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Quantum ChromoDynamics (QCD)

EUR OSSN R S T SN S O SN TR S O
Fundamental theory of “Strong Interaction”

Proton Structure Neutron Stars (Pulsar/Magnetar)

outer crust 0.3-0.5 km
/ ions, electrons
. inner crust 1-2 km
-~ < electrons, neutrons, nuclei
\ outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas
inner core 0-3 km
quark gluon plasma?

~ 1071om ~ 10*m

The Theory valid over 10?° different orders!
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Quantum ChromoDynamics (QCD)

S TN TR TN R SN N SN SR S R SN R SN SN R SN S B
Fundamental theory of “Strong Interaction”

Origin of matter — Color confinement of quarks/gluons
Origin of mass — Quark/gluon condensates

1 1 -
— Uv UL
ZL = 2 ek, F* + 6 = ek, F°
(Dynamics) (Topology)
+y(iy, D" — my
(Chiral Matter)
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Various “Probes”

PE TN TN T DU SN N D N TN TR RN SN

Practical

Temperature

SignjProb.

Imaginary Density Finite Density

Finite Isospin Density

Imaginary Strong B )|Real

Finite Chirality Density

Imaginary 6 SigniProb. @ological)

Imaginary Rotation) SlgnIPmb' Fast Rotation

Academic | Large Curvature
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Phase Transitions

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Hadron Percolation

Effective mass

¢ == ¢

f (@g) Chiral Condensate

~ 1/T

oo L=c¢
¢ ®® Polyakov Loop

(Chiral Phase Transition)

—F /T

i (Deconfinement Transition)
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Phase Transitions

Temperature T

External o
Parameters AP
Liquid-Gas ‘.
.4

9 Nuclear Superfluid Chemical Potential ug
Sign Problem

9. R Avenues 2018

This talk
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QCD with R

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Determinant of the quark propagator with R

1 1 7
HHOBY =) 45" 360

1 1
om* + —m°R + —— R’
+m+3m +72

- 2(m* + R/12)7

Looks like a mass shift... Flachi-Fukushima, PRL(’14)
But QCD has chiral symmetry...?
Should be a spontaneous symmetry breaking.

Phase structure may be changed in curved spacetime.
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Rotation
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Introduction of Rotation

ARt e N R BORRt  Re OGP OGPt N N R g, 00

In terms of the fluid language:

p.p" =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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Introduction of Rotation

EOR SN I SN SR N YR S R SN S O TR SN SRR SN
Metric in the rotating frame:

Euclidean Cylindrical + Imaginary Rotation

( 1—Q%r? —iQr? 0 O\ Analytical Continuation
—iQr? r? 0 O .
Juv = 0 0 1 0 » Very smgular
\ 0 0 0 1) due to causality
Geometrical condition: Period f = 1/T

(1,0,r,2) ~ (T+ 3,0 —38Q;,71,2)

Imaginary time
X Imaginary angular velocity
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Confinement-Deconfinement

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Deconfinement Order-parameter Potential

Chen-Fukushima-Shimada, PRL(’22)
o cos(ng - a) cos(nf)l)
Ve(; Q) = ——-
| % an n> + 21 - cos(nQI)]}2

Singular for

Can we change with ;, = — 2 ? No! analytical cont.

Even 7 = rT = 0O (rotation center) is singular...

Physical implications: Talk by Yusuke Shimada
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Confinement-Deconfinement

G0, WO G0 G PR, N P e, N RN B, e

Finite Angular Velocity ~ Finite Density
Chen-Fukushima-Huang-Mameda, PRD (’15)

H—- H-J-Q & H-Nu
Expected behavior of phase transition High-T

) ) Tc Confined
T(Q2) < T(-Q? State???

Increasing Decreasing

Function Function Imaginary variable
>
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Confinement-Deconfinement

» '
m 0?-,
> . 5.
W % Egm% t{‘&:

New approach to confinement physics
Temperature

p—————

Weak-coupling
Confined Phase

\——_——

Imaginary
Angular Velocity

Angular Velocity
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Strong-coupling
Confined Phase

Quark Gluon
Plasma

T SRR R R B SR O R R R

Quark Matter

Baryon/Quark

Chemical Potential
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Confinement-Deconfinement

SRS TR R PR S R IR R SR RIS RIS SR OIS R SN IR R

A tension between Lattice vs. non-Lattice
Braguta-Chernodub-Roenko, PLB (°23) Chen-Fukushima-Shimada, PLB (°24)

T/T=0.95 v?=0.04 T/To=0.95 v}=0.12 T/To=0.95 v?=0.24 T/T=0.95 v?=0.48 Darker ~ More Conﬁned
10 Z: ‘ T 1.0
;i 0 . 0.2 08
10 o _ 0.6
_ 0.0 Q12
%0.25 w | 04
=000 —10 0 0.2
x (fm)
. . % 0.5 ro 0
Larger Imaginary Rotation P
Non-perturbative Lattice Perturbative Calc
at T ~T.and Q, < T at T >T.and Q; > T
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Magnetic Field + Rotation
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B +

Wit W N g N, ST SN, OO, RSN, SRR, Db, e
Interesting Theoretical Proposals
Strong Magnetic Field + Fast Rotation

Hattori-Yin, PRL (’16)
‘ f Fukushima-
€ < D € > -Shimazaki-
10 — _B . Q J, <0 J. >0 -Wang, PRD (°20)
4772 1 '
electron positron

spin spin

Liu-Zahed, PRL (’18)  Pions — the lightest charged hadrons

V1gBI@n+1)+p2+m2 = QI <0

Bose-Einstein condensate occurs for large orbital angular momentum
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B + €
SR, B O BT R P R O HR gl BT B P
Technically very difficult + Physically confusing

More Charge

Less Charge

System + B = Stable
System + Q = Stable System + B + Q = Unstable?
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B +

R0 DTG g OGN R R R N WG e Gt RGN R b Y

Fukushima-Hattori-Mameda, submitted (°24)
7 = trexp [—5(1{ _ Qj)}

Total angular momentum is the conserved quantity,
but this corresponds to a thermally unstable case.

The partition function in equilibrium should be:

/Z = trexp {—5(7—[ — ijin)} Gauge Invariant
Jkin = J — JEM
Induced £ + Applied B — Finite Angular Momentum
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Preponderant Orbital Polarization

Rt G RGN G T, SN ARGt G RGN RGN e, e

Fukushima-Hattori-Mameda, submitted (°24)

Weak B

Strong B

Spin Polarization Orbital Polarization
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Preponderant Orbital Polarization

G0, WO G0 G PR, N P e, N RN B, e

Fukushima-Hattori-Mameda, submitted (°24)

A7 2y A7
€U
m P~ — B-O
47°

=) J:a—P— €U p Rotate

00 o A2 Oppositely!?
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Finite @
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Lighter Pions?

Bt R G T BOGRhg  TD SR B T IR T, SN0

Liu-Zahed, PRL (’18)  Pions — the lightest charged hadrons

\/\qB\(zn+1)+p§+m§ ~ QI <0

Massless pions can be realized at finite &

| 1
<L = trF P40 2trF FHY
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Lighter Pions?

R0 DTG g OGN R R R N WG e Gt RGN R b Y
Strong CP Problem in QCD
In reality, 6 is very very small: 6 < 10!

0 is a pseudo-scalar, the same quantum number
as the singlet 77, meson.

In nuclear collision experiment, off-equilibrium
matter may have “disoriented” condensates.

mP Effectively, (17,) ~ 6 > 0, may be induced.
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Lighter Pions?
&W’E@ﬁﬁ%’&&%’@&%’&ﬁ%’&&#ﬂgﬁ#‘%@mﬁﬁ@&h’& Wit B
Local Parity Violation Scenario

Quark-Gluon Plasma
with 7, condensates

Nucleus Nucleus
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Lighter Pions?

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Chiral Lagrangian = Derivative Expansion of QCD
Y —p izT-tlf,

2
&L = Z”tr 0,2(0"E)" + y=7 + 3y

—10/2

2
2mze m, 0

aa m,+my; \ O m,
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Lighter Pions?

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Chiral Lagrangian = Derivative Expansion of QCD

Physics depends on det y Eauivalent
quivalen

O=n = y—-—iy = dety—-> —dety
Alternatively
0=0, my=-m, = dety— —dety

m._ = O Smilga, PRD ("99); Aoki-Creutz, PRL ('14)

This is the case for the lowest-order only...
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Lighter Pions?

ARt e N R BORRt  Re OGP OGPt N N R g, 00

More Intuitive Picture Adhikari-Fukushima (‘soon)

md+mu

Small number
from the next
leading order

A

Critical Point
m, =0

1st-order transition of
spontaneous CP breaking

o =0 Q=T

>
0= 0

Aoki-Creutz, PRL (’14)
The phase structure is different if # is dynamically optimized.
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Summary

ARt e N R BORRt  Re OGP OGPt N N R g, 00

P Rotation

0 Non-perturbative phases changed in curved spacetime.
0 Confinement accessed by perturbative calculations.

P Rotation + Magnetic Field
00 Induced electric field should be screened out.

0 Orl

vital polarization overcomes spin polarization.

O Su

perconductivity induced by curved spacetime?

P Rotation + Magnetic Field + Topological Angle
0 The lightest particle gets even lighter.
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