. For smaller
initial opening angles, the jet is accelerated faster and toa higher terminal Lorentz factor. Such a
result can be understood in that a narrower jet would exhibita much shorter reconnection timescale
and thus much faster magnetic dissipation.

Another important quantity is the Poynting to matter energyflux ratioσ as a function of distance
r as is shown in Figures 3 and 5. While the flow is initially moderately Poynting flux dominated,
the σ drops rapidly with distancer and the flow is matter-dominated at distancesr∞ ∼ 1016 cm
where the GRB jet is expected to run into the external medium.In Figures 3 and 5, we can find that
collimated jets with smaller opening angles lead to lower values ofσ∞, which means practically all
the magnetic energy has been transferred to the matter.

This work suggests that the jet geometries also play a significant role in the dynamics of the
outflow. The energy dissipated by magnetic reconnection accelerates the flows so that it becomes
dominated by kinetic flux dominated at large distance. Our results indicate that, for acceleration of a
jet that results from efficient magnetic reconnection, the profile of the jet is inclined to be parabolic.
Such a configuration could be formed due to the lateral squeezing on the magnetic field by the
pressure of materials encircling the jet. For example, for long GRBs originating from the collapse of
massive stars, the jet driven by the central engine should firstly penetrate the stellar envelope. In such
a case, the large gas pressure of the envelope laterally acting on the jet can significantly squeeze the
jet, and thus enhance acceleration of the jet. For completeness of the model, we also consider a jet
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Fig. 2 The bulk Lorentz factorΓ of the jet as a function of the distancer to the central object for
different values ofα as labeled while keeping the initial half opening angleθ0 = 5

◦. The dashed
and dash-dotted lines correspond to parabolic and trumpet-like shapes of the jet respectively. The
red solid lines correspond to the conical jet with half opening angleθ = 5

◦.

Fig. 3 The dependence of the magnetization ratioσ on distancer for different values ofα while
fixing θ0 = 5

◦. The dashed and dash-dotted lines correspond to parabolic and trumpet-like shapes of
the jet respectively. The red solid lines correspond to the conical jet with half opening angleθ = 5

◦.

with a trumpet-like structure that has lateral expansion, which may possibly be caused by interaction
of the jet with stellar winds or other complicated boundary environments.

For a simple approach, the thermal energy is ignored in our calculations, which could slightly
slow the acceleration of the jet (Begelman 1998). This approximation is quite good in the optically
thick region since no energy can be radiated away (Drenkhahn2002). However, if one wants to
further consider the radiation of the jet in the optically thin region, such internal energy must to be
taken into account.
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Fig. 4 The bulk Lorentz factorΓ of the jet as a function of the distancer to the central object for
different values ofθ0 as labeled while fixingα = −0.05 for the parabolic jet andα = 0.005 for the
trumpet-like jet. The dashed and dash-dotted lines correspond to parabolic and trumpet-like shapes
of the jet respectively. The red solid lines correspond to the conical jet with half opening angle
θ = 5

◦.

Fig. 5 The dependence of the magnetization ratioσ on distancer for different values ofθ0 while
fixing α = −0.05 for parabolic jets andα = 0.005 for trumpet-shaped jet. The dashed and dash-
dotted lines correspond to parabolic and trumpet-like shapes of the jet respectively. The red solid
lines correspond to the conical jet with half opening angleθ = 5

◦
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