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‘T'he Firehose Instability’ — Rosenbluth ("56); Chandrasekbar, Kaufman & Watson ("58); Parker ("58); Vedenov & Sagdeev (*56). ..
‘T'he Firehose Instability Reloaded’ — Yoon ("93); Gary et al ("97, "98...); Hellinger et al ("00, 01...)

‘T'he Firehose Instability Revolutions’ — Schekochibin et al ("05, “10); Rosin et al ("11); Kung, Schekochihin & Stone ("14)...

“...falls short compared to the original, but doesn't skimp on the action or cool visual effects.” (Rotten Tomatoes)
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* Collisionless /weakly collisional magnetised plasmas naturally develop pressure anisotropy A = py [p) — 1
E.g. collisionless magnetised plasma with no heat fluxes = Chew-Goldberger-Low (CGL 1956) equations:

dypiy_, d(pB%\_
dt(nB)_O’ dt(n3 B

* Magnetised plasmas with ‘sufficiently large’ pressure anisotropies unstable to ‘zoo’ of kinetic instabilities
Generic condition for instability: |A| > 1/8 = B?/8rp = if 8> 1, ‘small’ pressure anisotropies drive instabilities

* Evolution and saturation of pressure-anisotropy-driven kinetic instabilities determine fundamental properties of
magnetised 3 2 1 plasmas:

* Anomalous collisionality (e.g. Kunz, Schekochihin & Stone 2014)

Microphysics == |, Anomalous (trapped, accelerated) particle populations (e.g. Riquelme ef 2/ 2015)

Thermodynamics —> . Prcssurc-anisotr(.)py rcgula-tion. & discrepancies from CGL (e.g. Camporeale & Burgess 2008)
* Anomalous heating (e.g. Sironi & Narayan 2015)

Wave dynamics —> . lntcrruptllon of largc-arnphtudc shear-Alfvén waves (e.g Squ}rc et al 2017)
* Propagation of large-amplitude sound waves (Kunz e a/ 2020)

du B2 . B2
iNg—— = — — - | bb — —
m;n % V(S‘ir -I-pJ_)-I-V [ (pJ_ p||+47r)]
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This talk: the (1on) firehose instability

Rosenbluth (1956); Chandrasekhar, Kaufman & Watson _ 1202 (14 Ap SO 22
(1958); Parker (1958); Vedenov & Sagdeev (1958): =4 2 ) VlTAef
Alfvén waves linearly unstable if A < =2/ .

Subsequent developments in linear theory: tension force

1. Dispersive FLR effects determine fastest growing firehose mode (Shapiro & Shevchenko "64; Kennel & Sagdeev "67)
2. Kinetic-scale variants of the firehose instability exist at [3 I 2 1 = ‘less stringent’ thresholds, faster growth rates:

Gary e al (1998): resonant parallel firehose instability Hellinger & Matsumoto (2000): resonant obligue
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Q: how does firehose instability evolve nonlinearly (and then saturate) in response to a plasma’s macroscopic evolution?
= Long-wavelength parallel firehose instability: quasilinear theory (Rosin e# a/ 2011)...

Nonlinear evolution of the firehose instability

—> General case: hybrid (HEB) expanding-box simulations (e.g. Hellinger & Travnicek 2008) at 8 ~ 1, and shearing-box
simulations at > 1 (Kunz, Schekochihin & Stone 2014):

Example: linearly, transversely expanding plasma: L = const., L (t) = 1 +t/7Texp -

> 01
Conservation of
Conservation of u- and bounce Decreasing pressure
mass and invariants in anisotropy & increasing
magnetic flux magnetised plasma plasma beta

o T
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Nonlinear evolution of the firehose instability UNIVERSITY

Q: how does firehose instability evolve nonlinearly (and then saturate) in response to a plasma’s macroscopic evolution?
= Long-wavelength parallel firehose instability: quasilinear theory (Rosin e# a/ 2011)...

> General case: hybrid (HEB) expanding-box simulations (e.g. Hellinger & Travnicek 2008) at 5 ~ 1, and shearing-box
simulations at > 1 (Kunz, Schekochihin & Stone 2014):

St =0.066 Sb— 3.0 o
: . . 0o R ITTT T/ B =71 R
A: 1) Three-stage evolution: linear phase, secular phase, then saturation... ° &g%?;}o’l t%("“?f,‘g, e — 24 M
' - (LSS
2) with 6 B2 /B2 ~ (S8; /%) ? (cf. Melville 2016), ... S T 0
. 5 0.2
3) ...regulated pressure anisotropy... 2 0.0
=
. 0.2
4) ...extended magnetic energy spectrum, ... . e
5) ...and anomalous collisionality Veg ~ S3; e
—500
(|6B,|%)/ B2 —500—250 0 250 500 —500—250 0 S
100 T T T ||||I T I’I 1 LELELIL T I T T T l- x/dio x/dio
(16B.11%) sas/ B3 ERTS il Pl AR 10 frehose | gu
T T T, 1 10-3 St=1 3 L 'I;ll;scnn_snt 4 7
xS1/2 /:F L 10*15_. f 'é- 3
*,* 1 10~ : g o X 3
e o 107 . .
10-7 10°° 10 10-6 ] : X 3
S L 107 N ... Xy Xseansec
100 0.8 1 —2 -1 0 102 101 10°
10 kdolO 10 Sho

Problem solved? No# quite — genuinely good reasons for revisiting problem. ..
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Thermodynamics at 3 = 1 vs. 8> 1

HEB simulations with 8 2 1, Texp€2; > 1:

in saturation, A; ~ —1.4 / 5”7;. Shearing-box simulations

with B> 1,5 < ;:

2.0_' L B L L BN IR . R
P | Hellinger ¢ Bjjio = 0.5 in saturation, A; = —2/03; .
: -
1.5 Travnicek (2008) Texp$2i = 10%] 03
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Why does this numerical factor matter?
If A\; = _1'4/6”1' » VA off ~ 0.5vA >0
If A,L ~ —2/57;, VA jeff ~ (

In latter case, Alfvénic restoving force vanishes; anomalous plasma dynamics!



A consistent explanatory tramework?

Q: how do these two results relate to each other?
A. for a given 3;, the steady-state value of A; depends on macroscopic evolution rate T

If™> Tc(ﬁ: Qz) — (Az’)sat ~ _2/67, (UA,eff ~ OUA); Hr << Tc(ﬁa Qz) — (Ai)sat > _2/51 (UA,eff ~ O-4UA) .
Alfvén-inhibiting state

Alfvén-enabling state

Why? J. Squire (2016): ‘Kinetic oblique firehose has less stringent threshold than long-wavelength firehose...’

Growth rate

Threshold

10°

VA =148 A =178 1 A =—1.99/8
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If ¢ (tsec — tc) 2 1 before A; > —2 / Bi, then kinetic oblique firehose back-reacts before “fluid’ firehose destabilised!

Q: what is 7. ?

(tsec - tc) ~ 7;1 ~ (|tsec/7- - AC|)_1/2Qi_1 — (tsec

For (A;)min ~ —2/5; , deduce

Tch ~ 53/2

— tc)Qz ~ (TQi)1/3 — (Ai)min — Ac ~ (TQi)_2/3

PRINCETON
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Parameter study results

—100 0
z/p;

Example: fix (i, vary expansion time...

Bio = 50 — ool = 5 x 10? T = 2 x 102
— Tepri =2x 103 _— Tepri =5 X 102
10~ 4 — Tl = 5 x 107 T = 2% 10°
— el =2 % 10° — Tl =5 x 10°
S Tepri =5x 104 — Tepri =2 X ].04
< — T = 5 x 10*
I R Al Dol TS W i
- o mmm=msmos Ai==2/B;
----- | A’L == —1.35/61
102 : : : . . ;
0.0 0.1 0.2 0.3 0.4 0.6 0.8 1.0

t/ Texp t / tend
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Scaling verification |

: : : : 3/2 : : : : : . :
Counsistency check: is scaling estimate (7€2;). ~ 3005; /% consistent with previous expanding-box/shearing box simulations?

B; ~ 1 plasma: (7€2;)c ~ 30 B; ~ 50 plasma: (7§2;)c ~ 104 Bi ~ 200 plasma: (7€) ~ 10°
Much slower than shear rates previously investigated
(e.g. Kunz et al. 2014, Melville et al. 2016)
—> VA &0

Much faster than typical expansion times Consistent with observed
(e.g. Hellinger & Travnicek 2008) numerical behaviour

Tepri =5 X 102
Tepri =2Xx 103
TexpSli = 5 x 10°

Texp§li = 2 x 10* co (16B1|?)sac/ Bj
o A ——
Texp§li = D X 10* =~ 172 Ed
*a_ xS “x
-~
% ! /+/ *
raul Ll
1014 103 10
S
L 11

0.0 0.1 0.2 0.3
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. . 3/2 . . . .
Is scaling estimate (7€2; )¢ ~ 305/ consistent with larger set of 2D HEB simulations?
103 e T ——————
- . ’ A By —
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Scaling verification 11

Is scaling estimate (7€2; )¢ ~ 305,? /2 consistent with larger set of 2D HEB simulations?
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[Agrees with

Kunz, et al.
(2014)]



Saturation in different states

Q: what characteristics does the plasma have in the saturated state of the firehose instability?

_(Ai)satﬁi(tsat>
2.2
A
A h
2.01
A~
1.81 i *‘>%? <
—+ By=6 ’\.
>< Bo =12 Y\r —i_.
1.61 e Bo =25 X o X
Y =50
| A Bo = 100
1.4 A =20
10! 100 10! 102 10°
Texp,efoi/ﬁi(tsat)S/Q

Gradual transition from state in
which (A;)sat S —2/5||,L- to state in
which (Ai)sat > —Z/ﬁz

v?&eﬁ/v%
+ B=6
0.31 X pg=12
® 5 =2
Y Bo=50
0.27 10 5 =10 » ‘|‘0>§ *X
A =200 L e.d
A e X
0.1 )H(X
AR
0.0 1 A 5
A
=017 0 N 2 3
10 10 10 10 10
Texp,efoi/ﬁi@sat)?)/Q

Gradual transition from Alfvén-
inhibiting to Alfvén-enabling state

(5Bi/33>max5 (tsat) 1/2
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103

1 ~
1 A\\ + Bo=6
& > 3/9 X fo=12
YA\ X Bz / /Texp,efoi ® =25
\Y Y Bo=50
10°; ‘\\ AN Bo=100
P A 5 =20
~X
o .
—1 S~
10 \%\{_
X (5?/2/TeXp,efoi)1/2 \\OX~
1072 : :
107 10° 10! 107
TeXRefoi/ﬁ(tsat)S/Q

Unexpected magnetic-field strength

scaling in Alfvén-enabling state...

5B?
Veft ™~ FQZ ~
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Magnetic-field structure UNIVERSITY

Firehose magnetic-field perturbations depend qualitatively on whether (Ai)sat ~ —2 / B; or (Ai)sat > —2 / B;

1 inear 51‘0 = 20 0B 2D spectrum 1D spectra
Yy
100 10? 10°
ﬁ ﬂ“ T
) -1 —1 | _
< 2 . - 10 10 y
(@ C|>§ 10—'2 .
| X Cl\\] - . 10—2 .
o\ < »
A\ <t = 0 s -3
I < 10
- . 10
8 O ] 4
— G A
> 2 _
< X 4o 107% -5
) 10 "1 "0 1
— 10 10 10
" , k2| piy Kyl pi
ﬁ ) % 10° 10 x
~ — 3 1 -1 | e
N )g 1.0 -t 10
s L
™ O 10 10—2 |
& 5E o §
R 05 107
& o i ' 10~
<T g+ s 07
]
— & 0.0 107 107 10! 10° 10!
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Magnetic-field structure

Firehose magnetic-field perturbations depend qualitatively on whether (Ai)sar = —2/B; or (Ai)sar > —2/0;

Nonlinear  Bio = 50 0By 2D spectrum 1D spectra
____ ____ : __ . 10°
: . 10° x
107! 10714 I
-2
10 . 1072
1073
10-4 1073
1075 107
1076 -5
10 ; :
1071 10" 10!
, Ex|pis Kyl pi
10
10° T
10t 107 v
-2
1 ) 102
103 1
1073
10~*
1075 107
1079 107° - -
107! 10° 10!

kx| pis [Kylpi




Magnetic-field structure

PRINCETON

UNIVERSITY
Firehose magnetic-field perturbations depend qualitatively on whether (Ai)sat ~ —2/ Bi or (Ai)sat > —2/ Bi
Saturation  Bio = 50 0By 2D spectrum 1D spectra
(
, 'II! ”|§ T ml‘ S 10° 10 v
@ % Q, , ,“ i “"- -1 10-! - —_—y
~ q?j w h ' {l W R ‘.‘ 10
AN ‘ i | -2
XS i 10 107
D~ ¥y -3
A Gl l 0= B
Il S s L, 10
2ol el 1075 107
= O~ e -
4 q>§ Al 107" 107 -1 10 1
— & 10 10 10
" , Kzl piy |yl pi
- 10 -
. < 10° ' z
~— ™ 5y
C\|] >< ;,‘ 10° 10—1 J
"'y s
A o8 "”)‘\: 10 -2 |
& s b L 8 10
. = i 0w
< ! .
g |l W 104
() O (4l _ 10—4 ]
d L
N— F [ 10—6 10_5
1071 10° 10!
&2 |piy |Feylpi

In Alfvén-enabling state, quasi-periodic spectrum of oblique and parallel modes on ion-Larmor scales
In Alfvén-inhibiting regime, broad quasi-static spectrum of modes including above ion-Larmor scales
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Firehoses in Alfvén-enabling state

Anomalously large (6B _2L / BS Jmax in Alfvén-enabling state due to parallel ion-Larmor-scale modes

For “asymptotic’ Alfvén-enabling state... ...parallel modes eventually grow larger than oblique ones
w—
102 ¢ X x x "X X
.7 0.005 { — Bia/Bs
/ — 4§B%,/B}
0.0 o @ 0.004 { — B/B}

Bio

(0.002 1

....................... : x

05 . @ 0.003 1

101 | —1.5

0.001 1

. : 0.000
102 103 10* 10° )

00 01 02 03 04
—Q; (dAi/dt‘t:())_l f,/Toxp
E B (kx, k‘y, (.d)
: : : : 10°
Q: what excites parallel modes? Linearly stable for bi-Maxwellian. .. -
A: evolution has two initial phases before reaching quasi-periodic state: lo-2
1. Bi-Maxwellian with T) > 17} drives (non-propagating) ion-Larmor- 10-2
scale oblique firehoses unstable (with k| p; ~ 0.5) 10-4
2. Back-reaction isotropizes distribution function near v & 2vgy; , 10-5
destabilising propagating right-handed parallel modes 10-6

Distinct wave populations clearly seen in Fourier analysis!

kxpj kxpi
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Box-averaged collisionality

Anomalous collisionality model with v. ~ [3;/ Texp agrees with box-averaged numerical estimates

: 1 d
=i/ (T, = T1i) /B vs. vt = log B

C
3A dt
Alfvén-inhibiting states Alfvén-enabling states
Tepri = 2000, B'L’O =50 Tepri = 2000, B'L’O = 200 7_epri = 200005 BiO =90 7_epri = 50000, 5750 =25
15 60 -' o
VeTexp VeTexp T
,,(r'(;[_l‘_( o ,,(r(;l.ll_( " 10.0 N ((» GLr, xp
o o I 2/3 1o/
10 1 - —;T,’(:B(T4",1"'3(A;~1i:h;n 401 ———- —J'mB(',"';I,-"'23(A;.)’,':)>;u 7.5 —BioBy [ 3(Aifi)sa
_ 5.0 7=~ ~
- = VeTexp = =
9] 2 »CGL,
oo 2.5
--== BBy 13(AiB)sat
0 : . : . 0 . : . 0 ' T T 0.0 ' T T -
0.00 025 050 075  1.00 0.0 0.5 1.0 1.5 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.4
f/”:‘xp f/T(\xp t/T“X[’ t/Tvxp
103 — —
\\\\ _+_ 3 =06 + “I..,_h ’/,/ A
AN X da=12 10-21 X o = 12 K
Y\;,X ® =2 ® =2 A
=Bl “Ast Y =% but v /Q not 1 oo ATX
S N %o = oo ) ~5 o = 100
Box-averaged collisionality: 3 y 'S i no Ut Peft /5% 2 n2 L1093 A wmm KL
Vet ~ Bi/Texp... = *g?é‘r proportional to BT /By,  Z o
F107° K ? e
N > : -
. (Why A.mu/er depends on N
velocity-dependent g
107" - . o . . = — s
103 10* 107 collisionality. ..) 1077 1072 107! 10"

e 2 24
Toxpmffgzi l,()BL/BU,'m;\x
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Discussion/astrophysical implications

Q: which state is most relevant to astrophysical systems of interest?

A: large-scale separations — Alfvén-enabling state generally most relevant

_ Implications
8 = 12 4
= TQ? ~ %80 > (T8)c ~ 10 1. Inastrophysical plasma, (A;)sat > —2/5;
Sh fi ~ = MHD plasma models with v4 — vA e > 0 generally valid
—> No wave interruption...?
= 2. Firehose fluctuations concentrated at ion-Larmor scales
£ E Qi ~ 107> (79)c ~ 103
by B~ 10
A
N.B. Alfvén-inhibiting state could still be relevant if 5; > 1:
5 * Relonization epoch (weak magnetisation)
§ 7Q; ~10* > (7Qi)c ~ 30 | « Local regions of ICM plasma in which tangled stochastic
= Bi~1 tield 1s reversing sign
E * Systems with much smaller scale separations... like
experiments!
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Consider strong Alfvénic turbulence in an expanding (L] = const., L (t) = 1 + t/Texp), collisionless plasma (Bott e# a/ 2021):

Ly/va(0) = 5519,
Texp = 10L) /v (0)

Z/ pio

y/pio
y/ Pi0

z/pio

2562 x 1536

) ) z/pic x/pio
Increasing time
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Application: turbulence in expanding plasma

Consider strong Alfvénic turbulence in an expanding (L] = const., L (t) = 1 + t/Texp), collisionless plasma (Bott e# a/ 2021):

Key findings

*  Fluctuations oscillate slower and § B/ By(t)
gets larger as effective Alfvén speed drops:

. pJ__pH )

VAe —
0.3 err(?) \/47rp B2/47T

t= 050223 7_exp

0.6

254 0.3
S

g b

by

. 0.6
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Application: turbulence in expanding plasma

Consider strong Alfvénic turbulence in an expanding (L] = const., L (t) = 1 + t/Texp), collisionless plasma (Bott e# a/ 2021):

Key findings

*  Fluctuations oscillate slower and 6 B/ By (t)
0.6 gets larger as effective Alfvén speed drops:

o4 e(t) = PL—PH ()
0.3 " \/47rp B2/47T

* Burst of firehose fluctuations appears
around t & 0.97.yp, 2 efficient regulation
of pressure anisotropy: (A;) = —1.4/(5;)

t= 050223 7_exp

5B.7:/BO (t)

=
—~ 2ot -0.3 E t = 0-57-exp
= 10
= 0 _ APy
Q =T - 0
< _02- —IL ————————————— 105 @
= - _0.6 - e e CZ i@\\q‘ LS
_20 4 Rt = — y
—0.41 Di e
2 :
0 9 06 =
e 10%
(0
/(pi(0)) 08 . .
6 8
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Application: turbulence in expanding plasma

Consider strong Alfvénic turbulence in an expanding (L] = const., L (t) = 1 + t/Texp), collisionless plasma (Bott e# a/ 2021):

Key findings

*  Fluctuations oscillate slower and 6 B/ By (t)
gets larger as effective Alfvén speed drops:

o4 e(t) = PL—PH ()
0.3 " \/47rp B2/47T

* Burst of firehose fluctuations appears
around t & 0.97.yp, 2 efficient regulation
of pressure anisotropy:(A;) ~ —1.4/(8;)

t= 050223 7_exp

0.6

5B.7:/BO (t)

N 25 -0.3 t = 0.9Texp
—~ OO' 6
o 10
= 0. _ 1By
= —0.21 i ToeemmmT =
0 L e s 105 8
= 25 00 4 T Ta [P 5
—04 e 105
_2 O 2 O 6 // g
S 10°
/<,0i(0)> —08 ; ;
4 6 8
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Application: turbulence in expanding plasma

Consider strong Alfvénic turbulence in an expanding (L] = const., L (t) = 1 + t/Texp), collisionless plasma (Bott e# a/ 2021):

Key findings

*  Fluctuations oscillate slower and 6 B/ By (t)
gets larger as effective Alfvén speed drops:

o4 e(t) = PL—PH ()
0.3 " \/47rp B2/47T

* Burst of firehose fluctuations appears
around t & 0.97.yp, 2 efficient regulation
of pressure anisotropy:(A;) ~ —1.4/(8;)

t= 050223 7_exp

0.6

5B.7:/BO (t)

e -0.3 |

= 0.0 L0
s 0 02
e ' 10° &
> P -0.6 - 5
-25 A -
—0.4 1 2
-2 107
0 o5 0.6 3

25 - 103

(0
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Application: turbulence in expanding plasma

Consider strong Alfvénic turbulence in an expanding (L] = const., L (t) = 1 + t/Texp), collisionless plasma (Bott e# a/ 2021):

Key findings

*  Fluctuations oscillate slower and 6 B/ By (t)
0.6 gets larger as effective Alfvén speed drops:

t= 050223 7_exp

o4 e(t) = PL—PH ()
0.3 " \/47rp B2/47T

* Burst of firehose fluctuations appears
around t & 0.97.yp, 2 efficient regulation

of pressure anisotropy:(A;) ~ —1.4/ <6||i>

5B.1‘/BO (t)

0.3 * Alfvénic turbulence happily coexists with
firehoses; critical balance maintained

y/(pi(0))

0.6 adaptively!
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1. Weakly collisional and collisionless magnetised 5 2 1 plasmas often become susceptible to the firchose instability
in the course of their macroscopic evolution, altering their basic physical properties.

2. Using analytic theory and hybrid-PIC simulations, we have established that, depending on the relative magnitude of
the plasma (3, the characteristic timescale 7 of macroscopic evolution, and the ion Larmor frequency €2;, the
saturation of the firehose instability in high-8 plasma can result in two states that have qualitatively distinct
thermodynamics and microphysics.

3. By contrast with the previously identified ‘Alfvén-inhibiting’ state, the newly identified *Alfvén-enabling' state,
which is realised when 7 > 308, %/2 , can support Alfvén waves and Alfvénic turbulence because the magnetic
tension associated with the plasma's macroscopic magnetic field is never completely negated by anisotropic pressure

forces: (A;)sat = —1.4-1.6/8 > =2/ = va cx ~ 0.4va.

4.  'The box-averaged collision frequency is Vet ~ [3;/T, in agreement with previous results, but certain sub-
populations of particles experience collisions at a much greater (or smaller) rate depending on their velocity in the
direction parallel to the magnetic field (INB. Additional slides on effective firehose collision operator available on request!)

5. The Alfvén-enabling state is the astrophysically relevant one!



