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Schematic Phase Diagram
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Dense Baryonic Matter

Low Density &

Equation of state of nuclear/neutron matter
Neutron/proton superfluidity, pairing gaps
Moderate Density

Pion/kaon condensation, hyperon matter
Pairing, equation of state at high density

High Density

Quark matter

Color superconductivity, Color-flavor-locking
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Dense Baryonic Matter

Low Density ficonstrained by NN interaction, phenomenology)

Equation of state of nuclear/neutron matter
Neutron/proton superfluidity, pairing gaps

Moderate Density (very poorly known)

Pion/kaon condensation, hyperon matter
Pairing, equation of state at high density

High Density (weak coupling methods apply)

Quark matter
Color superconductivity, Color-flavor-locking
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Pairing in Quark Matter

QQ scattering in perturbative QCD

o | o b TR
(1")ae(1')ba = —§{ﬂabﬂ"cd—ih-n_fﬂbc)+E( dab0cd+9adObe)
Bl x Bl = B + 6]
Fermi surface: pairing instability in weak coupling
b b.3 ‘\“{ b’
aD.cy —_ Q. v | O . o
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Phase structure in perturbation theory
Minimize Q(®! ;—*-n 5)

In practice: consider ®*”“7 with residual symmetries
17
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Superconductivity

Thermodynamic potential

Variational principle 0€2/0® gives gap equation

g e T ABcs Alqo)
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ABcs = ;2567 g~ > determined by symmetries of order parameter
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Remarks

Behavior of perturb&tive expansion

ta-' ]

A = pg > exp ( ——) (m. + c1glog(g) + c2g + O(g" 7 log™ (g) ,})
g

Also: non-perturbative effects (become large for ;1 ~ 1 GeV)

872
o pexp | ———
g-

Magnitude of gap quite uncertain

But: Phase Structure not sensitive to interaction
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N¢ = 1: Color-Spin-Locking

T
N¢ =1, color-anti-symmetric: spin-1 condensate

) Cyvith ) = (l} cabe
Ground state: Color-Spin-Locking (CSL): P ~ §°

SU(3). x SO(3) — SO(3): rotational symmetry
U(1)p broken: massless Goldstone boson

(s=3/2)4+ (s=1/2) gapped fermions
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Ng = 2: 25C Phase

Ny = 2, color-anti-ggymmetric: spin-0 BCS condensate

L Cryss) = B%" e :
Order parameter ¢% ~ §%° breaks SU(3). — SU(2)

SU(2);, x SU(2)r unbroken
4 gapped, 2 (almost) gapless fermions
light U(1)4 Goldstone boson

SU(2) confined (Acons < A)
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N =23 C(FL Phase

Consider Ny = 3 (m; = 0)

1 Dby ;. abl _
4;4;) — @ € €ijl
(ud) = (us) = (ds)

Symmetry breaking pattern:

SU(3)r x SU(3)g x [SU(3)]c
x U(1l) — SU(3)coF

All quarks and gluons acquire a gap
8] + [1] fermions, @ integer

Pirsa: 07050074

10

Fotate left flavor Compensate by rotating

... hawe to rotate right

(brabr) — (U RYR ‘



QCD with many flavors/colors

QCD with Ny > 3 @r?avorS: CFL-like, fully gapped, phases

Ny=4 SUM@)L xSU@)rxUQ)v — [SU@2)v]" x SU(2)4

Ny=5 SUGB)L xSU(B)rx U(l)y — SU(2)v

N;=6 SU(6)L xSU(6)r xU(1)y — SUB)y x U1y x U(1)4

N, — oc: gq pairing suppressed, qg— ! chiral density wave

(G(x)g(x)) ~ T e29FT

Requires very large N, > 1000
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N¢ = 3: CFL Phase

Consider Ny = 3 (m; = 0)

(_j { 1’ IIZII .I.j: = D Fr'i B £ i I
(ud) = (us) = (ds)

Symmetry breaking pattern:

SU(3)g, X SU3) i X [‘)['(3}](
x U(1) — SU(3)cvF

All quarks and gluons acquire a gap
8] + [1] fermions, @ integer
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Pi

QCD with many flavors/colors

QCD with Ny > 3 %avors: CFL-like, fully gapped, phases
Ny=4 SUMA)L xSU@A)rxUQ1)y — [SUQ2)v]* x SU(2)4
Ny=95 SUEO)L xSUP)rxU(l)y — SU(2)v

N;=6 SU(6)L x SU(6)r x U(1)y — SU(3)y x U(1)y x U(1) 4

N, — oc: gq pairing suppressed, qq— ' chiral density wave

. —

(G(x)g(x)) ~ X e219r T

Requires very large N, > 1000
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Towards the real world: Non-zero strange quark mass

Have m. > m,,, m4: Unequal Fermi surfaces

‘ 0
FK_I o = _ 7 -
_\\--_ = " 4 .f’/_ '_J‘
& Sy S sy
.'\.\ - ale ‘/E,[_-,F {)l{)f" l ‘)
g / <PF
-
ue’ N

Also: If p. < p;:d have unequal densities

Charge neutrality not automatic

Strategy
Consider Ny = 3 at i > Aocp (CFL phase)
Study response to m, % 0
Constrained by chiral symmetry
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Very Dense Matter: Effective Field Theories

'

Tl

QCD
HDET

HDET/NonFL

CFLChTh

P=p,
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High Density Effective Theory

Effective field theory on v-patches - 4 p=uv+ly+
i R
ks __ —tpu-x (l ==k '}-’) : :.H““"m 4 ,m",,
U 1= — € = (P \ =S =
.\_‘.‘ ?f/.-'.

Effective lagrangian for py < m

T . Dj)_ | . J‘ ~y{1 ~il »
£ — f_;'.'l_, v - D = ')!H f'.:'.'-’--' —I_ L_Lf - ICT;”_; T';-_”x —|_ LHE}L

.-:] "
£ m- E C"H'I “rﬂ v j (‘rh
HDL e g T-“-. ; o .T-:-;._}-
2 i” lf‘ 'k ( .{1 & D ) et} JII' o
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Mass, Terms: Match HDET to QCD

VIMT . MTM » sl

= %R QH*HJ”L prL B TR =w i °
R I : _UL

+ ﬂ{ L MA®y 7 ) LM%y 7, ) >RL< : . )
2 - | R L

mass corrections to FL parameters ji; gr and VY(RR — LL)
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EFT in the CFL Phase

Consider HDET with a CFL gap term

& N 52 w11k 2
) ) -+ ) {'11‘ (X" X"p) — & [11‘ (X L'*—"Lﬂ }

4 (Ee> B X < ¥)
vy — Ly CT, X - LXCT, (XY=()=1

Quark loops generate a kinetic term for X.Y

Integrate out gluons, identify low energy fields (¢ = ©1/2)

Y= XY Np = £ XT)er

[SE ) GRE 18]+ [1] Baryons
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Effective theory: (CFL) baryon chiral perturbation theory

£ = % {_I_*l (;}:“ET“Z') = f?:;l[ (T;E EE')}
+ A {[-'1‘1- (M) — Tr (MEME) + h..f_--.}
+ Tr (NTiv# D, N) — DT (NTv*v5 {4,,N})
— FTr (N5 [, N) + 5 { Tr (W) — [T (V)] |
VoXi= X + a2 — 2R

D,N = 8,N +i[V,, N]
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Phase Structure and Spectrum

Phase structure determined by effective potential

V{E) = Lh (irZirE) — ATy (ME!) — By [Te(MEH]* + ...

.l’_n

| |E“:} — man

Fermion spectrum determined by

SR - = - A s S
){: — 1 (_\ 1#'-'1"_‘# D,u ‘\ ) —= il s (‘\ "“;,-j'_,f'_}__l;\") — T {J_l (\ \ } [J_I (‘\ )]2} ;

pv.A = 5 {mm + £ fip€} £ — >
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Phase Structure of CFL Phase

IF(HT Bl}ﬁmf S

n* ~ 0.017at/3A

QCD realization of s-wave meson condensation

Driven by strangeness oversaturation of CFL state
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Fermion Spectrum

80 | e

wi Mev] 60F = :.---_---:_' il

mis. - =

m; [ (2pr) [Me\

gapless fermion modes (gCFLK)

(chromomagnetic) instabilities ?
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Instabilities

Consider meson current

Y(x) = Uy (2)Zx Uy (x)" Uy (x) = exp(ior (x)Xs)

- R v D I":._ ” 2 ~_ —

( __)]::: —I— ::} 'r ‘_—l{' ) — Yf'__-ff\_ ( e 1D K ."Ff_i_ P — VDK ;'!— }

E——v 1 7 —Ver

Fermion spectrum

_ Q
W‘!:A_i_. _ = -' __l:_;.J}-r
A 3 4 = | /
/
1 . \ f :
& = = /{'H /dﬂ W1 O(—wrp) | J
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Energy Functional

3, — 4A JK

— Qerit — — Ceril

A A

crit

current strongly suppressed by electric charge neutrality

m?2 ~ 2uA: multiple currents? crystalline state?
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Instabilities

Consider meson current

2(r) = Uy(x)XgUy(x) Uy () = exp(ior () As)
i N
- Vog - L,
Vix) = —Lh 9213+ 3Y) A(x) =Vor(e'®Ka™ +e "PKq7)
Gradient energy
= ?L”,,% > 9 = =
€="rvdg Ik = VoK
Fermion spectrum
| Q
| |- 411, 1. . >
wg:A—i—j_\_ 3 _If—"JH /

) L] |
. I - . :
LT~
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Fermion Spectrum

80 } -~

apig OF
b —— w"Ea

20 }

m; [ (2pr) [MeV]

gapless fermion modes (gCFLK)

(chromomagnetic) instabilities ?
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Summary

Rich, complicated phase diagram even for i > Agcp
Demends crucially on N¢, N. and m,

Color-flavor-locked (CFL) phase provides weak coupling realization of

non-perturbative phenomena

Chiral symmetry breaking, s and p-wave meson condensation

Issues not covered in this talk: Transition to nuclear matter, nuclear

exotics, etc.

Constraints from compact star phenomenology
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non-perturbative phenomena

exotics, etc.

Rich%omplicated phase diagram even for p > Agep

Depends crucially on Ng, N, and m,

Constraints from compact star phenomenology
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" Summary

=

Color-flavor-locked (CFL) phase provides weak coupling realization of

Chiral symmetry breaking, s and p-wave meson condensation

Issues not covered in this talk: Transition to nuclear matter, nuclear
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Rich, complicated phase diagram even for p > Agep
Depends crucially on Ny, N, and m,

Color-flavor-locked (CFL) phase provides weak coupling realization of

non-perturbative phenomena

Chiral symmetry breaking, s and p-wave meson condensation

Issues not covered in this talk: Transition to nuclear matter, nuclear

exotics, etc.

Constraints from compact star phenomenology
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