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QCD phase transition
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QCD under rotation
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QCD phase transition
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Recently, we have also been paying
attention to QCD phase transitions under

. o What about the effective under acceleration?
other conditions such as magnetic field,
electric field.



Uniform acceleration in

The equation of motion for a uniform acceleration
particle:

a_—>0> v(t) = at

at
() = .
z(t) =a? (m — 1)
d %
TN

a =

The trajectory is hyperbola in Minkowski coordinates :

1", 1
z+-) -2 ==
a a

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

a is called proper acceleration



Rindler spacetime

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

Coordinates transformation :

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

Rindler coordinates (t,x,y,z)

ds? = —(ax)*dt? + dx?* + dy? + dz*

The world line in Minkowski coordinates: T = x sinh(at) ,X = xcosh(ar)

The world line in Rindler coordinates:



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*



Unruh effect

The most famous effect induced by acceleration is Unruh effect.

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

Define the annihilation and creation
operator in acceleration frame: ag(w)and

at(w)

We have ay|0)z=0, where |0)5 is Rindler vacuum

According to the Unruh effect we have

w(Olagal [0~ (exp (22) £1)

a



Unruh effect in heavy ion
collisions

Acceleration will provide a temperature T = a/2m. Temperature will surely effect the QCD
phase transition

So is this important in heavy-ion collisions?

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

As color glass condensate picture say that the strength of the color-electric field
E~QZ?/g ,where Qg is the saturation scale and g is the strong coupling and the typical

acceleration is a~Qs~1GeV (T = ——~200MeV > T, = 150MeV)

[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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Motivation

= Unruh effect may play an important role in QCD phase transition.
= QCD under rotation have attracted many attention.

= There are many interesting phenomena in the presence of parallel electromagnetic filed,
which can be easily analogous to acceleration and rotation.

= The above points give us an academic interest to discuss QCD phase transition under both
acceleration and rotation.



About this work

= We introduce the effects of acceleration and rotation through an accelerated-rotated
spacetime background.

= We employ the Nambu-Jona-Lasinio model in an accelerated-rotated spacetime and
apply the mean-field approximation.

= We solve the gap equation both numerically and analytically and work out the chiral
condensate as a function of rotation and acceleration.

= Most of the results were obtained in T = Ty.



NJL model in general spacetime

S G[/- _ . 2
Lay, = BlivtV, - molw + 5 | ($9)? + Biry)’
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NJL model action in rotation and acceleration frame;

(1+az)*—w?r? wy —-wx O
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Where o =1+a-x

The Dirac equation:
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Green’s functions

To simplify the formalism, both acceleration and rotation are
chosen along the z-direction.

—~

0 .
Y ) O3 ~ l ~ = ~ A
E(tao+w(7+Lz)+§ay°y3)+ iylg, =4 (A-m)yp=0
Solve the Dirac equation directly maybe is practicable, but it would be easier to simplify
the calculation by introduce the Green’s functions S(x,y,s) and G(x,y,s) :

(A= 5)S(x,,5) = —== 8o y),
V=g
(A+sT)G(x,y,5) =Sy s),

- 1

A2 —sTs)G(x,y,5) = —=6(x y).
~_ Y i .
A=¢(160+w(2+L)+2ayy>+1y6i

A? = qblz {[zao ((;3 + Ez) w]z — %az} + 05 + %a@S + ?0?3%1' [iao + (% + Ez)] + 07 + 03
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Acceleration case

A= %(160 + an6y3> + iy19;
1 1 1
A% = F{[iao]z —70 }+ 05 + (paag + y°y3 57 i[idg] + 0F + 07

L ~ 1 ~ 4
Projection operators: P* = 3 (1+y%3)

The differential equation can be decoupled into two terms:
A2 —s2=(Q+R)P*+(Q—R)P
1
¢2
R= ¢2 i[id,]

There is no gamma matrices in Q and R

1 1
{[lao] —Za2}+ 03 +$a63 + 0% + 05 — s?
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Eigenfunction
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Green’s functions

dpo APE i i yain
9 = [ 23 80 e,

G is divided into two part: G=P'Gt+P G~

With the eigenfunctions and the orthonormal relation,G* are obtained:

1 (£2i22/a — 1) cosh(n2/a)
(—ie + 1a)® - (iQ + La)’ s

G (21,22, P15 8) = /dﬂ - Kioyi1(a¢1)Kin, (o)
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Gap equation

After performed the Matsubara summation, the gap
equation become:

T is temperature in acceleration frame, in the

past

study always beensetto T =Ty

m d? p, —is1 cosh(m)/a) () — sqa Q
— =m Z / dQ/ - — tanh T + tanh o7 K7 @y 12(”0)

We apply the condition ¢ = 1, where is the
position of a uniform acceleration observer.
The acceleration restore the chiral symmetry when T is near T .

When the acceleration is small, there is a small fluctuation, possibly
due to numerical computation reasons.

As the temperature increases, i.e.T = 1.3T, the chiral condensate
no longer decreases uniformly with changes in acceleration.

It seems we have some problem ifwesetT + Ty

0.15
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0.05

m/GeV
I — T=1Ty
T=1.05Ty
T=1.15Ty
— T=1.3Ty
S ——1 1 a/GeV
1.5 2.0
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Acceleration and rotation case
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The form is the same just replace E with €, where ¢ = E + wj.
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Green’s functions

de 1 2
) ) —_ - (t _t ) ) ) ) ) ) ) )
G(xp Xy S) = z f ipo(t1—t; 27T]lz+1(Pz,kR)R2 Mk xyx,)G(z1 2 U ko s)

MUk xy0 x5) = diag(mm;, &, mmy, §&;) and n; = e (per), & = eV (per)
Projection operator for rotation part:
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G = z 5 A+ 517y 5 (L + sy y )G
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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=0 1. (P15, 2 PLiT2)

20



Gap equation

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

m—'t(S)
G—lr

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

3 Z jdﬂ 1 1 —is;cosh(mQ/a) anh Q — wj + tanh O+ wj
" 4 2N, 2a 2 W o7 W o
K51

X Kéﬁ 1(cr(/b)[]zz (puir) +112+1(pl,k7”)]
a °12

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

d*py —i sinh(7Q/a) (. 4 | o |
1=G /(]9/ 2 - {I& o1 (@) — K%—‘—; ((r)}

[ | b=

L

which is consistent with previous work.



Result

— w=0 w=0.3GeV w=0.5GeV — a=0.5GeV a=0.6GeV a=0.7GeV
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'T:TU

= both acceleration and rotation restore the chiral symmetry



Critical acceleration

1 z jdﬂ 1 1 —is;cosh(mQ/a) tanth Q — wj + tanh Q4+ wj
G 21N, 2a 72 A\ T A\ T
l,k,sl ’
X Kéﬂ @) 7 (puier) + Tt (poir)]
12

a

2
pl,k+m2

Where,a = [ 5
a

We define critical acceleration a., when m =0

We can work out the relationship between a. and w analytically

c A af(rfe*+ 1) -1t +3w?) )
272 2412 (r2w? — 1)2

|

1
2
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Critical acceleration

c A ad?(rt*ew*+ 1) —r*w* + 3w?
2712 2412 (r2w? — 1)2

—— analytical solution e numerical solution — r=0 — r=0.7(GeV)"" — r=1(GeV) !

a./GeV a/GeV

—ied— )/ GeV
0.7

- w/GeV
07

The critical acceleration (a.) decreases as the angular velocity increases.
The effects of rotation become increasingly significant with increasing radius.
The rotation at r = 0 still has an effect because fermions have a spin of 1/2.
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Gap equation

The case mg # 0

m — mn B —isy cosh(m{l/a) | Q —wj — sqia ‘ Q+ wj
=m ”GZ /dSZ Gy N.{ 5 = tanh 5T + tanh 5T
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o w11 (p) +mla(p) 25
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Gap equation

The case mg # 0

— w=0 w=0.3GeV — w=0.7GeV — a=0.5GeV a=0.6GeV — a=0.7GeV

m/GeV m/GeV

0.20¢ 0.20

015} 0.15

010} 0.10

0.05 0.05

. . t : L . : L . : L : : - : 2'0 alGeV e Yy ————— |w]/GeV
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m — g 0
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= When T=a/2r, the second term vanish such that no pion condensate. A
T =) Mb»&)

o

= The chiral symmetry would not restore with non-vanish current quark mass.
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ResultinT = Ty

n2m 0
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Condensate as functions of rotation w
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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 )

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

= The pion () condensate is a odd function of @ and constitute quark mass m is even

= 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

n2m
a 0
n=0.8 m-—m —p R
condensate/GeV a = 05 GeV condensate/GeV a=0.7GeV
f 0.20F
0.20 -
i 015}
0.15 -
010' 010+
0_05_ 0.05
Ly —— e — Lo /" I |LU‘|{GGV
05 1.0 1.5 2.0 Wi/ GeV 0.5 1.0 1.5 2.0

condensate as a function of rotation with different acceleration

The minimum of m is depend on a

With a larger a, the constitute quark mass will decrease to zero while the rotation increasing.

There exist a region(red dash line) we cannot find solutions that satisfy both gap equations simultaneously.

In the parallel electromagnetic study, they call this “chiral instability”
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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 rotationfromo to

Outlook

0

*=The relationship between temperature in acceleration frame
and inertial frame remains unclear.

= The phase structure is complex and seems inexplicableinT — a
plane.
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