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SigmaModel is a Physical system with tHeagrangian

T T
L(G1, @2, 0n) = Y Y gij deps A xdop;
i=1 j=1
The fields U, represent map from a base manifold called worldsheet
(spacetime) to a target (Riemannian) manifold of the scalars linked
together by internal symmetries.

The scalars gij determines linear and non-linear properties.
It was introduced by Gell-Mann and Levy in 1960. The name -

model comes from a field in their model corresponding to a spinless
meson &, a scalar introduced earlier by Schwinger.




Symmetries

A PlsarsklandWllczekdlscussedhe order of the chiral transition
using renormalizatiogroup argumentsn the framework olL.sM.

A LsM isthe effective theory fothe low-energydegrees of freedom
of QCD and incorporates the glol&l{Nf), x SUNf), x U(1),
symmetry but not the local SU(3¢olor symmetry.

A Theyfound that, forNf = 2 flavors-ofrimassiess guarks; the-transiti
can lbecofssecondrarder, ifitHe(1), symmetryiis-explicitly hrokenyb
Instantons

A It is drivenffirst-ordenby! fluctuations; if tHe(1), symmetryiis
restored atTc

A ForNf = 3 massless-flavors;the transition is always first ordeniin
case, the termwhich lreakbe U(1), symmetryexplicitlys a cubi
invariant, and-consequently-drivesdhe transition fioster.

A Inthe absenee of explicit(1), symmetrybreaking;ther transition i
fluctuation-induced offirst order.

R.D. Pisarski and F. Wilczek, Phys. Rev. D 29, 338 (1984).
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Importance of IsM
Physics

A LsM is an alternative to lattice QCD.

A Various symmetry-breaking scenarios can be
more easily investigated in LsM.

A But, finite-T LsM requires many-body
resummation schemes, because infrared
divergences cause naive perturbation theory to
break down.

A Various properties of strongly interacting matter
can be studied
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A ForNf massless quark-flavors; d@@c@m@@amaggasu(\lf)r
SWUNf)k x U(1), symmetry.

A In vacuum a monrvanishingeexpectationavalue of dlopiark:
antiquark condensate;spontanecusly-bre@his symmetny:to:the
diagenalSWNf), ZNER dzledto2tEnsf@rSaus2VNI +B.NJ ¥y &

A ForNf = 3, theceffective|davenergy degrees iof freedont off QGR
the scalarand pseudosecalamesons Sincemesons-ara@uark
antiquarkstates,itheyrfdllinisingletr-and octetprepresentations of

SU@BM
A The SINf), x SUNF), x U(1), symmetry ofQODLagrangiars

explicitly broken tbymonzero guark masses.

A Fora < M degenetateqquairk| flavars, aUSW(\ymmetnyiis
presefved

A If M <Nf, the mas®igenstatesare mixturescot sipigletrandcogtet
states.

Jonathan T. Lenaghan,, Dirk H. Rischke, Jurgen Schaffner-Bielich, Phys.Rev. D62 (2000) 085008
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hcEiRgNR: HGo, the idstaideinsalso Hreak the ()1,
symimetry eexphcith §Z(NT) ,.

This diiscretesgymmetris irrelevantfor the low-energy dynamicsfof

v d \\

QCDS LsM hasasSUNNr x SUNFL Kymréie&yY YS 0 NB @




Chiral Symmetry

A great challenge trying to
understandthe processeswhich led
to tihe creation of the physicalworld
around us.

Main goals of modern nuclear
physics Investigation of hadron
properties, (effective masses,decay
widths, electromagneticdform factors
etc.), inside nuclear matter under
extreme conditions of high pressure
andtemperature

di-lepton production inchotandense mediun® signals
of the partial restorattornofithe 'chiral, symmetry of QCD.



Chiral Symmetry

Symmetries always imply conservation laws:
Invariance of Lagrangian under translations
in spaceand time C momentumand energy
conservation.

QCD Lagrangian for massless quarks shows a
symmetry under vector and axial transformation.
equally (vector)
left- and righthanded parts treated
differently (Axial)
This Is the Chiral Symmetry.
symmetry of vector transformations leads to
Isospin conservation.
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Chiral symmetry of vectorfield underunitary transformation

Transformation

P — ¢

— correspondinghe rotational angle,Y matrix generateshe transformation and
a index indicating several generators associated with the symmetry transformation.

Vector transformationy

U=—e 3% ¢ =~ (1—%9‘) I

9 =~ (1+i%§) ' conjugate U = ¢~ w50

‘I" == C+i 2 U =

Fermions

U= e 3

Axil transformationy

- . 7
U on (1)

DiracLagrangiarwhich describesthe free Fermion particle of mass given by

Lp = P(iy,0" —m?)yY

Under vector transformationy is invariantBUTfor Axialtransformation ¥

ﬂA:

f are component fields such a$) a

moyYp=—e " mPy =~ (l—i‘r’"’;ﬁ)mtﬁw.

m ¢ ¢ — 2imd(Prs5¥)

0y~ (1-57-5?21) ¥
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Symmetry (Breaking

Spontaneousymmetry breaking

If a symmetry of theLagrangians not realized in the ground state.

(a)

(y,m)

The ground state is right in the middle
(0,0) andthe potential plus ground state
are still invariantunder rotations

The ground state is at a finite distance
away from the center. The point at the
centeris alocal maximum of the potential
and thus unstable
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mbination of quarks (qi# of mesons), a mesibe date

[ \

(scalarMeson) (pseudoscalaMeson)
Sigmdikestatev Tt Pionlikestate 0 Tt
o = Pv T = iy

GelMann & loRyed an invariantform if squaresof the two statesare summed

\
[ \
(Vector Meson) (Axial-Vector Meson)
Sigma like state J” = 07 Pion like state J? = 0~
@d Z ©Z @d Z ©Z apz
aoa aoa apz

\ J
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PUILCAR Vector and AxialVector transformation

Vector transformation
L o _ T; _T;
i Ty — iPTYsp+0; | Pryso P — PoTiysy

— lef’)/g,lp + f9€ijkll_)’r5Tk'§D,
Vector transformation

[T,, ]] — 21€,]ka
LeviCivtaSymbols
f +1 for even permutation123,
€ijk = —1 for odd permutation 123,

0 Otherwise

\

T — 7T+ €077



e Vector and Axialector transformation

Axial-Vector transformation
T iPpTysp — iPTysy + 0; [J’Ti’rs’}’s P — ’P’Ys LysT, 12
= iPpTysP + 0;9yoyj,
v577s = 1 and the commutation relation between matrices

@i, 7j] = 265

5 — 41 fari =]
N O

T — 7T+ 07T
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& e Interactions

PionNucleon Interaction involves pseu@galar combination of
nucleon field multiplied by pion field

gw(fgﬁ’}’ﬁ?)ﬁ

Where g is pionrnhucleon coupling constant. The chiral invariance
requires another term transforming sigma

gr(ipy)o
Therefore, the interaction between nucleon and meson

0L = —gn [(iPy5T)7T + (ipp)0]



%W Nucleon Mass
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A The nucleon mass breaks the chiral symmetry, explicitly.
A The simplest way to include nucleon mass and keeping chiral
symmetry unbroken is to explode the coupling of the nuclepn g

< 0 >= {’TO:fFT

We have to introduce a potential for sigma field with minsafp
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The kinetic energy term for

nucleons and mesons
. T 1
Z'L’Dr}/}fa}; '4? E (aJ” ?Ta‘” ?T —‘_ a},g(?'a‘” O-)

Theda 4 Lagrangian

= am Ot + (6‘ moH + 0,00"0) — gx [(zwfn;f{b)w + (ip)o]| — — ((rr +0°) — £z

interaction term between nucleons Pion nucleon Potential
and the mesons
Nucleon mass term

K. E
Of Mesons

K. E
Of nucleons
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The chiral part of §M-Lagrangiarhas "Y ) “Y6) symmetry
"Cc‘hiraf = ‘f’q + ﬁm
wherefermionicpart L, = Zﬁf(h“ﬂﬂ — g1, (0, + i757,) Y5
7

and mesonicpart L., = Tr(8, 80" — m2dT®) — \,[Tr (DT ®))?
— A Tr(®T®)? + c[Det(®) + Det(Pd)]
+Tr[H(® + ®7)],
A O istree-level mass of the fields in the absence of symmetry breaking
Ay =|= « B are the two possible quartic coupling constants,
A dtis the cubic couplingonstant,

A Y flavor-blind Yukawa couplingf quarksto mesonsand of quarksto
background gauge fieles,  # =

Jlr 8 n

| an

¥ 8 N

¥ 8 N

. 8 v N
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IS a complex matrix andparameterizingscalarC. and
pseudoscalaZ. (nonets) mesons

P = 'Ta Dg = 'Ta (‘:T{I —+ ?ﬂ'a)

where s, are the scalar fields and p, are the pseudoscalar fields.
The 3 x 3 matrix H breaks the symmetry explicitly and is chosen as

H=1T,h,

where h.are nine external fields and T, = )\a /2 are generators of U(3) with Sxa
Are Gell-Mann matrices o = /21

The T, are normalized such that Tr(7,7,) = dap/2 and obey the U(3)
[Ta-. Tb] =1 fabc Tc
{Ta~ Tb} — dabc Tc .

where fape and dgpe for a,b.c = 1,...,8 are the standard antisymmetric and symmetric structure
constants of SU(3) and

fabo =0 , davo = § Dab
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And

m? is the treelevel mass of fields in absence of symmetry breakini
| ;andl , are quadratic couplings while c is the cubic couplingDn
these couplings are only relevatg), x SUB), invariant operators.

Terms inlst line ofmesonicpart are invariant under S8, x SUB),
symmetry transformations

d —U,P Ug , Ure =exp (z Wy g T“)

Introducing wy, , = (wi £wy) /2, the right- and left-handed symmetry transformations can be
alternatively written as vector, V = r + £, and axial vector, A = r — {, transformations.

F isa singlet under U(), transformations exp(: w{,7°)
whereU(1), is the U{) of baryon # conservation and thus always respected.

The terms in last line of mesonic part are therefore invariant under
SU3) xSUB)exU(1)a ZSUB)y xU(3)a
and break the axial and possibly the SU(3),, vector symmetries, explicitly.
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generators of the U§) symmetry are’Y _ Tc¢ where _ are GellMann
matriceswith , — \/%I
010 0 —i 0 100 001
M=l100], =]io0o0]|, =|o-10]|, M=|000],
000 000 000 100
00 —i 000 00 0 10 0
. . - <1
Ads=1000 |, A=[001], M=]00—-i|, s=—|00 0
5 6 7 1 8 \/g
i0 0 010 04 0 00 —2

As required_ span all tracelessiermitian matrices. They follow

8 1 8
[Tar Tb] =1 Z fabcTc{Ta/ Tb} — §5ab £ Z dapeTe
g=1 c=1
wheref are structure constant given by
| 3
f123 = 1f1a7 = —f156 = f2a6 = fos7 = fass = —fae7 = §f458 = fers = gf
1 1

d11g = dyg = d3zg = —dgggs = —=d44g = ds558 = dggg = 778 = —=—=
118 = d228 = @338 888 Ve 448 = (558 = dees = 0778 el
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nt = (m £ ¢ 7r2)/\/§ and 7° = w3 charged and neutral pions, respectively

K= = (’T4 - }_5]/\/5
K® = (7 +im;)//2  areKaons
K= (mg —im7)/V2

7o and the g are 17 and the 7" meson

Other nonets can be generated, for instance, the parity partner of pions

a(j): = (o1 =1 02)/\/§ and ag = o3

Symmetry breaking gives the F field a vacuum expectation value

(P) =T, 0,
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Shlfting the F field by this vacuum expectation value, the
Lagrangian reads

L= % [dﬂaad @y U i, — aa(ms)abab (mp)abﬂ'b]

4, 4 _
(gabc . 3 abcd Ud) OaO0p0c — 3 (gabc + § 7_(abcd Ud) TqTpO0c

1

— 2 Habed TaObTeTd — qfabcd (O'ao'bo'co'd = 7Ta77b7rc77d) - U(5’) ;

where the tree-level potential is

2
m 1
_ _9 _ o _ _ o _
U(O') = 9 Oq — gabcaaabgc < §~; abedTa0b0c0q — h'ao'a

o, 1S determined from

oU (G
; (_ — 7772 Oa — 3gabca'bac * fabcdabacad = ha =3
0oy
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coefficients Gape, Fabed, and Haped are given by

c - 1. i N 9 .
gabc — [dabc == (OaOdObc S & ()bOdaOC =+ OcOdabO) . E deOOOaOObOOCO

6 ' 2
A Lo . . Ao
Fabod = T (Oab()cd + 0gdOpe + Oacobd) + ? (dabndncd + dadntnbe + dacndnbd)
A oo . Ao
Habcd — T Oab()cd ¥ § (dabndncd v} facnfnbd W fbcnfnad) .
where

tree-level masses, (m%)qp and (m%)qp are given by

2 2 5 — / = =
(777-'5')ab =%t dah — B Yate Oe + AT atel Ol

2 2 5 — - =
(mPp)ab = M dab + 6 Gabe Tc + 4 Habed Tc0d

The masses are not diagonal, thusand ™ _ fields are not mass generators in
standard basis of SQf. As, themass matrices are symmetric amdal,
diagonalizationis achieved by an orthogonal transformation

~ (S)
oy =08 g
~ (P)
my =108 "ig

(%.p); = 0u" (M3 p),, O
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The expectation values(®) = Ty 5q + 15 g

where
h —-mz—iﬁ—l— A1+ )_]J—l-[ + (A1 + A2) do ﬁ&g]&
0 = B /6 0 1 0 1 2 32
h -m2—}— " Got+——7 + (M + X2) G2 a0 0s + ()\1—|— A2)_2] o
L T VE T 23 LA f 2 )"
From PCAC relations 5o = fr +2 1K ‘ £ =924 MeV, fx = 113 MeV
\/6
og — (f?T fK)
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2
[m%)oo =m? — \/;CC_IO + (BN + X)) 32 + (M1 + Ng) 73

[’”"23)11 - ("”%)22 - (771%)33

c c Ao\
:?72.2—#%5'0— ﬁc‘rg+()\1+/\2)5§+ \/5)\25'05'34— (/\1—#?2) O'g
(77'1%)44 = (m5) 55 = (M5)gg = (M)
—mQ—l-ic_T +—C as + (A +)\)52_ﬁaa+ /\+ﬁ 52
= m \/6 0 2\/§ 8 1 2 0 \/5 008 1 5 Jg
A2\ _
('?72'25)88 =m" + % 70 ﬁ 53 + (A1 + A2) 53 — V2 X250 55 + 3 ()\1 + 22) 78

A2 _ |
(?71%-)08 = (m‘%)so = % +2 (A1 + X)) dg — \/—% 08] og .

g = (ms)o = (mS)OO cos? g + m%)gg sin? 0g + 2(m )08 cosfg sinfg

m (
Tn?‘o = (m%)s = (m%)oo sin? fg + (m%)ss cos® s — 2 (m%)os cosfs sinfs
2

where tan 20g =




| NNmra The Pseudéscalar masses

2 A
(mB)oo = 30+ (M+32) (3 +02)
(m%’)ll = m%’)22 (mQP)33
A 2 A

=m2—i6'o+—358+()\1+?2)5g+\/?_/\20008+()\1+€2)
(mP)44 = m%’)ss = (m%’)es = (m%’)w

—m?— G- ——35 +(A +ﬁ)a2—’\—25— G +(A +Z)\

7 0 73 8 WAL 3v3 008 1+ g A

0 5 c 2 . Ao _ |
(mP)os = (mP)so = [_% + 3 A2 00 — masl os .
m%, = (m%)o = (m%)go cos® @p + (m%)ss sin®@p + 2 (m%)og cosfp sinfp ,
m% = (ﬁl%)g = (m%)oo sin®0p + (m%)gg cos?0p — 2 (m%;)og cosfp sinfp ,

2 (m%)os
(m%)oo - (m:i,v)ss

tan 20p =
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A The chirakffective modelss not able todescribe the effects of
gluonicdegrees ofreedom in QCD.

A The laclof confinement in these models results iman-zero
guark number densitgvenin the confinedohase.

A ThePolyakovoop can incorporate theseffectsin the coupling
of thesemodels, explicitly.

A Thefunctional form of the potential is motivated lifie QCD
symmetriesof in the pure gauge limit.

A Polyakovoop potentialproducesa first-order transition inthe
pure gauge limit witiNc=3 colors.

U, ¢"T) _  5(T) bs w3y | D
T4 -9 |¢'|2_ E(¢3+¢ 3) + E(|¢|2)2=

b(T)=a+a (%) + ag (%)2 + ag (%)3.

ag=6.75, a;=-1.95 = ay;=2625  a3—= 7.4

by =075  ba=175
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The thermal expectation value of a color traced Wilson
loop in the temporal direction determines the Polyakov-
loop effective potential

(%) = —(P(%)),

1
N
Polyakov-loop potential and its conjugate

(P — (Trt?')D)/Nc;

(P* — (Trt? 'F’+)/N¢?;

This can be represented by a matrix in the color space

8 p = 1/T Temperature
P(X) = Pexp [ff dTALl(f;T)] :
0

Ay = iAY Polyakov gauge
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The coupling betweeRolyakoMoop andguarks is given
by thecovariant derivative

D, = dy, —iA, in PLSM Lagrangian

Au = 8,040 in the chiral limit

invariant under the

L —r + L, + dvodo —U(p, ¢o*, T), chiral flavor group
PLSM meson uark + 470A0 (¢, 9", T) (ke OCD

4 > Lagrangian)

‘C'clziral — me’son + ‘qumrk g i ‘770~A0

U(¢,¢*, T) is FdependentPolyakowotential

In caseof noquarks, then¢y = ¢*andthe Polyakovoop is considered
as an order parametdpor the deconfinementphasetransition



In thermal equilibrium, the grand partition function can be defined
by using goath integralover the quark, antiquark and meson field.

Z = Trexp[—(H — Z wNp) /T

f=u,d,.s

- / ];[Do'ﬂl)rra f DipDipexp [ /I (L+ > wd ™) |,

f=u,d,s

where [, =if//"at[,dx and piy chemical potential

Thermodynamicpotential density

—T'InZ
[ﬂmm =~ = U(0w, 0) + U, ¢, T) mw.]
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The quarks and antiquarks Potential contribution

(6 + ¢e —(E— uJKT) x e E-m)/T 4 o—3(E~ ML’T]

where N gives the number of quark flavofse = /7 + m?

Mg = T[Tx
qa — & ) 4
i?'y
ms = g
L %\/E
. . mz
Mesonicpotential U(s,,0,) = —(g;' +07) — hy0p — hyoy — 20,

2\/"“”*

A
—I—EIUEJZ 4 8(2,\1 + do)ot + = ().1 +Ag)od,
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The thermodynamic potential

—T1'nZ
[Q(Tr .rU*) — VH — U(gﬂfﬂ Jy) + H(l‘;l{?,. ‘?’):kﬂ T) + ﬂiﬁ"‘ﬁ"}

has the parameters
m?, hy, hy, A1, Ay, cand ¢

0y and 0,  condensates
¢ and ¢*  order parameters

?’?’12,« Ny, h};; A, A2 and ¢ can be fixed experimentally
Ox, Oy, ¢ and ¢~ minimizing the potential

00 90 20 0

— = O
80\- aa}/ a(/) a(/)* min ,

0y = Oy, 0y = 0y, ¢ = ¢ and ¢* = ¢* are the global minimum
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Nl Condensates andorderparameter

Thermal dependence an0

AT,N.Magdyand A.Diah PR@9, 055210(2014
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Thermal dependence

0.20¢
| 4F
-2 — :
e 0.15¢ _.»/
1.4t e

- wia J_,f‘
o ¢ 7 .

o

o maaf
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 Niee Themmodynamics

: f’rtl th,

Pressure p/f P = —Q(T, p).

T 1 PLSM P isompared with the lattice QCRalculations
al > " (empty circles & rectanglesat H,

1 The pressure increases with T until it gets close to the
| value of massless g4SBlimit 5.2).

BT

| Solid curve at g6.5
Dotted Curve at g0.5

L 2t 1 1 1 1
0.3 1 1.5 2 2.3

¢ NI OS )B&)/W‘I T 0/T) b

Thevalues aresmall inhadronicphase and
gradually increase in the region of phas&nsition
(Cross over)

g-3p T

They are decreasing in théeconfinedphase.

The trace anomaly shows a pealkound thecritical

2r

g

T

&
5L
4

3

2

1 temperature
]
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V]

dp 8
-2 = e— T — T —
Sguared speeddf sound ¢: = — Tds/dl .’

0.40

0.35 -

0.30

0.25

ci

0.15

0.10

0.05

00 05 10 15 20 25 30 35 40 45 540
T

L=

In conformal field theories includindree field theory, the squared speed of sound 1% 3.
i g R2 6y 60 dRLIO
At zero density® minimum
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Chiral phasediagram

Aoki, et al., JHEP0906, 088 (2009)
Becattini et al., PRL111, 082302 (2013) —8&—
Tawfik and Abbas, 1311.7508 [nucl-th]| =@

Present Work
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! ﬁww Thermal tEvoluttonofuMeson/Masses

Masses are defined by the second derivatiwer.t. the corresponding
field (scalarpseudoscalaretc.)

) _ 0T, py)
i,ab 6C@}jg8<‘i,b min

where 7 stands for scalar, pseudoscalar, vector and axial-vector mesons

T

+ Themesonicpart of the potential determines the mass matrix, entirely.

+ The squared masses farcalarfpseudoscalarsector,are formulatedin the
nonstrangestrangebasis

+ Thevacuumcontribution vanishes

AT,A.Dial in press PRC
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Smmwhasses

3\ V2¢
2 ) _9 . =2 2 _9 _
mo, = m +/\1( $+Jy)+70$+ 5 Ty
C
2 2 _
mﬁzm+)\1( )+ (0 +\/_O’$O’y—|—20’) 503”
m? = m? 00829 +m? ., sin 9 +2m? sin 6, cos b,
o 5,00 5,88 5,08
m?ﬂ — mioo sin” 98+m§?88 cos” 0, —Qmigg sin 0, cos O,
where
'mg,nn = m —I——(Tcr —|—4\/_crmay—l—ua)—l—}\ (o —I—cr)—%(\/iﬁz—l—ﬁy),
2 9 Al [._9 o2 2c Ty
Mggg = M +—( - 4\/_U$Jy—|—75)—l—)\2 — +20 +_(\/§m__)
3 2 3 2
m?> :%( 20’ — 0,0 \/_U)—I—\/_)\Q ——02 + c (c_r \/ic_r)
5,08 9 Yy Y ,3\/5 T Y
2m?2
and tan20;, = —; 1’?82



JwLcarr Thenmal ievolutitonofMeson/Masses

4

T\, |Cosmology  And
& Particle  Physics

PseautieScalamMasses

2 _ 2 2 | -2 A2 o 2¢ _
m. = m-~+ A\ (cf:E —I—Jy) + 703; ——5 Oy

2 9 _2 , - _ _9 C_
My = m°+ A\ (0:.: +0,) + ( \/503;% + QO'y) — 50%
m?, = m?2 ., cos® 0, +m? . sin 9 +2m sin 6, cos 6

n p,00 p p,88 ,08 p P

2 2 .2 2 2 2
My, = My, o0 SIN° 0, + My g5 Cos™ 0, — 2m g sin 0, cos 0,
where

mag = m’+ X\ (02 +7;) + % (624 42) + = (2@ + ﬁay) ,
?nf}!gg = m?+ \ (c_rg + ﬁg) + % (&5 + 45;) g (4&1, \/_Jy)

V2 _ c _ _
?nf}jﬂg = &5 (crg — 2(73) ~ 3 (\/501, — chy) *__L
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Vecior Masses
1 / .
m, = mj + 5 (h1+ ha + ha) o2+ %aj + 20, , |
_9 _ 5.2
M = m? + 2Z (g% + 2y + o) + 222 (hg — g7) + =L (2 + b1 + ha) + 0, + 4
4 V2 2
m,, = mf).__\ 1
ﬂ],wy—nll—l—?ﬂ'm—l— ?—I— 2—|— 3 O'y—|— (j'y§ |
Axial-Vector Masses
1 h }
mgl — -m% - 5 (29% + hq + ho — hg) 53 + ?153 + 20,,
1 1 1
ﬂl’%ﬁ'l — 'TTI% + 1 (9% + th + hg) 5'2 — Eﬁ'mﬁ'y (hg — gg) + E (g% -+ hl — ]12) ﬁ'i
+ 0z + 0y,
2 2
Tnflz - :rnr'ﬂ'l:‘I

o2 h i
.m,?cly -m% + ?Ihl + (29% + ?1 + hy — hg) Erj + 20,
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In order to include the quark contribution in the grand potential, the
mesonic masses should be modified due to the in-medium effects of
finite temperature.

The explicit quark contribution to LSM-potential

Qg (T, pg) = v.T Z /d {In(1 —ng (T, p1g)) + In(1 — ng (T, p15)) }
f=u,d,s

1

n — _ 2 2

where 7.5 (T’ 105) 1+ exp [(Ef _ ,u.f)/T] and Ey= \/k + M
Then

2 _ 3QQ(T‘} 1)

nab 0Gi,a0Cip

2 2
| _ | 2 Mfafb
m Ve Z / 2?_[.)3 QE |: nif:f + n"?:-f) (mf,ab o QEqQ?f

min f=ls

THZ m2
_ b b_ f?ﬂ, f:b )
( q.f —I_ q}.f) ( QEq!fT )]

bgf(T'. pig) = by (T, —p15) by (T, pp) =ng (L pup)(1 —ng ¢ (1, py))
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The meson-masses modification due to the in-medium effects of
finite temperature in PLSM.

2y . 2
o OQUT, py) Voo (2 e
e ) %r 3 )E 7 [ ar + Ve (7 —

C)Qz,a-dctﬁ min f=ls
2 2
1 11
f.a'"fb
+ (Bos + Bay) (W)] |
<Lig,

Pe— E‘I:.irf'{'T -+ '_?_(I)*Ef_QE%ffT + (-_'_f_gEq'.f!;T

;?\'T —
©F T 11 3(6 + ¢reBas/T)e=Ea /T 1 e—3Eqs/T
v d*e—Fai/T 1 9Pe—2Pas/T 1 o—3Eqs/T

For quark, B, f = 3(N, ¢)? — C, s and for antiquark, B ; = 3(N; £)2—Cy.f

, be— Eq5/T + ;L(IJ*E_QEq:ffJT - 3&’._3E‘?-‘HT
Cos = 1+ 3(¢ + ¢*eFas/T) e=Bas/T 4 ¢=3Eqs/T"

' O e~ Fas/T | Ape=2Eas/T 4 3e—3Fas/T

@ 3(¢* + peFas/T) e=Fas/T 1 ¢=3Eqs/T’
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The first and second derivative of the quark mass matrix given by

"”Ea'”"’g,b-/-‘#’4 ""”Eab-/-‘:i’g 'rrz.g‘a_-r;?g__b/’gri m.gkabfgi

o0 ool 303 3 50y 5

a1 o1 %ni 1 0 0

o4 04 0 O ﬁ—Hx_ _ﬁz 0 oy —Q—Tl\/?;;j;:
T I T I
) s ~far | F

T 0 0 % 0 %

T T 0 1 0 0

T4 T4 0 r:rg:%m__%l 0 U.y\/f—g—i_gi;fl
] T8 0 % %

Ty T8 0 % 0 —%
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Lattice QCD

Sector Symbol PDG [2§] PLSM | PNJL [24, 25]
Hot QCDI[26]|PACS-CS [27]
ag ap(980%20) 1026 837
Scalar K K (1425%50) 1115 1013
JFPC = ot+ o (400 — 1200) 800 700
fo | fo(1200—1500) | 1284 1169
™ 70(134.97+69) 120 126 1346 135.4%6-2
K |K° (497.614%248) [ 509 490 422,613 498+22
Pseudoscalar
n | n(547.853%F271) 553 505 579%73 688=32
JPC —_ o+
N 7 (957.78+60) 965 949 —— ——
p p(775.49%388) 745 — 7562536  5Q7+86
Vector wx w(782.65117) 745 — 884+18 86123
JPC =17 | K* | K*(891.66%%) | 894 — 1005+ 1010.2%77
wy | #(1019.455%5) [ 1005 — —— ——
a1 | a1(1030 —1260) | 980 —
Axial-Vector |  fi, £1(1281+60) 980 —
JPC =1+ | K3 K (1270%7) 1135 —
fiy f1(1420%713) 1315 —
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Comparison betweemnpseudoscalaand axialvectormasses in PLSM, PNJL, PDG and LQC
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