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1. Introduction
1-1. Spin-polarization in HIC 1-2. Theoretical status of spin hydro
< huge vorticity w magnetic field B W spin-polarization by w, B Hydrodynamics is a powerful framework to describe QGP.
in non-central collisions e.g. Barnett effect, Zeeman splitting However, it is far from complete for spin-polarized QGP

. . < “hydro simulations” exist, but...
W experimentally confirmed already ! - ordinary hydro (i.e., hydro w/o spin) is solved
[ ———— ﬁ - -thermal vorticity @*¥ = 290!#(Bu"!) is converted into spin via Cooper-Frye
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W relativistic spin hydro is still under construction
- established for non-relativistic case, but not for relativistic case ©

e.g. micropolar fluid: Eringen (1998); LukaszeW|cz(1999)

- some trials exist, but only at the “ideal” level (no dissipative corr.) ©
- controversy exists & on the conservation of spin

| A S ; = some relativistic people claim spin is conserved, while it is established
. (5 [GEV] . . e L. . .
Centatty ) in non-relativistic spin hydro that spin must NOT be conserved

[STAR, PRC 98, 014910 (2018)]

(1) Formulate relativistic spin hydro including 15t order dissipative corrections for the first time
(2) Clarify that spin must be a dissipative quantity
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2. Phenomenological formulation based on entropy-current analysis

2-1. hydro without spin (review) 2-2. hydro spin
Write down the conservation law Write down the conservation laws
Conservation of energy-momentum 0 = 9, T*¥ Conservation .of EM 0 = 9,T#" and total angular mom. 0 = 9, M**F
7 4 equations 7 4 + 6 equations —
E T F hvd bl S lati / Define spin tensor by z#aF = yreb — JuaB = prab — (x*THE — xBTHa)
xpress T*" i.t.o hydro variables (constitutive relation) =0 = 9, MMB < g sHaB = TaB _ Tha = 2T(‘;)B amonical orbita
[2-1] Define hydro variables = spin is not conserved if T # 0 angular momentum
Slow modes that (you expect to) survive in IR limit: {8, u,} w/ u? = -1 o There is no reason T# must be symmetric
7 1+ 3 =4 DoGs = # of equations = spin must not be a hydro mode in a strict sense
: . = nevertheless, it behaves /ike a hydro mode if TEY « 1,
- uv § (
[2 2] Write down all the possible tensor structures of T for which inclusion of dissipation is cruuallyal)mportant
= HB)g"" + L(Butu? + f(B)e* P d,u, Express T*¥, 2*F j.t.o hydro variables (constitutive relations)
u Vol Hv 9 p ,
f4(ﬁ)auuv J;fS(ﬁ)a “ t]%(ﬁ)g 0", , [2-1] Define hydro variables
+f7(B)ufu"oPuy + fo(B)urdu” + -+ + 0(9%) Assume spin is slow and introduce spin chemical potential w,,
[2-3] Simplify the tensor structures with some assumptions as a new hydro variable: {8, u,, @y, } W/ wy, = —w,,
3 . 7 4+ 6 =10 DoGs = # of equations
(1) symmetry . . . ¥ in general, w,,, # 20, (Bu,;) = (thermal vorticity)
(2) power counting (gradient expansion) [2-2] Write down all the possible tensor structures of T#v, staFf
(3) thermodynamics (entropy-current analysis) TH = (too many terms), X*% = (too many terms)
Define energy e & pressure p by (matching condition) [2-3] Simplify the tensor structures with some assumptions
TH =Tl + Ty +0(0%) = eutu” + p(gh + utuY) + Ty + 0(9%) (1) symmetry
(2) power counting (gradient expansion)
1st law of thermodynamics: ds = Bde, s = B(e + p) (3) thermodynamics (entropy-current analysis)
2nd Jaw of thermodynamics: 0 < d,s# = =T} 9, (Bu,) + 0(9*) Define spin density o#¥ by z#2F = Zﬁ;?ﬁ +0(0") = uto® + 0(9")
o °, o oge . : t Tak — — wv —_ — Uv
2nd |aw is satisfied if RHS is a semi-positive bilinear, i.e., 15t law w/ spin: ds = f(de wﬂvf“ ),s =pe+p=awuws™)
Y g > 0 with 4; > 2" law w/ spin: 0 < d,sH = T(‘is)a (Bu,)
T(l)a (,Buv) = ZXiET(l) /1i Xi Xivu > 0 Wit Ai >0 13){6 [,L(:Buv ) _ zﬁwuv} + 0(63)
7 give strong constraints on T+ . 7 RHS is a semi-positive bilinear = constraints on T#v, X#F
ex) heat current: 2ht*u) = h#*u” + hVut € Ty (Wuh® =0) ¥ in global equilibrium, w,, = 2d;,(Bu,;) = (thermal vorticity) holds
= Zg) aﬂ(ﬂuv)az _ﬁlhu (ﬁa;ﬂﬂﬂ T lr:va u,u) =0 3 yHap — 1 5B
—_ — 1% I >
~ k(BOLB™" +urdyuk) with ke > 0 T = eutu” + p(g"¥ + u*u")
—> —2K (Du(” + ﬁa(fﬁ‘l) u”) — 250 u"> — ¢(a,ut)Am”
WY — oyglqV pv HqpV
_L; T =ewtu 1(:”(9 T ) " S N —22(—Dul* + a1 + 4u,efl) u) — 2y (0l'u¥) — 24547 wP?)
—2K (Du U ﬁal B )u - Znal we - ((a”u )A boost heat current rotational (spinning) viscosity
heat current shear viscosity  bulk viscosity , , o _ ,
; </ a generalization of the non-relativistic micropolar fluid
m Hydro eq. = conservation law + constitutive relation m Hydro eqs. = conservation laws + constitutive relations
3. Linear mode analysis
2-1. setup 2-2. Linearized hydro eq. 2-3. Eigenvalues of M
Consider perturbations Expand hydro egs. i.t.o. the pert. 5§ Usual 4 gapless modes + 6 diffusive gapped modes appear
on top of a g]obal s.tatic ’ 6BM B Gﬁu + ocs? - 2sound modes: ® = +c.k + 0(k?) usual 4 gapless modes
thermal equil. config. ‘ ou ou (6) 2 shear modes: © = —ink?/(e +p) + 0(k?) 7 completely the same as hydro w/o spin
\ Swh Swh ;
B =P+ 6B - Eigenvalues w of M determine how 3 “spin” modes: © = —2ir;" + 0(k?) 6 gapped modes associated w/ spin DoG
ul = (1,0) + Suk the perturbations evolve in time: 3 “boost” modes: w = —2ir! + 0(k?) 4 Im w <0 : spin must be diffusive
WOHY = 0 4 Sl Im w = 0: propagate (§ ~ const) _ ogll/au 5610 /300 ¥ time-scale is controlled by the new
i Im w < 0: diffusive (6§ — 0) where 7 v b T T viscous constants y, 4

4. Summary

7 Relativistic spin hydrodynamics with 15t order dissipative corrections is formulated for the first time <7 Outlook:
based on the phenomenological entropy-current analysis extension to 2" order, Kubo formula,

< Spin must be dissipative because of the mutual conversion b/w orbital angular momentum and spin MHD, application to cond-mat,

« Linear mode analysis of the spin hydro equation found 6 new diffusive modes, which means that spin numerical simulations

Is dissipative, and time-scale of the dissipation is controlled by the new viscous constants y, 4



