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Abstract The acceleration mechanisms of relativistic jets are o&igimmportance
for understanding various astrophysical phenomena sughrama-ray bursts, active
galactic nuclei and microquasars. One of the most popudanasios is that the jets are
initially Poynting-flux dominated and succumb to magnettdoglynamic instability
leading to magnetic reconnections. We suggest that thexnection timescale and
efficiency could strongly depend on the geometry of the jétictv determines the
length scale on which the orientations of the field lines ¢jgain contrast to a usually-
assumed conical jet, the acceleration of a collimated jebeafound to be more rapid
and efficient (i.e. a much more highly saturated Lorentzoflacan be reached) while
the jets with lateral expansion show the opposite behaViwe.shape of the jet could
be formed due to the lateral squeezing on the jet by the stilaelope 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 considdr&o exist in many compact astronomical
objects such as active galactic nuclei (AGNSs), blazars @minga-ray bursts (GRBs) (Livio 1999),
whereas the physical mechanisms responsible for the aatiefeand collimation of these jets are

still being debated. However, observations by Hugbble Space Telescope, Chandra and VLBI,

indicate that these jets are strongly related to magnetizetral objects or magnetized accretion
disks (Ford et al. 1994; Harms et al. 1994; Gong & Li 2012) dmslinechanism is also supposed in

many theoretical models (e.g., Mészaros & Rees 1997; W862; Spruit 1999; Dai et al. 2006; Yu

et al. 2010; Yu & Dai 2007; Mao et al. 2010). According to thesedels, the magnetically-driven
outflows are probably initially Poynting-flux dominated dathen the outflows must be converted
to kinetic energy by some kind of acceleration mechanisnetmunt for the observed large bulk
Lorentz factors of the order afo? — 103 (Fenimore et al. 1993; Woods & Loeb 1995; Lithwick &
Sari 2001; Drenkhahn & Spruit 2002). A question then arikes: can the jet be accelerated to such

a high speed?

As the most direct consideration, one may ascribe the jetlation as being due to the pres-

sure of the associated magnetic field in the outflow. Howdgegn purely radial outflow, the radial
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gradient of the magnetic pressure could be just balancetéintvard magnetic tension force and
thus no acceleration can happen (Michel 1969). Alternbtitiee rapid rotation of magnetized com-
pact objects, due to magnetocentrifugal acceleration,sscan ideal magnetohydrodynamic (MHD)
process. This occurs when a spinning central body twistsnignetic field into a toroidal compo-
nent and then the plasma is ejected by magnetic tension ifBage Li 1994; Daigne & Drenkhahn
2002). Unfortunately, the efficiency of such a magnetodfnal acceleration is always found to be
too low to explain the observed high Lorentz factors (Spetidl. 2001; Yu et al. 2009). Therefore,
for the acceleration of a relativistic outflow, there musabether process that can efficiently convert
the Poynting flux energy into bulk kinetic energy of the flowdatcelerate the jet.

Drenkhahn (2002) has pointed out that such an efficient esimrecould take place if the mag-
netic field in the outflow can change its direction on suffidigsmall scales, because the changes
in direction lead to reconnection between field lines thatehapposite polarity. As a result, the
Poynting-flux-dominated flow is gradually converted intoimekic-energy-dominated one via mag-
netic reconnection. Simultaneously, the outflow is effedyi accelerated due to the imbalance be-
tween the pressure gradient and the tension force appearihg non-radial outflow. Furthermore,
Giannios & Spruit (2006) also investigated how the bulk lrdrefactor of the jet depends on the
parameters of the outflow such as energy luminosityparyon loadingr, (the initial ratio of the
radial Poynting flux to kinetic energy), and different jetemying angle®. The length scale of the
alternation in the field lines also plays a crucial role inedetining the acceleration rate of the flow.
However, the length scale is sensitive to the configuratidhejet, which is usually simply assumed
to have a conical geometry. However, previous works discetfe collimation or possible problems
with lateral expansion. Nevertheless, more and more obgens of relativistic jets in AGNSs, radio
galaxies or microquasars in the other galaxies have shoatmtany of these jets are not purely
conical, but also exhibit other geometries, such as cyiliati(e.g., Cheng & Lu 2001; Lamb 2000;
Perley et al. 1984; Biretta et al. 1999) or have trumpet-etggis with lateral expansion. Therefore,
for a general consideration, it is necessary to investitfeteacceleration of astrophysical jets for
different jet geometries under the magnetic reconnectiodeh

In this paper we investigate the dynamics of magnetizedawsflvith possible evolutions of jet
geometries. We describe the dynamics of jet acceleratisadan the magnetic reconnection model
in Section 2 and the reconnection timescales under diffgetrgeometries are given in Section
3. The numerical results of the jet dynamics and the evatubiomagnetization 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 dynamicatleh for a magnetically-driven jet
based on the model of Drenkhahn (2002). The dynamical eéeolaff the jet is determined by the
conservations of mass and energy. The mass flux loss per tidhereergy flux of the outflow can be
written as

M = Qr?puc, Q)
- (rB)*
L:FMc2+Q4—6c, 2)
7

respectively, wher€ = 27 (1 — cos#) is the solid angle of the jet with being the half opening
angle,r is the radiusp is the mass density andis the radial bulk 4-velocity. We use the notatibn
for the bulk Lorentz factor of the jet, and the dimensionlesiecity 5 = «/T for the bulk velocity

in units of the speed of light. If § is a constant, then equations return to the case of a coeigal |
which has been discussed in previous works, and disregambissible evolution of the length scale
associated with alternation of the field lines (Drenkhah®ZGiannios & Spruit 2006). Equation (2)
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shows that the total energy of the flow consists of the bullefiirenergy flux_y;,, = I'M ¢? and the
Poynting luminosityL s = Q(rB)?[c/(4x). The ratio between these two components of energy is
denoted by

_ Lyt . Q(TB)Qﬁc . B? 3)
" Luin  47DMc2  4nl2pc2’

which refers to the magnetization ratio of the flow (Drenkim& Spruit 2002; Drenkhahn 2002;
Giannios & Spruit 2006). So, we can rewrite the total lumityas L = (1 + o)['Mc?. The start
point of our calculations will be set at the Alfvén point whéhe centrifugal acceleration has mostly
already occurred so that the corotation of matter cannobtél by the magnetic field. After the
Alfvén point, the acceleration of the jet will be dominatedthe reconnection processes. Denoting
the initial magnetization degree at the Alfvén pointgsthe initial 4-velocity that is defined by the
Alfvén speed can be written ag = ua(ra) = (B/I')/\/4mpc? = /oo which is consistent with
previous studies (Michel 1969; Goldreich & Julian 1970; @aaind 1986; Beskin et al. 1998). Then
we haveL = (1 + 0¢)['oMc? = (1 + 0¢),/aoMc?* for which we use the approximate expression

Iy = \/(ug +y/ug +4ud)/2 = wug. In the ultrarelativistic case, we haye~ 1, v ~ I' and
oo + 1 ~ o¢ (Drenkhahn 2002). With these approximations, Equatiora(@) Equation (3) become

(rB)* M\ )
Ly =Q c=L[1- 7 ~L 1—W ) (4)

4
oo QHolvam | o ©)
r r ’
whereL ando are constant model parameters. The above equation showtheldynamic evolu-
tion of the outflow is exclusively determined by variatiortire magnetic energy denoted by5)?.

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

dl 1 4, dQ  Qc  4,d(rB)’?

dr Q( 0 ) dr  anL’° T ar ©
where the first term on the right hand side is due to a possiélerchation of the outflow and
the latter one corresponds to an intrinsic dissipation efftald. The evolution of the magnetic
field for ideal MHD is determined by the induction equationdésB)/dr = 0. By introducing a
dissipation timescale due to magnetic reconnection, an additional dissipatiom t&ould appear
in the induction equation to account for non-ideal MHD eféaarising from it (Drenkhahn & Spruit
2002; Giannios & Spruit 2006)

d(rB)® 2(7°B)2
dr cT

1— 2 (rB)j

(rB)*|’ @

where the parameterrepresents the initial fraction between the field strengftiike non-decaying
component and the total field. Combining Equations (4), (&) &), we can derive the dynamical
equation of the outflow as

dI 2 3/2 T 2 Q 3/2 1 dQ 3/2 T
- (0'0 ) 12 0(0’0 \/0'0) agp ( )
For a conical jet with a constant value 9f the above equation determines a maximum Lorentz

factor to bel',, . = 03/2(1 — u?) + /oop? (more roughlylax ~ 0—3/2), which is independent of

the specific magnetic dissipation mechanism denoted byrttestaler (Drenkhahn 2002).
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3 JET GEOMETRIES AND RECONNECTION TIMESCALE

The magnetic field lines with opposite directions move talgaa reconnection center where the
field lines are reconnected (Petschek 1964). So, the mageetinnection timescale should be de-
termined by the length scal€ on which the orientation of the field lines changes and thedpe
associated with the motion of field lines. Specifically, wa vaite

T = F—/ y (9)
EVY
where the speed of the moving field lines is considered to bpgstional to the Alfvén speed),
by a coefficient (Begelman 1998; Drenkhahn 2002) and the Lorentz factoretsthe timescale
from the comoving rest frame to the local lab frame. Follayiri, = /o and Equation (3), the
comoving Alfvén speed can be calculated by

/!
| T
v;‘:C“iA:C/IL%c 1- =7 (10)
\1+u d %0

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

The alternation in the orientation of the field lines is prolyacaused by a misalignment be-
tween the axes of the magnetic moment and the rotation ofehal compact object. Such a non-
axisymmetric structure will lead to an azimuthal comporarihe magnetic field and then a helical
structure could be formed, as illustrated in Figure 1. Cqosetly, a wave-like variation occurs at
all latitudes, and the typical length scale of variationhe field is the diameter of the jet section.
For the usually supposed conical jet, the alternative lesgale as a function of distaneeo the
central object can be calculated hy= 276, whered is the half opening angle of the jet. However,
more generally, the opening angle of the jet is not constariie non-constant case, it evolves with
r due to the lateral squeezing on the jet by the stellar eneabdd@ collapsing massive stars or the
interaction of the jet with stellar winds. Following such ensideration, a power-law evolution of
the opening angle as= 6, (r/r)” is assumed to be the lowest order of approximation. Then the
length scale can be written as

A =21, (i>a. (11)
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Fig.1 lllustrations of different structures (conical, parabaind trumpet-like shapes) for the mag-
netic field of the jet.
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Different values for the index determine different jet geometries, e.g. a collimatedgetf1 <
a < 0, atrumpeted jet fob < o < 1 and the usual conical jet far = 0. A cylindrical jet with a
constant cross section can be described as a limiting case-of-1. lllustrations of the different jet
geometries are presented in Figure 1.

4 RESULTSAND DISCUSSION

Generally speaking, the model presented above is viabletin &ituations of AGNs and GRBs,
although the length scales of the two types of objects areptetely different. Specifically, the
central black holes harbored in AGNs are supermassive,®ortier of10% — 101 M, whereas
objects at the centers of GRBs are stellar-mass black holesgnetars. Therefore, the initial and
typical radius of the AGN jets must be much larger than the GR& On the other hand, the Lorentz
factors of the AGN jets could be somewhat lower than the GR&oHRowever, the conversion of
magnetic energy to kinetic energy of the jets, which is treufoof this paper, could be qualitatively
similar between the AGNs and GRBs. In the following caldolas, we take parameter values typical
for GRB jets just as an example, i.e. the initial magnetoratf the jet withoy = 100 at the Alfvén
pointry ~ 107 cm,e = 0.1 andu? = 0.5. More specifically, such parameters are potentially rellate
to a GRB with a central magnetar.

The numerical results of the dynamic and magnetizationughan of jets with a parabolic jet
structure (a collimated jet) and a trumpet-like jet struet{with lateral expansion) for the magnetic
field profile are given in Figures 2 — 5. As a comparison, the ads usual conical jet (with a half
opening anglé® = 5°) is also shown by the solid line, which can be approximayiglscribed by
the following analytic solution given by Drenkhahn (2002)

- 2e(1 — M2)03/2 . ( r 1/2

L)+ 00} . (12)
ro

As a general impression, one can see that the magnetic rectiomacts efficiently and accel-
erates the jet 2—-3 orders of magnitude near the Alfvén painfEigure 2, the acceleration of the
parabolic jets§¢ < 0) could be much more rapid and efficient (a much higher Lortadtor can be
reached) than the conical jet, whereas the trumpet-lile(fet> 0) can only be accelerated at the
very early phase and finally reach a Lorentz factor with atikelly low saturation. The jet acceler-
ations are also strongly dependent on the initial openimgeaiy as shown in Figure 4. For smaller
initial opening angles, the jet is accelerated faster aral higher terminal Lorentz factor. Such a
result can be understood in that a narrower jet would exhibiuch shorter reconnection timescale
and thus much faster magnetic dissipation.

Another important quantity is the Poynting to matter endhgyratio o as a function of distance
r as is shown in Figures 3 and 5. While the flow is initially maety Poynting flux dominated,
the o drops rapidly with distance and the flow is matter-dominated at distancgs ~ 10! cm
where the GRB jet is expected to run into the external medinrRigures 3 and 5, we can find that
collimated jets with smaller opening angles lead to lowdunes ofo ., which means practically all
the magnetic energy has been transferred to the matter.

This work suggests that the jet geometries also play a signifirole in the dynamics of the
outflow. The energy dissipated by magnetic reconnectioplacates the flows so that it becomes
dominated by kinetic flux dominated at large distance. Osulis indicate that, for acceleration of a
jet that results from efficient magnetic reconnection, tiwdife of the jet is inclined to be parabolic.
Such a configuration could be formed due to the lateral sdugemn the magnetic field by the
pressure of materials encircling the jet. For example,doglGRBs originating from the collapse of
massive stars, the jet driven by the central engine shoglti/fisenetrate the stellar envelope. In such
a case, the large gas pressure of the envelope lateralhgamtithe jet can significantly squeeze the
jet, and thus enhance acceleration of the jet. For compsteof the model, we also consider a jet



480 A. M. Chen, &L. M. Rui

AL B IR LA IR LA B BRI IR AL B BRI |
—— conical jet

—-—-trumpet jet -0.1
- — - parabolic jet -

10 Lovvuu b vl vl vl vl vl il 1y
1E7 1E8

1E9 1E10 1E11 1E12 1E13 1E14 1E15 1E16

rfcm]

Fig.2 The bulk Lorentz factof” of the jet as a function of the distanedo the central object for
different values oty as labeled while keeping the initial half opening angle= 5°. The dashed
and dash-dotted lines correspond to parabolic and trulikgeshapes of the jet respectively. The
red solid lines correspond to the conical jet with half opgraingled = 5°.
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Fig.3 The dependence of the magnetization ration distance- for different values otx while
fixing 6o = 5°. The dashed and dash-dotted lines correspond to parabdliciampet-like shapes of
the jet respectively. The red solid lines correspond to dreaal jet with half opening anglé = 5°.

with a trumpet-like structure that has lateral expansidnictvmay possibly be caused by interaction
of the jet with stellar winds or other complicated boundaryionments.

For a simple approach, the thermal energy is ignored in dgulzions, which could slightly
slow the acceleration of the jet (Begelman 1998). This axpration is quite good in the optically
thick region since no energy can be radiated away (Drenk2802). However, if one wants to
further consider the radiation of the jet in the opticallinthegion, such internal energy must to be
taken into account.
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Fig.4 The bulk Lorentz factof” of the jet as a function of the distancdo the central object for
different values of)y as labeled while fixinge = —0.05 for the parabolic jet and = 0.005 for the
trumpet-like jet. The dashed and dash-dotted lines coorespo parabolic and trumpet-like shapes
of the jet respectively. The red solid lines correspond ® ¢hnical jet with half opening angle
0 =5°.
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Fig.5 The dependence of the magnetization ration distance- for different values of, while
fixing « = —0.05 for parabolic jets andv = 0.005 for trumpet-shaped jet. The dashed and dash-
dotted lines correspond to parabolic and trumpet-like shayf the jet respectively. The red solid
lines correspond to the conical jet with half opening artgte 5°
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