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Abstract

The hydrodynamic theory of spin current is a useful tool that can be used to
describe different phenomena, ranging from the spin in liquid metal to the global
spin polarization in heavy-ion collisions. Recently, exhaustive analyses of spin
hydrodynamics have been performed and the constitutive relations are obtained.
The spin coefficients that appeared in the constitutive relation are vital to the
property of the spin current. The heavy-ion collision involves strong interaction
so we can’t obtain these coefficients from the correlation functions in quantum
tield theory.

The holography principle, which implies we may use a classical bulk gravity
theory to calculate the correlation functions in strongly coupled boundary quan-
tum field theory, could be a method to calculate these spin transport coefficients.
In this paper, we choose a simple vector field model as the holography model.
This vector field is dual to the trace of contorsion in the hydrodynamic theory.
We performed the calculation at an AdS-Schwartzschild background spacetime
and we treat the background value of the vector field as a small number. We
constructed the counterterms for the vector field action at the probe limit. We ob-
tained Kubo relations for some spin transport coefficients base on the research [1].
We calculated these transport coefficients and found them proportional to the
slow falloff mode of the vector field.
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1 Introduction

Hydrodynamics is a low-energy effective theory that can be used to describe clas-
sical or quantum many-body systems. It can be used to describe a wide range of
phenomena from flow in blood vessels to the plasma emitted by stars. Recently,
interest in the hydrodynamic theory in the presence of a conserved angular mo-
mentum density has increased. The angular momentum density can be consid-
ered as the combination of vorticity and spins. Because of the spin-orbit coupling,
vorticity and spin current can influence each other. Takahashi et al. [2] reported
the first observation of the coupling between vorticity and spin current. Figure
shows their equipment to generate the spin current. The left panel shows the
Hall effect, which means adding a magnetic field to the electron current causes
an electron voltage in the perpendicular direction. The right panel shows that
adding a gradient of vorticity causes a spin voltage that can generate the spin
current.
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Figure 1: Schemaic illustrations for spin hydrodynamic generation

In the context of ultra-realistic heavy-ion collisions, the fragments on two
sides are usually not aligned center-to-center. These collisions create quark-gluon
plasma which can be well described by hydrodynamic theory [3-7]. The angu-
lar momentum caused by non-central collisions creates a strong vortical struc-
ture that couples to the spin current. Extensive research on this subject has been
performed [8-13]. Recently, the global spin polarization of A and A has been
measured at RHIC [14,15] and hydrodynamic analysis of spin current [16] have
shown a good fit with the experimental results.

A comprehensive analysis of spin current hydrodynamics in the presence of
torsion has been derived in [1]. The torsion is necessary because it can avoid
ambiguity in defining the energy-momentum tensor and the spin current. The
constitutive relations for spin current in the second order in derivative have been
constructed, which brings tens of transport coefficients. Since heavy-ion colli-
sions involve strong interaction, it’s not possible to calculate them from the cor-
relation functions in QFT. These transport coefficients may be determined by
using Bayesian analysis on experimental data [17]. The holography principle,
which states that a strongly coupled gauge theory is equivalent to a higher di-
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mensional gravity theory, has been used to investigate the hydrodynamic theory
in heavy-ion collisions for many years [18-20]. The essential idea is that trans-
port coefficients correspond to the response of current to external sources, using
holography we can relate this source to a field in the gravity theory and calcu-
late the response. In fact, the shear viscosity of quark-gluon plasma calculated
from holography [21,22] is similar to the experimental data with hydrodynamic
analysis [23]. This result inspired us to investigate the spin current transport co-
efficients from holography.

In this paper, we choose a simple vector field model as the holography model.
This vector field is dual to the trace of contorsion in the hydrodynamic theory. In
Chapter 2 we introduced preliminary knowledge about the hydrodynamic the-
ory, spin current, and the basics of holography. In Chapter 3 we summarized
some results that we need to use form [1]. In Chapter 4 we investigate our model
by solving the equations of motion perturbatively. We obtained some transport
coefficients and found them proportional to the slow falloff mode of the vector
field.



2 Preliminary knowledge

2.1 Hydrodynamics

Hydrodynamics was invented to describe the dynamics of liquid. From the field
theory’s point of view, hydrodynamics is an effective field theory at the low mo-
mentum limit w — 0,k — 0. It describes the behavior of macroscopic quantities,
for example, velocity field and temperature fields.

There are two important ingredients for hydrodynamics: conservation law
and constitutive relation. The conservation law comes from the symmetry of a
theory and serves as the equation of motion. Complicated microscopic behaviors
are simplified as we zoom out the length scale, they become constitutive relations
that describe the relations between currents and hydrodynamic variables.

Let’s consider relativistic ideal fluid as an example. Translation invariance
gives the conservation law of energy-momentum tensor:

9, T =0 2.1)
The constitutive relation for ideal fluid is:
T" = (e 4+ P)u'u® + Pyh°. (2.2)

This relation shows the expectation value of the energy-momentum tensor is only
determined by the velocity field j(x), energy density field e(x), and pressure field
P(x). Different fluids, though they can obey the same conservation equation,
their constitutive relations are different. For example, the constitutive relation for
viscous fluid contains an extra term on the right-hand side of (2.1):

2
Tz] = -7 (aiuj + ajui — géijakuk> — ééijakuk. (23)

1 is the shear viscosity and  is the bulk viscosity.

Bringing the constitutive relation into the conservation law of ideal fluid, we
can get the hydrodynamic equations. The time component in conservation law is
the relativistic continuity equation:

9, TH =0 — % + (e + P)a,ut = 0. (2.4)

The spatial component in conservation law is:
0uTH =0 — (e + P)u'd,u’ +9'P = 0. (2.5)

This is the relativistic Euler’s equation, which is essentially the relativistic version
of Newton’s second law F = ma.

2.2 Spin currents
2.21 Currents

Noether’s theorem tells us that a continuous global symmetry leads to a con-
served current. Assume we have some Lagrangian £ and the variation of a field
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¢, under an infinitesimal symmetry transformation is d¢,, then there exists a cur-
rent:

oL
Ja = 59,0 Oa, (2.6)
which is conserved 8]4 Ji = 0. For example, the Dirac Lagrangian
Ly = iy — mpy 2.7)

is invariant under a global U(1) transformation ¢ — ¢'1*y, where q represents
the charge of this spinor. Its Noether’s current equals to :

J' = qprHe. (2.8)

There is another way to obtain this conserved current, which requires pro-
moting the global symmetry to a local gauge symmetry. We can achieve this by
promoting the derivative dy to a covariant derivate V. Under a gauge transfor-
mation ¢, — U(a(x)), the covariant derivative should transform as:

Vi — U(a(x))Vy (2.9)

In the Dirac Lagrangian example, the gauge transformation for a spinor is ¢y —
e!1*(*)y. The promotion of derivatives is:

Ay is a gauge field that transforms as A, (x) — A,(x) + d,a(x). The new Dirac
Lagrangian with gauge symmetry is:

Ly = iV — mpip. (2.11)

We can get the transformation law of action S under this symmetry is:
55 = / x5 A, + E.O.M.oY, (2.12)

where the E.O.M. represent the equation of motion for ¢. Therefore, we can get
the electric current by differentiating the on-shell action with respect to the U(1)
gauge field. As we will see, the definition of spin current can be achieved in the
same way but with a Lorentz gauge field.

2.2.2 Spin current for Dirac spinor

Spin current is the current for Lorentz symmetry. In an N+1 spacetime, the

. . N(N-1
Lorentz symmetry group is SO(1, N), which has N boost generators and %

rotation generators. The Lorentz transformation law for a spinor field ¢ is:

o — ehaM” (2.13)

where M? are the generators for Lorentz transformation and A, are the parame-
ters to describe the amount of transformation. Spinors are the representations of
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the Lorentz group, which means two successive Lorentz transformation acting on
the spinors should combine to be a Lorentz transformation. Therefore, generators
M?“? need to satisfy the Lorentz algebra relation:

[Mab Mcd} _ iﬁachd . iﬂbdMad + inbdMac . madec (2.14)
For Dirac spinors, these generators can be represented by gamma matrices y/:
Mt — 411 [’y”,’yb] . (2.15)

Bringing the Dirac Lagrangian (2.7) to Noether’s theorem, we get the Dirac spin
current :

0 = B (10, m] 9 2.16)

Therefore, a full description of spin current S** needs a spacetime index y and
two group index a, b.

Similar to what we showed in electric current, we can promote the global
Lorentz symmetry to a gauge Lorentz symmetry. The covariant derivative is :

1
Oy — V=0, + Ew,mbzvlab, (2.17)

where w,,;, is a gauge field called spin connection. From the definition of gauged
Dirac Lagrangian we can see the variation of action is

5S = / 49X P 50, + E.OM. 6. (2.18)

Readers may wonder about the necessity of having a gauge Lorentz symme-
try. In fact, if we want to describe spinors in curved spacetime, then we need
to include this gauge symmetry. In curved spacetime, the group index a,b can
also be considered as the index in a locally flat frame which we call Lorentz frame.
To understand the relation between this Lorentz frame and spacetime frame we
need to introduce a Vielbein Formalism

2.2.3 Vielbein formalism

In the local Lorentz frame, we can think the basis in tangent space is chosen such
that the metric is the Minkowski metric. This basis is connected with the space-
time coordinate with the vielbein ¢,

Sy = ey“eybiyab (2.19)
The inverse of vielbein e/, is defined by:
el el = o1 (2.20)

With the vielbein and its inverse, we can freely change vectors represented in
spacetime coordinate with vectors in the Lorentz frame

Vﬂ — eyavy, VI’I — eyaVa. (2.21)
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Using the Minkowski metric 7., spacetime metric g,,, and their inverses, we
can freely move the tensor’s index up or down. V? transforms as a vector in
local Lorentz transformation and is invariant under spacetime transformation,
and vice versa for V¥. Under a coordinate transformation ¢* and a local Lorentz
transformation 6%, a generic tensor Q“,*, transforms as

5Qabyv = ﬁgQabyv - OaCchyv - ebCQacyw (2-22)
Where L; is the Lie derivative along the €,. The Lie derivative describes the
difference of a tensor field at the same coordinate under an active coordinate
transformation
xl’l — x’V — xy _ ‘:lul
Qry(xt) = QM (xh),
ﬁgQP‘V(xl‘) = Q’P‘V(x#) — QP‘V(XF‘)'
= "9, Q" — 92 (6M QN +au(8M) Q"
For the Lie derivative with Q%,#,, just keep in mind the Lorentz index part doesn’t
change under coordinate transformation, so its Lie derivative takes the same form
as in[2.23
The covariant derivative V, should make sure that it transforms as a tensor

both under local Lorentz transformation and spacetime transformation. For a
tensor X%, the covariant transformation is:

vaab — a‘uXab + wyacxcb - w‘quXg. (2.24)

(2.23)

With the metric compatibility V,7,, = 0, we find the spin connection is antisym-
metric at the last two indexes:

wwb = wmab] (2.25)
Vielbein ¢,,” transforms as a tensor. The transformation rule for w,," is:

so it transforms as a one-form under spacetime transformation. Although spin
connection doesn’t transform as a tensor under local Lorentz transformation, its
variation éw,";, does.

On the other way, we learn from GR that the covariant derivative of V" is:

ViV =9, VV + T8, V7. (2.27)

This equation should be compatible with the case when we view V" = ¢",V* and
use the Leibniz rule for covariant derivative. Therefore, we get a relation called
the Vielbein postulate:

0 == a‘ueya _|_ w‘uabeyb - rzveo'a — v‘ueya. (2.28)

In the absence of torsion, the connection I}, is symmetric on the two lower in-
dexes, which can be uniquely determined by combing the metric compatibility

condition V u g"?. The result is Christoffel connection wa defined as
- 1
T = 587 (ugup + uou — pgyw) - (2.29)
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A generic connection contains an antisymmetric term in the two lower indexes,
which is related to the torsion Ty, := 21“‘[7;”/]. Therefore, a generic spin connection
can be decomposed as a torsionless part @,"; plus a contortion tensor K%

cuy”b = (,:Jyab + Kyub, (2.30)
The contortion tensor is related to the torsion tensor by
Tﬂ]/“/ - Kyay - Kya]/[ (2.31)

From now on, we denote the covariant derivative with respect to torsionless con-
nection as V, the torsionless spin connection can be obtained from the vielbein
postulate:

@'y = Ope’pe,” —e' I e (2.32)

2.3 Kubo formula

Kubo formula is the equation that describes the relation between retarded Green
function and physical quantity. In order to get the Kubo formula, we need in-
formation about constitutive equations and linear response theory. The linear re-
sponse theory study’s the response of an operator’s average to an external source
up to the linear order. We can study it by using perturbation theory in quantum
mechanics. The full Hamiltonian can be written as:

H = Hy+ 6H(t), (2.33)

where Hj is the original Hamiltonian and 6 H () is the perturbed Hamiltonian:
SH(E) = — / Pxp© (1, x)0(x), (2.34)

Where ¢(%) is the source of perturbation and O is the operator coupled to it.

The state in a real experiment is usually not a pure state, so we need to intro-
duce a density operator p := Y ; w; |a;) (a;|,tr(p) = 1 to describe the ensemble.
The ensemble average of O is written as

(O(t,x))s = tr[o(t)O(x)], (2.35)

777
S

where we use subscript to represent the presence of an external source. In
order to see the influence of perturbed Hamiltonian, it's most convenient to work
in the interaction picture. The operator O;(t,to) in interaction picture evolves
as Oy = U, 'OUy, where Uy(t, ty) = e~tHo(t=t) js the time evolution operator
of original Hamiltonian. The whole evolution operator U(t, ty) = e H(*=1) can
also be written as: U (¢,tg) = Uy (¢, to) Uj (¢, t9) , where U; should satisfy id:U; =

OHUy. (2.35) is equal to



= tr [p (t,t0) O1 (t, x)U (1, to)}

tr[p to) (1+z/ dt'sHy (t') + - --)Ol(t,x)
><(1—1 aVSH; (1) + )] (2:36)
= trfo (fo) OI(t x)]

it {p (to)/to dt’ [04(t, x), 6H (t’)}] T

Notice that the p(tp) is just the density matrix at equilibrium p,;, which commutes
with the Hy. Therefore, we have

tro (to) O1(t,x)] = tr [Per(x)] . (2.37)

Taking ty — —oo, we can get the response of an operator’s expectation value

5(O(t, %)) := (O(t,x))s — (O) is

5(0(t,x)) =i /_ 0:0 a0 (t— ') ([O(t,x),0 (f,%)]) O (¥, %) (2.38)

where 0(t — t') is the Heaviside step function. This expression is related to the
retarded Green’s function GO (t — ¥/, x — x’), which is defined as

GRO(t—t,x—x'):=i0 (t— ) ([O(tx),0(t,x)]), (2.39)

The OO is used to represent the Green’s function between the same operator O.
For a generic case, we can consider retarded Green'’s function between two dif-
ferent operators O;, O;. The response can be written as

= / /GO (t—t,x —x') O (¢,%). (2.40)
In Fourier space, it becomes a simple relation:

5(0(k)) = G2 (k)9 (k). .41)

The retarded Green’s function is related to transport coefficients. Here I show
the example of Ohm’s law:

(%) = oEY, (2.42)
(0)

where (J*) is the electric current, E, "’ is the electric field strength and ¢ is the elec-
tric conductivity. Ohm’s law is a constitutive relation that describes the relation
between electric current and electric field in a conductor, so ¢ is a transport coeffi-
cient. On the other hand, we can think of this current as a response to the pertur-
bation of the electric field. In the gauge A(()O) = 0, use the relation E J(CO) = —atAg(CO),
we can get the relation between electric conductivity and retarded Green’s func-
tion in Fourier space:
GJxJx (w, k)

o= lim R~~~ (2.43)
w—0,k—0 1w
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Figure 2: Holographic dictionary. Adapted from [25]

We need to impose the limit condition because Ohm’s law is only a low-energy
effective relation.

Equations like that describe the relation between transport coefficients
and Green’s function are called the Kubo formula. It provides a bridge from the
correlation function in microscopic theory to the transport coefficients in the macro-
scopic theory. For spin current in heavy ion collision, this process involves strong
interaction, which means our usual perturbative expansion method in calculat-
ing the correlation function doesn’t work. However, the holography conjecture
states the strongly coupled gauge QFT is equivalent to a classical gravitational
theory in a higher spacetime. Therefore, we may calculate Green'’s function by
using holography methods.

2.4 Basics of holography principle

The story of AdS/CFT duality originated from the idea of Maldacena’s famous
paper [24], which implied that at the t Hooft ’s limit N — oo a 4-dimensional N =
4 super Yang-Mills theory corresponds to a AdSs x Ss supergravity theory. After
that, more conjectures about the duality between CFTs and higher dimensional
theory on AdS spacetime were imposed. Nowadays, the discussion about this
duality is not only limited to CFTIs. Inspired by the fact that a 2-dimensional
hologram can encode optical information of 3-dimensional objects, people also
call this duality as holography principle. The lower/higher dimensional theory is
referred as boundary/bulk theory respectively.
Roughly speaking, the holography principle claims:

Strongly coupled d-dimensional gauge QFT
= Gravitational theory on a AdS; | spacetime.

This equivalence relation can be expressed via the GKPW formula(Gubser, Kle-
banov, Polyakov [26] and Witten [27])

Zaer [{hi(x)}] = Zerav [{1i(x)}] .
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On the QFT side Zqpr is the generating functional

Zarr [{hi(x)}] = <eiz"f dXhi(x)Of(x)> (2.44)

QFT’

where £;(x) is the source and O;(x) is an operator.
On the gravity side, we need to consider spacetime with a boundary and let
the boundary value of a bulk field ¢; equal a source h; on QFT:

Zegav. [0} = [ e (HD@) IS, (2.45)

We can also describe the relation ¢; — h; as bulk field ¢ is dual to the operator
O;. The N' — oo limit is a classical limit, so we can calculate the gravity theory
on a saddle point:

Zerav, [{i(x)}] = eiSorsnen[ {07 1i}] (2.46)

It means we set the boundary value of classical bulk fields ¢ equal to the sources
h; and calculate the action with respect to equations of motion. In practice, we
usually found the bulk field diverges when approaching the boundary, so rigor-
ously speaking we are setting the leading divergent modes equal to the sources.
We will discuss this in the massive scalar example.

Readers may wonder how can we know which bulk field is dual to which oper-
ator. It's worth stressing that the holography principle is still a conjecture while
there is much indirect evidence [28-30]. Therefore, instead of asking which bulk
tield is dual to which operator, it actually works like we assign a bulk field to a
source and then add terms to the bulk Lagrangian. For example, the variation
of boundary metric dg;; is the source for the energy-momentum TY. The most
natural choice of its bulk dual is still the metric. Therefore, we may choose the
Einstein-Hilbert action term to be the bulk action:

Slg] = ;?/dd“x\/—_g (R + w) : (2.47)

d(d+1)

The cosmological constant term =7

time.

The reason that people are interested in holography is that we may calculate the
correlation functions in strongly coupled boundary QFT by studying classical
gravity theory. The n-point function in QFT can be written as

is included to generate an AdS space-

1 0" ZoFT
Zarr Ohyy (x1) - - - Ohy, (xn)

(Oj, (x1) - Oz, (xn)) (2.48)

2.4.1 AdS spacetime

AdS (Anti de Sitter) is a spacetime with constant negative curvature. An n-
dimensional AdS spacetime is noted as AdS,, it can be defined as a hyperbolic-
like n-dimensional spacetime embedded in n+1-dimensional flat spacetime with

11



2 timelike directions:

d-1
ds* = —dt* —dr* + Y. dx?,
d_fl (2.49)
— 12—+ inzz —12
i=1

The curvature of AdS,, is R = — % From this definition, we can see its isome-

try group is SO(2,d — 1). It coincides with the conformal group in d-1 spacetime,
which gives us some inspiration about why we need asymptotic AdS bulk space-
time in holography.

In the Hilbert-Einstein action, AdS, spacetime can be created by adding a
cosmological constant term:

Slg] = % /ddx\/—_g (R I G %d - 2)> . (2.50)

There are many conventions in expressing the metric of AdS;, the coordinate we
choose is a Poincaré-like coordinate:

12 d—1
ds? = = —d* + Y dx? +dr* ). (2.51)
i—1

1

r here works as a radial direction whose range is [0, 0]. The boundary of AdS,
sits at r = 0. To understand this, we can imagine a ball where r = 0 represents
the sphere and we go into the ball’s interior as r increases. The central point of
the ball is at r = oo

2.4.2 Gibbons-Hawking term

Einstein’s equation can be obtained by requiring the variation of Einstein-Hilbert
action to be zero. However, most textbooks only treated the variation of Ricci
tensor Ry, as a total covariant derivative and consider it vanishes after we inte-
grate it over the whole manifold and use the Stokes’ theorem [31]]. However, this
is not correct when we consider the spacetime with a boundary. Because the Rie-
mann tensor contains the second derivative of metric, there will be V¢ uv term
appearing at the boundary after we use Stokes’ theorem. This term doesn’t have
to vanish even when we take the variation of metric vanishes at the boundary.
This makes the Lagrangian formalism ill-defined. To eliminate this problem, we
can add a Gibbons-Hawking term [32] to the action to eliminate the Vdg,,, at the
boundary:

5= %(/ddx\/—_gR - /addxﬁzK), (2.52)

where d represent the intergra is performed at the boundary spacetime, 7y is the
determinant of the induced metric Yij, K'is the trace of extrinsic curvature K.
The extrinsic curvature is defined as the Lie derivative of induced metric 7y,
along the normal vector n# perpendicular to the boundary manifold

1
Ky = Eﬁn’)’yv (2.53)
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The only contribution from the Gibbons-Hawking term in variation cancels with
the Vig,, part from the variation of Ricci tensor, so the equation of motion for
the metric is the usual Einstein’s equation. However, it will contribute to the total
action. For example, suppose we are working on a vacuum, then R = 0 and the
only contribution to the action comes from the Gibbons-Hawking term.

2.4.3 Massive scalar example

Let’s consider a massive scalar model as the bulk theory. The action for matter
part is written as

2
Slg] = — [ a1xy/=g (%(W)Z + ’”7¢2> . (254)

We should keep in mind there is always an Einstein-Hilbert term in the total
action that describes the dynamic of metric. However, we may take the value
of the matter field to be small enough such that its energy-momentum tensor can
be ignored in Einstein’s equation. This is the probe limit, i.e., the perturbation of
the matter field doesn’t influence the metric.

The scalar field ¢(x) is dual to an operator in the boundary QFT. In order to
see how the source at the boundary influences the scalar field, we need to solve
the equation of motion:

V2 —m?p = 0. (2.55)

The near-boundary solutions are :

o~ AL =4/ —+m2 (2.56)

The r*- and 2+ solutions is called slow falloff and fast falloff respectively. We
can write the general form of near boundary solution as:

¢(x,7) = Py ()™ (14 gy (X)r + -+ ) + oy ()™ (1 + p(x) qyr + -+ ) (2.57)

A_ < 0, so the slow falloff term diverges as we go to the horizon r — 0. In
the holographic dictionary, we need to set the slow falloff mode equal to the
source ¢)(x) — h(x). Using the equation of motion and integrating by part,
the on-shell action for this bulk theory can be written as an action at a boundary
spacetime:

dlxy/ =y (niV,xp) , (2.58)

where ¢ is the cutoff radius. Because of the slow falloff mode, this on-shell action
diverges as the cutoff € — 0. We need to introduce a counterterm action S that
consists of covariant local operators to cancel the divergence. The renormalized
action is defined as:

Sonshell [P] = /

r=e

SRen = lim (Sonshell + Sct) (2-59)
e—0

For massive scalar, the counter terms can be chosen as [33]:

= d - A; 2 1 PR
SCt—/r:ed X\/_’)’( 5 ¢ +2(A+—A, _2)(])574)) + (2.60)

13



We can get the expectation value of the operator on QFT by variating the
renormalized on-shell bulk action with respect to the slow falloff mode:

(O(x)) = ‘f% ~ folx). 2.61)

We find the expectation value of the operator corresponds to the fast falloff mode
of its dual bulk field. This pattern is typical even in other bulk models because the
kinetic term is quadratic in the derivative. To conclude, the holography principle
tells us:

slow falloff of bulk field — source,

fast falloff of bulk field — expectation value of operator. (2.62)

With the holography principle, we can compute the retarded Green’s function
(2.41) by taking the second functional derivative of the classical bulk action:

5SRen
60y (K)o 0 (k)

Then, using the Kubo Fomulas we can get the transport coefficients from holog-
raphy.

GRO(k) = (2.63)
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3 Spin current hydrodynamics

In this section, we summarized the necessary results from [16] [1] that we need
to use in calculating transport coefficients from the holography.

Suppose the effective action for a spin hydrodynamic system is S. We define
the energy-momentum tensor T#, and spin current S¥,, from the variation of
action:

0S = / d?x|e| (T”aéey” + %syabawy“b) . (3.1)

Recall the relation between the vielbein and metric from (2.19), this definition of
energy-momentum tensor is equivalent to the usual definition that we learned
from general relativity [31] up to an overall minus sign:

28
V=8 08y

When writing the relation in (3.I), we have implicitly considered the viel-
bein and spin connection to be independent. However, in the torsionless case, as
we have seen in (2.32), the spin connection is determined by the vielbein. This
causes ambiguity in defining the energy-momentum tensor and spin current. If
we consider that we are variating the action at a torsionless spacetime, then the
contribution of éw,", should be totally distributed to the variation of vielbein
de,”. Therefore, the spin current should be zero. Or, we can consider the varia-
tion is performed at a torsionful background, then we set the torsion to zero. In
this case, the spin connection is independent of vielbein and the spin current is
SZb. Therefore, the ambiguity is we can always shuffle the dependence of éw,",
to a dependence of de,,”. To solve this ambiguity, we need to consider spacetime
with torsion. Now the spin connection can be considered as a vielbein dependent
part @, plus a contorsion tensor Ku“, as in (2.30). Therefore, we can define the
energy-momentum tensor and spin connection as

™ =

(3.2)

~ cd
" — 1 45 _ 1[5 Oy oS ,
le| e, oyt le| \ de,” K, de,® SK,c 0 63)
G _ 2 08 2 4S '
ab — = 77 ’
le| dcw, ™ ot le| OK,fb ot
where the |parameter denotes the differential is taken with respect to the fixed pa-

rameter. From now on, we consider spin connection and vielbein to be inde-
pendent parameters, and we will omit the condition | when writing the

functional derivative.

parameter

3.1 Conservation law

There are two gauge symmetries in this spin hydrodynamic system: diffeomor-
phism and local Lorentz symmetry. The conditions that /S = 0 under these two
symmetry transformations can give us two conservation laws.
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Under these two transformations,the change in vielbein and spin connection

are
local Lorentz transformation:

de, = Lgey“, (5w,/’b = ng,ﬂb 3.4
local Lorentz transformation: '
de," = —0%yeh,  Sw, ™ = V,07.

Therefore, we have
1
_ d b M b H
0 —/d xle| <—/\“ ewpTa + 5 (Dy/\” ) S pab
0— / dxlel [Tﬂa (Dy (&%) + & <2K[UW — wvabeyb)) (3.5)
1
+§Syab (CvRabvy + D}i (évwvab>>:|

After some tedious calculation, we can get the two conservation laws:

- 1
VTR = SRPTAS) by — Toe K7
' 2 e e (3.6)

ﬁ)\s/\yv = ZT[yv] + ZSS[yev}“ePbK,\ab.

Although we describe these two equations as ”conservation law” by following
the convention of fluid dynamics. We can see the energy-momentum tensor and
spin current themself are not conserved. There are some complicated interactions
between them that make them transform into each other. There are many tensors
in , in order to further investigate the details of this theory, we need to de-
compose every tensorial part with respect to velocity u*. The part perpendicular
to velocity belongs to the subgroup SO(d — 1) C SO(1,d — 1), and we can further
decompose them into scalars, vectors, and tensors.

3.2 Constitutive relations

The method that we used to build constitutive relations is bottom-up, i.e., we
need to conclude all the possible terms that are allowed by symmetry. Then
we can variate the action as in to get the constitutive relations for energy-
momentum tensor and spin current.

However, there are an infinite number of such terms. Luckily, we are working
on a low momentum limit k;, — 0, so we can consider the action as an expansion
in terms of derivative V. If the action doesn’t contain any explicit derivative,
then it describes a perfect fluid. In this paper, we only include the leading order
non-ideal contribution to the action.

We should be careful in counting the order of derivative expansion. The
conservation implies that the first-order term in the antisymmetric part of
energy-momentum tensor T7,,) should be second-order in spin current and the
symmetric part in energy-momentum tensor. To avoid confusion, we will refer
to the order as the derivative order in spin current and the symmetric part in
energy-momentum tensor. Therefore, for the leading-order non-ideal part, we
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need to include second-order terms in the action because of the presence of Tj,,).
The action can be written as

s= [ax(P+5u+50) (3.7)

Where P represents the action for ideal fluid, S(;),S) represent the first and
second-order derivative terms respectively. The complete analysis can be very
long, here we only give an example of constructing constitutive relations from
the hydrostatic ideal fluid and summarize the rest results.

3.3 Hydrostatic ideal fluid

If the fluid is influenced by a time-independent source, then it will eventually
decay to an equilibrium state which we describe as hydrostatic. The hydrostatic
state is a solution to the equations of motion, so it put a constraint on the hydro-
dynamic solution. We can first construct the constitutive relations for hydrostatic
fluid and then add hydrodynamic terms which vanish on the hydrostatic limit.
Here we take the ideal fluid as an example to show how can we construct the
constitutive relation in the hydrostatic case.

The time independence of hydrostatic fluid implies we can find a coordinate
in which all variables of this fluid don’t change with time. In a general coor-
dinate, this corresponds to a timelike Killing vector V# along all variables are
invariant. However, in our case, we also have the gauge Lorentz symmetry, so
any two fields that can be connected by a local Lorentz symmetry should describe
the same state. Therefore, the right condition for hydrostatic is that there exists
a timelike Killing vector V¥ and a local Lorentz transformation field 6", that
makes the vielbein and spin connection invariant:

0= Lye", — 0y pe’y, 38)

0 - vayub + vluevab. '
It would be convenient to choose a gauge such that V¥ = (1,0,---,0), 8y%, = 0.
But this complete form is important to keep variables covariant.

To construct the constitutive relations, we first need to choose the hydrody-
namic variables. These variables should be: ¢,”, w,";, V¥, 0y%,. The ¢,” and V¥
transforms as tensor, but w,,", and 6y, don’t. In order to make our final expres-
sion covariant, we need to combine them to be a covariant form:

— (3.9)

H

We can also define

VH
Tl=v-V2 ut= Nyt (3.10)

which we can show that they can be interpreted as the temperature and veloc-
ity field of the fluid respectively. Now, we have the hydrodynamic variables

17



T, ut, ]/t”h , €%, then we can use them to construct all possible scalars and add them
into the action. The action for hydrostatic ideal fluid can be expressed as

S = /ddx|e|P <T,u”,y”b,e“y) ) (3.11)

We can decompose u* with respect to the velocity to extract its unique compo-
nents:
1 = u'm® — ubm® + M, (3.12)

where u, M = 0 and u,m" = 0. After this decomposition, the scalars formed by
contracting and y*’ and other variables can be expressed in terms of contraction
between m“® and M. We can construct tensors My

M)y = 0%, M) = M,

(3.13)
M(n)ab =M" M2, ... M7, n>2.

Besides scalar T, the rest of available scalars are given by the contraction of a pair
of m® with these tensors or by taking the trace of them:

Mgy = MeM o) “'iig,

B ’ (3.14)
My = Mm)e-

There is only a finite degree of freedom in m”, M, so the number of independent
scalars is also finite. The action becomes a function of these scalars P (), M), T),

and we can get the energy-momentum tensor TZ.P;V and spin current S;;#'f by tak-
ing variation

1 9
le| der,,

2
Tis = [atxlelp, st =2 [dixelp. @15)
K

H ow
The results are
TZ.’ZIV = eulu’ + PA" + utAV*P,,

(3.16)
Sid)\]’“/ = u)\p}ll//

where A* := ¢ + uty" is a projection orthogonal to the velocity field. Compar-
ing this constitutive relation with the energy-momentum tensor of a conventional
ideal fluid (2.2), we find the P should be identified as the pressure.

€ is given by

€=—P+sT+ %paﬁy"‘ﬁ, (3.17)

and s, p; and P, are given by the variation of pressure with respect to T, u** and

u®:

oP 1 oP oP

ﬁ/ Epﬂb - ay”b' Pll - W (318)
Therefore, by comparing the expression of energy density €, we can identify
s, T, pup, Hap as entropy density, temperature, spin density, and spin chemical po-
tential respectively.

S —=
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Is our final results for ideal fluid? Actually, there is a subtlety. So far,
we have treated the u® as zeroth order in derivative since there is no explicit
derivative. However, the static conditions actually give constraints between
these hydrodynamic variables:

u”K,ﬂb = ]/t“b + e“VebV (QW — Zu[”av})
- (3.19)
TepaeavaT = RP7 ) u” — ZepaeabK/\c[uyb}c

where O, 4" are components from the derivative of the velocity field. Therefore,
for consistency, we should treat T,e,”, u" as order zero, and ,u“b,Ky“b as order
one. This implies that the m,), M, are also not zeroth order scalar. If we count
carefully, we can find that M), M should be considered as order two. Therefore,
our previous constitutive relations for ideal fluids are not really “ideal”, it
contains higher derivative terms. Since we want to explore the leading order of
non-ideal fluid behavior, we need to expand the pressure P to quadratic order

P (m(n),M(n), T) = Po(T) + pu(T)m g + paa(T) My, + O (v‘*) . (320)

And we can find the energy-momentum tensor and spin current that comes from
this pressure term are

T = (0 + (om + Tol) mam® + (oms + Tohr) MapM*® ) u'ss*
+ (PO + pmmam” + pMM“ﬁMa,;) AP
+ ' m M (200 — 4om) + O (V)

S —u® (sp,mlrat) — 4y M) +0 (V1))

(3.21)

Adding hydrodynamic terms and adding higher order terms into the action

B-7)
(1)

Way = x5

Wiy = L1780,
where x comes from the decomposition of the contorsion tensor and is the only
order one scalar term, S(;) are the order two scalars. We can get the complete
constitutive relations for energy-momentum tensor and spin current. Here we
only show the equation for spin current:

(3.22)

ghmv :ZXgl)A/\[Vu”] — ZXgZ)M/\[”uV] + ZXgZ)uAMW — 2)(§2)u/\u[ymv] + 4)(4(12)A)‘[”m‘4
+4Xé2)KA/\[yuv] 4oyt (ng)k[yuv] —|—2)((72)KW +X%)KZV>
+ 2t x P Iy ) 4 4 (Xéz)kvl + ZXéZ)KVV])
_ ZX%)KA[W} _ 4)(5%),{2[#”14 i 4X§§)KSA[W]
A M 4 4y e
+2ut <X§2)KZV + XEZ)K’“’ — ng)u["k”]> — ZXA(LZ)u)‘u[VIC‘V/].
(3.23)
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1) (2)

Don’t get scared of this long equation, x; ’, x;” are the transport coefficients that
we want to calculate, and we have already seen u#, M*’, m#, A*. The rest part is
just some variables that come from the decomposition of the contorsion tensor.

3.4 Kubo formulas

In order to use holography to calculate the transport coefficients, we need to get
the Kubo formulas. The retarded Green'’s functions we use are defined as:

GVPHT — oo 4 ’e‘Tvp,
5ey“

va,pux[% — emeﬁb &j |€|TV‘O,

pab (3.24)

GVPI e — oia 5 o _ |e’SvPU,
e

vaa,yacﬁ — etxueﬁb J |6|SVPU.
5(4)#,15

Decompose the energy-momentum tensor and spin current into sectors that
are orthogonal to each other, we can get the Kubo formulas. Here we summarize
the Kubo formulas that we need to use in the following calculation

) @ 1 Ao,
A5+ 27 =~ lim lim, o T (G T g gkt o )

2 2 T |
x5+ 2 = — lim lim o Tm (G700 kot 0t 01
2) ) _ i i 1 Apo,
A7 ) = fim lim s T (G Tt

) _ Jim 1i 1 Apor,
Xg = ll(l_}né (}]151’1)0 m Im <G oo, VVH(O)/\pkguyuv) ’

)(éz) = lim lim

1 A
am i s — e ™ (6 kLo o 0y )

2 —2)?(%) Lo 1 Apo v k k
6 gy = i fim gt (G Ko ket k)

(2)

2 _ X2 g1 (d-1) Apa, v

0 = g = il m (G Lo oo k)
(3.25)

where k¥ is the spatial part for momentum vector and Iy, := Apy — k’]i—lzcv isa
projection orthogonal to u#* and k*. Note that the above equations are obtained
around the Minkowski spacetime, so we also need to consider a Minkowski bound-
ary spacetime in the calculations of holography.
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4 Spin transport coefficients from holography

In order to use the holography method to calculate spin transport coefficients, we
need to choose a bulk theory that describes the dynamic of the energy-momentum
tensor and spin current’s dual fields. The energy-momentum tensor T#* is dual
to the vielbein e;,;, which contains the same information as the metric. Therefore,
we can identify the induced metric of the bulk metric at the boundary to the met-
ric of the boundary field. Consider a d-dimensional boundary spacetime and a
d+1-dimensional bulk spacetime. The model we use to describe the dynamic of
the bulk metric is the Einstein-Hilbert action:

Slg] = « / d?lx, /g (R —2A), 4.1)

d(d—1)
22

Spin current S is dual to the spin connection wyqp- In the study of classical
gravity theory, it’s usually convenient to work on the probe limit, which means
we consider other fields are small enough such that their dynamic doesn’t influ-
ence the metric. This is not a trivial statement, because in general, the coupling
between metric and other fields is complicated and we can’t guarantee a pertur-
bation in other fields doesn’t cause a perturbation in metric. However, as we will
show in the following content, this probe limit works fine in our model. There-
fore, if we consider the metric is only a background metric, using the relation
(2.30), we can find the dynamic part of the spin connection only comes from the
contorsion K,;p. There is a paper [34] states that if we decompose the torsion T,
into irreducible pieces under Lorentz group: a trace part T,, a totally antisym-
metric part T, and the rest part Wy;,.. At a 5-dimensional bulk spacetime, this
decomposition can be written as

where A = —

and from now on, we choose d = 4.

1
Tabe = 7 (acTy = 11bcTa) + Tiabe) + Wabe, 42)
where ,
Tb = Taubr T[ubc] = 5 (Tabc + Tcab + Tbcu) . (43)

Then the dynamical model for torsion containing no ghosts and tachyons should
only have T, and Tj;;,. We choose, to further simplify the model, a simple toy
massive vector model to describe the Tj,.

4.1 Massive vector as a bulk gravity model

The total action we choose for bulk theory is

S = /ddﬂx\/g <K(R(g) —2A) — }laF“ﬁFaﬁ — %mzA"‘A,x) — K/a d?x\ /72K,
(4.4)
where «,a, m are the coupling constants, and we have also included a Gibbons-
Hawking term on the boundary. Although we can redefine the A, to absorb the
« constant, in holography we want A, at the boundary equal to the trace part of
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torsion Ty, so we need to keep this a constant. Note that the because the torsion
is related to contorsion by (2.31), T; is equal to the trace of contorsion:

K, := Kbp,. (4.5)

Therefore, in our model, the only dynamical part of contorsion/torsion is their
trace. This put a limit on the transport coefficients: if a transport coefficient is not
coupled with the trace of contorsion, then our model is not capable to calculate
it. Why don’t we further simplify the model by taking the mass in to be
zero? That’s because for a massless vector, an extra U(1) gauge symmetry would
appear. This may cause some extra conservation laws that we don’t expect to
have in our spin hydrodynamics. The equations of motion for action are:

ady (y/—gF") — /—gm*A" =0 (4.6)

Ruw 2 g 2a (FFFs— — o BuF™) + ™ A4 =0, @47)

pe T g8 T %\ Fe g 2(d—1)gWW 5 Sy =Y (%
where F,v := duA, — dy Ay is the field strength, R, := RAy Av s the Ricci tensor.
In general, it’s not easy to solve Einstein’s equation analytically. Also, since
we are only interested in using the linear response theory to determine the trans-
port coefficients, we choose to solve these two equations perturbatively. Let’s
expand the vector field and metric as

Suv(x) = 821/ (x) + EhVV(r)e_inikZz (4.8)
Ay(x) = Ag(x) + eaﬂ(r)e_“"tﬂkz, 4.9)

where ¢ < 1, 82WA2 are the background fields. In these equations, we also
expressed the expansion in Fourier mode and we choose the spatial momentum
only in the z-direction. Notice that taking derivative in (4.6) gives a constraint on

the vector field
dy(r/—gA") =0, (4.10)

To avoid confusion, we use i, j, k, | to represent the non-radial index. We choose
a,(r) to be a non-dynamical component which is determined by 4;(r).

The temperature of this theory comes from the black hole. As far as we know,
there is no analytical black hole solution for an asymptotic AdS spacetime with
a nonvanishing massive vector. Although we can choose a numerical expansion
to describe this type of black hole [?,35]], extra difficulties would be involved.
Therefore, we choose to first solve the equations at an AdS-Schwartzshild space-
time with Ag (x) = 0, and the background metric is

L? dr?
ds® = — (—f(r)dt2 + —— +dx® + dy? + dzz) ,
r f(r) 111
A (4.11)
h

Near the boundary r — 0, f(r) — 0, so this is an asymptotic AdS spacetime. The
event horizon of this black hole sits at ¥ = ry,.
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Inserting this background into the equations of motion, we find there are
some sectors that describe the coupling between components in a,(r), k. (r),
these relations are shown in Table [II We find that the metric and vector fields

Ax

Ay

az az ay
hxy

hty hyz

htx hxz

htt htz hxx hyy hZZ

Table 1: Sectors for coupled variables. Variables at the same line are coupled to
each other

are decoupled in the linear order, which validates that we can take the probe
limit in the regime of our research. In fact, we can find the decoupling between
metric and the vector field in the leading order from the structure of equations of
motion (#.6]4.7). Since we are expanding the vector field around zero, the vector
field and the field strength are considered first-order terms. Therefore, it is easy
to read from the equations of motion that the coupling between the metric and
the vector field happens at least in the second order.

With the decoupling of metric and vector field, we can investigate their per-
turbation equations separately. There are already many excellent papers about
the holography treatment for pure gravity model in AdS-Schwartzschild space-
time [33]36,37]. In the following context, we will focus on the solutions for the
vector field.

4.2 Near boundary analysis

The equation of motion for 4, is

m?>  rw?
ay(r) | —kr — Pl 0] +ay(r) [ f(r) +rf ()] +rf(r)ay”(r) =0. (4.12)

Let’s investigate it near boundary r < 0. Using the ansatz
fay = rﬁ(ay(o) Tyt ay(z)rz +e), (4.13)
we find at leading order in r, the equation requires
a(—2+4B)B—m* =0 (4.14)

Therefore, there are two solutions corresponding to

Bo=A=1-VM2+1, B =2-A=1+VM2+1, (4.15)

where we defined M? := ’%2 > 0,s0 A < 0. We also find that the odd order

coefficient a,(;) should vanish because the metric only contains r to the power
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of an even number. Repeat this procedure for other components 4; ), we found
their near boundary expansion can be expressed as

a; = r® <ai(0) +aio)r” + ) +r278 (ﬁi(o) o ) : (4.16)

Since A is a negative number, r® term diverges as r approached 0. ;o) is the slow
falloff mode and 4;q) is the fast falloff mode. Following the holography principle,
we set the slow falloff mode at the boundary as the same value of the contorsion’s
trace.

The value of A is related to the scaling dimensions of contorsion’s trace and
the spin current coupled with it. Under a scale transformation

xt — Axt, (4.17)

the AdS-Schwartzschild spacetime is invariant. If a quantity ¢ transforms under
this scaling as
p— AN, (4.18)

then we say ¢ has scaling dimension a. A, is a one-form, so its scaling dimension
is 1. Therefore, we can infer that the scaling dimension of 4;(g), ;) are 1 + A and
3 — A respectively.

To investigate the scaling dimension in the boundary, we can write the vari-
ation caused by /K, as as

55 = / d*x /30K, S, (4.19)

where we use S* to represent the component in spin current that is coupled to the
K. After we identify the slow falloff mode with the source, we get the scaling
dimension for controsion’s trace K; is 1 4+ A. 4S is invariant under the scaling
transformation, so we can get S* has scaling dimension 3 — A. If we know the
scaling dimension of the spin current in our hydrodynamic theory, then we get
the value of A and add a constraint to the parameters «, m.

4.3 Near horizon analysis

Expand the equation of motion near the horizon, using the ansatz a; = (r— rh)ﬁ,
we find the leading order solutions are

+iw

a; ~ (r—ry) 700] (4.20)

Recovering the e “!** term, we can find these two solutions correspond to
propagation into/ away from the black hole, we call them infalling and outgo-
ing solutions respectively. The direction of propagation becomes clear when we
use the tortoise coordinate r*

dr* = ——. (4.21)

The solutions become

piwtdikx eiw(tir*)

ae , (4.22)
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where t + r* corresponds to the outgoing solution and ¢t — r* corresponds to the
ingoing solution. In order to get the correct retarded Green’s function, we need
to choose the ingoing solution [38]]. This choice is also natural since we are con-
sidering perturbations added at the boundary. One should be careful that after
choosing only one solution, the fast falloff mode in depends on the slow
falloff mode. This dependence can be computed by solving the equation of mo-
tion in the whole region.

4.4 Counterterms

The slow falloff mode corresponds to the divergence of 4; in the near boundary,
which causes a divergence in the action. To remove this divergence, we need to
add counterterms that are expressed as local functions in the boundary.

In the probe limit, the on-shell action for the matter field is

Sonshell = /d4xay (_g\/ _gAvo/)
= / d4x\/—_gﬁAvF“’
r=e 2

_ 4 & 2| i oo g [ (2F20)00ja0)a10) (423)
B /rzed 7€ [‘5’7 a0y i) =177 ( I
* W) r2A+O<r2A+2>],

where in the first line we used the equation of motion, in the second line we inte-
grate the total derivative in the radial direction and introduce a cut-off €, and in
the third line we brought the near boundary expansion into this equation. Obvi-
ously, the number of divergent terms depends on the value of A. In our research,
we restrict its range to A > —1. We found the divergence can be cancelled by
these counterterms:

—A - 1 y 1 1 . -
= e/ —ya|— A A+ —F Fl — 4+ —)9;A'9;A/] (4.24
ScT /r:ed xv/—yal 5 AA +8AF]F +(2(2—A)+4A) A0 ATl (4.24)
The renormalized action S is defined as:
S = lim Sonshent + Sct (4.25)
e—0

4.5 Retarded Green’s function

With the renormalized bulk action, we can start to calculate the retarded Green’s
function from holography. There are two things that we should be careful of.
The first is that the only dynamical part in contorsion is its trace, so we need to
express the ﬁ in terms of % by using the chain rule:

)

)
— wsP _ oupsvy_ Y
(¢"oy — g (50)(5KU. (4.26)
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The second thing is that in the spin hydrodynamic theory, we treat the spin
connection and the vielbein as independent variables, but in the bulk theory we
would like to treat the contorsion and vielbein as independent variables. We need
to replace the differential with respect to the vielbein in the hydrodynamic theory
to

o

a
5ey

o

60, 5
w dey”

58#“ éKVCd eﬂa '

(4.27)

b
K7

. 5@, . . . )
However, notice that # is in the linear order of momentum, we can treat it as

subleading terms in the hydrodynamic limit w, k — 0
The Green’s functions (3.24) can be expressed in terms of the functional deriva-
tive of contorsion’s trace and metric:

cvone _ o0 (55)

08uo \08vp
0 0S 0 0S
GVPHT — 9 | e _—_ ( > — ohB ( ) ,
4.28
G _1 0 (85 u_ 55 -
25g]/lp 5Kﬁ 5K0¢ !
1 0 0 0S5 oS
upo,vap — = vae _ Y 0B YO e Y o
¢ 2 <g 5Ky 8 51<,x> <51<0g 3K, ¢ ) ‘

4.6 Spin transport coefficients

Now we can calculate the transport coefficients in by using the retarded
Green’s function above. We found that if we choose the background value of
the vector field to be zero, then these transport coefficients vanish at the leading
order. To make the results more interesting, we choose to set the background
vector field to be a small value Ap,, that is in the same order as € and satisfy the
infalling condition. The near boundary expansion of A, takes the same form as
(4.16):

Agi =718 (ABi(O) + Ay + - > +r2h (ABi(O) - ) : (4.29)
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Figure 3: Real part for Ag, ) Figure 4: Imaginary part for Ag,

The results for transport coefficients in the leading order are:

— AthIm <ABZ(O)> ,

_ Aalm <ABz(0)> ,

22 + 24 = lim lim *

k—0 w—0

22 + 24 = lim lim 1

k—0w—0 2k
2
XA(L ) = 0,
2) g . 1—A -
Xs = Il(li]f(l) i;linm p aIm (ABZ(Q)) , (4.30)

2) i1 _1—A -
X6 = fim lim ——gz=am (A50)).

2
=0,

@ o 3(1=4) X
X1 = fim lim — == Sadm (Ap))

These results are of the same form. They all depend on the imaginary part of
the fast falloff mode for the background vector field. Although we can explain
some technical details like the non-vanishing contribution to these transport co-
o ss 825
efficients comes from 5,0 and ; T
found a generic explanation for this phenomenon.

Ap;(0) is a function of the value of contorsion’s trace in the hydrodynamic the-

and they take a similar form, we haven’t

ory. This function depends on the value of w, k, mTZ, 7. In principle, we can solve
the dependence numerically. Although we tried to work on the numerical meth-
ods, there are still some difficulties that require more time to fix. For example,
in the Figure34 we showed numerical results for the fast falloff. The algorithm
we used to solve differential equations is the Chebyshev method [39] which con-
verts the linear differential equations to a set of linear equations and solves them
iteratively. Although the real part solution seems to be fine, the imaginary part in
Figure 4{ shows our result is still not reliable. A complete analysis to perform the
numerics correctly is beyond our research regime, we left it for future work.
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5 Conclusion and outlook

5.1 Conclusion

Let’s summarize what we have done in this paper. In the preliminary knowl-
edge, we introduced that the spin current is the current of gauge Lorentz sym-
metry. In order to describe the gauge Lorentz symmetry, we need to introduce
spin connection as the gauge field. To imagine this gauge Lorentz symmetry, we
can consider a local Lorentz frame in which the metric is the Minkowski metric.
The basis in the local Lorentz frame is related to the basis in the spacetime co-
ordinate by the vielbein. Then a local Lorentz frame can be considered as only
changing the basis in this local Lorentz frame, which doesn’t change any phys-
ical quantities. In the hydrodynamic theory, there are two important ingredi-
ents: conservation law and constitutive relation. The spin coefficients appear in
the constitutive relation and they describe the responses of currents to external
sources. In quantum mechanics, we can get the linear response to a perturbation
described by retarded Green’s function, which is related to transport coefficients
by the Kubo formula. The retarded Green’s function can be computed by corre-
lation functions in quantum field theory. However, we would like to use the spin
current in heavy-ion collisions, which involve strong interaction. Inspired by the
fact that the shear viscosity calculated from holography is similar to the experi-
mental result for quark-gluon plasma, we want to use holography to investigate
these transport coefficients. The holography principle is a conjecture that states a
strongly coupled gauge theory in the boundary spacetime is equivalent to a clas-
sical gravity theory in the bulk spacetime. Therefore, we may use it to calculate
Green’s function from a classical bulk theory.

Then, we summarized the results for the hydrodynamic theory of spin cur-
rent form [1] The spin connection contains a vielbein-dependent part and a con-
torsion part. We want to make the spin connection independent of the vielbein to
avoid ambiguity in defining the spin current, so we need to include a torsion in
our theory. The conservation laws from diffeomorphism and gauge Lorentz sym-
metry actually give two non-conservation equations for energy-momentum ten-
sor and spin current. In order to obtain the constitutive relations for spin current,
we consider an action containing all the possible scalars up to the second order
in the derivative. To construct the scalars, we need to decompose all tensors into
scalars, vectors, and tensors of the rotation subgroup. Then the constitutive re-
lations are derived by taking the derivative of the action to the vielbein and spin
current.

Finally, we came to our holography model for the spin hydrodynamic theory.
We considered a toy model which only contains a massive vector field. The mas-
sive vector is dual to the trace of the contorsion tensor. Although a simple model
gives us some benefits, it also limits the spin transport coefficients that we can
calculate. We choose to solve the equations of motion on an AdS-Schwartzschild
background spacetime and solve equations in the leading order of perturbative
expansion. We found the vector field and gauge field are decoupled at the leading
order, so we can work in the probe limit in which we don’t need to consider the
back reaction of the vector field to the background spacetime. The near-boundary
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solution diverges for the vector field so we need to add counter terms. We found
the counterterms in the probe limit with the restriction A > —1. Based on the
research [1]], we found the Kubo formulas for some transport coefficients which
appeared in the second derivative order in the hydrodynamic model. We calcu-
lated these transport coefficients and found them proportional to the fast falloff
mode of the contorsion’s trace.

5.2 Outlook

We need to improve the numerical method substantially to extract the imaginary
part of the fast falloff. The imaginary part of fast falloff’s dependence on the mo-
mentum k is vital because suggest that only if the leading order contribu-
tion of this fast falloff is linear in k then we can get finite transport coefficients. If
the leading order contribution is zeroth order in k, then it suggests our toy model
is not suitable for describing spin hydrodynamics. If we find the imaginary part
is linear in k, then we can further investigate these transport coefficients” depen-
dence on variables like the value of contorsion’s trace, parameters in our bulk
model, and the temperature in the bulk spacetime.

We must admit that the model we choose is a toy model that is not likely
to describe the real physics of spin current. Even if the holography conjecture
is true and our model describes the right dynamics for the contorsion’s trace, it
would be difficult to extract data from experiments to get the transport coeffi-
cients related only to the trace of contorsion. Nevertheless, we could still further
improve the model by including the dynamic terms of other components in con-
torsion. It’s definitely a tough task because there are many models/background
spacetimes/parameters that we need to choose or fit. If we find a holography
model that can predict similar spin transport coefficients as those obtained from
Bayesian analysis in experimental data, then it will be a strong evidence for the
holography conjecture.
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