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Quantifying Energy Conversion i

111
The thermal energy &, = 3P/2 = / (%mvm) fd*v,

i
The bulk flow energy &, = (1/2)mnu?
where P = (1/3)tr(P), evolves as:

evolves as:

o€ o€ .
Wk + V- (ugk+u'P) = (PV) 'u+nu'F‘|‘RcoH azh + V. (Ethu) = —(PV) -u—V-q—|—Qvisc,cou
e, ',:', —(P - V) - u is called pressure-strain interaction and it describes conversion of &;;, <= &;
e '-_ ': '- - = -« Pressure-strain interaction can be decomposed (Yang et al., 2017; 2017) as
.'.‘"‘; SESS e » Pj;, — Pdj;, = deviatoric pressure tensor
.'.'.“‘““3’ —(P . V) - = —P(V . 11) *H]]d@]k ~~~~~~~~~
sant o Sl N 1 (9Uj n Ouy, 1 (V )
pnns? . ] T > — —_— — -1
) 2 \ Ory, 3’1"j 3 ik
“Pressure
dilatation” = traceless strain rate tensor

A puzzle - Pi-D is collisionless viscous heating (Yang et al., 2017),
but it can be negative! How?!? What does it mean?!? 2




0o ‘o cooling of a plasma of pressure P = (1/3)tr(P)
‘s *.%. * + Thevolume of afluid element changes

Physics of Pressure Dilatation and Pi-D"///,

The physical picture of the pressure-strain interaction was
described in the fluid description by Del Sarto et al. (2018)
Pi-D — 11Dy

* Denotes incompressible heating/cooling

* Purely a deformation
* The volume of a fluid element does not change

Pressure dilatation —P(V - u)

' 4
¢, e » Denotes compressive heating or expansive

Del Sarto et al. (2018) Del Sarto et al. (2018)

* Note, the physical picture has more to it; will be
discussed (Cassak and Barbhuiya, PoP, submitted)
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A Thought Experiment i
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To understand the sign and interpretation of Pi-D, we need a kinetic description
(Cassak & Barbhuiya, PoP, submitted)

Consider a distribution function that is everywhere bi-Maxwellian with P, > P

Suppose there is 1D converging flow in the parallel direction - we know this must give compressible heating!
It does [ (P - V) - u > 0], and a simple calculation shows Pi-D > 0

Suppose there is converging flow in the perpendicular direction - we know this must give compressible
heating too! Itdoes[—(P - V) - u > 0], but a simple calculation shows Pi-D < 0!?!

Thus, Pi-D < 0 does not imply cooling! One can't tell if there is heating from Pi-D alone!

The sketches below describe the physics in the kinetic description

“ z=dz 3 ®) ’:"l - (¢) ‘ (d) t=1to ({1

T = —dr T

Cassak and Barbhuiya (PoP, submitted)
Note, Pi-D contains contributions from converging/diverging flow, like —P(V - u) does




Alternative Decomposition

- Since both pressure dilatation and part of Pi-D contain information about
converging/diverging flows, we propose an alternative decomposition
of the pressure-strain interaction (Cassak and Barbhuiya, PoP, submitted)
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- Break Pi-D into its normal and shear parts

- PDU is the expected generalization

of compression/expansion:

PDU = —P(V . 11) + Pi — Dnormal
Ouy Buz>

Ooug
= - Pm:z:— P, — Pzz—
( Oz Ty Oy + 0z

* For the bi-Maxwellian example,
PDU is positive for both parallel
and perpendicular compression,
agreeing with intuition

*  Pi-Dpormal is the correction to

compression/expansion by thinking of
a distribution as being Maxwellianized

PDU, pure converging/

diverging flow
A

PI'Dshear [

A

pure flow shear

2 Y

(b) Pi — Dnormal

Cassak and Barbhuiya (submitted)
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_(P ’ V) u = _P(Vl' u) —1I :Pnormal — II : Dgpear
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Kinetic Physics of Pi-D,_., aant

- What is Pi-Dg,..r and what determines its sign?
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Pi— Dshear = _(2HmyD:1:y + 2H:z:zpzz + 2Hyszz)

Ouy ~ Ouy
- [”w (a—y o

* In the example below, P,, < 0, dv,/dx > 0, and there is positive Pi-Dgca,

(a)

z

z=dz

ouy

* It's the kinetic analog of shear viscosity from fluid mechanics
+ Kinetically, there needs to be a velocity shear and an off-diagonal pressure tensor element

...........

+

(b)

ou, Ouy, Ou;\}
%) *He (E+ ayﬂ

foow,
&
2=0- Ry
z=0
Cassak and Barbhuiya
(PoP, submitted) .




Pressure-Strain Interaction in
Field-Aligned Coordinates

 For a magnetized plasma, the dynamics are not necessarily
aligned with a Cartesian coordinate system

* Itis useful to employ a coordinate system locally aligned with
‘ the field at each point in space (Cassak, Barbhuiya and Weldon,
*,*."=  PoP, submitted): b Magnetic field direction -
K Curvature direction = (lf : V)lf
(b - V)b

fi Binormal direction = bx &

Y ‘: ":.‘:i * Infield-aligned coordinates, u = e, u,, P = P,ze,e5,V = e,V Greelf letters go
. -“““‘. fromb, ¥, i
AR * The pressure-strain interaction then becomes
—(P - V) -u=—Py(Vaug) — Pagusles - (Vaes)]
\ J |\ )
| |

Flow gradients Geometrical terms




Pressure-Strain Interaction in

Field-Aligned Coordinates

+ Can solve for pressure-strain analytically in field aligned coordinates

(Cassak, Barbhuiya and Weldon, PoP, submitted):

—PS; = —P(V)y)),
_PSZ = _Pnn(vnun) - Pnn(vnun)a
_PSs = —Puy(Vety) — Pay(Vortuy) ey
wbA VR nbA Vn gradients
—PS; = —Poc(V)ux) = Pon(V)un) — Pen(Vitn) — Prr(Vouk), B
—PSs5 = uy (P + PouWie + P Wy) £ = uePya Wok h
_PSG = Uk (an + PnnWm + Pnan) T = _uchnaWaT .
_PS7 == —’U,” (an, + PmK,Wn + Pnan) KR = —’U;”PHQWQI‘& o g?ronr:et"cal
_PSS = Un (an + Pnan + Pnan) T = unPnaWaTa
* The geometry of the magnetic field line is
completely described by the curvature and the ~
torsion; the torsion is a measure of how muchthe Curvature K — ‘ (b °
magnetic field is not confined to a plane . _ =2
Torsion T — —K °




Physical Interpretation
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Parallel flow changing in
parallel direction

Perpendicular flow
changing in the same
perpendicular direction

Parallel flow changing
in the perpendicular
directions

Perpendicular flows
changing in the parallel
direction

Perpendicular flow changing
in the other perpendicular
direction

Flow Compression

(a) - Ps, Py(Vyuy)
(b) —PS; = —Per(Vitty) = Pun(Vtin)
Flow Shear
(c) —PS;y P (Viuy) = Pon(Vawy)
(d) —PSia = —Po(Vytix) — Pon(Vyun)
PSyp = —Pen(Viun + Vauy)
!
—

Geometrical Compression

(€) PS5 = u, PraWon

Geometrical Shear
(9) —PS7 = —u PuaWak

Curvature flow compressing
due to field line curvature

(quantified by k)

Curvature flow compressing
due to field line non-
planarity (quantified by 1)

Parallel flow shearing due to
field line curvature
(quantified by k)

Normal flow shearing due
to due to field line non-
planarity (quantified by 1)

(Cassak, Barbhuiya
and Weldon, PoP, submitted)
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Conclusions an

- We present a kinetic interpretation of the pressure-strain interaction, and an alternative
decomposition of it (Cassak and Barbhuiya, PoP, submitted)

describe compressible and incompressible physics describes bulk flow convergence and bulk flow shear physics
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-
< T . . - combines isotropic compression with normal deformation,
essentially is isotropic compression and deformation . .
- separating out shear deformation
.
, Pi-D can be negative for converging flow PDU is positive for converging flow
N (associated with heating); a counterintuitive result (associated with heating); an intuitive result

- We present a decomposition of the pressure-strain interaction in magnetic field-aligned
coordinates (Cassak, Barbhuiya and Weldon, PoP, submitted)

+ Decomposition gives flow compression and shear, geometrical compression and shear

- We use these results to study energy conversion in a PIC simulation of reconnection
(Barbhuiya and Cassak, PoP, submitted) - next presentation
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