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Fundamental building blos

Motivation and brief Background
Wptotic Freedom

Quantum Chromodynamics

The QCD Lagrangian for SU(3) color Yang Mills theory

1 N
Laco = —7 GG + ) Ti(x)(17D,. — my)y;(x) (1)
j

where 1);(x) are the quark fields, N is the number of quark flavors and
m; is the mass of the jth quark, D, is the associated covariant derivative
and G, is the field strength tensor.
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Fundamental buildin; matter
Quantum Chromo

Two properties of

Th Di.

Motivation and brief Background
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o Low energy regime =
Large distances

@ High energy regime =
Short distances
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Fundamental building blocks of matter
- . Quantum Chromodynamics
Motivation and brief Background Two properties of QCD:Confinement and Asymptotic Freedom

The Phase Diagram of QCD
Approaches to study the QCD phase diagram

The Phase Diagram of QCD

In a QCD system at extremely high temperature or very high pressure the
nuclear matter is expected to undergo a phase transition to a state called
Quark-Gluon Plasma (QGP), identified as the deconfined dense state of

matter.
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Fundamental buildin, of matter
Motivation and brief Background $“

The Phase Diagram of QCD

In a QCD system at extremely high temperature or very high pressure the
nuclear matter is expected to undergo a phase transition to a state called

Quark-Gluon Plasma (QGP), identified as the deconfined dense state of
matter.
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Motivation and brief Background

Approaches to study the QCD phase diagram

o Experiment o Lattice QCD o Effective theories and models

final detected

Relativistic Heavy-Ion Collisions particle_distributions
made by Chun Shen fKinetic —
— Hadronization
e =4 e MIT Bag Model
- @ Nambu-Jona-Lasinio

Model

@ Hard Thermal Loop
Perturbation Theory

R R

collsion
overlap zone

re-
equitbrium .
’> lynamics_ viscous hydrodynamics

Hadron Resonance
___free streaming
collision evalution — Gas Model

t~0fm/c T~1fm/c T ~10 fm/c T ~ 10" fm/c
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Fundamental buildir s of matter

Motivation and brief Background

Approaches to study the QCD phase diagram

o Experiment o Lattice QCD o Effective theories and models

e MIT Bag Model

@ Nambu-Jona-Lasinio
Model

e Hard Thermal Loop
Perturbation Theory

@ Hadron Resonance
Gas Model
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SU(3) Dual QCD Formulation
Hadronic d d QC hum

Field Decomposition formulation for SU(3) color gauge and Thermodynamics G S i 17 — o e Ui (4L e e (LOXED)

SU(3) Dual QCD Formulation

@ The mathematical foundation for the dual gauge theory comes from
the observation that the non-Abelian gauge symmetry allow an extra
internal symmetry called magnetic symmetry which restricts and
reduces the dynamical degrees of the theory.

D, =0, ie (9,+gW,x)m=0. (3)

@ The most general gauge potential which satisfies the above
constraint is written as,
~ AN 1 ~ ~ 1 ~ ~
W, =A,m+A,m—g  (Mx0,m —g (M xd,m), (4)
where, A, and A;L are the Abelian component of W/, along /M and
i respectively and are unrestricted by the constraint.
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SU(3) Dual QCD Formulation

N . . . Hadronic 1d dual QCD vacuum
J E E i ~ N ~
Field Decomposition formulation for SU(3) color gauge and Thermodynamics Gttt R QXE1P sli e i 17 — o (ke Ui (4TI i e (LEXED)

+ The associated generalized field strength may then be written as,
G = (Fu + B )+ (F, + B, ), (5)

where
Fuy = 0,A, — 0LA,,

Frw = 0uA, — OA,,
B{) = 0,B, — 0,B, =g~ (M x 0, M),

B, =8,B,) — 0,8, =g~ (i x 8, ). (6)

@ The topological structure may be brought into dynamics in a dual
symmetric way by imposing magnetic symmetry and the As-like
multiplet M may be viewed to define the mapping,

S2 — SU(3)/U(1) ® U'(1), where S3 is the two-dimensional sphere
of three dimensional space and S? is the group coset space fixed by

S

m.
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics

HTL pt and LQCD

Rotating the magnetic vector i to a fix time independent direction leads
to the the value of gauge potential

W, = gt [((auﬁ = iauﬁl)cosa> £A3 + %\@(auﬁ/ cosoz)fg]7 @)

The associated field strength takes the form as

G = (Fu + BD) &+ (F,, + B, @) . (8)
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SU(3) Dual QCD Formulation
p

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

« Using the regular dual magnetic potential (B,(,d), B;l(d)) associated
with the monopoles and introducing the complex scalar fields (¢(x),
¢ (x)) for the monopole, we obtain the dual QCD Lagrangian in the
following form,

1 1 1
2 2 d
L=- 4FW71FW 481“,74 o’ + Oy [0 + S8 (AL + Bu)+

1 ’ ’ - . 1 1 ’ ’
mg(/“ Efl) +B)Yr +pyH[i0,+ §g(ALd) +B,)+ ﬁg(A Ld) +B,)|vs
- ) 1 ’ ’ 471'
+¢y7#[’au - %g(A Ld) + Bu)]wy + |(8u + ’?(Au + B;Sd)))¢|2+

4 3 / / 0 _ _ _
(8, + iﬂ\g(ﬁ(A,L + B, D))¢ |2 — mo(drtbr + Dpthp + Pyiby) — V. (9)

v
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SU(3) Dual QCD Formulat\on
Hadronic Q 1um

Field Decomposition formulation for SU(3) color gauge and Thermodynamics Critical parameters in T — p plane HTL pt and LQCD

The confinement mechanism of the QCD vacuum can be understood
in absence of color electric sources and the Lagrangian may be
reduced in the following form

1., 1
48#"4*”

£ =~ H(O, T B +(0,+ S B D)5 P
(10)

where, in relatively weak coupling near-infrared regime the use of the

familiar quadratic potential for inducing the magnetic condensation of

QCD vacuum is naturally desired and is given below,

(3)
g

V =

2 2
BT (67— R+ ﬂf 66 — g2 (1)

v
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SU(3) Dual QCD Formulation
p

Field Decomposition formulation for SU(3) color gauge and Thermodynamics c 5 or QG L ola L pt and LQCD

+ Using the cylinderically symmetric form of the potentials, the field
equations associated with the Lagrangian (8) may be expressed as

given below
T (80)] - (2 + sy 280)) 200) = 0,
L (D) (2 4 oty 8)) + 275 (68 ) 40

(12)
E:< )] - 82/5('; + 47;5 B'(p)) X2(p) =0,

[1) jp <p d’fjpp)) [('Z+‘”;/§B'(p)>2+ SZ‘ZTQX(X/Z—M)] X (p) = 0.
(13) |

Dual QCD Thermodynamical at Finite Temperature and Chemical Potential

Dr. Garima Punetha Assistant Professor PhysicsGovt Post Graduate Colleg



SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum

Field Decomposition formulation for SU(3) color gauge and Thermodynamics Critical parameters for QGP phase in T — 41 plane Using HTL pt and LQCD
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics I G L pt and LQCD

+ Utilizing the asymptotic solutions B(p) = —7%[1 + F(p)] and

B'(p) = ——£—[1+ G(p)], the energy per unit length of the

4\/371'/) )
resulting flux tube configuration may be derived in the following

form,

a2 (x* — )

N\ 2
(&) +arvort- s, (10

where F(p) = C\/ﬁexp<—m3p> and G(p) = Cl\/ﬁexp<—m;3p).
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su(3) Dual QCD Formulation
"

bag and hn\“

Field Decomposition formulation for SU(3) color gauge and Thermodynamics C . ng HTL pt and LQCD
C / g a C

Incorporating color reflection invariance the masses of the magnetic
glueballs is estimated by evaluating the string tension k(n n') of the

resulting flux tube written as, ki, ) = = Y(n,n' (Z)O,
— — d d d
v [ as [ my(Gev) [ ms(Gev) Agéo(fm) €52p(fm) | 550
5.617 | 0.25 1.20 1.75 0.57 0.83 0.69
6.828 | 0.24 1.69 1.62 0.61 0.59 0.99
8.093 | 0.23 2.17 1.52 0.65 0.46 1.42
9.833 | 0.22 2.90 141 0.70 0.34 2.05
Table: The masses of vector and scalar glueball as functions of as.
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y - . - . m
Field Decomposition formulation for SU(3) color gauge and Thermodynamics QGPphase/in T 12 plane Using HITL pt and|LQED

Hadronic bag and dual QCD vacuum

@ The ground state hadron are
spherically symmetric and quarks
are confined to a sphere of finite ong
size. e'?“fbaf-

@ A model of hadronic bag was "
identified describing the typical
phase structure of QCD.

@ The hadron energy in its confined
phase is expressed as,

T

C free quarks
E, =BV + R (15) inside a bag

@ A. Chodos, R.L. Jaffe, K. Johnson, C.B. Thorn, V.F.
Weisskopf, Phys. Rev. D 9 (1974) 3471.
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics Girtttest e P m ) HTL pt and LQCD

@ B represent the bag pressure which is derived from dual QCD
formalism and expressed in the following form,

1/4
1 A B
Bsu/34 = () 4 (16)

o Inside the bag, positive contribution to energy +B and negative
contribution to pressure -B inside the bag.

@ Outside, the bag, negative contribution to energy -B and positive
contribution to pressure +B outside the bag.
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SU(3) Dual QCD Formulatic
Q

y - . . Hadronic bag and d m
Field Decomposition formulation for SU(3) color gauge and Thermodynamics Critical parameters for QG i 1 plane HTL pt and LQCD

The pressure, energy density and entropy density for hadron and plasma
phase for SU(3) dual QCD vacuum is given as,

> 37 M4

P.=3x—T*% su3 _ 20 24 2.2, g '
90 P 907T T+ T Hg + 302 Bs.u3
71_2 37 3 4

=3 iT4, su3 _ a2Tt 2

€ X30 s 30 T 4+ 3u T -‘1-2 2+Bsu3
2 74

S=2x =T, 8 = 2n273 4 o722

The critical temperature of QGP-phase transition for SU(3) dual QCD
vacuum given by,

1/4

45

QGP _ 1/4 1/4
c(m) su3 — <177T2> Bsu3 ~ 0. 7285u3 .
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SU(3) Dual Q
N . . . Hadronic
Field Decomposition formulation for SU(3) color gauge and Thermodynamics Griticallparameters for QGP phase in| T'— sz plane Using HTL pt andILQCD

Critical parameters for QGP-hadron phase transition for different
values of strong couplings in the infrared sector of SU(3) dual QCD.

as T2(GeV) (pe, TE)(GeV)

0.22 0.170 (0.48,0.068)

0.23 0.154 (0.43,0.065)

0.24 0.138 (0.39,0.063)

0.25 0.125 (0.33,0.055)
5 T T T T

0.6 0.8 1
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SU(3) Dual Q
N . . . Hadronic
Field Decomposition formulation for SU(3) color gauge and Thermodynamics Griticallparameters for QGP phase in| T'— sz plane Using HTL pt andILQCD

Critical parameters for QGP-hadron phase transition for different
values of strong couplings in the infrared sector of SU(3) dual QCD.

as T2(GeV) (pe; TE)(GeV)
0.22 0.170 (0.48,0.068)
0.23 0.154 (0.43,0.065)
0.24 0.138 (0.39,0.063)
0.25 0.125 (0.33,0.055)
12 T T T T T T
0=0.24 —_—
10 =025 —_
3loopHTL —
8 LQCD
4
2

0
0O 01 02 O'ST((?;&/) 05 06 07 08
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SU(3) Dual QCD Formulation
Hadronic d dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of Normalized pressure for QGP phase at ug = 0 and
uB = 0.4GeV

5
/
4+
3 L 4
<
= 0=0.22
o 0=0.23 —_—
2¢ 04=0.24 _ 1
0=0.25
3loopHTL
1t LQCD . :
WB N=6 -
Pr WB N;=12
O L L L
0 0.2 0. 0.6 0.8 1
4I'(GeV)
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SU(3) Dual QCD Formulation
Field Decomposition formulation for SU(3) color gauge and Thermodynamics uacion: e Glil] QD) e
P gaugea yna Critical parameters for QGP phase in T —  plane Using HTL pt and LQCD

Variation of Normalized pressure for QGP phase at ug = 0 and
uB = 0.4GeV

a=0.24

a=0.25 _ 1
3loopHTL

LQCD

0 L L L L L
.1 .2 ! ! L b .7 L
0 O 0 03T(8é{/) 05 06 O 0.8
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SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of energy density, entropy density and speed of sound for QGP

16
efT"
14+
|
12} — —
| 0=0.22 |
10 =0.23 —
8t 0=0.24 ]
sl 0=0.25 |
3loop HTL —
4t LQCD . ]
WBN=6 -
20 WB N,=12 ]
05— 52 0 06 08 1
' '4I'(GeV) ' '
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SU(3) Dual QCD Formulation
Hadronic 1d dual QCD vacuum

Field Decomposition formulation for SU(3) color gauge and Thermodynamics Critical parameters for QGP phase in T —  plane Using HTL pt and LQCD.

Variation of energy density, entropy density and speed of sound for QGP

40 ‘
0~0.25
351 g1 ]
30+ 3loopHTL 1
LQCD 9
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SU(3) Dual QCD Formulation
and dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

ba

Hadronic

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of energy density, entropy density and speed of sound for QGP

20
15f f Dua QCD 1
3loopHTL
™ LQCD .
E10+ . E
10 . WBN=6 -
I WB N=12
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SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum

Field Decomposition formulation for SU(3) color gauge and Thermodynamics Critical parameters for QGP phase in T —  plane Using HTL pt and LQCD.

Variation of energy density, entropy density and speed of sound for QGP

40

Dua QCD ——
35¢ 3100pHTL ———
30} LQcD - ]

405 06 07 08
eV)
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SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of energy density, entropy density and speed of sound for QGP

0.35
0.3f 1
0=0.22
05023 ——
N 025y =024 —— |
S a=0.25
0.2 3loop HTL g
LQCD -
WB N=6 -
03 WB N=12 |
0.1 ; ; ;
0 0.2 04 ( Gev)o.e 0.8 1

Dr. Garima Punetha Assistant Professor PhysicsGovt Post Graduate Colleg  Dual QCD Thermodynamical at Finite Temperature and Chemical Potential



SU(3) Dual QCD Formulation
and dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Hadronic ba

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of energy density, entropy density and speed of sound for QGP

0.35

0.25¢
N : 0=0.22
€02 o 3100pHTL 1
: LQCD -
0.15¢ 0 1
1

0.2 O'%'(GeV)O'G
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SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of trace anomaly for QGP

0.7
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SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of trace anomaly for QGP

4
€.-3P)/T
= N(Bo pL o o N

01 02 03 05 06 0.7
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Formulation

Field Decomposition formulation for SU(3) color gauge and Thermodynamics Cntlcal parameters !f;r] ‘('.;gPDphase |n”T — 4 plane Using HTL pt and LQCD
« Variation of free energy for QGP phase for SU(3) dual QCD vacuum
as TO(GeV) R(fm) AF.(GeV) al/3(GeV)
0.22 0.170 2.8504 0.02844 0.09421
0.23 0.154 3.1929 0.02653 0.08534
0.24 0.138 3.5730 0.02391 0.07647
0.25 0.125 4.2065 0.02462 0.06927

004 as025

R(fm)
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s To(GeV) R.(fm) AF(GeV) a'3(GeV)
0.22 0.170 2.8504 0.02844 0.09421
0.23 0.154 3.1929 0.02653 0.08534
0.24 0.138 3.5730 0.02391 0.07647
0.25 0.125 4.2065 0.02462 0.06927

0.0034
Froal §Adz

Rifm)

Dual QCD Thermodynamical at Finite Temperature and Chemical Potential
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y - . A . cuum
Field Decomposition formulation for SU(3) color gauge and Thermodynamics Gritical parameters for phase in T — p plane Using HTL pt and LQCD

« Variation of free energy for QGP phase for SU(3) dual QCD vacuum

s To(GeV) R.(fm) AF(GeV) a'3(GeV)
0.22 0.170 2.8504 0.02844 0.09421
0.23 0.154 3.1929 0.02653 0.08534
0.24 0.138 3.5730 0.02391 0.07647
0.25 0.125 4.2065 0.02462 0.06927

Froml@abdz2t

Rifm)

0.00
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Critical parameters for QGP phase in " T — 1 plane Using HTL pt and LQCD

TO(GeV) R.(fm)

F.(GeV) a'3(GeV)

0.170 2.8504

0.02844 0.09421

0.154 3.1929

0.02653 0.08534

0.138 3.5730

0.02391 0.07647

0.125 4.2065

0.02462 0.06927

0.0016
F il Gev)
Totaly 014
0.0012

0.5
Rifm)

0.00
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics

SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

« Variation of free energy for QGP phase for SU(3) dual QCD vacuum

s To(GeV) R.(fm) AF(GeV) a'3(GeV)
0.22 0.170 2.8504 0.02844 0.09421
0.23 0.154 3.1929 0.02653 0.08534
0.24 0.138 3.5730 0.02391 0.07647
0.25 0.125 4.2065 0.02462 0.06927

FroulGitio}

0.0008

0.0

Rifm)

0.00
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SU(3) Dual QCD Form
Hadronic bag and dual QCD vacuum

Field Decomposition formulation for SU(3) color gauge and Thermodynamics Critical parameters for QGP phase in T —  plane Using HTL pt and LQCD.

The variation of chemical potential with temperature and Bag constant

for SU(3) dual QCD
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics

uum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

The variation of chemical potential with temperature and Bag constant

for SU(3) dual QCD

welGel)

0.0 RF_-U ,_3J[Ul'."'lrr]
0.2

TiGel)

0.0
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics

uum
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Variation of scaled pressure difference, quark number density and
susceptibility in the T — u plane.

Pysuan/T
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics

n
Critical parameters for QGP phase in T — y plane Using HTL pt and LQCD

Variation of scaled pressure difference, quark number density and
susceptibility in the T — u plane.

Agsuan' T
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Field Decomposition formulation for SU(3) color gauge and Thermodynamics

Variation of scaled pressure difference, quark number density
susceptibility in the T — u plane.

i iy
i Sl " il Sy Vi g P
gisTian . Q’ i i

4 %&#

0. 2‘4[5&\1“]
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SU(3) Dua Formulation
Field Decomposition formulation for SU(3) color gauge and Thermodynamics AEEteIie (3 el QLD ey
P gauge a yna Critical parameters for QGP phase in T — . plane Using HTL pt and LQCD

Critical parameters for QGP phase in T — u plane with
Hard thermal loop perturbation theory and Lattice QCD

o Field Decomposition formulation for SU(3) color gauge and its mass
spectrum have been analyzed.

@ Within the frame of hadronic Bag, HTLpt and LQCD, the equation
of state and critical parameters for QGP phase transition are
investigated for non-vanishing ug.

@ Normalized pressure for QGP phase in the T — ug plane.

@ Variation of energy density, entropy density and speed of sound for
QGP

@ Variation of Trace Anomaly, conformal measure and free energy for
QGP phase.

@ Variation of Chemical potential with temperature and hadronic Bag
Constant

@ Variation of scaled pressure difference, quark number density and
susceptibility in the T — ug plane.
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SU(3) Dual QCD Formulation
Hadronic bag and dual QCD vacuum

Field Decomposition formulation for SU(3) color gauge and Thermodynamics i titest T s (@GR ez in T — o ke Ui (ML s e (EED)

THANK YOU
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