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Fundamental Questions

• What sets the maximum power of jets?

• Are jets powered by black holes or inner 
regions of accretion disks? 

• How does jet power depend on BH spin?

• Does accretion always spin up BHs to high 
spins?

• Do black holes with tilted disks produce 
jets? Which way do such jets point?
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What Sets BH Power?
• We understand well how BH power depends on 

and       :
Φ

ΩH
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Komissarov 2001,

AT+ 2010, ApJ, 711, 50)
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What Sets BH Power?
• We understand well how BH power depends on 

and       :

• GRMHD simulations give pj ≲ 20%, even 
for nearly maximally spinning BHs

• Observations: some AGN have pj ≳ 100%

• Are larger values of pj even possible in nature?
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• Gravity limits BH B-field strength (Narayan+ 03):

• At B  ≳ Bmax, a magnetically-arrested disk (MAD) forms:
‣ Black hole magnetic flux and jet power are maximum
‣ B-field is as strong as gravity
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There Must be Maximum Power
• Gravity limits BH B-field strength (Narayan+ 03):

• At B  ≳ Bmax, a magnetically-arrested disk (MAD) forms:
‣ Black hole magnetic flux and jet power are maximum
‣ B-field is as strong as gravity

• How do we get a MAD?

• Numerical experiments via advanced 3D GRMHD simulations with the 
HARM code (Gammie+03, AT+07, McKinney & Blandford 09): took over 103 CPU-years!

• New physics: high jet power and new MAD mode of accretion in which the 
magnetorotational instability (MRI, Balbus & Hawley 91) is marginally suppressed
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Similarly, the shell average of a quantityQ at a radius r is defined
to be

Q(r)h iS ¼
R ffiffiffiffiffiffi"g
p Q(t; r; !; ") d! d"R ffiffiffiffiffiffi"g

p
d! d"

: ð5Þ

The angular profile of the time average ofQ at radius r is defined
by

Q(!; r)h iA ¼
2

#T

Z ffiffiffiffiffiffi"g
p Q(t; r; !; ") dt d": ð6Þ

Lastly, the time and volume average of Q is:

hQiV ¼
R ffiffiffiffiffiffi"g
p Q(t; r; !; ") dt dr d! d"R ffiffiffiffiffiffi"g

p
dt dr d! d"

: ð7Þ

In these equationsT is the time overwhich the integral is computed,
and g is the usual metric determinant. Typically T ¼ 6000M ; for
KDPg and QDPg this is the last 6000M of the full evolution,
while for TDPa we choose a 6000M window in the middle of the
simulation after the accretion flow is established. The spatial ex-
tent of the shell integration is the full ! and" computational domain.
During a given simulation, various shell integrals and radial fluxes
are computed and stored everyM in time. These data can then be
integrated over time to obtain quantities such as the total or time-
averaged jet outflow or accretion rate.

It is also useful to divide the shell and volume integrals into two
parts, with one for bound and one for unboundflow. For simplicity,
we define a particular zone to be ‘‘unbound’’ if "hUt > 1. Un-
bound outflow can further be defined as those unbound cells with
U r > 0. In these simulations, only the outflow near the axis (the
jet outflow) is unbound; the coronal backflow from the disk itself
remains bound.

3.1. Disk Body

The initial evolution of the accretion disks inKDPg andQDPa
is qualitatively similar. Both field configurations begin with con-

siderable radial fieldwithin the torus. This is sheared out, generating
toroidal field which, by t % 500M, is sufficiently strong that the
resulting poloidal gradient in bk k2 begins to drive the inner edge
of the torus (initially located at r ¼ 15M ) inward. The inner edge
of the disk arrives at the black hole at t %1000M . Within the disk
body, the MRI generates the turbulence that will determine the
subsequent evolution of the disk, and by t % 4000M, a statistically
stationary turbulent accretion flow has been established inside
the radius of the inner edge of the initial torus.

The toroidal fieldmodel TDPa evolvesmore slowly than the two
poloidal field cases, consistent with the results from earlier toroidal
field pseudo-Newtonian simulations (Hawley & Krolik 2002).
As discussed at length in Hawley & Krolik (2002), this behavior
stems both from the absence of an initial radial field (whichmeans
that there is no toroidal field amplification due to shear) and from
the fact that long-wavelength modes, which are the most effective
in driving accretion, grow relatively slowly. Inflow can begin only
when the MRI has produced turbulence of sufficient amplitude,
which occurs by t ¼ 4000M, corresponding to about 5 orbits
at the radius of the torus pressure maximum. The accretion rate
into the hole increases until about t ¼ 1:5 ; 104M , after which
it shows large fluctuations without an overall trend.

Figure 2 shows time-averaged, shell-integrated radial profiles of
a number of quantities relevant to the accretion flow: accretion rate
Ṁ ¼ h$Ur(r)iF , surface density !(r)¼ $h iF /

R
(grrg"")

1=2 d", the
net accreted angularmomentum per unit rest mass, L¼hTr

"( FL)(r)þ
T r
"(EM)(r)iF /Ṁ , the magnetic field strength h bk k2(r)iF , the EM

Poynting flux h T r
t

"" ""
(EM)(r)iF , and the EM angular momentum

flux hjT r
"j(EM)(r)iF . The subscripts FL and EM denote the fluid

and EM contributions to the stress-energy tensor, respectively. All
quantities were computed in the coordinate frame after the turbu-
lent accretion flow was established, and in all cases the vol-
ume integral was restricted to cells where the matter was bound.
The poloidal field simulations were averaged over time t ¼
4000M Y10;000M , while the toroidal field data were averaged
over t ¼ 12;500M Y18;500M.

These six plotsmay be divided into two groups: those with little
dependence on initial field topology (surface density and accreted

Fig. 1.—Initial configurations of dipole (left), quadrupole (middle) andmultiple-loop (right) field topologies. The torus for themultiple-loop topology is shown slightly
zoomed to better illustrate the initial field structure. White contours denote magnetic field lines, color contours the gas % parameter. Solid and dashed lines indicate field
polarity: solid lines denote current into the page, dashed lines current out of the page.

JETS, DISKS, AND FIELD TOPOLOGY 1183No. 2, 2008

Similarly,theshellaverageofaquantityQataradiusrisdefined
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Q(r) hiS¼
Rffiffiffiffiffiffi "g

pQ(t;r;!;")d!d" Rffiffiffiffiffiffi "g
p

d!d"
:ð5Þ

TheangularprofileofthetimeaverageofQatradiusrisdefined
by

Q(!;r) hiA¼
2

#T

Zffiffiffiffiffiffi "g
pQ(t;r;!;")dtd":ð6Þ

Lastly,thetimeandvolumeaverageofQis:

hQiV¼
Rffiffiffiffiffiffi "g

pQ(t;r;!;")dtdrd!d" Rffiffiffiffiffiffi "g
p

dtdrd!d"
:ð7Þ

IntheseequationsTisthetimeoverwhichtheintegraliscomputed,
andgistheusualmetricdeterminant.TypicallyT¼6000M;for
KDPgandQDPgthisisthelast6000Mofthefullevolution,
whileforTDPawechoosea6000Mwindowinthemiddleofthe
simulationaftertheaccretionflowisestablished.Thespatialex-
tentoftheshellintegrationisthefull!and"computationaldomain.
Duringagivensimulation,variousshellintegralsandradialfluxes
arecomputedandstoredeveryMintime.Thesedatacanthenbe
integratedovertimetoobtainquantitiessuchasthetotalortime-
averagedjetoutfloworaccretionrate.

Itisalsousefultodividetheshellandvolumeintegralsintotwo
parts,withoneforboundandoneforunboundflow.Forsimplicity,
wedefineaparticularzonetobe‘‘unbound’’if"hUt>1.Un-
boundoutflowcanfurtherbedefinedasthoseunboundcellswith
Ur>0.Inthesesimulations,onlytheoutflowneartheaxis(the
jetoutflow)isunbound;thecoronalbackflowfromthediskitself
remainsbound.

3.1.DiskBody

TheinitialevolutionoftheaccretiondisksinKDPgandQDPa
isqualitativelysimilar.Bothfieldconfigurationsbeginwithcon-

siderableradialfieldwithinthetorus.Thisisshearedout,generating
toroidalfieldwhich,byt%500M,issufficientlystrongthatthe
resultingpoloidalgradientinbkk2beginstodrivetheinneredge
ofthetorus(initiallylocatedatr¼15M)inward.Theinneredge
ofthediskarrivesattheblackholeatt%1000M.Withinthedisk
body,theMRIgeneratestheturbulencethatwilldeterminethe
subsequentevolutionofthedisk,andbyt%4000M,astatistically
stationaryturbulentaccretionflowhasbeenestablishedinside
theradiusoftheinneredgeoftheinitialtorus.

ThetoroidalfieldmodelTDPaevolvesmoreslowlythanthetwo
poloidalfieldcases,consistentwiththeresultsfromearliertoroidal
fieldpseudo-Newtoniansimulations(Hawley&Krolik2002).
AsdiscussedatlengthinHawley&Krolik(2002),thisbehavior
stemsbothfromtheabsenceofaninitialradialfield(whichmeans
thatthereisnotoroidalfieldamplificationduetoshear)andfrom
thefactthatlong-wavelengthmodes,whicharethemosteffective
indrivingaccretion,growrelativelyslowly.Inflowcanbeginonly
whentheMRIhasproducedturbulenceofsufficientamplitude,
whichoccursbyt¼4000M,correspondingtoabout5orbits
attheradiusofthetoruspressuremaximum.Theaccretionrate
intotheholeincreasesuntilaboutt¼1:5;104M,afterwhich
itshowslargefluctuationswithoutanoveralltrend.

Figure2showstime-averaged,shell-integratedradialprofilesof
anumberofquantitiesrelevanttotheaccretionflow:accretionrate
˙M¼h$Ur(r)iF,surfacedensity!(r)¼$hiF/

R
(grrg"")

1=2d",the
netaccretedangularmomentumperunitrestmass,L¼hTr

"(FL)(r)þ
Tr

"(EM)(r)iF/˙M,themagneticfieldstrengthhbkk2(r)iF,theEM
PoyntingfluxhTr

t

""""
(EM)(r)iF,andtheEMangularmomentum

fluxhjTr
"j(EM)(r)iF.ThesubscriptsFLandEMdenotethefluid

andEMcontributionstothestress-energytensor,respectively.All
quantitieswerecomputedinthecoordinateframeaftertheturbu-
lentaccretionflowwasestablished,andinallcasesthevol-
umeintegralwasrestrictedtocellswherethematterwasbound.
Thepoloidalfieldsimulationswereaveragedovertimet¼
4000MY10;000M,whilethetoroidalfielddatawereaveraged
overt¼12;500MY18;500M.

Thesesixplotsmaybedividedintotwogroups:thosewithlittle
dependenceoninitialfieldtopology(surfacedensityandaccreted

Fig.1.—Initialconfigurationsofdipole(left),quadrupole(middle)andmultiple-loop(right)fieldtopologies.Thetorusforthemultiple-looptopologyisshownslightly
zoomedtobetterillustratetheinitialfieldstructure.Whitecontoursdenotemagneticfieldlines,colorcontoursthegas%parameter.Solidanddashedlinesindicatefield
polarity:solidlinesdenotecurrentintothepage,dashedlinescurrentoutofthepage.
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MADs Give Quasi-Periodic Oscillations

Jet-Disk Oscillation 
(JDO):

• QPO period equals 
BH jet field bundle 
rotation period

• Period directly tied 
to BH mass and spin

Frequency
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McKinney, AT, Blandford (2012)

τQPO ∼ 250 s

�
1

a

��
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see also Shcherbakov and McKinney (2013)
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Maximum 
Jet Power 
vs. Spin
(h/r∼0.3)

(AT, McKinney 2012a, 
MNRAS, 423, 55;
2013b, in prep.)                unambiguously shows that 

net energy is extracted from the BH
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Maximum 
Jet Power 
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(AT, McKinney 2012a, 
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Maximum 
Jet Power 
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(h/r∼0.3)

(AT, McKinney 2012a, 
MNRAS, 423, 55;
2013b, in prep.) At high spin, most of the power comes 

from black hole spin (BZ effect).
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Maximum 
Jet Power 
vs. Spin
(h/r∼0.3)

(AT, McKinney 2012a, 
MNRAS, 423, 55;
2013, in prep.) Jets from MADs can be much more 

powerful than in limited-flux simulations. 
Thicker MADs -> more powerful jets.
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Maximum 
Jet Power 
vs. Spin
(h/r∼0.3)

(AT, McKinney 2012a, 
MNRAS, 423, 55;
2013, in prep.)

(McKinney 05, 
Hawley & Krolik 06)

Jets from MADs can be much more 
powerful than in limited-flux simulations. 
Thicker MADs -> more powerful jets.
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(see also Gammie et al. 2005, Shapiro et al. 2005, Benson & Babul 2009)

Our
MADs 
slow
BHs

down 
to a halt

(AT, McKinney 2012a, 
MNRAS, 423, 55;
2013b, in prep.)
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Our
MADs 
slow
BHs

down 
to a halt

(AT, McKinney 2012a, 
MNRAS, 423, 55;
2013b, in prep.)
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What if a Disk Is Tilted?

Jet-producing disks are thick.
What happens to them and their jets?

Thin disks align 
with black hole 

spin via Bardeen-
Petterson Effect

Thorne et al. 
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Thick Disks: Do Not Align But Precess

Fragile et al. (2007)
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Jetted tidal disruption
Swift J1644+57
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Jetted tidal disruption
Swift J1644+57

Large variability due to jet 
moving past us and its 

emission beaming in and out 
of our line of sight

(AT, Metzger, Giannios, Kelley, 2013b, MNRAS)
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MAD Summary
• Central accumulation of large-scale magnetic flux saturates black holes with 

flux and leads to MADs

‣ Even a small amount of magnetic flux is sufficient to lead to a MAD

‣ MADs are out there

• Jets from MADs attain the maximum outflow efficiency that can exceed 100%

‣ Net energy can be extracted from a black hole in a realistic astrophysical setting, for 
the first time

‣ MAD solution only depends on 

‣ MADs can explain the most powerful jets in the Universe

‣ MADs slow black holes down to a halt

‣ MADs display QPOs that potentially allow to directly probe black hole spin

‣ MADs align jet and disk axes with the BH spin axis near the BH

‣ The alignment process is violent and can account for the strong flaring in the 
lightcurve of jetted TDE Swift J1644+57

M,a, Ṁ, h/r



Future Outlook

• Why only thick disks produce jets?

• What produces transient jets during spectral 
state transitions in accretion flows?

• How do jets from tidal disruption events 
form?

• How does radiation change accretion flow, 
jets, and outflows in the most luminous 
systems?


