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Colour superconductivity is investigated in the [rame of a two flavour instanton-induced model. The ratio of

diquark to quark-antiquark coupling constants is restricted to be ¢/(N. —~ 1) with 1 < ¢ < 287 and controls the
formation region and amplitude of colour superconductivity. While the finite current quark mass changes the
chiral transition significantly, it does not considerably change the colour superconductivity.




Toward Physics of Beam Energy Scan

* Quantitatively establish a chiral QGP at higher energy collisions
* Search for QCD critical point at lower energy collisions
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Stay tuned
for exciting news

Superconductor .
in the near future!
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Beam Energy Scan Theory (BEST) Collaboration:
BNL, IU, LBNL, McGill U, Michigan State U, MIT, NCSU, OSU,
Stony Brook U, U Chicago, U Conn, U Huston, UIC
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Exciting Progress: See Recent Reviews

Progress in Particle and Nuclear Physics 88 (2016) 1-28

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

ELSEVIER journal homepage: www.elsevier.com/locate/ppnp

Review
Chiral magnetic and vortical effects in high-energy nuclear
collisions—A status report
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Phase Diagram: Many More “Dimensions”
T A

>

Magnetic fields (& electric field);
Rotation

(or macroscopic angular momentum);
Isospin density;

Fermion Contents (Nf, rep., ...);



Why Rotation!?

* There are many systems of interest that are rotating:
QGP in heavy ion collisions; neutron star; cold atoms; ...

* Interesting analogy between B field and rotation,
as noticed in recent studies of anomalous chiral transport.

* Thermodynamics & phase transitions are affected by B

field, so likely also by rotation.
6



Rotating Quark-Gluon Plasma
J
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Yin Jiang, Zi-Wei Lin, JL, arXiv:1602.06580[hep-ph]
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Rotating Quark-Gluon Plasma
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Convenient parameterization:
(wy)(t,b,v/snN) = A(b,v/sNN)

+B(b,/snn) (0.58¢)°-3° ¢~ 0-58¢
Yin Jiang, Zi-Wei Lin, JL, (b, Vonn) (0.5%)
arXiv:1602.06580[hep-ph] [see also Deng & Huang,1603.06117]

There are interesting effects, e.qg. Lambda polarization
[c.f. Liang & Wang, PRL 2005; ...]



Analogy between B Field and Rotation

Fluid velocity field . EM vector field .
V A
Fluid vorticity Magnetic field

S=vxV ]§:§><ff

At classical level: . o At quantum level:
— . — w or - -
FLorentz:foXB ¢p=e | B-dS
(Lorentz force) & (Aharonov-Bohm effect)
Frpw = 2m o x & 6, =2m [G-as
(Coriolis force) (Sagnac effect)

An angular momentum from rotation and a magnetic flux generate
a similar quantum phase of topological character.



B/Omega Analogy |I: Anomalous Currents

In a Parity-Odd medium, vectors & axial vectors can be mixed up, and
one can be generated from the other.

For rotating fluid: Sor B For EM field:

. AAAA o
woVie 8 555
Chiral Vortical Effect Chiral Magnetic Effect
J o s () - J x ps(eB)

Intuitive understanding of CME & CVE:

rotational polarization or

magnetic polarization —>
correlation between micro. ®
SPIN & EXTERNAL FORCE

# Current along external force!
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Chiral imbalance —>
correlation between directions of
SPIN & MOMENTUM



B/Omega Analogy Il: Anomalous Waves

Wave: propagating “oscillations” of two coupled quantities
e.g. sound wave (pressure & density); EM wave (E & B fields)

s 8 & 5
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EM wave A Y A W 4an JoW
LH wave
Chiral Density Wave
Chiral Magnetic Wave Chiral Vortical Wave
. (Qe) - 0 #0 - 0
do B-V ), = . =0
( "7 (an?)y ) Jan. = O (80 = (an)Xuow V) e
[Kharzeev, Yee, PRD2010; [Jiang, Huang, JL, arXiv:

Burnier, Kharzeev, JL, Yee, PRL2011] 1504.03201, PRD2015]



Influence of Rotation on Phase Structure!?

We know that magnetic fields can change the thermodynamic
properties and phase structure of QCD matter.
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[Lattice results by Bali, et al]

And we know the similarity between B field and rotation.
It is thus tempting to ask:
influence of rotation on phase structure?
[BTW: it could be studied on lattice,
c.f. Yamamoto & Hirono, 2013]
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Rotational Suppression of Scalar Pairing

Let us consider pairing phenomenon in fermion systems.
There are many examples:
superconductivity, superfluidity, chiral condensate, diquark, ...

We consider scalar pairing state, with J=0.
S — 51 + So J L -+ S

-F - Rotation tends to polarize ALL
‘ L ' angular momentum, both L and S,
- = thus suppressing scalar pairing.
—
W,

- O gy - y
% @9
mm - [ -

[Yin Jiang, JL, to appear;
See also: Chen, Fukushima, Huang, Mameda, arXiv:1512.08974]
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Description of Slowly Rotating Fermion System

Dirac Lagrangian in rotating frame:

1— 172 -V —Ugp —U3 ~ M — M. a
—vy -1 0 0 7 a |
— V2 0O -1 0 1 1

—U3 0 0 - | I‘,‘ — Z % 5[,},0’ Al'b] Fabp
V=wX I
el = 1) (i7" (O + D) — m] ¥
Under slow rotation:

L=t [i00+n%5 -8+ (& % &) - (i) + & Sxa 9

ﬁ=70(7-ﬁ+m)—ﬁ-(fxﬁ+§4x4)=I—:’O —

o Rotational
[Yin Jiang, JL, to appear.]  polarization effect!
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Description of Slowly Rotating Fermion System

Eigenstates of free Hamiltonian: H,p,,p%,J,, hi = v°7%p, - S
ﬁ

W 4~ T (ki)

10
< Er+m i . ing se" Jpp1(ker)
uk:,kt,n,s = -

€ (& k;—isk;
4Ek E,+m Jn(ktr)

Ex4+m te Jn-}-l(ktr)

T ki?:-isn}it Jn (kt'l')

k,—1k, 1
_ Ex+m —ik.z inf S_E"—Ichan+l (k¢r)
Uk, ki,n,s = € € kt+m
4By Jn(ktr)
—se? T, 1 (ker)

Interaction: NJL type 4-fermion

Lr.,, = G¥)? + Ga(" C7°4) (' Cy°¥)
widely used for studying fermion pairings
[Yin Jiang, JL, to appear.]
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The Chiral Condensate: Q-bar-Q Pairing

Constituent Lagrangian
mass (SM) mass

- o s e o — T —— s

Dirac GAP =\ = m - 2G (V)
Sea
p Pairing states:

129/ / 277/ L=1, S=1, and J=0

O — /d3 {(‘[_"n ] 2Z/dk2/dk € = \/Ag-f-]\lz'*'."]z — ('N+ %)w
: 7 w

X [Jn(ker)® + Jn(ker)?] - Gap equation:
xT[lll 1 +elen=m/T) Ln (1 + e (En—m)/T 02 _
R R Cr N S
+1In (1 +e("‘+“)/T) +In (1 + e‘(‘"“‘)/T)] } 529
sy > U

[Yin Jiang, JL, to appear.]
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Rotational Suppression of Scalar Pairing
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[Yin Jiang, JL, to appear.]
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Rotational Suppression of Scalar Pairing
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[Yin Jiang, JL, to appear.]
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T (GeV)

A Possible New Critical Point
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[Yin Jiang, JL, to appear.]
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The Diquark Condensate: Q-Q Pairing

Color superconductivity:

a-,.._.,..———.--

Fermi GAP-» A = 2G4 (T Cy°)

Sea Pairing states:

//7 //// V6 ////// / =0, S=0, and J=0

At = (VR +m2 4 p)? + A27 — (n+ 5w
A2
0 = fd"'f'{ G. 471r2 Z/dkf/dk-z
n

X [Jn(ker)? 4 Jn(ker)?] - Gap equation:
XT[ln 1 +e€£+/T +In(1 +e_€£+/T o2 __
(et m)sm(eetn) g
+In (1 + c‘ﬁ_/T) + In (1 + e‘ef':‘_/T) ] } 520 0
SA()Z ~

[Yin Jiang, JL, to appear.]
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Rotational Suppression of Scalar Pairing
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Summary & Outlook

Properties of strongly interacting A
matter under rotation are interesting.

Rotation induces anomalous chiral

transport effects, like magnetic fields.

There is a generic, rotational
suppression effect on scalar
condensate from fermion pairing.

Many possible interesting development in the future:

* emergence of new pairing phases
(J>0 condensate, vortices, instabilities, ...)

* phenomenology: heavy ion collisions; neutron star

* lattice simulations

* cold atomic gas experiments .
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