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Sigma-Model is a Physical system with the Lagrangian

T

J':l::t;f’l, ‘i’?: - quﬂ — ZZQEJ d‘i’t A *d‘i’j

i=1 j=1
The fields @, 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 o-

model comes from a field in their model corresponding to a spinless
meson @, a scalar introduced earlier by Schwinger.
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* Pisarski and Wilczek discussed the order of the chiral transition
using renormalization group arguments in the framework of LaM.

* LoM is the effective theory for the low-energy degrees of freedom
of QCD and incorporates the global SU(Nf). x SU(Nf), x U(1),
symmetry, but not the local SU(3). color symmetry.

* They found that, for Nf = 2 flavors of massless quarks, the transition
can be of second order, if the U(1), symmetry is explicitly broken by
instantons.

* Itis driven first order by fluctuations, if the U(1), symmetry is
restored at Tc.

* For Nf = 3 massless flavors, the transition is always first order. In this
case, the term which breaks the U(1), symmetry explicitly is a cubic
invariant, and consequently drives the transition first order.

* Inthe absence of explicit U(1), symmetry breaking, the transition is
fluctuation-induced of first order.

R.D. Pisarski and F. Wilczek, Phys. Rev. D 29, 338 (1984).



Importance of LoM

LoM Is an alternative to lattice QCD.

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

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

Various properties of strongly interacting matter
can be studied
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SU(Nf), x U(1), symmetry.

In vacuum, a non-vanishing expectation value of the quark-
antiquark condensate, spontaneously breaks this symmetry to the
diagonal SU(Nf), group of vector transformations, V =r + €.

For Nf = 3, the effective, low-energy degrees of freedom of QCD are
the scalar and pseudoscalar mesons. Since mesons are quark-

antiquark states, they fall in singlet and octet representations of
SU(3)V.

The SU(Nf), x SU(Nf), x U(1), symmetry of QCD Lagrangian is
explicitly broken by nonzero quark masses.

For M < Nf degenerate quark flavors, a SU(M),, symmetry is
preserved.

If M < Nf, the mass eigenstates are mixtures of singlet and octet
states.

Jonathan T. Lenaghan,, Dirk H. Rischke, Jurgen Schaffner-Bielich, Phys.Rev. D62 (2000) 085008
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According to 't Hooft , the instantons also break the U(1) ,
symmetry explicitly to Z(Nf),.

This discrete symmetry is irrelevant for the low-energy dynamics of
QCD =2 LoM has a SU(Nf)r x SU(Nf)€ symmetry.
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A great challenge trying to
understand the processes, which led
to the creation of the physical world
around us.

Main goals of modern nuclear
physics: investigation of hadron
properties, (effective masses, decay
widths, electromagnetic form factors
etc.), inside nuclear matter under
extreme conditions of high pressure
and temperature.

di-lepton production in hot and dense medium =2signals
of the partial restoration of the chiral symmetry of QCD.
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SYMMETRIES ALWAYS IMPLY CONSERVATION LAWS:
INVARIANCE OF LAGRANGIAN UNDER TRANSLATIONS
IN SPACE AND TIME = MOMENTUM AND ENERGY
CONSERVATION.

QCD LAGRANGIAN FOR MASSLESS QUARKS SHOWS A
SYMMETRY UNDER VECTOR AND AXIAL TRANSFORMATION.
EQUALLY (VECTOR)
left- and right-handed parts treated
DIFFERENTLY (AXIAL)
THIS IS THE CHIRAL SYMMETRY.
SYMMETRY OF VECTOR TRANSFORMATIONS LEADS TO
ISOSPIN CONSERVATION.
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Chiral symmetry of vector field under unitary transformation

6% corresponding the rotational angle, Tijc-‘ matrix generates the transformation and
a index indicating several generators associated with the symmetry transformation.

3
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Axil transformation A4

Vector transformation Ay,

-

P = C_i 55 U o~ (1 —_— Z.%J) J lII=)e—i75 ;5 J =~ (1_3‘)5.72_. ) [
U=et2 ¥ =~ (1+i%5) ¥ conjugate U= § =~ (1—:‘7;,%-') )/

Dirac Lagrangian which describes the free Fermion particle of mass m given by

Lp = P(iy,0" —m?)yY

Under vector transformation Ay is invariant BUT for Axial transformation A4

Fermions

moyYp=—e " mPy =~ (l—i‘r’"’;ﬁ)mtﬁw.

ﬂA -
= m ¢ ¢ — 2imd(Pre5¥)

¢ are component fields such as 7’s
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Symmetry Breaking

Spontaneous symmetry breaking

If a symmetry of the Lagrangian is not realized in the ground state.

(a)

(y,m)

(X,0)

The ground state is right in the middle

(0,0) and the potential plus ground state
are still invariant under rotations

The ground state is at a finite distance
away from the center. The point at the
center is a local maximum of the potential
and thus unstable
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Combination of quarks (g# of mesons), a meson-like state» :

A
[ \
(scalar Meson) (pseudoscalar Meson)
Sigma like state JP = 0% Pion like state JP = 0~
; T = iy

o=y

Gell-Mann & Levy obtained an invariant form if squares of the two states are summed

\
[ \
(Vector Meson) (Axial-Vector Meson)
Sigma like state /P = 07 Pion like state /¥ = 0~
Ay: m? - m? Ay % > m? +200m
o2 > g2 0> > 6% —200m

\ J

A
(m? + 0?) u(nz + 6?)



| SNl Vector and Axial-Vector 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
Levi-Civta Symbols
f +1 for even permutation123,
€ijk = —1 for odd permutation 123,

0 Otherwise

\

T — 7T+ €077
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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

T 1] =20

5 — 41 fari =]
N O

T — 7T+ 07T
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Pion-Nucleon Interaction involves pseudo-scalar combination of
nucleon field multiplied by pion field

gw(fgﬁ’}’ﬁ?)ﬁ

Where grt is pion-nucleon coupling constant. The chiral invariance
requires another term transforming sigma

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

0L = —gn [(iPy5T)7T + (ipp)0]
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* The nucleon mass breaks the chiral symmetry, explicitly.
* The simplest way to include nucleon mass and keeping chiral
symmetry unbroken is to explode the coupling of the nucleon gm,

< 0 >= {’TO:fFT

We have to introduce a potential for sigma field with min. at o=fn



Lagrangian

The kinetic energy term for

nucleons and mesons

70y 3 (0umol 7T + 9,00/ o)

The LoM Lagrangian

= Wn.-, O, + (3 T + 0,00"0) — gx [(%w’rmb)ﬂ + (iy)o| — = ((?T +0%) — f?

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

K. E
Of Mesons

K. E
Of nucleons




| ﬁ&“ LCAF biiuu(ﬂ Linear Stenma Modlel
\ orld | aboratory A\ ,1_‘\3)//, ILESTUSLIRU SO A S Z 4‘,\‘_ LIBUSUASRERVEL S\ 2\ 2L 2L 5

T, |Cosmelogy  And N ©@

L% |Particle  Physics

The chiral part of LoM-Lagrangian has SU(3)r X SU(3); symmetry
"Cc‘hiraf = ‘E’q + "Cm
where fermionicpart £, = Zﬁf(iqﬂ“’ﬂﬁ — g1, (0, + i757,) Y5
f

and mesonic part L, = Tr(8,®70"® — m2dTd) — )\ [Tr(dTd))?
A TH(®'®)? + c[Det(®) + Det(d)]
LTY[H(® + 3],

« m? is tree-level mass of the fields in the absence of symmetry breaking
* A4 and A,are the two possible quartic coupling constants,
e cis the cubic coupling constant,
» g flavor-blind Yukawa coupling of quarks to mesons and of quarks to
background gauge field 4, = 4,04
c = 4.80;
g = 6.5;
A, = 46.48;
m? = (0.495)"2;



¢ is a complex 3 X 3 matrix and parameterizing scalar o, and
pseudoscalar 17, (nonets) mesons

P = 'Ta Dg = 'Ta (‘:T{I —+ ?ﬂ'a)

where o, are the scalar fields and &, 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
{T , 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



]

8. \WiLCAPP

G

. TWorld Laboratory 7 p :
[\ |Cosmology And e

m? is the tree-level mass of fields in absence of symmetry breaking,
A, and A, are quadratic couplings while c is the cubic coupling. In 4D,
these couplings are only relevant SU(3), x SU(3), invariant operators.

Terms in 1st line of mesonic part are invariant under SU(3), x SU(3),
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.

® is a singlet under U(1), transformations exp(iw(yT?)
where U(1), is the U(1) 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(3) symmetry are T, = 1,/2 where A, are Gell-Mann
matrices with ), _ \/EI

3
010 0 —i 0 100 001
M=]l100], d=]io00], =|lo-10|, M=|000],
000 00 0 00 0 100
00 —i 000 00 0 10 0
ds=lo0o0o0 |, =]loo1 |, A=1]00 -], 5\8:% 00 0
i0 0 010 0i 0 00 -2

As required A, span aII traceless Hermitian matrices. They follow

|
[Tar Tb = 1 anbcT {Ta/ Tb} s _5 ab £ 3 Z dabcT
e=1
where f are structure constant given by

1
f123 = 1f1a7 = —f156 = foa6 = f257 = f3a5 = —f367 = §f458 = fers =

1
d118 = dag = d33g = —dggg = —=da4g = ds558 = deeg = 778 = ——=
V3 2V3

V3
27
1



/\/Eh0+h3+h8 hl —ih2 h4 — ih5 \
5 — —1 — 1
3 V3
_ . 2 h8 _
H = hl + ih2 —h0—h3+—  h6 —ih7
3 V3
\ h4 + ih5 h6 + ih7 th—Z—/
. 71§a8+71553+71§t7.] ay K™
Taoa = ﬁ ag _%ag—l‘%ﬂs—F%ﬂ: ;0
KT K — 25 08 + 75 00
! %Wﬂ‘l—ﬁﬂg—i—ﬁﬂg T K-
Tama = —= T+ L0y Ly 1a 7
V2 V2 V6 8T 370

K+ _{{G —%Wg—!—%fr{]
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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 @ field a vacuum expectation value

(P) =T, 0,
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Shlfting the @ 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 3 i ) 9 o e
gabc = E [dabc == § (OaOdObc S & ()bOdaOC =+ OcOdabO) . E §d0000a00b0000
. . . A
Fabod = Tl (Oab()cd + 0gdOpe + Oacobd) + ?2 (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

(m%)ap = m?

=

ab — 6gabc 5'0 + 4fabcd 5'(35'd
2 2 ¢ s =y
(mPp)ab = m* dab + 6 Gabe 0c + 4 Habed FcTd

The masses are not diagonal, thus o, and mt, fields are not mass generators in
standard basis of SU(3). As, the mass matrices are symmetric and real,
diagonalization is 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 (P) = T 5q + 13 05

where
h —-mz—iﬁ + A + _]O' —l—[ (A1 + A2) do ﬁ&g]&
0 — i g \/6 0 1 0 1 ‘3\/5
h -m2—}— " Got+——7 + (M + X2) G2 o 03—}—()\14—)\2)_2] o
L T VE T 23 LA f 2 )"
From PCAC relations Go = fr +2 1K ‘ fr=92.4MeV, frr =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 A
:?72.2—#%5'0— ﬁc‘rg+()\1+/\2)5§+ \/5)\25'05'34— (/\1—#?2) 5‘§
(77'1%)44 = (m5) 55 = (M5)gg = (M)
=7722+i5 +L5 + (A1 + A )52—26 og + [ A +ﬁ 52
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 =




el The Pseudo-Scalar 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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The chiral effective models is not able to describe the effects of
gluonic degrees of freedom in QCD.

The lack of confinement in these models results in a non-zero
qguark number density even in the confined phase.

The Polyakov loop can incorporate these effects in the coupling
of these models, explicitly.

The functional form of the potential is motivated by the QCD
symmetries of in the pure gauge limit.

Polyakov loop potential produces a first-order transition in the
pure gauge limit with Nc = 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 between Polyakov loop and quarks is given
by the covariant derivative

D, = dy, —iA, in PLSM Lagrangian

Ay = 64040 in the chiral limit

invariant under the

L —r + L, + dvodo —U(p, ¢o*, T), chiral flavor group
PLSM = Lmeson + Louark + 4v0A0 —U($, ¢, T) (ke OCD

4 > Lagrangian)

'Cclziral = Limeson + ‘qumrk g i ‘T)DAO

U(p,¢*,T) is T-dependent Polyakov Potential

In case of no quarks, then ¢ = ¢*and the Polyakov loop is considered
as an order parameter for the deconfinement phase-transition



In thermal equilibrium, the grand partition function can be defined
by using a path integral over the quark, antiquark and meson field.

Z = Trexp[—(H — Z wNp) /T

f=u,d,.s

— / ];[Do'ﬂl)rra f DiyDipexp [ /I (L + Z ety Pr) |

f=u,d,s

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

Thermodynamic potential density

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

+1n [1 + 3(¢" + (;{,E—(EﬁujfT) x e~ (E+m)/T 4 E—S{E-'-HHT]} ,

where N gives the number of quark flavors, F = /52 +m?2

Mg — T[Tx
q — (55 ) ’
s = @ ny
s = & 72
2
Mesonic potential U(s,,0,) = m—(cr;' +07) — hy0p — hyoy — 20,

2\/"“”*

A
—I—EIUEJZ + 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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Thermal dependence at u=0

AT, N.Magdy and A.Diab, PRC 89, 055210 (2014)
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Thermal dependence

0.20¢
|4
- ey )
e 015t A
“b !:/P 'f::?'- ‘p o
0.8} P -
i oaof o~

0-bp H-0MeV — o

M =100MeV — e
“ posp T

=200 MeY -~ o
0.2 L

“w-.“: -t - L 2 . y N“_'—‘—;:p-._:_‘_____“-___l ----------------------

" Hart 21H) 30 400 s | MV Sl 003 0.10 0.15 0.20 .25 ol GeV

Density-dependence

1000 H=0MeV — 1wy
R N U = 100Mey === B H-\
E K b By I ‘-""\
% N 1L =200 MgV —-- - W N L TN
‘1\ E 'a
40 a0 Y t T =10MeV
5 | L7 (1] [T —
20 20 N, ’. T =140MeV ._.......... .
0 Sljﬁ 4{'30 500 TMeV i I{‘JL'I Z{IJI] 3EIH1 -1»(‘]0 S{‘H}‘u MeV

AT, N.Magdy and A.Diab, PRC 89, 055210 (2014)
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Pressure p/T* P = —Q(T, p).

4

PLSM P is compared with the lattice QCD calculations
(empty circles & rectangles) at u = 0.

BT

The pressure increases with T until it gets close to the
value of massless gas (SB limit 5.2).

Solid curve at g=6.5
Dotted Curve at g=10.5

The values are small in hadronic phase and

gradually increase in the region of phase transition
(Cross over)

g-3p T

They are decreasing in the deconfined phase.

The trace anomaly shows a peak around the critical
temperature
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dp 8 8
C?= = — =
Squared speed of sound C: = Tds/aT _ C,

0.40

0.35 -

0.30

0.25

ci

0.15

0.10

0.05

ﬂ.m 1 | 1 | 1 | 1 | 1 | 1 ] 1 | 1 | 1 | 1
o0 05 10 15 20 25 30 35 40 45 50

T

L=

In conformal field theories including free field theory, the squared speed of sound is 1/3.
Near T, —» downward cusp.
At zero density, & minimum



 NiTse Chiral phase-diagram 1
™ e |
s ¢
150 & 5° g, _
< 100t —
=
—
Aoki, et al., JHEP0906, 088 (2009)
50 + Becattini et al., PRL111, 082302 (2013) —8&— ]
Tawfik and Abbas, 1311.7508 [nucl-th]| =@
Present Work
O | | | _| |
0 200 400 600 800 1000
1w [MeV]

AT, N.Magdy and A.Diab, PRC 89, 055210 (2014)




Thermal Evolution of Meson Masses

Masses are defined by the second derivative w.r.t. the corresponding
field (scalar, pseudoscalar, etc.)

) _ 0T, py)
i,ab 6C@}jg8<‘i,b min

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

T

% The mesonic part of the potential determines the mass matrix, entirely.

+ The squared masses for scalar/pseudoscalar sector, are formulated in the
nonstrange-strange basis

+ The vacuum contribution vanishes.

AT, A.Diab, in press PRC
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3\ V2c
2 9 2, 2 2 _9 _
M, = m +/\1( ,I+Jy)+—2 o, + 5 Oy
c
2 2 _
m: = m +)\1( )+ (0 +\/_O’_r0’y—|—20’) 503”
m? = m? ., cos’l, +m? . sin? 6, + 2m? . sin b, cosb,,
o 5,00 5,88 5,08 "
m?ﬂ — 'mioo sin” 6, + miBS cos” 6, — Q-mgjgg sin 0, cos O,
where
m2gy = m? + % (753 + 425 ,5, + 553) + X (62 +02) — % (\/iaT + ﬁy) ,

A 72 2 0
mlg = m’+ ?1 ( 52 — 426,56, + 75 ) + A (% + 253) + TC (\/ﬁam — %)
m?> :%( 25 — 0,0 \/_U)—I—\/_)\Q ——02 + c (c_r—\/ic_r)

S,DS 3 Yy Yy 3\/5 T y ) -
2m o
and tan20; = — —

;oo — 1 88



Thermal Evolution of Meson Masses

Pseudo-Scalar Masses

m; = m°+ X\ (G, +07,) + %52 — %%

my = m°+ A\ (7. +7,) + % (aﬁ — V25,5, + 255) — %55;
m?f = mi,oo cos® 6, + m;,BS sin® 4, + Qm;% sin 0, cos 0,,,

m% = mioo sin® 6, + -migg cos” 6, — Q-m?)}[}g sin 6, cos 0,

?nf}jm = m?+ )\ (Erg + 5’;) + % ( + 52) + = (20’1 + \/_Uy)
A9
migs = m’ + A\ (62 +52) + = 2 (62 + 452) — : (4% V2 cry)

\/5}\2 _ A & _ _
m-g,os = &5 (crg — 2&3) r (\/EUI — chy) _._
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Vector Masses

1 / .
mi = m% — 5 (h1 + hg + h3) 53 %53 + 20, , 1
a2 00 a, S
ma. = mlJrIf(gl +2hy + h) + \/_y(hg—gl) + 2y (91 + hy + hg) + 05 + &y
m;, = mi _._ 1
h h .
m? = m} + ?laﬁ + (?1 + hy + h,g) 52 420, , |
Axial-Vector Masses
1 }11 .
mgl — m% — 5 (29? + hy + ho — h,g) aﬁ — ?55 + 20,
1 - | 1
mi-l — -m% - 1 (g% + 2h1 + hg) r:rg — %GIJH (hg — gf) + 5 (9‘1 4+ hy + h,g) o,
+ 5.+,
2 9
Tn-flz o nlﬂ'lj

h i
mfcly ml + ?hl 4 (29? + ?1 + hgy — h,g) Er; + 20,
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JryLcarr Thermal Evolution of Meson Masses

4

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

T T — n N .2 a2

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

2 — dQQ(T :uf)

nab 0Gi,a0Cip

2y 2 2
Tflf&?nfb

m

min f=ls

?HZ ﬂ12
_ b b_ f}ﬂ’ f:b .

ba,f (T’ prg) = bg,s(T', —puf) by ¢ (T, pig) = ng (T, pusr)(1 — ng ¢(T, is))
AT, A.Diab, in press PRC
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2 3
= v, Z / (277 2%, [ Ng.f + Ngr) (mﬂab — W




Thermal Evolution of Meson Masses

The meson-masses modification due to the in-medium effects of
finite temperature in PLSM.

320)( 22
5 O*UT, py) B . . ) M M
23 ’)'T 3 JE .f N+ Na0){ M - 2E?
2E;

ﬂ?i,ab A A
C)Qz,adgﬁ min f=ls
2 2
1 11
fa'' " f,b
+ quaerB@f)(TfTﬂ'
— q_.

be Eas/T 4 0p*e2Eqs/T 4 ¢=3Eqs/T

;?\'T —

a.f 1+ 3(¢ + ¢*eEBas/T)e=Eas/T 4 ¢=3Eqs/T
?\T (I)*E—Eq,ffir 1 Q(I)E—QE@_”"T 1 E_SEri.ffT
g, f — 1_|_ 3(0* 1 @E—Eq,f,’T)E—E@ffT 1 E,—3Eq?_ff.T

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

T He— Bas/T + AP*e—2Eq /T + 33 Fas/T
Cos = 1+ 3(¢ + ¢*e Fat/T) e=Far/T 4 e=3Eq /1"

' O e~ Fas/T | Ape=2Eas/T 4 3e—3Fas/T

@l + 3(¢* + pe Fas/T) e=Eas/T | ¢=3Eqs/T’
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Thermal Evolution of Meson Masses

The first and second derivative of the quark mass matrix given by

2 92 2 1...2 ...2 A0 2 [ 2
my b/” ”"‘i_._ab-/-‘:f ms‘a_ms__b/g,r Mg /9
1 2 2 1 2 1
a0 g0 302 3 30y 3
a1 o1 %ni 1 0 0
0 oL+ 20 0 \/ﬁ{rw—l—ﬁo
04 04 Oz %—2{?2 Y chyg—{rmz
1 2 1 2 2 2
a8 08 67z 3 3%y 3
2 2 2 2 2 2
70 08 %nﬂ: % _%Gy _%
T 0 0 % 0 %
T T 0 1 0 0
T4 T4 0 o Jﬂi%z 0 ﬁf—gl
m—zg H G’m—ZUy
1 2
g Ty 0 3 3
mo 7l 0 2 0 —2
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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 —

Comparison between pseudoscalar and axialvector masses in PLSM, PNJL, PDG and LQCD

AT, A.Diab, in press PRC



M [MeV]

M[MeV]

1400

1200

800

600

400

200

1400

1200

1000

300

600

400

200

1000 r

u= 0 [MeV]

150 200

T [MeV]

LSM : Sca la rS (top curves) /PSEUdOSCGla rS (bottom curves)

300 350

400

u= 220 MeV

150 200
T [MeV]

300 350

400

M[MeV]

M[MeV]

1400

1200

1000

800

600

400

200

0

1400

1200

1000

800 |

600

400

200

u= 180 MeV

50 100 150 200 250
T [MeV]

300 350

u= 300 MeV

50 100 150 200 250
T [MeV]

300 350




M [MeV]

M [MeV]

1400

1200

1000

800

600

400

200

1400

1200

1000

800

600

400

200

T T T 1400 T T T
LTS '_-.--. ,': s
e, s 1200
e
e, st
fffﬁﬁv”ﬂkﬂﬁ | 1000
- < 800
@
=3
7 = 600
1 400 | 1
 — u=0 MeV L Wias p= 180 MeV
LR i K mrnn
K 200 K .
n n
| 1 1 U’ 1 1 1
100 200 300 400 0 100 200 300 400
T [MeV] T [MeV]
[}
LS M ° Sca Ia rS (top curves) /PSe U d OSCG I a rS (bottom curves)
1400 T T .
' T ' ,¢5§
"y B Sy "j':;".
1200 | e, Pl
e ", pf"{’ .'.."
o ‘,ﬂ"’f"“’ .-‘."
I,:::»: L 1000 | LT DY .“-_'__...--. |
5 4 - M
] S 800 1
0]
=3
] = 600 i
] 400 i
fy weeeees U= 220 MeV fo e u= 300 MeV
K ommnan | 200 | -
K — K
n 0 Tl 1 1 1
100 200 300 400 0 100 200 300 400
T [MeV]

T [MeV]



M [MeV]

M [MeV]

1400

1200

1000

800

600

1400

1200

1000 [

800

600

"""""""
...........

100 150 200 250 300
T [MeV] PLSM

u= 220 [MeV]

L
:::::
ey

e,
e,

200
T [MeV]

100 150 250

M [MeV]

M [MeV]

1400

1200

1000

800

600

1400

1200

1000

800

600

i,
.........
LLL TP ————
........

"y
v
e
0
"
Vi

0 50 100 150 200 250
T [MeV]

LSM : VECtO rS (top curves) /AXia IVECtO rS (bottom curves)

u= 300 [MeV]

. .
...........

o,
48
= 4 o +
e, - L o
e - 1y et = et
s
TTEIELE
PRI
i y
. o
o
2
F o
&
o
o
o
*
W
w
e

150 200

T [MeV]

100




M [MeV]

M [MeV]

1600

1400

1200

1000

800

600

400

200

1600

1400

1200

1000

800

600

400

200

T=10 MeV

100

200

300

LSM:{'Scalars

400

500

800

700

(top curves) / PS

800

T=10 MeV

fU -

K mmmmmm

K —

n

100

200

300

400
u [MeV]

500

600

700

800

M [MeV]

M [MeV]

1600

1400

1200

1000

800

600

400

200

0

T=100 MeV

0

100 200 300 400 500
H[MeV]

eudoscalars potom cures)

1600

600 700

800

1400

1200

1000

o
N, »
ny, »
- '
Trnmannnt®

800 -
600 T =100 MeV -
400 | fy evemrees ]
K TR TRTNTET
200 | K —
n
O_ 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800



M [MeV]

1600

1400

1200

T =10 [MeV]

100Q e

800

600

400

' 1600

s 1400 |

& 1200

_____ e
- -'":.f
3 1 > 1000 proseeninninn,
s
ao: P I’.? i g
p B 800 |

400

200

400
u [MeV]

T =100 [MeV]

¢, I mnnn o-"»
ahy 1 600 |
K LRTRTR TN

600 800 0

AT, A.Diab, in press PRC

200

LSM: Vectors e /AXialvectors

400
u [MeV]

bottom curves)



R (WLCAFF

|
4 'World [ aboratory
[\, [Ceosmology And
[E %I Particle

Dissolving Temperatures

] T T T T a| 15UD 5 T T T T
1400 g .
Y n -
" T 1
1200 A - 1250
: 0
1000 N -
1000
800 1 k&
o
. =
BDU | =t R e s .._ ?ED
400 | P -
00 | - - i | 500
U 1 1 1 1 1 1 1 1 1
150 200 250 300 350 400 150 200 250 300 350 400
T [MeV] T [MeV]
Comparison Scalar mesons |Pesudoscalar mesons| Vector mesons |Axial-vector mesons
meson ag kK o [ T K n n p K w o ap K1 fi f{
Theson .., IMeV][ 200 250 320 320 | 320 230 235 300 | 195 300 195 300 | 205 250 205 350

The approximate dissolving temperature corresponding to meson sectors
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N Effects of Polyakov-Loop Potential

For chiral phase-structure, effects of Ployakov-loop potential
should be taken into account

azﬂ@](T: PL) _ 3 Z/ dgp i
OaObap min 2 | P B

E 2
(A—I— + A—) mﬂ L f:ﬂmf:b L{B— + B_} m.%,ﬂ.m?-.b
f f f.ab 2F? AT PP\ 2ET

—ET T _apt _apt

5?}1& ab T

A g7 = {1 +30*e Fr /T 4 3% 2Er /T 4 E—SE;fT]
f g}" f
« —E7 /T —9E; /T , —3E;/T .
A; N O e "5/t + 2‘135_ 154 e 0 }r _ [1 © 3B BT 4 3@*e—2Ef /T 4 E—EEF;T]
9f
B:I: =i Ai 2 Gi 4 HeEFIT + 4+ 2EF /T + 3 3Ef /T
7 =3(47)" = Cy, Cr =

97

- GreEr /T 4 402 T 4 373 T
0911.2464 o
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There figures shown that the comparison with/ out ploykov potential

M|[GeV]

With/Without Polyakov-Loop Potential

050

0.1

T IGeV]

T [GeV]

Polyakov loop potential
shown the chiral symmetry
restoration and result that a

sharper mass and
degeneration as well as faster

than without ploykov loop

Note:-

Solid lines represent to
the LSM and dotted
lines are the PLSM




QCD in an External Magnetic Field

It is conjectured that the strongly interacting system
can response to an external magnetic field with
magnetization and magnetic Susceptibility.

Both quantities characterize the magnetic properties
of the system of interest, QGP.

Also, the effects of the external magnetic field on the
chiral condensates should be reflected in the chiral
phase-transition, as well.

The effects on the deconfinement phase-transition
can be studied through their effects on Polyakov-loop.



QCD in an External Magnetic Field

 We have add some restrictions to quarks due to
the existence of free charges in the plasma phase.

* To this end, we apply Landau theory (Landau
guantization), which quantizes of the cyclotron
orbits of charged particles in magnetic fields.

Findings:

« The proposed configuration requires
additional temperature to derive the system
through the chiral phase—-transition.

e The value of the chiral condensates increase
with increasing the external magnetic field.
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§ca Landau Levels (Quantizations)

Consider 2D electron system in x - y plane with field B || 2

Let us choose “Landau gauge” A = Bxy
Then Hamiltonian is 0 — ( n eA)

Zm
1

— (p +p +2€Blpu+(€B) )

Zm

We note that [H,p,| = 0, then eigenfuncs of H (2., y) =

satisfies 1 Ik,

e

2m

— (hgvz + (eB) (1 + ) ) X =EX

ey X ()

Exact harmonic oscillator , with x shifted by 'y = ﬁ-k.”/eB

Then eigensolutions o (z, y) = e, (x + xq) = B2V My, (2 + x()

Und n-th eigenfuns with eigenvalues £, = hw(n +1/2)

Comparing with SHO, cyclotron frequency reads w

eB

m
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Nl Landau Levels (Quantizations)
i

Particle  Physics

« This is just classical frequency of orbital motion of charged
particle in magnetic field.

 The energy levels labeled by n called Landau levels
 What is degeneracy of each level?

* If width of system in y-direction is Ly, assume periodic boundary
conditions, ¥(y) = ¥(y + Ly)
where k,L, = 27r and Vs integer

B
* The upper bound of Vreads 0 < v < ;LILy = Vmaz

mh
L.L,
2%

 The max. # of e occupying Landau levels Vmaxr =




Landau Levels (Quantizations)

* We assume that the direction of B goes along z-direction.

* From the magnetic catalysis and by using Landau quantization,
we find that when the system is affected by a strong magnetic
field, the quark dispersion relation will be modified to be
quantized by Landau quantum number, n = 0, and therefore
the concept of dimensional reduction will be applied.

oc==+5/2

E, = \/pg +nz% + |qu|(2n +1—0)B, )
X
Ea = \/p2 +m} + 020 +1-0)B, g = 87
_ Ly
Es = \/PZ +m2 +gs|(2n+1—0)B, V Ms = 5"\/5

| SRR

From magnetic catalysis the dimensional is reduced

d°p |'?f ‘ BI' & dP ' degenerate
I / (27)3 " Z — 1don) Landau level
Apep

The upper Landau levels vy =

2|q¢|B AT, N. Magdy, Phys.Rev. C90 (2014) 015204



LoM in external magnetic field

For the Abelian gauge field, the influence of the external magnetic
field, A} is given by the covariant derivative

Dy = ou—iA—iQA),
Q = diag(qu,q94,9s) is a matrix defined by the quark electric charges

The coupling between the effective gluon field and quarks, and
between the magnetic field, B, and the quarks is implemented
through the covariant derivative

ﬁq = Zﬁf(ffﬂ!D;f — ng(Ua + 5757%))%(
f

A” coupling of the quarks to the Euclidean gauge field

T, Gell-Man matrices
g  flavor-blind Yukawa coupling

AT, N. Magdy, Phys.Rev. C90 (2014) 015204
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L%l Particle  Physics

The coupling between the Polyakov loop and the quarks is
given by the covariant derivative of

D.l“‘ — a}; — IA‘”
in PLSM Lagrangian

The quarks and antiquark contribution based on Landau quantization
and magnetic catalysis concepts

|E§T Ei;T . __[Ef—yj __aEf—y] -—S[Ef_H]
Z/ —1(:'{]11 ]ﬂ. 1+3 (P—I—(P e -T € _'_I__I_E:- T
v=>0

(E¢tp) (Eg+p) qiEf—yj
+1n [1 +3 ((P* + e 1T ) e T —I—i.’_“_T_:| } e

Qgy (T, B) = —22

The fermionic vacuum loop contribution

vac AT dgﬁ —Nc il
O (0,, 0,) = —Qlﬂ-t‘zle/ KQW)SEJPZ Q2 zf: ﬂf In ( )

i“.‘..(_g oD

AT, N. Magdy, Phys.Rev. C90 (2014) 015204
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Condensates and Order Parameters
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Higher Moments
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N Subtracted Chiral-Condensate
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Is a dimensionless quantity reflecting the difference
between non-strange and strange condensates

Mg

(@) — 2L(s5)
Ags(l) = ms
- (72)0 — —*(55)0
My
[ R (a) eB= gnﬂlggg}r _________ | [ (b} EB:ijnlg gf; T
e, eB=04GeVT T B4 GV
0.8 N 0.8
206 20.6f
< <
04r 0.4
0.2+ 0.2
0 . _ , I _ L. I-.H"‘-, s ] 0 , _ I I _ | s )
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AT, N. Magdy, Phys.Rev. C90 (2014) 015204



| N Magnetic Susceptibility

J.‘F[f’

2"d derivative for free energy density f with respect to magnetic field
0 f
Xm — T F pv

0.004
ARenormalized ™™ ™™™
Ko Renoalized "0
0.0032 - 2=0:535fm Ls=32 o
a=0.1294fm Ls=40 =& s
0.0024  Lacp, Phys. Rev. Lett. 111, 182001 (2013) -
0.0016 b :
0.0008 § -
O J I @..1 ..-u---*-"".'.'."".“i1 l !
0 0.05 0.1 0.15 0.2 0.25
T [GeV]

AT, N. Magdy, Phys.Rev. C90 (2014) 015204



Critical Temperature

| light and s strange quark
LQCD, JHEP 1202, 044 (2012)
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AT, N. Magdy, Phys.Rev. C90 (2014) 015204




A Chiral Phase-Diagram
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