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Some plasma astrophysics
• Radiatively inefficient accretion flows onto black 

holes (e.g., at galactic center) are a prototypical 
example of collisionless plasma turbulence

• Radiation spectra indicate highly nonthermal 
electrons, spanning orders of magnitude in energy

• Global models require ”two-temperature” plasma in 
which ions are much hotter than electrons, to 
prevent collapse into collisional thin disk

• Rapid X-ray flares are occasionally observed
• Is our knowledge of turbulence sufficient to explain?
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Relativistic kinetic turbulence
Relativistic plasma:

Relativistic turbulence: 

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?
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What’s known about relativistic kinetic turbulence

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

Comisso & Sironi PRL 2018; arXiv 2019



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*

• Ions are preferentially heated and accelerated, at beta order unity (VZ+ 2019)

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

• Ions 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)

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

• Ions 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.

• Future direction 1: building and validating theory

• Future direction 2: adding complexity (radiation, pair production, driving, geometry, ...)

• Future direction 3: applying to model observations

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



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. Does radiative cooling influence turbulent cascade/structures?

2. Does the system attain a steady state? (equilibrium temperature)

3. How does radiative cooling influence nonthermal particle distributions? 

4. 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:

is Thomson cross section,           is (external) photon energy density  
• Assume uniform, constant bath of external photons
• Assume optically thin medium (radiation escapes box)

F IC = �4
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2 v
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• Convenient feature of radiative turbulence in pair plasma is possible 
existence of a statistical steady state

• Energy injection rate from external driving:

• Radiative energy loss rate: 

• Predicted steady state temperature:

• In simulations,           chosen to give

(assumes Maxwell-Juttner distribution with temperature                         )

Pair plasma radiative steady state
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Analytic steady-state solution (four free parameters):

where                       ,

Generically quasi-thermal

Note: recover Maxwell-Juttner distribution for sole diffusion

Stochastic model for steady-state distribution
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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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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)
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