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Spin polarization in fluids

Hspin-rot = −ω · S
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Figure 1 | Concept of spin hydrodynamic generation. a, Schematic illustrations of conventional magnetohydrodynamic generation (left) and spin
hydrodynamic generation (right). The left panel shows that a fluid flow in a magnetic field generates an electric voltage perpendicular to the flow. The right
panel shows that a liquid-metal flow generates a spin voltage, the driving force for a spin current, along the vorticity gradient. b, Schematic illustration of
the velocity v and vorticity ! distribution in a liquid flow confined in a channel. A translational motion with di�erent v in a local region of a flow exhibits
local rotational motion, whose angular velocity is proportional to !⌘ rot v. c, Schematic illustration of the mechanically induced spin voltage µS and spin
current jS. A di�usive spin current flows along the gradient of µS, or !. d, Schematic illustration of the inverse spin Hall e�ect (ISHE) in the fluid. EISHE
denotes an electric field. e, Schematic illustration of mechanical spin-current generation in a cylindrical fluid channel. vz,!✓ , jSr✓ and Ez are, respectively, the
flow velocity, the vorticity, the mechanically induced spin current [jSr✓ ⌘�(�0h̄/4e2)(@/@r)µS

✓ ] and the ISHE electric field. ! is along an azimuthal
direction (✓) and has its spatial gradient along a radial direction (r). A spin current induced by the gradient of !✓ flows along the r-direction.

Figure 2b shows the time evolution of V measured in the liquid
Hg. The liquid flow in the channel starts at time t =0 and ends at
t =1t . A clear V signal appears when Hg is flowing, as shown in
Fig. 2b. The sign of V is reversed on reversing the flow direction.
This unconventional voltage behaviour is the feature predicted for
the ISHE induced by a mechanical motion described above: the
direction of EISHE is predicted to be reversed by reversing the !
direction or the Hg flow direction (see Fig. 1e and equation (2)).

To further examine the voltage generation, we measured V for
various values of mean flow velocity, v, and for several channels
with di�erent � and L values. v is modulated by changing 1P ; the
measurement result, shown in Fig. 2c, is reproduced well by the
relation for a turbulent flow in a pipe24, being consistent with the
fact that its Reynolds number, Re (=v�/⌫), satisfies the turbulent
flow condition, 4,000<Re<10,000, where ⌫ is the kinetic viscosity.
The time evolution of V shown in Fig. 2d clearly illustrates that the
magnitude of V increases with increasing 1P , or the mean flow
velocity v. Figure 2e shows the friction velocity24 (v⇤) dependence
of V for channels with di�erent � and L values. The result shows
that V increases with v⇤ but with di�erent slopes for the di�erent
channels. Here, v⇤ is directly related to the! gradient in a turbulent
flow: the vorticity of a turbulent flow, !✓ (r), in a pipe is described24

by !✓ (r)=v2
⇤/⌫ in the region close to the wall, called the viscous

sublayer, with!✓ (r)=v⇤/[(r0 � r)] elsewhere.  is the von Kármán
constant and r0 ⌘ �/2. The relationship between v⇤ and v for
di�erent � is shown in the inset to Fig. 2f, which was calculated24

by averaging the velocity distribution of the turbulent flow in
the pipe.

In this way, di�erent channels were found to exhibit di�erent V
behaviour. However, we predict a scaling rule on the behaviour as
follows. A spin voltage can be generated from!✓ (r) as a result of the
spin–rotation coupling, and the spatial gradient of the spin voltage
is then converted into spin currents in the liquid metal and into an
electric voltage via the ISHE:

V =
✓ L
r 30

◆
C0

"
(v⇤r0)2

⌫Re�
�(v⇤r0) ln

(v⇤r0)
⌫Re�

�(v⇤r0)
#

(3)

where C0 ⌘ (4|e|/ h̄)((✓SHE�2⇠)/�0), Re� ⌘ v⇤�0/⌫ ('11.6 for the
present study), and �0 is the thickness of the viscous sublayer
(see Supplementary Information for detailed derivation). This
formula predicts that r 30V/L exhibits a universal scaling with
respect to v⇤r0, identifying that the V signal is generated from the
spin current.

In Fig. 2f, we replot all the data from Fig. 2e for di�erent
channels into a r 30V/L versus v⇤r0 scale. In this plot, surprisingly,
all the di�erent data collapse onto a single curve. This universal
scaling behaviour is the very feature predicted above (equation (3)),
demonstrating that the observedV signal is due to the ISHE induced
by mechanically generated spin currents.

By fitting the data in Fig. 2f with equation (3), the parameter
✓SHE�2⇠ is estimated to be 5.9 ⇥ 10�25 J sm�1. If we assume typical
magnitudes18,23 of ✓SHE and � (✓SHE ⇠ 10�2 and �⇠ 10�8 m), ⇠ is
then estimated to be 6 ⇥ 10�7 J sm�3, or ⇠/µ ⇠ 4 ⇥ 10�4, where
µ is the Newtonian viscosity. Here, we used parameters from
ref. 24 for Hg: �0 = 1.01⇥ 106 (�m)�1, ⌫ = 1.2⇥ 10�7 m2 s�1 and
µ=1.6⇥10�3 J sm�3.

We also carried out measurements on Ga62In25Sn13(GaInSn),
another chemically stable liquid metal (melting point: 5 �C), whose
spin–orbit coupling may be weaker than that in Hg because all
atoms comprisingGaInSn are lighter thanHg. In themeasurements,
because an appropriate material is not available for the electrode
in GaInSn, we used a special set-up, called a triangle set-up;
the details of the set-up are explained later. Figure 3a shows
the 1P dependence of v in GaInSn and Hg. The velocity of
GaInSn is faster than that in Hg because of the density di�erence.
Figure 3b,c shows v⇤ versus V plots of GaInSn and Hg, and the time
evolution of V for various values of 1P in GaInSn, respectively.
The data show that V is slightly suppressed by substituting Hg for
GaInSn. Equations (1) and (2) phenomenologically indicate that the
conversion from the vorticity into the voltage depends on ✓SHE and
�. When spin–orbit coupling decreases, ✓SHE decreases whereas �
tends to increase. Therefore, the e�ects of spin–orbit coupling on
V partially compensate, resulting in the weak material dependence
obtained from the GaInSn and Hg measurements. If we assume
✓SHE�2⇠ for GaInSn to be 3.0 ⇥10�24 J sm�1, equation (3) reproduces
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Spin hydrodynamic generation
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hydrodynamic generation (right). The left panel shows that a fluid flow in a magnetic field generates an electric voltage perpendicular to the flow. The right
panel shows that a liquid-metal flow generates a spin voltage, the driving force for a spin current, along the vorticity gradient. b, Schematic illustration of
the velocity v and vorticity ! distribution in a liquid flow confined in a channel. A translational motion with di�erent v in a local region of a flow exhibits
local rotational motion, whose angular velocity is proportional to !⌘ rot v. c, Schematic illustration of the mechanically induced spin voltage µS and spin
current jS. A di�usive spin current flows along the gradient of µS, or !. d, Schematic illustration of the inverse spin Hall e�ect (ISHE) in the fluid. EISHE
denotes an electric field. e, Schematic illustration of mechanical spin-current generation in a cylindrical fluid channel. vz,!✓ , jSr✓ and Ez are, respectively, the
flow velocity, the vorticity, the mechanically induced spin current [jSr✓ ⌘�(�0h̄/4e2)(@/@r)µS

✓ ] and the ISHE electric field. ! is along an azimuthal
direction (✓) and has its spatial gradient along a radial direction (r). A spin current induced by the gradient of !✓ flows along the r-direction.
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magnitude of V increases with increasing 1P , or the mean flow
velocity v. Figure 2e shows the friction velocity24 (v⇤) dependence
of V for channels with di�erent � and L values. The result shows
that V increases with v⇤ but with di�erent slopes for the di�erent
channels. Here, v⇤ is directly related to the! gradient in a turbulent
flow: the vorticity of a turbulent flow, !✓ (r), in a pipe is described24

by !✓ (r)=v2
⇤/⌫ in the region close to the wall, called the viscous

sublayer, with!✓ (r)=v⇤/[(r0 � r)] elsewhere.  is the von Kármán
constant and r0 ⌘ �/2. The relationship between v⇤ and v for
di�erent � is shown in the inset to Fig. 2f, which was calculated24

by averaging the velocity distribution of the turbulent flow in
the pipe.

In this way, di�erent channels were found to exhibit di�erent V
behaviour. However, we predict a scaling rule on the behaviour as
follows. A spin voltage can be generated from!✓ (r) as a result of the
spin–rotation coupling, and the spatial gradient of the spin voltage
is then converted into spin currents in the liquid metal and into an
electric voltage via the ISHE:

V =
✓ L
r 30

◆
C0

"
(v⇤r0)2

⌫Re�
�(v⇤r0) ln

(v⇤r0)
⌫Re�

�(v⇤r0)
#

(3)

where C0 ⌘ (4|e|/ h̄)((✓SHE�2⇠)/�0), Re� ⌘ v⇤�0/⌫ ('11.6 for the
present study), and �0 is the thickness of the viscous sublayer
(see Supplementary Information for detailed derivation). This
formula predicts that r 30V/L exhibits a universal scaling with
respect to v⇤r0, identifying that the V signal is generated from the
spin current.

In Fig. 2f, we replot all the data from Fig. 2e for di�erent
channels into a r 30V/L versus v⇤r0 scale. In this plot, surprisingly,
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Spin — A new probe in HIC to detect the transport of angular momentum
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Spin alignment puzzle
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Figure 3: Global spin alignment of � and K⇤0 vector mesons in heavy-ion collisions. The
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the indicated windows of centrality, transverse momentum (pT ) and rapidity (y). The open symbols

indicate ALICE results 33 for Pb+Pb collisions at 2.76 TeV at pT values of 2.0 and 1.4 GeV/c for
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Figure 1: A schematic view of the coordinate setup for measuring global spin alignment in

heavy-ion collisions. Two nuclei collide and a tiny exploding QGP fireball, only a few fem-

tometers across, is formed in the middle. The direction of the orbital angular momentum (L̂) is

perpendicular to the reaction plane defined by the incoming nuclei when b 6= 0. The symbol ~p

represents the momentum vector of a particle. At the top-left corner, a � meson, made of s and s̄

quarks, is depicted separately as a particle decaying into a (K+, K�) pair. In this example, the

quantization axis (n̂) for study of the � meson’s global spin alignment is set to be the same as L̂.

✓⇤ is the polar angle between the quantization axis and the momentum direction of a particle in the

decay’s rest frame. A similar depiction can be found for a K⇤0 meson at the bottom-left corner.

polarization along the direction of its momentum (helicity polarization) 27, and the spin alignment

produced by fragmentation of polarized quarks 12. Both the vorticity and electromagnetic fields

can be represented as relativistic, rank-2 tensors having “electric” (space-time) and “magnetic”

(space-space) components; each contributes to the quark polarization along the quantization axis

n̂. For the ⇤ and ⇤̄ polarization in the rest frame, the only contribution is from the magnetic com-
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Local equilibrium density operator

ρ̂LE =
1

ZLE

exp

{
−

∫

ΣFO

dΣµ(y)

[
T̂µν(y)βν(y)−

1

2
Ŝµρσ(y)Ωρσ(y)

]}

Particles emitted from 𝜮𝑭𝑶 can
be treated as free particles

Zubarev etal 1979, Van Weert 1982, Becattini etal 2013

A local Gibbs state for massive spin-1 bosons

Canonical stress tensor Canonical spin tensor

Thermal velocity Spin potential

ρ̂GE =
1

ZGE

exp
{
−βĤ + βω · σ/2

}

A uniform rotation – a global equilibrium state



Spin state of vector meson
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Ŝ
µ
= −

1

2m
ε
µνρσ
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• Spin state in the rest frame
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Spin in (pseudo) phase space

Wµν(x, k) = θ(k2)θ(k0)
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• Spin polarization in phase space

• Average over the hypersurface
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Evaluating Wigner function — Gradient expansion
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• Decompose density operator by gradients

Evaluate Wigner function upto any orders of gradient

with

• Results
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∝ O(∂2)

∝ O(∂)× curvaure

∂2β , ∂Ω , · · · 2412.19416

2509.20200



Spin alignment by gradient of vorticity

∂[σβρ]

Karpenko etal. Eur. Phys. J. C (2017) 77: 213
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Figure 1 | Concept of spin hydrodynamic generation. a, Schematic illustrations of conventional magnetohydrodynamic generation (left) and spin
hydrodynamic generation (right). The left panel shows that a fluid flow in a magnetic field generates an electric voltage perpendicular to the flow. The right
panel shows that a liquid-metal flow generates a spin voltage, the driving force for a spin current, along the vorticity gradient. b, Schematic illustration of
the velocity v and vorticity ! distribution in a liquid flow confined in a channel. A translational motion with di�erent v in a local region of a flow exhibits
local rotational motion, whose angular velocity is proportional to !⌘ rot v. c, Schematic illustration of the mechanically induced spin voltage µS and spin
current jS. A di�usive spin current flows along the gradient of µS, or !. d, Schematic illustration of the inverse spin Hall e�ect (ISHE) in the fluid. EISHE
denotes an electric field. e, Schematic illustration of mechanical spin-current generation in a cylindrical fluid channel. vz,!✓ , jSr✓ and Ez are, respectively, the
flow velocity, the vorticity, the mechanically induced spin current [jSr✓ ⌘�(�0h̄/4e2)(@/@r)µS

✓ ] and the ISHE electric field. ! is along an azimuthal
direction (✓) and has its spatial gradient along a radial direction (r). A spin current induced by the gradient of !✓ flows along the r-direction.

Figure 2b shows the time evolution of V measured in the liquid
Hg. The liquid flow in the channel starts at time t =0 and ends at
t =1t . A clear V signal appears when Hg is flowing, as shown in
Fig. 2b. The sign of V is reversed on reversing the flow direction.
This unconventional voltage behaviour is the feature predicted for
the ISHE induced by a mechanical motion described above: the
direction of EISHE is predicted to be reversed by reversing the !
direction or the Hg flow direction (see Fig. 1e and equation (2)).

To further examine the voltage generation, we measured V for
various values of mean flow velocity, v, and for several channels
with di�erent � and L values. v is modulated by changing 1P ; the
measurement result, shown in Fig. 2c, is reproduced well by the
relation for a turbulent flow in a pipe24, being consistent with the
fact that its Reynolds number, Re (=v�/⌫), satisfies the turbulent
flow condition, 4,000<Re<10,000, where ⌫ is the kinetic viscosity.
The time evolution of V shown in Fig. 2d clearly illustrates that the
magnitude of V increases with increasing 1P , or the mean flow
velocity v. Figure 2e shows the friction velocity24 (v⇤) dependence
of V for channels with di�erent � and L values. The result shows
that V increases with v⇤ but with di�erent slopes for the di�erent
channels. Here, v⇤ is directly related to the! gradient in a turbulent
flow: the vorticity of a turbulent flow, !✓ (r), in a pipe is described24

by !✓ (r)=v2
⇤/⌫ in the region close to the wall, called the viscous

sublayer, with!✓ (r)=v⇤/[(r0 � r)] elsewhere.  is the von Kármán
constant and r0 ⌘ �/2. The relationship between v⇤ and v for
di�erent � is shown in the inset to Fig. 2f, which was calculated24

by averaging the velocity distribution of the turbulent flow in
the pipe.

In this way, di�erent channels were found to exhibit di�erent V
behaviour. However, we predict a scaling rule on the behaviour as
follows. A spin voltage can be generated from!✓ (r) as a result of the
spin–rotation coupling, and the spatial gradient of the spin voltage
is then converted into spin currents in the liquid metal and into an
electric voltage via the ISHE:

V =
✓ L
r 30

◆
C0

"
(v⇤r0)2

⌫Re�
�(v⇤r0) ln

(v⇤r0)
⌫Re�

�(v⇤r0)
#
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where C0 ⌘ (4|e|/ h̄)((✓SHE�2⇠)/�0), Re� ⌘ v⇤�0/⌫ ('11.6 for the
present study), and �0 is the thickness of the viscous sublayer
(see Supplementary Information for detailed derivation). This
formula predicts that r 30V/L exhibits a universal scaling with
respect to v⇤r0, identifying that the V signal is generated from the
spin current.

In Fig. 2f, we replot all the data from Fig. 2e for di�erent
channels into a r 30V/L versus v⇤r0 scale. In this plot, surprisingly,
all the di�erent data collapse onto a single curve. This universal
scaling behaviour is the very feature predicted above (equation (3)),
demonstrating that the observedV signal is due to the ISHE induced
by mechanically generated spin currents.

By fitting the data in Fig. 2f with equation (3), the parameter
✓SHE�2⇠ is estimated to be 5.9 ⇥ 10�25 J sm�1. If we assume typical
magnitudes18,23 of ✓SHE and � (✓SHE ⇠ 10�2 and �⇠ 10�8 m), ⇠ is
then estimated to be 6 ⇥ 10�7 J sm�3, or ⇠/µ ⇠ 4 ⇥ 10�4, where
µ is the Newtonian viscosity. Here, we used parameters from
ref. 24 for Hg: �0 = 1.01⇥ 106 (�m)�1, ⌫ = 1.2⇥ 10�7 m2 s�1 and
µ=1.6⇥10�3 J sm�3.

We also carried out measurements on Ga62In25Sn13(GaInSn),
another chemically stable liquid metal (melting point: 5 �C), whose
spin–orbit coupling may be weaker than that in Hg because all
atoms comprisingGaInSn are lighter thanHg. In themeasurements,
because an appropriate material is not available for the electrode
in GaInSn, we used a special set-up, called a triangle set-up;
the details of the set-up are explained later. Figure 3a shows
the 1P dependence of v in GaInSn and Hg. The velocity of
GaInSn is faster than that in Hg because of the density di�erence.
Figure 3b,c shows v⇤ versus V plots of GaInSn and Hg, and the time
evolution of V for various values of 1P in GaInSn, respectively.
The data show that V is slightly suppressed by substituting Hg for
GaInSn. Equations (1) and (2) phenomenologically indicate that the
conversion from the vorticity into the voltage depends on ✓SHE and
�. When spin–orbit coupling decreases, ✓SHE decreases whereas �
tends to increase. Therefore, the e�ects of spin–orbit coupling on
V partially compensate, resulting in the weak material dependence
obtained from the GaInSn and Hg measurements. If we assume
✓SHE�2⇠ for GaInSn to be 3.0 ⇥10�24 J sm�1, equation (3) reproduces
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Figure 1 | Concept of spin hydrodynamic generation. a, Schematic illustrations of conventional magnetohydrodynamic generation (left) and spin
hydrodynamic generation (right). The left panel shows that a fluid flow in a magnetic field generates an electric voltage perpendicular to the flow. The right
panel shows that a liquid-metal flow generates a spin voltage, the driving force for a spin current, along the vorticity gradient. b, Schematic illustration of
the velocity v and vorticity ! distribution in a liquid flow confined in a channel. A translational motion with di�erent v in a local region of a flow exhibits
local rotational motion, whose angular velocity is proportional to !⌘ rot v. c, Schematic illustration of the mechanically induced spin voltage µS and spin
current jS. A di�usive spin current flows along the gradient of µS, or !. d, Schematic illustration of the inverse spin Hall e�ect (ISHE) in the fluid. EISHE
denotes an electric field. e, Schematic illustration of mechanical spin-current generation in a cylindrical fluid channel. vz,!✓ , jSr✓ and Ez are, respectively, the
flow velocity, the vorticity, the mechanically induced spin current [jSr✓ ⌘�(�0h̄/4e2)(@/@r)µS

✓ ] and the ISHE electric field. ! is along an azimuthal
direction (✓) and has its spatial gradient along a radial direction (r). A spin current induced by the gradient of !✓ flows along the r-direction.

Figure 2b shows the time evolution of V measured in the liquid
Hg. The liquid flow in the channel starts at time t =0 and ends at
t =1t . A clear V signal appears when Hg is flowing, as shown in
Fig. 2b. The sign of V is reversed on reversing the flow direction.
This unconventional voltage behaviour is the feature predicted for
the ISHE induced by a mechanical motion described above: the
direction of EISHE is predicted to be reversed by reversing the !
direction or the Hg flow direction (see Fig. 1e and equation (2)).

To further examine the voltage generation, we measured V for
various values of mean flow velocity, v, and for several channels
with di�erent � and L values. v is modulated by changing 1P ; the
measurement result, shown in Fig. 2c, is reproduced well by the
relation for a turbulent flow in a pipe24, being consistent with the
fact that its Reynolds number, Re (=v�/⌫), satisfies the turbulent
flow condition, 4,000<Re<10,000, where ⌫ is the kinetic viscosity.
The time evolution of V shown in Fig. 2d clearly illustrates that the
magnitude of V increases with increasing 1P , or the mean flow
velocity v. Figure 2e shows the friction velocity24 (v⇤) dependence
of V for channels with di�erent � and L values. The result shows
that V increases with v⇤ but with di�erent slopes for the di�erent
channels. Here, v⇤ is directly related to the! gradient in a turbulent
flow: the vorticity of a turbulent flow, !✓ (r), in a pipe is described24

by !✓ (r)=v2
⇤/⌫ in the region close to the wall, called the viscous

sublayer, with!✓ (r)=v⇤/[(r0 � r)] elsewhere.  is the von Kármán
constant and r0 ⌘ �/2. The relationship between v⇤ and v for
di�erent � is shown in the inset to Fig. 2f, which was calculated24

by averaging the velocity distribution of the turbulent flow in
the pipe.

In this way, di�erent channels were found to exhibit di�erent V
behaviour. However, we predict a scaling rule on the behaviour as
follows. A spin voltage can be generated from!✓ (r) as a result of the
spin–rotation coupling, and the spatial gradient of the spin voltage
is then converted into spin currents in the liquid metal and into an
electric voltage via the ISHE:

V =
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where C0 ⌘ (4|e|/ h̄)((✓SHE�2⇠)/�0), Re� ⌘ v⇤�0/⌫ ('11.6 for the
present study), and �0 is the thickness of the viscous sublayer
(see Supplementary Information for detailed derivation). This
formula predicts that r 30V/L exhibits a universal scaling with
respect to v⇤r0, identifying that the V signal is generated from the
spin current.

In Fig. 2f, we replot all the data from Fig. 2e for di�erent
channels into a r 30V/L versus v⇤r0 scale. In this plot, surprisingly,
all the di�erent data collapse onto a single curve. This universal
scaling behaviour is the very feature predicted above (equation (3)),
demonstrating that the observedV signal is due to the ISHE induced
by mechanically generated spin currents.

By fitting the data in Fig. 2f with equation (3), the parameter
✓SHE�2⇠ is estimated to be 5.9 ⇥ 10�25 J sm�1. If we assume typical
magnitudes18,23 of ✓SHE and � (✓SHE ⇠ 10�2 and �⇠ 10�8 m), ⇠ is
then estimated to be 6 ⇥ 10�7 J sm�3, or ⇠/µ ⇠ 4 ⇥ 10�4, where
µ is the Newtonian viscosity. Here, we used parameters from
ref. 24 for Hg: �0 = 1.01⇥ 106 (�m)�1, ⌫ = 1.2⇥ 10�7 m2 s�1 and
µ=1.6⇥10�3 J sm�3.

We also carried out measurements on Ga62In25Sn13(GaInSn),
another chemically stable liquid metal (melting point: 5 �C), whose
spin–orbit coupling may be weaker than that in Hg because all
atoms comprisingGaInSn are lighter thanHg. In themeasurements,
because an appropriate material is not available for the electrode
in GaInSn, we used a special set-up, called a triangle set-up;
the details of the set-up are explained later. Figure 3a shows
the 1P dependence of v in GaInSn and Hg. The velocity of
GaInSn is faster than that in Hg because of the density di�erence.
Figure 3b,c shows v⇤ versus V plots of GaInSn and Hg, and the time
evolution of V for various values of 1P in GaInSn, respectively.
The data show that V is slightly suppressed by substituting Hg for
GaInSn. Equations (1) and (2) phenomenologically indicate that the
conversion from the vorticity into the voltage depends on ✓SHE and
�. When spin–orbit coupling decreases, ✓SHE decreases whereas �
tends to increase. Therefore, the e�ects of spin–orbit coupling on
V partially compensate, resulting in the weak material dependence
obtained from the GaInSn and Hg measurements. If we assume
✓SHE�2⇠ for GaInSn to be 3.0 ⇥10�24 J sm�1, equation (3) reproduces
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