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On the damping of spin waves

David Wagner,"? * Masoud Shokri,> T and Dirk H. Rischke! 3:*

YInstitut fiir Theoretische Physik, Johann Wolfgang Goethe—Universitit,
Maz-von-Laue-Str. 1, D-60438 Frankfurt am Main, Germany
2 Department of Physics, West University of Timisoara,
Bd. Vasile Parvan 4, Timisoara 300223, Romania
3 Helmholtz Research Academy Hesse for FAIR, Campus Riedbery,
Maz-von-Laue-Str. 12, D-60438 Frankfurt am Main, Germany
(Dated: May 2, 2024)

We show that, in ideal-spin hydrodynamics, the components of the spin tensor follow damped
wave equations. The damping rate is related to nonlocal collisions of the particles in the fluid,
which enter at first order in % in a semi-classical expansion. This rate provides an estimate for
the timescale of spin equilibration and is computed by considering a system of spin-1/2 fermions
subject to a quartic self-interaction. It is found that the relaxation times of the components of the
spin tensor can become very large compared to the usual dissipative timescales of the system. Our
results suggest that the spin degrees of freedom in a heavy-ion collision may not be in equilibrium
by the time of freeze-out, and thus should be treated dynamically.

Introduction — The well-known Barnett effect [1] pre-
dicts that a rotating fluid consisting of particles with non-
vanishing dipole moment becomes polarized along the ro-
tation axis. A similar effect was conjectured to occur in
noncentral heavy-ion collisions, where the large orbital
angular momentum gives rise to a nonvanishing vorticity
of the hot and dense matter created in the collision, which
in turn leads to a nonvanishing polarization of A parti-
cles [2-5]. This theoretical prediction was subsequently
discovered experimentally [6-8]. A quantitative explana-
tion of the observed data has initiated many theoretical
investigations in recent years [9-53].

The theoretical computations of the polarization of
particles often neglect the dynamics that cause the align-
ment of the spin and the vorticity. Instead, the spin de-
grees of freedom are assumed to be in equilibrium, such
that the spin tensor of the medium can be expressed
through standard fluid-dynamical gradients, such as vor-
ticity and shear [54-56]. In this way, the polarization
can be described by ordinary hydrodynamics, without
invoking any additional equations of motion. Such a sim-
plification is justified if the timescale of spin alignment
is sufficiently short compared to the other characteristic
time scales in the system. In general, though, this need
not be true, and the evolution of the spin tensor is gov-
erned by the conservation equation of the total angular
momentum, which provides six additional equations to
be solved. A fluid-dynamical theory that incorporates
this conservation law (and possibly additional equations
determining the dissipative spin degrees of freedom) is
referred to as spin hydrodynamics.

The question of whether the timescale governing the
spin-relaxation process is negligibly short is of eminent
importance for the correct computation of the polariza-
tion: If the timescale is long enough for the dynamics
of the spin tensor to play a role in the finally observable
polarization of particles, it is mandatory to include its

evolution in the hydrodynamic treatment of the system.

Recently, several works have taken on the task of com-
puting the spin-relaxation timescale [57-64], with results
depending on the microscopic theory employed. Consid-
ering spin-flip interactions of strange quarks in a quark-
gluon plasma (QGP), Ref. [57] found that the respec-
tive relaxation time is very long compared to the lifetime
of the system. On the other hand, the results of Ref.
[64] suggest that the time scale of spin relaxation for A
baryons is on the order of the QGP’s lifetime, necessitat-
ing a dynamical treatment of the spin degrees of freedom.

References [39, 44] computed the timescales on which
the dissipative components of the spin tensor relax to
their so-called Navier-Stokes values, and found them to
be comparable to the standard timescales of dissipative
hydrodynamics, such as, e.g., the relaxation time of the
shear-stress tensor. However, in that work, the relaxation
times of the ideal components of the spin tensor, i.e., the
ones whose dynamics are determined by the conservation
equation of the total angular momentum, have not been
computed. The purpose of this Letter is to provide an
estimate for latter, using quantum kinetic theory.

As has been shown in Refs. [51, 62, 65, 66], the ideal
components of the spin tensor follow wave-type equa-
tions. The damping of the associated spin waves is usu-
ally associated with dissipation, but, as has been dis-
cussed in Refs. [62, 66] in a relaxation-time approxima-
tion of the Boltzmann equation, the inclusion of nonlocal
collisions induces similar effects. In this work, we will
explicitly compute such damping through the nonlocal
collisions occurring at first order in A in a semi-classical
expansion, using a scalar four-fermion interaction and
considering the Lorentz-covariant spacetime shifts com-
puted in Ref. [67].

In this work, we set ¢ = kp = 1, but keep the re-
duced Planck constant & to indicate the order of quan-
tum effects. The metric tensor is defined as g, =
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diag(1,—1,—1,—1). The scalar product of two four-
vectors at, b* is denoted as a-b := a*b,,. The scalar prod-
uct of a four-vector a* with the vector v# of Dirac gamma
matrices is written as ¢ = a*,. The antisymmetrization
of a rank-two tensor A is defined as AW .= Arv — Ave,
while its symmetrization reads A#) = AP 4+ A We
denote the comoving derivative of a quantity X as X =
u - 0X. The four-velocity u* is normalized as u - u = 1.
The projector orthogonal to u* reads A" = g"” —utu”,
and a projected vector a* is denoted by a'* = A*q,,.
Similarly, the traceless symmetric projector of rank four
reads A7 = A&”Ag)ﬁ—A‘“’Aaﬁ/& and we denote pro-
jected tensors by angular brackets, A%) = AZZAO‘B )
Ideal-spin hydrodynamics — The basic equations of
spin hydrodynamics in the case of an uncharged fluid are
given by the conservation laws for the energy-momentum
tensor as well as the total angular-momentum tensor,

0T =0,  HhJ™ =0. (1)

The total angular-momentum tensor can be decomposed
as JMV = LMY 4 RS where LMY = TAVzH is the
tensor of orbital angular momentum and S** is the spin
tensor. Inserting this decomposition, the second conser-
vation law in Eq. (1) takes the form

By S = Tlvml (2)

In the general case of a dissipative fluid, this system of
44+ 6 = 10 equations is not closed, because the energy-
momentum tensor (which does not need to be symmet-
ric) has 16 components, while the spin tensor has 24,
which follows from the antisymmetry in the last two in-
dices, SM = — S I The symmetric part of the energy-
momentum tensor can be decomposed as

1
g T = cutu” — PAM 11, (3)

where u* is the four-velocity of the fluid, ¢ and P de-
note the energy density and pressure in local equilib-
rium, and IT*" collects the dissipative degrees of freedom.
In the case of a conventional ideal fluid, the dissipative
degrees of freedom vanish, II*” = 0. Furthermore, the
pressure P is not an independent quantity but depends
on ¢ via an equation of state, P(e), such that the ideal
energy-momentum tensor is completely characterized by
the four fields {e, u#}. Alternatively, since energy den-
sity and pressure in local equilibrium are functions of the
temperature 7', the energy-momentum tensor can equiva-
lently be described by the fields {7, u*}. Thus, in conven-
tional uncharged ideal fluids, the conservation equation
for T* suffices to describe the fluid evolution. On the
other hand, for a dissipative fluid, one requires additional
equations to determine T1#".

In a similar manner, we define an ideal-spin fluid as
a fluid for which, for a given energy-momentum tensor,

Eq. (2) fully determines the evolution of the spin ten-
sor. Then, the number of independent components of
the spin tensor SM¥ must reduce to six, which can be
collected into an antisymmetric second-rank tensor Q**
called the spin potential. The spin potential is a La-
grange multiplier for total angular momentum, just as
the inverse four-temperature S* = fut, with g = 1/T,
is the Lagrange multiplier for energy-momentum. The
other 18 independent (and purely dissipative) quantities
in S are neglected. Note that “ideal” in our definition
refers only to the spin part, since T"” may still contain
dissipative terms, if IT"” = 0. The resulting theory of
ideal-spin hydrodynamics consists of Eq. (2), the energy-
momentum conservation equation, plus additional equa-
tions to determine the dissipative quantities in IT*”, but
neglects all dissipative terms in S*¥. In global thermo-
dynamic equilibrium, Q*” = wh” | with wh” = %8[”6“}
being the thermal vorticity.! In contrast, in ideal-spin
hydrodynamics, the spin potential remains an indepen-
dent variable, which follows an evolution equation.

To leading order, S is linearly proportional to the
spin potential, such that the tensor decomposition of the
spin tensor reads

SMY — A+ Butua Q0! + CurQelt A,
+ Du Qo AYA 4 EAX (Qoliy]
= (A - B - C) v ults¥) + Bult e By 04
+ (A = 20) u e *Pugwg + DrIFAYIN | (4)
where the quantities A, ..., F are functions of the tem-

perature only and we have used the following decompo-
sition of the spin potential

Qv = ult !l 4 By s (5)

with the “electric” and “magnetic” components

k= —QFy,, | wh = %E“VO‘BUUQM; , (6)
respectively. Note that the functional forms of the co-
efficients A, ..., F in Eq. (4) depend on the underlying
microscopic theory. We will explicitly compute them be-
low in the framework of kinetic theory. Assuming that
the antisymmetric part of the energy-momentum tensor
is also linear in k* and w*, it can be decomposed as (cf.
Refs. [34, 68], and the supplemental material)

Tl — _p2p(e)y, e (Hu] 4 ﬂu”])
+ TPy, (W, + BQy) + KT, (T)

1 Note that in global equilibrium Bu is a Killing vector, i.e.,
O(uby) = 0.



where QF = %6“”""8 U, Vaug is the fluid vorticity vector.
Furthermore, IIY)" = —II'}" contains dissipative correc-
tions, which, in an ideal-spin fluid, are functions of the
standard dissipative degrees of freedom II*”. Note that,
as the system evolves towards global equilibrium, up to a
factor —f the electric (magnetic) component k* (w*) of
the spin potential approaches the fluid acceleration (the
fluid vorticity), while IT}” tends to zero. Then, T =0
in global equilibrium. Under these conditions, Eq. (2)
gives rise to the following constraint on the coefficients
A, ... E:

B-C-D - [3 (8)
ﬁ

The coefficients T'(*) and T'“) are determined by the un-
derlying microscopic theory, see below. In Eq. (7) we
have also assumed that T is of order A2, which we will
confirm by an explicit calculation in the kinetic-theory
framework. Up to first order in £, the conservation equa-
tion for energy and momentum is then simply

9, T ~ 0. (9)

Considering Eq. (3), we observe that the spin potential
does not enter this equation. Thus, the evolution of the
fluid fields {7, u*}, and that of possible dissipative terms
in II*”, decouples from the evolution of the spin poten-
tial. The latter is solely determined by Eq. (2), which
requires the fluid fields as input.

In the following, we assume the simplest solution to
Eq. (9): a fluid with constant temperature at rest, i.e., a
static background with 7' = const., u* = (1,0)*. Since
the coefficients A, ..., E and I'®), T(®) are functions of
temperature only, they also become constant.

Wave equations in a static background — In a static
background, all derivatives of the four-velocity and the
temperature vanish, as do the dissipative quantities,
I = II')Y = 0. Then, we insert the divergence of Eq.
(4) on the left-hand side of Eq. (2) and Eq. (7) on the
right- hand side. We contract the resulting equation with
Uy, and 1 ewaﬁu to find the following equations of mo-
tion for the components of the spin potential,

(A= B—C)&" = Bet*Py,V 4wp + AT H
(A —20)w'" = Dt Py, V ykp — AT

(10a)
. (10b

Here we also made use of the fact that @’ = 0 in a
fluid at rest. Defining «* = (0, k)" and w" = (0,w)",
the equations above can be cast in the form,

Tk + K =1,V Xw, (11a)
Tow +w=—p,V X K, (11b)
where we defined
_ A-B-C o E
Ky ey ok
A-2C D
P p—— fheo = — (12)

hI' () Rr@)

At this point, it is already apparent that (provided 7,, and
T, are positive) both k and w follow coupled relaxation-
type equations, with the characteristic timescales given
by 7, and 7,,. Taking the divergence of Eqgs. (11), we find
that the longitudinal components V -k and V -w relax to
zero on timescales of 7,, and 7, respectively. Note that
this result is consistent with the findings of Ref. [65],
where the relaxation times 7, and 7, diverge, such that
the longitudinal components are constant in time.

Let us now consider the dynamics of the transverse
degrees of freedom in the case V -k = V - w = 0. Then,
taking the time derivative of Egs. (11) we obtain

X +aX 40X - 2AX =0, (13)

where X is either k or w and where we defined

o= Tr + Tw 7 b= 1 7 C2 — Hor oo ' (14)
Tk Tw TkTw TeTw

5 -

Equations (13) constitute damped wave equations. For
a symmetric energy-momentum tensor, I'®) = T'(“) = (,
the coefficients a and b vanish, while ¢2 stays finite. One
thus obtains undamped wave equations as in Ref. [65].

We now Fourier-Laplace transform the wave equations
(13),

3 ~ .
X(x’ t) _ / / d k e*lk-xefst , (15)
0

and find the dispersion relations

[TH + 7, + i\/4027'272k2

S5 KW

(1w — TW)Q} .
(16)

S4 =
2T T

For wavenumbers k > |7, 1 — 7,1|/(2¢s), s acquires an
imaginary part and the spin waves propagate, while for
0<k<|r;!—77%/(2cs) they only decay. Note that in
the limit k¥ — 0 we have

! -1 ay

» o min(7,, )

T max (7., Ty )
indicating that s; dominates the dynamics of the system
at long wavelengths and late times. In the following, we
will explicitly compute 7., and 7, using quantum kinetic
theory.

Kinetic theory with scalar interaction — In kinetic the-
ory, the symmetric part of the energy-momentum tensor
and the spin tensor are given by [39, 44] 2

TW) = / dUEPEY f(z, k. 5) , (18a)

1
S — 5 / AUk Pkoss f(x,k,5) . (18b)

2 For the sake of brevity we omitted a term that does not con-
tribute to the equations of motion.



Here, k* = (kY k) is the particle’s four-momentum,
where k° = vk2 + m2, with m being the particle mass,
and dI' := dKdS denotes the integration measure in mo-
mentum and spin space, where dK = d3k/[(27h)3k"],
dS = m/V3n2d%é(k - 5)6(s - s + 3), cf., e.g., Refs.
[15, 49, 69]. The quantity f(x,k,s) = feq(z, k,5) +
0 f (x, k) is the single-particle distribution function, where

h
qu = e_ﬂ'k (1 - Eﬁuyaﬁguuka5ﬁ> (19)

is the local-equilibrium distribution function for spin-1,/2
particles, while 0 f(x, k) contains dissipative corrections
and, for an ideal-spin fluid, is independent of 5. In a static
background, ¢ f(x, k) vanishes and S* is constant, while
., can be space-time dependent. Note that, for the sake
of simplicity, we neglect quantum statistics. Inserting the
distribution function (19) into Eq. (18a) and using the
relation [dSs* = 0 yields precisely the form (3), with
e =1y, P= Iy, II"™ = 0, where we introduced the
thermodynamic integrals [70]

1

Ly = ——
7 (2¢+ 1)

/ AT E) (B2 — m?)%e= PP . (20)
Here, Ex = u - k is the energy of a particle with three-
momentum k in the fluid rest frame. Similarly, insert-
ing the distribution function (19) into the spin tensor
(18b) and using the relations [dS =2 and [ dSsts” =
—2(g"” — kMk¥ /m?), we obtain Eq. (4), with the coeffi-
cients

h h h
A - ZIIO 5 B - = =

(21)

which satisfy the constraint (8). Upon using these results
as well as the relation m2I1g = Izg — 3I3; in the general
expressions (12), we find

I3 Iz — I

Tk = Tw = Am2T @)

whereas p, = 7./2, o = MKF(“)/F(“’). We remark at
this point that ¢2 is not affected by T#] and agrees with
the result of Ref. [65], if we reduce the latter to classical
statistics.

One can show (cf. supplemental material) that, on a
static background, the antisymmetric part of the energy-
momentum tensor has the form

701 = 5 [ATDPAPR (fuus e~ feall) + (23)

where we defined [dI'] := dI'y dT'2 dIV dT'. Furthermore,

W is the transition amplitude for the scattering of two
particles from a state with momenta ki, ks and spins
51,62 into a state with momenta k, k' and spins s, s’. Fi-
nally, A¥ is the spacetime shift, which quantifies the non-
locality of the collision. In Refs. [15, 49, 69], it was found

that such a term, which arises as a first-order correction
in an h-gradient expansion, can describe the mutual con-
version of orbital and spin angular momentum. The pre-
cise form of the transition amplitude and the nonlocality
depends on the microscopic interaction of the particles
[67].

Inserting Eq. (19) into Eq. (23), the antisymmetric
part of the energy-momentum tensor becomes

B ~ ~
Tlv) — -5 /[dF]WA[ukV]e*ﬁ(EkJrEk/)Qaﬂ
X (k?sf + ks — k%s® — k’as’ﬁ) : (24)

where we defined Q= Q5. Then, we can write
it in the form (7), with the coefficients

P 1 vkl v] — / o
I = /[dF]WgN”k lem PEEE wu” €y gap
X (ko‘sﬁ + ks — ksl — kg%g) ,

1
rw .— -
24m?

X (kzo‘sB + Ks? — kel — kgsg) .

(25a)
/[dF]VNV%A[“k”]e_B(EkJFEk’)AﬁA‘Zepmﬁ
(25b)

We remark that, although both T*) and I'“) diverge as
1/m? in the limit of small masses, the coefficients (22)
stay finite. Note that, if the collisions are purely local,
ie., if A# =0, the energy-momentum tensor is symmet-
ric. Consequently, we then have I'®) = I'®) = (0 and
the spin waves in Eqgs. (13) are undamped, which implies
that the damping of the spin waves originates solely from
the nonlocal part of the collision term. The latter drives
the relaxation of the spin potential towards the thermal
vorticity.

Numerical results — We now compute the relaxation
times 7, and 7, for a scalar four-fermion interaction,
Lint = G(Y1p)? (for details, see supplemental material).
In Fig. 1, we show 7, and 7, as functions of z = m/T
in units of the relaxation time 7, of the shear-stress
tensor in the 14-moment approximation [70], computed
using the same four-fermion interaction as for 7., 7.
While 7, is of the same order of magnitude as 7., 7,
exceeds 7, by a factor of ~ 2 (at z &~ 0) to ~ 1960 (at
z ~ 100). Note that 7, is of the same order of mag-
nitude as the timescales of the dissipative parts of the
spin tensor [39, 44]. However, the relaxation of both k*
and w*, and thus of Q2" is dominated by the longest re-
laxation time, see discussion after Eq. (17), which is 7.
For strange quarks in the deconfined phase of strong-
interaction matter, z ~ 0.5, and 7, is about a factor
of four larger than 7, and a factor of two larger than
Tr. In this case, the dynamics of the spin potential oc-
cur on similar timescales as the dissipative processes in
the system, and one would have to solve the full system
of spin-hydrodynamic equations [39, 44] to describe the
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FIG. 1. The relaxation times 7. and 7. as functions of z =
m/T in units of the relaxation time of the shear-stress tensor
Tr.

evolution of spin degrees of freedom. On the other hand,
for hyperons in the hadronic phase, we have z ~ 10, and
the timescale over which the spin potential Q" relaxes
to its equilibrium value w"” is considerably larger than
the typical dissipative timescales of the system.

Conclusion — The main results of this Letter are the
following three statements: First, in ideal-spin hydrody-
namics, the components of the spin tensor in a static
fluid background follow wave equations, the solutions of
which are damped if the energy-momentum tensor has
a nonvanishing antisymmetric part. Second, if a kinetic
description of the fluid is applicable, the damping rate of
the spin waves can be expressed through integrals over
the nonlocal parts of the collision term. Third, an esti-
mate using a simple four-point interaction shows that the
relaxation time for the spin potential towards its equilib-
rium value varies from timescales of the order of the other
dissipative processes (for z < 1) to timescales which are
orders of magnitude larger (for z > 1).

The implication from the third finding for heavy-ion
phenomenology is the following: Approximating the spin
potential with its Navier-Stokes value, i.e., the thermal
vorticity, is only justified in the high-temperature or
small-mass regime. In a high-energy heavy-ion collision,
the spin potential equilibrates to the thermal vorticity in
a hot QGP with light particles. This explains why the
results of Refs. [54-56] are consistent with the data.

However, in order to obtain a complete description of
the spin degrees of freedom even in high-energy collisions,
one has to treat the spin potential dynamically, at least
as long as the masses of the particles carrying the per-
tinent spin degrees of freedom are of the order of the
temperature of the system. From a computational point
of view, this means solving six additional hydrodynamic

equations (for k* and w*) in the ideal case, and several
more in the dissipative case, as laid out in Refs. [39, 44].
At lower collision energies, on the other hand, we can al-
ready speculate that neglecting the dynamics of the spin
potential is a poor approximation.

Our results agree qualitatively with those of previous
works that computed relaxation times due to collisions
that flip the spin of the particles. This agreement is to
be expected, since this type of collisions corresponds to
the nonlocal parts of the collision term in our setup. Fur-
thermore, compared to the results of Ref. [62], which also
considered nonlocal collisions, the separation of our re-
laxation time scales is larger. We think this difference
can be attributed to the form of the collision integral
and the use of the Lorentz-covariant nonlocal contribu-
tions derived in Ref. [67]. We also point out that there is
no contradiction to the findings of Refs. [39, 44], which
obtained rather short relaxation times for the dissipative
components of the spin tensor. The reason for the differ-
ence is that these quantities relax to their Navier-Stokes
values through local collisions, which include all types
of processes (including those where no spin is flipped)
and constitute the dominant contribution to the collision
term.
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SUPPLEMENTAL MATERIAL

Derivation of Eq. (8)

Here we derive the constraint on the functions A4,..., F given by Eq. (8) that follows from the fact that the spin
tensor should be conserved in global equilibrium. Acting with 0\ on the spin tensor in global equilibrium (i.e., where
QMY = ") yields

NSH = tqm ) (B -C-FE- ﬁ?—?) + uqw? ] (B -C-D- ﬂ%—?) + wo WD - E) (26)

where we defined the vorticity w” = %V[“u”] and used that in global equilibrium V#u” = w#”. Employing that in
global equilibrium

ot = —ﬂu[“a”] — Bwh? (27)
we find that

al

pyV) (28)

ot = ﬂaau[“w"]o‘ = —dgut’® = —q,w

whereas u,w®#4*] = 0. Then, the divergence of the spin tensor reads

v . « 14 8E
NSH = tqw iy <B—O—D—B%> , (29)

leading to Eq. (8) in the main text.

The antisymmetric part of the energy-momentum tensor

In this section, we derive the antisymmetric part of the energy-momentum tensor that was used in the main text.
Starting from interacting Dirac fields and employing the Wigner-function formalism, one can show that, to second
order in h, the conservation equation of the total angular momentum reads [39]

hoy\SMY = gaA / dTErSIY f (0, K, 5)

= [T [+ A= Ak o+ Ba = ks, flo + A = A K8, hys)

_.}‘V(I + Al - A,kl,ﬁl)f(l’ =+ AQ - A7k2752)f('r =+ AI - Aa k/,ﬁl)f(ilf, kvs)jl
.y (30)

where we defined 24" := —%e““o‘ﬁkasﬁ, f = 1—f (for Fermi-Dirac statistics), and we have employed the Boltzmann
equation [67]. Moreover, we have made use of the “weak-equivalence principle” of Ref. [69] to simplify the collision

term. Furthermore,

W = (27Th)45(4) (k + K =k — k2)m4Ma1a26162M%726162 hBl’Yl (klvsl)hﬂz’h (ka 52)]7’52012 (klvsl)hl51a1 (kv 5) (318“)
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is the transition amplitude [67] and

ihm?

Al{ T 4.)7\7 (27Th)45(4) (k + K~k — kQ)MalazﬁlﬁzM71726162h52’y2 (k2a52)h520¢2 (klvsl)htslal (k,ﬁ) [h(klasl)v 7#]61% ’
(31b)
.h 3
AS = _24;\1}/ (27Th)46(4) (k + K~k — kQ)MalazﬂlﬂzM’Ylvzélézhﬂl’h (klvsl)h52a2 (klvsl)hl51a1 (k,s) [h(k2752)7 7M]ﬁ2’vz ’
(31c)
.h 3
A= _14% (27Th)45(4) (k + K~ kv — kQ)MalazﬁlﬁzM71726162h51’>’1 (klasl)hﬁfvz (k2752>h510¢1 (k,ﬁ) [h(k/vsl)a 7#]6200 ’
(31d)
.h 3
Al=o 24% (27Th)46(4) (k + K~ k1 — k2)Ma10¢2,6’1,32 M’Y1V25152 hﬂl’h (kl ) sl)hﬁzw (k2752)h520¢2 (klv 5/) [h(ku 5)7 7H]61a1
(31e)
are the spacetime shifts, with
1
hap(k,s) = ™ (T +vs8) (K +m)],p5 - (32)

The fourtlirank tensors Muaa’a,a, describe the vertices of the theory. In the case of a scalar four-point interaction,
Lint == G(11))? with coupling strength G, they are given by

2G

7 (5o¢a1 50/(12 - 5(101250/011) ) (33)

Maa’alag =

leading to the following expressions for the transition rate and the spacetime shift:

— 42
W = 2rh) 6@ (k + k& — ky — kg)%Re [Tt (hhg) Tr (hal') — Tr (hhih'hs)] | (34a)
Iz 45(4) / h 4m*G? / /
AY = 27h)* 6@ (k + k' — ky — ko) — o Im [Tt (hhs) Tt (hyy"R') — Tr (hhyy"h'hs)] | (34b)
m
1% 45(4) / h 4m4G2 m / / o
A = 2rR)* Y (kE+ K — ki — kQ)E P Im [Tr (hhoy") Tr (hih') — Tr (hhih'hoy")] | (34c)
/ 4 5(4) / h 4m*G? / /
A" = (27R) 6D (k + K — ky — ko) — o Im [Tt (hhs) Tt (hy/A*) — Tr (hhyh/'A*hs)] | (34d)
m
h 4m*G?
AF = 2rh) 6D (k + K — ky — ko)— Yy Im [Tr (hy*h2) Tr (hih') — Tt (hy"hah'ho)] (34e)
m

Here, the traces are taken over Dirac space, and we abbreviated h; = h(k;,s;), i = 1,2, and similarly for h, h’. In
order to obtain Egs. (34), we have used the fact that W and A" are symmetric under the exchange (k1,51) <> (ko,52)
under the integral in Eq. (30). Moreover, we have employed that h' = ~°h~? as well as the fact that, for the vertices
(33), the identity

0 .0 * 0 .0
'YaﬁﬂYa’ﬁ’Mﬁﬁ’51527ﬁ1a1752a2 = Mo, azaar (35)
holds.
On the other hand, T# can be expressed as (cf. Eq. (43a) of Ref. [40)]),
h d*k
Tl = = / DYk 36
m ) (2rh)tY ’ (36)

where D}, = Re(: Try*C :) with the matrix C' being the collision term in Dirac space.

Equations (30) and (36) provide us with two equivalent descriptions of the antisymmetric part of the energy-
momentum tensor; in the following, we will use both of them. From Eq. (30) it is clear that T!**] contains both local
and nonlocal parts, with the latter being proportional to gradients of the involved distribution functions. This suggests
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that the collision term Dj; can also be split into local and nonlocal parts (to be specified in Subsec. ). Therefore, we
can write the local part of T as

T =t / (AT (Fu o T — Fofaf )

/ 27h): VIOCalkV]7 (37)

where we abbreviated f; := f(z,k1,s1) and similarly for fo, f/, and f. Note that the second line in this equation
results from Eq. (36). On the other hand, using Eqgs. (30) and (36), the nonlocal part is given by

T = [z ] (a2 - %) [@010) 2T F - @3t 1)

(A3 = AN [A@ T T = RO ) f] + (A = &%) [ fa0T)F = Fifa(Ors") }

/ 27Th &LnonlocalkU] . (38)

In the next subsections, we will evaluate the local and nonlocal terms separately.

Local part

To evaluate the local term of the antisymmetric part of the energy-momentum tensor, we may use both lines of
Eq. (37), since their equivalence is enforced by the conservation of total angular momentum. It turns out to be
advantageous to explicitly compute the collision term DY;, which (to first order in &) reads [67]

Df = SInfTy [ (87 G — 9°G7)] - TReTr [y ({27, G Jop — {9°,G7 o)) - (39)

Here, X2 are the greater and lesser self-energies, and G< are the greater and lesser propagators, respectively. Fur-
thermore, we defined the Poisson bracket of two functions f(x, k) and g(x, k),

{f(x, k), 9(x, k)i = (0,f) (0 9) — (0% ) (Oug) - (40)

As shown in Ref. [67], we can expand the propagators and self-energies in terms of “quasiclassical” and “gradient”
contributions,

GR=G3+G3, »2=32+3%. (41)

Since both the gradient and Poisson-bracket contributions involve derivatives of the distribution functions, the required
local part of D% consists solely of the quasiclassical contributions,

DY et = 5T [ (965~ 55.65)] (12)

The quasiclassical propagators can be expressed in terms of the distribution functions f and fN as
Gz, k) = —4mmhd(k* — mz)/dS(k)h(k,s)f(:zr, k,s), (43a)
GZ.(z, k) = dmnhd(k* — m?) / dS(k)h(k,s)f(z, k,s) (43Db)

where we defined the lesser propagator with a different sign as compared to Ref. [67]. The quasiclassical contributions
to the self-energies are

3
v (e k) = mT / dTy dDy AT (27h)46@ (k 4+ k' — k1 — ko) Mooy an M, 5235

qc,of3

X hoy gy (k1,51)Pay, (K2, 52)hgrar (K 8') (2, k1, 81) f (, kzaﬁz)f(% K s") (44a)
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and

m3

Yo ag@ k) = - dly dDo AT (27h) AW (k + K — k1 — ko) Maorayas Mpa, gap50

qc,af

X hozlﬂl (k1751)h/01262 (k2752)h6’o/ (klasl)f(xv klasl)f(xa kg,ﬁg)f(i[], klusl) 3 (44b)

respectively. Here, the indices «, 3, ... are Dirac indices, and the Einstein summation convention is assumed. Inserting
Eqgs. (43) and (44) into Eq. (42), we find

DY toeas = —Ammhd(k* — m?) / dTy dTy dIY dS(k) (27h) 6@ (k + k' — ky — ko) U* ( fifof f = Fifaf f) . (45)

where we defined

3

m
U= 4 Im [Maa'alazMﬁlﬁzﬁﬁ/halﬁl (klasl)hazﬁb (k2752)h5'0¢'(kl?gl)hﬁé(k75)7§a] : (46)

Comparing this expression to Eq. (31e) and employing the identity (35), we find
1 —
rh)* W (k + K — ki — ko) UM = 57 WAL (47)

Upon inserting Eq. (47) into Eq. (45) and subsequently into Eq. (37), we arrive at the result
v 1 v v %7 FF
1) = 5 [rPALR (1 F - FRf'S) (13)

Before proceeding, let us note that the result (48) gives a precise meaning to the total angular momentum as a
collisional invariant. Subtracting the first from the second line of Eq. (37), we find

3 [l (8w 2o ) (£ T - RiRaf ) =0, (49)

which allows us to identify the collisional invariant as J* := AlrEY] 4 %Zé‘ Y. Indeed, this intuitive form has already
been assumed in Refs. [44, 69], and here we confirmed it rigorously.
In general, the distribution function can be written as f = foq + 6 f, where

o= Jo (14 Ff 20, ) + 00 (50

is the local-equilibrium distribution function, with fy being the Fermi-Dirac distribution. Then, the local part of T[]
takes the form

T[l“’] — T[#UJI,O + 5T[l“’] (51)

local — “loca local »

where 57”1[0*5;]1 collects the dissipative contributions and is of no further interest for the following. Inserting the local-

equilibrium distribution function and neglecting terms of second order in A, we obtain
v h A £ F v a « [¢3 a
T = 3 /[dF]Wfo,lfozféfoN”k 1Qas (Eslﬂ +32f -2 - Esﬂ) : (52)

Nonlocal part

To compute the nonlocal part of T!#¥] it is simpler to employ the first and second lines of Eq. (38) rather than the
third one. First, note that we can separate this expression as

T[NV] _ T[HV] + T[HV] (53)

nonlocal = “nonlocal,1 nonlocal,2
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where we defined

Trglég]local,l = g /[dP]WEgUA -0 (flf??f_ ﬁﬁf/f) ) (54&)
1o =1 [ [dr]szg"{A% (OO LT T = OO 1| + 83 |10 f)T T = FioxF)f'f]
+ A [ [ F2(O0TVF = FoFo(On )| + A [T 03 ) =l (0 )] } . (54b)

We will evaluate these expressions further by neglecting their dissipative contributions as well as terms of higher order

in h, i.e., we set f = fo, and likewise for fi, fo, and f’. This immediately implies that TIE’;II;]IO%M = 0. Now, we write
Onfo = ~fofok?0xB, = fofok? (@x, = &3,) (55)

where we defined the thermal vorticity and the thermal shear respectively as

1 1
o — _Ea[uﬂV] , = 58(“5”) ) (56)
Upon inserting Eq. (55) into Eq. (54b) we obtain

T o= = (TP Fo s Foa fifo (MY + AGKE — Ak — AP - 57
nonlocal 2 = [AUIWEEY fo 1 fo2fofo (ATk] + A%k, (@ap — &ap) - (57)

Renaming integration variables and using that foJ ]70,2 fofo= fofg) fo,1f0,2, we can rewrite this as
T[;,w] h AN F . F / nv ay.B a1.p
nonlocal,2 — _5 [dF]Wf0,1f0,2f0f025 (Al kl - A% ) (wa,@ - 5013)
h YA 7 ra « v v
— =5 [P Roafoafofolsk? (S8 = D) (a3 — Gas)
h YA 7 ra «@ v v v v
=~ [T Fonfoafofol"k? (S8 + D — B = 22 (s — ) - (58)

Using the fact that the thermal vorticity is antisymmetric and the thermal shear is symmetric, the most general form
of this integral is
T[ﬂv] _ X,Lwaﬁwaﬂ _ Yﬂvaﬁgaﬁ 7 (59)

nonlocal,2

where X8 (YrraB) is antisymmetric (symmetric) in a and 3. Explicitly, these rank-four tensors read
XHveh — _g / [ATIW fo 1 fo, £ foAlRP) (B 4 5w — sy — sy (60a)
y b — _g / [ATIW fo1 fo,2 fo foACKD (S8 4 i — sy sy (60D)
Since X***# and Y**# depend only on equilibrium quantities, their respective tensor decompositions read

xmveB . x gyl APl 4 X, gl[,BAo‘] vl (61a)
yHres =y (@ APyt (61b)

with scalar functions X;, X2, Y7, which can be obtained from the tensors X**®# and Y***8 by suitable projections,

1 1

X, = guuuﬁAya Xnvalh Xy = EAV[;AW xmeB (62a)
1

Y, = _guuuBAva yrab (62Db)

From these expressions, it becomes clear that X#**8 = X #1 whereas there is no such relation for Y#**#_ Therefore,
we can write

T[HV] y = Xaﬁ,uvwaﬁ _ Y,uvaﬁé-aﬁ , (63)

nonlocal,
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or explicitly

v h YA £ F v « «@ «@ «
Ttz = =3 / (AT fo Jo2 fo foAV ks (3af + 2af - 37 - 307)
b aer A
45 [T or ol oA 6y (S + 322 — 22 —x2) (64)

Complete expression

Combining Eqs. (52) and (64), we find for the antisymmetric part of the energy-momentum tensor in local equilib-
rium

14 h A £ ra v « « [e3 «
Ty = 5 (Qup — was) / (AW o foafofodlk) (557 + 257 — 25 - x27)
h SAyr P v v
+ gfaﬂ /[dF]Wfo,lfo,zféfoA(akﬁ) (Zhr + 2y — oy — 5y (65)

As expected, this only vanishes in global equilibrium, where Q*” = w*” and £*” = 0. Given the tensor structures at
our disposal, the most general decomposition is

T = p2r) gl (Qula _ wu]a) g + R2T) (Q<u><u> _ w<u><V>) F 2T @y lrevlay, (66)

where we defined the coefficients

) .= —2% - %uuulgA,,a [ATIW f1.0 fa.0f4 fo APk (ng + 38 32f Egﬂ) : (67a)
P o —4% - ﬁAVﬂAW ATDWFr 0 Foofifo k) (258 + 580 — 597 - 5¢07) (67b)
r@ .= 2% = %u#uﬁAm [ATIW fr0 fo0 fo fo ACKD (S8 4 2 — sy s (67¢)
However, note that
€%y = 2 [V (Bu%) + AL (B wa = 3 (V"5 + B (68)

which, together with the relation (for uncharged fluids) V¥ 3 = — V" P/(e + P) and the equation of motion (neglecting
dissipative terms)

P
e+ P

~ U

(69)
yields
Wy, =0, (70)

such that we can drop these terms as they are of the same order as dissipative ones. Evaluating also the projections
of the spin potential and the thermal vorticity, we finally obtain

T = —R?rtyle (,.m + ﬂu”]) + RPT @By, (ws + BQp) (71)

where QF = %e“”""@ u, Vaug is the fluid vorticity vector.




