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ABSTRACT

Rotating black holes probably power ultrarelativistic jets in gamma-ray bursts, relativistic jets from some active
galactic nuclei, and jets from some black hole X-ray binaries. Prior estimates of the power output of a black
hole have assumed an infinitely thin disk and a magnetic field based upon a slowly rotating black hole and have
not self-consistently determined the geometry or magnitude of the magnetic field for a realistic accretion disk.
We provide useful formulae for the total and jet Blandford-Znajek (BZ) power and efficiency as determined self-
consistently from general relativistic magnetohydrodynamic numerical models. Of all jet mechanisms, we suggest
that only the BZ mechanism is able to produce an ultrarelativistic jet.

Subject headings: accretion, accretion disks — black hole physics — galaxies: jets — gamma rays: bursts —
X-rays: bursts

1. INTRODUCTION

For Poynting-dominated jets, where field lines tie the black
hole to large distances, the energy flux is determined by the
Blandford-Znajek (BZ) process (Blandford & Znajek 1977;
for reviews, see Ruffini & Wilson 1975; Rees et al. 1982;
Begelman et al. 1984; Beskin & Kuznetsova 2000; Punsly
2001; McKinney & Gammie 2004; Levinson 2005). The BZ
effect depends on the magnetic field strength near the black
hole and the Kerr black hole spin parametera/M, where
�1 ≤ a/M ≤ 1. Self-consistent production of a relativistic
Poynting jet likely requires a rotating black hole accreting a
thick disk with a disk height (H) to radius (R) ratio of
H/R � 0.1 (Ghosh & Abramowicz 1997; Livio et al. 1999;
Meier 2001). As discussed below, a rapidly rotating (a/M ∼
0.5–0.95) black hole accreting a thick (H/R � 0.1) disk is prob-
ably common for jet systems.

However, prior estimates of the BZ power output have as-
sumed the presence of an infinitely thin (H/R ∼ 0) disk, only
apply for a/M ∼ 0, and do not self-consistently determine the
magnetic field strength or field geometry. The purpose of this
Letter is to provide useful formulae for the total and jet BZ
power for arbitrarily rapidly rotating black holes accreting a
realistic disk. We also discuss the dominance of the BZ effect
over other relativistic jet mechanisms.

2. BLACK HOLE ACCRETION SYSTEMS

The accretion of a thick disk around a rapidly rotating black
hole is often invoked as the engine to power gamma-ray bursts
(GRBs) (Narayan et al. 1992; Woosley 1993; Paczyn´ski 1998;
MacFadyen & Woosley 1999; Narayan et al. 2001; Broderick
2005). Typical GRB models invoke a relatively thick (H/R ∼
0.1–0.9) disk (MacFadyen & Woosley 1999; Popham et al.
1999; Kohri et al. 2005). During the GRB event, the black hole
forms with a/M ∼ 0.5–0.75 and evolves to a rapidly rotating
state witha/M ∼ 0.9–0.95 (Narayan et al. 1992; MacFadyen &
Woosley 1999; Shapiro & Shibata 2002; Shibata & Shapiro
2002). GRB models based upon internal shocks require an
ultrarelativistic jet with a typical Lorentz factor ofG ∼ 100–
1000 in order to overcome the compactness problem (Lith-
wick & Sari 2001; Piran 2005), while Compton-drag models
requireG ∼ 20–100 (Ghisellini et al. 2000; Lazzati et al. 2004;

Broderick 2005). Direct observations of GRB afterglows show
evidence of relativistic motion (Goodman 1997; Taylor et al.
2004, 2005). Large Lorentz factors require a relatively large
jet energy flux, which could be BZ-driven and Poynting-
dominated rather than neutrino annihilation–driven and enthalpy-
dominated (Me´száros & Rees 1997; Popham et al. 1999; Di
Matteo et al. 2002; McKinney 2005a, 2005b). Core collapse
of a rapidly rotating star leads to an inner disk with a strong
uniform (perhaps net) poloidal field.

The accretion of a relatively thick (H/R ∼ 0.9) disk around
a rapidly rotating black hole is probably the engine that powers
jets from active galactic nuclei (AGNs) and some black hole
X-ray binaries. Both radio-loud AGNs and X-ray binaries in
the low-hard state show a correlation between radio and X-ray
emission, which is consistent with radio synchrotron emission
and hard X-ray emission generated from Comptonization
through a thick disk (Merloni et al. 2003). This suggests the
disk is geometrically thick when a system produces a jet, where
the disk is probably similar to advection-dominated accretion
flow models withH/R ∼ 0.9 (Narayan & Yi 1995).

Based upon Sołtan-type arguments, AGNs each probably
harbor a rapidly rotating (a/M ∼ 0.9–0.95) black hole (Urry &
Padovani 1995; Elvis et al. 2002; Gammie et al. 2004; Shapiro
2005). AGNs are observed to have jets withG � 10 (Urry &
Padovani 1995; Biretta et al. 1999), evenG ∼ 30 (Begelman
et al. 1994; Ghisellini & Celotti 2001; Jorstad et al. 2001),
while some observations implyG � 200 (Ghisellini et al. 1993;
Krawczynski et al. 2002; Konopelko et al. 2003). For example,
the jet in M87 shows a large-scale opening angle of 10� with
G ∼ 6 (Junor et al. 1999; Biretta et al. 2002). AGNs probably
accrete a uniform field from stellar-wind capture or the inter-
stellar medium (Narayan et al. 2003; Spruit & Uzdensky 2005).

Black hole X-ray binaries might havea/M ∼ 0.5–0.95 (Gam-
mie et al. 2004), while some may havea/M � 0.5 (Gierliński
& Done 2004). X-ray binary systems produce outflows and jets
(Mirabel & Rodrı́guez 1999; McClintock & Remillard 2005).
For example, the black hole X-ray binary GRS 1915�105
has a jet with apparently superluminal motion withG ∼ 1.5–3
(Mirabel & Rodrı́guez 1994, 1999; Fender & Belloni 2004;
Kaiser et al. 2004). Stellar-wind–capture X-ray binaries prob-
ably accrete a uniform field (Narayan et al. 2003).
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Fig. 1.—Top: Total (data,triangles; fit, dashed line) and jet (data,squares;
fit, solid line) efficiency. Open points represent negative efficiencies.Middle:
Coefficient ( ) least-squares fit toh-formulae.Bottom: Normalized field (inh̃
gauss) squared.

3. THE BLANDFORD-ZNAJEK EFFECT

Most authors estimate the BZ power based upon the Bland-
ford & Znajek (1977) model of aslowly spinning black hole
threaded by amonopole-based magnetic field and accreting an
infinitely thin disk, which gives

r 2 2 4P ≈ P (B [G]) (Q /c)r , (1)BZ,old 0 H g

where Br is the radial field strength,rg { GM/c2, QH p ac/
(2MrH) is the rotation frequency of the hole,rH p rg(1� [1 �
(a/M)2]1/2) is the radius of the horizon for angular momentum
J p aGM/c, and the dimensionless Kerr parameter has�1 ≤
a/M ≤ 1. The parameterP0 p 0.01–0.1, where the uncertainty
in P0 arises because the strength of the magnetic field is not
self-consistently determined (see, e.g., MacDonald & Thorne
1982; Thorne & MacDonald 1982; Thorne et al. 1986). Force-
free numerical models agree with the above BZ model
(Komissarov 2001). General relativistic magnetohydrodynamic
(GRMHD) numerical models of slowly spinning, accreting
black holes mostly agree with the BZ model for the nearly
force-free funnel region of the Poynting-dominated jet
(McKinney & Gammie 2004).

The force-free solution for the monopole BZ flux is pro-
portional to sin2 v (Blandford & Znajek 1977), but the accretion
of a thick disk diminishes the power output substantially
(McKinney & Gammie 2004). This is because the electro-
magnetic energy accreted as a disk dominates the energy ex-
tracted. Some black hole spin energy does escape into the
diffuse part of the corona, so the coronal outflow has more
Poynting flux for faster spinning holes (McKinney & Gammie
2004; Krolik et al. 2005). For rapidly rotating black holes, the
field is no longer monopolar and a significant amount of flux
is generated closer to the nearly force-free poles.

HARM (Gammie et al. 2003) was used to evolve a series
of otherwise identical GRMHD models with spina/M from
�0.999 to 0.999 andH/R of 0.1, 0.2, 0.5, and 0.9 to determine
the total BZ power (Ptot), jet BZ power (Pjet), and field strength
(Br). A similar series of models were studied in McKinney &
Gammie (2004), which gives a description of the model setup,
limitations, and related results. The evolved field geometry is
relevant to most black hole systems and corresponds to a tur-
bulent disk field with a self-consistently generated large-scale
flux threading the black hole.

Figure 1 shows data and fits described below forH/R p 0.2.
There is a weak dependence onH/R � 0.1 for the jet BZ
power or efficiency, since the thicker the disk, the smaller the
black hole solid angle available to the jet, but the field strength
there is larger in compensation. The non-jet results for other
H/R will be presented in a separate paper.

The total (disk�corona�jet) BZ power efficiency in terms
of the mass accretion rate ( ) fora/M 1 0.5 is well fitted byṀ

4P Qtot H
h p ≈ 14.8% , (2)tot [ ]2Ṁc Q (a/M p 1)H

where the coefficient ( ) is obtained by a least-squares fit. Neth̃
electromagnetic energy isaccreted for a/M � 0.36 (including
retrograde) when an accretion disk is present. This fact
surprisingly agrees with the thin-disk study of Li (2000), who
found thathtot 1 0 only if a/M � 0.36, corresponding toQH 1

QK[ISCO], the Keplerian angular velocity at the innermost
stable circular orbit (ISCO). The sparse-spin study of Krolik
et al. (2005) is in basic agreement with ourhtot. Note that the

spin dependence of ourhtot is consistent with McKinney &
Gammie (2004) for the fit given by their equation (61) to
data shown in Figure 11, wherehtot ∝ (2 � rH)2 ∝ (a/M)4 was
found. Their fit coefficient of 6.8% was inaccurate fora/M ≈
1, since they had no model beyonda/M p 0.97 and included
points witha/M � 0.5 that do not fit well.

The nearly force-free jet region contains field lines that tie
the black hole (not the disk) to large distances, leading to the
BZ effect and a jet. Fora/M 1 0.5,

5P Qjet H
h p ≈ 6.8% (3)jet [ ]2Ṁc Q (a/M p 1)H

over both polar jets. Ifa/M ≈ 0.9, then≈1% of the accreted
rest-mass energy is emitted back as a Poynting jet.

In this Letter, the GRMHD numerical models assume the
typically used “floor model” of the lowest rest-mass and inter-
nal energy density, rather than the more physical pair creation
process studied in McKinney (2005a, 2005b). They did not
study retrograde spins. Here we find that the rotation of the jet
is coupled to the spin of the black hole rather than the rotation
of the disk. Hence, even for retrograde spins (a/M ! 0) the
BZ effect produces an outgoing Poynting jet. However, we
find that, for example,hjet is 10 times less ata/M p �0.94
than ata/M p 0.94. Thus, clearly the fact that we find that
htot ! 0 for a/M ! 0 depends on the disk thickness. We expect
that for H/R � 0.1 the system can become jet-dominated, and
then htot 1 0 even fora/M ! 0.4. Note that for all black hole
spins and for any disk thickness, we find that the angular mo-
mentum extracted agrees with the BZ (i.e., stationary force-
free) result of

�1L̇ Qjet H≈ 4h . (4)jet [ ]Ṁr c Q (a/M p 1)g H
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Fig. 2.—Possible field geometries. Type 9 dominates in GRMHD numerical
models and is associated with the Blandford-Znajek effect. Types 1, 2, 3, 5,
and 6 are dynamically important. Type 4 is transient. Types 7 and 8 are not
dynamically stable.

The horizon value ofBr { *Frt, where *F is the dual of
the Faraday tensor, determines the black hole power output
(McKinney & Gammie 2004). For alla/M ≥ 0, the total and
jet fields are

r 2 4(B [G]) Qtot H≈ 0.6� 20 , (5)[ ]2r c Q (a/M p 1)0,disk H

r 2 5(B [G]) Qjet H≈ 1.0� 81 , (6)[ ]2r c Q (a/M p 1)0,disk H

where the equipartition field satisfies (Br[G])2/(8p) p r0,diskc
2,

wherer0,disk { tg/r and tg { GM/c3. Hence,3Ṁ g

�3 r 2 2 2˙P ≈ 7.4#10 [(B [G]) r c � 0.6Mc ] , (7)tot tot g

�4 r 2 2 2˙P ≈ 8.4#10 [(B [G]) r c � 1.0Mc ] , (8)jet jet g

where since the field is determined self-consistently, no explicit
spin dependence appears. This demonstrates the competition
between electromagnetic energy extraction and accretion.
Notice that no direct comparison can be cleanly made to equa-
tion (1), because of the presence of two ambiguities,P0 and
Br, while our formulae have no ambiguities. Using these for-
mulae requires the mass accretion rate to be determined for
eacha/M using a model-dependent study, but fora/M � 0.4
we find that /Mdisk ∝ (whereMdisk is the mass of the disk)�1Ṁ QH

and constant fora/M � 0.4, so there is a comparably weak
dependence.

For example, for the collapsar model withMBH ∼ 3 M,, with
a/M ∼ 0.9 feeding at p 0.1 M, s�1, we haver0,disk ≈ 3.4Ṁ
#1010 g cm�3, B ≈ 1016 G, andPjet ≈ 1051 ergs s�1. Noticer

jet

that the neutrino annihilation jet luminosity isL ∼ 1050–¯nn,ann, jet

1051 ergs s�1 (Popham et al. 1999), so these processes are likely
both important (but see McKinney 2005a, 2005b). Similar
estimates can be made for AGNs and X-ray binaries.

The coefficient in the formulae above depends on the type
of accreted-field geometry. As an extreme example, the accre-
tion of a net vertical field leads to an increase in the net
electromagnetic efficiency by a factor of 5 (McKinney &
Gammie 2004). Also, the accretion of a net toroidal field
leads to negligible energy extraction (De Villiers et al. 2005).
Future studies should focus on the physical relevance, stability,
and long temporal evolution of accreting net toroidal and
vertical fields, as done with nonrelativistic MHD simulations
(Igumenshchev et al. 2003).

4. DOMINANCE OF THE BLANDFORD-ZNAJEK EFFECT

Figure 2 shows the possible types of field geometries in the
disk (see also, e.g., Blandford 2002; Hirose et al. 2004). Field
type 1 corresponds to the Balbus-Hawley instability (Balbus
& Hawley 1991), which is present in our simulations.

Field type 2 corresponds to models in which the field ties
material inside the ISCO to the outer disk (Gammie 1999;
Krolik 1999). As these predict, unlike in thea-viscosity model,
there is no feature at the ISCO (McKinney & Gammie 2004;
Krolik et al. 2005), which impacts any radiative model of the
inner radial accretion disk.

Field type 3 corresponds to models that consider the role of
the black hole and disk on the disk efficiency (Gammie 1999;
Krolik 1999). These suggest that efficiencies of order unity or
higher could be achieved by extracting energy from the hole.
This field type is present, but the disk efficiency is near the

thin-disk efficiency (McKinney & Gammie 2004). Thus,
surprisingly, the magnetic field and disk thickness play little
role in modifying the disk efficiency. In contrast, the angular
momentum accreted is reduced by magnetic field lines that tie
from the disk to the hole (McKinney & Gammie 2004; Krolik
et al. 2005).

Field types 4 and 5 correspond to surface reconnections.
Type 4 geometries are temporary, and type 5 is common. Thus,
reconnection efficiently removes large loops that tie the disk
to itself.

Field type 6 corresponds to the Blandford-Payne–type model
(Blandford & Payne 1982). We find that the lab-frame
FBF ∝ r�5/4 as in their model, but the lab-framer ∝ r0.0 instead
of their r ∝ r�3/2. Also, there are few stable type 6 field lines
because the inner radial corona is convectively unstable and
magnetically unstable to magnetic buoyancy. Thin disks likely
have more stable surfaces that might allow for a stable wind.

Field type 7 corresponds to coronal outflows or ergosphere-
driven winds (Punsly & Coroniti 1990a, 1990b). There are no
dynamically stable field lines that tie the inner radial disk to
large distances. Even fora/M p 0.999, no additional Poynting
flux is created in the ergosphere, and the electromagnetic energy
at infinity completely dominates the hydrodynamic energy at
infinity associated with the MHD Penrose process, in basic
agreement with the results of Komissarov (2005) and counter
to the results of Koide et al. (2002) and Punsly (2005). Koide
et al. (2002) evolved for much too short a time. Punsly (2005)
used the three-dimensional GRMHD near-horizon results of
Krolik et al. (2005), but their near-horizon results could have
numerical artifacts associated with their use of Boyer-Lindquist
coordinates. However, there is a convectively and magnetically
unstable, self-consistently mass-loaded, collimated, mildly rel-
ativistic ( /c � 0.95) coronal outflow (McKinney & Gammiev
2004; De Villiers et al. 2005a). A rotating black hole is not
required for nonrelativistic ( /c � 0.6) coronal outflowsv
(McKinney & Gammie 2002, 2004).

Field type 8 corresponds to Uzdensky (2005) type models.
These field geometries appear rarely and do not transfer a
significant amount of energy or angular momentum. Such
geometries may be more important for thin disks.

Field type 9, the dominant feature, is associated with the
Blandford-Znajek model. Since the magnetic field confines the
disk matter away from the polar region, the rest-mass flux there
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is arbitrarily low. The large BZ flux to low rest mass flux ratio
can translate into an arbitrarily fast jet. The mass loading of
this jet is considered in McKinney (2005a, 2005b).

Note that for accretion models with a net vertical field, the
resulting structure is essentially identical (McKinney & Gam-
mie 2004). Reconnection efficiently erases the initial geometric
differences.

5. CONCLUSIONS

Typical BZ power output estimates assume an infinitely thin
disk and a slowly rotating black hole, and they do not self-
consistently determine the magnitude or geometry of the mag-
netic field. We have used GRMHD numerical models to self-

consistently determine the total and jet BZ efficiency when a
disk is present. There is a significantly stronger dependence on
black hole spin than prior estimates suggest.

Near the rotating black hole, the field geometry of the ac-
cretion system is dominated by the field that leads to the BZ
effect. Since the polar region is magnetically confined against
disk material and the BZ power is large, the jet Lorentz factor
can be arbitrarily large. This is unlike disk-related jet mecha-
nisms that are directly loaded by disk material.

This research was supported by NASA Astrophysics Theory
Program grant NAG5-10780 and a Harvard CfA Institute for
Theory and Computation fellowship.
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Gierliński, M., & Done, C. 2004, MNRAS, 347, 885
Goodman, J. 1997, NewA, 2, 449
Hirose, S., Krolik, J. H., De Villiers, J.-P., & Hawley, J. F. 2004, ApJ, 606,

1083
Igumenshchev, I. V., Narayan, R., & Abramowicz, M. A. 2003, ApJ, 592,

1042
Jorstad, S. G., Marscher, A. P., Mattox, J. R., Wehrle, A. E., Bloom, S. D.,

& Yurchenko, A. V. 2001, ApJS, 134, 181
Junor, W., Biretta, J. A., & Livio, M. 1999, Nature, 401, 891
Kaiser, C. R., Gunn, K. F., Brocksopp, C., & Sokoloski, J. L. 2004, ApJ, 612,

332
Kohri, K., Narayan, R., & Piran, T. 2005, ApJ, 341, 361
Koide, S., Shibata, K., Kudoh, T., & Meier, D. L. 2002, Science, 295, 1688
Komissarov, S. S. 2001, MNRAS, 326, L41
———. 2005, MNRAS, 359, 801
Konopelko, A., Mastichiadis, A., Kirk, J., de Jager, O. C., & Stecker, F. W.

2003, ApJ, 597, 851
Krawczynski, H., Coppi, P. S., & Aharonian, F. 2002, MNRAS, 336, 721
Krolik, J. H. 1999, ApJ, 515, L73
Krolik, J. H., Hawley, J. F., & Hirose, S. 2005, ApJ, 622, 1008
Lazzati, D., Rossi, E., Ghisellini, G., & Rees, M. J. 2004, MNRAS, 347, L1

Levinson, A. 2005, in Black Holes: Research and Development, ed. F. Co-
lumbus (Hauppauge, NY: Nova Sci.), in press (astro-ph/0502346)

Li, L.-X. 2000, ApJ, 533, L115
Lithwick, Y., & Sari, R. 2001, ApJ, 555, 540
Livio, M., Ogilvie, G. I., & Pringle, J. E. 1999, ApJ, 512, 100
MacDonald, D., & Thorne, K. S. 1982, MNRAS, 198, 345
MacFadyen, A. I., & Woosley, S. E. 1999, ApJ, 524, 262
McClintock, J. E., & Remillard, R. A. 2005, in Compact Stellar X-Ray Sources,

ed. W. H. G. Lewin & M. van der Klis (Cambridge: Cambridge Univ. Press),
in press (astro-ph/0306213)

McKinney, J. C. 2005a, ApJ, submitted (astro-ph/0506368)
———. 2005b, ApJ, submitted (astro-ph/0506369)
McKinney, J. C., & Gammie, C. F. 2002, ApJ, 573, 728
———. 2004, ApJ, 611, 977
Meie D. L. 2001, ApJ, 548, L9
Merloni, A., Heinz, S., & Di Matteo, T. 2003, MNRAS, 345, 1057
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