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Plan of talk

@ Introduction

o Chiral symmetry breaking in vacuum.
o Chiral symmetry breaking in magnetic background.

© Solution of Dirac equation in magnetic field.

© Ansatz for the ground state and evaluation of the
thermodynamic potential.

© Mass gap equation.
@ Results and discussions.
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© Hadrons get mass in vacuum through gg pairing.
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Introduction

© Hadrons get mass in vacuum through gg pairing.
© Chiral symmetry is restored at high temperature.

© Magpnetic field influences chiral symmetry breaking..

o Strong magnetic field exists in compact stars.
s Relevant for heavy ion collision experiments (Mag. field
~ 108 Gauss).

© NJL model for studying xSB.
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Dirac equation in magnetic field

© The Dirac equation in presence of magnetic field is

(i§ —agA —m)y =0
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Dirac equation in magnetic field

© The Dirac equation in presence of magnetic field is

(i§ —agA —m)y =0

© We choose the magnetic field to be of strength B and along
the z direction

© We choose A, = (0,0, Bx,0).
© For E > 0, the energy levels are given by

E2 = m? 4 p2 + (2n +1)|q|B — qBa

© For E <0, the energy levels are given by
En = m® + p; + (2n + 1)|q|B + gBa
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Ansatz for the ground state

© | 0) is the ground state when g = 0.
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Ansatz for the ground state

© | 0) is the ground state when g = 0.
@ Ansatz for the ground state

| vac) =U | 0) = eB'~B | 0)

Where

Bf = Z/dpxqi(n,l&)ar,s(na pz)f(nv px)as(n? _px)
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Ansatz for the ground state

© | 0) is the ground state when g = 0.
@ Ansatz for the ground state

| vac) =U | 0) = eB'~B | 0)

Where

Bf = Z/dpxqi(n,l&)ar,s(napz)f(nv px)as(n? _px)

© f(n,p) is the condensate function. and

1 [ .
ars = ———— | —+/2n|q;|Bb;s — ip;0, _
rs ﬁg—l—2n|q;|8 |qil r,s = IPz0r —s
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Chiral condensate

@ The chiral condensate term is given by

- Nc|gi|Ba, cos 26’ .
(V)i = —Z ‘g |)2 /dpz - + [mj cos 2f; + | p;i| sin 2f;]

- _/,

where

€ni = \/m,2 + pZ 4 2n|q;|B

and ' _ '
cos20y = 1+sin?6" +sin? 6’
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3 — flavor NJL Lagrangian

© The 3 — flavor NJL Lagrangian in presence of magnetic field
with the Kobayashi-Maskawa-t'Hooft [KMT] vertex is given by

8
L= B(id — aBxaz— m) v+ G Y [(IN0) + (57°N0)’]
A=0
K [det{B(1+1°)u} + det{B(1+°)0}]
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3 — flavor NJL Lagrangian

© The 3 — flavor NJL Lagrangian in presence of magnetic field
with the Kobayashi-Maskawa-t'Hooft [KMT] vertex is given by

8
L= B(id — aBxaz— m) v+ G Y [(IN0) + (57°N0)’]
A=0
K [det{B(1+1°)u} + det{B(1+°)0}]

© \'s are the Gell Mann matrices satisfying

8
D NN = 2606
A=0
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Thermodynamic potential

© The thermodynamic potential is given by

S
Q=T+ V-pulyly) - 3
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Thermodynamic potential

© The thermodynamic potential is given by

S
Q=T+ V-pulyly) - 3

© S is the entropy which is given by

Nean|qi| B L2 i 2 i
= —ZZ L /dpz{sm 0" Insin“ 0. 4+ — — +}

+ /dpz{c052 0" Incos® 0" + — — +}
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© The thermodynamic potential is given by

N, a,,|q,B\ > 5
ZZ )2 /dpz M: +\p,\2+2GZ/ +4Kly 13

n=0
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© The thermodynamic potential is given by

N, a,,|q,B\ 2 2 2
ZZ )2 /dpz M? + |pj] +2GZI +4Kly 13

n=0

© The gap equation at T =0, u = 0 is given by

M; = m; + 4Gl; + 2K|ejuc |l i
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T #0, u # 0 case

© The thermodynamic potential is given by

2N
Q — _ﬁz/d%\/mjuzczhﬁwmbla

N 2 | o 1 5 Xi2
— 55 2 1aBI (L) = 50¢ = x)Inx +
1

Ncan|qiB]

_ —B(wi—pi)
Z )5 dpzIn{l+e }
Ncan|qi8‘ —B(wi+pi
ZI 1 Wi UI)
; 7(2@35 dpzIn{l1+e }
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T #0, u # 0 case

© The thermodynamic potential is given by

2N
Q = _(QW)C3Z/d-’»p,/p,uM,.2+2GZ/,.2+4K/1/2/3

N 2 | o 1 5 Xi2
— 55 2 1aBI (L) = 50¢ = x)Inx +
1

Ncan|qiB]

_ dp,In{1 —B(wi—pi)
Z )5 p-In{1+e }
Ncan|qiB] —Bwi+i
— [ dp,In{1 (witpi)
Y g | et
M2
Where x; = 2‘%’5‘. and

Wni = 4/ M,2 + ‘Pi|2
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T #0, u # 0 case

@ The gap equation is given by
M; = m; + 4Gl; + 2K|€ijk|ljlk
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T #0, u # 0 case

@ The gap equation is given by

M; = m; + 4Gl; + 2K|ejuc |l i

© The chiral condensate term is given by

I =

loac + ltictd + Tmed

. A+ /N2 + M?
Nl p a2+ w2 — m2 RV TR
1

m7 In

272 M;
NeMilqiB| 1
—_— 1 —Inx; InT(x; In —
(271')2 [ (1 =) +InF0q) + 3 27J
N \q,\Ba,,/ (sin 0" +sin?0'’.)
27)? 2 2
n= 0 Mz + |Pl|

where A is the cut off in NJL model.
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T #0, u=0 case

0.45

0.1

Jg=0
—— eB=0.1m?2
005| - eB=5m2

—— eB=10m2 S
——-eB=15mz2| T

L M N

0.0 . . R
00 005 01 015 02 025 03 035 04 045
T(GeV)

Bhaswar Chatterjee DAE-HEP 2010, Jaipur




Jg=0
0.3 | — eB=0.1m2
- eB=5m2

—— eB=10m2
—-eB=15m2

s

0.25
0.0 005 01 O

15 0.2 025 03 035 04 045
T(GeV)

Bhaswar Chatterjee DAE-HEP 2010, Jaipur




T =0, u# 0 case
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de Haas-van Alphen effect

O At T =0 gaps depend on the density of states of quarks at
the Fermi surface.

© Density of state has an oscillatory structure because of
different quantization levels with varying magnetic field.

© Gaps display magnetic oscillation.
© Similar to de Haas-van Alphen effect in metals.
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de Haas-van Alphen effect

© de Haas-van Alphen effect. We have taken 1 = 380 MeV.
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eB/mW2
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Charge neutrality

© Charge neutrality demands

Hs = fd = fu Tt He-

@ We need 2 independent chemical potentials. jiq = %,ug and
He-
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Charge neutrality at T =0
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Charge neutrality at T =0
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Charge neutrality at T # 0
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Charge neutrality at T # 0
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Equation of state at T = 0
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Equation of state at T £ 0
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Collaborators

© Dr. Hiranmaya Mishra [PRL, Ahmedbad]
@ Dr. Amruta Mishra [lIT Delhi]
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Collaborators

© Dr. Hiranmaya Mishra [PRL, Ahmedbad]
@ Dr. Amruta Mishra [lIT Delhi]

Thank You
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Dirac spinors in magnetic field

© The Dirac spinors for particles with positive electrical charge
are given by
(en + m)l,
1 0 i X, —icnt
UT(pX, n=-———— e e 'en
2¢en(en + m) Pzln

—i\/2nq,-B/,,_1

and

0

. 1 (En + m)ln—l ’l&)& —ient
Uilpm) = 2¢n(en +m) | 1V2nq;iBl, <

_pzln—l
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Dirac spinors in magnetic field

@ The Dirac spinors for anti particles with positive electrical
charge are given by

v2nq;Bl,

“enn = ey | e e
(ien + m)lh—1
and
ipzln
Vi(-pon) = —— V2Bl | i, g

2en(en+m) | —ien+m)l
0
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Dirac spinors in magnetic field

@ |/, is the solution of Hermite differential equation given by

1
Where H,(&) is the Hermite polynomial and C, = [ v q;B }2_
=+/qiB (X — i) is a dimensionless variable.

@ /,’s follow the following orthonormality relation

/ AE () Im(€) = /6] Bonm
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Important expectation values

@ The free particle energy term is given by
THmipg) = (Yl(ie-V — giBxaz + fm)y)
N, an|q,B|
- Z Z 27‘1’)2 / dpzen/ cos 29:|: Ccos 2f
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Important expectation values

@ The free particle energy term is given by
THmipg) = (Yl(ie-V — giBxaz + fm)y)
N, an|q,B|
- Z Z 27‘1’)2 / dpzen/ cos 29:|: Ccos 2f

© The number density term is given by

R Ncan|qiB : i ; i
Tap) :ZZ%/@Z [1—sin® @, +sin*0" ]
n=0 i
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© Thermodynamic potential is equal to total energy,
E=T+V.
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© Thermodynamic potential is equal to total energy,
E=T+V.
@ The kinetic energy is given by

ZZ Ne O£"|;’2'B| /dpze,,, cos 2f;

with

cni = \/m? + p2 + 20l qi|B = \/m? + |pf2
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© Thermodynamic potential is equal to total energy,
E=T+V.
@ The kinetic energy is given by

ZZ Ne O£"|;’2'B| /dpze,,, cos 2f;

n=0 |
with

cni = \/m? + p2 + 20l qi|B = \/m? + |pf2
© The interaction term is given by
v = GZ (X2 + (PP A )]

+ ([def{w(l +9°)0} + det{(1 + 7))
= Vi+Vy
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@ In our case
(7)) =0
and _ _ _
B Y11 Yothr Y3t
det(vi;) = det | Y1ba ata Y3y
P13 athz P33
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@ In our case

(U°y) =0
and _ - -
) V1Y oty Y3ty
det(iiy);) = det | 1ypa atha t3tho
P13 athz P33
Therefore

Vg = 2K (p1901) (P12} (3 3) = —2Kl1 b1

All other terms will be atleast NLC suppressed.
Q We define eﬂ,,: = cos #? and define ¢; = ¢¥ — 2f;

Bhaswar Chatterjee DAE-HEP 2010, Jaipur



T #0, u # 0 case

© The thermodynamic potential is given by

Ncan|qiB
Q = _Z G |)2 |/dpzwn,+2GZ/2+4K/1/2/3
Ncan|qlB| _ .
_ dp,In{1 Bwi—pi)
Z or)5 p.In{l+e }
Ncan\q,-B| —B(wj .
_ _ d zl 1 (witpi)
Z G5 p.In{l+e }

Where

Wnj = €nj = 4/ M,2 + |Pi|2

Bhaswar Chatterjee DAE-HEP 2010, Jaipur



T #0, u # 0 case

© The thermodynamic potential is given by

Ncan|qiB
Q = _Z G |)2 |/dpzwn,+2GZ/2+4K/1/2/3
Ncan|qlB| _ .
_ dp,In{1 Bwi—pi)
Z or)5 p.In{l+e }
Ncan\q,-B| —B(wj .
_ _ d zl 1 (witpi)
Z G5 p.In{l+e }

Where

Wnj = €nj = 4/ M,2 + |Pi|2

@ The first term is divergent.
© For regularization, add and subtract a vacuum term

2N, 3., /n2 2
Tvac:Wz’:/dp pi+Mi
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