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Spin transport

• Spintronics, liquid spintronics 
• Graphene, Dirac/Weyl semimetals 
• Astrophysics 
• Quark gluon plasma



Liquid spintronics

Generation of spin density by vorticity in liquid metals (Hg, GaInSn) 

                                        µs ∝ ω, Js ∝ ∇ω 

R. Takahashi et al. ’16 



Quark gluon plasma

F. Becattini et al. ’17 
STAR collaboration ‘19 
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LETTER RESEARCH

The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π− , the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then
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The subscript H denotes Λ or Λ , and the decay parameter17  
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18 ) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
to Ĵsys. Because our limited sample sizes prohibit exploration of these 
dependencies, our analysis assumes that (H is independent of momen-
tum, and we extract only an average projection of the polarization on 
Ĵsys. This average may be written7  as
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where φ Ĵsys
 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7  with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7  that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19 . The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08  ±  0.15 (stat) ±  0.11 (sys) and 1.38  ±  0.30 
(stat) ±  0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7  measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7  may be seen  
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Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π−  are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .
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Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.
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QGP: most vortical fluid:  ω ~ 1022 s-1 

Global hyperon polarization at RHIC  
by spin-orbit coupling  ~S · ~J
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• All possible sources of spin density/current  
• Relation of spin flow to energy/charge/chirality flow 
• Classification of spin transport coefficients 



Hydrodynamics with spin current

• All possible sources of spin density/current  
• Relation of spin flow to energy/charge/chirality flow 
• Classification of spin transport coefficients 

⟹ construction of hydrodynamics with spin 

Tµ⌫ S�
µ⌫
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• Definition of spin current   

• Hydrodynamics with spin current and torsion 

• Holographic description: first order gravity 

     Lovelock-Chern-Simons theory 

• Analytic blackhole solutions  

• Spin transport coefficients  

• Discussion

Outline



Ambiguity in the spin current

J�µ⌫ = xµT�⌫ � x⌫T�µ + S�µ⌫

<latexit sha1_base64="jaBMaZkoqgqjJiZCRTupsc/29pU="></latexit>

Total angular momentum 

Preserved by T
0µ⌫ = Tµ⌫ +

1

2
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0�µ⌫ = S�µ⌫ � ��µ⌫
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Conservation laws   @µT
µ⌫ = 0 , @�J

�µ⌫ = 0
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Belinfante-Rosenfeld ��µ⌫ = S�µ⌫
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Removes spin current completely, renders energy-momentum tensor symmetric,  
compatible with GR 



eiW [e,!] =

Z
D eiI[e,!, ]
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Consider quantum field in a nontrivial Lorentz representation

Variations define the energy-momentum and spin current 

Spin in effective action 
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Consider quantum field in a nontrivial Lorentz representation

Variations define the energy-momentum and spin current 

Spin in effective action 

Dependent in the absence of torsion:

⟹ spin current unambiguous when sourced by torsion 
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Consider quantum field in a nontrivial Lorentz representation

Variations define the energy-momentum and spin current 

Spin in effective action 

Dependent in the absence of torsion:

⟹ spin current unambiguous when sourced by torsion 
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!ab
µ = !̊ab

µ +Kab
µ , !̊ ⇠ @e

Easier to formulate in terms of contorsion:

Lowest order source of spin flow in flat space e = 1
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Hydrodynamic equations

Require invariance of  W[e,ω] under 
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2. Local Lorentz transformations



Hydrodynamic equations

Require invariance of  W[e,ω] under 

1. Diffeomorphisms 

2. Local Lorentz transformations

Relativistic hydrodynamics with spin current
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⇢[µK
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analogous to EM work  j・E 

antisymm. EMT generates S  



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

e.g. dislocations in graphene



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

e.g. dislocations in graphene

Torsion = continuum description of dislocations in the background 



Classification of torsion sources
Assume flat 3+1D metric with nontrivial torsion 

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

In 3D: ➝ loop plane
Burger’s vector➝

9 degrees of freedom⟹
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Classification of torsion sources
Assume flat 3+1D metric with nontrivial torsion 

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

In 3D: ➝ loop plane
Burger’s vector➝

9 degrees of freedom⟹

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

Not a Lorentz invariant decomposition 



Classification of torsion sources

Lorentz invariant decomposition:  

In hydro with flow velocity further decompose:

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

Gallegos, UG ,’20



Constitutive relations 

Energy-momentum tensor: 

⎨symmetric 
∋ shear

⎨intrinsic  
torque

heat currents ⎨

Spin current:

Gallegos, UG ,’20
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Constitutive relations 

Energy-momentum tensor: 
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∋ shear

⎨intrinsic  
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heat currents ⎨

Spin current:

Gallegos, UG ,’20
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Spin transport from effective action
Define spin chemical potential: 
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Spin transport from effective action
Define spin chemical potential: 
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µab = uµ!ab
µ = uaVb

1 � ubVa
1 � ✏abcducA1d

Hydrostatics from effective action:
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µi = {V1 · V1 ,A1 · A1 ,V1 · A1} Si = {V1 · ! ,V1 · a ,A1 · ! ,A1 · a}
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Spin transport from effective action
Define spin chemical potential: 
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Hydrostatics from effective action:
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Polarization by spin chemical potential, vorticity and acceleration  
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Bjorken flow

Boost invariant expansion in z-direction: 
<latexit sha1_base64="75kKJ6od7bZZpQDCdRq4d6Kpb4g=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjNiXA5C0IvHCGbBZAw9nZ6kSU/P0IsQhvyFFw+KePVvvPk3dpIRouiDgsd7VVTVCxLOlHbdTye3sLi0vJJfLaytb2xuFbd3Gio2ktA6iXksWwFWlDNB65ppTluJpDgKOG0Gw6uJ33ygUrFY3OpRQv0I9wULGcHaSnfmvqOxQRfI6xZLbtmdAs2Riuudn3jIy5QSZKh1ix+dXkxMRIUmHCvV9txE+ymWmhFOx4WOUTTBZIj7tG2pwBFVfjq9eIwOrNJDYSxtCY2m6vxEiiOlRlFgOyOsB+q3NxH/8tpGh2d+ykRiNBVktig0HOkYTd5HPSYp0XxkCSaS2VsRGWCJibYhFWwI35+i/0njqOxVyu7Ncal6mcWRhz3Yh0Pw4BSqcA01qAMBAY/wDC+Ocp6cV+dt1ppzspld+AHn/Qt1d5Af</latexit>

u⌧ = 1

No spin chemical potential and vorticity
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Boost invariant expansion in z-direction: 
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Acceleration polarizes the fluid in the z-direction (in the lab frame):
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Holography

Grant application Vici full proposal form 2020  p 4

Scien'fic challenges and key objec'ves 

However, theory lags behind. Formulated in terms of individual particles, the existing first principles theory, 
quantum chromo-dynamics (QCD), is unsuitable for the collective, wave-like motion arising from strong 
correlations between quarks and gluons [4,5]. Just like we use the motion of waves to describe the ocean surface 
rather than motion of the individual water molecules, we need the “theory of waves” for the quark-gluon plasma 
rather than the theory of individual quarks [6].  

While the existing approaches — lattice simulations, perturbation theory, effective field theory, kinetic theory, 
hydrodynamics and holographic duality [7-12] — are suitable for problems of certain nature, e.g. statistical, 
equilibrium or non-equilibrium — this wave theory should 

(1)  provide an overarching description of different type of physical processes in the plasma,  

(2)  explain its recently uncovered properties — e.g. strong vortical structure [13], and transport induced by 
electromagnetic fields and quantum anomalies [14] — and uncover more,  

(3)  deliver basic observables in measurements: particle yields in heavy ion collisions and gravitational waveforms 
in neutron star mergers.  

Two candidates for this wave theory stand out: hydrodynamics and holography. Hydrodynamics explains the 
experimental data perfectly in terms of energy and charge flowing in the plasma [15-18], see fig 4. Holography — 
a relatively new string theory method, see Box 1 — goes beyond and determines the thermodynamic properties 
and parameters such as viscosity and conductivity [22,23,12] that underlie this flow. Holographic models are 
expected to apply also to dense quark matter and neutron stars, while reproducing the first-principles results at 
vanishing density, as first shown in our seminal works [24-26] (fig. 5).  
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Fig.4. Agreement between hydrodynamic 
simula>ons (solid symbols) [17] and experimental 
data (open symbols) from RHIC depic>ng an energy 
flow parameter in the plasma. 
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Fig.5: Agreement between the effec>ve 
holographic theory developed by the PI [24-26] 
and the first-principles theory of the strong 
force, reported independently in [27].
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Box 1 - Holography in a nutshell : Einstein’s theory of 
gravity in the bulk of a 5 dimensional hypothe>cal 
space with a black hole at the center is mathema>cally 
equivalent to the quantum theory of plasmas on the 
boundary of this space [19-21]. Originally formulated 
in string theory for a specific system [19], this 
equivalence has been applied to real systems, such as 
the quark-gluon plasma (fig.5). Concretely, it maps 
collec>ve flow in the plasma — here denoted by 
current J at the black point — to fluctua>ons near the 
horizon — at the white point — through propaga>on 
of bulk wave, A, toward black hole. Universal 
proper>es of horizon geometry then lead to 
constraints on transport in the plasma. 

J A
Black
holehorizon

r

• Current J is mapped onto fluctuations on the horizon  
• Generic properties of near horizon geometry  
      ⇒ universal transport e.g. η/s = 1/4π Policastro, Son, Starinets `01

Kovtun, Son, Starinets `04
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Box 1 - Holography in a nutshell : Einstein’s theory of 
gravity in the bulk of a 5 dimensional hypothe>cal 
space with a black hole at the center is mathema>cally 
equivalent to the quantum theory of plasmas on the 
boundary of this space [19-21]. Originally formulated 
in string theory for a specific system [19], this 
equivalence has been applied to real systems, such as 
the quark-gluon plasma (fig.5). Concretely, it maps 
collec>ve flow in the plasma — here denoted by 
current J at the black point — to fluctua>ons near the 
horizon — at the white point — through propaga>on 
of bulk wave, A, toward black hole. Universal 
proper>es of horizon geometry then lead to 
constraints on transport in the plasma. 

J A
Black
holehorizon

r

• Current J is mapped onto fluctuations on the horizon  
• Generic properties of near horizon geometry  
      ⇒ universal transport e.g. η/s = 1/4π

Similar universality in spin transport? 
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Box 1 - Holography in a nutshell : Einstein’s theory of 
gravity in the bulk of a 5 dimensional hypothe>cal 
space with a black hole at the center is mathema>cally 
equivalent to the quantum theory of plasmas on the 
boundary of this space [19-21]. Originally formulated 
in string theory for a specific system [19], this 
equivalence has been applied to real systems, such as 
the quark-gluon plasma (fig.5). Concretely, it maps 
collec>ve flow in the plasma — here denoted by 
current J at the black point — to fluctua>ons near the 
horizon — at the white point — through propaga>on 
of bulk wave, A, toward black hole. Universal 
proper>es of horizon geometry then lead to 
constraints on transport in the plasma. 
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gravity in the bulk of a 5 dimensional hypothe>cal 
space with a black hole at the center is mathema>cally 
equivalent to the quantum theory of plasmas on the 
boundary of this space [19-21]. Originally formulated 
in string theory for a specific system [19], this 
equivalence has been applied to real systems, such as 
the quark-gluon plasma (fig.5). Concretely, it maps 
collec>ve flow in the plasma — here denoted by 
current J at the black point — to fluctua>ons near the 
horizon — at the white point — through propaga>on 
of bulk wave, A, toward black hole. Universal 
proper>es of horizon geometry then lead to 
constraints on transport in the plasma. 
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• Need a first order formulation with independent ea and ωab 

• Practical to have analytic black-hole solutions 



Holographic description 

Toy model: Lovelock-Chern-Simons AdS-gravity in 5D
Chamseddine ’89; Banados, Garay, Henneaux ’96; Zanelli 05;  
Banados, Miskovic, Theisen ’06; Cvetkovic, Miskovic, Simic ‘17 

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

• CS gravity for non-Abelian G, D ≥ 5 has local degrees of freedom unlike 3D

• Boundary symmetry ≃ WZW4 conformal theory with G

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



Lovelock-Chern-Simons

Relation to Einstein-Cartan in 5D: 

First order gravity in 5D:  

⎨Ricci ⎨Cosmological  
Constant

Gauss-Bonnet 
with λGB=1/4

⎨



Lovelock-Chern-Simons

Relation to Einstein-Cartan in 5D: 

First order gravity in 5D:  

⟹ Standard AdS solution for vanishing torsion 
       New solutions with propagating torsion  

⎨Ricci ⎨Cosmological  
Constant

Gauss-Bonnet 
with λGB=1/4

⎨
Gallegos, UG ,’20



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

Entropy as a charge from the Lee-Wald formula at horizon: 
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Total mass of the black hole: 

Satisfy the Smarr relation and the first-law:  

Gallegos, UG ,’20

F = M0 � TS � µIQ
I , dF = �SdT �QIdµI ,
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counterterm action



Thermodynamics:
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Spin current:
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Spin current:

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

Solution I: single axial

S�µ⌫ = �32⇡2T 2
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Spin current:

Solution II: Vector-axial-tensor
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Spin current:

Solution II: Vector-axial-tensor
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• Conformal fluid with spin sources 
• Non-trivial spin current even for symmetric stress tensor 
• Non-vanishing intrinsic torque and energy currents



Solutions at first order

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

For simplicity we only consider µA 6= 0 and Vµ
2 6= 0
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Boosted black brane with corrections: 

are linearly independent combinations of  



Transport for  

Energy transport:

Spin transport:

µA 6= 0 and Vµ
2 6= 0
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Transport for  

Energy transport:

Spin transport:

µA 6= 0 and Vµ
2 6= 0

<latexit sha1_base64="1bt/9AfuXVLzUadiaol8C4+k/yY="></latexit>

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

• Here also an intrinsic torque 
• More akin to “chiral torsional effect” Imaki and Yamamoto, ‘19



The Barnett effect
Magnetization of an uncharged body by rotation S. Barnett, 1915

Arabgol and Sleator ‘19

Nuclear Barnett effect



Transport for  µA 6= 0 and Vµ
2 6= 0
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• Spin current from divergence  
• “Vortical-Hall” spin current 

Novel possibilities for spin transport: 
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• Strong demand to develop relativistic hydrodynamics with spin 

• Torsion acts as a source for the spin current 

• Derived the hydro equations and constructed constitutive relations 

• Novel effects from hydrodynamic effective action 

• Lovelock-Chern-Simons provides a fruitful toy theory  

• Charazterization of spin transport coefficients from holography

Summary



• A systematic study of relativistic spin transport:  

Entropy generation, Onsager relations, etc.  

• Analysis at weak coupling ⟹ universal transport coefficients? 

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

• Observable effects of the novel spin transport?  

Outlook


