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What are their effects on the QCD phase structure

Explore the new
dimensions of
the QCD phase
diagram
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New dimensions of phase structure

Quark-Gluon Plasma

Putting the strongly
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Magnetic field and rotation effects

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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CJT effective action of thermal dense QCD
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Gauge field fluc. induce 1storder PT of CSC in dense QCD

Ginnakis, Hou, Ren, Rischke, PRL 93 (04) ; PRD73 (06)
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stead of 2nd order PT in MFA



Oscillation, decrease the gap at low B, and increase gap at high B
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Nonspherical states in dense QCD with B
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» Chiral magnetic catalysis: Gusyin, Miransky & Shovkovy (1994)

imn-0 |eB| Dynamical breakdown of chiral symmetry
<0lgw|0> = —— takes place atm=0 andB #0 even without

2r any additional interactions between fermions.

The essence of this effect is the dimensional reduction 3+1->1+1 in the dynamics
of fermion pairing in a magnetic field.

E.(p,) :i\/mjyn +2|eB|n+p;, n=012...

In a strong magnetic field, all charged fermions
will be restricted in lowest Landau level only, thus
effectively reduce the dimension of the system.

1/2
m,,, ~ C~/eB exp{{gj J




BEC with Magnetic field B

@ BEC shares the same physics as chiral condensate.

@ Chiral condensates correspond to the BEC limit in
BCS/BEC crossover.
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BEC with Magnetic field B

Inverse chiral catalysis in strong coupling
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Feng, Hou, Ren PRD 92(2015)
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Chiral catalysis in weak coupling
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FRG and phase structute

See Wei-Jie Fu’s talk

* For continuum field theory

* Non-perturbative

* (known) microscopic laws — complex macroscopic phenomena
* Flow from classical action S[@] to effective action [[¢]

» Scale dependent effective action ' [@]

Wetterich, PLB301, 90 (1993). Iy = L Ty [ O Ry ]
)4 Ry

FRG Flow Equation @ Q \.
7/
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FRG study of phase structure at finite density

L =1 170" — gs(o + iy T ) — g, Wt — ’)/Olfv] (08
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—U(o, ™, w)

Fuy = Opw, — 0wy, Y= (u,d)"

The potential for o, 11, and w is

A m?

2, 2 (2)2 , .
Ulo, m,w) = (07 + 7" = f2)" = =W, For chiral limit

A 2 2\2 m;
Ulo,m,w) = Z(U + 7" — v )"+ Ho — Tl’wﬂw“, For explicit SB
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T (MeV)

Phase structure

Zhang, Hou, Kojo , Qin Phys.Rev. D96,114029 (2017)
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Zhang, Hou, Kojo , Qin Phys.Rev. D96,114029 (2017)
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order parameter ¢ (MeV)

Order parameter and baryon density
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Rotation 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.
> = 51 + So J=L+S

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

—
.---.
- e W

W,
[Yin Jiang, JL, PRL2016;

QP

See also: Chen, Fukushima, Huang, Mameda, arXiv:1512.08974]




Description of rotating system

Dirac Lagrangian in rotating frame:
1 -2 -y —Up —U3 ~H i KA
g(l) 7=
By =

-2 0 -1 0 1 1 -
) —U3 0 0 -1 F,u - Z X 5[7 s Y ]Pabp,
vV =wXZ
# E=1B[i'?"(3“+ry)—m]¢
Under slow rotation:

L=t [iao+z'fy°fy’-5+(in)-(—i5)+ﬁ-§4x4]tb
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Rotational
polarization effect!




Phase structure under rotation

Jiang,Liao: PRL117(2016)192303
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Mesonic superfluidity under rotation

L= P00 = mo+ Elaora)o +G, [(@0)° + (BinsTv)’
(Brvure)” + (PyursT9)’]
MF approximation: 0 — <’I,BT/)>, ™ = <’§Bi’Y5T1/)>, P — (7;3"70’757-371b>
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Rotational suppression of Pion superfluid

Rotation weaken spin 0 condensate, inverse catalysis effect

H. Zhang, DF Hou, JF Liao, arxiv 1812.11787
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Pion superfluidity phase diagram in T-pl
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Enhenced Rho Superfluid under rotation

Rotation enhances spin 1
condensate P channel
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I’ = 10MeV and baryon chemical potential is u = 250MeV.

H. Zhang, DF Hou, JF Liao, arxiv 1812.11787



Chiral vortex state

e MoyR =5,T = 0.6 M,
—M()R — 10,T — 0
e MoyR = 10, T = 0.6 M
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L.Y. He et al arXiv : 1901.04697
]



Summary and outlook

e QCD matter has very rich phase structures with B and rotation

e Fluctuations are important for TCP of QCD, FRG provides an
useful tool to study

e Magnetic field has nontrivial effects on phase structure
(Magnetic Catalyse & inverse Magetic catalyse)

e Rotation suppresses spin O condensate , enhances nonzero spin
ones due to the rotation polarization

e A new phase diagram for isospin matter under rotation with a
new TCP due to the interplay between rotation and isospin
chemical potential



Thank you very much for
your attention!




FRGE study of phase diagram: Flucts on CEP

Zhang, Hou , Kojo, Qin, PRD96 (2017)
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Magnetic ( Inverse )chiral catalysis at weak (strong) coupling

Feng, Hou, Ren , Wu, PRD 93 (2016)085019
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Summary for BEC under B

@ We point out that magnetic field has two effects: dimension
reduction and enhancement of fluctuations.

@ We elaborate this mechnism via a simpe example: BEC of
neutral composite bosons.

@ We find that in NR case the fluctuations play a signifcant
role and inverse magnetic catalysis arises in strong
coupling domain.

@ [n relativistic case, the fluctuations are NOT as signifcant
as that in NR. The inverse magnetic catalysis found in

Lattice QCD may due to the complex in the dynamics in
QCD.



Dirac fermion in rotation and B field

(1) eBincreases —4 M increases Magnetic Catalysis

(2) eBincreases—¥% M decreases

‘Rotational magnetic inhibition’

Chen-Fukushima-XGH-Mameda PRD2016
See also: Jiang-Liao 2016; Chernodub-Gongyo 2016; Liu-Zahed 2017,
Chen-Fukushima-XGH-Mameda 2017; Wang-Wei-Li-Huang 2019



