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Important details of the phase diagram is still unknown

(mainly at large baryon density)

Properties of the phase diagram especially at finite baryon densities/baryochemical
potential can be well investigated with the help of effective field theories of QCD —
e.g. details of the phase boundary like existence and location of the CEP, in medium
dependence of meson masses, or properties of compact stars etc.
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Introduction Elements of large N¢

Basics of Large N, 1.

G. 't Hooft. (1974), Nucl. Phys. B 72:461
G. 't Hooft. (1974), Nucl. Phys. B 75:461—470

E. Witten. (1979), Nucl. Phys. B 160:57-115

» No expansion parameter in QCD
if my/q/s =0 — not so obvious
expansion parameter: N,

> SU(3) — SU(N,)
» double line notation based on color
structure of gluons: A" ~ q'G;

» 3-coupling: AL;J-A{/; (OHAY k
» 4-coupling: AL;J-AJV; CAL kA,’.’;/
» quark- gluon vertex: giy*q/ AL; j

(S
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Basics of Large N, II.

N, combinatorial factor due to closed color loop =— g ~

\/E

Quark loops are 1/N, suppressed.

Leading diagrams are palanar diagrams with minimum number of quark loops
Investigation of N-point functions of quark bilinears (J = gq, gy*q) leads to
the large N, properties of mesons
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Introduction Elements of large N¢

Properties of mesons and baryons for Large N,

> mesons are free, stable, and non-interacting
» mesons are pure gg states for large N,

» meson masses ~ N2

» meson decay amplitudes ~ 1/v/N

> for one meson creation: < 0|J|m >~ /N,

> k meson vertex ~ Ng /2, Specifically, the three- and four-meson vertices

are ~ 1/4/N, and ~ 1/N,, respectively

» baryon masses ~ N.. Consequently constituent quark masses ~ N2
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Lagrangian of the PLeLSM model

L constructed based on linearly realized global U(3); x U(3)g symmetry and
its explicit breaking

L = Tr[(D,®) (D, )] — m2Tr(Td) — Ay [Tr(dTd)]* — A Tr(oT0)?
+ ca(det® + det &) + Tr[H(d + T)] — %Tr(wa +R)
+Tr K"’;n + A) (L2 + Rj)] + i%z(Tr{LW[L“, L1} + Tr{Ru. [R*, R"]})

h
+ ?‘"ﬁ(&cb)"[\r(Lj + R%) + ha Tx[(L,®)? + (PR,)?] + 2k Tr (L, ®R* 1)

+ W (i’y“D“ — gr(S — i’ng))) Vg, ¥ ('\/“(V# + '75Au) v,

8
® = S+IP= (Sh; +iPaXs)
a=0
Do = 90 —igi(L"d — BRM) — ieAl[Ts, 9],
L = 9MLY — ieAl[Ts, Y] — {0VLF — ieAZ[Ts, L"]},
R = 9MRY —ieAl[Ts, RV] — {8"R" — ieAl[T3, R"]},
D"V = 9w —iG'W, with G" =gGlT,.

+ Polyakov loop potential (for T > 0)
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The PLeLSM model

Particle content

e Vector and Axial-vector meson nonets

o
wy+o® + K*+ " fintay at Kt
B . V2 P o ) . V2 s, 1
Vi = 2= - wN—P *0 Al = - An—a1 o
V2 P —\/Eo K V2 ER Tﬁ Ky

*— . _
K K ws K, K? fis

a1 — 21(1230), Ky — Ki1(1270)

p — p(770), K* — K*(894)
fun — f(1280), fis — £, (1426)

wy — w(782), ws — ¢(1020)

e Scalar (~ §iq;) and pseudoscalar (~ §i7sq;) meson nonets

0 o
oNt + x4 Nt + +
S 1 vz % 0 o P 1 vz " o "
= —= — IN—3g %0 = —= — NN —T 0
NA ag K3 V2 ™ K
2 2
K- R K- Ké
o o gs ns

n — w(138), K — K(495)

multiple possible assignments
mixing: ny,ns — 1(548), n’(958)

mixing in the oy — os sector

Spontaneous symmetry breaking: op,s acquire nonzero expectation values ¢y, s
fields shifted by their expectation value: oy/s — on/s + dnys

In case of compact stars, also nonzero vector condensates
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PR ERS MRV B VLN Parameterization

Determination of the parameters

14 unknown parameters (mOa )‘17 )\27 C1,m, 81, 82, h17 h27 h3a 653 ¢N7 ¢57 gF) —
determined by the min. of y?:

M ex 2
> Qi(xt, ..., xn) — Q7P
= [l
(X1, xn) = (Mo, A1, A2, ... ), Qi(xa, ..., xy) — from the model, Q7P —

PDG value, 0Q; = max{5%, PDG value}
multiparametric minimalization — MINUIT
» PCAC — 2 physical quantities: f;, fx
» Curvature masses — 16 physical quantities:
My /g Ms, My, My, My M, My, M, MK, May, Mgk My, Mag, MK, ML, Mg
» Decay widths — 12 physical quantities:
My Tom ki, Tkrskms Tay—mys Tay—pms Ta—kk* s Dags T Ks— Ko

rfoL—mm rfoL—>KK7 rfoH—nrm rfoH—>KK
» Pseudocritical temperature T, at ug =0
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PR ERS MRV B VLN Parameterization

Importance of parameterization

160}
e a naive parameterization — chiral

18gfm
symmetry would be broken at

high densities .
100}
e investigating the asymptotic é
behavior we get an additional 2 o
constraint for the parameters: © 6or
e —— ¢n, asymp.
—— ¢s, asymp.
L ¢n, original
3h1 +2hy +2h3 < 0 20 b, original
O0 260 460 660 860 1000
e Phys.Rev.D 105 (2022) 10, 103014 t1q [MeV]
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PR ERS MRV B VLN Parameterization

Features of our approximation

v

D.O.F’s: — scalar, pseudoscalar, vector, and axial-vector nonets
— u,d, s constituent quarks (m, = my)

~ (Polyakov loop variables ®, ® with " or Z/llgolg )

no mesonic fluctuations, only fermionic ones
z-eBVAT kA [ [1,De; [ [l DasDaf exp [ 1 dr fy d3x([,+;1.q s q;qf)] approximated
PBC APBC

as (T, ug) = ULTSS . ((M)) + QS;;)(T, 11q) + Upog(®, &)y fig=riq-iGa

(0)
-BVag + 8 (i ~ e B -
e 49 = [ T[lf,DagDq, exp{f dr [ ql [(iv07 + V-7 +iig )Sg — voM 0|9
APBC €T o x 9f o o, THa)of oMggle,—o|%

tree-level (axial)vector masses
fermionic thermal fluctuations included in the (pseudo)scalar curvature masses

2 (or 4) coupled T /up-dependent field equations for the condensates
¢N7¢$7(¢7¢) at NC =3

Polyakov-loops and fermionic vacuum fluctuations

11

kovacs.peter@wigner.hu 11 /34



OIS HSYETCEEN Earlier results at T #0, ug = 0 at Ne =

t-dependence of the condensates compared to lattice results

The subtracted chiral condensate — subtracted chiral condensate:
1 = T T T T T T T
0o | Uy, Tg=182 MeV ——
Ugigor TEUE =150 Mev —— (¢N — N .o ) ‘
08 Ugue T8 =182 MeV —— Ajsg= """
07 Uge: T8 =210 MeV —— (¢'N hiN . ) |
Ugiue T =240 Mev T=0
06 Ugue T =270 Mev
“ lattice —a— .
2 osh - ulgolg“e with TEU°€(210,240) MeV
04 f gives good agreement with the lattice
osb result of
Borsanyi et al., JHEP 1009, 073 (2010)
02
o \..._N
0 . . . . . . i 7
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

here we use the reduced temperature: t = (T — T¢)/Tc
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SJUSTEEEE Earlier results at T #0, ug = 0 at Nc = 3

Normalized pressure and the effects of meson contributions

5[ —— mK fyincluded S8 —
—— =, Kincluded
—— mincluded
—— no mesonic contribution .
4T e lattice . . — we used Uglye with Tcglue = 270 MeV
— pions dominate the pressure at small T
sl — contribution of the kaons is important
— at high T the pressure overshoots the lattice
, data of Borsanyi et al., JHEP 1011, 077 (2010)
oL
0.5 0 0.5 1 15 2 25 3
t 5T

sl
sl
. . . . glue %
— overshooting increases with decreasing TE Uy To=182 MeV/
oL {1 Ugiyer T4° =150 MeV ——

Ugiyer T340 =182 MeV ——
Ugiyes T4 =210 MeV ——
Ugluer T2 =240 MeV
Ugiyer 24 =270 Mev
/fi lattice —=—
o L . . . . . .

05 0 05 1 1.5 2 25 3

13
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PPD PRIV LCI M Earlier results at T #0, ug =0 at Nc =

(p-3e)T"

Scaled interaction measure, speed of sound and p/e

Scaled interaction measure

Uy To=182 MeV, only 7 = = -

7F "\
FAY Uy, To=182MeV - - -
|
. [N Ugger T290=150 Mev
i \ Ugier T2"°=182 MeV
i N i
st ‘= \ Ugues TE°=210 MeV
\ Ugie: T2°=240 Mev

, T9Ue_270 MeV

lattice —=—

Uﬁlue

~~~~~~~~~ Speed of sound and p/e

%05 o os ; s 2 25 3 035 ' ' ' N ' " !
t
0.3
0.25
By properly setting the T&“¢ parame- £ °
ter — good agreement with lattice = o
© Uy, To=182 MeV
01 Ugier T2V =182 MeV/
Ugie: T2U0 =210 MeV/
| Ugiue: TE° =270 MeV/
008 Ugiger T2 =270 MeV, only
‘ lattice —e—

B 0.5 0 0.5 1 15 2 25
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N¢ scaling in the PLeLSM Condensates and masses

N scaling of the Lagrange parameters

The parameters are: mo, A1, A2, c1, M1, 81, 82, h1, h2, h3, 05, P, Ps, gF, hyys
° mo, m?, §s ~ N2, because terms of tree level meson masses
® g1, 8~ W’ three couplings
e Mo, hy, h3 ~ N%’ four couplings

e N\, hy ~ #, four couplings with different trace structure
c

o~ # Ua(1) anomaly term has extra 1/N. suppression
e hyss ~ /N, Goldstone-theorem: m2®y = Z2hy + PCAC: oy = Z,.f,

® gF ~ ﬁ, my;d = 8FPN

We expect ®y /s ~ /N, since by = Zfr, fr ~ /N, but have to check!

practically: g1 — g1/ N%., hnys — hnysy/ % ... etc.

15
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N¢ scaling in the PLeLSM Condensates and masses

Parameter sets at N. = 3

Parameter Set A Set B
on [GeV] 0.1411 0.1290
¢s [GeV] 0.1416 0.1406
m2 [GeV?]  2.3925:4 —1.2370c-

m? [GeV?]  6.3298:  0.5600 > Set A: m, =290 MeV
)\1 —1.6738 —1.0096 from Phys.Rev.D 93 (2016) 11, 114014
A2 23.5078 25.7328

a [GeV]  1.3086 1.4700

§s [Gev?]  0.1133 0.2305 o
g 5.6156 5.3205 > Set B similar m, mass and
o 3.0467 _1.0579 additional constraint,
hy 37.4617 5.8467 3h1 +2hy+2h3 <0
h2 4.2281 —12.3456 from Phys.Rev.D 105 (2022) 10, 103014
h3 2.9839 3.5755
8r 4.5708 4.9571

Mo [GeV]  0.3511 0.3935

16
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N¢ scaling in the PLeLSM Condensates and masses

Nc scaling of the ¢p/s condensates

0.35
SetA ——
0.3 | SetB ——
0.25

0.2

[GeV?]

0.05

T
A
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Condensates and masses

N scaling of the tree level masses

0 100 200 300 400

15|
s 3
S 17 )
£ =
05 ¢
0
15|
s 3
g 1t 3
£ =
05 ¢
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 05
0 10 20 30 40 0 10 20 30 40 50
NC NO
Top figures using Set A, bottom figures using Set B; Zr =
. 0
for every meson we see: Mpmeson ~ N; is
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N¢ scaling in the PLeLSM Polyakov-loops at large N¢

Introduction to Polyakov-loops/Polyakov-loop variables

Definition of Polyakov-loop

L(X) = Pexp {i/oﬁ A4dt}

Polyakov-loop variables:

1 - 1
d(x) = W’I‘rCL()_('), and ®(x) = WTYCL(Y)T, (non center (C,) symmetric)
c c

If AF,/5 is a change in the free energy, when an infinitely heavy quark (or
antiquark) is added to the system, than

<¢()?)>5 = e_BAFq()?) s <$()?)>ﬂ = e_’BAFa()?) Phys. Rev. D 24 (1981) 450
® C, symm. phase — (®(X))s =0 — AFg/5 = 0o — confinement

® C, NON symm. phase — (®(X))sg # 0 — AFg/5 < 0o — deconfinement

Thus ®(X) and ®(X) can be used as order parameters for confinement

19
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N¢ scaling in the PLeLSM Polyakov-loops at large N¢

Polyakov-loop variables at large N, (1)

Polyakov gauge — A, is diagonal and time independent
— further simplification: homogeneous gluon filed

L:eiﬁA‘:diag(eiql,...,eiq”C), g €R, ZqJZO
-
N. — 1 independent diagonal SU(N.) matrix — ® and ® above are not enough

1 - 1 n N,
b, = MTI‘CL"’ b, = FCTI‘CL'r , neg <1, ceey |_7CJ> , Phys. Rev. D 86, 105017 (2012)

our approx. — quarks prop. on a const. gluon background — color dep.
chem. pot.

Q (T tq) =2 +Q (T Iq),
QT pug) = 2TZ/ s[Ingf (p) +Ingr (p)]

Ing; (p) = Trcln [1 + LTe*B(Ef(P’*“q } = In Det. [1 + LTefﬁ(Ef(PWq)}

Ing; (p) = Trcln [1 + LefB(Ef(p)“‘q)] = In Det. [1 + Lef’B(Ef(p)“‘q)}

20
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N¢ scaling in the PLeLSM Polyakov-loops at large N¢

Polyakov-loop variables at large N, (I1.)

g =14 e NOEL |, {&)lefﬁEF’ 4 q>1e*(chl)BEf+}
+[terms with 2 to N, — 2 phases]
Only first line in case of N, = 3. For N, > 3 more and more ®,s appear:
g =14 e NBE!

+N, [5675&7 + ¢e7(NC*1)ﬁEf+}
L og2 5.\ ~—2B8E}

+§ (Ncq) — NC¢2) € f
1

+5 (NZO? — Neoy) e~ (Ne=2)BE/

+[terms with 3 to N. — 3 phases]

All the ®4s are unknown — At N, there would be N, + 1 field equations —
approximation: Uniform eigenvalue ansatz

21
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Nc scaling in the PLeLSM

Polyakov-loops at large N¢

Uniform eigenvalue ansatz

We express the g; angles with the N. — 1 group angles of the Cartan subgroup
of SU(NC) Phys. Rev. D 103, 074026 (2021)

d=(q1,--.,9n.) = Z ViV, {\7}}JN:“1_1 (set of basis vectors)

Ansatz (UEA): v1 20, v =0,/ # 1, a direction is fixed in the subalgebra,

o 2 . 2 o
Vl—( 1, (1 Nc_l),..., (1 (j 1)@),...,1),]—1,...,Nc

L = diag (ef""’, e_i(l_ﬁ)w, e—i(1—2,\,62_1)7’ o (€9),.

ei(172ﬁ)w ei(lfﬁ)'\/ em)

ey
I )

Instead of N, — 1 unknown variables, only one: 7; = v and &, = &, € R
L% )

n:ﬁ 2Zcos[(1—2 _ll)nv]—i-a

P. Kovacs (Wigner RCP)
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N¢ scaling in the PLeLSM Polyakov-loops at large N¢

Polyakov-loop potential at large N,

Upol = Ucont + Uglue; Phys. Rev. D 103, 074026 (2021)

Ucont = rimH= b7 Ingh, &b = Det’ <1A - LAe—ﬁEA(m)
2 2
d*p
_ _ —BE,
Uglue = nglueT/ W In gA, ga = Det <1A — Lpe A(p)>

La = diag(e®, ..., eiQ’V?—l),

6: (Oa"'voa q1 — Q2,---,(Qj - qk)‘j;ékan-ch—l - ch)-
——

Nc_]- N,_—(Nc—l)

L4 Polyakov-loop op. in the adjoint repr.; Q; adjoint angles
b= (0.1745 GeV)3, ngiue = 2, and ma = 0.756 GeV
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N¢ scaling in the PLeLSM Field equations

Field equation in the UEA

dUp,
dPy f=u,d,s

dp

0=

¢ (p) + hr (p)

0= mgon + <>\1 + >\2> oy + MoONDE — \/—¢N¢S — how + & > Z qanT

I=u,d
V2c _
0= mios + (s + ) 6% + Mdfids — =0 — hos + £5(dsas)T,
with
hE = 1 Ogr
g O’
(@) = ~aNeme [T (L MYy e
qrar)T = 7 Remr | 1672 \ 2 “M2

Tmatt_ T d3p 1 1 (9gf 1 agf_
f & oms gr Omr

=N @rypom
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Results in the UAE approximation S RNICA

g dependence of the ¢ condensates at diff. Ncs

0.16

0.14

0.12
0.1
0.08
0.06
0.04
0.02
0

On [GeV]

» Upper fig.: set A

0.14

» Lower fig.: set B

» Crossover already for

0.12
0.1
0.08
0.06
0.04
0.02
0

¢N [GeV]

Ne =3.45

0.25

P. Kovacs (Wigner RCP)

0.27

029  0.31 033 035
Hq [GeV]
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Results in the UAE approximation WS RMIER]

T dependence of the ¢y condensates at diff. N.s

SetA,N,=3 ——
1 SetB,N;=3 ——
Ne=20 —
Ne=40 ——
Ne=53 ——
0.8 - N =60 ——
No=80 ——
_ No=100 —
S No=120 ——
E 06
e
&
0.4
02t
0 !
0 0.1 0.2 0.3 0.4

T [GeV]

N, =3: T, =178.6 MeV and T, = 176.9 MeV, for set A and set B
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Saturation of the pseudocritical temp. T,

0.32

0.3
0.28
0.26
0.24

T [GeV]

0.22

0.2
0.18
0.16

Results in the UAE approximation WS RMIER]

L ; Chiral transition
) temperature T, ,
20 40 60 80 100
NC

To(Ne) = af/(Ne + B) + Too; Too = 0.3192 MeV

P. Kovacs (Wigner RCP)
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Results in the UAE approximation [BgEIees

Pressure for different N, values at pg =0

P(T,p1q) = — (AT, g, dnys(To 1) VT p1g)) — T 11g:¢6n/5(0,0),7(0,0)))

non-trivial subtraction, however field eq. doesn’t change

4

3.5

3

~ 25
ZO

> 2
+

5 15

28
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Results in the UAE approximation [BgEIees

Scaling of the pressure at g =0

0.1 ‘ ‘
t=-0.5 ——
0.08 J

0.06 1

0.04 1

0.02 ]
0 : : : : : :

3.5
3 L 4

25 | 1
2 L i

151 ]
1 ‘ ‘ ‘ ‘ ‘ ‘

pTt

p/T* (N./3)?

t = —0.5 (top: below ph. t. ~ N?) and t = 1 (bottom: above ph. t. ~ N2?)
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0.25

0.2

T[GeV]

0.1

0.35

03

T[GeV]

0.1

0.05

Deconfined, chirally symmetric

0.05 0.1 0.15 0.2 0.25 0.3 0.35

g (GeV]

0.4
1q [GeV]
Deconfined, chirally symmetric
Confined, N Confined, N
chirally broken \ chirally symmetric
v
v
'
v 1
'
'
' 1
'
'
0.05 0.1 015 02 025 03 035 04

Phase boundary

Phase boundary for different N.s I.

AlGeV]

AlGeV]

0.12
0.08
0.04
0.00

0 005 o3 02 1Gev]

0.15
TGy °

0.12
0.08
0.04

o1

015
TGy 2

R

top: Ne = 3, CEP exist, crossover for small T; bottom : N, = 33 crossover everywhere3
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Phase boundary for d

Phase boundary

ifferent N.s I1.

0.35
Deconfined, chirally symmetric
[oF S — 1
0.25 AN 1
N
< 02| Confined, Y Confined, —
K chirally broken \ chirally symmetric
= 015 N J 016
' % 0.12
' & o0s
0.1 ' ] < 004
' o
0.05 ' 1
'
'
0 L L 1 L L L L o

15
02
025
TiGeV] 03 o3

N, = 63 CEP exist again, crossover for large T

A(T, ) =

h
(on — 32037 s

h
(¢N - ﬁ(ﬁs)'T:O,u?x

kovacs.peter@wigner.hu
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Results in the UAE approximation ity -meeiintctyas

A close look on the phase structure

0.32 T T T T T T T 0.2 T T T T v T 15
T =294 MeV.
T =290 MeV
X T = 286 MeV
031 | Deconfined, chirally symmetric 1
0.3 | 4
s —— T =204 MeV s K4
o 029 . e 290 MeV 4 8 g
- 8 < °
0.28 - Confined, N Confined, 1
chirally broken ' chirally symmetric
0.27 | J
0.26 L L L L L L L L H
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3
i [GeV] i [GeV]

N¢ = 63: The subtracted condensate A( Ty, uq) (solid lines) and its pq
derivatives (dashed lines) calculated along the horizontal-pg—directions (right)
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Results in the UAE approximation ity -meeiintctyas

Schematic phase structure for large N, (conclusion)

~N2
P=Te N> oo
032GV |—m—— ===
_ :
\ 1
pzNCO 1 pch
0.16 GeV g

see: Phys. Rev. D 106, 116016

33
Wigner RCP) kovacs.peter@wigner.hu 33 /34




Thank you for your attention!
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