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Spin transport

e Spintronics, liquid spintronics

e Graphene, Dirac/Weyl semimetals
e Astrophysics

® Quark gluon plasma



Liquid spintronics
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Quark gluon plasma
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Hydrodynamics with spin current

e All possible sources of spin density/current
e Relation of spin flow to energy/charge/chirality flow
e (lassification of spin transport coefficients



Hydrodynamics with spin current

e All possible sources of spin density/current
e Relation of spin flow to energy/charge/chirality flow
e (lassification of spin transport coefficients

—> construction of hydrodynamics with spin

T. S,



Outline

Definition of spin current

Hydrodynamics with spin current and torsion
Holographic description: first order gravity
Lovelock-Chern-Simons theory

Analytic blackhole solutions

Spin transport coefficients

Discussion



Ambiguity in the spin current

Total angular momentum J)‘/W — x“TAV — ;UVT)‘“ SA“’/
Conservation laws 6MTM " =0, Oy J ARV — ()
Preserved by T — Trv 4 %65\ (CI)AW — DIV (I)VA“) :

S’A,uz/ _ S)x,uz/ o (I)A,Lw

Belinfante-Rosenfeld DAY — GApY

Removes spin current completely, renders energy-momentum tensor symmetric,
compatible with GR



Spin in effective action

Consider quantum field in a nontrivial Lorentz representation
eiW[e,w] _ / D\Ijeil[e,w,\lf]

Variations define the energy-momentum and spin current

) )
THY = M:@Z, Sé\b — V[a/b
563“ 5w>\
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Spin in effective action

Consider quantum field in a nontrivial Lorentz representation
eiW[e,w] _ / D\Ijeil[e,w,\lf]

Variations define the energy-momentum and spin current

) )
THY = M:@Z, Sé\b — V[a/b
563“ 5w>\

Dependent 1n the absence of torsion:
T = de® + wf A e’
—> spin current unambiguous when sourced by torsion

Easier to formulate 1n terms of contorsion:

ab __ oc.ab ab °
w, =w, + K, w ~ ode

Lowest order source of spin flow 1n flat space e = 1



Hydrodynamic equations

Require invariance of W[e,o] under

1. Diffeomorphisms
(5,560’ — ,Cgea , 5£wab — ngab

2. Local Lorentz transformations

6re® = =A% e’ Ow® = DA



Hydrodynamic equations

Require mvariance of W[e,o] under

1. Diffeomorphisms
5560’ — Egea , 5£wab — ngab

2. Local Lorentz transformations
0 e = —)\abeb, (5>\w"’b — D)
Relativistic hydrodynamics with spin current

%MT‘W = R'OJV)\SAIOJ — T[pg] KP?Y | analogous to EM work j * E

- A A P .
VS wr T[,Uﬂ/] — 25 ,O[MK V1A antisymm. EMT generates S



Torsion in condensed matter

Kondo ’52; Katanaev, Volovich ’92; Furtado, Moraes ’99; Mesaros, Sadri, Zaanen ’09;
de Juan, Cortijo, Vozmediano ‘10




Torsion in condensed matter

Kondo ’52; Katanaev, Volovich ’92; Furtado, Moraes ’99; Mesaros, Sadri, Zaanen ’09;
de Juan, Cortijo, Vozmediano ‘10

Torsion = continuum description of dislocations in the background



Classification of torsion sources

Assume flat 3+1D metric with nontrivial torsion TZ’V — (wg ) m A\ 53
In 3D: wa’b —  loop plane —> 9 degrees of freedom

t —) Burger’s vector

edge dislocation (6 d.o.f) screw dislocation (3 d.o.f)
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Classification of torsion sources

Assume flat 3+1D metric with nontrivial torsion ng/ = (w,‘,” ) m N\ 52
In 3D: wab —  loop plane —> 9 degrees of freedom

t  —> Burger’s vector

edge dislocation (6 d.o.f) screw dislocation (3 d.o.f)

In 4D: wzb — Wilson-edge (6 d.o.f.) + Wilson-screw (6 d.o.f)
+ Polyakov-edge (6 d.o.f) + Polyakov-screw (6 d.o.f)

Not a Lorentz invariant decomposition



Classification of torsion sources

: : T ab __ |, .ab ab ab
Lorentz invariant decomposition: w™" = Wyector T Waxial T Wtensor

( ab ) _ 5af/b - 5b f/a (wab ) _ 6a,bc 121' 5d

Wyector/pn = i 4 axial/p — d~“*c¥y

In hydro with flow velocity u** further decompose: Gallegos, UG ,"20

wib = el [—e‘“’paup (adG +C§ — AJug) + 2 (Mvu[“ _ vgt) A;]

roulie]ur A — 2ult (Vlug + 347 )|

1 scalar, 1 pseudo-scalar, 2 transverse vectors, 2 axial transverse vectors,
2 traceless-transverse symmetric tensors



Constitutive relations

Energy-momentum tensor:

THY = eulu” — pA*Y + gtu” + ubq” + o7 + THY
heat currents  symmetric  intrinsic

) > shear toraue
Spin current: qau

SAY — A (u”n"'} —utny, + e’“’pau”ni) + pAe)““’pup + py (A)‘”u“ — AAH”U,V)

+ N MHy? — Nyt — e“”P"u,,N; 4 A)‘”ﬁ“ﬁv — AA“ﬁ'{/

AV

Al
+ € P

V, Pm0 h, P=C
SU uny — e ululn’y

p

Gallegos, UG ,’20
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Constitutive relations

Energy-momentum tensor:

THY = eulu” — pA*Y + gtu” + ubq” + o7 + THY
heat currents  symmetric  intrinsic

. > shear t
Spin current: Orque

SAY — A (u”n"‘, —utny, + e"”paupni) + pAe’\“”pup + pv (A)‘"u“ — AA”UV)

+ NMy? — Nyt — e“"p"up]\—/';‘ - AA”ﬁ"‘, — A)‘“'FL’{,

+ e)‘“pau”upﬁi — e)"’pau"upﬁj‘q — uAp/W + Si“’”
Spin Source wy | pa | VU LAY | VE | AY | HPY | CHY
Spin current pv | pa | nt, | nfy | Ay, | Afy | NFY | NP
Degrees of Freedom | 1 1 3 3 3 3 5 5

Gallegos, UG ,’20



Spin transport from etfective action

Define spin chemical potential:

pt = u“’wgb = V] — uPV§ — ey A4
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Define spin chemical potential:
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Hydrostatics from effective action:
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Spin transport from etfective action

Define spin chemical potential:

n = u“wgb = u*V) — u’V§ — e A

Hydrostatics from effective action:
W = /d%x/—g'P[T, P+ oi(T)S" + -
1
:ui — {Vl 'VlaAl 'Alavl Al} SZ — {Vl 'M,Vl 'aaAl ‘(U,Al 'CL}

Polarization by spin chemical potential, vorticity and acceleration

SaAb — uA {Q1V1[aub] T QQeabcducAclz =+ qg,&ab}

+ u? {01w[aub] + o2aj,up) + 0380 + U4€abcdacud}



Bjorken tlow

Boost invariant expansion in z-direction:

No spin chemical potential and vorticity



Bjorken tflow

. . . . . . T
Boost invariant expansion in z-direction: u =1

No spin chemical potential and vorticity

Acceleration polarizes the fluid in the z-direction (in the lab frame):

sinh 2y

ST — O'4(T) o

LY




Holography

e Current J 1s mapped onto fluctuations on the horizon
e (Generic properties of near horizon geometry

=> universal transport €.g. /s = 1/4m  Policastro, Son, Starinets "01
Kovtun, Son, Starinets 04



Holography

e Current J 1s mapped onto fluctuations on the horizon
e (Generic properties of near horizon geometry
=> universal transport €.g. /s = 1/4n

Similar universality in spin transport?



Holography of spin flow




Holography of spin flow

e Need a first order formulation with independent e2 and wab
e Practical to have analytic black-hole solutions



Holographic description

Toy model: Lovelock-Chern-Simons AdS-gravity in 5D

Chamseddine ’89; Banados, Garay, Henneaux ’96; Zanelli 05;
Banados, Miskovic, Theisen ’06; Cvetkovic, Miskovic, Simic ‘17

S:/'I‘r{]:/\]:/\A—%]:/\A/\A/\A—I— %A/\A/\A/\A/\A}

based on the G = SO(4,2) group algebra

e (S gravity for non-Abelian G, D > 5 has local degrees of freedom unlike 3D
¢ Boundary symmetry = WZW4 conformal theory with G

Nair, Schiff ’90; Losev, Nekrasov, Moore, Shatashvili ‘95



Lovelock-Chern-Simons

Relation to Einstein-Cartan in 5D: Ja6 = Pa,IaB = JaB
1
A=¢é2Py + QL:JABJAB |
A 1
F =T4Ps+ 5 (R +&%€") Jap

First order gravity in 5D:

SLC'S — K € ABCDE RABRCDQE + —RABGCGDGE + —€A€B€C€D€E
M 3 5
- Y - Y - Y

Gauss-Bonnet Ricci Cosmological
with Age=1/4 Constant



Lovelock-Chern-Simons

Relation to Einstein-Cartan in 5D: Ja6 = Pa, Tap = JaB
1
A= AAPA -+ §@ABJAB :
A 1
F=T"Pa+ 5 (R +&%%) Jap

First order gravity in 5D:

" N ) 2 R |
Sros = /4;/ €EABCDE [RABRCDeE — gRABeCeDeE — geAeBeCeDeE
M

- - v - v
Gauss-Bonnet Ricci Cosmological
with Agp=1/4 Constant

—> Standard AdS solution for vanishing torsion
New solutions with propagating torsion Gallegos, UG ,’20



Charges and thermodynamics
Holographic renormalization in first order gravity: Banados, Miskovic, Theisen 06

BF = lin’(l) |Son-shell(€) — V' (€)| counterterm action
€—

"

Entropy as a charge from the Lee-Wald formula at horizon:
2 1
S = 4Ar / €EABCDF (RCDéF + géC éDéF> n4b n4B = pla¢hl
Mg

Total mass of the black hole: Gallegos, UG ,’20

1
M=M= M,— uQ!= d>x {nﬂg,,T“” + §n/\5/\,ww“”a§o‘
M3

Satisfy the Smarr relation and the first-law:

F=My—TS — u;Q", dF = —-SdT — Q'du; ,



Solution I: single axial

Thermodynamics:

e — 96T (14 22
67212 )

p=—-32%kT* 1+ A3
6m2T2 )’

1
T = 16m°KkT> (A’(‘pA(’;) — gA“”ApJ) A5A3

Spin current:

SV — 3972 T (uAeW‘w — EAO‘B[“U’/]) UaA2p



Solution I: single axial

Thermodynamics:

2
e =96m*KkT* |1+ A
67272 )’

p=—-321tkT* 1+ A3
6m2T2 )’

1
T = 16m°KkT> (A?pAZ) — gA‘“’ApJ) A5A3

Spin current:

SV — 3972 kT2 (UAEMVQB -+ GM*B[“UV]) UaA2p

e Conformal fluid with axial vector spin source
e Non-trivial spin current even for symmetric stress tensor!



Solution 1I: Vector-axial-tensor

Thermodynamics:

p=—e/3 = —327t kT (1 n C*PCop — 2V — 6#?4)

127272
¢" = =167 kT2 (CFAT — 2pua A + e “P7uf A1, Voo ) , G =0

1
T = 167K (Owcg VBVE - 5 (CRel +V3) A NAC””)

Y — 167?2/£T2upV§€Wp" (Cg + ,uA5g)
Spin current:

SV — 3972 KT {/LAGAWO‘ua — e Bl (Cg] + u”]A15> + AA[“VQV] + QUAU[’“V;/]}



Solution 1I: Vector-axial-tensor

Thermodynamics:

p=—e/3 = —327t kT (1 n C*PCop — 2V — 6#?4)

1272772
¢" = —167*KkT? (CFAY — 2uaAY 4 P uf A1, Voo) , G =0

1
T = 167K (C“O‘Cg +VRVE - 5 (C5CE +V5) A — NAC“”)

THY = 167?2/<;T2upV§€“”p" (Cg + ,uA5g)
Spin current:
SAY — 392 L2 {/LAEAMVQUQ — uae)‘aﬁ[“ (Cg] + u'/]Am) — AA[“sz] — QUAu[“Vg]}

e Conformal fluid with spin sources
e Non-trivial spin current even for symmetric stress tensor
e Non-vanishing intrinsic torque and energy currents



Solutions at first order

Fluid-gravity correspondence: O(0) transport to corrections to background
Bhattacharyya, Hubeny, Minwalla, Rangamani ‘08

Boosted black brane with corrections:

d 2
r 5+ r2 |:—f2u,uuy + hQA,W + 7 (QhC[ uuvi — 2fb; uuvi e hdlt/{u/ﬂ drP d?

ds® =
r2g

I I I . . L
{crv,,brv,,dst,,, }are linearly independent combinations of u*, T, wzb

For simplicity we only consider 14 # 0 and V5 # 0



Energy transport:

Spin transport:

Transport for a4 # 0

4,74
G = 047 KT Wb
HA
4,4 2
o — 647 KT w“(l ;12A2
A 24T’
" =0,
THY = —167T2KT2€“Vaﬁua85uA

Jh = 32m%kT? (pau” + wh) .



Transport for pa # 0

4,4
Energy transport: gt = bdn—nl w
HA
4,74 2
o — 647 kT w“(l— /‘2,4 ) |

A 27277

' =0,

THY = —16%2&T26“”aﬂua85,u,4

Spin transport:  J = 321 kT? (paut + wh) .

e Transport similar to chiral vortical separation effect: generation of
chiral imbalance by vorticity.

e Here also an intrinsic torque

e More akin to “chiral torsional effect”  Imaki and Yamamoto, ‘19



Magnetization Change (%)
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The Barnett effect

Magnetization of an uncharged body by rotation  S.Bamett, 1915
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Jh = 32m°KT? (pau* + wh) .

Nuclear Barnett effect

Arabgol and Sleator ‘19



Transport for V5 # 0

Novel possibilities for spin transport:

2
Ji = %WQTQ(V cu)ut,

Jt = 32m KTVY

Hyov
Jh = 1672 KkT? (77“” Vi)f ) Wy
2

¢ Spin current from divergence
e “Vortical-Hall” spin current



Summary

Strong demand to develop relativistic hydrodynamics with spin
Torsion acts as a source for the spin current

Derived the hydro equations and constructed constitutive relations
Novel effects from hydrodynamic effective action
Lovelock-Chern-Simons provides a fruitful toy theory

Charazterization of spin transport coefficients from holography



Outlook

A systematic study of relativistic spin transport:

Entropy generation, Onsager relations, etc.

Analysis at weak coupling = universal transport coefficients?

Derivation in more general holographic theories: e.g. supergravity

Observable effects of the novel spin transport?



