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Abstract: <span>As black holes accrete surrounding gas, they often

produce relativistic, collimated outflows, or jets. Jets are expected to form

in the black hole vicinity making them powerful probes of strong-field gravity.
However, how jet properties are connected to black hole and accretion flow
properties has been unclear. Recent progress in computer simulations of black
hole accretion enables studies of jet formation in unprecedented detail. For
thefirst time, 3D general relativistic magnetohydrodynamic numerical
simulations allow one to determine the maximum efficiency with which accretion
onto black holes can power relativistic jets. | will present the dependence of
this maximum efficiency on black hole spin and discuss how this dependence
allows one to probe strong-field gravity. In realistic astrophysical systems,

the angular momentum vector of the accretion flow can be tilted relative to the
spin of the black hole. | will present the first simulations of jets from such
tilted accretion systems and discuss their observational signatures.</span>
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Jets Affect the Environment

Cygnus A galaxy

(radio, 6 and 20 cm)

M87 galaxy
\bP:cksgI:[remass (radio, 20 cm)

Image courtesy of NRAQIAUI; R. Perley, C. Canili & J. Dreher
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Jets Probe Strong-field Gravity
Active Galaxy with Jet Pointing at us: 3C279

nage bourtesy of NRAOQ/AUL

4c
v = 0.997 ¢

Alexander (Sasha) Tchekhovskoy

-
F

3C279

P1 (June 1991 flare)
+-+ P2 (Dec. 92/Jan. 93)
* June 2003

Jan. 15, 2006
» Feb. 23, 2006

'l L 'l 1 1

T

(Bottcher+ 2009)

107 10" 10
v [Hz]

Perimeter Institute Seminar

21

10%° 10%




Pirsa: 13030102

Jets Probe Strong-field Gravity
Active Galaxy with Jet Pointing at us: 3C279

mage bourtesy of NRAO/ALUL

4c
v~ 0.997 ¢

Alexander (Sasha) Tchekhovskoy

-
2
F

3C279

P1 (June 1991 flare)
+-+ P2 (Dec. 92/Jan. 93)
® June 2003

Jan. 15, 2006
» Feb. 23, 2006

'l L 'l 1 1

T

(Bottcher+ 2009)

107 10" 10
v [Hz]

Perimeter Institute Seminar

21

10%° 10%




Pirsa: 13030102

Jets Probe Strong-field Gravity

Active Galaxy with Jet Pointing at us: 3C279
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Big or Small:All Make Jets

(1 billion km)

Host galaxy

Active Galactic Nuclei
(e.g., M87,
M];“- 5 x 100 M@)

Stellar-mass
black hole

Accretion disk
(1,000 km diameter)

Microquasar

Black Hole X-ray Binaries
(e.g.. GRS 1915+105,

Mpu=15 Mg@)

Stellar-mass
.~ black hole

Accretion disk
100 km)

Collapsar

Gamma-Ray Bursts
(Mg = 5 Mg)
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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!

Alexander (Sasha) Tchekhovskoy Perimeter Institute Seminar
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Challenging, Global Multi-scale 3D GRMHD Problem

® Disks: small-scale turbulent physics is important

» magnetic fields = 3D
(ME], Balbus & Hawley 1991) — turbulence & viscosity

S use 3D magnetohydrodynamics (MHD)
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Challenging, Global Multi-scale 3D GRMHD Problem

® Disks: small-scale turbulent physics is important

» magnetic fields = 3D
(ME], Balbus & Hawley 1991) — turbulence & viscosity

S use 3D magnetohydrodynamics (MHD)

® Jets: have a challenging contrast in energy scales
» relativistically-magnetized: e.g., i ~ 10 M ¢?

S 10% error in Ev = 100% error in M2
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Challenging, Global Multi-scale 3D GRMHD Problem

® Disks: small-scale turbulent physics is important [ STy

» magnetic fields — 3D outflows
(ME], Balbus & Hawley 1991) — turbulence & viscosity

S use 3D magnetohydrodynamics (MHD)

® Jets: have a challenging contrast in energy scales
» relativistically-magnetized: e.g., v ~ 10 M ¢?

S 10% error in Exy — 100% error in Mc?
L can dramatically alter disk state

® lia +black hole+MHD+3D = 3D | General Relativistic MHD
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Challenging, Global Multi-scale 3D GRMHD Problem

® Disks: small-scale turbulent physics is important [ STy

» magnetic fields — 3D outflows
(ME], Balbus & Hawley 1991) — turbulence & viscosity

S use 3D magnetohydrodynamics (MHD)

® |ets: have a challenging contrast in energy scales
» relativistically-magnetized: e.g., i ~ 10 M ¢?

S 10% error in Ev = 100% error in M2
o can dramatically alter disk state

® lia +black hole+MHD+3D = 3D Radi General Relativistic MHD
» GRMHD is 5x more expensive than MHD; "GRMHD is even more expensive
» Global simulations that also resolve local, small-scale disk microphysics
» One simulation takes 100 CPU-years = | million CPU-hours
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How Do Jets Work!?

=0

Alexander (Sasha) Tchekhovskoy Perimeter Institute Seminar
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How Do Jets Work!?
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How Do Jets Work!?

},_rays V, (Lyutikov 05,

Giannios & Spruit 07,
cosmic rays Bahcall & Meszaros 08

Broderick & Loeb 08,
Beloborodov 09,
B2 peeie soro swiiy= Narayan, Kumar, AT 11,
p==%

nany others)

(Beskin &
Nokhrina 06,

AT+08,09,10,

Komissarov 07-10

Lyubarsky |0,
_ +- (I) many others)
1=0 ‘ I

t=t,

' (LC
O = ;
21’”

Perimeter Institute Seminat

Alexander (Sasha) Tchekhovskoy

Pirsa: 13030102

Page 19/57



How Do Jets Work!?

},_rays v, (Lyutikov 05,

Giannios & Spruit 07,
cosmic rays Bahcall & Meszaros 08

Broderick & Loeb 08,
Beloborodov 09,
B-{ Lol soro saliy= Narayan, Kumar, AT 11,
p==¢

nany others)

(Beskin &
Nokhrina 06,
AT+08,09,10,
- Komissarov 07-10
Lyubarsky |0,
0O L P

many others)

t=0

t=t,

: acC
Oy = -
ZI’H

Perimeter Institute Seminat

Alexander (Sasha) Tchekhovskoy

Pirsa: 13030102

Page 20/57



What Sets BH Power?

® We understand well how BH power depends on P
and § )y
(Blandford & Znajek 1977,

P =k H2()*4 Komissarov 2001,
J c “eH AT+ 2010,Ap), 711, 50)
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What Sets BH Power?

® We understand well how BH power depends on P
and § )y
(Blandford & Znajek 1977,
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What Sets BH Power?

® We understand well how BH power depends on P
and § 2y

(Blandford & Znajek 1977,

P; o $2()* Komissarov 2001,
J o 2 o¢H AT+ 2010,Ap). 711, 50)

P; = — 5 X @ SZ[]
M c=
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What Sets BH Power?

® We understand well how BH power depends on P

and ()
. . (Blandford & Znajek 1977,
P_. X (I) 2 )2 Komissarov 2001,
J ' oy AT+ 2010,Ap),711,50)
P; — — 5 X @ SZ[]
M c=
Alexander (Sasha) Tchekhovskoy Perimeter Institute Seminar

Pirsa: 13030102 Page 26/57



What Sets BH Power?

® We understand well how BH power depends on P

and )y

) ) (Blandford & Znajek 1977,

P_. X (I) 2 ( )2 Komissarov 2001,
J = &H AT+ 2010,Ap). 711, 50)
, P 12 ()2
Pj — 5 XX @ SZ[]
M c=
® GRMHD simulations give Pi S 20%, even (McKinney 05, de Villiers+ 05,
f I . I o o BH Hawley & Krolik 06,
or nearly maximally spinning S Barkov & Baushev | 1)
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What Sets BH Power?

® We understand well how BH power depends on P

and )y
p . (Blandford & Znajek 1977,
P/ X (I)‘zg 2‘121 Komissarov 2001,
: AT+ 2010,Ap}, 711, 50)
P; P
pj = —L x ¢*Of
| Mc?

® GRMHD simulations give P S 2()(’(:», €VEN  (McKinney 05, de Villiers+ 05,

. . . Hawley & Krolik 06,
for nearly maximally spinning BHs Barkov & Baushev 1)

e Observations: some AGN have p; > 100%

(Rawlings & Saunders 91, Fernandes+ 10, Ghisellini+ 2010, Punsly 2011, McNamara+ 201 1)
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What Sets BH Power?

® We understand well how BH power depends on P

and ()
) . (Blandford & Znajek 1977,
P_. X (I) -2( )2 Komissarov 2001,
J =&H AT+ 2010,Ap}, 711, 50)
, P] y '._( ).2
Pj = — 5 X @ 3H
M c#

® GRMHD simulations give Pi S 20%, even (McKinney 05, de Villiers+ 05,

. . . Hawley & Krolik 06,
for nearly maximally spinning BHs Barkov & Baushev | )

e Observations: some AGN have p; > 100%

(Rawlings & Saunders 91, Fernandes+ 10, Ghisellini+ 2010, Punsly 2011, McNamara+ 201 1)

® Are larger values of p; even possible in nature?

Alexander (Sasha) Tchekhovskoy Perimeter Institute Seminar
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There Must be Maximum Power

L Gravity limits BH B-field strength (Narayan+ 03).

Fp S Fg
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There Must be Maximum Power

® Gravity limits BH B-field strength (Narayan+ 03):

Fp S Fg

B* R < G MpyMp
AT -
7 ™~ R?
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There Must be Maximum Power

/

® Gravity limits BH B-field strength (Narayan+ 03):
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There Must be Maximum Power

® Gravity limits BH B-field strength (Narayan+ 03):

Fp S Fg

B2 (-2 < GMsnMp
S e 5
ST R

L 1/2 Mgy —17
Bihax ~ 10* [G P — el
o l ] (().1]411;4(1) (1()”-\1.)

® At B 2> Buax, a magnetically-arrested disk (MAD) forms:
» Black hole magnetic flux and jet power are maximum

bo

» B-field is as strong as gravity

® How do we geta MAD? Flood the black hole with magnetic flux
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There Must be Maximum Power

/

® Gravity limits BH B-field strength (Narayan+ 03):

Fp < Fo £ :
B~ ‘ GMpuM SERe
1177'[1)2 S_, Bl‘)l D
87 R~

L V2 Mpy \ TV
B ~ 10% G AT e
max l ] (().1Llicld) ( 1()”-\1 o )

® At B 2> Buax, 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 geta MAD? Flood the black hole with magnetic flux

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

® New physics: high jet power and new MAD mode of accretion in which the
magnetorotational instability (MR, Balbus & Hawley 91) is marginally suppressed
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Much Larger Flux than Before

Our grid
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AT, Narayan,
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Maximum

Jet Power 1o

vs. Spin
(h/r~0.3)

(AT, McKinney 201 2a,
MNRAS, 423, 55;
2013b,in prep.)
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- 140
Maximum
120 BZ
Jet Power _iw
NS
- = &0
vs. Spin s
P‘ = 60
(h/r~0.3) 0
20) BP
10  —05 00 05 10
a
(AT, McKinney 201 2a,
MNRAS, 423, 55;
2013b, in prep.) At high spin, most of the power comes
from black hole spin (BZ effect).
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10

Spin-up region

Thin disk

OUI" 5 MAD
MADsﬂM
slow = <.
BHs |
down
tOo a ha|t spin-down region

(AT, McKinney 201 2a,
MNRAS, 423, 55;
2013b,in prep.)

(see also Gammie et al. 2005, Shapiro et al. 2005, Benson & Babul 2009)
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Spin-up region

Thin disk

OUI" 5 MAD
MADsﬂ“
slow ==
BHs 1|
down ]
to a ha|t spin-down region

(AT, McKinney 201 2a,
MNRAS, 423, 55;
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(see also Gammie et al. 2005, Shapiro et al. 2005, Benson & Babul 2009)
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(AT, McKinney 201 2a,
MNRAS, 423, 55;
2013b,in prep.)
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(see also Gammie et al. 2005, Shapiro et al. 2005, Benson & Babul 2009)
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Vis. by Ralf Kaehler (SLAC) & McKinney McKinney, AT, Blandford, 2013, Science
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Vis. by Ralf Kachler (SLAC) & McKinney McKinney, AT, Blandford, 201 3, Science
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MAD Summary

® Central accumulation of large-scale magnetic flux
saturates black holes with flux and leads to MADs
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Future Directions: |/3

® This is only the beginning of an exciting, fully 3D journey!:

(AT+13a, MNRAS)

® Not only to black holes but also neutron stars:

» neutron star magnetospheres (alignment torques, w/Sasha Philippov

» neutron star accretion, boundary layers, jets, binary magneto-
sphere interactions, electromagnetic counterparts to gravitational waves

(B
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Future Directions: |/3

® This is only the beginning of an exciting, fully 3D journey! §

® Not only to black holes but also neutron stars:

» neutron star magnetospheres (alignment torques, w/Sasha Philippov

» neutron star accretion, boundary layers, jets, binary magneto-
sphere interactions, electromagnetic counterparts to gravitational waves

(AT+13a, MNRAS)

® et propagation/stability in, e.g., active galactic nuclei and core
collapse gamma-ray bursts

® [ong-standing problem of the origin of large-scale magnetic flux:

Alexander (Sasha) Tchekhovskoy Perimeter Institute Seminar
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Future Directions: 2/3

® Utilize GPUs to attack some of the most ambitious projects, e.g., solve the
grand problem of connecting near-black-hole solution to large (feeding) scales

® |mplement into HARM based on the
Koral GR h)/dl'O code (Sadowski, Narayan, AT, Zhu, |3)
Alexander (Sasha) Tchekhovskoy Perimeter Institute Seminar
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Future Directions: 2/3

® Utilize GPUs to attack some of the most ambitious projects, e.g., solve the
grand problem of connecting near-black-hole solution to large (feeding) scales

® |mplement into HARM based on the
Koral GR h)/dl'O code (Sadowski, Narayan, AT, Zhu, |3)

» Koral uses M1 radiation moments closure that allows
non-isotropic photon distribution in the fluid frame

» Implementation of radiation into HARM is ongoing
(w/Jon McKinney, Olek Sadowski)

1.0 | NP TN (G W iy T N TS

1.0 0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
X

(Sadowski, Narayan, AT, Zhu, |3)
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Future Directions: 2/3

® Utilize GPUs to attack some of the most ambitious projects, e.g., solve the
grand problem of connecting near-black-hole solution to large (feeding) scales

® |mplement into HARM based on the
Koral GR hydro code (sadowski, Narayan, AT, Zhu, 13)

» Koral uses M1 radiation moments closure that allows
non-isotropic photon distribution in the fluid frame

» Implementation of radiation into HARM is ongoing
(w/Jon McKinney, Olek Sadowski)

. - ™ - ' 1 1“ 4

1.0 = R e 1 TS S TS
. _standard isotropic closure
- v “ N . - - - > - » > 1
OS5 B ., . . .1 9°
= 00 ... . 1 1 5 g ’ ’ } & ’ ) : ‘ = D0
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R ’ ' » & e
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1.0 0.5 0.0 0.5 1.0 1.5 20 2.5 3.0 1.0 0.5 0.0 0S5 1.0 1.5 20 2.5 30
X X
(Sadowski, Narayan, AT, Zhu, |3)
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Future Directions: 3/3

With radiation-HARM, | will attack long-standing theoretical and
observational problems, e.g.:
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Future Directions: 3/3

With radiation-HARM, | will attack long-standing theoretical and
observational problems, e.g.:

® By how much can accretion luminosity exceed the Eddington limit?
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