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Confinement and chiral symmetry
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— Confinement and symmetry from vacuum to QCD phase diagram —
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Various “Probes”
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QCD with R

B BT, WG R  OGSR RGP g e W T N RS RSP e

Determinant of the quark propagator with R

1 1 7
TrLoeG =—UR - —R,,R*" — —R RHEVPE
5 730 45" 360" PO
1 1
D +2mt + SmPR+ —R?
) +2m” + 5 T =5
2(m* + R/12)?
Looks like a mass shift... Flachi-Fukushima (2014)

But QCD has chiral symmetry...?
Should be a spontaneous symmetry breaking.

Phase structure may be changed in curved spacetime.
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QCD with Q

AR WO R g R R OGP WO SRR R SN S

In terms of the fluid language:

p.pt = p(p’ —Qxx-p)
=xXp-Q=L"-€

Can be fully relativistically generalized with $2* = £*"°u 0 u

Cranking Hamiltonian:
H - H-]J Q
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QCD with 2

L MRS RS O SR AR S P SR Y O R SN R T B
Metric in the rotating frame:

Euclidean Cylindrical + Imaginary Rotation

1—Q9r? —iQr? 0 0 Analytical Continuation
—iQr? r? 0 0 .
Guv = 0 o 1 o| == Very singular
0 0 0 1 due to causality
Geometrical condition: Period = 1/T

(1,0,r,2) ~ (t4+ 5,0 — Q1,7 2)

Imaginary time
x Imaginary angular velocity
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Rotation Controversies

BRGNS 0GR SN, i RGN, i RGN,

Angular Velocity ~ Finite Density
Chen-Fukushima-Huang-Mameda (2015)

H—- H-J-Q & H-Nu

Phase Diagram at Finite Angular Velocity
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Rotation Controversies

B BT, WG R  OGSR RGP g e W T N RS RSP e
Chen-Zhang-Li-Hou-Huang (2020)

They solved the 5D Einstein equations with

.
1
t— t + wl’0 0.25}
N
0.20}
1 0.15}
O — - (0 + wt)
V1= (wl) |

O:2 Oi4 O:6 Oj8 1:0
Hawking-Page phase transition modified by
the orbital angular momentum. Color Deconfinement
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Rotation Controversies

B BT, WG R  OGSR RGP g e W T N RS RSP e

Ahmed-Cong-Kubiznak-Mann-Visser (2023)

fixed (J,V,C): F=FE-TS Canonical
fixed (Q,V,C) : W=E—-TS—-QJ Grand Canonical
fixed (J,V,pn) : G=FE-TS—uC
:
4i Unstable Consistent with Chen-Zhang-Li-Hou-
e Huang (2020)
3 r
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Rotation Controversies

R, T R, RS, OB, R FER O, R, SR, WD, B
Fujimoto-Fukushima-Hidaka (2021)

Hadron Resonance Gas model predicts thermodynamics.
Pressure blows up around approximate 7. .

Full QCD ?

Lattice QCD ?

'U[Gell/] 0.3

0.4 _ 0.30
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First surprise — Braguta et al. (2021)

Rotation Controversies

Pt R O RO R S RO MO R R, O P

Pure gluonic theory on lattice
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Imaginary rotation enhances the Polyakov loop
Real rotation induces more confinement!?
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Small but sizable
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Rotation Controversies

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

Updates — Braguta-Kotov-Roenko-Sychev (2023)

[Deconfinement] [Chiral Restoration]
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Imaginary Velocity ——»

Matter sector is consistent with other approaches.

Gluon sector is problematic !
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Rotation Controversies
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Further updates — Braguta-Chernodub-Roenko (2023)
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Physics depends on
the velocity (QIV)2
dominated by the
orbital component?

13



Rotation Controversies

IR PR TR SRR SRR TR T R T T

Further updates — Braguta-Chernodub-Roenko (2023)

T/Ty = 0.95, v?=0.04 T/Ty = 0.95, v? =012 T/Ty = 0.95, v} =024 T/Ty =095, v?=0.48
' 1 = 0.4
, 0.3
0.2
0.1
0.0

More “deconfined” for farer from the center

— Real rotation would favor “confinement” ?
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Weiss-GPY Potential

BRGNS 0GR SN, i RGN, i RGN,

Polyakov loop ~ Color imaginary chemical potential
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Center symmetry spontaneously broken at high 7.
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Weiss-GPY Potential
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Rotating Weiss-GPY potential
Chen-Fukushima-Shimada (2022)

T 0 o0
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Weiss-GPY Potential

G et R IR AR Y SR BOG e RN T R T, SN0

Rotating Weiss-GPY potential
Chen-Fukushima-Shimada (2022)

o cos(ng - a) cos(nf)l)

Ve(: sza———LL

~ 2
acd n=1 n2 + 27‘2[1 — COS(HQI)]}

For any small r, the denominator can vanish for some
complex angular velocity — Causality Singularity
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V(5 Q1) — V(0; 1)

Weiss-GPY Potential

IR PR TR SRR SRR TR T R T T

Rotating Weiss-GPY potential
Chen-Fukushima-Shimada (2022)
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Gluons with Q; = 7 look like adjoint fermions:
ng(e + inT) = — ny(e) favoring confinement.
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Weiss-GPY Potential

BRGNS 0GR SN, i RGN, i RGN,

Phase diagram of rotating gluonic matter (no matter)
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Chen-Fukushima-Shimada (2022)
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Interpretation

AR WO R g R R OGP WO SRR R SN S

Expected behavior of phase transition

) ) High-T
T (Q]) <> T (—Q ) Tc Confined
¢ ¢ State???
Increasing Decreasing
Function Function
cf. Imaginary 7 Imaginary variabli
s l Bornyakov et al.
é L#0 s TRW L#0
.l " . Beforereaching high-T confinement,
- L~0 the periodicity by z/N_ prevents.
0 7T/|3 27T|/§

Mq[/ r February 13, 2025 @ Benasque 20



Interpretation

L3 L3 L3
ST ST SRR R R R

New approach to confinement physics
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Interpretation
g Mg WO WO NPT O NP N WO WO WP NP
Chen-Fukushima-Shimada (2024)
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February 13, 2025 @ Benasque 22



Inhomogeneity
B BT, WG R  OGSR RGP g e W T N RS RSP e

Chen-Fukushima-Shimada (2024)

T

10 Dark color
~ Small PL
0.8~ More Confined
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S T1/2 1
0.4
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This is SU(2) and
0 l 00 SU(3)is qualitatively
0 0.5 1.0 the same.

/,’b
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Inhomogeneity

BRGNS 0GR SN, i RGN, i RGN,

A tension of conflicting lattice...
Braguta-Chernodub-Roenko, PLB (°’23) Chen-Fukushima-Shimada, PLB (°24)

T/T =0.95, v}=0.04 T/Ty =0.95, v?=0.12 T/T =0.95, v}=0.24 T/Ty =0.95, v?=0.48 Darker ~ More Conﬁned
Z: A T 1.0
. 0.2 0.8
o 0.6
0.0 'S /2
> T~ 0.4
0.2
. . % 0.5 ro 00
Larger Imaginary Rotation 7
Non-perturbative Lattice Perturbative Calc
at T ~ T, and Q;, < T atT > T and Q; > T
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Inhomogeneity

mﬁﬁvm-: 4 N‘ﬁ-&&h‘ﬁe&h’ﬁ:&"fﬁ”ﬁv%&%e&%’ﬁfﬁh’b&"
Both are very counter-intuitive!
Larger Pressure

Smaller Pressure

[Intuition]
Larger P at outer ~ Higher 7 ~ More Deconfined

|[Lattice/perturb.] More Confined at outer...?
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Inhomogeneity

R O OB SO BRSO SO O R SO, A, B
Unconventional “deconfined” phase ?, _suwriioonn

o 7=0 o 7=0.5
ﬁ 1.25 \/_3 0.24
1.00 0.18 lén/z
< 0 0.25 g 0.00
0.00 ~0.06 0 0 0;5 1.0
=0 23 4n/3 m 750 /3 4n/3 T
o1 o1
. . Perturbati Deconfin t
Confining Point T erturbative econfined bu
vacuum still nontrivial PL
unstable background...?
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Chiral Symmetry

AR WO R g R R OGP WO SRR R SN S
Chen-Fukushima-Shimada (2024)
Adding “free” fermions with dynamical mass

ZfT,a) — Det(yﬂGBu + m)

Search for the potential minimum of the Polyakov loop
and the dynamical mass.

Once symmetry breaking is turned on, the mass blows up.

We may introduce a model such as NJL, but this is
the most model-independent set-up.
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Chiral Symmetry

B, Dt SR, RN, Pt s RGN, W SRt RN, D, R

Chen-Fukushima-Shimada (2024)

SU(2) full (2 flavor) SU(3) full (2 flavor)
1 P B 1- /—5
= 0.5 2.5'€ 9.0.5] 2.58
O_ —_ | O O-"""'. """ —_— O
2 0

2n

Almost correlated... but SU(3) looks horrible...
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Chiral Symmetry

AR WO R g R R OGP WO SRR R SN S

Polyakov loop Chiral condensate

Polyakov loop | L| dynamical mass 1m

T 1.0 T Bl
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T r

Chen-Fukushima-Shimada (2024)

Fermion mass and the PL are strongly correlated

but something funny in the intermediate regions...
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Strong Coupling Analysis

BRGNS 0GR SN, i RGN, i RGN,

Fukushima-Shimada (soon)

Disordered Phase
~ Smaller J

0
[
5 \ ~ More Confined

L(xj) L'(xi)

S~J Z trL trL,,
n.n

Rotation correction?
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Strong Coupling Analysis

BRGNS 0GR SN, i RGN, i RGN,

Hirono-Yamamoto (2013) Fukushima-Shimada (soon)
1 _

Sg = ZE: B [(1 +720?) (1 — ERG tery>

+ (1+ y2(22) <1 — iRe tr(_]m> P v " v

N
V4 -~ 4
+ (1 + 2°Q?) (1 — NiRe tr(_]yz) £ ’
1 _ _ _
+3— Retr (Uur +Uyr +Ux7)  Leading correction
to Jis NEGATIVE.

1 _ _
- FRe tr (yQwaT — 2V pr

Imaginary rotation
more confinement!
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Summary (Real Rotation)

BRGNS 0GR SN, i RGN, i RGN,

B Controversies: Real rotation causes...
0 Decreasing 7. in the matter sector. «<— Okay
0 Increasing 7. in the gluonic sector. «— Conflicting
0 Increasing 7. in the full theory. <— Subtle

B Controversies: Inhomogeneity patter shows...
0 More confinement at outer regions. «— Theory
0 Which 1s more natural? More deconfinement?

P Controversies: Chiral condensate exhibits...
0 Something too complicated to be true? «— No lattice yet
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