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Pressure/temperature anisotropy in collisionless plasmas

* Second-order moment anisotropies, play a prominent role in many low-collision plasma
processes (pressure-driven instabilities, magnetic reconnection, turbulence).
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See, e.g., [ H.-J. Cai et al.,

[ P. Hellinger et al., GRL 33,
PoP 4, 509 (1997) ]

L09101 (2006) ]

* In most cases the origin itself of second order moment anisotropy is still debated.

* Sometimes (e.g. solar wind) pressure anisotropy appear to be correlated with flows.



Outline

* Full pressure tensor evolution :
i) model equation
ii) kinematics and role of the fluid strain

* Gyrotropic and non-gyrotropic anisotropy

* Fluid strain as a source of pressure anisotropization :
i) equation for the evolution of the agyrotropy
ii) eigenmode analysis (at fixed fluid and magnetic fields)

* Example : shear-driven ion anisotropization :
i) extended Hall-MHD model with cold mass-less electrons
ii) numerical results
iif) normal modes of the system and role in the evolution of the anisotropy
iv) anisotropic equilibrium solutions
v) implications for turbulence

* Fluid description of Weibel-type instabilities :
i) model
ii) a few insights from the fluid description

* A few remarks on the role of the heat flux

* Summary and conclusions



Mathematical model

* Taking the second anisotropic moment from Vlasov equation :

[ [Vlasov eq.] (v;v;..v,)d5v
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« Kinematic » dynamics of the pressure tensor

* Three kinds of mechanical deformations are possible because of the fluid strain :

1 1 1 1 e

Vu = (70l + |5(Tut (V0)) - 1V + [ (Vu - (Tu))
isotropic compressionless deformation without rotation
compression rotation (rate of shear) (vorticity)
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« Kinematic » dynamics of the pressure tensor

* Three kinds of mechanical deformations are possible because of the fluid strain :

0115 + urOkll;; = I;;0kug + Ojurlly; + IikOku; = Q (EiimbmILi; + €5imbm1Li)
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« Kinematic » dynamics of the pressure tensor

* Three kinds of mechanical deformations are possible because of the fluid strain :

0115 + urOkll;; = I;;0kug + Ojurlly; + IikOku; = Q (EiimbmILi; + €5imbm1Li)
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« Kinematic » dynamics of the pressure tensor

* Three kinds of mechanical deformations are possible because of the fluid strain :

0115 + urOkll;; = I;;0kug + Ojurlly; + IikOku; = Q (EiimbmILi; + €5imbm1Li)
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advection Isotropic rotation ,
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compression \

Anisotropization |w|~2€2 resonances

* The traceless strain D can modify the internal energy of the plasma tr{Il}/2 independently
from isotropic compressions :

j:tr{m — —2 (DI} 4 5C tr{IT}




Gyrotropic and non-gyrotropic anisotropy (agyrotropy)

* The commutator term [W+B, II] mixes the components of the pressure tensor by

contributing to gyrotropy in the plane of rotation. B
>
| > 7,

* For simplicity we assume o || B || e,. Ex. : P)

* We refer the pressure tensor in the perpendicular plane to its principal axes

. HH
AT = (I, + 11,)/2 Gyrotropic anisotropy
An9 = 1, — 1l Agyrotropy
T II4 + I (non-gyrotropic anisotropy)
An.g
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Fluid strain as a source of pressure anisotropization

A 248

n.g.

~ tr{L)

* Assuming a 2D space dependence (0 =0) we define :

I, —II
2

D,,—D

Y _ A% o520  Ilgy = A™Fsin26 ¥ — Dcos2¢p Dyy = Dsin2¢

* An equation for 6 and one for 4"* “an be obtained :

2% 0o, + )+ DT G2 — ¢)]
= CY w, Ane sin ¢
(Sign of B-®) 1,
ﬁn.g. .
—— = 2D[(A™&)* — 1] cos[2(6 — ¢)] D

A"¢ increases when the principal axes of I, and D are dephased by an angle
w/4< 0 < /2.

» A slowly varying velocity strain induces a net agyrotropy in the in-plane pressure with
an angular shift of n/2. The maximum rate of agyrotropy increase is for 0 - ¢ = /2.



Fluid strain as a source of pressure anisotropization

* Looking for eigenvalue solutions of the pressure tensor equation at fixed density, velocity
and magnetic field with

u = (0, f(x),0) B = (0,0, By) Hze 0 20 0\ (T
Q' = f'(z) + Q L, |=| - 0 Q 1L,
(The sign of Q' depends from the sign of B-o!) Hyy 0 20" 0 I1,,
three eigenvectors are found : PP ciss M0 ‘ ]
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* Exponential growth of the anisotropy for '(x) <0 over t~ tu = (kVp)~!
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Ex. : shear-driven ion-anisotropy generation

* Consider the set of Hall-MHD equations for cold, mass-less electrons

9 xB V.1

= =~V () a—l;—l—u-Vu - {tm-c  nm;

ot 9B (u—J/(ne) B) ! !
X

- _V
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* The shear-driven pressure tensor anisotropisation is " limited" by the self-consistent
evolution of the plasma that conserves the total energy

W2 B2 i)
ET.OT.: d 3 nmlu
f * ( 2 Tax T2

and allows the propagation of linear modes (magneto-acoustic modes and «magneto-
elastic » modes corresponding to m=2 ion-Bersntein waves).

* These influence the time evolution of the spatial inhomogeneities that anisotropically
distribute among the pressure tensor components



Ex. : shear-driven ion-anisotropy generation

i) Energy conservation constraints the “anisotropization instability”

i) The extent of the shear-induced effects depends from the relative magnitude of the
parameter c¢,/(LQ). Anisotropization requires c,/(L£2) to be not negligible.
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ifi) The coupling with MHD equations introuces a third parameter.
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Ex. : shear-driven ion-anisotropy generation

tanh(x/d;)
 cosh?(z/d;) A9yT

I,
(ITy +1Ig)/2

(a) 6140 (x, ) c.fcyg =1 (b) STy, (x, t) c,/cy =1 () 6T, .(x, t) gelos —
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Shear-driven ion-anisotropy generation : normal modes

* Two branches are excited at propagation perpendicular to a uniform magnetic field :

i) (LFB)T 0 . - ]
1 7 3 4 1 2 3 4
kd kd,

* Lower branch (LFB) " —  consistent with the full-kinetic magnetosonic wave.

* Higher branch (HFB) —  consistent with the ion-Bernstein m=2 mode, but for the
dispersion at small kd, (the error, numerically negligible by comparison with Vlasov for

small kp,, does not influence the argument about the anisotropisation).

Fluid + tensor : ﬂlf —~ kz(ﬂ'i + 2(33_) a)i ~ 492 ; 2](2(33_
k— 0

2 2(.2 2
Viasov-Maxwell : w; ~ k (CA + ZCJ_) w,% ~ 402 | kaci




Shear-driven ion-anisotropy generation : normal modes
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* The time evolution of u’ (x) — mainly determined by the HFB : v, ,~(kd)c,"/c,

* Both the LFB and HFB contribute to the evolution of u/(x), where the initial
cancellation 1s removed as time evolves with the LFB component propagating outwards.



Shear-driven ion-anisotropy generation

» The anisotropization induced by a velocity shear with a spectral distribution
at kd. << 1 occurs in a time ~ t, and persists over atime ~ c,/(kc,’).

. For 1, /rB =1, the 1nitial agyrotropy 1s generated over a time scale ~ L /cH. Only
a fraction (< kd, ) of the maitial perturbation uoy (x) 1s redistributed by the LFB on the
characteristic Alfvén time of the configuration, while the HFB takes a time d/v,,~

c, /(kc,>) > d /c, =1, to displace the initial velocity profile by a distance equal to
its characteristic size, d., .




Ex. : shear-driven ion-anisbtropy generation at L~ d.

Steady solutions of the full pressure tensor equation,

, 1 q, (0ou’
Iy z: = py| » aq(r) = sign(w - B)§ |ga| ( 6;)
Ay (X
) oo = (1 T 1+ aa(x))p‘x’L valid for
_ g () 1 0
T (14750 ) awz ko o= bl 1020

can be used to obtain equilibrium configurations for the other fluid moments
numerically or perturbatively for small anisotropies [S.S. Cerri et al., PoP 2014].
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Shear-driven anisotropy generation in turbulence

* Discrepancies with respect to the CGL closure become important when 7, Q_~ 1.

* For ¢,,~c, (Alfvenic turbulence) pressure anisotropies can be expected when velocity
inhomogeneities are generated in the plane perpendicular to B at a scale L, ~ d.
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Shear-driven anisotropy generation in turbulence

* Discrepancies with respect to the CGL closure become important when 1, Q_~ 1.

* For ¢,,~c, (Alfvenic turbulence) pressure anisotropies can be expected when velocity

inhomogeneities are generated in the plane perpendicular to B at a scale
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Fluid description of Weibel-type instabilities

* Consider a configuration of two counter-propagating, warm electron beams (label a),
possibly initially non-isotropic (bi-Maxwellian), in an neutralising ion background.

Oing +V - (ugng) =0

V.II LR 0
e - |

Do + Ug - Vg = ——(cE + uq X B) — = nd=| o n9, o
mc NagMm 0)

atnﬁv (uoI1,) + Vg - I, + (Vu, - II,)T =

(11 x B + (I, x B)T )@a

OE =cVxB—4nJ 0B =—-cV x E

= —e>. Nalq V-E =4re (HE—ZRQ)
o



Fluid description of Weibel-type instabilities

* For a null initial, total current density and perpendicular perturbations, the
configuration is unstable to the Current Filamentation Instability (CFI)
| Fried, PoF, 1959]. B, ,

I+ P =0

* On the other hand, a bi-maxwellian electron distribution is unstable to the
Weibel Instability (WI) when T e T [Weibel, PRL, 1959].

- -05 0 0.5 1

* Considering two warm, bi-maxwellian electron beams allows to consider the
coupled WI-CFI mode, by extending the full-pressure tensor analysis performed
by [Basu, PoP, 2002] for the WI only in the strong anisotropy limit, T L2 T



Fluid description of Weibel-type instabilities

 Linearisation around a homogeneous equilibrium for k=(k , 0, 0) gives results in good

agreement with the kinetic description in both the WI- and CFI- dominated regimes:
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Fluid description of Weibel-type instabilities

* A few non-trivial results of the fluid approach about interpretation of known kinetic results
[M. Sarrat et al., to be submitted 2016].

> We can understand in terms dynamical quantities the role played by thermal features in

coupling electrostatic effects to the normally purely e.m. CFI [Tzoufras et al., PRL
2006], [Bret et al., PoP 2007]

Do Doy 0 — © , () 4 1 (0 _
[D] — ( Dl:y Dyi 0 ) D:c'y = 0 for Hm:cr,luy,l + Hm,z’”*y,g =10
- (4 04

> In the case of purely symmetric beams the coupled WI-CFI essentially consists of a
superposition of the two WI and CFI pure modes

2(c2 1 92 2 _ o2 2
o ~ ey | 2L T ) VAd, + 32, k= wﬁ“"’\/cy R
wiI/CF1 — *P€ 2 2,2 W I CFI ¢ 2 2
w2, + kzc c c 3c2
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Fluid description of Weibel-type instabilities

> It easily understood how pressure anisotropy make it possible the propagation of low-
frequency, transverse e.m. waves, which would otherwise be damped in an istropic
plasma

2 2 2
wpe > kazcx

N=ke_ /4 wpe (W? — kz(cy —cz) 2 2 =727 2 2
= =13 LY N >0 also for — w* < ki(c, — c3)

1, k..c? e c2—c . e -~ k. II
zy _ Metp . Ly x ~ s E x TY
thanks to SOy ;) B Uy Em o B, Uy Y Y + w 1m0
atl—.[a + V + Vuﬂ " Y + V’U-ﬂ '
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A few comments on the heat flux

* The closure condition on the heat flux (and of higher order moments) seems to strongly
depend on the specific problem considered :

Ex. :

> Shear-induced generation of ion anisotropy :
-) The neglect of div(Q) seems a priori reasonable for k,>> k,

-) The full-pressure tensor model without heat-flux allows a consistent description of

> the dispersion relation of CGL-FLR corrections to the fast magnetoacoustic mode
at perpendicular propagation. The inclusion of the first order heat flux corrections
(~k’p) just allows to recover the exact coefficient of the corresponding Vlasov-

Maxwell dispersion relation.

> Pressure tensor description of the Weibel Instability in a fluid model :

-) Without div(Q) a good agreement with the kinetic dispersion relation is obtained,
as long as we are not close to the threshold condition (anisotropy approaching 1),
also as far as the kinetic cut-off wave-length 1s concerned.

-) When the heat-flux correction are included, the cut-off at large wave-number is
lost. Contributions related to the fourth order moment should be probably kept into
account (see [PL. Sulem, 1. Passot, JPP 2015)).



Conclusions

* Pressure anisotropization may be induced by a velocity shear through the action of the
strain tensor. Anisotropization 1s at maximum when the major principal axes of the fluid
strain and of the pressure tensor are orthogonal one to each other, occurs over a time scale
L/c,, , and the sign of the product w'B and the magnitude of ratio c, /(L) rule the

process. [D.Del Sarto et al., PRE (2016)]

* The proposed mechanism, valid for both ions and electrons, seems a good candidate
for the understanding of the correlation between velocity shear and non-gyrotropic
anisotropization and has implications for plasma turbulence (-THOR measurements!).

[D. Del Sarto et al., PRE (2016)]

* Stationary non-gyrotropic solutions can be devised, which strongly depend on the sign of

w-B [S.S.Cerri et al., PoP 2014].

* Inthe case ofions, the anisotropization induced by a velocity shear with spectral
distribution at kd. << 1 occursinatime ~ t, and persists over atime ~ c,/(kc,*),

due to the interplay with the normal modes that propagate in the plasma [D. Del Sarto et
al., PRE 2016; arxive:1509.04938]

* A fluid description of Weibel instabilities 1s made possible by including the full-pressure
tensor evolution, which allows a better insight on different features of the instability [M.
Sarrat et al., to be submitted].
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