Collective Excitation of a Chiral Fluid from
Kinetic Theory

Farid Taghinavaz
School of particles and accelerators, IPM

23 January 2019

Workshop On Recent Progress in Hydrodynamics &
Quantum Chaos in IPM.

@DPY

Institute for Research in
Fundamental Sciences



Outline of talk

@ Motivation

@ Chiral Kinetic Theory

@ Energy & momentum modification

@ How to obtain hydro modes

@ Introduction of frame notion and its importance
@ Conclusion



Motivation
@00

Motivation

@ Are we able to include underlying microscopic
phenomena in a macroscopic approach?




Motivation
@00

Motivation

@ Are we able to include underlying microscopic
phenomena in a macroscopic approach?




Motivation
@00

Motivation

@ Are we able to include underlying microscopic
phenomena in a macroscopic approach?

Yes!!!



Motivation
oeo

Anomaly in QFT

@ Anomaly: A symmetry that is not preserved at quantum
level

Sy (x) = DO (x), JG(x) = D)y (x).

.l =0,
62
Oy = 4 5E-B.

Michael E. Peskin, Dan V. Schroeder, An Introduction To Quantum Field Theory-Westview Press (1995).
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History

@ Weakly interacting system in presence of magnetic field:
A. Vilenkin, Phys. Rev. D 20, 1807 (1979),

A. Vilenkin, Phys. Rev. D 22, 3080 (1980).

@ Strongly interacting system in presence of magnetic field:
J. Erdmenger, et al, JHEP 0901, 055 (2009),

N. Banerjee, et al, JHEP 1101, 094 (2011).
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@ CKT: A framework to study the kinetic theory of Weyl
fermions. This approach is semi classic which involves first
order quantum correction into the Boltzmann equation.

@ Using path integral approach and then Diagonalize
fermi-Dirac Hamiltonian in momentum space

tr
tj

a,, here is Berry phase: a, = iViV,V,

M. A. Stephanov and Y. Yin, Phys. Rev. Lett. 109, 162001 (2012).
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Equations of motion

@ Berry flux contribution

X = ep x Qp,
8p , TP X0
p=eE+exxB.
ﬁp is Berry flux: ﬁp = Vp X ap
@ Canonical forms of equations

VGp = eE + ep x B+ €?G,(E - B)
@ Phase space integrals

d®xd3p d®xad®p
/ (2m)p AL (2P
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Anomaly and kinetic theory

@ Continuity equation

dp  9(px) 9(pP)

o PE.RSS
ot T ox T op 2re"E - B5°(p)f(p),
on 0J;  €? o
At 2.2E B, (with p=VGH).

@ Chiral magnetic effect

JCME: p\FXf —eB/

(2r)? fp) = 42

@ Chiral Vortical effect

[P = [P s R
JCVE—/w@Xf(P)—ZW/(ZTF)gp'pr(P)—W—

M. A. Stephanov and Y. Yin, Phys. Rev. Lett. 109, 162001 (2012).
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Comparison with previous results

@ Weakly interacting fermions in presence of arbitrary global

rotation:
. T2 NZ

A. Vilenkin, Phys. Rev. D 20, 1807 (1979)

@ Weakly interacting fermions in presence of arbitrary
magnetic field:

A. Vilenkin, Phys. Rev. D 22, 3080 (1980).
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Current density

@ Kinetic equation

= 8f af aﬁp aﬁp =
ONL L DR e (PG
(1+ eB Qp)at+6x; [8p,~+e ’<8p pﬂ
6f 86p

x B); =0.
op; )i

@ Current density

odo O, / o®p
_— _— = = _— f
at Tax O b= ) v a i)

a® of = = Of
Ji = _/( P [ () (5,-j+eB,-ij) + (Qp X (p))i] ;

p
27T)3 8pj ox

D. T. Son and N. Yamamoto, Phys. Rev. D 87, no. 8, 085016 (2013).
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Energy-momentum density

@ Energy density & energy flux

oT%® 9TV a®p
=0, T = /

at T =Y (27)3

: d®p ¢ |0f(p) < = Of(p)
0i _ P .. . .

&p (1+ €B -by) f(p)

@ Momentum density & momentum flux

aTvo oTi L : dPp =
L2 (G« By, T’O:/ Po(1+eB-Gp) f(p)

at ' ax (27)3
. d®p of(p = = 0f(p)
+6; T%.

D. T. Son and N. Yamamoto, Phys. Rev. D 87, no. 8, 085016 (2013).
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Energy modification

@ Lorentz invarance:

TOi _ TiO

@ For homogeneous systems (aaffg) =0):
aﬁp — . —

o —p (1-[1B-55y).

D. T. Son and N. Yamamoto, Phys. Rev. D 87, no. 8, 085016 (2013).
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Momentum modification

@ For inhomogeneous systems (aaff(’z) #0):

Oep 62
ep:p(1 —hB-Qp>,

&
pi = pi — (QP x 0);.

(Gpx 0) =p (1+6B-Gp)

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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Similar works

@ Hydro modes in chiral systems by setting 6i = 0 for
collision less particles. Their fluctuations set is
(6pg, o, 6T). Only currents and energy conservation
equations are considered.
D. Frenklakh, Phys. Rev. D 94, no. 11, 116010 (2016).

@ Hydro modes in chiral systems again by setting 6t = 0 for
collisioned particles modelled by RTA .
M. Stephanov, H. U. Yee and Y. Yin, Phys. Rev. D 91, no. 12, 125014 (2015).

@ Both of them are incomplete due to neglect of
momentum conservation equations.

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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How to obtain hydro modes in CKT

@ CK equation

9f*9(p, x) . 0f*9)(p, x) . of9(p,x)
VG, of +VGx, x +Gp, =

@ Fluctuations

5¢a = (5/-“?» 5,UL> 56 6“/))

(A.e)
109 (p.x) - 53 (p.x) + P (PX) a(;p’x)éqﬁa,
a

w— g+ erdp, B— 8o+ €eFdf, u = uéq + epdu.

@ Multiply both side of CK to collision invariants (15,1,
modified energy, modified momentum).

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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Conservation equations

@ Current conservation
St fy 0(VB 21500 4 /Gx, 2000 | /Gp, 205160 _ g,
@ Energy conservation
f(Ae) ,€) (€ (p,
Dek—1Jpepx (\F : (px +VGx, (px +VGp, 2 ap(px)> =0.
@ Momentum conservation

o afxe)(p, . ofe)(p, . ofe)(p,
ekt fo Pl <\@X 2@ | /G, é)x(pX)—"_\/épX 8p(px)> =0.

1 ap
Mg =+~ /:/
L= 20 ) (2r)3

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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Coefficient Matrix

Mapddp = 0.

@ Collective modes

Xaw -~ gk 0 T(1rXA — 3nR)w
0 Xewt gk T(uk,—3m)w
Map = |3npw — 422k 3nw+ LBk ~wC, T?
0
0 0

0
1pB 1 B KC, T2
w8y ngk By nk A

w ((nR+n.)B

o*’tooo

@ Hydro modes

det(M) =0,
k — erk, w— e + e?wm.

@ Conservation equations are expanded up to first order in
fluctuations (er) and second order in gradients (e?).
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Collective modes from CKT

@ Chiral Magnetic Heat Wave

(k) = — <,41 e 4A35> 2175/«

@ Sound Wave
’ - .
wsalk) = ==kt %Bk.

@ Chiral Alfvén Wave

MR+ Mg, (np+nL)(nr— Ng) B K
2w?2 '

wse(K) = +

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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Collective modes in Landau frame

@ Chiral Magnetic Heat Wave

1
wi2(k) = — <A1 +,/A2 - 4A35> 5Bk

@ Sound Wave

1

W374(k) = iﬁ

k,

@ Chiral Alfvén Wave

MR+ nNL (nr+n)(NR—nN)  Xr— XL
w5,6(k) = iiw B+ < w2 aw |

N. Abbasi, D. Allahbakhshi, A. Davody and S. F. Taghavi, Phys. Rev. D 96, no. 12, 126002 (2017).
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Idea of frame

@ Landau frame
TLRF =0

@ CKT frame

9“()‘15) .
TICKT =2 2el (gﬂ ( g~ < <9n£p(P) ) (eA%) 6f>
eq.
A Ae)\2 o/
=AY ok ex (A - (A9)?) 52y
=% 55 ox (- ()7 408
_ (“H‘“L) B, = Xa XpB;?7?

872

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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Boost transformation

@ In the equilibrium, the rest frame of the fluid in the two
above frames are related to each other by

XR — XL ng—ng
= B Q.
s 4w + w

Type of mode Chiral Kinetic Theory Landau-Lifshitz

CMHW voKT (k) = (A1 + /A3 445 5) o= B | vi(k) = (A1 + /A3 - 4A3£> =B

CKT 1 Xp—X. LL 1
Sound Vaa =Ept HwtB Vaq=*t5
CAW VE)Cé(T — ("RWEL(VQR n) g VAL,%; — (("H nél&gﬁ"k) _ iz;/XL) B

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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One evidence

ok;’
B viCKT_BI,
i —W

@ Sound mode

4+ 1 + XH XL Bes — )_(IZ._)_(L B¢

CKT V3

V3'y —
1_(:|:\}§+XR XLBE)XF\‘ XLBef
1 1 .2,1 1T 1\ Xr—XL

= +— + —)" (= - — = B

\@—1_(( \@) (4)+6 4> w “
1 LL
V3 34

N. Abbasi, F. Taghinavaz and K. Naderi, JHEP 1803, 191 (2018).
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@ CKT is a semi classical approach to study the Weyl
particles in the regime of weak coupling for arbitrary
momentum.

@ It has been found that energy of particles is modified due
to the Lorentz invariance. We found that momentum of
particles as well as their energy is modified. It is crucial to
obtain correct hydro modes.

@ A mismatch is seen between hydro modes obtained from
CKT and hydrodynamics one.
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Conclusion

@ CKT is a semi classical approach to study the Weyl
particles in the regime of weak coupling for arbitrary
momentum.

@ It has been found that energy of particles is modified due
to the Lorentz invariance. We found that momentum of
particles as well as their energy is modified. It is crucial to
obtain correct hydro modes.

@ A mismatch is seen between hydro modes obtained from
CKT and hydrodynamics one.

@ We resolve this discrepancy by introducing the notion of
frames in equilibrium. Indeed, the presence of every one
derivative quantity in equilibrium has changed the
thermodynamic frame. Relevant quantities near these
thermodynamic state can be transformed to each other by
a non-trivial boost.
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