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= To explore quantum field theories under extreme conditions such as high
temperature or high density or with strong external fields.

= Physical systems in extreme conditions :

% From the astrophysical systems :

Neutron stars :

J.M. Lattimer & M. Prakash,
Science 304:536-542,2004

Core-collapse supernovae

+* From the colliders :

Nuclear collisions and the QGP expansion

ision evolution , Pparticle
ol detectors

e

Relativistic heavy ion collisions

“TRHICINBNL |

» Focus : Chiral and spin transport in nuclear physics & astrophysics



Geraint Evans (2023/09-present) :
QCD phase diagram

Haesom Sung (2025/04-present) :
heavy-ion phenomenology

Ritesh Ghosh (2025/12-present) :
QFT in extreme conditions,
heavy-ion phenomenology

(moving to Darmstadt in 2026/08 for
Humboldt fellowship)

L New members (2026/05-) :

Sota Hanai (Keio Univ.) :
chiral transport theory

Nicholas Benoit (Hiroshima Univ.) :
heavy-ion phenomenology
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Quantum transport of spin and chirality

m Chiral matter formed by (approximate) massless fermions : _
(e.g. light quarks in QGP) & @l) 3 J, =Jp+J, electriccurrent classically:
Ly — 0.

J; =Jr —J; spincurrent Iy ’TE/L—

spin  momentum chirality=helicity

o E B o E . S. L. Adler, Phys. Rev., 177, 2426, 1969.
I . i _ . S. Bell, . Jackiw, Nuovo Cim.,
< Chiral anomaly : 9, Tpi =t~ y =) J,JL = > 3. 5. Bel & R. Jaciw, Nuovo C
% Chiral magnetic/vortical effects (CME/CVE) : CME: ft o @>0 CVE:
vorticity :
gE MR (T2 n “‘?'?/L) o chiral imbalance : B J ¥ 1V v
R/L — . Py W = _
/ ’ 12 e Hs = pgp —py >0 v 2
(in thermal equilibrium) Q<0

O Axial Ward identity for massive fermions : (resummed LLs, weak inhomogeneous E )

~ 2 5 N )
—zq ljf (q) — B'—_E(Q)w q“ i ‘q‘]‘ ‘ B ) E(qJ—) ‘QJ_‘ K Hattori, K Mameda, T. Uchiyama, DY,
H5 D2 m2’ ‘QB‘ |q” |<m?<|eB] 4%2‘3‘ in preparation
(modulation assisted anomaly pumping!)

O Vorticity affects the Wess-Zumino-Witten terms in ChPT.
G. Evans, N. Yamamoto, DY, PRD 113 (2026) 3, 036029 see the talk by Geraint 4
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Chiral kinetic theory

m  Most of physical systems associated with chiral phenomena are “not” fully in
equilibrium.

m  Studying non-equilibrium transport is nontrivial.
m  Mean-field approx. for quasi-particles : relativistic kinetic theory
19,

AL flg. X) =q"CLlf], Ap=0.+F

M () v ' ]
Boltzmann equation

charge & momentum conservation
m  Quantum corrections such as magnetic-moment coupling, chiral anomaly
etc. are missing.
fim - } = 0.

[Nz

y S E,
O Chiral kinetic theory (CKT) : (q P f') {l AR A+ RS (9, F )08

g - (q-n)
M. Stephanov & Y. Yin, PRL. 109, 162001 (2012)
D. T. Son & N. Yamamoto, PRL. 109, 181602 (2012) qHY
J.-W. Chen, et al., PRL. 110, 262301 (2013) C = q-C+h— (1) (’ 1 hSet ((1 _ f' "NALDS — f’f”'l'ﬂt.lz?f_i’)_
D. T. Son & N. Yamamoto, PRD. 87, 085016 (2013) (q-n) ) B Jq
Y. Hidaka, S. Pu, DY, PRD 95, 091901 (2017), PRD 97, 016004 (2018) I
Review : Y. Hidaka, S. Pu, Q, Wang, DY, PPNP 127, 103989 (2022) E B
= 0,J5,, = +— = :
HYR/L A2

e.g., 2—25 scattering
v" The covariant form with both background EM fields and collision term can be
derived from quantum field theory! 5




Chiral transport in CCSN

= Neutrino absorption (weak int.) : T> ~ TS +T“=(g.w) +T\7>(q- B),

v (q) +n(k) = eL(q') + p(k') vorticity & magnetic field corrections :
N. Yamamoto & DY, APJ 895 (2020), 1 breaking spherical symmetry & axisymmetry

m Effective CME from neutrino radiation (far from equilibrium) : 5.5 5701 (2023,

B { B¢ ‘ é 62/ (;1:)13 6(5)2)( 0y —q- B@“) 5fw = {pBY,
At ) = & [/

(neutrino emission time)

(@) jg=0 (b) jp#0 Dynamical amplification of Inverse cascade :
magnetic fields : e

. . agn . IUM 3
m Chiral plasma instability : ) ' ' el ;
l”lr EB.HU -
M. Joyce, M. E. Shaposhnikov, PRL 79, 1193 (1997) 1016 €pini = 1072 ]
Y. Akamatsu, N. Yamamoto, PRL 111, 052002 (2013) — 1015 Epini = 107° ]
o
2 g Epini = 1071 -
Helicity conservation : ERRTE € =107
1012 3
axial charge => magnetic helicity . ]
3 o exp(t/tepr) ——— 3

]ﬂln 1 1 1 1
0 20 40 60 80 100

t/Tep

J. Matsumoto, N. Yamamoto, DY, PRD 105, 123029 (2022)
reviews : K. Kamada, N. Yamamoto, DY, PPNP 129 (2023) 104016



m The global polarization of A hyperons was measured in heavy ion collisions
=) spin polarization of the strange quarks

- STAR Au+Au 20%-5!

*A

e "

Nature548.62 (2017)

oA [e¥N
PRC76.024915 (2007)
+A SN

¢ this analysis

YA

0 UrQMD+VHLLE, A
| —primary --- primary+feed-down
- AMPT, A
primary primary+feed-down
C | G a1 | | 1 1 R N I ] | .ﬁ 1 11
10 ?

L. Adamczyk et al. (STAR), Nature 548, 62 (2017)

m  More complicated for local pol :

new effects
needed!

@z

VS [GEV]

A

BBC

Reaction plane : x 1+ impact parameter

quark-gluon ’

plasma /

© - &
¥ beam direction

forward-going
beam fragment

picture from UrQMD

s Successfully described by the global equilibrium
assumption from vorticity :

F. Becattini, et al., Ann. Phys. 338, 32 (2013)
R. Fang, et al., PRC 94, 024904 (2016)

(0) O pvpo,, | :
puy) = L 0B 2B A AN gy L () ()
= . 'H(T - c - ,’J a .
SMy [dY, - pf” 2 r r
LA z Plp ..
thermal vorticity
- 0.001_ p— | pPb 186 nb”' (8.16 TeV)
] [ STAR  Au+Au s, =200 GeV R R N I
N [ CMs Data  T.ENTo-3D+CLVisc
* 5 r 20%-60% L 08<p_<6.0Gevic ¢ 4 Aeq ]
% 0.0005 & _' 3 0 5- <24 L iso-th eq.
Q [ Vi = Br A+ ]
8 r /’T[ % ﬁ * “ + A+R s quark eq.
or > + P o
f e ol N
[ & i
0.0005| ) s
- | fit: p +2p sin(20-2¥ ) v, F
[ *\ p =0.0160.003 [%] S o8 .
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QKT for relativistic massive fermions

m  Quantum kinetic theory (QKT) : tracking the axial-current density in phase space
=> (spinis no longer aligned with momentum)

R I :
Q Spin pol. spectra:  pr(p) = Qf d? dg jlf((p“] )),_ T (p.x) x / dpo A" (p. )
m -N(p,x :

AF =271 (5(p2 —m?)a" + h' (p* — m2)eF’"‘”p,,fv) ( @"(p.,x): effective spin four vector)
m Axial kinetic theory (AKT) : scalar/axial-vector kinetic egs. (SKE/AKE)

K. Hattori, Y. Hidaka, DY, PRD 100 (2019), 096011
> SKE: P Afv — C[ﬁ/]_ Au — (‘% + erap’{ DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

Review : Y. Hidaka, S. Pu, Q, Wang, DY, PPNP 127, 103989 (2022)

standard Boltzmann (Vlasov) 9. gptangled £, & a* AB — A<B> — A B<.
N N A8 r - ho, :
» AKE: p-Ad" +eF""a, — 56“] . pﬂ(daeF:‘f"ﬁ/)d}ij =quiyat -+ 56“%0(11/(AUEV/J).][VH

v Dynamically generate spin pol. from EM fields or spin-orbit int. in collisions!

_ N. Yamamoto, DY ,PRD 109, 056010 (2024)
Q Self-energy corrections on QKT : s fang,s. pu, bv, PRD 109, 034034 (2024), PRD 112 (2025) 1, 014038.

We mostly consider E> related to Im (X}, r/a “) for scattering. How about %, = Re(Z/*) ?

_ 95 S 02 eff . _
P=0-=¢?=2¢-S=m} = F,”  Fu a[“ZVV]J effective background EM fields

(change onshell condition)

== heutrino spin Hall effect
M radioactive corrections on quark spin polarization in QGP 8
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Spin transport from color fields

m QKT for quarks with chromo-electromagnetic fields : 2 e ov pataoe )

B. Muller, DY, PRD 105, L011901 (2022)

=> spin transport from color-field correlators for color-singlet observables

m Strong color fields from the glasma phase in HIC :

Reviews : F. Gelis et al., Ann.Rev.Nucl.Part.Sci.60:463-489,2010
J. Berges et al., Rev. Mod. Phys. 93 (2021) 3, 035003

D=0 s )

soft gluons

hard partons g

T. Lappi, PLB 643 (2006) 11-16
O Spin alignment of vector mesons from quark coalescence :
q 1

spin triplet 7 -

spin correlation from color fields affects the spin-dependent
Spectra of vector mesons A. Kumar, B. Miiller, DY, PRD 107, 076025 (2023)
] ) ) DY, PRD 110, 056005 (2025)
O Local spin polarization of A :

P ~ [(p % u)((Ba . Ba> + (Ea . ECL))] H. Sung, B. Miller, DY, arXiv: 2507.23210

see the talk by Haesom
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Ongoing projects & future prospect

m QKT is a powerful theoretical tool to study the spin transport and applicable
with different interactions.

=> Capture the spin-orbit int. (like p-wave scattering, but from the
transport instead of the cross section)

m  Some ongoing projects :

» Spin dependent EoS for nuclear matter :
with Ritesh, P. Gubler, T. Naito
ChEFT (one-pion exchange + iterated) :
E = FEo(p)+alS]?+bS - w

» Spin transport in rotational hadron gas :

with Haesom, Ritesh

1 . ——

Spin-orbit int. from collisions : C(” = 5@,1,&‘_,3};*’3(0’-’23)}‘.— o
m Future goals :

» Simulations for the glasma effects on spin polarization
» Chiral transport + collective flavor oscillation for neutrinos

> Applying QKT to other physical systems? ‘0



