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Outline cnc.-rm

Motivations:

» Do we understand the surprising success of local-equilibrium (LEQ) assumption (A.
Palermo’s talk)

» How can we simplify semi-classical spin hydrodynamics (a made-up name for
formulation of [Weickgenannt et al. (2022)])

Outline:
» What is semi-classical (ideal)-spin hydrodynamics?
» The poor man's toolbox (I): linearized spin hydro
» The poor man's toolbox (Il): conformal Bjorken flow
» Final words
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Recap: surprising success of the local-equilibrium (LEQ) assumption
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Gradients of the fields of parent fluid cell — polarization of final-state hadrons (Becattini

et al. (2013)]
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The sign puzzle seems to have been solved
but ...

» It is not clear how and when the
spin degrees of freedom are
equilibrated

22.07.2024
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Thermal vorticity and thermal shear are small and of the same order on the FO surface
(surface analysis with VHLLE output [karpenko et al. (2014)])
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What is semi-classical spin hydrodynamics?




Standard dissipative hydro cnc.-rm

r

» Conservation of energy-momentum and angular momemtun
0,T" =0 hJM =0
> Perfect fluid (J* is automatically conserved)

T(;SI; — cutu? — PAM J)\,LW _ L/\;w = 2T)\[l/l,u}
» Dissipative hydrodynamics (Schematically €y is the expansion parameter — David
Wagner's talk)
v _ i Y o/ T
T =T + Ty + T +

Notations and conventions:

M = diag(1,—1,-1,-1) A1 =1a* — A7)
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This dog wants to perform a coordinate transformation

AEXCUSEME!] - QUESTION!

...and the definition of LM annoys it!
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Standard dissipative hydro cnc.-rm

» Question of covariance (— A. Chiarini's poster)

LM — M = Kh h=1,2,3

K" are generators of rotations D#Kl’} + D,,KZ} =0
» Then D,T" =0 = D,L'=0— Q"= [,dS, K" being conserved

» Quantum nature of the fluid encoded in transport coefficients

* D is the covariant derivative
* In Minkowski coordinates & is related to uv e.g., K*®®) = (0, —y, z,0)

* X is a Cauchy hypersurface
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Happy now? Remember this is only in flat spacetime!
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Three assumptions of semiclassical spin hydro cnc.-rm

» Macroscopic quantum corrections — semi-classical expansion in 7 (for more details
— David Wagner's talk)

> We truncate all the equations up to first order in 7 [weickgenannt et al. (2022)]

> Assumption |: decomposition of angular momentum
J)\,uu _ L)\/,w + hS)\/,w

or the covariant form: J*" = T/\"K,’} + %hS)‘“”D[#Kh

V]

> D,\J*" =0 if the spacetime is flat ( = Dy\D,K, =0) and

hDySM¥ = 2T ¥
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Three assumptions of semiclassical spin hydro cnc.-rm

e

» Assumption Il: In global equilibrium

geq geq geq
T~ D, 0 va)f":\T(%g
» Assumption llI:
o(n°)
—~ =
Tw) — i) +@(h2> ] :@(h2)
standard

> No back-reaction from spin to fluid D, T*) = O(h?)

* In global equilibrium 8* = u* /T is a Killing vector

Spin-hydro 22.07.2024 11



The symmetric part of the energy-momentum tensor cnc.-rm

T = Eylu? — PAR + Q#u” + Q¥ ul + TH
Semiclassical Landau frame
£ = uu, T =+ 0(R?)  P= —%AQBT‘J"B —p+1+0(r?)
Q" = AT, = O(R2) T = AT — o + O(R2)
MIS-type EOM for dissipative fluxes
mll+O=—C0+--- Tﬂ7'r<’“’>+7r“":2na“”+-~

Notations:
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> Ny fluid fields {4} = {e,w#, I, 7, -}

» By solving standard dissipative hydro (DNMR in
our case) we find {4}

_ > Also N, spin degrees {¢)4} of freedom (spin
[ Spin- ]<_[ hydro] potential ...)

> Knowing {¢”} we can solve hDySM = 2T
and other required equations to find {1}

» Inserting the results into the formula for S* on the

Polarization FO surface we find the polarization

Spin-hydro 22.07.2024 13



|deal-spin hydrodynamics cnc.-rm

» 24 components of S and 6 equations — further equations are needed (e.g.,
from the method of moments)

> In ideal-spin approximation d.o.f in S** are only the 6 ones in Q*
SMY = AP + Butua Q) + Cutr QoW AM, + Dua Qe AYA + EAR Qo]

» Constraint from Assumption lll: B — C' — D + Tg—? =0

* {A,B,C, D, E} are functions of ¢ or, equivalently, T’

* In quantum kinetic theory

2 2 2
_ M9 gp B:Z’;% _p_ _hr’op
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|deal-spin hydrodynamics cnc.-rm

» The antisymmetric part of energy-momentum tensor

Tl — _p217(R)y, e (,{V] + wl/]aua) + %ﬁﬂp(w)euwaup (wWo + QW)
+ R2r@yln (ﬁa”] + V"]ﬁ)

> Why “ideal”: spin contributions to entropy production is of higher order in A

* {1 7@ @1 are functions of € or, equivalently, T
* Notations
@ =—DB,y B=1T Q*=-1"Pu,Dousg V*=A"D,

Ho_ pHv p_ 1 prapB _
' = —-Q"u, wh = e Uy, Qag ay = uDauy
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—

Please stay with me, | will entertain you in a moment.
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The poor man's toolbox cnc.-rm

[ We need a solution of hydrodynamics to feed into the spin equations

Spin-hydro 22.07.2024 17



The poor man's toolbox cnc.-rm

[ We need a solution of hydrodynamics to feed into the spin equations

In a poor man's toolbox:

» Damping of spin waves in a hydrostatics background [D. Wagner, M.S, and D. H.
Rischke arXiv:2405.00533] (Similar works: [Ambrus et al. (2022)] and [Singh et al. (2023)])

> Linear spin hydro [J. Sammet, M.S., D. Wagner, and D. H. Rischke, in preparation] (Similar
WOrKS: [Ren et al. (2024)] and [Daer et al. (2024)])

> Bjorken spin hydro [A. Chiarini, M.S., D. Wagner, and D. H. Rischke work in progress] [(Kind
of ) similar work: [singh et al. (2021)]]

> Rigidly rotating fluid [A. Chiarini, M.S., D. Wagner, A. Dash, and D. H. Rischke work in
progress] — A. Chiarini's poster

Spin-hydro 22.07.2024 18



What can we possibly learn from each one?

Different contributions can be investigated in these three simple setups

Bjorken Rigid rot.  Bjorken
s () 2\ ot pv v
k= FO8) 4 ()| D+ |k
Linear and Rigid rot. Linear and Rigid rot.

—
+ Py, G, 5 () uuT[‘“’]

Equations for both x and w are relaxation-type equations
A-B-C B E
RD (%) =

Ty =

hD ()

In quantum kinetic theory

T T 1
= 5 (e+ P) T = ar) (e+ P) (1 - U2>

Tk

Spin-hydro
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Linear regime



Linearized ideal-spin hydrodynamics cnc.-rm

Main idea: linearized equations of hydrodynamics in a homogeneous equilibrium configuration
have linear wave solutions

> Independent degrees of freedom in T are p € {f =1/T,u",---} and in S™ are
w 6 {El"7wu,...}

» For each X € {¢,v}: Xo — Xo+ dX (Xp is constant in a homogeneous equilibrium
configuration)

» Fourier transform
5X () = / Ak g1y
) (2!

Spin-hydro 22.07.2024 20



Linearized ideal-spin hydrodynamics cnc.-rm

» Insert X into the EOM (in Fourier space)
ik:M(ST(“”) =0 iky\6SM = 8T and EOM for dissipative fluxes

» EOM to the matrix form M X = 0
» This equation has solutions iif det(IM) = 0
» — dispersion relations for eigenfrequencies w = w(k) (if £* = (w, k))

» Performing this procedure for the example of ideal-spin hydrodynamics and DNMR (or
MIS) theory with shear viscosity alone — spin and fluid waves are decoupled!

1 T(x)
w2—ihaw—v52k2—h2b20 a:TH+Tw b= ’1)5277—’{
TeTw TeTw 41“(w)7-w
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Where did all fluid's contributions go? cnc.-rm

> Let's assume a fluid with N; degrees of freedom: ¢ where A =1--- N; (all possible
dissipative contributions, multiple charges etc)

» Such that all these equations in the linear order are written as

M{B5pP = 0(n?)
» And SM¥ with N, degrees of freedom: ¢4 where A = 1--- N, (ideal and dissipative)
» The N, equations in linear order take the form

MAPsyP + MiPspP =0
—_——

source terms

Spin-hydro 22.07.2024



Where did all fluid's contributions go? cnc.-rm

> All equations can be collectively written as

(9 (5) -+

> But
M; O
Mfs Ms

My O
0 M

= det(My) det(Mj)

In the absence of back-reaction from the spin to the fluid, the linear characteristic equation
that determines the spin modes is decoupled from the fluid modes.

Spin-hydro 22.07.2024 23



Timescales in spin hydrodynamics cnc.-rm
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Relaxation times simiar/larger than typical dissipative timescale 7, for small/large m /T [Wagner et al. (2024)]
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Timescales in spin hydrodynamics cnc.-rm

ITALL MAKES SENSE NOW...

memectunch,com

> At late times and small k the timescale t; in damping factor exp(—t/td) is determined by
Tw
» Spin degrees of freedom relax quite fast in high-energy collisions

> ...while these timescales for low-energy collisions might be even larger than the lifetime
of the fireball

P> A possible explanation of why the results of [gecattini et al. (2021)] are consistent with data

Spin-hydro 22.07.2024 25



Bjorken flow



Conformal Bjorken flow cnc.-rm

[ A theorist’s favorite solution which unfortunatley does not have thermal vorticity.

Spin-hydro 22.07.2024 26



Conformal Bjorken flow cnc.-rm

» Let's assume conformal symmetry: ¢ =3P ~T* 71, =C../T n= Cy sJF}P

> Reasons to love Bjorken flow (as a theorist):
1. A coordinate system (Milne) in which u* = (1,0):

d82:d7-27d1.27dy277—2d7752 7‘2:{;2722 tanhnS:§

2. All quantities are functions of 7 only = EOM become ODEs
3. Energy-momentum tensor is diagonal T} = diag(e, P, Py, P))

» The pressure anisotropy is due to the shear-stress tensor (which has one degree of

freedom)
Pt
» There is a clever parameterization found by Heller and Spalinski (2015):
7dT 2
=T =14 =— =1 - =
w T f(w) + Tdr A=18 <f(w) 3)

Spin-hydro 22.07.2024 27



Conformal Bjorken flow cnc.-rm

» There is a clever parameterization found by Heller and Spalinski (2015):

T dT

w=Tr  fw) =1+ A:18<f(w)_i2”)

» Slow-roll approximation captures the MIS attractor at early and late times

2 w \/64CnCT7r + 9w? n
=2 _ —T -
fw)=3-g_+ 24C Crn =Trn Oy =<

Spin-hydro 22.07.2024 28



Bjorken ideal-spin conformal hydrodynamics cnc.-rm

» The coefficients from conformal symmetry
{A,B,C,D,E} = {A,B,C,D,E}T? {1 1@ _ (0 pliyp
» Constraint becomes algebraic
3E+B-C-D=0

> Using rotational symmetry

= (0, 51 (7,0, "‘"“)) = (o,mT),o, “"(T)>

Spin-hydro 22.07.2024 29



Spin equations of motion cnc.-rm

» The same equations are found for x € {w, k}:

d A
Crx (wdw—i_ﬁ) XJ_+(QU—Px)XJ_:0

d A
Crx (wdw + 6> X| +wx) = 0

> The timescales are redefined as C,x = T'1
» Couplings to the shear tensor: Tp, = D/(hI'*) and Tp,, = E/(hI'*)

Spin-hydro 22.07.2024 30



A quick solution cnc.-rm

» Using the slow-roll approximation we find at late times

X | X ex f%w wCrx/Px X|| X ex f%w
LR e, A e

» Numerical inspection with the assumption of a very small initial value of x shows that:

m 7, has a much more important effect than 7, and 7,
m A large value of p,; (p.,) can amplify a very small initial spin potential to a very large one

Spin-hydro 22.07.2024 31



Final words



» Numerically solving spin EOM on top of an uncharged fluid in global equilibrium with a
non-vanishing thermal vorticity

> ...to understand better the equilibration timescale of spin degrees of freedom [A.
Chiarini, M.S., D. Wagner, A. Dash, and D. H. Rischke, work in progress]

» Multi-formalism polarization calculator code [N. SaB, M.S, A. Palermo, David Wagner, H.
Elfner, and Dirk H. Rischke, work in progress]

Spin-hydro 22.07.2024 32



Thank you for your attention,

g
lllease‘ﬂﬁéiiﬁt ask
hard question

meme=arsenaliy
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Local A polarization cnc.-rm

Solving standard dissipative hydrodynamics and feeding the results into polarization for-
mula of [weickgenannt et al. (2022)] On the freezeout surface: preliminary results signal that the
standard shear tensor contributes in the right direction [N. SaB, M.S, A. Palermo, David
Wagner, H. Elfner, and Dirk H. Rischke, work in progress]

fo 0~ utp,y
S :/dZ- —”{——QWU+ w_ 7 )
(P)Ns PN 5 P 9y 5,

X [exp (QVP — u;zyp) Up — Xgq a“‘jugl)(”g”””/’ u{,p“lplj)] }

22.07.2024 34

Spin-hydro



References | cnc.-ﬁ

Ambrus, V. E., Ryblewski, R., and Singh, R. (2022). Spin waves in spin hydrodynamics. Phys. Rev. D,
106(1):014018.

Becattini, F., Buzzegoli, M., Inghirami, G., Karpenko, I., and Palermo, A. (2021). Local Polarization and
Isothermal Local Equilibrium in Relativistic Heavy lon Collisions. Phys. Rev. Lett., 127(27):272302.

Becattini, F., Chandra, V., Del Zanna, L., and Grossi, E. (2013). Relativistic distribution function for particles
with spin at local thermodynamical equilibrium. Annals Phys., 338:32—49.

Daher, A., Florkowski, W., Ryblewski, R., and Taghinavaz, F. (2024). Stability and causality of rest frame
modes in second-order spin hydrodynamics. Phys. Rev. D, 109(11):114001.

Karpenko, I., Huovinen, P., and Bleicher, M. (2014). A 341 dimensional viscous hydrodynamic code for
relativistic heavy ion collisions. Comput. Phys. Commun., 185:3016-3027.

Ren, X., Yang, C., Wang, D.-L., and Pu, S. (2024). Thermodynamic stability in relativistic viscous and spin
hydrodynamics.

Schenke, B., Jeon, S., and Gale, C. (2010). (34+1)D hydrodynamic simulation of relativistic heavy-ion collisions.
Phys. Rev. C, 82:014903.

Spin-hydro 22.07.2024 35



References Il cnc.-rm

Singh, R., Shokri, M., and Mehr, S. M. A. T. (2023). Relativistic hydrodynamics with spin in the presence of
electromagnetic fields. Nucl. Phys. A, 1035:122656.

Singh, R., Shokri, M., and Ryblewski, R. (2021). Spin polarization dynamics in the Bjorken-expanding resistive
MHD background. Phys. Rev. D, 103(9):094034.

Wagner, D., Shokri, M., and Rischke, D. H. (2024). On the damping of spin waves.

Weickgenannt, N., Wagner, D., Speranza, E., and Rischke, D. H. (2022). Relativistic second-order dissipative
spin hydrodynamics from the method of moments. Phys. Rev. D, 106(9):096014.

Spin-hydro 22.07.2024 36



	Recap: surprising success of the local-equilibrium (LEQ) assumption
	What is semi-classical spin hydrodynamics? 
	Linear regime
	Bjorken flow
	Final words
	References

