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introduction and motivation

schematic phase diagram of QCD:

M (K. Rajagopal, 1999)
@ color-superconductivity by (gq) # 0
@ here: 2- and 3-flavor pairing
@ phenomenology determined by strange-quark mass msg
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outline

0 theoretical framework

e warm-up: color-superconductivity in the chiral limit
e color-flavor unlocking in neutral quark matter

e back-reaction of Goldstone modes

e conclusions
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Dyson-Schwinger equation for quark propagator

truncated set of DSEs:

QO@oo =

gluon propagator in medium

_._*‘ =

quark propagator in medium
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Dyson-Schwinger equation for quark propagator

truncated set of DSEs:

Q@O ! = W0o@qo " + m@lw - uw{i}lw
gluon propagator in medium

medium modification

approximation: gluon and vertex separately
@ medium modified interaction
— reproduce weak-coupling
— less sensitivity on coupling
@ vertex adopted from vacuum investigations:
—Ta(p,q) = igT((p— ) W%
(extended at the end of my talk)

o —1

quark propagator in medium
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truncated Dyson-Schwinger equation

= 5'p) = ZS'(P)+

2 [ _os(K®) ot as(K®) o
37 /d q7:5(q) v (k2—|—G(k)P’“"’+ K&+ F(R) e

@ similar to HDL @ strong running coupling as(k?)
@ screening and damping 18 [ ‘ ‘ —
included through gl 1atQCD dESaE a;t;fvh:;
7 L
K2)2 N pi? as(K?) T 67 M. Bhagwat et al. (2003)
mg( ) = < 5¢ C. Fischer, R. Alkofer (2003)
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outline

e warm-up: color-superconductivity in the chiral limit
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Nambu-Gor’kov formalism

In Nambu-Gor’kov space with bispinors ¥ = <¢°:¢CW)’ the quark DSE

871 = 2280_1 + Z1FZ
includes the gap-equation

— 4
> = < ii E- ) = —/(g&réﬁ(q)%(p, 9)D5(p - a).

= room for diquark condensation « &+
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Dirac and color-flavor structure in chiral limit

Dirac structure
T- and x- symmetric, even-parity and color-flavor symmetric
(R. Pisarski, D. Rischke, 1999)

Y = 7 (SIAT+EA)

$i = 5 (¢TAT+ 7 N)
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Dirac and color-flavor structure in chiral limit

Dirac structure
T- and x- symmetric, even-parity and color-flavor symmetric
(R. Pisarski, D. Rischke, 1999)

Y = 7 (SIAT+EA)
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color-flavor structure of gap functions (similar for X 1)

25C: o = ¢osc A @
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Dirac and color-flavor structure in chiral limit

Dirac structure
T- and x- symmetric, even-parity and color-flavor symmetric
(R. Pisarski, D. Rischke, 1999)

Y = 7 (SIAT+EA)

¢ = 5 (AT + A7)

color-flavor structure of gap functions (similar for X 1)

25C: o = ¢osc A @

CFL: ¢+:¢§Z>\A®TA+¢GZ>\S®TS
A s

- ~/

-~

attractive induced
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gap-functions on the Fermi surface

analytical result in weak coupling (Q. Wang, D. Rischke, 2001):

5
2 \2 .24 82 1 2SC
Y= 5127 (— ) e 8 pe V@ x
¢weak Nf92 K 2-1/3CFL
comparison:
80
= 70 + ® 1 f At
2 el r»iSFCL R | @ large deviations from
T soff izsc,w— ] extrapolated result!
! CFLweak ™~~~ 7~ +
Lowof $Fsc(~ 400MeV) > 60MeV!
S 22 j @ similar results for stronger
S w0}/ coupling
0L

01 2 3 456 7 8 910
Hq[GeV]
(D.N., R. Alkofer, J. Wambach, 2006)
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outline

e color-flavor unlocking in neutral quark matter
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neutrality and background fields

‘bare’ propagator in Dyson-Schwinger equation
So'p) = —ip-F—i(pa+in+ GAs )a+m—peQ
=~
é Za Hada

homogenous background fields — ’color chemical potentials’
(A. Gerhold, A. Rebhan, 2003; D. Dietrich, D. Rischke,2003)
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neutrality and background fields

‘bare’ propagator in Dyson-Schwinger equation
So'p) = —ip-F—i(pa+in+ GAs )a+m—peQ
=~
é Za Hada

homogenous background fields — ’color chemical potentials’
(A. Gerhold, A. Rebhan, 2003; D. Dietrich, D. Rischke,2003)

@ ’color neutrality’ corresponds to equation of motion of gA4:
A d*p A

(constrain to p3 and pg)
@ electrical neutrality and g-equilibrium
2 1 1
pa = (WIQW) = Zpu — 3pd = 3ps — per =0

td = ps = My + Hel
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color-flavor locking

color-flavor locking for three equal flavors (similar for )

ot = ¢§ZAA®TA+¢GZ)\3®TS g %
A S
® @
attractive induced « )Aa,

%

s

di = (VaP-Foa+vad8+dc+P-Vdp)V5

CFL via symmetry pattern

SU(3). ® SU(3)r ® SU(3)color — SU(3)v+c

generated by 7, — A\J,a=1,...,8

(D.N., J. Wambach, R. Alkofer, 2006)
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unlocking under neutrality constraints

different stress on pairing pattern

A D

1 P4 Pe u
- u’djs ¢5 ¢2 ¢7 d
¢s P9 &3 s
$10 d
P11 u
¢ = P12 s
®13 u
d1a] S
P15 d
u d s d wuvu s wu s d

CFL: residual SU(3)y. . symmetry
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unlocking under neutrality constraints

different stress on pairing pattern

A D

—_— 1 P4 Pe
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\ %
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12
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CFL: approximate U(1)yic ® Uyi¢(1) symmetry
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unlocking under neutrality constraints

different stress on pairing pattern

A D . d
/

, 4 $s o6 u
(- —. u 5 d
\ o] s

\ $10 d

- \ ® = P11 u
| P12 s
N P13 u
s
d
u d s d v s u s d

always up quarks involved in pairing — uSC phase
possible occurrence of 2SC for larger strange quark masses
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gap functions
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chemical potentials

@ = 400MeV

120,

90f He © /A
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@ e # 0in CFL phase!
— long-range interaction? ’fully gapped’?
@ .3 and ug comparatively small
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critical strange quark mass

250 T T
—— 2SC - unbroken
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(D.N., R. Alkofer, J. Wambach, 2008)

@ light quark screen interaction also in strange quark sector
— only small dynamical chiral symmetry breaking (different to NJL)!!!
— other phases never favored for physical value of strange quark mass!?
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outline

e back-reaction of Goldstone modes
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extension

quark self-energy

e e Y

Dominik Nickel (MIT) St. Goar '08 19/24



extension

quark self-energy

—e— ! = 1+[

@ in vacuum — ’pion cloud’ (. Fischer, D., J. Wambach, 2007)
@ in CFL Phase (chiral limit):

SUL(3) ® SUR(3) ® SUs(3) ® Ua(1) ® Ug(1) —  SUqyv(3)

generated by T,—\]

therefore we have 8¢8©1®1 Goldstone modes (in Landau gauge)
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Goldstone boson amplitudes

Ward identities for propagators (axial case)
PI¥(kP) = S'(k+P/2)insT! + i7" (k- P/2)
)

(Goldberger-Treiman)

P, Py)
W kip) = PP py o
B0P) = e T ) O

decay constants / velocity

(PP, Py, = 222/(;3 [5(%)% 5TuS(q-)F(q; P)}
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low-energy constants
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no dependence on gap!
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80 : : : : 100, T T T
_ (p;,back-reaction
—— gy, back-reaction < 80r
=60 . - -~ g rouike | T2
% oo |--- 19 HDL-like § 6ok
@ 1"
= o
S 40k
1} —— ¢, back-reaction
g T Sroome
+9'_‘ 20 @, only axial i
—— ;. back-reaction, o,
— == @, HDL-ike a,
G200 400 600 800 100 0 200 400 600 800
p[MeV] H [MeV]
@ back-reaction on gap-functions modest
(at least for weaker coupling)
@ reduced sensitivity on coupling
@ no additional parameters
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outline

e conclusions
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conclusions

summary

@ selfconsistent solution of DSE by approximating gluon propagator,
incorporating medium effects

@ huge deviations from extrapolated weak coupling results

@ including finite masses and neutrality constraints

@ CFL phase for physical strange quark mass at zero temperature!
@ low-energy constants of Goldstone bosons in CFL phase

@ modest back-reaction of Goldstone bosons
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