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Motivation

There is a successful effective theory of fermionic many body systems
Landau Fermi-Liquid Theory

FLT theory: Quasi-particles near the Fermi surface. Interactions
characterized by Fermi-liquid parameters.

Predicts collective modes, thermodynamics, transport, ...
Gauge Theories: Unscreened long range forces

Does a quasi-particle EFT exist?
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High Density Effective Theory

Quasi-particles (holes) :

Ey = —pd /P2 +m2~—pL|p| \\/
holes particles

Effective field theory on v-patches
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Effective lagrangian for 1,1

L= wlliv- Dy, — 7G3,Gh +O(/n)



Four Quark Operators

quark-quark scattering

(v1,v2) — (v3,v4)

1 / ro
Loes =5 2 Vi RIT(F- ) @Th-0) by Iel,),

Lrr = % Y E ()R (T ) (1o T ) (01T,

2
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Effective Theory for [ ~ gu

Integrate out hard dense loops

L= }(iv- Dy + F W) Wltow) — 3G Gl + Lo

vef
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Transverse gauge boson propagator

k2 — k2 + anlkol/|k|

Dij(k) =
Scaling of gluon momenta

| ~ kl/ °n?/3 > ko gluons are very spacelike



Effective Theory for [ < gu

Scaling: (pospyj>pL) ~ (I,11/3,12/3)

(

2 igvi
p| + % + iesgn(po)

i&;j]ﬂ_ ig3Fz-jk

ki’_ — Z?]lf()

Low energy expansion contains fractional powers w!/3



Quasi-Quarks at Large Density:

Non-Fermi Liquid Effects



Loop Corrections

2
gC A
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“Migdal’s Theorem” for QCD

self energy non-perturbative for w ~ A exp(—972/g?) ?



v = (4a/)(97) < 1: RG equation can be solved exactly

A
S Hw,l) =w <1 + v log (—>> —vpl  no a?log®(w), .. terms

w

quasi-particle velocity vanishes as

v ~ log(A/w)™?

anomalous term in the specific heat /

Cy ~ YL lOg(T)
enhanced corrections to the gap

log(p/A) = log(u/Ao)(1 — O(vg))
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Remnants of Fermi Liquid Behavior

Perturbative corrections to matching QCD—HDET

CFaS CFas

)L =
o H 78
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These coefficients satisfy Fermi-liquid relations (Baym&Chin)
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Application: Neutrino Emission

Quark Direct URCA: d—ut+e +0, ut+te —d+v

,,,,,,,,,,,,,,,,,,,,,,,,,, ENGFT7

e ~ Gpa’T% log®(T)
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Quasi-Baryons at Large Density:

CFL Phase
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CFL Phase

Consider Ny =3 (m; = 0)

<ngg> = ¢ Eableijl
(ud) = (us) = (ds)
(rb) = (rg) = (bg)

Symmetry breaking pattern:

SU@)L x SUE)r x [SUB)]c
X U(l) — SU(3)C_|_F

All quarks and gluons acquire a gap
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FL = L CR FR
<q q <q s
Rotate |eft flavor Compensate by rotating

color

... haveto rotate right
flavor aso!

(Wrvr) = —(YrYR)



EFT in the CFL Phase
Consider HDET with a CFL gap term

£ ="Tr (y](iv-D)yr) + = {1 (Xt xtyn) = w [T (XTyr)]" )

2
+(L— R, X <Y)
v — Ly C X — LXCT, (X)=(Y)=1

Quark loops generate a kinetic term for X, Y

Integrate out gluons, identify low energy fields (¢ = X1/2)

X=Xy Np = (X )E! Q
[8]+[1] GBs

[8]+[1] Baryons
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Effective theory: (CFL) baryon chiral perturbation theory

2
L= {Tr (VoEVoET) —02Tr (V, 2V, 57}
+ Tr (NTiv*D,N) — DTr (NTvt~y5 {A,, N})

— FTr (NToty5 (A, N]) + % {Tr (NN) — [Tr (N)]2}

with D, N = 8, N +i[V,, N]
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Mass Terms: Match HDET to QCD

MMT MTM R . R ] ROL

L= W wR + wT wL v vt
R g v

C N . v

+ P( EM)\ ¢L)( JrRj\f)\ @DL) g°MM - é
mass corrections to FL parameters i and FO(++ — ——)
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Phase Structure and Spectrum

Phase structure determined by effective potential

V(E) = ;Tr (XLEXRET) — ATr(MXT) — By [Tr(J\M)]2 + ...

Fermion spectrum determined by

L ="Tr (NTiv"D,N) +Tr (NTyspaN) + % {Tr (NN) — [Tr (N)]Q} ,

T T
pm%{fﬂg T «S} £ = V%0
PF 2pF
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Phase Structure and Spectrum

101
\

I

CFLK"
%\:\_
AO
S | /
é' CFl
o
=

-40 A A A
10°  10° 10" , 10
m_/2u (MeV)

meson condensation: CFLK

reliable: yes!

7

30! //// - n="Y0A
- =5~
w; [MeV] 60 |
ol T n =0 X0 A
20 ’ E+n =050 A
pXt

20 40 60 80 100
m?/(2pr) [MeV]

gapless modes? (gCFLK)

reliable: not clear yet

19



Summary

EFT/RG methods provide powerful tools
phase structure and spectrum at large density

Normal phase: Non-Fermi liquid behavior due to unscreened transverse

gauge bosons
modified quasi-particles
but: no break-down of perturbation theory
Superfluid phase: effective chiral theory with calculable coefficients

kaon condensation, possibility of gapless modes
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