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From Fluid to Kinetics to Radiation to Observations

Radiation modeling
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Outline

* Challenge: Coupling Macro-Micro Scales
* Hierarchical Current Sheet Model

* Single Sheet Studies: 2D+3D PIC
Simulation Showing Particle Acceleration

e Particle Acceleration Mechanism
e Summary and Future Work

Blackman & Field (1994); Lyutikov & Uzdensky (2003); Lyubarsky (2005);

Zenitani et al. 2009; Liu et al. 2011; Hoshino 2012; Bessho & Bhattacharjee 2012;
Takamoto 2013; Sironi & Spitkovsky 2014; Guo et al. 2014; Melzani et al. 2014

+ many others ...



Challenge — Uncertain Plasma Conditions
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Challenge — Enormous Scale Separation

| \
2 3 Kinetic simulations
particle dynamics

o R;~2x10°Bcm

e emission: 10 cm - pc
* jet: 100 kpc o den~5x10%" 075 em
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Hierarchical Current Sheet Model
3D PIC Simulation 600x150x150 d_* (Makwana et al. 2015)




Hierarchical Formation of Current Sheets
(Sheet within Sheet)
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Thickness: ~ d,
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Reconnection as Energy Conversion
and Particle Acceleration

Magnetic merging atan X-type nevtrakling.
01 lines are magnebc ekl lines, dashad
lines fow Enes of the plasma.
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Single Sheet Studies:
2D+3D PIC Simulation

Showing Particle Acceleration
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Initial Setup & Parameters

Pair plasmas
kT; = kT, ~ 0.3mec?

2D :0=1— 1600 12d;

L, x L, =300d; x 194d; — 1200d; x 776d;

3D : 0 =100
L, x L, x L, =300d; x 194d; x 300d;

Results converge for
>100 particles per cell

Force-free current sheet
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“y B, = B, [b; + se(-h'(_://\)]

Boundaries for fields: x - periodic
z - conducting
y - periodic (3D)
Boundaries for particles: x - periodic
z - reflection
y - periodic (3D)
No guide field:bg = 0
Initial perturbation (GEM challenge)




Run o system size A P Ymar Erin? (J-E) %
2D-1 6 300 x 194 6d; 2.2 45 23% 83%
2D-2 6 600 x 388 6d; 2.0 06 32% 92%
2D-3 6 1200 x 776 6d; 1.7 79 34% 93%
2D-4 25 300 x 194 6d; 1.6 195 28% 85%
2D-5 25 600 x 388 6d; 1.3 339 37% 90%
2D-6 25 1200 x 776 6d; 1.2 617 42% 90%
2D-7 100 300 x 194 6d; 1.35 650 29% 73%
3D-7 100 300 x 194 x 300 6d; 1.35 617 28% 71%
2D-8 100 600 x 388 6d; 125 1148 40% 78%
2D-9 100 1200 x 776 6d; 1.15 1862 45% 94%
2D-10 400 300 x 194 12d; 1.25 1514 20% 54%
2D-11 400 600 x 388 12d; 1.15 3715 31% 75%
2D-12 400 1200 x 776 12d; 1.1 5495  36% 86%
2D-13 1600 300 x 194 24d; 1.2 2812 13% 45%
2D-14 1600 600 x 388 24d; 1.1 7913 21% 53%
2D-15 1600 1200 x 776 24d; 1.05 11220 30% 66%

Guo et al. 2015



Time evolution of current density in 2D (¢ = 100)
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~ 1.4x10"2 particles, |J] o=100 ©L.=300d;, L. =192d;, L, = 3004,
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Energy Evolution ( 0=100)
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(dN/dy)/N

Particle Energy Distribution
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Spectral index for all runs
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Particle Acceleration
Mechanism



Diagnosing the Acceleration Mechanism

Evaluate exact expression for energy gain of all particles:

2 &Y
dt

m;c =q;v-E=qjuy B +qjvy-E]

Also evaluate energy gain from guiding center approximation

similar to

mjc2(Afy)gC = q; / (Veurv + Vvg) - E dt jDaZhgr;:t al,

Dominant acceleration term is from the curvature drift

X
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Two Stages

1) Direct E_parallel acceleration at X-line

2) Further acceleration within island
(first-order Fermi)



Two Stages

1) Direct E_parallel acceleration at X-line
2) Further acceleration within island (first-order Fermi)

Powelr law dis’éribution!
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1) Global Consideration

J| - B

Important for
initial thin sheet

J B
Dominant term for
islands/flux ropes system

For large system:s,
>80% of energy is converted through
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2) A representative trajectory (color: V)
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3) Ist order Fermi mechanism

V Vv
* Acceleration by “collision” in between | = —
moving magnetic clouds (Fermi 1949) Py
2Wv, V? <
A'Y: (F2(1+ 2 +C—2)—1>"}’ € ] >
At = Lis/vx
a = Ay/(vAt) 7f

Veurv = 0 [b X (b ' V) b]
* |n large-scale simulations, the dominant -
electric field for energy release -VxB/c ©

E=-V x B/c
* In reconnection region, the Fermi \
process is accomplished by curvature
drift motion in plasmoids along the Type-B Fermi process (Fermi 1949)

Drake et al. 2006, 2010; Birn et al. 2012

motional electric field. Guo et al. 2014
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The acceleration is dominated

by energy gain through
curvature drift motion

Fermi acceleration formula
agrees with the acceleration
by curvature drift motion.
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Power law solution (Fermi 1949)
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Power law solution (Fermi |1949)
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Consider evolution of f in a closed system
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Consider evolution of f in a closed system

0
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Consider evolution of f in a closed system
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Consider escape

of 0.0
a{ + 50 (e ) = _Tf e =mec”(y—1)/T
esc B 1%
*= e Ot
fo = —=vexp(—2)
¥, L, =
dt (a+resc)f—0 fb \\

The distribution is heated up. X 0
No power-laws

Escape does not give a power law.



Consider injection

Split injected distribution into N groups, ,

and release jth group into acceleration l l l‘r’_*":‘L’*;(EE(?(a)
region at ¢t = jAt At = T;,; /N T
=3 I —"———
T T
Particle distribution injected at t =1¢; +
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Time-dependent injection is the key factor:
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Power-law formation condition

This can easily be satisfied
in relativistic reconnection,
even in kinetic scales.
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Some Open Questions



1) current distributions in 2D and 3D

(a) nget=1 75 300d; - (?pet=3 75 300d; . | JE] i’o
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2) 3D Important

. Interacting Flux Ropes are Kink Unstable
1) 3D Kink |

Liu, HL, et al. 2011

Larger small GUO, HL, et al.
flux rope flux ropes 2014

2) Particle acceleratlon

(b)O 28 —ZD Idddw E
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-==3D JaldVJ'E

3 Energy dissipation rate (esp. in
cg 0.14L -~ -3DlaldvQ-E) § . . . . . .
g - -3D [afaVO ) perp direction) is quite different in
i LA {4 2D and 3D
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3) Outflows
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Key results

Fast reconnection and strong particle acceleration during
magnetic reconnection in high-o regime.

Enhanced reconnection rate in relativistic regime.

Efficient energy conversion and particle acceleration
(nonthermal dominant)

Two stage acceleration: direction acceleration and first-
order Fermi acceleration via curvature drift.

Formation of power laws: requires both Fermi
acceleration and continuous inflow. Power-law formation

condition: atin>1.



Apply to high-energy astrophysics:

* Efficient energy conversion and strong
particle acceleration (power the system in
high-energy wavelengths)

* Hard power laws (close to “-17) in high-o
regime

* Fast power-law formation (fast variability)

* Relativistic inflow/outflow.

Coupling between macro- and
micro-scales will be essential



