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Introduction: QCD phase transition under rotation

Functional renormalization group study: Quark-meson model under

rotation (arXiv:2306.08362)

NJL model study: Chiral condensate under rotation and acceleration

* Summary




QCD phase transition
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QCD under rotation
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Functional renormalization group

approach

Partition function with an IR regulator

ZlJ] =j D)(e‘S[X]+fx X ()] (x)—ASk[x]

regulator

a5, = 2 |29 @R @@
k - 2 (27_[ )d)( q)rp\q)x\q
Legendre transformation:

Lole] = Wi [J] + j $(] () + AS, [P]

flow equation
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QUARK-MESON MODEL AND FRG FLOW
EQUATION

The QM model Lagrangian in Euclidean spacetime with rotation:
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1
rF=— —ln det(DyyDy®)

1 ) R
— _—trln[ (3, —Qf,)" — V2 +R2k + gMM?|

dp,
= [a*x: Z B2 2 . g PNl 002 457+ Ro + 97 2] [1(Br)” + Jooa (B’



QUARK-MESON MODEL AND FRG FLOW
EQUATION

The QM model Lagrangian in Euclidean spacetime with rotation:
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Effective action for mesons:
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Effective action for fermion:

1
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QUARK-MESON MODEL AND FRG FLOW
EQUATION

Regulator for mesons: Flow equation for mesons:
(L2 2 2 .2 1 d 2k0(k? — p?
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NUMERICAL RESULTS FROM THE FRG

FLOW EQUATION
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FIG. 1. The quark mass m, as a function of Q and T at r = 0.9R in QM model.

= initial condition:

my, = 0.794A
* Parameters chosen as: A =2

c = 0.00175A73
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FIG. 2. The pesudo-critical temperature Tc as a function of Q at r = 0.9R
from fRG and MFA in QM model.

= Using the grid method

= Rotation effect almost invisible in low temperature

= Rotation effect suppress the chiral condensate



NUMERICAL RESULTS FROM THE FRG

FLOW EQUATION
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FIG. 1. The quark mass m, as a function of Q and T at r = 0.9R in QM model.
= Using the grid method

= Rotation effect almost invisible in low temperature

= Rotation effect suppress the chiral condensate
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FIG. 2. The pesudo-critical temperature Tc as a function of Q at r = 0.9R
from fRG and MFA in QM model.

= T. defined in where chiral susceptibility reach maximum

= T. decreases with increasing rotation Q
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NUMERICAL RESULTS FROM THE FRG
FLOW EQUATION
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FIG. 4. Meson masses and quark mass as functions of Q at T = 120 MeV

FIG. 3. Meson masses and quark mass as functionsof Q at T=120
from QM model MFA.

MeV from QM model FRG.

m, and m, have a tendency become degenerate

rotational effect is milder in our FRG calculation compared to the mean-field approximation
11



NUMERICAL RESULTS FROM THE FRG

FLOW EQUATION
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FIG. 5. The quark mass as a function of the radius r at different Qat T =
160 MeV.

= Fig 6 choose the parameters: A'=500MeV,
mpa = 0,
AA = 10,
c =0.
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FIG. 6. T — u phase diagram near the critical end point at different angular
velocity.

= Rotational suppression is strong near the boundary

= The fermions feel a effective chemical potential of Q/2

= The CEP shifting into low T and u with increasing angular velocity
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NUMERICAL RESULTS FROM THE FRG
FLOW EQUATION
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FIG. 7. The quark mass as a function of the square of the
rotating angular velocity at T = 160 MeV and r = 0.9R from
fRG calculation

= Quark mass is a smooth function of Q2 which provide a condition for analytic continuation

= The behavior with increasing imaginary angular velocity is contrary
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Summary

= Calculate the chiral condensate using FRG approach under
rotating QM model

= Rotation will suppress chiral condensate at nhon-zero
temperature which is agree with the model calculation



Unruh effect in heavy ion
collisions

The Hawking-Unruh effect predicts that the accelerated observer sees Minkowski vacuum
state as a thermal bath of particles with temperature T = a/2m.

According to Dmitri work[1], the Unruh effect under strong color fields in color glass condensate
picture should be observable.

The strength of the color-electric field E~QZ2/g , where Qg is the saturation scale and g is
the strong coupling and the typical acceleration is a~Qgs~1GeV (T = %~200MeV)

[1] Kharzeev D, Tuchin K. From color glass condensate to quark—gluon plasma through the
event horizon[J]. Nuclear Physics A, 2005, 753(3-4): 316-334.
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Related papers for acceleration

Ohsaku T. Dynamical chiral symmetry breaking and its restoration for an accelerated observer[J]. Physics Letters B, 2004, 599(1-2): 102-110

Castorina P, Finocchiaro M. Symmetry restoration by acceleration[J]. arXiv preprint arXiv:1207.3677, 2012.

Basu P, Haridev S R, Samantray P. Aspects of spontaneous symmetry breaking in Rindler and anti—de Sitter spacetimes for the O (N) linear sigma
model[J]. Physical Review D, 2023, 107(10): 105004.

Casado-Turrion A, Dobado A. Triggering the QCD phase transition through the Unruh effect: Chiral symmetry restoration for uniformly accelerated
observers[J]. Physical Review D, 2019, 99(12): 125018.

Chiral symmetry have been discuss by applied low energy effective model calculation in
Rindler space

Prokhorov G Y, Teryaev O V, Zakharov V |. Effects of rotation and acceleration in the axial current: density operator vs Wigner function[J]. Journal of High
Energy Physics, 2019, 2019(2): 1-17.

Prokhorov G Y, Teryaev O V, Zakharov V I. Unruh effect for fermions from the Zubarev density operator[J]. Physical Review D, 2019, 99(7): 071901.

Becattini F, Buzzegoli M, Palermo A. Exact equilibrium distributions in statistical quantum field theory with rotation and acceleration: scalar field[J]. Journal
of High Energy Physics, 2021, 2021(2): 1-51.

Palermo A, Buzzegoli M, Becattini F. Exact equilibrium distributions in statistical quantum field theory with rotation and acceleration: Dirac field[J]. Journal of
High Energy Physics, 2021, 2021(10): 1-49.

Acceleration (and rotation) studied by equilibrium quantum statistical density operator or Wigner

function. The phase transition under both acceleration and rotation have not been discuss.
16



Acceleration in relativity case

Minkowski coordinates (T,X,Y,Z)

1 1
The world line for accelerated particleis T = Esinh(ar) ,X =—cosh(ar)

The trajectory is hyperbola in Minkowski coordinates X?—T* = Py

where t is the proper time ,a is the proper acceleration

at
t) = —u,
YO = e
x(t) =a?! (\/1+a2t2—1)
d v
a

N dt+/1 — v2

Taken from Kharzeev D, Tuchin K. Nuclear
Physics A, 2005, 753(3-4): 316-334.
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Rindler spacetime

Minkowski coordinates (T,X,Y,Z)
ds* = —dT? +dX* 4+ dY? + dZ°
Rindler coordinates (t,x,y,z)

ds? = —(ax)?dt* + dx? + dy? + dz?

Coordinates transformation :

T = xsinh(at) ,X = xcosh(at),Y =y,Z =z

The world line in Minkowski coordinates:

T = x sinh(at) ,X = xcosh(ar)

1
The world line in Rindler coordinates: X = p t=r1



Rindler spacetime

Kottler-Moller coordinates:

1 t 1artanh r
T = — ) sinh - —
(a:+ Od)sm (at) a X—I—%
1 1 2
— _ _ 1 1
X—(w+a)cosh(at) . m:\/(X—'_a) _Tz_a
Y=y
4 =z y=Y
z2=4

ds® = —(1 + ax)?dt* + dz® + dy* + d2°

Radar coordinates:

1 T
T = —e* sinh(at) | t = — artanh —
o e
1 ox 1 2 2 2
X = - cosh(at) | =z = o In[a® (X* —T?)]
Y=y y=Y
=2z z2=127

ds® = e?*® (—dt2 + dazg) + dy* + d2*

19



NJL model in general spacetime

_ Gry/- _
Lujt = Piy"V = moly + - | (W2 + Giry)?|
), ()} =29, (), ¥ Vi) = 2ma

Iwg"? = 8., 9" (x) = e ()™ (x), v, (x) = €' ().

- ative V= = Lo g =Lt 0] @ = ay eb
Covariant derivative :V,= 9, + I, [, = = wui507, 07 =~ [y5v], wuj = Gavei' Vye)

NJL model action in rotation and acceleration frame:

N 5 [
S = jd“x{t[; [iy“aﬂ +ia - xy'0; +

2

Where ¢ =1+a-x

(1+az)?—w*? wy —-wx 0
gﬂv:< wy -1 0 0)

—wXx 0 -1 0
0 0 0 -1

0 0 i (wxx)i 0 i

v =g Y=,

F0=—iw-a+la-a,
2 2

ay+y'w-J- mo¢] Y+ gﬁb (P2 + @WSIP)Z]}
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NJL model in general spacetime

Lygy, = PlivhV, —mo|p + - [(ww ) + (PiySp)?| ageff o a;/eff .,
o T

¥

Z:JrD [l/) w]exp< jd XA/ — LN]L)
m-—mgy
. o2 + 12 G = itr(S)
:J D[¢,¢;a;n]exp{ifd4x — [l/) iy“VH—m—iysn)llJ— e ]}
s
B .5
‘ - i tr(iy>S)
A a +m? 1 , .
[= —an = d* x\/— +?lndet(1y”Vu —m-—1iy n) Where S the propagator
r o*+n* 1

_ ; :\)5
Veff__fd‘*x\/y_ e —Ytrln(Ly"Vv—m—Ly )
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Dirac equation in Rindle spacetime

The Dirac equation:

(iyﬁau+ia-xyi6i+%a-y+y6w-] )1/) )
—m —

¢
iy© i 1 - . A 0
. g —-w-03+=ay’y3 | +iy'o; + y—w[xl(—iaz) — x,(=i0)] —s|y =0
¢ 2 2 ¢
- '
Vo /. 03 - L 5.3 .1
E(lao +w (?+ Lz) +§ay°y3) +iy'o; — S} Yp=0

Vo /. 03 = I 5 3 cia A
(160+w(?+LZ)+§ay°y3)+1y16i=A



Green’s

functions

The Green'’s functions S(x,y,s) and G(x,y:s) :

1
2
A =2

(A—5)S(xys) = L5(95’ Y),

V=3
(/T + ST)G(x' y's) =S ys),

(A% = sTs)G (o y s) = iS(x' y).

V—9
A_Va . 03 = A
A:E<160+w(?+Lz)+§ay y

{[160 (2 +1 )a) —la }+03 +;a03+y

§> + iyiﬁi

¢2

[iao + (% + ZZ)] + 07 + 03
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Dirac equation in z direction

A2 =%{[i60 4 (%mz) w]Z —%a2}+ 9?2 +%aag +)7°)73%ili60 + (%+EZ)] + 02 4 92
Projection operator: Pt = %(1 +y%3),6 = P,G, + P_G_
P* 4+ P~ =1,pPtpt =pt ptp- =0
0 = %{_iao + (%+ L) w]z —%az} + 02 +%a63 +02 + 92 — 52
R= %i 0, + (%+ L,)|

(Q+R) = {%[(E + jw)? —%az] — D — %+ 05 +%a03 i%i[E +ja)]}
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Eigenfunction

(1 1 1 a
(Q+R)= {P[(E +jw)? ——a?] —pf —s*+ 05 + —-adz £ ilE +ja)]}

4 ¢ T P?
d* a* d 82_%612_61
a2d¢2+¢dq§_ Pl +s%— 52 +¢2is (@) =0
ie | 1\*
d? 1 d (—— * —)
2,2 _ a2 + =0
e {danbz " ag dag (1 F g ) Fe + 572
,Wheree=FE+wj,¢p=1+az,a = [ l’kaz ]
. + B J(F2iQ/a — 1)coshifinQ/a)
The solution: fa (ag) = T K%i%(“‘p) K, is the modified Bessel function

The orthonormal condition :

ood Ood 2082 —1 hr 2 )
];‘Pg(é)‘lﬁfﬁ): ; Sl H;COS - Kig+12(a6)Kigrt10(af) =35(82, §27)
0 0
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Green’s functions

de _ £t 1 2
G(x1; Xy’ S) — z j ipo(t1—t2) 271-]12+1(pl’kR)R2 ]V[(l; k> X1’ xz)g(21; V% Lk S)

MUk xy xz) = diag(nm;, E&,mm;, €€;) and n; = e (per), & = e" V0 (pyer)
Projection operator for rotation part:
— 1 LT 5 —t =
P = (1iy'y?), M =Pynm + Py &

1 C a1 -
G = z 5 A+ 517y 5 (L + sy y )G

51,82 :il

dp 1 (+2i2/a — 1)coshifnQ)/a)
Gs1s2 = Z [==_ — — — Kio 1(a¢1)Kia,1(ap;)
. . a—2 a—2
(miet3a) - (int30)
1 1
X 27N, e'U=s2/DO1=62) ], (D111 =572 (PLT2)
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Gap equation

When mgy = 0 , we can set T condensate ™ =0

m—'t(S)
G—lI‘

When T = % ,,mg =0, the gap equation become

3 Z jdﬂ 1 1 —is;cosh(mQ/a) anh Q — wj + tanh O+ wj
Y 2N, 2a 72 W o7 W oy
K51

X Kiﬂ 1(crc,‘b)[]l2 (pz,kr) +]zz+1(pz,k7”)]
a '°12

If we ignore the boundary and take the non rotation limit, we have

12 — h(m() .
1= /dS / A"pi_—tsim }(T /a) {fi 01 () — Kf_g_i ((.‘.1{)}
)2 a 72 +3 e 2

Where we have set ¢ = 1. The resultis same as Ohsaku work[1]

[1] Ohsaku T. Dynamical chiral symmetry breaking and its restoration for an accelerated observer[J]. Physics Letters B, 2004, -7
599(1-2): 102-110



Result from gap equation

m-a at r=0,w=0 ac(GeV)
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Critical acceleration a, as a function of angular
velocity w

chiral condensate as a function of acceleration
obtained form gap equation

= Acceleration suppress the chiral condensate at large value

= Critical acceleration suppressed with increasing angular velocity o



Gap equation
The case mg # 0

ﬂ I I
o _ jtr(s) c= i tr(iy>S)

&

itr(S) =itr [(iv"V, +m — iy°7) G =i Z tr [(iﬂfv,, +m— iy’ ) %(l + 5 ’r“’rﬁ)%(i + Sgiqﬁiqﬁ)g""l"”]

H1.52

[—

itr(iv®S) = itr [ (?’y”V +m — iy 7‘) C] =i Z tr !if*y‘% (i'}f”vy +m — ?E'}fﬁ?r) 2

51,52

5 3.1
(14 519%9° )5 (1+ sa2iy 1y2)ges }

(v") = tr(v*9"7") = 0

m — my

l tr
, m i
— =1tr(S5) =1 tr [—G%%2 — — 559G
G (:S) ;2 !4(} 1 51526 ]
iy
51452

% — itr(in’S) = l% $1852G° 72 + g"l "2]
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Gap equation

The case mg # 0

gsl 52 _-qu SZ—L&_}}'I—S[?;Q SE_‘_L‘J?
- _ tant : tanl -
?Z/ QTVM 2a {‘ﬂ“( 2T )+dm( 2T

m—m _ . m . i s
0 _ ?,T-I‘(S) =7 Z tr |‘Zg51..‘:2 _ _3132051‘62}

C $1,89 1 X"K Q_|_;, 1 (ﬂ:O) ]J 52f2(pl k?")
T im . . s S18 g"l "2 —is Q—wj— syia Q4+ wj
reln = itr(iy 5') Z tr lT 5152G777 + (_,}’ v 2] tr[——— 172 ?91922/03512?‘\&& 2; {t.anh( 9T ! ) +t-a11h( 5T
51,592
XR’ l‘g+ 1 ((I:O) JTJ ‘:2/2(})1 ,U")

m — mn —is1 cosh(mQ/a) Q—wj— s1ia ) Q+ wj
=m Z /dQQﬂ— Nir 2a 3 tanh o + tanh 5T

Lk sy
2 —1 cosh(m/a)
xKio 1 (ad) [JZ (puwr) + T (prs1,er)] MTMZ /dﬂ—zﬂ_ Nir 2a 2
51

Q—wj— sia QO+ wjy .
X {tanh( ;T - ) + tanh ( 5T j) } hm b1k (@9) [T (puwr) = Jiy 1 (puwr)]

—isy cosh(m$2/a) Q —wj — siia Q+wj
— = dQ— tanl - tanl -
=72, / o m % 2 ani o7 Ttanh (o

lfk‘:l

1 —icosh(n$2/a)
XI{er . () []E (prir) + )T (Pr1,57) +?m l; fd!!% Nir 5 12

Q2 —wj— sqia Q4+ wj ‘
X {tanh ( 5T ) + tanh ( 5T ) } 94,1 (ao) [JE(pur) — L1 (prer)]
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Gap equation

The case mg # 0

m — mg —is1 cosh(m§l/a) Q—wj— siia ) Q+wj
=m Z fd!) . Ni 2 = tanh 5T + tanh 5T

Lk ,s1

1 —icosh(m$2/a)
< K2 0 () [j"! piar) + JE (i, k?” ?‘n'l; /dﬂg Nir o 2

Q—wj— siia Q+wj .
X {tanh ( ;T : ) + tanh ( 5T ‘?) } K? g1 (@0) [JE(puxr) — JE 1 (pur)]

™ 1 1 —is;cosh(n$2/a) Q —wj— siia Q+wj
— = dQ— i ‘ tanl -
a " Z/ o Nig 20 n2 fanh 9T Tt o7

1 —icosh(mQ2/a)
x K? 9yl (o) []z (prar) + I (i1, k7)| +im HZ fngNi % 3

Q—wj —s1ia Q+wj . ‘
X {tanh ( 5T ) + tanh ( 5T )}R 9241 (o) [Jf(p,gjkr) - Jﬂl(p,g?kr)]

We consider the pointr = 0.When T = % the second term vanish such that no pion
condensate



Result from gap equation

n2m 0
B —_— —_— M JT
a d te/GeV
n = 08 condensate/Ge a = 06G€V
/_,2-
0.1_—
=
— : L L w/GeV
-1.0 -05 0.5 1.0
01}

Condensate as functions of rotation w

= Acceleration and rotation induced the pion (°) condensate when T # Ty

e
X

condensate/GeV
o
o

?TO \\‘
\
)
1
\
0.1f [
1
1
]
1
0.0 ———
0.0 0.3 0.4 0.5
L'"*/GeV ,=E-B

1
The constitute quark mass m and m° condensate as functions of I+

(Cao, G., & Huang, X. G. (2016). Physics Letters B, 757, 1-5.
arXiv:1509.06222 )

= The presence of a - w tends to diminish ¢ condensate while drive m° condensation which is similar to the
presence of E - B
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Result from gap equation

nim . .
= — —m m —p —m m — p
n= Oa8 condensate/GeV a = 06G€V condens_ate/GeV a = O7G€V
‘\/ " e N
e S R P .
-1.0 -05 L 05 10 -1.0 0.5
-0.1 i -0.1}F

condensate as a function of rotation with different acceleration

= The pion () condensate is a odd function of @ and constitute quark mass m is even
= The discontinuous behavior showed near Inflection point showed when a is large enough

= The total condensate decrease with increasing w
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Result from gap equation

n2m 0
- —m mo—p
a d te/GeV
n = 08 condensate/Ge a = O6G€V
T [ w/GeV
-1.0 -05 - 0.5 1.0
o)

condensate as a function of rotation with different acceleration

= The pion (°) condensate is near a linear function in the region w is small

dn®| . . . .
= The slope o | increase with increasing a

dn®
dw
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0.2

0.1

alGeV
0

34



Result from gap equation

- m — Jr — p
condensate/GeV TlZT[
0.2_— a
n =20.8
0.1} a = 0.6GeV
.................. w/GeV
0.2 04 0.6 0.8
-0.1

condensate/GeV
0.15F
0.10

0.05

—m — 1 —p
_n2n
a
n=12
a = 0.6GeV

w/GeV

0.4 0.6 0.8 1.0

= The sign of pion condensate change while temperature cross the Unruh temperature
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Result from gap equation

0

—m — g —p i
condensate/GeV . —_—m — 0 — P - m--——J —p
. w = —0.1GeV condensate/GeV condensate/GeV
0.20f w = —04GeV - w = —0.8GeV
[ 0.20} i
I 0.06 [
0.15F L
r 0.15F
0.10F 0,105 0.04]

005k 0.05F

002

v—i- a/GeV
10

-005¢

condensate as a function of acceleration with different rotation

= The pion condensate vanish when a - 0

= Acceleration suppress the total condensate at large value
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Summary

=The acceleration and rotation restore the chiral symmetry

=The presence of a - w induce the pion condensate when T +
a/2mw

= Exist a chiral rotation from o to r°

Thanks!

37






	幻灯片 1: Chiral condensate for accelerated and rotated observer
	幻灯片 2
	幻灯片 3
	幻灯片 4
	幻灯片 5
	幻灯片 6
	幻灯片 7
	幻灯片 8
	幻灯片 9
	幻灯片 10
	幻灯片 11
	幻灯片 12
	幻灯片 13
	幻灯片 14
	幻灯片 15
	幻灯片 16
	幻灯片 17
	幻灯片 18
	幻灯片 19
	幻灯片 20
	幻灯片 21
	幻灯片 22
	幻灯片 23
	幻灯片 24
	幻灯片 25
	幻灯片 26
	幻灯片 27
	幻灯片 28
	幻灯片 29
	幻灯片 30
	幻灯片 31
	幻灯片 32
	幻灯片 33
	幻灯片 34
	幻灯片 35
	幻灯片 36
	幻灯片 37
	幻灯片 38: Thanks！

