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What I Will Not Talk About 

is dominated by the electrons, and thus β ≈ βe ≡ 8πPe=B2.
For simplicity, the boundaries are periodic, but the box is
large enough that they do not interfere with the dynamics
[Lðx;y;zÞmax ¼ −Lðx;y;zÞmin ¼ 15=8LT]. In order to investi-
gate a larger range of LT=di, the simulations are run with a
reduced mass ratio of 25. The spatial resolution is 16 grid
points/de, or 2.26 grid points=λd, where de ¼ c=ωpe is
the electron inertial length (ωpe is the electron plasma
frequency) and λd is the electron Debye length. The time
resolution is Δtωpe ¼ 0.07. The 2D simulations have 196
or 64 particles per cell (ppc); the 3D simulation has 27 ppc.
Biermann regime.—Figure 1 shows contours of constant

magnetic energy density and magnetic-field lines from a
3D simulation with LT=de ¼ 50 taken at tωpe ¼ 235.2,
after the magnetic-field strength saturates (see Fig. 3). As
expected based on the initial conditions, we observe the
formation of large-scale azimuthal Biermann magnetic
fields which are nearly axisymmetric. Although Biermann
generation of magnetic fields has been investigated before
[16], this is the first fully self-consistent kinetic 3D
simulation.
The axisymmetry in the 3D simulation suggests that a

scaling study in system size can be performed using a
more computationally efficient 2D setup. To this end, we
take a cut of the 3D system at z ¼ 0, where the azimuthal
(out-of-plane) magnetic fields are in the z direction, and
perform a set of 2D simulations with LT=de¼
ð4;8;16;25;32;50;64;128;200;400Þ. For 4≤LT=de≤128,
we use 196 ppc. For LT=de ¼ 200, 400, we use 64 ppc
instead due to computing time limitations; convergence
studies at lower values of LT=de do not show significant
differences between 196 and 64 ppc. A snapshot taken at
the same time of a 2D version of the simulation presented

in Fig. 1 is shown in Fig. 2(a) for comparison. The same
large-scale magnetic-field structure is manifest, with very
similar levels of Bz.
The time trace of the maximum magnetic-field strength

for a selection of cases can be seen in Fig. 3(a). For small
systems LT=de < 50, the magnetic field reaches a maxi-
mum and then decays away. On the other hand, we observe
that for LT=de > 50, the magnetic field saturates at around
its peak value.
Figure 3(b) shows the scaling with system size of the

maximum and the average magnitude of the magnetic field
(the square root of B2

z averaged in a box 2LT × 2Ln
surrounding the expanding bubble) at the time when the
field saturates (or peaks for LT=de < 50). There are three
distinct regions in this plot. For LT=de < 25 (i.e.,
LT=di ≲ 5), the magnetic field increases with system size.
This stage is followed by a region where the saturated
amplitude of the field decreases as di=LT , which lasts while
LT=de < 100. These two stages confirm the theoretical
prediction of Haines [7]: in very small systems, there is a
competition between the Biermann battery effect and
microinstabilities (the ion acoustic and the lower hybrid
drift instabilities), triggered by an electron drift velocity in
excess of the ion acoustic speed, which suppress the

(a)

(b)

FIG. 2 (color online). Out-of-plane magnetic field Bz after
saturation (see Fig. 3) for (a) LT=de ¼ 50 and (b) LT=de ¼ 400.

FIG. 1 (color online). Magnetic energy contours after saturation
(tωpe¼235.2; see Fig. 3) from a 3D simulation with LT=de¼50.
Lighter to darker colors represent B2=8πPe0 ¼ 0.0035, 0.0071,
0.0106. Several magnetic-field lines are also displayed.
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tmax ∼ LT=vTe0. A linear in time scaling is indeed to be
expected for Biermann-generated fields; also, at these small
scales, the electrons are not coupled to the ions and are thus
free to move at their thermal velocity. A transition to a
logarithmic dependence on the system size occurs after
LT=de > 50; this is expected since the Weibel instability
amplifies the magnetic fields at an exponential rate. Note
that the Weibel instability cannot occur below a certain
system size because it is suppressed by the strong, large-
scale Biermann fields. (We have confirmed this suppression
numerically by running a similar setup where the Biermann
effect is not present; see also Ref. [19].)
We have performed additional studies that confirm our

conclusions up to a mass ratio of mi=me ¼ 2000, at which
point the results have converged. With these more realistic
mass ratios, the saturated magnetic field increases less than
twice the value obtained formi=me ¼ 25. These results will
be presented elsewhere.
Spectra.—Figure 5(a) shows the spectrum of B2

z for our
largest simulation (LT=de ¼ 400) at the times indicated in
the inset of Fig. 3(a). At early times, a peak rapidly forms
at kde ≈ 0.01, which corresponds to the large-scale
Biermann-generated magnetic field. At later times, a
second peak corresponding to the Weibel-generated mag-
netic fields begins to form at kde ≈ 0.2 and eventually
saturates at kde ≈ 0.1; this scale corresponds to kρe ¼ 1,
whereρe is the electronLarmor radius based on themaximum
Bz at saturation. Therefore, the Weibel-generated fields
saturate when βe ¼ ðρe=deÞ2 ≈ 100 (cf. Refs. [17,20]), inde-
pendently of the system size, as shown in Fig. 3(b).
Another remarkable feature yielded by the spectra of

Fig. 5 is the power law behavior of the magnetic energy at
sub-ρe scales, with a slope close to −16=3. A less steep
power law appears to exist at smaller scales, but this is not
present in the 3D simulation, as seen in Fig. 5(b). Note that
this slope occurs for both small and large systems and is
not, therefore, a consequence of the Weibel instability. Such
a power law dependence was theoretically predicted using
gyrokinetic theory in Ref. [21], where it was identified as
resulting from an entropy cascade of the electron distribution
function at scales below kρe ∼ 1. We believe this is the first
3D confirmation of that prediction, although similar obser-
vations have been made in 2D simulations [22].
Conclusions.—We have performed fully kinetic simu-

lations of magnetic-field generation and amplification in
expanding, collisionless plasmas with perpendicular den-
sity and temperature gradients. For relatively small systems
LT=de < 100, we observe the production of large-scale
magnetic fields via the Biermann battery effect, fully
confirming the theoretical predictions of Haines [7], in
particular, the scaling of the magnetic-field strength with
di=LT . For larger systems, however, we discover a new
regime of magnetic-field generation: the expanding plas-
mas are Weibel unstable, giving rise to small-scale
(kde ∼ 0.2) magnetic fields whose saturated amplitude is

such that βe ≈ 100, independent of system size, and thus
much larger than would be predicted for such systems
on the basis of the Biermann mechanism. We note that
both of these regimes can, in principle, be probed by
existing experiments. For example, the LT=di ≈ 1 regime
(Biermann) is accessible to the Vulcan laser [9], whereas
LT=di ≈ 100 (Weibel) is reachable by an OMEGA laser
[10]. In practice, however, collision frequencies that are
large compared to the electron transit time prohibit electron
temperature anisotropies, thereby inhibiting the Weibel
instability. If less collisional regimes can be attained
in the experiments, it may be possible to experimentally
investigate the transition from Biermann- toWeibel-produced
magnetic fields that we have uncovered here.
In the context of (largely collisionless) astrophysical

plasmas, our results may significantly impact the canonical
picture of cosmic magnetic-field generation [1], by sug-
gesting that Biermann seed fields may be preamplified

(a)

(b)

FIG. 5 (color online). Fourier spectrum of B2
z for

(a) LT=de ¼ 400 and (b) LT=de ¼ 50. In (a), the spectrum is
shown at several different times [see Fig. 3(a)], while in (b), the
3D (black curve) and the 2D (blue curve) simulations are shown
for tωpe ¼ 235.2. The dashed lines represent where kρe ¼ 1,
based on the maximum magnetic field. The solid black lines
indicate a power law of k−16=3.
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So, roughly, field in Lagrangian frame accumulates as random walk 
(in fact, situation more complex because of  need to combat resistivity) 

This was the solution of  



Standard Turbulent MHD Dynamo 
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Key effect: a succession of  random stretchings (and un-stretchings)  
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Pressure Anisotropy ! Microinstabilities  

weaker 
field 

stronger 
field 

Typical pressure anisotropy: 

mirror instability 

destabilised Alfvén wave 

resonant 
instability 

firehose instability 

Instabilities are fast, small scale. 
They are instantaneous compared 
to “fluid” dynamics. 
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Scott Melville: 
folding field goes firehose-unstable 
(in a 1D Braginskii model) 



Marginal State At All Times?  
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[Bale et al., PRL 2009] 

In the solar wind: 

How do you evolve the field from small to large while keeping 
everywhere within marginal stability boundaries?  
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Dynamo under Model I (suppression of  γ) 

Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] 

Model I: Suppress stretching 

Suppose there is enough stirring to keep     at the threshold: 
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Suppose there is enough stirring to keep     at the threshold: 

Thus, explosive growth, but takes a long time to explode: 

for modeling details, 
caveats, complications, 
validity constraints, 
see 



Dynamo under Model I (suppression of  γ) 

Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] 

Suppose there is enough stirring to keep     at the threshold: 

Thus, explosive growth, but takes a long time to explode: 
 
For typical ICM parameters, 

So this can efficiently restore fields from 
                                     to current values                      , 
but for growth from a tiny seed, need a different mechanism   



ICM heating under Model I 
Viscous heating rate (               if  we ignore energy cascade below         )   
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ICM heating under Model I 
Viscous heating rate (               if  we ignore energy cascade below         )   

"  Thermally stable ICM 
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ICM heating under Model I 
Viscous heating rate (               if  we ignore energy cascade below         )   

"  Thermally stable ICM 
 
"  If                          , 
 

 
"  If                              , 

Kunz, AAS et al., MNRAS 410, 2446 (2011) [arXiv:1003.2719] 



Dynamo under Model II (enhancement of  ν) 
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Model II: Enhance collisionality 
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scale fluctuations 
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To stay at threshold, need effective collisionality 
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To stay at threshold, need effective collisionality 
But collisionality determines viscosity 
And viscosity determines maximal rate of  strain:   

Thus, secular growth, but gets to dynamical strength very quickly: 

one large-scale 
turnover rate 



Dynamo under Model II (enhancement of  ν) 

Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] 

Thus, secular growth, but gets to dynamical strength very quickly: 

one large-scale 
turnover rate 

Modeling gives extremely intermittent, self-similar field distribution; see 
(! intermittent viscosity, intermittent rate of  strain, 
      very hard to do right in “real” simulations with this effective closure!) 



ICM heating under Model II 

Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] 
Model II: Enhance collisionality 

Anomalous scattering 
of  particles by Larmor 
scale fluctuations 
needed for this 



ICM heating under Model II 

Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] 

So we learn nothing new: all the turbulent power input, whatever it is, 
gets viscously dissipated 

(in Model I,                  as well, but it allows one to fix the temperature profile 
in terms of  other parameters, while in Model II it is hard-wired) 

 
This would mean that whatever determines the thermal stability of  the ICM 

has, under Model II, to do with large-scale energy deposition 
processes, not with microphysics:  

 
Rejoice all ye believers that microphysics should never matter! 

(although you need microphysics to know whether Model II is right) 
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Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 
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Instabilities in a Box (M. Kunz) 
Hybrid kinetic system solved by PEGASUS code: 

Kunz, Stone & Bai, 
JCP 259, 154 (2014) 

…in a shearing sheet 

Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 
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Kunz et al., PRL 112, 205003 (2014) 
[arXiv:1402.0010] 

Firehose Instability: Linear 

oblique modes 
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stability parameter 

perturbation energy 

saturation 

pinned at marginal level 

Firehose Instability: Saturated 

Kunz et al., PRL 112, 205003 (2014) 
[arXiv:1402.0010] 



stability parameter 

perturbation energy 

firehose 
turbulence 

pinned at marginal level 

Firehose Instability: Saturated 

Kunz et al., PRL 112, 205003 (2014) 
[arXiv:1402.0010] 



Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 

Firehose Saturates at Small Amplitudes 

small-amplitude 
Larmor-scale 
firehose turbulence 

KAW? 



Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 

Saturated Firehose Scatters Particles 

μconservation is broken at long times, firehose fluctuations 
scatter particles to maintain pressure anisotropy at marginal level 



effective collisionality required to maintain marginal stability 

measured scattering rate during the saturated phase 

Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 

Saturated Firehose Scatters Particles 

measured scattering rate during the secular phase 



Mirror Instability (M. Kunz) 

Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 
Riquelme, Quataert & Verscharen, arXiv:1402.0014 (2014) 
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long, oblique modes 

Mirror Instability: Linear 

Kunz et al., PRL 112, 205003 (2014) 
[arXiv:1402.0010] 
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growth 
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Mirror Instability: Secular 
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Mirror Instability: Secular 

secular growth 

Rincon, AAS & Cowley, arXiv:1407.4707 
Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 
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Mirror Saturates at Order-Unity Amplitudes 

order-unity-amplitude 
(independent of  S) 
long-parallel-scale 
mirror turbulence 

KAW? 



pressure anisotropy is regulated by trapped particles in magnetic mirrors, 
where field strength stays constant on average…  

Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 

Mirror Instability: Trapped Particles 



trapped 

passing 

Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 

Secular Mirror Doesn’t Scatter Particles 

pressure anisotropy is regulated by trapped particles in magnetic mirrors, 
where field strength stays constant on average… 

no particle scattering until (late) saturation (off  mirror edges)  



effective collisionality required to maintain marginal stability 

measured scattering rate during the saturated phase 

Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 

Secular Mirror Doesn’t Scatter Particles  

measured scattering rate during the secular phase 



Conclusions So Far 

" Very different scenarios for plasma dynamo depending on whether nonlinear  
     firehose and mirror fluctuations regulate pressure anisotropy by scattering  
     particles or by adjusting rate of  change of  the magnetic field: 

o  No scattering !explosive growth, but long time to get going 

 
o  Efficient scattering !secular growth, but very fast 

  
" Driven firehose saturates at low amplitudes, scatters particles 
" Driven mirror grows to                    without doing much scattering 
    (marginal state achieved via trapped population in mirrors) 
"  [Both instabilities have a sub-Larmor tail, which appears to be  
     KAW turbulence with the usual spectrum] 
"  Plasma Dynamo: the race is on 
 Mogavero & AAS, MNRAS 440, 3226 (2014) [arXiv:1312.3672] 

Kunz, AAS & Stone, PRL 112, 205003 (2014) [arXiv:1402.0010] 
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