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The chiral PHASE TRANSITION temperature

R. D. Pisarski, F. Wilczek,
Remarks on the chiral phase transition in chromodynamics,

Phys. Rev. D 29 (1984) 338(R)

Abstract:

The phase transition restoring chiral symmetry at finite temperatures is
considered in a linear o model. For three or more massless flavors, the
perturbative e expansion predicts the phase transition is of first order.

At high temperatures, the UA(1) symmetry will also be effectively restored.

— since 35 years it is understood that critical behavior in strong-interaction matter
is due to chiral symmetry restoration

— the phase transition temperature in the chiral limit of QCD is one of the fundamental
scales in strong-interaction physics

— neither the order of the transition in 2 or (2+1)-flavor QCD nor the value of the
transition temperature have been established so far
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Critical behavior in QCD

@ close to the chiral limit thermodynamics in the vicinity of the
QCD transition(s) is controlled by a| universal scaling function

singular / regular

p 1 . o .
i = s WZ(VL T, i) = —hC70B0 £ (¢/R1/E%) — f.(V, T, i)

it ing- T — 1T, 4 m
,\ critical line: £ o 1 Ko (ﬁ) C ho~
T/ t=0, h=0 T. T T.

here only: 11, =0

guestion: Where is the chiral
PHASE TRANSITION for
m, = mgq = 0 located?
What is its influence on
observables at the pseudo-critical
temperature?
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Phases of strong-interaction matter

~ Hl/ﬁ&
H=ml/ms
physical this talk focuses on
up =0
o0
A 1st
0(4) 2(2)
m, phys. pt.??
-<+—9
fc
mS
mMay,d
What is the influence of the chiral phase transition
on observables at the pseudo-critical temperature? 151\ Z(2
0 >
-do step 1 first — determine the critical temperature more on the order of the chiral phase

4 transition at physical value of the
(and the order of the transition) mm > strange quark mass - see next talk

by Jishnu Goswami
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Scaling in the thermodynamic (infinite volume) limit

— approaching the chiral limit — some definitions
— order parameter M and its susceptibility
M = h'Y2fg(2) + four(T, H)
xv = hg 'R L (2) 4+ faun(T, H)

for ANY fixed z:

Tpc(H) = T? (1 + iﬂl/ﬁ‘s) + sub leading
<0

— corrections-to-scaling
— regular terms

0.40

0.35 . . . ]

scaling functions f (2) for some 3-d universality
0.30 classes:
025 ) 1/36 Zp 260 Zs
020 f Z(2) | 4.805 | 0.640 [ 2.00(5) | 0.10(1) | 0
0.15 | O(2) | 4.780 | 0.599 || 1.58(4) | -0.005(9) | 0
010 O(4) | 4.824 | 0.545 || 1.37(3) | -0.013(7) | O

\ . _J

0.05 r -~

0.00

characteristic points on
the scaling function f, (z)
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Phases of strong-interaction matter
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k2 = 0.012(4) A. Bazavov et al. [HotQCD],

arXiv:1812.08235



Scaling in the thermodynamic (infinite volume) limit

— approaching the chiral limit — some definitions
— order parameter M and it's susceptibility
M = hY°fc(z)+ four(T, H)
xm = ho 'hY°Tf (2) + Feun(T, H)

for ANY fixed z:

Tpc(H) = T? (1 + iHl/ﬁ‘s) + sub leading
<0

5—1
Xﬂaw ~ Hl/
_ _ 0 700 —— .
conventional steps to determine TC Xm
600
— choose a characteristic feature of XM 500 1 N8 ,7"
— the maximum Xz " ol 4/
—in the scaling regime this is located at zp 0[ /s
_ _ 200 | o
— using the scaling ansatz for T,,.(H) e of
allows to extract 7. 100 E 1 e 2
— &8 T [MeV]

0

130 135 140 145 150 155 160 165 170 175 180
A. Lahiri et al, QM 2018, arXiv:1807.05727
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Chiral extrapolation in the Quark Meson Model

Capv @] = /d4w {G(@ + gmc.)q + gq(o +iT - Tvs)q + %(f%qb)z + UAUv(qb)}

—yws/TS my= 235 MeV -
| T 135 MeV - -
S ~ o 45 MeV - -

0 MeV —

AT = Tpo(mP'¥*) — T.(0) ~ 30 MeV

| = — e —

0 0.5 1 1.5 T/, 2

m.[MeV] 0 45 135 230
T ) [MeV] | 100.7 | ~ 110 | ~ 130 | ~ 150 | T,.(m,) almost linear in 1,
T ?[MeV] || 100.7 113 128 — even for m, = mP"vs

trivial?

put O(4) in get O(4) out?
J. Berges, D.U. Jungnickel, C. Wetterich,
Phys. Rev. D59 (1999) 034010

— strong pion mass dependence of Tpe (1)



Chiral extrapolatlon and flnlte volume effects
|n the 0(4) gb model

260 [’

T 1 A
240 | - - 2 2 12 4
= — —m —
290 | ] ‘C 2(8l1/¢) _|_ 2 ¢ —I_ 4¢
_. 200t i
> 180 | ! ¢ = (¢19 coey ¢4)
2 160 re -
— 140 |
e L55m e _ hus
100 | L=2.5 fm AT = Tpe(mP*?) — T.(0) ~ 35 MeV
Mle L=1.5fm =

100 150 200 250 300

m,_(T=0) [MeV]

L [fm] | m{® =100MeV | m{® = 200MeV | m!{®) = 300 MeV
1.5 79.0 MeV 164.3 MeV 225.7 MeV
2.5 111.3 MeV 197.1 MeV 246.6 MeV
3.5 157.9 MeV 206.3 MeV 249.0 MeV
o0 178.1 MeV 208.3 MeV 249.3 MeV

— Increasing volume dependence with decreasing pion mass

J. Braun, B. Klein, H.-J. Pirner, A.H. Rezaeian,
Phys. Rev. D73 (2006) 074010
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Finite size scaling functions of the 3-d, O(4) spin model

M = h'Yfa(z,2L) + fous(T, H, L)
xv = hg hY°T (2, 20) + Fsun(T, H, L)

HXM — fx(za ZL)
M .fG(Z7 ZL)

i (HXM> 1
Iim - _
L—oo M 2—0 0

volume dependence controlled by z; ~ 1/m727”CL s 2V~ 1

+ sub leading

H 1
define zs(zr) as the value z for given zr, at which ( XM) =
zs5(zL)

Ts(H,L) = T° (1 n MHl/ﬂ”) + sub leading
20

Z(s(O) =0

zs ~ 0 = weak H-dependence of T5 even at finite H and/or L
— almost perfect estimator for T, inthelimt H — 0, L — oo

10
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Finite size scaling functions of the 3-d, O(4) spin model
V = L3

M = h1/6fG(z7 ZL) + fsub(Ta H, L) = (Noa)

xv = ho BYOTUf (2, 20) + feun(T, H, L)
any "characteristic" z becomes a function of z| :

Tpc(H,L) = T? (1 + MHUB‘S) + sub leading
<0

zp = 2zp(zL)

1.6 — ‘ . . ‘ ‘ . . ‘ 0.5
fa(z,z =
1.4t a(%.2) z=12 = 0.45 | z=12 m |
° 10 o
N 0.4 | 0.8 &
v 0.35 | 06 v
0.4
0.3 T 0.0 — 1
0.25 |
0.2 |
0.15 | -
z=t/h /PO
0.1 ‘ ‘ ‘

-1 05 0 05 1 15 2 25 3

J. Engels, FK, Phys. Rev. D90 (2014) 014501
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Finite size scaling functions of the 3-d, O(4) spin model

vV =L°
(Noa)®

M = hl/é.fG(zazL) + fsub(Ta H, L)
XM = halhl/é_lfx(zv zr) + fsub(Ta H, L)

HXM — fx(za zL)
M .fG(Zv ZL)

X (HXM) 1
lim — _
L—oco M 2—0 o)

defines zg ~ 0

+ sub leading

fx(z,zL)/flG(z,zl_)

0.8

0.6

041 2=12 u
1.0 o
0.8 4
02 0.6 ~
0.0 —
. , _z=th"P® ,
A 05 0 0.5 1 15
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Finite size scaling functions of the 3-d, O(4) spin model

V =153
1/6 = (Nya)?
M = h fG(zazL) _I_fsub(Ta H, L)
—171/8—1 3
xv = hg RY°7Tf (2, 20) + feun(T, H, L)
Hx Ix(z,zL) + sub lead; ) quark mass dependence arises
= sub leading -
M fo(z, 21 ! only as a finite volume effect (+s.l.)
25\ =
Ts(H,L) = T? (1 + —5( L)Hl/ﬂ‘s)
o 0 20
lim T5(L) =T, )
L— o0 o o 6
/ finite volume effects ~1/V* =1/L
1 . . . : 0 . . . . . . . .
fx(z,zL)/fG(z,zl_)
08 | -0.2 | . z5 ®
fita*z, b=5.82 —
0.4 |
0.6 -0.6 0
1 -025 ¢
04 | 08| -05F
' -0.75 |
1T 0}
<2l _ g1 R w
. | L _yn B | 0.0 — » 0 01 02 03 04 2
1 05 0 05 ; 15 0O 01 02 03 04 05 06 07 08 09
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Chiral PHASE TRANSITION in (2+1)-flavor QCD

A. Lahiri et al, QM 2018, arXiv:1807.05727
HotQCD, in preparation

— physical strange quark mass
— vary light quark mass

0.40
0.35 | 55 MeV < m, < 160 MeV
0.30 — use new estimators for pseudo-critical
temperatures
0.25 |
Ts, Teo

0.20
— control finite volume effects

2<m.L<5

0.15 r
0.10

0.05 | — extrapolate to infinite volume limit

and chiral limit
1/aT =6, 8, 12

0 Zp Z60 fa(zp) Ix(2p) x(0)/ fx(2p)
(2) | 4.805 | 2.00(5) | 0.10(1) || 0.548(10) | 0.3629(1) 0.573(1)

) | 4.780 | 1.58(4) | -0.005(9) || 0.550(10) | 0.3489(1) 0.600(1)
(4) | 4.824 | 1.37(3) | -0.013(7) || 0.532(10) | 0.3430(1) 0.604(1)

0.00
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Chiral PHASE TRANSITION in (2+1)-flavor QCD

T OInZ(T,V,my, mg, my)
|4

(Pip) ¢ om;

() = ((P)u + (PP)a)/2

renormalization group invariant order parameter: M = 2 (ms(zﬁtp)l — ml(gﬁw)s) /f;l{

chiral susceptibility: xar = ms(9y + 0q) M

|lattice sizes: N2x N,, 4<N,/N.<8
En guark mass dependence f volume dependence
M /‘in.,ﬁ mg/m; | m [MeV] AM N=32 5~
600 é/ \ 20160 -5~ ] 400 | CDl’i\ Ng=40 -0~ |
: 27 [ 140 o~ 4 L
500 | N8 4 | /
: / \ 40 | 110 ~o- 350 | K ;V
400 | 7 pt~a  \ 80| 80 &~ - s/
¥ 300 | 4
b 4 4 \_ 160 | 55 v~ 74
300 | / e\ A/
v i ey, 4 X 250 2’
200 B s @/4@;’/@’ @ @ ~\®.. @/ NT=8
Bl o & a—F-m S | 7 mg/m;=80
100 - g % & Caai 200 "'
g T [MeV] T [MeV]
0 e 150 ' ' ' ' ' '
130 135 140 145 150 155 160 165 170 175 180 185 = 140" - {45 = {50 = o5 60 SR {A5L - 110
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Chiral PHASE TRANSITION in (2+1)-flavor QCD

use two novel observables for the determination of the chiral PHASE TRANSITION
TEMPERATURE, which in the infinite volume limit correspond to z ~ 0, i.e. in the
scaling regime they have almost no quark mass dependence

Tx(H,L) =T? (1 + Mﬂl/m) + sub leading , X = 9, 60

<0
Hy 1
_ max M

Xm,60 = 0.6 = Tgo = = T
450 ———f————— l A 1.0 .

X 1 =32 I

M , l% NS—40 0.9 | FaM =2
400 G)'Il iy =4l —O— | | &

Ny )N Ng=56 o~ 0.8t
/4 \ ' =12
350 | 3 4 \ - 07t |
/ \ - m}/m=80 /
W 06 | /
300 | 7 \ ] - I /¢ N,=48 -5
o @{/ \ 0.5 %! N,=60 O

250 | @ N8 W ] 04| = / Ng=72 -
200 ’f mg/m;=80 '\ 0.3t 5 /@’

L b r g

J 0.2 | - E—FZ—1/5
5% T [MeV] - " T [MeV]
' : - - ' ' 0.1 it
135 140 145 150 155 160 165 170 125 130 135 140 145 150 155 160 165 170
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Finite size & and quark mass scaling

Ts(H,L) = T? (1 + MHl/ﬁ‘s) + sub leading

<0
_ _ zs5(zL)
(T5(H,L)/T° — 1) H=Y/P% — ¢, H'71/% = —
0
1 74
. m < IN.
leading regular term 2L = 2L o s T
Ay N,
ve =v/30
150 T 1/|27 T T T T
LI m/mg=1/80 (filled) 0 mg/M=80 w2
145 | 1/60 1/40 ‘.\; © 40 2
A Bqp7 11160 %'0'05 | % xet
_ 1/40 2 o1l
140 a1/27 3 =
/40 N = 015 N1
ol_o' - Z5(ZL) T
135 i~
—
T -02
w0
130 =
& -0.25
3 3
125 _ lmgm)eNgNGIP~ 2 I 03 Mgy NN~ 27
0 0.5 1 1.5 2 2.5 3 3.5 /: 0 0.5 1 1.5 2 2.5 3 3.5
N
< 2zs5(zL) for O(4) from
N

J. Engels, FK, Phys. Rev. D90 (2014) 014501
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The chiral PHASE TRANSITION temperature

— using extrapolations linear in 1/V and m
as well as O(4) scaling ansatz

— extrapolations with and without data from coarsest lattice

— averaging results for Ty and Ty,

T, O(4 .

150 | 0 O) & .
Ts O(4) o

Teo, linear A

145 + Ts, linear A«

140 |

solid: N.=6, 8, 12

135 | dashed: N.=8, 12

, 1/N2

130

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

T. = (130 — 135) MeV
(HotQCD preliminary)
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The chiral PHASE TRANSITION temperature
- evidence for a 2" order transition in the chiral limit-

in the thermodynamic limit:  suppose there occurs a 1 order transition for H < H,.

M(T,H) ~ (H — H.)'° fc(z) (M is “almost” an order parameter)
x(T, H) ~ (H — H)'° 7' £, (2) + ...

: M fa(2) p 1 e R e G SR A S T
for ANY fixed z. — ~ (H — H,) = bound on H_ X A mym m, eV
XM fx(z) 600 4 \ 20160 =~ |
500 | N ;W \\ 27 [140 ~o~ |
: / \ 40 110 —o-
400 ¢ / pe—y \\ 80| 80 —A— 1
/ & X 160 55 o
300 | /A A\Z\ 1
A o
200 | g Q/@/‘*@ i e
i e
55 8090 110 140 160 55 8090 110 140 160 m, [MeV] 100 g s 8 g—= 1
0.10 —— . : . T . ' . —— 0.30 5 - TMeY]
M/ | (Mg @06 - , 130 135 140 145 150 155 160 165 170 175 180
0.08 | A AT 1025
’ solid : N=6 .
oog | oM ) % 1 0.20 X M would dlverge
P Thait-filled : N=12 'Eﬂ ] | o5 already for non-zero
004 | w | H.
- 1 0.10
[ L colored : O(N)
0.02 } s em™*e | black solid : Z2J@H=1/120 | o
= » ® black dashed : Z(2)@H=1/240 )
S S Y S S se © 4 o 0.00
\(\Q) \{b \\% \\b‘ \\q’ )Q\q’ \\\‘b \{b \\‘b J\\b‘ \'{1’ \{L m|fmS

see also next talk
by Jishnu Goswami

A. Lahiri et al, QM 2018, arXiv:1807.05727
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Crossover transition parameters

PDG: Particle Data Group hadron spectrum

1

¢ [GeV/fm°] PDG.Re pug/T =0
0.8 |
. physical quark masses
0.6 pc
Tpe = (156.5 = 1.5) MeV

0.4 | €pe = (0.42 £ 0.06)GeV /fm®
0.2 |

. . . , T [MeV]

130 140 150 160 170 180

compare with:

nucl. mat. ~_ 3
A. Bazavov et al. (HotQCD) , € ~ 150 MeV /fm

Phys. Rev. D90 (2014) 094503 en“deon ~ 450 MeV / fm3
and arXiv:1812.08235
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Crossover transition parameters
— and chiral limit -

PDG: Particle Data Group hadron spectrum

1

¢ [GeV/fm°] PDG.Re pug/T =0
0.8 | _
. physical quark masses
0.6 pc
Tpe = (156.5 &+ 1.5) MeV
0.4 | €pe = (0.42 £ 0.06)GeV /fm®
T chiral limit

o2 | T. = (130 — 135) MeV

. TMeVl| e, ~ 0.15(5) GeV /fm®

130 140 150 160 170 180 _
compare with:

nucl. mat. ~_ 3
A. Bazavov et al. (HotQCD) , € ~ 150 MeV /fm

Phys. Rev. D90 (2014) 094503 en“deon ~ 450 MeV / fm3
and arXiv:1812.08235
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Transition parameters in the chiral limit

What drives the chiral transition?

— hadron resonance gas in the interval (135-156.5) MeV
— pion mass varies from 0 to its physical values

T ~ (135 — 156.6) MeV :

contributions to total energy density and pressure change by a factor 3
but, pion density stays roughly constant

ny ~ 0.12/fm°

//I/"

0.8

0.6
e(T)/e(156.5MeV) —
0.4 | p(T)/p(156.5MeV) —
Np(T)/ng(156.5MeV) —

0.2

T[MeV]
135 140 145 150 155
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The chiral PHASE TRANSITION temperature
at non-zero baryon chemical potential

T —T, ps#0 T —T, pne 2
+ K2 |

t ~ = ~
T, T, T

oM 1 0* M

M = h'/? fg(zot/hYV/P%) e T

OT' |(r,,0) ~ 2kp d(up/T)?

(Te,0)
0.018 . . . . 1.4 |
2 2 k=0.0147
0.017 [[0.5 d*M/d(ug/T)* J/[TdM/dT] (ol
0.016 |
1 B
0.015 |
0.014 0.8
2 2
0.013 | -0.5 d"M/d(ug/T)” N
06 | x TdM/dT 1B
0.012 |
0.011 | | 04 |
T [MeV] T [MeV]
0.01 ' ' ' ' 0.2 ' ' ' '
130 140 150 160 170 180 130 140 150 160 170 180

— curvature of the chiral phase transition line is
compatible with that of the pseudo-critical line: k2 = 0.015(5)

A. Bazavov et al. (HotQCD), arXiv1812.08235
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Conclusions

— no evidence for a 1* order transition in QCD for pion masses m, > 55 MeV
— the chiral phase transition in QCD is likely to be 2™ order

— the chiral phase transition is (20-25) MeV smaller than the pseudo-critical
temperature for physical values of the quark masses

T = (130 — 135)MeV
— the chiral phase transition occurs at a pion density

ny ~ 0.12/fm?*
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