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Abstract We propose a two-component jet model consistent with therobgons of
several gamma ray bursts (GRBs) and active galactic nus&NE). The jet consists
of inner and outer components, which are supposed to bendbyehe Blandford-
Znajek (BZ) and Blandford-Payne (BP) processes, respygtiThe baryons in the
BP jet are accelerated centrifugally via the magnetic fieldhared in the accretion
disk. The BZ jet is assumed to be entrained in a fraction ofedityy matter leaving
the inner edge of the accretion disk, and the baryons ardemated in the conversion
from electromagnetic energy to kinetic energy. By fitting ttorentz factors of some
GRBs (GRB 030329, GRB 051221A and GRB 080413B) and AGNs (Cekix
501 and Mkn 421) with this model, we constrain the physicahpeeters related to the
accretion and outflow of these two kinds of objects. We cahelhat the spine/sheath
structure of the jet from these sources can be interpretedaily by the BZ and BP
processes.
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1 INTRODUCTION

Jets (outflows) exist in a variety of astrophysical objectdifferent sizes such as active galactic nu-

clei (AGNs), gamma ray bursts (GRBs), X-ray binaries (XRB®ung stellar objects (YSOs), and
so on. Although in most cases jets are assumed to be homageoaaical outflows, in reality they
can be structured (Zhang et al. 2003, 2004b). It is usuaflyragd that the energy per unit solid an-
gle depends as a power-law or a Gaussian function on theardjstance from the axis (Meszaros
et al. 1998; Dai & Gou 2001; Rossi et al. 2002; Zhang & Méeg&002; Kumar & Granot 2003;
Salmonson 2003; Granot & Kumar 2003; Zhang et al. 2004a) nMibde, as an alternative struc-
tured jet model, the two-component jet has been referreftén.Berger et al. (2003) proposed that
the observations of GRB 030329 require a two-componenbsiqu: a narrowq°) ultra-relativistic
component responsible for therays and early afterglow, and a wide, mildly relativistangponent
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responsible for the radio and optical afterglow beyond h¥sdA detailed calculation about a rel-
ativistic two-component jet was proposed by Peng et al. §208uang et al. (2004) considered the
rebrightening of XRF 030723 as further evidence for a twotponent jet in a GRB: with a narrow
but ultra-relativistic inner outflow and wide but less eretigouter ejecta, a two-component jet will
be observed as a typical gamma-ray burst if our line of sgfthin the angular scope of the narrow
outflow; otherwise, if the line of sight is within or slightlyeyond the cone of the wide component,
an X-ray flash will be detected. Wu et al. (2005) discussegbtherization of GRB afterglows from
two-component jets. Racusin et al. (2008) claimed that tirernatic behavior of the broadband
afterglow of GRB 080319B is consistent with viewing the GRBng the very narrow inner core
of a two-component jet that is expanding into a wind-likeiemvment. The broad-band light curve
of the afterglow of GRB 080413B was well fitted with an on-axi®-component jet model (Filgas
et al. 2011).

Structured jets are also frequently referred to in AGNSs. rideo to reconcile the viability of
the unification scheme of BL Lacs and FR | radio galaxies, drige et al. (2000) suggested a
two-component jet model in which a fast spine is surrounded blow (but still relativistic) layer
so that the emission at different angles is dominated bydifft velocity components: the fast one
dominates the emission in BL Lacs while the slow layer dotgisdhe emission in misaligned ob-
jects (FR I radio galaxies for example). According to thefigation scenario, the BL Lacs and FR |
radio galaxies are intrinsically the same, and the obsenaltdifferences of these two objects just
result from the different orientations of the observer. Bgams of modeling the observed spectral
energy distribution (SED), people could derive the valu¢hef jet Lorentz factor of the BL Lacs
with a typical value ofi0 ~ 20 (Hovatta et al. 2009). However, with the single emission porent
model, this Lorentz factor could not satisfy the observegiof FR | galaxies which generally require
a relatively lower Lorentz factor (Xu et al. 2000). Consemplie a velocity structured jet model, as a
simple hypothesis, could plausibly account for the aboserépancy. The direct observational radio
maps of the jet in several radio galaxies have shown a lindhtened morphology, which can be
naturally interpreted as evidence of a slower external flomosinding a faster spine (e.qg., Giroletti
et al. 2004). In addition, the structured model is also psagiao explain the high energy radiation
(Ghisellini et al. 2005; Hardcastle 2006; Jester et al. 22067; Siemiginowska et al. 2007; Kataoka
et al. 2008). A succession of VLBI studies hinted that thespale jets in strong TeV BL Lacs move
slowly (Edwards & Piner 2002; Piner & Edwards 2004; Giralettal. 2004). However, the bright
and rapidly variable TeV emission indicates that within tegion where this emission originates,
the jet should be highly relativistic (Dondi & Ghisellini @9; Tavecchio et al. 1998, 2001; Kino
et al. 2002; Ghisellini et al. 2002; Katarzynhski et al. 20RBawczynski et al. 2002; Konopelko et al.
2003). In view of the above observations, Georganopoulosa&afas (2003) proposed a radially
structured jet model in which the jet is rapidly decelergtin the y-ray zone with a fast moving
base. Ghisellini et al. (2005) argued that the jet could hecgired in the transverse direction, with
its structure composed by a slow layer and a fast spine. Fog applications of the two-component
jet model, one can turn to the references in Chiaberge e2@00).

To sum up, the general picture of the two-component jet moaelbe described as: a narrow,
highly relativistic jet surrounded by a wider, moderatadiativistic outflow.

As mentioned above, the two-component jet model can sutdlyssxplain some observations
in GRBs and AGNs. However, the physical origin of this stawet jet has not yet been well un-
derstood. Sol et al. (1989) proposed a two-flow model foraglactic radio jets, in which one
flow is a beam of relativistic particles coming out from therel or the innermost part of the ac-
cretion disk, and the other flow is a classical or mildly reiatic disk wind coming out from all
parts of the accretion disk. This work concluded that therb@and configuration is stable as long
as the magnetic field (assumed longitudinal) is strong elnodgwever, they did not explain how
the relativistic beam is formed. Eichler & Levinson (1998ygested a two-component jet model
with a baryon-poor jet existing within a baryon-rich outflohe baryon-poor jet may be driven by
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the Blandford-Znajek (BZ) mechanism (Blandford & ZnajekrI9hereafter BZ77; MacDonald &
Thorne 1982), in which the rotational energy of a black hbleréafter BH) is extracted to power
the jet in the form of Poynting flux via the open field lines peatng the event horizon. Recently,
Meier (2003) discussed the possibility of using the coexise of BZ and Blandford-Payne (BP)
(Blandford & Payne 1982, hereafter BP82) processes as aenpigtation of the two-component jets
for quasars and microquasars. In the BP process, a bargiommuiflow can be launched centrifu-
gally via the open magnetic field threading through the disk.argued that the baryon-rich jet can
also play an important role in the collimation of the cenjealEichler & Levinson 1999; Tsinganos
2010). Motivated by the above works, we propose a two-corepbjet model for both GRBs and
AGNs, in which the inner and outer jets are powered by the BYE# processes respectively. Based
on reasonable magnetic configuration and assumptions, taidhe Lorentz factors for the inner
and outer jets. By doing this, we can constrain the physiaahpeters of the central engine for
GRBs and AGNs with the observations.

This paper is organized as follows. In Section 2 we deschibdlie two-component jet model
in detail, and obtain the Lorentz factor of the outer-widteas(BP) and inner-narrow-fast (BZ)
jets in Subsections 2.1 and 2.2, respectively. In additieencompare the Lorentz factor of these
two components and their respective fits for several GRBsABNs in Section 3. Finally, the
conclusions and discussions are presented in Section du@hout this paper the unis = ¢ = 1
are used.

2 THE TWO-COMPONENT JET MODEL

The schematic picture of the model is shown in Figure 1. ThepB¥ess launches the inner jet via
the open magnetic field emanating from the BH, while the BR@ss produces the outer jet via the
open magnetic field threading through the disk. A similar nedig configuration is also suggested
by Li et al. (2008) to study the jet power from AGNs.

BZ jet 1 t BP jet
R\
| . | i

| B°R = 85 (*)

black hole accretion dis
. . rs
Tms Macdr) = Macdme (_)

ms

‘ r

Fig.1 A schematic drawing of the magnetic field configuration f@& tlvo-component jet model, in
which the inner-narrow-fast jet and the outer-wide-slotaje driven by the BZ and BP processes,
respectively.
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2.1 ThelLorentz Factor of the Outer Jet Driven by the BP Process

As argued by BP82, the baryons can be accelerated centhyffadang the magnetic field lines and
form a magnetohydrodynamic (MHD) outflow, provided that ffrdoidal magnetic field is strong
and inclined enough. To produce such a jet, the poloidal fieé are supposed to make an angle of
less thar60° to the outward radius vector at the disk’s mid-plane. It wagiad by Cao (1997) that
this critical angle could be larger th&0° for the rotating BH, implying that the flow can be easily
accelerated in the BP process.

The configurations of the magnetic field are shown in Figufeollowing BP82, we assume that
the poloidal magnetic field on the disk’s surface varies withdisk’s radius as

Bp, = By (r/ra) /", 1)

wherer is the disk’s radius andy = M (1 + ¢) is the outer event horizon radius of the Kerr black
hole. Here)M is the mass of the black hole= /1 — a2, a. = a/M anda = J/M is the angular
momentum per unit mass of the black hole. The quantiifsand BY; are the poloidal magnetic
field at the disk and the BH’s event horizon, respectively.
The poloidal magnetic field far from the disk’s surface isumssed to be self-similar (BP82;
Lubow et al. 1994),
BY = BR(R/r)~", )

wherea (« > 1) is the self-similar index to describe the variation of tleégidal magnetic field with
the cylindrical radiugr of the jet.

The magnetic field at the BH'’s event horizon can be estimayecbbsidering the balance be-
tween the magnetic pressure on the event horizon and thenessype in the innermost parts of an
accretion flow (Moderski et al. 1997)

(Bip)?
81

Macc (Tms)
47

= Pam ~p~ ) 3

whereMaCC(rms) is the accretion rate at the inner edge of the disk, apdis the radius of the
innermost stable circular orbit (ISCO, Novikov & Thorne B9Bardeen et al. 1972), for prograde
orbits; s IS given as

Tms = M{3+ Z5 — (3 — Z1)(3+ Z1 + 275)]'/?},

where
Zy=14(1-a)P[(1+a)® + (1 -a)/?,
and
Zy = (3a? + Z2)V/2.

Considering the mass outflow driven by the BP process, we Wit dependence 8f,..(r) on
radius as follows (Blandford & Begelman 1999)

Macc(r) = Macc(rms) < d > s 0<s<1. (4)
Tms
According to the mass conservation law, the accretion ra@isk matter is related to the mass
outflow rate by
AMee (1)

I = dnrimjey(r) . (5)
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These outflows of matter will be accelerated magnetically trentz factod'gp. Following Cao

(2002) , the relation between mass fliix.. and the Lorentz factor of the j&p is

(BB)®
47

I'gp
(PQBP _ 1)(1+a)/2 ’ (6)

Miet =

(’I’QD)a

wherel'gp is the Lorentz factor of the outer jet. The quanfity is the Keplerian angular velocity
at the foot point of the field line

1
Qp = 7
L VI 7)

wheref = r/ry is a radial parameter of the disk defined in terms of the radius and y.,s is
defined as;s = \/rms/M.
Substituting Equations (1)—(6) into Equation (7), we obthie Lorentz factor of the BP jet at

disk radius-
I'Sp S §S+1/2 ( €X12ns )a

(T DO~ 272 \ &+ as

(8)

It is shown in Equation (8) that the distribution Dfp with disk radiusr depends on three
parameters: the BH spin., the self-similar indexy, ands. The curves of'gp versus- for different
values ofa., @ ands are shown in Figure 2.

25

20 6ol ® a,=0.9 5=0.01

15
=
—
10

Fig.2 Curves ofl'gp versus disk radius for different values ofi.. ((a), whereoo = 3 ands = 0.01
are fixed),« ((b), wherea. = 0.9 ands = 0.01 are fixed) and ((c), wherea, = 0.9 anda = 3
are fixed).
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From Figure 2 we find thafgp decreases with increasing disk radiusThis is reasonable,
since magnetic acceleration mostly occurs in the innepredgior higher BH spim.., the inner disk
comes closer to the BH where the magnetic field is strongertlaa effective acceleration region
is consequently expanded (we take the zone between thetianadésk and Alfvén surface as the
effective acceleration region). In addition, a greatemndicates a faster Keplerian rotational angular
velocity of the disk which results in a larger centrifugatde. We therefore expect largEgp for
greatem, (see Fig. 2(a)).

Figure 2(b) shows thdfgp decreases with increasing This is physically reasonable since a
largera represents a steeper poloidal magnetic field configuratimiohwesults in a less efficient
acceleration of the disk wind. The third parameteis related to the mass loss rate. A larger value of
s implies a stronger baryon loading, and this leads to a jét srtallerT'gp (as shown in Fig. 2(c)).

2.2 ThelLorentz Factor of the Inner Jet Driven by the BZ Process

The BZ power transferred through two adjacent magneti@ased betweetiandd +dé on the BH'’s
event horizon is given as (Wang et al. 2002; Lei et al. 2007)

dPpz = 2k(1 — k)(BP)QMQ(f&dH (9)
vz t "2 — (1 —q)sin?0

whereq = /1 — a2, andk = Qr/Qpy denotes the ratio of angular velocity of the magnetic field
line to that at the BH'’s event horizon. Usually, we take- 0.5 which corresponds to the maximum
BZ power. The BZ power from a unit area of the event horizorxjgessed as

~ dPpyz
Ppy = —= 10
BZ 248 ) ( )
in which the loop areds is defined by
dS = 2noupudl = 4ArMry sin0d6 . (12)

Substituting Equations (9) and (11) into Equation (10), \aeeh

~ Bi)? (1—q)sin®6
Pry = (By)” (-4 bln. — . (12)
16m 2 — (1 —¢q)sin“ 6

Due to a lack of detailed knowledge of baryon loading andiglaracceleration in the BZ pro-
cess, we make the following assumptions: i) all of the mattarained into the BZ jet come from
the inner edge of the accretion disk, and the mass injectitsis a fraction of the mass accretion
rate at ISCO; ii) the magnetic energy is effectively corneérinto the kinetic energy of baryons in
the jet (Zhang & Yan 2011).

Based on assumption i), we have the relation between the floass the BZ jet and the mass
accretion rate at the inner edge of the disk as follows,

%
2/ mj}?(’:% (91)27TJJHpHd9/ = f(e)MaCC(Tms) 9 (13)
0

wheref(6) denotes the fraction of accreting mass serving as the niajgetion of the jet launched
from the BH’s event horizon within the angular rartge 6. Equation (13) can be written as

Ariupurinty (0) = Macc(rms)%(;) . (14)
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Fig.3 Curves ofl'sz varying with the polar anglé for: (a) differenta., wheren = 0.001; (b)
differentn, wherea, = 0.9.

Considering that the mass injection may be reduced as thiemflaivs into the BZ jet, we then
assumef () to be an increasing function of the polar anglas follows,

f(0) =n(1 —cos)™. (15)

From Equation (15), we have= f(7/2), so the parameter is the fraction of the mass injection
for the total BZ jet. The parameteris used to adjust the distribution of mass injection in teahs
the polar angl@. Combining Equations (14), (15) ang;pg = 2Mryg sin 6, we have

o 77]\.4acc (Tms)

. BZ _ enep\n—1
Mieq (0) = e n(l —cosf)" . (16)
According to assumption ii), the Lorentz factor of the BZgah be expressed as
. Peg(9)
Incorporating Equation (17) with Equations (3), (12) an@)(We obtain
— ] 2
Tz (6) = 1+ (1 —¢q)sin“0 (18)

nn(1 —cos@)"=1(1 +q)[2 — (1 — q)sin? @]

A reasonable distribution dfgyz should be a decreasing function of the polar agle addition,
this function should be finite where = 0, and these two constraints correspondite= 2. Then
Equation (18) reduces to

(1 —¢)(1+cosb)
2n(1 4 ¢)[2 — (1 — ¢)sin? 4]

The curves of'gy, (0, a., n) varying with the polar anglé for different BH spina.. and efficiency,
are shown in Figure 3.

The maximum value of the Lorentz factbgy can be obtained by equating the derivative of
Equation (19) to zero. The angle position where the Loreatzof I'gy reaches its maximum is
listed as follows,

Iz (0,m,a.) =1+

(19)

0, 0<a, <¥2
(— (20)
arccos( %—1),%§§a*<1.
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Fig.4 Contours off'§2* in the parameter space.., ).

Correspondingly, we have the maximum value of the Lorentiofd g7, as

T V3
max Ltz - 0<a, <%, (21)
BZ —
Vi—g V3
b An(1+¢)(V2—vI=0q) ’ 5 <a. <1.

GenerallyI'gz decreases with the increasing polar arj{@s shown in Fig. 3), which is con-
sistent with the observations of the structured jets. E@a) and (b) shows th&k,, increases with
the increasing BH spin., but it decreases with the paramefeifo make this clearer, we also plot
the contours of 32* in the parameter space.., ) as shown in Figure 4.

According to Equations (9), (13) and (15), a larggrimplies a stronger BZ power whereas a
largern denotes a stronger matter injection into the jet; therefloeeabove results are physically
sensible.

3 FITTING THE LORENTZ FACTORS OF GRBSAND AGNS

Inspecting Figure 3(a) and (b), we find the variationIgf; with the angled is very smooth.
Therefore, for simplicity, we usegy* as the typical value of the Lorentz factor of the narrow fest j
andI'B3* as the typical value of the Lorentz factor of the wide slow getd we defind’,, = T'35*
andl'y, = I'§g*. The ratios of the Lorentz factor of the narrow fastljgtto the wide slow jef’,,
are shown in Figure 5.

Figure 5(a) shows thdt, is greater thad'y, for large BH spina.. Sincea. = 0.9 may be a
typical BH spin in an object with a strong relativistic jetge Wu et al. 2011; van Putten 2004),
we just takea, = 0.9 in the following calculations. The ratib,, /T, increases with increasing
ands, but it deceases with increasingThese results can be well understood by inspecting the left
and middle panels of Figure 5(b)—(d) (also see the discnssinSect. 2). Therefore, to make a two-
component jet with faster-inner and slower-outer strieguthe values at ands should not be too
small, and the value of should not be too large. In this paper, we take- 2 in calculations, and
study the parametersandy for different sources.

Filgas et al. (2011) fitted the broad-band light curve of tfierglow of GRB 080413B with an
on-axis two-component jet model, and the two components baening angles af, ~ 1.7° and
0w ~ 9°, and Lorentz factors df,, > 188 andI'y, ~ 18.5, respectively. By using our model, we
find thatn < 0.01 ands ~ 0.023. We also study two other GRBs, GRB 030329 and GRB 051221A,
and several AGNs (Cen A, Mkn 501 and Mkn 421), for which theuneggl Lorentz factors to fit the
observations are known. The estimated value for the twonpetiers; ands are listed in Table 1.

From Table 1, we find that the values pfand s for GRBs are much smaller than those for
AGNSs. For GRBs, the typical value gfis about 0.0001, and that efis about 0.01, while for AGNs
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Fig.5 Curves of Lorentz factor§,, andI',, and the ratiol,, /T, versusa. ((a), wherea = 2,
s = 0.1 andn = 0.01), « ((b), wherea. = 0.9, s = 0.1 andn = 0.01), s ((c), wherea, = 0.9,
«a = 2 andn = 0.01) andn ((d), wherea,. = 0.9, « = 2 ands = 0.1).

Tablel Fitting the Lorentz Factors of the Two-component Jets frdRB& and AGNs

Source Th Ty Tn/Tw n s
GRB 080413B >188 18.5 10.16 <0.001 0.023
GRB 030329 300 30 10 0.0007 0.014
GRB 051221A 500 50 10 0.0004 0.009
Cen A 15 3 5 0.014 0.17
Mkn 501 15 35 4.29 0.014 0.14
Mkn 421 17 3 5.67 0.012 0.17

Notes: the Lorentz factors of the two-component jets of theva sources are quoted from
the following references: Filgas et al. (2011) for GRB 088B1Huang et al. (2006) for
GRB 030329, Jin et al. (2007) for GRB 051221A and Ghisellinale (2005) for Cen A,
Mkn 501 and Mkn 421. In our calculations, we take= 2, a. = 0.9 anda = 2.
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the above two values become~ 0.01 ands ~ 0.15. The big difference arises from the Lorentz
factors of GRBs being much greater than those of AGNs.

4 CONCLUSIONSAND DISCUSSION

In this paper, we propose a two-component jet model by coimdpithe BZ and BP processes. We
find that the Lorentz factor of the jet driven by the BZ procissgenerally greater than that of the
jet driven by the BP process. Therefore, our model provideataral explanation for the origin of
the inner-narrow-fast and the outer-wide-slow jets. Wetlitethe Lorentz factors of several GRBs
and AGNSs, which are believed to be powered by a two-compggerit turns out that the physical
parameters related to the central engine of these objettseceonstrained to a narrow range.

For GRBs, the typical value ofis about 0.0001, and that of the parameterabout 0.01, while
for AGNs typical values for these parameters becgme0.01 ands ~ 0.15.

The values o for GRBs are much smaller than those for AGNs. This resultxsaanderstood
as follows. Although the jet physics for GRBs and AGNs mayibslar, the accretion modes for the
two types of sources are however rather different. For AGINGes, the accretion rates are less than
the Eddington accretion rate, and the accretion mode isgigladvection dominated by fitting the
luminosity and spectral features. The property of an adwedominated disk is that it has a strong
wind which is driven by a positive Bernouilli constant (Ngaa & Yi 1994). To model the radiatively
inefficient accretion flow in the Galactic central source 8grYuan et al. (2003) deduced~ 0.3,
which is close to our results for AGN sources. However, GRB&gs involve a hyperaccreting
disk, which is dominated by neutrino cooling rather thaneadion (Popham et al. 1999). This kind
of disk can only drive a weak wind by neutrino heating or maigreentrifugal force.

Although this model provides a clear picture for the two-poament jet, it is excessively sim-
plified in the following aspects. Firstly, further acceléwa after the Alfvén point is ignored in the
calculation for the BP process, but in reality there mighliger acceleration procedures, e.g., a
magnetic pressure gradient. Secondly, the details of @a@tein are not taken into account in fitting
the narrow jet to avoid the complicated MHD calculation téasl, we assume that all matter inject-
ing into the narrow jet comes from the region within ISCO, amukt of the electromagnetic energy
is converted into the kinetic energy of the jet matter. Tlyirdve do not give the opening angles
of the two-component jet separately, which are very impuan@rameters in fitting the light curves
of the afterglows of GRBs. Fourthly, we do not discuss therattion between the inner and outer
jets, which may influence the high energy radiation spedt®GNs. Disk accretion dynamics and
numerical simulation are needed for a more sophisticateedisn.
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