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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

o 1+d-T
waj::6 H ( 9 >¢

Effective lagrangian for 1,1

L= wlliv- Dy, — 7G3,Gh +O(/n)



Four Quark Operators

quark-quark scattering

(v1,v2) — (v3,v4)

BCS L andau

Lpcs = % Y VIR (5 ) (%Fw_v) (%/F/@biw),

Lrw = = SR (@R @9 (wlw) (virw])



Four Fermion Operators: Matching

Match scattering amplitudes on Fermi surface: forward scattering

Vv Vv’ v Ve v VA y Vv Y,
f
+ — +
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Color-flavor-spin symmetric terms
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Power Counting

Naive power counting

D|| D, D|| m)
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Problem: hard loops
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Modified Power Counting: A ~ [°

b= [(k—4)VZ + (k—2— fr)Vi'] + Eq +4—2N¢

1

V2 soft vertices of O(I¥)

VA hard vertices of O(I%)

fr number of fermion fields in V!
Eg external quark lines

N¢  connected graphs in hard graph

e resum quark loops in gluon n-pt fcts
e four quark operators are leading order

e six quark operators (etc) are suppressed
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Effective Theory for [ ~ gu

1
L=l (iv - D)y + f§(0ie) (W] ahyr) — 1 GGt Lupr
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m v
Lopr=——» G G*
HDL 2 £ 1 (y. D)2 e
Transverse gauge boson propagator

Dij(k) = ——=— =
kg — k2 +inlkol /||

Scaling of gluon momenta

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



Effective Theory for [ < gu
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Low energy expansion contains fractional powers w!/3
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Quasi-Quarks at Large Density:

Non-Fermi Liquid Effects
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Loop Corrections

2
g-C A
ﬁ Y(w) ~ 127T§wlog (;)

v v v
g°Crug A\  time
BN FO& — log _ .
Y, 1272 W like
> L. — O space
J (9°) like
Y, Y; Y; Y;

“Migdal’'s Theorem” for QCD

e self energy non-perturbative (?) for w ~ Aexp(—97%/g?)

e no large logarithms in vertex (k > k4!)
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Renormalization Group

Renormalized parameters

Z g°vp
— 1/2 — — 9 —
wo,’u A ¢’l)7 vo,F ZFUFa go ZZng QY A )
One-loop calculation (8 = 81‘22/\ Y= gigii, YF = a;?fng)
do
v(a) = —yp(a) = 9 Bla) = —vr(a)a IR free !!
RG equation
0 0 0 L
A= + B(a) 5~ — lier + = G (wi, li, o) = 0,
{Agx + 8@l — (g + (@) | 6wl
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v < 1: RG equation can be solved exactly
A
ST Hw,l) =w (1 + v log <—>> — vpl
W

no terms a? log”(w), etc.

E
e quasi-particle velocity vanishes as

v ~ log(A/w) ™1 P
e anomalous term in the specific heat
Cy ™~ ’YT 1Og(T)

=
RS

e enhanced corrections to the gap
log(p/A) = log(p/Ao)(1 — O(vg))

A O 0

© o o ©

N
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Remnants of Fermi Liquid Behavior

Perturbative corrections to matching QCD—HDET

CFaS CFas

)L =
o H 78

UF:1—

These coefficients satisfy Fermi-liquid relations (Baym&Chin)

_rr Nf — . Ng
d L4 3 d 2
Fermi-liquid parameters
Cr ¢°
S — S — O
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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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Superconductivity

quark-quark scattering s . 4 e

Gap equation: double logarithmic behavior

Alpo) = 15; /dqo {log (\pobim!) +} %q%quAO)(qO)Z

collinear log BCSlog
2 2
+ 4 ST
= Ao = 5127* g™ ° ex (—W )ex (——)
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CFL Phase

Consider Ny =3 (m; = 0)

<ngg> = ¢ Gablﬂ;ﬂ
(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

L ="Tr (@52(’5@ : D)sz) + % {Tr (XWLXWL) e [Tr (XJWL)P}
+(L— R, X <Y)
v — Ly Ch, X — LXCY,  (X)=(Y)=1

Quark loops generate a kinetic term for X, Y

L = —77% {Tr (XTDoX)? + (YTDoY)*)} + ...

Integrate out gluons, identify low energy fields (¢ = ¥1/2)
> =XYT [8] 4 [1] GBs, Np = (. XT)ET [8] + [1] Baryons
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Effective theory: CFL(B)xPTh

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)]Q}

with D, N = 8, N +i[V,, N]

Vi

_% <€aufT + fmuf)

Ay = =360 €

p— U —
n 18 272 3
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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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Mass Terms: Match HDET to CFLxTh

Kinetic term: ZD}L;XLIDL -+ %TQXRlDR

DoN = 0oN +i[lg, N], =V + = (£XR§* +E7X1€)
Vo = 02 +1: X2 —12Xp

vector (axial) potentials

Contact term: (@DEM@DL)(?#EM%DL)
L= ?’A; ([Te(MD)]? - Te(MEMY))

meson mass terms
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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!
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gapless modes? (gCFLK)

reliable: not clear yet
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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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