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High-energy astrophysical turbulence

Turbulence is a ubiquitous process
in high-energy astrophysics

Systems often comprise relativistic,
radiative, collisionless plasmas

Small-scale turbulence important for
understanding structure, spectra, etc.

M87 (accretion flow)

Crab nebula (PWN) M87 (AGN jet)
Perseus cluster (ICM)
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Some plasma astrophysics
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Relativistic kinetic turbulence

Relativistic plasma: 0 = T/mc* > 1 (7 ~30>1)
Relativistic turbulence: = il?n;; > (h N 4n0’7m02/3)
o

dv/c~uvalec=+/o/(oc+1)
Four motivations:
Ubiquitous in high-energy astrophysics (AGN, GRB, PWN, XRB, etc.)

Unexplored frontier of turbulence

Prototypical theoretical problem (nonthermal particle energization)

Viable with first-principles particle-in-cell (PIC) simulations
Questions fall into two categories:
1. What are the statistical properties of the turbulence?

2. What are the kinetic properties of the particles?



What’s known about relativistic kinetic turbulence

* 3D (and 2D) PIC pair plasma simulations appear to reproduce MHD inertial range



3D pair plasma turbulence - fixed-time fly-through




Turbulence inertial range (pair plasma)

Compensated magnetic energy spectrum
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What’s known about relativistic kinetic turbulence

* 3D (and 2D) PIC pair plasma simulations appear to reproduce MHD inertial range
e Unknown: nature of sub-kinetic scale cascade

» Efficient particle acceleration (driven - VZ+ 2017; decaying - Comisso & Sironi 2018,
Nattila 2019; see also kink instability — Alves+ 2018)



Nonthermal particle acceleration

Energy distribution evolution (15363)
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VZ+ PRL 2017; VZ+ ApJL 2018 (also see Comisso & Sironi PRL 2018; Nattila 2019)
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Complementary work

2D (& 3D) PIC simulations of decaying relativistic turbulence (Comisso & Sironi PRL
2018) confirm efficient particle acceleration at large sizes
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What’s known about relativistic kinetic turbulence

* 3D (and 2D) PIC pair plasma simulations appear to reproduce MHD inertial range

* Unknown: nature of sub-kinetic scale cascade

» Efficient particle acceleration (driven - VZ+ 2017; decaying - Comisso & Sironi 2018,
Nattila 2019; see also kink instability — Alves+ 2018)

* Power-law index hardens with increasing magnetization
* Power-law index appears to converge with system size*

* lons are preferentially heated and accelerated, at beta order unity (VZ+ 2019)

* System-size dependent formation time (VZ+ 2018); simulation sizes are limited 12



AE/AE,

Electron-ion heating in trans-relativistic plasma

Electron-ion energy partition
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Trans-relativistic: mec® < T < m;c (ultra-relativistic electrons, sub-rel. ions)

Scale separation set by 6,

=T /myc?

(pe/pi ~ 0%

lons are preferentially heated (up to 90% of energy)

Broad parameter scan yields empirical fitting formula: AEe/AEi ~ (pe/pz-)Q/3

VZ, Uzdensky, Werner & Begelman PRL 2019
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What’s known about relativistic kinetic turbulence

* 3D (and 2D) PIC pair plasma simulations appear to reproduce MHD inertial range
e Unknown: nature of sub-kinetic scale cascade

» Efficient particle acceleration (driven - VZ+ 2017; decaying - Comisso & Sironi 2018,
Nattila 2019; see also kink instability — Alves+ 2018)

* Power-law index hardens with increasing magnetization

* Power-law index appears to converge with system size*

* lons are preferentially heated and accelerated, at beta order unity (VZ+ 2019)
* Unknowns: effect of other parameters (sub-rel. temperature, guide field, ...)

* Mechanism consistent with gyroresonant scattering by Alfvenic modes (Wong+ 2019);
magnetic reconnection may play role at high magnetization (Comisso & Sironi 2019)

* System-size dependent formation time (VZ+ 2018); simulation sizes are limited 14



Acceleration mechanism

VZ+ ApJL 2018
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Energy gain is consistent with second-order Fermi acceleration/gyroresonant scattering
(Fermi 1949; Schlickeiser 1989, Miller et al. 1990, Chandran 2000):
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Particle acceleration is diffusive

Statistical evolution of tracked particles is described by Fokker-Planck equation:
(’9tf = 87(D87 f) — (’97 (Af) (advection-diffusion in energy space)

Measured diffusion coefficient
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https://arxiv.org/abs/1901.03439

What’s known about relativistic kinetic turbulence

* 3D (and 2D) PIC pair plasma simulations appear to reproduce MHD inertial range
e Unknown: nature of sub-kinetic scale cascade

» Efficient particle acceleration (driven - VZ+ 2017; decaying - Comisso & Sironi 2018,
Nattila 2019; see also kink instability — Alves+ 2018)

* Power-law index hardens with increasing magnetization

* Power-law index appears to converge with system size*

* lons are preferentially heated and accelerated, at beta order unity (VZ+ 2019)
* Unknowns: effect of other parameters (sub-rel. temperature, guide field, ...)

* Mechanism consistent with gyroresonant scattering by Alfvenic modes (Wong+ 2019);
magnetic reconnection may play role at high magnetization (Comisso & Sironi 2019)

* Unknowns: how to predict power-law index, fraction of nonthermal particles, etc.
e Future direction 1: building and validating theory
* Future direction 2: adding complexity (radiation, pair production, driving, geometry, ...)

e Future direction 3: applying to model observations

* System-size dependent formation time (VZ+ 2018); simulation sizes are limited 17



Radiative turbulence

In many high-energy astrophysical systems, electrons/positrons emit copious
amounts of energy in radiation (synchrotron, inverse Compton, etc.)

Understanding role of radiative cooling on turbulence and particle distributions
is thus important

Focus on strong radiative cooling, of sufficient strength to balance energy
injection from external driving

Key questions:

1.

2
3.
4

Does radiative cooling influence turbulent cascade/structures?
Does the system attain a steady state? (equilibrium temperature)
How does radiative cooling influence nonthermal particle distributions?

What are observable radiative signatures? (spectra, beams)
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Radiation implementation

* Implement external inverse Compton (IC) cooling by adding radiation
reaction force to Lorentz force acting on relativistic electrons/positrons:

4
Fic = —gaTUph’Yz

0T is Thomson cross section, Uph is (external) photon energy density

(¥

C

e Assume uniform, constant bath of external photons

e Assume optically thin medium (radiation escapes box)
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Pair plasma radiative steady state

Convenient feature of radiative turbulence in pair plasma is possible

existence of a statistical steady state )

Energy injection rate from external driving: ginj = Min; 8— 7
T

(assumes turbulent field 0 Byms ~ Bp)

Radiative energy loss rate: E.,q = 16n00TCUph92

(assumes Maxwell-Juttner distribution with temperature 7' = @m.c?)

Predicted steady state temperature:

2
0. — Tlinj 1eC VA
ss —

16 O'TUphLU C Tss = 3988

grad ~ ginj —

In simulations, Upn chosen to give 74, ~ 300
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Numerical simulation setup

* Externally driven turbulence with 3D PIC code Zeltron (Cerutti+ 2013)
* Periodic cubic box (no particle escape)

* Initialize thermal plasma, apply large-scale driving (TenBarge+ 2014)
* Uniform background field By ~ 0 Byms

* First consider relativistic pair plasma: T/mec2 ~ 100
* Two physical parameters:
1) Magnetization (ratio of magnetic energy to total particle energy):

o — Bl?ms . 3Br2ms Alf i turbul ] ov vA o
41h 167ngymec? venicturbuience: = c Vo+1

2) System size (ratio of driving scale to particle gyroradius):

L/27p. go = EE

eBI‘mS
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Parameter scan

Case N3 L/27(pe) (o) tva/L
rL1 7683 60.4 0.90 24.6
rM1d4 5123 29.6 0.20 34.1
rM1 5123 39.4 0.86 24.2
rM4 5123 38.9 3.4 35.8
rM4* 5123 39.1 3.4 29.5
rS1d16 3843 10.4 0.041 35.4
rS1d4 3843 21.4 0.19 35.9
rS1 3843 28.3 0.82 32.4
rS1* 3843 28.3 0.83 60.1
rS4 3843 28.1 3.3 29.7
rS16 3843 24.9 11.0 32.1

Emissivity proxy
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Confirmation of steady state (pair plasma)

Temperature evolution Temperature vs magnetization
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Steady state regardless of initial temperature

Steady-state particle energy agrees well with analytic estimate (%55 ~ 300)
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Steady-state energetics

Energy evolution
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(“force-free MHD"; see Thompson & Blaes 1998, Cho 2005, Zrake & East 2016)
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Magnetlc energy spectrum (size scan)

Turbulence spectra
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Density statistics

Density distribution
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Non-MHD aspects: pressure anisotropy

Brazil plot

Magnetic field fluctuations
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Pressure anisotropy bound by kinetic firehose, mirror instabilities (like solar wind)

Magnetic field fluctuations become rotational at low magnetization

(magnetoimmutability? Squire+ JPP 2019)
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Particle statistics

Steady-state particle distributions
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Stochastic model for steady-state distribution

Fokker-Planck equation provides general model for stochastic particle energization:

2
O f = 0y (72Dppa’y%) — 0, <Apf - f) (diffusion + advection + cooling)

Y0Tec
Diffusion coefficient (2"d order Fermi): Advection coefficient (15t order Fermi):
2 2
Y , 7 70 Y
Dyp ~ — + — Ay~ — 4+ —
oo YT Ta

Analytic steady-state solution (four free parameters):

2 ['g 4+ Tl I'
f(z) o z* (Fo =+ F2$2)FG/2F exp [ - + = T oh 2 tan™! ( sz)]
0

I's Fg/QFé/2

where * = ”y/”yo, 'y = 7./7s
Generically quasi-thermal

Note: recover Maxwell-Juttner distribution for sole diffusion (I'o =1, =T, = 0)
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Stochastic acceleration in simulations
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Anisotropy of particle distribution

* In addition to energy distribution of particles, can look at anisotropy of
their momentum distribution

e QOutgoing radiation is beamed in directions of anisotropy

* Define global conditional momentum anisotropy distribution:

F(O, Slyenes < 7 < Yins) = /

f©@1y)

1.0

0.1

Ythr,2

Ythr,1

dvf(0,9,7)

Guide-field anisotropy

L

I]IIII

Tllilil

(0)=0.04, y>1600
(0)=0.19, y>1600
(0)=0.81, y>1600
— (0)=3.44, y>1600
~ = -{0)=0.04, y<800
(0)=0.19, y<800

II]FIIT]II|ITI

./[

1,

- =

lllil

0

- = - (0)=0.81, y<800 \
= - ~ - (0)=3.44, y<800 \M_:
Ml ealas s et sy lagaid Laia o
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

32



Global momentum anisotropy — low energy
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Global momentum anisotropy — high energy
tvL=11.96 tv,L=13.97 tv,L=15.97

tvyL=17.98 Bulk flow  tvyL.=21.98

“Kinetic” beams
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Intermittent beams! -
(like magnetic reconnection, -
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Angular distributions — high energy

tvL=23.587
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Beaming event in detail (tc/L = 26.0)

Nonthermal energization

Momentum distribution in beam direction
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Mechanism of beaming

High-energy particle density (green contours)
Heating rate (red image)

Current density (red image)
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High-energy particles (v > 1200) correlated with intermittent current sheets, suggesting
that magnetic reconnection may energize and beam particles
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Tracked particle energization

Work done on a tracked particle
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Tracked particle energization dominated by perpendicular (ideal) electric fields,
consistent with diffusive particle acceleration (e.g., gyroresonant acceleration)
Signatures of injection by parallel fields before most rapid acceleration events
Parallel fields important at high magnetization, possibly due to magnetic reconnection
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Radiative electron-ion turbulence

* In contrast to pair plasma, the existence of a steady state for driven
turbulence in radiative electron-ion plasma is nontrivial

* Since ions do not radiate, they will continuously heat up unless there is
a mechanism to transfer thermal energy from ions to electrons

* No viable collisionless mechanism of thermal coupling (more efficient
than Coulomb collisions) is known to exist (theoretically)

Key question:

Does there exist a sufficiently strong collisionless thermal coupling
mechanism to prevent the ion-to-electron temperature ratio from growing
very, very large?

(in other words, do electrons and ions both attain a steady state energy?)

Important implications for radiatively inefficient accretion flows!
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Radiative electron-ion setup

* Fiducial simulation: 8y =4/3  L/2mp;o = 27.2
* Both species relativistically hot: 8;5 = 100

* Photon energy density U, chosen near pair plasma steady state value

EIectron energy density Current den5|ty

46.25
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Unbounded growth of temperature ratio

* Electrons attain a steady-state temperature, ions do not (no coupling!)
* Temperature ratio builds up to Ti/T6 2> 300
* 8% of injected energy is lost to radiation

Parameter evolution
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Sub-ion scale turbulence

Clean -2.8 power law in kinetic range! (kinetic Alfven wave cascade?)

Turbulence spectrum
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f.(p/mc)

Electron-ion energy distributions

Electron distribution

lon distribution
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Electrons are thermalized by radiative cooling
lons are efficiently accelerated to hard power law, up to system size limit
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Tracked particle statistics

Random tracked ion Random tracked electron

Rad. electron-ion, 8,=4/3, 512°, tracked ion Rad. electron-ion, 3,=4/3, 512°, tracked electron
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>99% of energy gain for ions is from perpendicular electric fields
Electrons gain from mixture of parallel and perpendicular fields

Broadly consistent with gyroresonant acceleration of ions
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Tracked particle statistics

Average of tracked ions Average of tracked electrons
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>99% of energy gain for ions is from perpendicular electric fields
Electrons gain from mixture of parallel and perpendicular fields
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Conclusions

Applied 3D PIC simulations to study kinetic turbulence in relativistic and
radiative plasmas

In presence of strong radiative cooling, driven turbulence attains
statistical steady state in pair plasmas but not in electron-ion plasmas
(i.e., no indication of collisionless electron-ion thermal coupling)

Radiative cooling efficiently thermalizes the plasma, leading to quasi-
thermal distributions consistent with diffusive acceleration models

At high magnetization, high-energy particles are intermittently beamed,
evidently due to magnetic reconnection in current sheets

Beams may explain rapid flares in high-energy astrophysical systems
(e.g., blazar jets)

VZ, Uzdensky, Werner & Begelman, submitted arXiv:1908.08032
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