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Magnetic Field and Vorticity in Noncentral Collisions
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Geometry in rotating frame

® Metric in a co-moving frame
v = Nuv + MuiO0V; + Niv69Vi + 0009V, vj (1)
® Dirac equation in a co-moving frame
[0 + ) — Melyp = 0. (2)

. . . _ A 1 1 b
® Spinor connection is '), = 7 x 5[v?,7°] [ap,, and nonzero
term of Spin connection is

Fio = 3 (0:v; — d;vi), rotation
Fioj = 5(0iv; + 0;vi), expansion, shear (3)
Foio = —3 (0ivj + vjdjvi).

® In a uniform rotating frame, i.e. v = Q x X, Spinor connection
is:
k
r,'jo = Q 6,'J'k ro =
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Propagator and Self energy

® Dirac equation in a uniform rotating frame
[i7?0,4+°QJ, — Mgy = 0. (5)
® quark propagator

m 9 0) 71k0(t t)+:kz(z z,)

. dko
S(r, = 2 Z/ /ktdkt/d z kot(n+ % Hyap — k2 . M2

{[[ko+(n+ U = ke +

(6)
X {Jn(ktr)-ln(ktr )P4 + €00 )J,,“(k,r)J,,H(ktr’)P,]

. :nl
— i kee® dy1 (ker)dn(ker' VP — 7P kee 0 Jn(ktr)Jn+1(kt’/)P-} 2

® One-loop Polarization function
1°5(q) = e [ *¥Troli*S(0:7)in*S(7: 017, (7
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Dilepton Rate in QGP

® Dilepton in HIC

I ) E

® The dilepton rate is related to the Lepton tensor and the
photon tensor:

d®pr p2 (8)
(27)3E; (27)3E;
e Combined with Lepton tensor for plane wave

1/2
dRy; a ng(w) 2m? 4m?
d4q = 1074 q2 1+ —(]7— - ? Im [HZ(OJ, k)]

dR; = 2rele P Ly (1, p2)p"" (w, q)

Minghua Wei Fudan University

Spectral function and Spectral properties in a rotating QCD medium



Thermal dilepton rate and its ellipticity
00e00000000

Scenarios for Dilepton production in QGP

® | epton pairs not affected by the medium

vt

L =2(—qg" +q"q" — k'K") (10)
® | epton pairs affected by rotating medium or EM field.

. al

k Py
p-

® Lepton states in the rotating medium | p¢, p,, n, s)—states
in the detectors | p, s)
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Spectral function in a rotating QCD medium

® Spectral function is related to the imaginary part of the vector
current-current correlation function at one-loop level:

(11)

T=0.2 GeV, =0, g=0

Figure 1: Spectral function as a function of temperature scaled invariant
mass for different values of rotation.
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Spectral function in a rotating QCD medium

® Spectral function is related to the imaginary part of the vector
current-current correlation function at one-loop level:

1
ov(q) = ;Imﬂi(q), (12)

Figure 2: Left panel: SF as a function of temperature scaled invariant
mass for different values of temperature; Right panel: SF for different
values of chemical potential.
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Dilepton Rate Enhancement under Rotation

® Dilepton rate expression:

dR; _ « ng(w)

a
d4q - 12?_[_4 M2 Im [na(w7 |q|’ qZ)] ’ (13)
3)(1073 1.20
== Born
1x107¥ Zru e
>
~
= £ 110
10-° 1 “
t‘; 3x10 T
g T=024GeV, u=0GeV 1.05 %
T a0 T N
-10
4x10 h > 3 4 3 1.00
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Figure 3: Dilepton rate as a function of invariant mass with different
angular velocities.
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q dependence for Im[12

Reaction Plane

Figure 4: A sketch map for
dilepton emissions from
rotating QGP.

e Explicit form of ImM@®:

Im[M (w, §) + N?(w, §)]

Q
1 Py pdp 1
=N Y / .
2 n==+1 2 (2 ‘q‘Ep

2
2
{2Ep(w — Ep+nQ) +[(3 i

A

2
q

+ p2(1 = —2)+2—ch0501]+2M?}
q q

nQ nQ
X [1—f(E — #*7) — f(Ep +#*T)]-

Constrain the integral region and the angle between g and g:

0 Gl wtnQ 4Mm2

=+—+ 1-—
P+ 2 2 (w+n)?
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¢ dependence for Im[1?>

e Elliptic flow coefficient v» is calculated in mid-rapidity, i.e.
gx =0 and g—; = sin ¢. One can extract ¢ dependent part of
Im12b:

(Im[nu(wv a) + |-|22(w7 a)])dep

2
1 T pdp —3(pcos61)? + E- — pqcosb:
— —mNgNccos 2¢ /
2 T,Z£1 (2n)2 dE, (16)

x u,f(,;p,u,g),f(,_:pw_%]} ,

Imn33 (w, §)dep = —77erNccos2¢ Z /

+ pdp {[3(1)60590)2 — $p% + pq cos bg]
n==+1

(2m)? qEp

X = F(E — = B0 = FlEp + = T}
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Ellipticity of Dilepton Production under Rotation

® Angular dependence of dilepton production rate in the
transverse plane.

&R 1 d’R =
E d3q 27 gr dgr dy (l +2) wncosln(o - WRP)]) il 4

n=1
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Figure 5: Elliptic flow v, as a function of g7 with T=160
MeV,M=200MeV and different angular velocities
Q =0.03,0.05,0.1,0.15,0.2 GeV.
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Invariant mass dependence of elliptic flow v,

Figure 7: Dilepton production and elliptic flow from an anisotropic QGP
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Figure 6: Elliptic flow v» at T=160 MeV/(left) and 600 MeV/(right).
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(Babak S. Kasmaei and Michael Strickland, PRD2019)
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Related works by other people

® Quark propagator and di-lepton production rate in a hot,

dense and very strongly magnetized rotating Quark-Gluon
Plasma[Aritra Das, arxiv:2310.11869]

e Bulk viscosity of rotating, hot and dense spin 1/2 fermionic
systems from correlation functions

Ne(q) = i / d*rei®" (P*(r)P*(0)) x (19)

[ Sarthak Satapathy, arxiv:2307.09953]

® FElectromagnetic radiation at extreme angular velocity

Sy = —ie / dt / do / dzjg(t,6.2) - A*(t,6,2,R) (20)

[Matteo Buzzegoli and Kirill Tuchin,arxiv:2308.10349]
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Methods for QCD Phase diagram under rotation

¢ NJL model with spinor connection[arxiv:1606.03808]

L= 13" (O + 1) = ml b+ Gs [(B0) + (ins7)’]

(21)
e 3-flavor NJL model with spinor connection
Langr =P[i7* (0 + T ) — melp
8
+Gs Yy {(%%)2 + (@i%A%)z}
» (22)

8
- 6> [BA)? + Binso)’]
a=0
- K [det@/_)(l +v5) ¢ —i—det&(l = ’)’5)@/)] )
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QCD Phase diagram

® Grand potential
Qf(r) ::T;Tzn:/dkf/dkz [Jn (ker)? + Jnia (ker)?]
x [Ek/T—i— In (1 + e'(Ek*(”%)Q)/T) (23)
tin (14 (B DTY]

Quot(r) = Y (2Gs07 — Q) + 4Kouogos. (24)
f=u,d,s

® Gap equations and dynamical quark masses

0ot 0ot
— =0 0. 25
dor - 02 (25)
MfEmf—4G50'f+2KHO'f/. (26)
FIAf
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Chiral condensates and dynamical quark masses
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Figure 8: Chiral condensates as functions of angular velocity.
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Figure 9: Dynamical quark masses as functions of angular velocity.
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Random Phase Approximation

°* RPA

® Pole mass b
2 S
Do) = Tty 1)

® Polarization function
Ms(q) = —i/d4FTrsfc[iS(O; #)iS(F; )], (28)
® Quark propagator

9 0 ) 7/k0(t—t/)+/'kz(zfz/)
dko
)2 Z/ /k‘dkt/dkz lko+(n+ 1)Q)2 — k2 — k2 —

" er
{[[k0+ (n+4 - Q+u]'y — kzy +Mf]
<[

S(7 # 2
f

(29)
(ker)dn(ker"YPy + 0—0 )J,,“(ktr)J,,H(ktr’)P_]
— ’
— i v hee'® i (ker) In(ker' Y Py — v kee ™0 Jn(ktr)JnH(kt/)P,},
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Scalar Meson Mass

® Scalar Meson Mass at T=150 MeV , u=100MeV, and
1#=200MeV

Quark Mass[GeV]

0.0 0.2 0.4 0.6 0.8 1.0
w[GeV]
_o08} | M _ _ _
Z —_— My > = >
2 ] 2 ]
Y I ) 2 =)
g 2 2 g
= = = =
Fh e = ¥
2 s 2 =
H ] z g
=02 ] = <]
0.0 X
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
[GeV] w[GeV]
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Vector Meson Mass

® Polarization function

9(q) = i [ ' Traelinr*S(0: 7)in T S(7: 0)] e,
(30)
® Propagator can be decomposed into three spin states

nev = ATPYY + ASPYY + ASLM + Ajutu”,  (31)
D (g%) = D1(q°)PL" +Da(q%) P5" +Ds3(q*) L'+ Da(q° ) ut u” |
(32)

® Pole mass

4Gy

3 114G A% 1+4GyA? =0 (33)

Di(q?)
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Spin Alignment with Thermal Equilibrium

® Meson spectral function[arxiv:2209.01872]

(4Gy)? Im Ax(K)

i
3=

f)\(k) Im D)\(k) =

. {[1 + 4Gy Re Ay (K)]? + [4Gy Im AA(k)]z}
(34)
® Assuming thermal equilibrium, particle number density for

B 1 2w (w)
A= (M T) =1 +/dwexp(w/>\T) — (39

® Spin alignment
fo

P00 = =& (36)
Z)\:O,il fn
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ral functions for Vector Meson ¢

® The spectral function is shifted to the left/right side.

14 A
i
12 N
e
— i
10 i
I
Z "
S 8 i
= i
36 i
% :
4 i
|
2 i
b

| K

6 meson, 5:=0

0GeV
0.1GeV
0.2GeV

0
085 090 095 100 1.05

©[GeV]

= 0=01GeV

- 002GV

—= = 0=03GeV

£(w) [GeV7?]

Minghua Wei

Spectral function and Spectral properties in a rotating QCD medium

£(w) [GeV7?]

1.10

115 1.20




Meson Spectra and Spin Alignment
00000000080

Spectral functions for Vector Meson p

® For p mesons at the temperature T = 150 MeV, spectral

functions only have continuum parts and appear as single
peaks.
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Spin alignment for Vector Meson ¢

® Spin alignment for Vector Meson ¢ and p in 150 MeV

0.00

0.00°
=0.01
=0.02
-0.03
—0.04

=0.02

2 —0.04

— ¢-Bound

Poo=1/3

=0.06

Poo— 1/3

— ¢-Resonance

—0.05
— p-Resonance
—0.08
— ¢-Total =0.06/  — 4_Resonance
- -0.07
0.00 0.02 0.04 006 008 0.10 012 0.4 0.00 0.02 0.04 0.06 0.08 0.0 0.2 0.14
Q[GeV] Q[GeV]

e Comparison with leading order of quark coalescence
model[arxiv:1711.06008]

md I i
o =3- 5(59) (37)
1
P (Q) = 3 — 5.100Q2 + 39.62Q%, (38)
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Summary and Outlook

® |n a rotating medium, the dilepton rate is enhanced;

® Azimuthal anisotropy of the dilepton production is induced by
rotation;

® poo — 1/3 is negative in the rotating medium. Compared with

the quark coalescence model, results from NJL model don't
have remarkable improvement currently.

= ‘ 0>no—rotating' How
Perturbative study is

¢ cold vacuum doesn't rotate: | 0)
about ’ Q>rotat‘ing and | Q
important(*But hard*)!

e Other hydrodynamic gradients(vorticity, expansion, shear
tensor) should take into account(see Feng Li,Shuai Liu,
2206.11890 ).

rotating

> L7
no—rotating *
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An optional profile

A =z L 1
///7‘ ' Y (39)
V2 f— Vy =
1 1
r120 = 5 (6va — any) == §Q
1 ° ? 1 (40)
Foto = 5 (viOxvj + vjdjvx) = 5w, - 2 =0
]_ 1 1 »
Fo20 = 5 (vjdyvi + vidjvy) = Sv = =5y Q
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® singularities show up in v as a function of gr. These
singularities emerge from a 4-momentum non-conservation in
the rotating frame, because & function in the imaginary part
has been modified by 6(w — E, — Ex + 1£2) As a consequence,
p$ will reach an extremely large value to satisfy
w — Ep — Ex + 182 = 0. We have shown that the rotation
effect had modified the domain of integration by

4M2
(wt+nQ)?—¢?
at g: = w + 1<, and the singularity will show up with uniform
rotation, which is similar to the forced oscillator without
damping.

piz =+74 wJ;"Q 1/~ Resonance is generated
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Components for Im[12°

Im[M*(w, §) + N*(w ?7)]

B pdp 1
_“”NfN Z/ (27)2  [4E,

X {2Ep(w — E, + 1) + [(32% —1)(pcosby)? (41)

q2 q?
+ p(1 - q—;) + 2;zp cos 01] + 2I\/I?}

Q Q
X (L= F(Ep = p = 55) = F(Ep + 1= )]
o_ |4  w+nQ B 4 M2
pi_iZ Tt \/l (w+nQ)2 — G2 (42)
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Expansion

1/(Exp[(M)/T] - 1)
1/(Exp[(M +$2)/T] = 1) + 1/(Exp[(M)/ T] — 1) + 1/(Exp[(M 4—39)/T]

The result is:

1 (eMT (1+eMT))Q? e’V’/T<—1—7e’V’/T—3e¥+3e¥)

— +
3 9((-1+emm)?T2) 108 (=1 4 eM/T)* T4
(44)

Poo =
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