Quark Matter



Very Dense Matter

Consider baryon density ng > 1fm™°

quarks expected to move freely

Ground state: cold quark matter (quark fermi liquid)

e only quarks with p ~ pr scatter
pr > Agcp — coupling is weak

P. P

No chiral symmetry breaking, confinement, or dynamically generated
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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

Insert ¢, in QCD lagrangian

L= Z{w " - D¢U++¢T (21 + 10 - D)),

F 0l (P Yo+ 0] (P 1) s )

Integrate out 9, at tree level

1

Yy = WS D(ZJDL)%Jr

Effective lagrangian for v, 1

D2
L=) V] <w D — ﬂ) Yy — —GZ,,GZV



Four Quark Operators

quark-quark scattering

(v1,v2) — (v3,v4)

BCS L andau

Lpcs = % Y VIR (5 9) (%Fw_v) (%/F/@biw),

ﬁFL— ZFF o)R; (0 ')(%F%f) (%F’%/)



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)

2 df)

1 d?l |
S %Z/(%)QW 4
v

Have to sum large Nz graphs
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Effective Theory for [ ~ gu

. 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



Non-Fermi Liquid Effective Theory

Gluons carry large momenta |k| > |ko|. Quark dispersion relation

k2 ki > k|| > kg
ko ~ k| + == K2
21 M~y
quarks near FS: k) < k1 > >
Scaling relations
1/3 2/3
ki o~ mz/sko/ Ry~ m4/3]%/ n
Propagators
10a3 —104;
Saﬂ — pi . DZ] — kz w2 ko !
po—pu—@‘F%SQn(po) Lty



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 el/3 = (w/m)l/?)
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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

L + -QEQ? + ,ﬁ%&, ~ go(1+4 O(e'/?))

Can this fail? Yes, if external momenta fail to satisfy k| > kg

C /dk@/d,’@_
— g°eCruv
= g cCru, k2 + mzlfo

Dominant terms in quark propagator cancel. Find

2
eqg A
I (p1,p2) = 9.3 U log (p—0> .
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Superconductivity

Same phenomenon occurs in anomalous self energy

2

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

Apcs = 256m*g~° 11 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
Ag = 2Apcgexp (— ) exp (——) Ag ~ 50 MeV
8 V2g
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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

15

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 (wz(iv : D)wL) + % {TI‘ (XM XTr) — K [Tr (XWL)}Z}

+(L— R, X<Y)

Y — Ly O, X — LXCT,  (X)=(Y)=1

Quark loops generate a kinetic term for X, Y

2
L=-F {Tr (XTDoX)? + (YTDoY)*)} +...
Integrate out gluons, identify low energy fields (¢ = X1/2)
o I
[8]+[1] GBs [8]+[1] Baryons
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Quark Hadron Complementarity
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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)]2}

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

Vi

_% (ﬁaufT + fmuf)

Ay = =360 €

JR— U N
m 18 2772 T3
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Matching f,
Compute fr: Gauge SU(3);, x SU(3)g flavor symmetry

_______________ .
VY = 0,5 — iWhs + iswh (e

Higgs phenomenon

2

L= Z”Tr (W — W] + ...

m%{/:fﬁ fn fn

Microscopic theory

A el ;2 _ 21 8log(2)
ol e N
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Mass Terms: Match HDET to QCD

MMT MTM S v -y

L= ——tr+ ! W -
C a a R L y'\\/l

+ F( RMA L) (R MA L) : g

mass corrections to FL parameters ji and Vpr. s,
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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: (¢2M¢L)(¢£M¢L)
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
pV,A:%{fj\g MfTifTMM f} § = 2o
PF 2pF
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Phase Structure and Spectrum

30

m /2p M V)

meson condensation: CFLK

80| YO A
.
w; [MeV] 60 |
20! Y
p Xt
20| o x
pXt
20 40 60 80 100
m2/(2py) [MeV]

gapless modes (gCFLK)

stable?
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Compare: Model Calculations

mode | Q | effective chemical potential leading order | baryon mode
ru | O] —2pe + Su3+ 3 ps o
gd | O|+3pe — i3 + 5hs 1o (Ao, Asg, X0)
bs | 0| +31e — Fh8 — Hs o
rd | -1 | +2pe + Sus+ Lus 1o -
gu | 1| —2pe— 3p3+ 348 o st
rs |-1| +3pe + 5H3+ 5Hs — fs | [0 — Hs ="
bu | 1| —2pe — 3us o + s p
gs | O|+3pe— shs+ sps — Ms | Ho — fis =0
bd | 0| +35pe — 38 o + ps n
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Instabilities

Consider meson current

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

S \V, . . . . | |
V(x) = — (=203 +3Y)  Alx) = Vor (=it +e %0
Gradient energy
2
€ =Tvk Ik =V
Fermion spectrum
, Q
[ s 1
AL s Te
BTN T T3 Tk /
e - -
E = ﬁ dl/dﬂ wl@(—wl) J
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Stability lost

l,

m%/ s

: 65 | 70 75 80
2 % i
\% 8]2 =0 5
.

B Ik - 3ps —4A
E=Cala)  w=2k h="F—
1
fu(@) = a2 = — |(h+2)"26(h +2) — (h — )6 (h — x)]

see also: Son & Stephanov cond-mat/0507586, Kryjevski hep-ph /0508180
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Energy Functional

s = 57 MeV

Ix[MeV]

£
5 0.2}
[MeV /fm”]
0.1
-0.1

s —4A

10 0 30 40 50 /60 70
s = 59 MeV
s = 61 MeV

— a'hcrit

A

crit

herir = —0.067  a
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[Figures include baryon current j g = ap/a il



my
Jo
1=0
E=Cfn(x)

Stability found

curCFLK

|

[Ls

‘ ‘515‘ .

oCFLK
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Phase Digram, m, # 0

E Plasma

Hadrons CEL

2SC

E
Nuclear. -
e B CFL-K
, Matter— )

| \
nuclear / exotics 0-CFLK, LOFF =

superfluid
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