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Abstract: Contributions to the spin-dependent parameter G, the coefficient of o, - o, ©, * T, d(r, —r;)
in the Fermi-liquid interaction, and to the tensor invariants, are related back to elementary-particle
exchange, Once finite-range pion-nucleon interactions are used. almost all of G comes from the
p-exchange nucleon-nucleon potential. Using modern parameterizations of the strength in the
p-channel, we find G to be in the region of 1.5 to 2.4 which agrees well with an empirical
determination.

1. Introduction

In the sixties a model for nuclei, based on Landau's theory of normal Fermi
liquids '), was proposed by Migdal ?). In this theory a set of Fermi-liquid parameters,
describing the particle-hole interaction, is assigned to nuclei heavy enough to develop
a central region of saturated matter. In so far as the central density of these nuclei
is the same, one set of parameters would describe all nuclei. Assuming spin-isospin
isotropy the particle-hole interaction in symmetric nuclear matter is given by ?)

Fky, ky) = Flky, k) + F'(k, ky)t, v, +Glk ky)e, o, +G'(k. k,)a, "0,T " T,
(1.1)



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 FL parameters. Does not rely on weak coupling.

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

Does a quasi-particle EFT exist?



Effective Field Theories

QCD

HDET

A NonFL-EFT

CFLChTh
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p=p_




High Density Effective Theory

QCD lagrangian

L= P+ py —m)y — ZGZVGG

Quasi-particles (holes) :

Bi=—pEtViR+m2e —p+|p \\/
holes particles

Effective field theory on v-patches

o 14d-F
2pv:l::ff H ( 9 >¢




High Density Effective Theory, cont

Effective lagrangian for v, 1

D2 a a
L= ] (w D — ﬂ) Wy — ZGWG



Four Fermion Operators

quark-quark scattering

(v1,v2) — (v3,v4)

Lros = %ZVF’RF' (@) (wolv ) (€L 1790,),

Lrr = % S ET ORI (@ ) (wolvw ) (w170 )



Four Fermion Operators: Matching

Match scattering amplitudes on Fermi surface: forward scattering

Vv Vv’ v Ve v VA y Vv Y,
f
+ — +
v Vv Vv v v v Vv Vv

Color-flavor-spin symmetric terms

 Cp g°
~ 4N.N; p%’

s fr=0 (i>1)



Power Counting

Naive power counting

DH D D|| m)

£:£A(¢7¢T7 9 Y 9
pooop g

Problem: hard loops (large Nz graphs)

! Z/ L p° [ d0
Z 2 4= (2m)2 272 ) 4Arm’
v

Have to sum large Nz graphs
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Effective Theory for [ < m

. D2 1 a a
L= 770;5 (ZU - D — 2_:) wv + £4f — ZGILLVGIU,V + EHDL
m? v *P
Lrapr = Ty ZU: G lia (v- D)2Guﬁ
Transverse gauge boson propagator
8ij — kik
Di;(k) = = —
ki — k2 + ng2ﬁ

Scaling of gluon momenta

| ~ ké/ *m2/3 > ko gluons are very spacelike
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Non-Fermi Liquid Effective Theory

Gluons very spacelike |k| > |ko|. Quark kinematics?

k.2 ]ﬂ_>>/<?|| > ]COE
ko ~ k’|| + —
214 w2
’f|~@

Scaling relations
k|~ m2/3ké/3, y ~ m4/3k§/3/,u

Propagators

—id.,
Sap = b D;; =

. 2 i
p|| + % — 1esgn(po) ki —1g

11



Non-Fermi Liquid Expansion

Scale momenta (ko, k|, k1) — (sko, s*/3k)|, s'/3k )
] =5/6 [Ai] =5/6 S]=[D] =

Scaling behavior of vertices

| P NP N 4

S S S S

Systematic expansion in €'/3 = (w/m)!/?
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Loop Corrections: Quark Self Energy

dk de

2 0

99 QQ = g°C

> > > —9 F/ / )2 k’i‘l—’&ﬁk@

X/d’ﬂ O(po + ko)
2T Ry oy — g e

Transverse momentum integral logarithmic

/ dki ( . )
3 , ~ log

2 A
g
(p) 97_‘_2p0 0g <|p0|>

Quark self energy
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Quark Self Energy, cont

Higher order corrections?

2 5/2
) 2°/"m T 5/3
2(p) = 2 (pol z 0 (%)

0= 3 (s (S5 )+ 15m) 0

Scale determined by electric gluon exchange
No pglas log(pg)]™ terms

quasi-particle velocity vanishes as £

v ~ log(A/w)™*

anomalous term in the specific heat

Cy ~ YL log(T) ool
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Vertex Corrections, Migdal’'s Theorem

Corrections to quark gluon vertex

»é . + —é;g + ,.@’iy%&» ~ gu(1+ O(e/3))

Analogous to electron-phonon coupling

Can this fail? Yes, if external momenta fail to satisfy p | >> pg

692

Po > pijy p1 — g 2'm log (e)
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Superconductivity

Same phenomenon occurs in anomalous self energy

2

_ 9 /qu log ( ABcs ) A(qo)
. éa f f%ﬁ < 1872 po— ol /) /g% + Alqp)?

Apcs = 25674 g2 determined by electric exchanges

Have to sum all planar diagrams, non-planar suppressed by €!/3

Solution at next-to-leading order (includes normal self energy)

w44 372
AQ = 2ABCS exXp (— ) exXp (——) AO ~ 50 MeV
8 V2g
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Summary

Systematic low energy expansion in (w/m)'/3 and log(w/m)

Standard FL channels (BCS, ZS, ZS'): Ladder diagrams have to be
summed, kernel has perturbative expansion

>.< :
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We follow the treatment of the o model®® in the
mean-field approximation and make the ansatz

(o)=f,cos8, (7%)=f, sinfe** (1%)=0 (1)
for the meson fields, the chiral invariant being
fi'=c*+ w7 with f,=94.5 MeV, the pion decay con-
stant, % is the pion momentum. This ansatz re-

sults in a liguid condensate (the nuclear matter

1074 € 1979 The American Physical Society
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phases see Dautry's article." With the ansatz
{1) we get the total Hamilton density

J{]:.SH+ICN"N, {2a)
where the meson part is given by
8 =11k sin’6+f,*m *(1 - cosh) , (2b)

where f,%n,? is added in order to set § ,=0 for
8=0., The nucleon and interaction part iC,,, , is
{in nonrelativistic approximation) given by

[ P-EiT,cos8)® . . .

Jﬂﬁnm'q";(( BEM = -0 kg, 37,8in0)9,,
(3)

where g, =f,g/M with g*/dr=14 and M=m ...

=6.7 m,. Diagonalization of I, _, in isospin
space gives the quasiparticle energies

p* k*ecos®o
e R COS G

E,(p)= o o £ (a4 b33, (4a)

where

L
a= —Eﬁ-—cosﬂ, b=3g,ksind. (4h)

The ground state energy density of the system is
then obtained by minimization of

s=8,02% [ Gh-EPOD-E@]  ©)



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

£ ="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]

_% (ﬁaufT + fmuf)

Ay = =360 €

Vi

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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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

CFLK" E" 20| - - =2 n =030 A
="
// CF wi Mev] 60
7 N Y LS00 A
e s S p D ua
// 20 N o n E0 50 A
/ > ‘ ‘\\ N P ‘ ‘
-40 18 10° 14 1»2 , 10° - o ] 0 20 40 60 80 100
et (e m?/(2ps) [MeV]
meson condensation: CFLK gapless modes? (gCFLK)
s-wave condensate p-wave condensation
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Instabilities

Consider meson current

Y(z) = Uy (2)Sx Uy (2)T Uy () = exp(igk (x)As)

V(z) = T(—zi3 +3Y) A(z) = Vor(ePxat + e xg7)

&= f“?ﬂ% T = Vor
Fermion spectrum
Q
/2 s 1
AL s Ze

GWEBTONT Ty T /

e - -
E = ﬁ dl/dﬂ wl@(—wl) J
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Energy Functional

[hs

0.2}
[MeV /fm”) 1t = 57 MeV

Ix[MeV]

10 0 30 40 50 /60 70
s = 59 MeV
- O 1 L
s = 61 MeV

s —4A 2
A — Cl,hcrm;t hcrit = —0.0067 a — 15202 2}4

crit T YT

[Figures include baryon current j g = ap/a il
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Notes

No net current, meson current canceled by backflow of gapless modes
(0€)/(6V¢) =0

Instability related to “chromomagnetic instability”

CFL phase: gluons carry SU(3)r quantum numbers

Meson current equivalent to a color gauge field
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Happy Birthday

Wolfram, Peter & Gerry
M -
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