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Magnetic fields ubiquitous in astrophysics [ISB0A.

. | (Chandra x-ray observations)
(NASA/HST/CXC/ASU/|. Hester et al.)

Astrophysical magnetic field origin?
(Kulsrud 2008,1992)
Biermann battery seed?

Collisionless environment
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: : TECNICO
Mechanisms for B-fields in laser-plasmas W LISBOA

Biermann Battery Weibel instability

Experimental proton radiograpns from 14.7 MeV (D°He) protons
0.33 ns 0.64 ns e

- V- » 13 -
PRl o Y o ]

(Li et al. 2006) (Huntington et al. 2015)
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TECNICO

What is the Biermann battery? LISBOA

Initial state Ingredients m

Density gradient: Magnetic field generated
Plasma Vn | at gradient scale
Temperature gradient: initially growing as
No magnetic fields vT . .
Perpendicular gradients: eB 5 VnXx VT ,
Vnx VT =0 MCWpe DT “pe

The Biermann Battery

Not an instability!

T contours

n contours
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How strong are the expected fields ) T

Prediction of saturation

g Saturated Biermann field
Magnetic field grows as 1 x T
eb Vn x VT 0.8
= \5 Wpel
MCWpe ni’
N 06
until ... )
204
0.2

0 10 20 30
L/d.

Normalized B = B~!2 predicted to follow
|/L scaling

(Haines 1997)
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OSIRIS 3.0 TRENICO

osiris framework

Massivelly Parallel, Fully Relativistic
Particle-in-Cell (PIC) Code
Visualization and Data Analysis

Infrastructure

Developed by the osiris.consortium .

TECNICO =  UCLA +IST
LISBOA

code features

Scalability to ~ [.6 M
cores

SIMD hardware
optimized

Parallel /O

Dynamic Load
Balancing

QED module
Particle merging
GPGPU support

Xeon Phi support
Kevin Schoeffler | NWP (LaB workshop), Russia | July 26,2017

Ricardo Fonseca:
ricardo.fonseca@tecnico.ulisboa.pt
Frank Tsung: tsung@physics.ucla.edu

http://epp.tecnico.ulisboa.pt/
http://plasmasim.physics.ucla.edu/



mailto:ricardo.fonseca@ist.utl.pt?subject=
mailto:tsung@physics.ucla.edu?subject=
http://epp.tecnico.ulisboa.pt
http://plasmasim.physics.ucla.edu/

: : : o TECNICO
Kinetic effects in collisionless systems LISBOA
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(Schoeffler et al. 2014, Schoeffler et al. 2016) ol ET/de =400 4
200 |- TR AF 005 3
B follows |/L scaling (Haines 1997) T oF g, R 1% E
(Biermann regime) 3 El
-400 — -1 | -0.10
-600 |- el ERE
then remains finite at large L bl b b Lo e L
x/d,

(Weibel regime)
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. . . TECNICO
Can a kinetic solution be found? w LISBOA

Maxwell-Vlasov equations

g:—v-Vfl e (E I VXB)-VUf
ot Me C

E
6)—:cV><B—|—47ne/alv?’vf

ot

0B

— = —cV X E

ot

Maxwell Distribution Perturbed by gradients: Small parameters
T
f(t:O) :fM(Uxavyva) n = mno 1+e ApVn ApVT
)\D € — 5 p—
no 1o
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. . . TECNICO
We found a kinetic solution! w LISBOA

(Schoeffler et al. 2017 arXiv 1707.06069)

Linear Biermann growth Temperature Anisotropy

eBB. T
— _E&Upet A= Tyy 1 = (5wpet)2
MCWpe Tx
Time scale (0Wpe) ! is \

the crossing time L1/vro | strictly kinetic

result

Equal to fluid predictions Leading to instabilities
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TECNICO
A temperature “tensor” W LISBOA

T’L] — flte /d”US”UZ'Ujf

n

Temperat T
o

02 €0
€0 302

Hot Direction

Tij =T0 +T0 (twpe)zlz

Vn

Rotated Temperature Tensor

202-A0 0 If you rotate clockwise by
Tij= To+T tWpe)2/2
1= To*To| 1524 A (tWpe) L e
= — tan'!—
2 0
The matrixis diagonalized
A = Ao(tWpe)? Ao=d( 02+ €2)!2
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: TECNICO
Most general perturbation LISBOA

Arbitrary gradient angle 2nd order gradients

Un * UT=0 2nd ord.er terms in O and &,
proportional to Krij and Kpj

(Schoeffler et al. 2017 arXiv 1707.06390)
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KTi affecting the temperature anisotropy ) e

Vn

1T =1 (1 | 533 | 52/£Tz'j
AD

2nd order T gradient tensor New vector affects anisotropy

K| K A K=K
I RX A =

KTij = “T 1A

Kx K. KL 2Kx

A= 0|0+e+0A(]
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As a function of space ) e

Spatlal map of 82AK
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TECNICO

We can predict anisotropy vs. space! LISBOA

Hot Direction

Time =21.00 w,,”
e 0.14
-4 0.12
0.10
0.08
<C
0.06
0.04
O(x,y) and A(x,y)
can be found using 0.0
e1(x,y), €1(XY),
O0ey), 0.00
Kxx(X,)’), ny(X,)’), -40 -20 X/Od 20 40
and Kyy(X,y) e
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TECNICO

Does the anisotropy match simulations!? LISBOA

Hot Direction
—

Time =21.00 w,,”
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Does the anisotropy match simulations!? TECNICO

Looking closer

LISBOA

Time= 21.00 o,,"
0.14
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— Simulation

=== Theory

(Schoeffler et al.2017 arXiv 1707.06390)
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Weibel onset matches anisotropy growth ) e

When does Weibel onset? When B grows faster than A

600‘*
2000 ”
Weibel g * *
1500 e = 400
s =g =1/AdA/dt
“~ 1000 ?: N : Tw |
« || 200 :
500 o | |
<——— Biermann |
O O T T S S N
0.01  0.10  1.00 0 100 200 300 400 500
Kld e L/
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TECNICO

We can predict Biermann battery vs. space! LISBOA

: -1
Time =21.0 o,
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. . . . TECNICO
Predicted kinetic Biermann field w LISBOA

meCB Vn X VTH /

e M TC2

allowed

B

No Biermann!
XXX

B

O
-
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: : TECNICO
Even relevant in magnetized space systems W LISBOA

In essentially ID flux tubes where We predict an anisotropy

A = Ao(tWpe)?
VT || Bo|| Vi || A o(tWpe)

Ao= 0 | 0+g+0A |

On the solar surface
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. TECNICO
Conclusions & Future Work W LISBOA

We found an analytic solution for arbitrary temperature and density gradients

showing kinetic Biermann growth and temperature (Schoeffler et al. 2017
anisotropy growth solved for general T and n distributions 51Xy | 707.06069 and 1707.06390)

l confirming the growth of the Biermann battery for
collisionless systems (as a function of space)

linear growth proportional to Vn x VT

l revealing anisotropy generation magnitude and direction -
(as a function of space) 7

t? growth caused by VT (found for a general T and n distributions)

l with results applicable to Relativistic laser
astrophysical magnetic field growth, and effects on heat flux simulations:
laser experiments where collisions are weak N. Shukla
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We found a kinetic solution!

Evolution of f

1
—|—§€(5 (c,upet)2 Vo Uy f M
1 1
for = fo + §5wpetv_y (5 — 172) far — Z(Spret)\iv_y (25 — 1279% + 174) far
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v (Schoeffler et al. 2017 arXiv 1707.06069)
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TECNICO

What is a temperature anisotropy!? LISBOA

f — f (vx,vy,vz,az,y,z,t)

f ( 1 )3/2 1 o2
m M — T 5 eEXp | — =% 5
Ty, = — /dv?’va%f 2T Ve 2 Vipe

n

Anisotropic Temperature

f(Vx,Vy f(Vx,Vy
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Most general temperature tensor in 2D W

Rotated Temperature Tensor

2(0%(1+Kk  +K))+€0)+A0 O
0 2(0%(1+K_+K)))+€0) -Ao

Tijindependent of Knij; l

Ao = O( 02+e2+D2A2+2(dg)+€ DAL OA L +02A))) '
= 0|0+&e+0AK|

Tij = TO +T0 (twpe)zlz

Rotated Anisotropy

A = Ag(tWpe)?

Vn
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TECNICO

Maybe already seen in experiments LISBOA
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(Schoeffler 2016)
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. . . . TECNICO
Predicted kinetic Biermann field w LISBOA

eB
MeCWpe

— €| 5wpet
Equal to fluid predictions

Equations also valid for anisotropic
bi-Maxwellian distributions T’H # TJ—

T|| parallel to Vn

Kinetic Biermann

mec?’ Vn X VT” /

e MMC?

B =

Depends only on VT”
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