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Introduction

Phase diagram of QCD

@ Phase diagram of QCD
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Introduction

QCD Lagrangian and symmetries

L = Din"(d, — igTaAZ — mo)ip — %GWG*“’

@ Local SU(N;) gauge symmetry. Real world N, = 3.
@ Global SU(Ns). x SU(Nf)g symmetry if my = 0.
@ Global U(1)g symmetry.

@ Global SU(Ns). x SU(Nf)g — SU(N;)y. Gives rise to
Goldstone bosons (pions).
o Nf=2:
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Introduction

Confinement and chiral symmetry breaking

@ All observed particles are color singlets (confinement) - no
long-range forces

@ Global symmetries are broken - Goldstone bosons (pions)

YYYYY
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Introduction

Confinement and chiral symmetry breaking

@ Chiral symmetry breaking:

(y) # 0.

@ Confinement and the Polyakov loop
(global Zy symmetry) :

B
L = TrPexp (/ ing(X,T)dT>,
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Chemical potentials

Baryon chemical potential

- . 1
L= (P —mo+ gy’ )t — 4 GuwG"
zZ = / DADYDye I “e

tr(FuuFu

= /DADe 2g? 2 det[lp + my — ppo) ,

iX — g
m

m
dotp+mo el = (i
X — Dy+ir-D

@ Positive determinant only if ug =0 .
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Chemical potentials

Isospin chemical potential

@ Third component of isospin
— ) 1
L = ipy"(0y — igTaA2 — mg + Eulvor;g)w

@ Dirac determinant with p:

, 1
D = 70+ ITaA% + 51 73)
D' = 7+°DrA° .

@ Determinant positive
@ Simulations with finite isopin density possible

D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 86, 592 (2001).
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Chemical potentials

Two-color QCD and baryon chemical potential

L = Piy"(0y — igTaAL — mo + gy °) .

@ Dirac determinant with pg:

D = (0.~ igTaAj — Mo + ,UB'YO) )
D* 7P CT,D°CT, .

@ Determinant positive
@ Simulations with finite baryon density possible
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Chemical potentials

Two-color QCD and SU(4) symmetry

L = ipy,Dup

@ Introducing four-component spinor

up
voo | &
up
dr
@ Conjugate quarks
El,q = Ung?ﬁE, etc

J. B. Kogut, M. A. Stephanov, and D. Toublan, Phys. Lett. B464, 183 (1999).
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Chemical potentials

® B(q)=+1, B(g) = 1, but A(q) = A(d)
@ Manifest SU(4) symmetry in chiral limit:

. D, O
c:(wwm(%“q@><ﬂ>

D = 70y +iTaA% + 1Bv0)
D* = ~5CT,DvsCT, .

@ Determinant positive
@ Simulations with finite baryon density possible
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Chemical potentials

Two-color QCD and SU(4) symmetry contd

@ SU(4) ~ SO(6) sextet of o, 7%, 7%, and (anti)A in chiral
limit.
@ Mass term breaks SO(6):

- 1- 0o 1
Yy = 2W02T<_1 0>\|J+h.c.

@ Chiral condensate breaks SO(6) to SO(5):

e Five pseudo-Goldstone bosons.
e 3 quark-antiquark states and two diquarks.
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Chemical potentials

Two-color QCD and SU(4) symmetry contd

@ Baryon chemical potential:

- 1 0
pBoY = ,UB\UT<O 1 >W

SO(6) — SU(2), x SU(2) x U(1)g

@ “Baryons” are bosons

@ Finite baryon density is Bose-Einstein condensation of
diquarks

@ Superfluid rather than color superconductor
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Chemical potentials

Two-color QCD and SU(4) symmetry contd

@ |sospin chemical potential:

- 0
pbyorsy = vt ( Es )\U

—T3

@ Symmetry: charge conjugation of d quark and ug < 1y

@ Phase diagram symmetric in ug-u; plane
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Nambu-Jona Lasinio models

NJL models

@ QCD notoriously difficult theory.

@ Local four-fermi interaction from one-gluon exchange.

@ No gauge fields. Only global symmetries.
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Nambu-Jona Lasinio models

NJL models

@ The NJL model is not asymptotically free
@ Coupling has negative dimension.

@ The NJL model is not confining

@ The NJL model is “nonrenormalizable”.

e Normally hard three-dimensional cutoff A used - can use
any regulator (?).

@ The NJL model can still be used to study chiral symmetry
breaking and condensation.
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Nambu-Jona Lasinio models

Two-color QCD and the NJL model

@ NJL-model Lagrangian:

L = Pliv"0, — mo+ 3v0(ps + )] + L1 + Lo
Ly = Gl(0v)? + (dinsT)? + [¢05 Toro ]
Ly = G[(@ivsy))? + (P7)? + [¢C Tomal]

@ L1+ Lp U(4) invariant, L1 — Lo SU(4) invariant.

L = P[iv'd, — mo+ vo(us + map) — o — iysT - T — Em - pl)
P - 1
+3(A*P%502721) + hoc — E(Uz + 7%+ &% + |A]P)
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Nambu-Jona Lasinio models

Mean-field approximation

@ Bilinear in fermion fields. Integrate them out.
@ Effective potential in mean-field approximation:

R +5” +4%)

—T/ Trlog 1 + e‘BH]

@ His 16 x 16 matrix. Eigenvalues found numerically.
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Nambu-Jona Lasinio models

Phase diagram

@ Phase diagramat T =0

@ Phase diagram symmetric in ug
and p, @

@ Diquark condensation for
wuB > My

@ Competition between pion and
diquark condensate

@ Stress on condensates towards
diagonal
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0 200 100 600 800 aK. Splittorff, D.T. Son, and M. A. Stephanov, Phys. Rev.
#p [MeV] D64, 016003 (2001). JOA and T. Brauner, Phys. Rev. D 81,
096004 (2010).
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Nambu-Jona Lasinio models

Condensates

@ Predictions from chiral perturbation theory and the
SO(6)-symmetric scalar field 2

2J. B. Kogut, M. A. Stephanov, and D. Toublan, Phys. Lett. B464, 183 (1999), K. Splittorff, D.T. Son, and M. A.
Stephanov, Phys. Rev. D64, 016003 (2001). JOA and T. Brauner, Phys. Rev. D 81; 096004 (2010):
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Nambu-Jona Lasinio models

@ Chiral perturbation theory vs lattice simulations 3

@ Chiral condensate @ Baryon density
; " h:3
” o7 F

o o *

06 s ,;&

04 ‘;k

e o NZWm,( 15 = = 01” o8 nzlulm L5 20 25

38. Hands et al, Eur. Phys. J C17 285 (2000)
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Nambu-Jona Lasinio models

Collective excitations

@ Inverse propagators:

1 _ P f(e€g) — f(e€°)
Do (W) = 4Z/d [ w + 2eck
+1 - fleét) — f(e®)
w + 2eek ’
€k = V k2 + M2 ,
[ —_—
e + 1
§k = e+ S(MB + ) s
~ e

Sk = ex+ 5(#3—#1)-
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Nambu-Jona Lasinio models

@ Meson masses:

@ Two-particle continuum:

w=2M.
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Nambu-Jona Lasinio models

Collective excitations

@ Spectral function:

ImD~"(w + ie)
[ReD~"(w + ie)]2 + [ImD—1(w + ie)]?

plw) =
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Nambu-Jona Lasinio models

Deconfinement

@ Deconfinement for uga ~ 0.65.

@ Transition from confined nuclear matter (BEC of diquarks)
to degenerate fermionic matter

: : BCS : large size pairing BEC : small size pairing
e 2]
. o-® <qg>/ bound state  gg

| aad<l> s

*
04 °® o

» . =) g
‘.. N
- Stronger o
e 1 attractive int o &
®- 0. 9. g0 O
02 °
o y,
A
o el
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4S. Hands, S. Kim, J-I Skullerud, Eur. Phys. J. C48, 193 (2006); Phys. Rev. D81, 091502(R) (2010).
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Nambu-Jona Lasinio models

BEC-BCS crossover

@ BEC-BCS crossover determined by

)
M = —ug.
5HB

@ Not a phase transition
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Nambu-Jona Lasinio models

FF phase

@ Diquark condensate
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Nambu-Jona Lasinio models

BEC-BCS crossover

@ BEC-BCS crossover determined by

)
M = —ug.
5HB

@ Not a phase transition
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Nambu-Jona Lasinio models

Thermodynamics

@ Pressure from thermodyanmic potential, Q = —PV

@ Normalizing to Stefan-Boltzmann

4 2712 2T4
g uT 7T
Py —
B = 8.2 7 6 T 45

@ ng and &g follow from thermodynamic identities
@ Chiral pt via linear sigma model

_1 2 1 2 H2 14
L= 50,0 + 5M®* 1 L of — Ho
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Nambu-Jona Lasinio models

Thermodynamics

@ Linear sigma model

TS
2 - () (et

& — 82 fr u 1_|_£_|_3X27+1
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