- s

Universitdt Wilrzburg Particle acceleration in general relativistic environments Oliver Elbracht SAT 2007



» Motivation
» Kerr BH
» Jet engine

= How 2do GRMLHD

*3+1 Split
*» Formulation
» Stimulation

= GRPIC from the scratch
» Motivation
* Formulation

* Theory versus Observation

WURZBURG Particle acceleration in general relativistic environments

Oliver Elbracht

SAT 2007



ds’ = —a’dt’ + &(d¢ — wdt)’ + p* I A dr® + p°d 6’

Boyer-Lindquist coordinates
wh A
S H:E%: lapse function { ~ redshift)
ZE = (P'E +a’ )2 —a’Asin’ @ rotational axis

inner horizon

A=¥ —-2Mr+a’

ergosphere
P =r+dcos’d
2aMy ]
mz}? frame-dragging frequency
@:Emm
P
Rotaﬁng BH are essential to outer horizon ! A]uhnlu (2004} ring singularity
explain jet formation!
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Questions of Jet formation:

1. Relativistic outflows?
2. Collimation to a narrow outflow?

Blandford-Znajek process (1977) Blandford-Payne process (1982)
= accretion feeds Ker BH = accretion disk, magnetized
= BH interacts with magnetic field = plasma extraction along magnetic flux tubes
= pair production (leptonic plasma) = magnetic pressure and centnifugally driven
= extraction of rotational energy outflow v~v kep
= acceleration of leptonic plasma v ~ ¢ = works without BH
= works only with Ker BH! = energy source: disk

= energy source: BH
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1. Specify space-time geometry (e.g. Kerr background)

2. Take a coordinate system: Kerr-Schild vs. Boyer-Lindquist
3. Choose some fluid -> energy-momentum tensor r#"

4. Thin sandwich decomposition (3+1 split)

5. Take a solver : conservative/ non-conservative schemes

6. Specily mmitial and boundary conditions

7. Solve set of GRMHD equations
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Foliate the space-time with f=const spatial hypersurfaces Zl

L
5 5 ; . ; :
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" _— ™ — 0
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s ~2./  Where n is the unit time-like 4-vector
B ' “:“t orthogonal to X, such that
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Eulerian observers measures: V' =—| — + /F | transport velocity

UNIVERSITAT

WURZBURG Particle acceleration in general relativistic environments Oliver Elbracht SAT 2007



electromagnetic fieldtensor ~ J©#Y

U, A-velocity of an arbitrary observer

E* = F™U
1

B =*F"U =—&""U F,_
2

Ohm’s law
J+(Ju " =0 F*u , fluid’s 4-velocity

L

Non-relativisticlimit: J =o(E+ vxB)

Ideal MHD limit {o—<): F*‘““HU =y JxrB=0

1
—-E ﬂmdﬂ =0, E"= ﬁ’?ﬂwj”vUﬁBﬁ
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magnetic field measured by a comoving observer:

P“ B,

\/EU Au“

KA =
bﬂ = —gﬂ” HUFEK' = P,uu _g,uu—i_u,uuu

1 1 1
T = —| FMEY ——g™F F¥ |=bu"u’ + =b*g" — b"p"
= 4;.1:( T4f g e
TH — by HO enthalpy : h:1+.e:+E
Jud = PAUU + Pg Py ;
EQS. P=P(p,&) £ = specific inertial energy density

p = rest mass density

2
T =Tpu+T, = (ph+b2)uu +[P+%}g““b“b“
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1. Mass conservation Vﬂ( pﬂﬂ) = ()

2. Energy & momentum conservation \/ T# =)
i

3. Maxwell's equations V F#¥ =4 J# V'[ A=
v 2 V.
* Induction equation a;(\/;Bi)JF aj[\/;(vjﬁi _viBf)}: 0
 no sinks/sources 9, (\/;B"') =0
. o
e
Hyperbolic system,
flux conserving.
1 a }/E a _gf; Ji lf_ state vector of CQ
+ - = § + constraint equation  fluxes
N8\ O o’ §
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) Simulations

z c2/(GM)

(non-conservative) 40

0 10 20 30 40
R c2/(GM)

[ Harmlley, DeViliers, Cammie,
R ey, hifeens 2000
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GRMHD

» 1975 — Wilson, J. acceleration, grav. collapse
= 1993 — Yokosawa KerrBH acc.

* 1999 — Koide ct al. KerrBH acc. + jet

= 2002 — De Villiers & Hawley KerrBH acc. + jet

= 2003 — Gammic ct al. KerrBH acc. + jet

» 2004 — Komissarov BZ process

= 2005 — Shibata & Sckiguchi KerrBH acc. + jet

* 2005 — Duecz ct al. dynamical space-time -+ GW
= 2005 — Anninos ct al_ KerrBH acc.Het

= 2006 — Anton ct al. KerrBH acc Hjct

» 2006 — McKinney KerrBH acc.Hjet

» 2007 — Giacomazzo & Rezzolla dynamical space-time + NS evolution
(This st & may ot be exhawstive)

GRPIC

» 2007 — Nishikawa, Mizuno, Watson ct al. (submitted) KerrBH acc. +jet + something_.
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The 3D views of disk and corona particles are shown at /. =0 and 1134 (¢, =r/c).
Particle pairs are moving through the jet at different velocities. The jet has a structure wich forms spirals
around the z (central) axis. Nishikawa, Mizuno, Watson et al. astro-ph/0612328
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Review

ADM metnic:

Bt e as’ =-a'dt’ +y,(dc' + B d)d + f )

boundaries \5,» | ( = _LH | _ 2 FIDO- H# — (_a:' 05 05 0)

: t
/J...- T — . s N e “"'x‘:'\'__l _,r'
— ﬂjf,[fu; X, [
Rt dﬂfﬂ ] Y | ‘l\
s NN 3 R hypersurfaces

Reconstruct the electromagnetic field, the charpe-current vector and the 4-potential:
F =uw'E"-u'E"+&"u B,

TH=put+ T, A” =gu” + A
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System of equations:

Covarniant Maxwell equations and induction equation:

f‘uv.p — 47{&7#: 7_;11»';,0] — 0: jﬁ;ﬂ =0

Equationof Motion (geodesic equation):

alvﬂ
dzr

m +F‘”vpv"v" =€FWVV mass m

charge e
proper time 7

d-velocity v*
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The 3+1 Maxwell equations in the universal frame:

divB=0,

2, 8,(/yB")+[rot(aE+BxB)] =0
Jy

divE = 4np
1

N

and the induction equation:

1
—0.(\Jyp)+ div(aJ)=0
7 Jr

8.(\[¥E") + [rot(aB+ B x E)|' = 4na’
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Equation of Motion (geodesic equation):

h”
m|l —+ 1% v'v° |=eF*y _ T
i o v gamma factor W lf,Il—yﬁVV
W
FDE—,

4
VEE?'EIViVJ
After some nasty calculations we obtain:
d w- &, eW
E[W(—cmﬁ-V)]—;[—aga+5wwam+V-amﬁj:EE-V
d w* o AP eW
E(w)—?[—qmap’w aiyjk+V-aiﬁ]:E[aE+VxB-(E-V)ﬁl
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Weak gravitational field

2
4 W(—a+ﬁ-V)] W [ 0,0 +— Yyvis yl..+V-69ﬁ]—£E V
dr a 2 4 me
d W

o el
E(W)_?[_az'a—i_EVijaiyjk +Vazﬁjza|:aE+VXB-(EV)ﬁ:|z

weak fieldlimit: o 1, T —0, g —0, Ty —* Ty

special relativistic equation of motion:

LA

dr m

d—(WV):ﬂ(E+VxB)
T m
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= funnel-wall jet with evacuated = VLBI of M87 shows

interior, ,hollow jet”

i asymmetric edge-brightening
(De Villier et al. 2002)

indicating hollow jet
(Krichbaum et al. 2005)

= BZ model fits better obs. _ _
Constraint than BP scenario = small size of jet base

(Blandford & Znajek 1977) (Krichbaum et al. 2005)

= thin Keplerian disk generates L
two jets (Mizuno et al. 2006, = Would explain inner, denser

astro-ph/0609344) jet closer to z-axis

15. Dezember 2006 Andreas Miller (MPE Garching)

hittpfwww. mpe.mpg.de/~amueller
Bommowed from a talk given by A Muodle (Garching. 12/15/06)
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= helical KH instabilities = S-shaped jet structures,
induced from rotations at e.g. 3C 120 (Krichbaum et
jet base al. 2006)

* MHD Kink instabilities = explains sudden curved jets
(Appl 1996)

= Kink conditions not " stability of jets

satisfied (McKinney 2006)

S = collimated jets
= collimation due to hot

corona by p,.4 (Hawley
SAF talk): by Lorentz
forces; by disk wind
(McKinney 2006)

15. Dezember 2006 Andreas Miller (MPE Garching)

hitphereew. mpe_mpg.de/~amueller

Bomowed from a talk given by A Muodle (Garching. 12/15/06)
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= disk precession caused = helical jet structures (e.g.
by Lense-Thirring or Britzen et al. 2001,
binary SMBH system Lobanov & Roland 2005)

[Mizuno et al. 2006:

initial precessional
perturbation propagates
through jet as helical
structure]

GRPIC simulations

"
"
"

Andreas Miller (MPE Garching)

hitp-fhwww mpe mpg.de/-amueller

Bomowed from a talk given by A Muodle (Garching. 12/15/06)
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Imitial & Boundary Conditions (Wald solution, radiative BC)

* implement special relativity into the code, produce some papers :-)

* implement GR 1n the SRPIC code

(Ray-Tracing / GR Radiation Transfer equations)
- task for a poor diploma student.

* and finally, perform a bunch load of simulations...
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