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Debye screening and the Meissner effect in a two-flavor color superconductor
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I compute the gluon self-energy in a color superconductor with two flavors of massless quarks, where
condensation of Cooper pairs bre&kd(3). to SU(2).. . At zero temperature, there is neither Debye screening
nor a Meissner effect for the three gluons of the unbroBeli2). subgroup. The remaining five gluons attain
an electric as well as a magnetic mass. For temperatures approaching the critical temperature for the onset of
color superconductivity, or for gluon momenta much larger than the color-superconducting gap, the self-energy
assumes the form given by the standard hard-dense loop approximation. The gluon self-energy determines the
coefficient of the kinetic term in the effective low-energy theory for the condensate fields.

PACS numbsds): 12.38.Mh, 24.85+p

[. INTRODUCTION Nambu—Jona-Lasinio-type approaches to color superconduc-
tivity [2].

Single-gluon exchange between two quarks is attractive in Some care has to be taken in determining the coefficient
the color antitriplet channel. Therefore, sufficiently cold andcqcp. This constant differs when one uses the free gluon
dense quark matter is a color supercondufig2). propagator 10] in the solution of the gap equations instead

In some aspects, color superconductivity is similar to or-of a propagator which takes into account the presence of the
dinary (BCS) superconductivity3,4]. For instance, like elec- cold and dense quark medium. By now, several authors
trons in a BCS superconductor, quarks form Cooper pairs. At5,6,11-14 have confirmed Son’s original resultocp
zero temperaturé] =0, the ground state of the system is no =372/+/2 [8], obtained by using the gluon propagator in the
longer a Fermi sea of quarkand a Dirac sea of antiquagks  so-called “hard-dense-loop{HDL) limit [15,16]. The gluon
but a Bose condensate of quark Cooper pairs. In the normaropagator in the HDL limit is obtained by resummation of
phase the excitation of a particle-hole pair at the Fermi surthe gluon self-energy, computed to one-loop order for gluon
face costs no energy. In the superconducting phase, howevemnergiesp, and momenta that are much smaller than the
exciting a quasiparticle—quasiparticle-hole pair costs at leagjuark chemical potentigk.
an energy 2, where ¢, is the zero-temperature gap. An-  In weak coupling, the temperatures where quark matter is
other similarity between color and BCS superconductivity iscolor-superconducting are much smaller than the quark
that, in weak coupling, the critical temperatirgfor “melt- chemical potential, T~ ¢~ u €xp(—Cocp/g)<um. There-
ing” the Cooper pair condensate 1§=0.57¢ [5,6]. fore, to leading order the contributions of gluon and ghost

There are, however, also fundamental differences betwedbops to the one-loop gluon self-energy can be neglected,
color and BCS superconductivity. First of all, a BCS super-and the main contribution comes from the quark loop. This is
conductor requires the presence of an atomic lattice witlvery similar to ordinary superconductivity, where the one-
phonons that cause electrons to form Cooper pairs. On theop photon self-energy is determined by an electron loop.
other hand, in QCD gluons themselves cause quarks to con- In the standard HDL approximation, however, the quark
dense. Another difference is that in BCS theory the zeroexcitations in the loop are considered to be those of the nor-
temperature gap depends on the BCS coupling con&t@st mal and not of the superconducting phase. This is in prin-
do~ 1 exp(—Cacs/G?) [3,4], where i is the chemical po- ciple inconsistent. The aim of the present work is to amend
tential, andcgcs=const, while in a color superconductor, this shortcoming and to compute the gluon self-energy in the
¢o~ m exp(—Cocp/9) [7,8], whereg is the QCD coupling  color-superconducting phase.
constant, an@gcs# Cocp= CONSt. For the sake of definiteness, | consider a color supercon-

The physical reason for the change in the parametric deductor with Ny=2 flavors of massless quarks, and assume
pendence on the coupling constant is that, because gluons aret quarks condense in a channel with total spin0 and
massless, gluon-mediated interactions are long-range, in copven parity. In this case, the quark-quark condensate breaks
trast with BCS theory, where phonon exchange is typicallySU(3). to SU(2).. Consequently, one expects that the three
assumed to be a pointlike interactip®,4]. The long-range gluons of the unbroke®U(2). subgroup remain massless,
nature of gluon exchange manifests itself in the infrared sinwhile the other five gluons of the origin®U(3). obtain
gular behavior of the gluon propagator. This enhances thenasses through the Anderson-Higgs mechanism. It is there-
contribution of very soft, collinear gluons in the gap equa-fore necessary to consider different gluon colors separately.
tions[5,6], and causes thed./in the exponent, instead of a | derive a general expression for the quark contribution to
1/g? which would appear if gluons were massi{@], or  the gluon self-energy, and study the limit where the gluon
gluon exchange a pointlike interaction as assumed irenergyp,=0 and the gluon momentump— 0. For electric

gluons, this limit gives the Debye mass, while for magnetic
gluons, it gives the Meissner mass. | also consider the limit
*Email address: rischke@bnl.gov wherepy=0, butp> ¢,. In this case, the gluon momentum
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is large enough to resolve individual quarks in a Cooper pairtensorg””=diag(+,—,—,—). For instance, the space-time
consequently, the Debye masses approach their values in tegordinate vector isx*=(t,x), t=—ir, wherer is Euclid-
normal phase and the Meissner effect vanishes. ean time. 4-momenta are denoted K¢'=(ky,k), ko

Debye screening of static color-electric fields and the=—iw,, where w, is the Matsubara frequencyew,
Meissner effect for static color-magnetic fields are in prin-=2n#T for bosons andw,=(2n+1)#T for fermions, n
ciple quite analogous to Debye screening and the Meissnet0,=1,+2, ... . Theabsolute value of the 3-momentum
effect for electromagnetic fields in ordinary superconductorss denoted a&=|k|, and its direction ak=k/k.

[3,4]. However, the somewhat more complicated color and
flavor structure of a quark-quark condensate in comparison
to an electron-electron condensate gives rise to an additional
degree of complexity. While studying these effects in a color
superconductor is interesting in itself, they might have, how- Consider QCD witiN; quark flavors, at nonzero chemical
ever, far greater implications for color superconductivity potential. TheN;x N; matrix of quark massem; will be
than the corresponding effects in ordinary superconductorgienoted asm=diag(m,,m,, ... ,me)_ Let us consider a
unlike photons, gluons themselves are responsible for congsior neytral system, i.e., there is no chemical potential for
densation of quark pairs. The modification of the gluon Self'color, however, there can be in general a chemical potential
energy in the superconducting phase directly enters the 93P for each quark flavof. Let us denote th&l; X N; chemi-

equation through the gluon propagator, and so might changg,, potential matrix ag.=diag(uy, iy, . . . un.). Then, the
the value for the gap. On the other hand, the influence of the f

photon self-energy on electron condensation is at best generating functi_onal for thid-point functions of the theory
higher order effect reads(normalization factors are suppressed

Although effects from quark condensation in the gluon
F{ f (LatILAL)
X

Il. THE GENERATING FUNCTIONAL AT NONZERO
CHEMICAL POTENTIAL

propagator vanish for large gluon energies and momenta, one Z[J,;, n]= | DU[A]ex Z[A,;, 7],
cana priori not exclude that they will not change the solu-
tion of the gap equations. For instance, to assess the impor- (1a)
tance of the Meissner effect, note that, in the HDL approxi-
mation, the main qont_rlbutlon_to the gap equatlzons l(;gmes Z[A,ﬂ,ﬂ]Zf Dw'DweXp{ J [(iy 3, + pyo—m
from color-magnetic fields with  momentp~(mg ¢) X
> ¢o, Wheremy is the gluon masg5,6,8,13. As will be seen
below, the Meissner effect is small, but not absent, at the +gyrART ) Y+ it U]
same momentum scale. This means that the Meissner effect
can indeed influence the solution of the gap equation. A first
estimate of this effectneglecting the color-flavor structure Here,DU[A] is the gauge invariant measure for the integra-
of the condensate and considering only the dominant contrition over the gauge fieldas . The space-time integration is
bution to the gluon self-energywas given in[17], and a defined asfxzf(l)”drfvd3x. g is the QCD coupling con-
reduction of the zero-temperature gap was found. stant,y* are the Dirac matrices, afnit,= \ 5/2 the generators
This paper is organized as follows. In Sec. Il a compacif SU(N,); for QCD, N.=3, and\, are the Gell-Mann
derivation of the quark contribution to the gluon self-energymatrices. The quark fieldg (as well as the external fieldsg)
is presented, mainly to introduce the notation and the conare 4N .N{-component spinors, i.e., they carry Dirac indices
cept of Nambu-Gor’kov spinofgt], which considerably sim- «=1, ... 4, fundamental color indices=1,... N., and
plify calculations at nonzero chemical potential. In Sec. lliflavor indicesf=1, ... N;. The Lagrangian for the gauge
the quark contribution to the gluon self-energy is explicitly fields consists in general of three parts,
computed in the normal phase. The HDL limit is derived to
show that the Nambu-Gor’kov method indeed gives the cor- La=Le+ Lyt Lepg, 2
rect answer. Section IV generalizes the previous results to
the superconducting phase. In Sec. V, the zero-energy, zerghere
momentum limit of the gluon self-energy is studied, which
yields the Debye as well as the Meissner masses in the su- [om— EF“”F"" 3)
perconducting phase. Section VI discusses how, for nonzero F 4 2 wv
gluon momentap> ¢,, the Debye masses approach their
values in the normal phase, and the Meissner effect vanisheis. the gauge field part-,=d,A;— a,,A‘;ngfabCAZA‘j is
Readers not interested in technical details should skip Secthe field strength tensor. The parts corresponding to gauge
Il to VI and move on to Sec. VII, where the main results of fixing, £y, and to Fadeev-Popov ghostépg, need not be
this work are summarized, conclusions are drawn, and aspecified: it will be seen that they are inconsequential for the
outlook for future studies is given. following.
| use natural unitsh=c=kg=1, and work in Euclidean In the vacuum, the ground state of the system consists of
space-timeR*=V/T, whereV is the volume and the tem-  the Dirac sea, i.e., all negative ener@ntiquark states are
perature of the system. Nevertheless, | find it convenient t@ccupied, while all positive energyguark states are empty.
retain the Minkowski notation for 4-vectors, with a metric At zero temperature and nonzero chemical potentiat; 0,

. (1b)
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however, the ground state consists of the Dirac améthe  where

Fermi sea, i.e., positive energy states which are occupied up

to the Fermi energy;. Formally, this is expressed by the [Go 1 H(xY)=—i(i 7,04+ uyo—m) D (x—y) (10
term Juyo in the generating functionallb), which en-
sures that the energy of excited states of fladvisrmeasured
with respect to the Fermi energy; , and not with respect to
the vacuum at zero density.

is the inverse propagator for non-interacting qualkgsper
sign) or charge conjugate quarkkwer sign, respectively.
Furthermore, denote

This shift of the energy scale introduces an apparent T 0
asymmetry. One can restore the symmetry by the following fr= & ) (11)
trick. IntroduceM identical copieg“replicas”) of the origi- a 0 r#%

nal quark fields. All copies are supposed to interact with the

gluon field in the same way. At the end, after having com-Then, the generating function&) can be written in the
putedN-point functions for this extended systeM, will be compact form

set equal to 1. The generating functioriab) for the quark .

part is replaced by ZulAHH]

M/2 M/2

ZLA 10— Zul A = (A ). (@) - [ I o%, pv.ex0 S,

f W (0Sg  (%,y) ¥ (y)
— Xy
Now define the charge conjugate spingks, ¢ through

y=CyL, y=ylc, 5) +fx<g\FrAifg\Ifﬁﬁrww\EHr)H. (12)

Whereiga 72T70 IS Tthe charge conjugation matrixC |, yhis form, all reference to the chemical potentigls has
=—C _=—-C'=—Cl Inhalf of theM copies in EA.(4),  peen absorbed in the inverse propagd®r Therefore, the
replacey, i by the charge conjugate spinafg , ¢c. Using  generating functional for QCD, Eqla with Eq. (12), is
Cy,C t=— y;, and the anticommutation property of the formally identical to that at zero chemical potential. The ap-
(Grassmann-valugdjuark spinors, one obtains after an inte- parent asymmetry introduced by a nonzero chemical poten-
gration by partgand disregarding the overall normalization tial u; has been restored by the introduction of charge con-
jugate fields; the associated charge conjugate propaGator

ZM[Av;’ ﬂv;c v7cl appears on equal footing with the ordinary propag&@gr.
= f Dy Dy Dy Dijrc Ill. THE GLUON SELF-ENERGY IN THE NORMAL
PHASE
Xexp{ f [y(i Y49, wyo—m+gAT L)y The gluon self-energy is defined as
X
o _ M=A"1-Ag", (13
+Pc(ivkd,— wyo—m+gALT ) ¢
M/2 whereA ! is the resummed anti; * the free inverse gluon
+;¢+Eﬂ+;cl/fc+ac77c]]) ) (6)  Ppropagator; for instance, in momentum space and in covari-
ant gauge,

Here, l-«a

[Ag Y142 (P)=6,| P?g#"+ PLPY| . (14)

— o
Th=y"Ta, TA=C(y")TCTI=—y*TL, (V)
_ To one-loop order, the gluon self-energy receives contribu-
and charge conjugate external fielgls and ¢ were defined tions from gluon loops(through the 3-gluon and 4-gluon
analogous to Eg.(5. Let us now introduce the vertices, ghost loopsthrough the ghost-gluon vertgxand
8N:N;-componeniNambu-Gor’koy spinors quark loops(through the quark-gluon vertgx

W _ 7 o =TI+ Teps+I4+0O(g3). (15)
\I,E(lﬂ )1 \I’E((//! IJIC)r HE( )1 HE(”! 77(:)! ’ a

c e ®) Iy andIIpg are independent of., effects from nonzero

chemical potential enter only throudh,. For dimensional

and the &:N; X 8N;:N;-dimensional inverse propagator reasons,
[Go] M (x.Y) 0 ) Mg, Mepe~g?T?  Mg~g*(pu’+aT?), (16

—-1 _
So (X’y)_( 0 [Ga] (%)

with some constard.
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The superconducting condensate melts when the tempergluon self-energy. To see the analogy to the computation in
ture T exceeds the critical temperatuiie=0.57¢, [5,6], the superconducting phase, cf. Sec. IV, EB0) will be
where ¢ is the magnitude of the superconducting gad at evaluated in several steps.
=0. In weak coupling QCD,¢q~ u exp(—Cocp/9) <u
[6-8,11-14, and temperature effects can be neglected to A. Trace over Nambu-Gor’kov space
leading order. This means that, for the temperatures of inter-
est in this work, one can neglect the contributions from gluo
and ghost loops to the gluon self-energy, and consider th
quark contribution only]I=II. 1 T

Due to the aforementioned similarity between the gener- T4 (P)= Egzv D Trec T4 Gy (K) TGy (K—P)
ating functional(1a), with the quark part12), and the one at K
zero chemical potential, it is not difficult to derive the quark
contribution to the one-loop gluon self-energy. If there is no
superconducting condensate, this contribution is

First perform the trace over Nambu-Gor’kov space. With
gs.(11) and(19), one obtains

+T4 Gy (K)TL Gy (K—P)]. (21)

B. Trace over flavor space

M N " _
Hog‘g’(x,y)E?gz Trecrncl s So(X,y) I'p So(y,x)]. (17) The verticeds andI'4 are diagonal in flavor space,

. — “ THY, — TH
Here, the factoM/2 arises from the fact that there av/2 (I2)tg=dtgl'a,  (I'2)1g=3rgI'a. (22

identical species of quarks described by spindsin Eq.
(12), which contribute to the gluon self-energy. In the fol-
lowing, setM =1, to recover the original theory. The trace in
Eq. (17) is taken over 4-dimensional spinor space,
N¢-dimensional color spacé\;-dimensional flavor space,
and the 2-dimensional space of regular and charge—conjugaﬂ%"’lt
spinors(Nambu-Gor'kov spade

In the following, the self-energyl?) is evaluated in mo-
mentum space. Use will be made of translational invarianc
So(X,Y)=So(x—y), cf. Eq. (10), and of the Fourier trans-
forms

The free propagator§, are also diagonal in flavor space,
but for wi# ug, f#9, f,ge{l, ... N¢}, the diagonal com-
ponents are in general not equal. To proceed, assume that all
chemical potentials are equal; = u,= . . . = N = M such

(G(i;)fgzafg G(;:- (23

eCFor notational convenience, | am somewhat sloppy with in-
dices here and throughout the rest of the paper: | use the
same symbolG, , for the 4N.N;x 4 N.N; matrix on the
left-hand side of this equation and for théN4<X 4 N, matrix

T .
So(X)=v E e K XS (K), (183 on the right-hand sidg.Thus, the trace over flavor space
K simply gives a factolN;,
i (0 =09(x) 8(7)= = D) e KX (18b) wpy— To2n. T bt (e Tr st
v~ : ok (P)= 5 9% Ny V; Trs, [ T4 Gy (K) Ty Gg (K—P)
. Y% +T4Gy (K) TGy (K—P)]. 24
JXeIK-X:?g&‘%, (180 2 Go (K)T'yGq ( )] (24

This expression is easily generalized to the case where the
where= =3,V [d3k/(2)3. Here, the quark propagator in chemical potentials are not equal. Then, instead of the pre-

momentum space is factor Ny one would have a sum over fIavof,swPlere the
value of the chemical potential in the propagatGes in the
S K= Gg (K) 0 fth term of the sum is equal ta; .
C. Trace over color space
G§(K)E(7“Kﬂi,uyo—m)*l. (19 The free quark propagator is diagonal (fundamental
color space,

Then, the gluon self-energy in momentum space is . .
(Gg)ij=6ij Go - (25)

1.7 . .
v _ 2 v
Iogp(P) = 59 V2 ; Trscnella So(K) I'p So(K—P)]. The only nontrivial color structure thus arises from the gen-
(20) erators ofSU(3).. On account of

As a warm-up exercise, and to confirm that the method of the
Nambu-Gor’kov propagators indeed gives the correct an-
swer, let us derive from Eq20) the standard hard-dense-

loop (HDL) result[15,16] for the quark contribution to the one obtains

1
Tr(TaTo) =Tro(TaTo) = Tro(TIT)) = 5 6. (26)
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Mok (P)= 83 TT5"(P), (279
y72% 1 2 T + v~+
ME*(P)= 707Ny 2 Trd v Gg (K) ¥ Gg (K—P)
74 Go (K) v Go (K—P)]. (27D

D. Mixed representations for the quark propagators

To proceed, let us assume that the quarks are massle

m=0. Then, write the quark propagator as

ko¥ (=€) .,

Go(K)= 2 ———— A, (28)
T KLl
where
fﬁozm_ekL (29
and
1 .
EE§(1+670 v-K) (30

are projectors onto states of positive={+) or negative ¢

PHYSICAL REVIEW 62 034007
Note that
Gg (= 7.K)=—70Gg (7.K) ¥o. (34)

For 0<r<1/T, one derives with +N(x)=N(x) e¥T

Gg(%—f,k)=—63(—r,k), (35)

tRe well-known Kubo-Martin-Schwinger relation for fermi-
ons[15].

Using the fact thatng,=60(u—ek), and N(x)=1
—N(—x), the propagator$32a,(32b can be cast into the
more familiar form

Gg (1,K)=—A{ yo[ (1) —N{ (k)] e~ kw7

+ AL yo[0(— 1) —Ng (k)] e »7 (363
Go (1,K) =70 Ay [0(— 1) —Nf (k)] elk—#7

—yo Ay [6(7)—Ng(k)Je"®* ™7 (36b)

where Nf (K)=N(kF ) is the Fermi-Dirac distribution

= —1) energy. Now introduce a mixed representation for thefunction for particlegantiparticles. However, in view of the

quark propagator,

Go(r,K)=TX e k7Gy(K),
Ko

1T
Gg(K)EL dreko” Gy (7,k). (31)

After performing the Matsubara sum in terms of a contour

integral in the compleXk, plane, one obtains

B3 (7)== 3, AL yo{(1=nio) [6(r) ~N(efo)]
Xexp(— EEOT) - nﬁo [6(—7)— N(EEO)]
X expl €goT) (329

Go (m,K)== 2 vo AN 6(7) ~N(€fo)]

X exp(— €xo7) — (1—ngo) [6(—7) —N(€gp)]

X exp €goT)}- (32b
Here,N(x)=(e¥"+1)"?, and
erot u—ek
ne,= SkoT AT EK (33
2 €

are the occupation numbers of particles=(+ 1) or antipar-

ticles (e=—1) at zero temperature. Consequently; ri,

application to the superconducting phase in Sec. IV, it is

advantageous to continue to use the fdB8a),(32h).
DenotingK,;=K and K,=K—P, one computes the ex-
pressions

TkE Trd v* G5 (K1) v" G5 (K2)]
0

T
=T, dry dr, ekorit (ko=Po)7
ko Jo

XTry*Gq (1,k1) ¥" Gq (72,k2)] (37)

as follows. To perform the Matsubara sum o¥kgr use the
identity [15]

T; ghor= > (—1)”‘5( T— g) (39)

m=—®

valid for fermionic Matsubara frequencieky,=—i(2n

+1)7T. Since G=7q, 7,<1/T in Eq. (37), the delta func-
tion in Eqg. (38) has support only fom=1, i.e., 7,=1/T

— 4. With the help of Eqs(34) and (35), as well asePo’T

=1 for bosonic Matsubara frequencipg=—i2n#T, one
obtains

Tk2 Trd v* Gy (K1) v" Gg (K2)]
0

T _
=- fo drePo Trd y* Gg (7,K1) ¥* v0 Gg (7,K2) Yol

are the occupation numbers for particle-holes or antiparticle-

holes.

(39
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One now inserts the expressio(823,(32b), and integrates over. Putting everything together, one obtains for the gluon
self-energy:

nf(1-n3 (1-n})n3

0, .0 0_ o0
Poteite; Po—€1—¢€

1 d3k
HgV(P):_Zgz fo E ‘Tiv(kl,kz)

(277)3 e1,6p=+

)(1—N2—N2>

(1—n?% (1—n9) n%ng
+( E o 22 TN ND) |+ T (ky ko)
Po— €1t € Potei—e€
(1-n9Hn? n21-nY n%n? (1-n% (1-n9)
x( 2 2 (1-N)-ND) + L S (NS-ND) | . 40
Poteite;, Po—e1—€ Po—e1te; Poter—e
Here,
T2 (ke ko) =Tr(vo v Ay 70 7" A ), (41)
and | introduced the somewhat compact notation
E?EGE:O' niOEnE‘iO, NP=N(e?). (42

An (appropriately generalizeé@xpression of the forrd0) will also appear in Sec. IV, when the self-energy is computed in the
superconducting phase. In the normal phase, however, one cari‘?aﬂ,u—eiki) to show that

n? (1—NP)=nP{6(e;) N¢ (k) + 6(—e) [1—Ng (k)1 (433
(1-n?) N?=(1-n?) {6(e) NF (ki) + 6(—e) [1-Ng (k) 1} (430)
(1=n?) (1=NY)=(1-n?) {6(e;) [1~NE (k)] + 6(—e) NE (k)}, (439
n? NP=nP{6(e;) [1-Ng (k) ]+ 6(—e) Nz (kp)}. (43d)

Equation(40) then simplifies to

1 d3k TH"(kq,ky) TH(kq,ko)
H5”<P>=—92fo { e —
4 (2m)3 e; 5=+ |Po—€1Ki+eky  poterki—exk;
X{6(e))[1—NE (ky) ]+ 6(—eq) N (ky) — 0(e2)[ 1= Ng (kp)]1— 0(—e2) Ne (o)} (44)
|
E. Trace over spinor space temperatureS < u, this is the dominant contribution to the
The traceg41) are best computed for temporal and spatialgluon self-energy. In the following, | study the so-called
components separately, hard-dense-loogHDL) limit.
7—9:0: 1+ elez ’I\(l . |22, (45@

F. The HDL limit

TO=T0=+e kixe,k,, i=xy.z (45p To dgrive the HDL limit, it is' advantageous to shift the
integration over 3-momentum in Eq§40) or (44), k—k
B S +p/2, such thak,;=k+ p/2 andk,=k—p/2. The HDL limit
Tl=61(1—e.e, ki ky) +ere, (K kh+k kD), is obtained by taking,,p to be of ordergu (“soft” ), while
kis of orderu (“hard”) [15]. As the gluon self-energ40)
is already proportional tg?, it is permissible to compute the
integral in Eq.(40) to orderO(p°). However, since some of
Equation(40), or Eq. (44), together with Eqs(45a—(450, the energy denominators are of ordgfp), one has to keep
completes the computation of the quark contribution to theerms up to orde©(p) in the numerators, too. For the traces
gluon self-energy to one-loop order in the normal phase. At453—(45¢) one then obtains

ihj=xy,z (450
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p2
TP=1+e.e,+ O( ) (463

i

. . A . A A l 2
T9=T%=+ (e, +e,)ki = (e;—,) (51 —k'k}) pk +o( P )

+=Ts 2k K2
(46h)

o o p?
Ti=681(1-ee,)+2e6,kiki+0 @/ (460)

In the following, the temporal and spatial components of the

gluon self-energy are evaluated separately.

(i) u=v=0. In the HDL limit, Eq.(469 shows that only

PHYSICAL REVIEW 62 034007

From the physical point of view this is an important relation:
only quark excitationst the Fermi surface contribute to the
gluon self-energy.

With these approximations one obtains the well-known
result[15]

dQ
Ho°°(P):—3m§f4—<1— S
& Potp-K
whered() is the integration over solid angle and
N
2_ 2 f 2
mi=g—; (52

is the gluon mass dt=0. Equation(51) remains valid in the

particle-particle €;=e,=+1), or antiparticle-antiparticle HT|_ |imit, when Eq.(52) is properly generalized to nonzero
(e;=e,=—1) excitations contribute to the electric compo- temperaturd15].

nents of the gluon self-energy. In this case, only the differ-

encek;—k, occurs in the energy denominators in Ed44),
which, in the HDL limit, is

In the static limit,po=0, the dependence gnvanishes,
and one simply has

I1,°°(0)=—3 m¢, (53

the usual result for Debye screening.

In the numerators, the difference of the thermal occupation (i) w=0,v=i. ForII%', one concludes from Eq$44)

ki—ky=p-k. (47
numbers is
. . L dNZ (K)
NE (ko) =NE (kp)=p-k — (49
Equation(44) with Eq. (463 then yields
3 Po
I1,°(P)=g*N f (1— -
R e T Y
dNZ (k) dNg (k)
dk " Tdk 49

With some effort, one can also do the integration oker

exactly forall temperatures and chemical potentidl§]. In

this case, the final answer encompasses not only the hard-

dense-loop limit, but also the “hard-thermal-loogdHTL)

and (46b) that particle-antiparticle excitations are at least of
order O(p?), i.e., to leading order in the HDL limit only
particle-particle or antiparticle-antiparticle excitations con-
tribute to the gluon self-energy. Then, with Eq47) and
(48) one obtains

d®k  pok
(2m)% po+p-k

dNZ (k) dNg (k)
dk T dk
(54)

1% (P)=g? N; j

For the temperatures of interest, one can again make the
approximation(50) to obtain

limit. That much effort is, however, not necessary in theWhich coincides with{15].
present case. For superconductivity, one is interested in tem- [N the static limit,

peratures of the order of the zero-temperature dapg,

~ u exXp(—Cqocp/g)<u. On this basis it was argued above
that contributions from the gluon and ghost loops to the

gluon self-energy can be neglected, as they amg’T?,

while the dominant contribution from the quark loop i

~g?u’.

. dQ K
nPe)=—3ng [ -2 ep
$) AT potp-k
1,%(0)=0. (56)

(i) w=i,v=j. ForIIy", Eq. (460 shows that not only

s particle-particle €¢;=e,=+1) and antiparticle-antiparticle

(e;=e,=—1) excitations contribute, as for the other com-

In essence this means that effects from nonzero temper®0nents ofLLg"", but also particle-antiparticlee{=—e,

ture can be neglected to leading order. Consequently,

dNg (k) d8(u—k) _
ak = ak . okmm),

dNg (k) do(k+u)
dk  dk

(50

=+1) excitations. In the former, one encounters again the
difference of moment&7) and thermal occupation numbers
(48). In the latter, however, the sum of momenta and thermal
occupation numbers occurs. To leading ordep,in

kitko=2k, NE(k)+Nz(k)=2NE(K).  (57)

Then,
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, a3k | .. ..
Ho"(P)ngfo k' k'(l— Po =
(2m)3 Potp-k

meaning off,~ can be explained analogously, except that the
roles of particles and charge conjugate particles are inter-

changed.
dN;’(k) dNg (K) (62';'P;?eoff-diagonal components of the quark propagator
dk ' dk

L E*=-G; " G". (64)
—(81=K'K) - [1=NE (K= Ne (k)] . - . .

k The physical interpretation is that particieharge conjugate
(58) particles annihilate with an antiparticléa charge conjugate

antiparticlg in the condensate, upon which a charge conju-

The 1 in the last term is an ultraviolet-divergent vacuumdate particle(a particlg is created.
contribution and has to be removed by renormalization. The In mean-field approximation, the condensdté obeys
angular integration can be performed for the parts which déhe gap equatiof5,6,9)

not depend omp, [(dQ/4w) ki ki=51/3. One then realizes

) : ; T _
after an integration by parts that tipeindependent part of OHK)=—g2— > APK—O)THE+(O)T?. (65
the first line in Eq.(58) cancels the second line, (K=-g%y % wlK= QT 21 QTS (69

) d*k . .. po and® "~ can be obtained from
(P =gy [ —— ki i—
(2m)°  po+p-k

D (K)=yo[PF(K)] o . (66)

(59)  The solution of the gap equatigB5) has been extensively
discussed inf6].
The gluon self-energy20) becomes

dNZ (k) dNg (k)
dk T dk

With the gluon mas$52) this can be written in the form

1 .T . .
1,)(P)=3m? j gki J__Po - 60 THEPI=50% X Troc el 4 S(K) T S(K—P)].
Potp- (67)

which is the standard resylt5]. Static magnetic gluons are

As in the normal phase, this expression is computed in sev-
not screened,

eral steps.
I1,1(0)=0. (62)
A. Trace over Nambu-Gor'kov space
IV. THE GLUON SELF-ENERGY The trace over the 2-dimensional Nambu—Gor’kov space
IN THE SUPERCONDUCTING PHASE is readily performed with Eqg€11) and(62),

In the superconducting phase, the ground state is a con- . 1,7 ot s
densate of quark Cooper paitg/c #)# 0. As was shown in I3p(P)= 29V ; T lI'a GT(K) I GT(K=P)
[9], in mean-field approximation the quark propagatb®) - o
becomes +I8G (K)I'f G (K—=P)

G'(K) E~(K) +TEE (K TLEY(K-P
S(K)=(H+ o, (62) a= (O, =7K=P)
ET(K) G (K)

+TEET(K)TEE(K=P)]. (68)
where the quasiparticle and charge conjugate quasiparticle -
propagators are When the temperature approactjes the cr|tlci\l temperature,
T—T., the condensate meltsp~—0, i.e., E~—0 and
Giz([Gg]*l_zi)*l, SEt=p~ Gg d=. (63 GiHGg, and the gluon self-energy assumes the form of
the normal phasdl,—1IlIy4Y, which was discussed in the
3+ is the quark self-energy generated by exchanging parprevious Sec. Ill.
ticles or charge conjugate particles with the condensate. For
3", a particle annihilates with an antiparticle in the conden-
sated® "~ (¢ ¢), and a charge conjugate particle is created.
This charge conjugate particle propagates @ig, until it
annihilates in the condensate™ ~(¢ ¢c) with a charge
conjugate antiparticle, whereby a particle is cred®&d The (P )g=*€g P, (69

B. Trace over flavor space

For a condensate with total spih=0 and N;=2, the
condensate is totally antisymmetric in flavor spé€g
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where use has been madeet}Jz €41= — €1g. Consequently, The color structure of the quasiparticle propagator is
since the free quark propagator is diagonal in flavor spacegherefore
the quark self-energy is also diagonal in flavor space,

(Ei)fg:((pi)fh(Gg)hm(q)i)mg (Gi)ij:(gij_5i35j3)Gi+5i3 5J3(.?.|0i (76)

:Ethhg(I)I Gg—q)i . .
For the off-diagonal components 6fone then finds

= 5fg Ei. (70)
Then, also the quasiparticle propagator is diagonal in flavor (ED)ij=— (G (P (G j=*¢i3E".  (77)
space,

(Gt)fg: Stq G*. 71) One now computes the trace over color space with the ex-

plicit form of the Gell-Mann matrices. After a somewhat

On the other hand, the off-diagonal componentsSoére tedious, but straightforward calculation one obtains dor
antisymmetric in flavor space, =b=123:

(E)tg=—(Gg) i (P )pm(G )mg= T €g 2. (72 1 T

_ M(P)= 702N 5 2 Tr ¥ G*(K) y"G*(K—P)

As the verticed s andI'4 are flavor-blind(proportional to 4 VK

the unit matrix in flavor spagethe trace over flavor space in - v~

Eq. (68) results in Ty G(K) y" G (K=P)
+YFE(K)y"ET(K=P)

1 T
M55(P)=59* Ny VEK: Trg [T4 G (K) Ty G (K—P) +y*EHK) v ET(K=P)], (78a

+T4G (K) TEG (K—P) for a=b=4,5,6,7:

+TEE (K TLEY(K—P)

T =+ V== Mmv L 2 T + rG*
+F§,: (K)Fb: (K-P)], (73) H44(p)=§g N; \—/; Trs['y“Go(K)’y G (K=P)

where, of courselN;=2. LA GH(K) 77 G (K—P)

C. Trace over color space + ¥ Gy (K) y"G™(K—P)
An N;=2, J=0 condensate is also totally antisymmetric +y G~ (K) y" Gy (K—P)], (78b)
in color spacd7],
(P5)j=*¢€3P"7, (74 and fora=b=8:

where use has been madeeqﬁf3= €jiz= — €jj3, and where a

global color rotation has been performed to orient the con- ,
densate into théanti-)3-direction in color spac&The nota- Hgg(P)=
tion is again sloppy: the “3” is actually not a triplet, but an

anti-triplet index)

1.
" (P)+ 5 T1#(P),

Wl N

The free quark propagator is diagonal in color space, so  _ 1, T N N
that one computes for the quark self-energy I (P)=79°N; EK: Trdy*G"(K) y"G"(K—=P)
(X5 =(P )ik (Gg )i (P +y* G (K) y' G (K—P)
= €z iz P Gy P —y*E(K) y"ET(K-P)
=(8= i3 dj3) 7. (75) —Y*ET(K) ¥y E (K=P)], (780

This result is physically easy to interpret, remembering the

above discussion of how the quark self-energy arises. Quarkgherellf” is the gluon self-energy in the normal phase, Eq.
with color 3 do not condense, consequently there is no anti27b).

quark in the condensate which a color-3 quark could annihi- Apart from the diagonal element{Z8a—(780), after per-
late with. Thus, color-3 quarks do not attain a self-energyforming the color-trace one also finds the off-diagonal ele-
[6]. ments
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[42(P)=—T14/(P) =114/ (P)= —T14¢(P) self-energy has therefore contributions from the diagonal
A (G™), as well as the off-diagonalH~) components of the
=i [1*"(P), quark propagato(62).

Gluons of colors 4 and 5 “see” the uncondensed quark

. 1 T with fundamental color 3, but also the condensed quarks of
H’”(P)Egg2 Ni & > Trdy*G§(K) ¥*G*(K—P)  color 1. Analogously, gluons of colors 6 and 7 see the un-
K condensed quark and the condensed quark of color 2. There-
—y*G*(K) " Gg (K—P) fore, the ferrr+1ion loop in the self-energy contains one free
propagatorGy , corresponding to the uncondensed quark,
—¥* Gy (K) "G (K-P) and one quasipartickeharge conjugate quasiparticigropa-

gatorG™*, corresponding to the quark in the condensate. As
there is no way to annihilate a color-3 quark in the conden-

. sate, there is no contribution from the off-diagonal compo-
The occurrence of these off-diagonal elements bears no SPRants of Eq(62)

cial physical meaning. It simply indicates that the invers
gluon propagatoA ! is not diagonal in the original basis of
adjoint colors. For instance, in the (45)-subspace of adjoin
colorsA~! has the form

4G (K) y" G (K=P)]. (78d)

€ Finally, gluons of color 8 see the condensed quarks of
colors 1 and 2, but also the uncondensed color-3 quark. The
Lontribution to the gluon self-energy from the latter is equal
to that in the normal phasél,*”, the factor 2/3 comes from
the (33)-element off®. Apart from the prefactor 1/3, the
_ (79 contribution from the condensed quark¥**, looks similar
to I147, except that the sign of the last two terms is different.
As will be seen below, this difference is important to keep
This Hermitian matrix is easily diagonalized by the unitary gluons of colors 1, 2, and 3 massless, while the eighth gluon

Agt+TIy, i 1

—ill Agt+Tly,

matrix becomes massive. Note that, for QED, —I'#=—*, g
) —e. Thus, forN¢=2, the contribution from the condensed

Usi( 1 _') (80) quarks to the self-energy of gluons of colori8*”, is ex-
l—-i 1) actly g?/e? of what one expects for the photon self-energy in

an ordinary superconductor.
In the new(diagona) basis of adjoint colors,

D. Mixed representations for the quark propagators

Agt+TT,+11 0
0 a . (81) For m=0, the quasiparticle propagator can be written in
0 Ag 4+ TI,,—11 terms of chirality and energy projectdr8,9],
Similar arguments hold for the (67)-subspace. Therefore, ro- . PopnA® . .
tating into the new(diagona) basis, G‘(K>=h§r| e§+ W[GO (K177 (89
’ - ™0

Hgat 1= 1lgg+ 11— 1144= e, where P, ;= (1= ys)/2 are chirality projectorgthe notation

. . —h stands forl, if h=r, andr, if h=1I). The quasiparticle
Hq— =g~ II—1ss=177. (82 energies are

In the following, only these diagonal gluon self energies will e/ re\_ \/ﬁ
be considered. They read explicitly el =V(u—el +[ g% @9

1 T where ¢y is the gap function for pairing of quarkse (
HZLZ(P)=Z§]2 Ni > Trd ¥ G§(K) ' G*(K—P) =+1) or antiquarks ¢=—1) with chirality h.
K An analysis of the gap functions in mean-field approxima-
+y* G (K) y"Go (K—P)], (839 tion showq 6] that left- and right-handed gap functions differ
only by a complex phase factor,
mv 1 2 T + vt e H e H
s (P)=79"Nr ; Tr y* G (K) " Go (K= P) b= ¢expli 6°), oi=—P%exp(—i 6%,  (86)
+ 9" Gy (K) v G~ (K—=P)]. (83  with ¢*e R. Moreover, the phase factor is independent of

the energy projectiong™ = #~= 6. Condensation fixes the
Remembering the explicit form of the Gell-Mann matri- value of , and breaks th& ,(1) symmetry(which is effec-
ces, the result$789,(780, and (833,(83b) are simple to tively restored at high densitiespontaneously. =0 or
interpret. Gluons of adjoint colors 1, 2, and 3 see only quarksr/2, condensation occurs in a spin-zero channel with good
in the condensate, with fundamental colors 1 and 2. Theiparity, J°’=0" or J°=0", respectively. Fom+0, there is
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always aJP’=0" admixture, thus condensation breaks also One also needs a mixed representation for the off-

parity [7,18]. For the sake of simplicity, in the following we
only considerd=0.

From Eq.(86), | ¢7|=| ¢ = ¢, and the sum over chirali-
ties in Eq. (84) is superfluous. Writing the inverse free
propagator as[Gg (K)] '=[ko* (u—eK) F2 ekA} ]y,
Eq. (84) can be brought in the form

Ko+ (n—ek)
kG —[ eg)?

>

e==*

G*(K)= k Yo (87)
which should be compared with E@8). Obviously, all that
has changed is that the free quark excitation ener@6s
have been replaced by the quasiparticle excitation energi
(85), exo— ex=ex(4°).

After realizing this, by comparison with Eq&32a),(32h)

one can immediately write down the mixed representation

for the quasiparticle propagators,

GH(rk) = —e; AL yol(1=ng) [6(7)—N(€f)]

Xexp(—ex7) —ng[0(—7)—N(ep)]
X expl e}, (88a
G™(rk) == 2 7o AKNELO(1) ~N(€)]
Xexp(—epm) = (1=ng) [6(—7)—N(€p)]
X explepT)}. (88b)
Here,
= —ek
nﬁzm (89)
2 €

are the occupation numbers for quasiparticles (-1) or
guasi-antiparticlesg= —1) at zero temperatul®]. Conse-

quently, 1-ny are the occupation numbers for quasiparticle

holes or quasi-antiparticle holes. Due to the presence of

gap ¢° in the quasiparticle excitation spectrum, these occu-
pation numbers are no longer simple theta functions in mo-
mentum space, as in the noninteracting case; the theta fun,

tions become “smeared” over a range ¢¢ around the
Fermi surface(cf. Fig. 2 in[9]). The relationg34) and(35)
are also satisfied b@*(7,k).

From a comparison of EQs(88a,(88b and (323,
(32b, one can immediately deduce from E0) the
result for the traces Try*G~(K)y’G*(K—P)],
Trd Gy (K)y'G*(K—=P)], or Tr[y*G*(K) "Gy (K
—P)]. All one has to do is replace
NP—N;=N(e), (90

e
ei0—> €=¢

0 =nCi
K Ni—m=ng,

when a propagatd®&* occurs in place o6, .

diagonal components d@¥(K). First, write 5
in terms of projectors,

“(K), Eq.(64),

e $h(K) .
D T LML
: [¢h(K)]*
E (K)=~ Ag. 1
(K)==2 > e (91)

As in [6], assume thatpp(ko) has no poles or cuts in the
complexkg-plane and thatpy (ko) = ¢r(—Ko). In this case,

Qne obtains the mixed representations

M

Er(nho= 2 2 PoaAt {L6(1)—N(ep)]

Xexq—eﬁT)-i‘[@(—T)_N(fE)]

X explegT)},

(923
KT

fk

Xexp(—eg7)+[0(—7)—N(€p)]

3 3 padftenl

h=r,l e=

E(rk)= {L6(7)—N(ep)]

X explegT)}. (92b
Note that the energy in the gap functios§ is on the qua-
siparticle mass shelky=* e}, .

The traces in Eqs(783—(78d) involving 2= are now
straightforwardly computed as

Tk2 Trd y* E7(Ky) ¥" E*(Ky)]
0

= E UL (kK 2) ¢l¢2
€1,6p==*
! 1-N;—N
. Poterte; Po—€1— € (17N~ N2)
- e Jou-na)
- - N;—N,) |, 93
Po— €1t € po+€1_€2( 1~N2) ©3
{fhereK,=K, K,=K—P, as before, while
¢i= % (€ ki), (94)
and
UL (Ky k) =Tr y# A y" AL 2] (95)

On account ofp, y#*=vy*P_, and P, P,=0, the sum over
chiralitiesh; andh, originating from the mixed representa-
tions (923,(92b) could be performed trivially.

Putting everything together, the self-energy for gluons of
color 1, 2, and 3 is
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1 d3k
H’ff(P)z—Zgszf > {T’i”(kl,kz)

(277)3 eg,e=+

ni(1-ny) (1-ngy)ny (1-=ny) (1—ny) ni Ny v
(po+€1+52_ Po—€e1— € (1=Ni=No)+ Po— €1t e - Poter—€ (Na=No) |+ 72k ko)
(I-ny)ny  ny(l-ny) nyn, (1-ny) (1—ny) v
X[ po+€1+€2_po_51_62 (17N~ N2)+ p0_61+€2_ Potei—e€ (N2 =No) | = [3 (ke ko)
b1 b2 1
A% _ _ _ _ _ _
U (kl’kZ)]“flfz Poterte po_fl_fz)(l Ni=N2) Po— €1t e po“‘fl_fz)(N1 NZ)H’
(963
for gluon colors 4 and 6,
1 d3k
147 (P)=——g*N f— T4"(ky,k
4 (P)==79"N; (2m)° el,gt[ (ke ko)
0 0 0 0
ny(1—-ny) (1—-nj)n, (1-n3) (1—ny) ny N, ,
o~ o |(1-N{=Ny)+ — - o | (N2=Np) [+ T#"(ky ko)
Poterter PpPo—€1—€ Po— €1t € Pote;—e
(1-np)n? ny(1-nd nynJ (1-ny) (1—n9)
( 2 (1N N+ | —— - 2 (N -ND) | (96b)
Poterte; pPo—e1—€ Po— €1t € Poter—e€;
for gluon colors 5 and 7,
HA(P)= L ZNJ dk > LT (K, k)
55 N 4g f (277.)3 S + 1:82
”1(1_”3)_(1‘”1)”g)(l—Nl—NgH(‘l_”“(1_”2)_ nyn3 )(Nl—Ng) T )
Potertes Po—er— ey Po— €1+ €3 Po+ €1~ €3
(1-nd)n, nf(1-ny) nin,  (1-nd)(1-ny)
( e (- NY =Ny | —— — (NS=N,) | ¢, (960
Pote;te, pPo—€e1—€ Po— €1t e Poter—e

and for gluon color 8

- 1 d3k
H’”(P):—ZgszJ > {T’iy(kl,kz)

(277)3 e1,6p==*

(nl(l—nz) ~(A=nyn, + T (Kq,Ky)
— 1,82

1- 1-
(1-n)(1—-ny Ny )(Nl_NZ)

)(l—Nl—N2)+

Poterte; Po—€e1—€ Po—€1t e Poter—e€
(1-ny)n, nl(l_nz)) Ny Ny (1_n1)(1_n2))
X — 1-N;—N,)+ — N, —No) | +[U " (kq,k
[ Poteiter po_fl_fz( 1= N2) Po— €1t € Poter—e€ (N2 =No) | +{U5 (ke ko)
o)
+UM"(kq K - 1-N;—N,)— — N;—N .
(ke 2)]461 €| \Poterte pPo—€1—€ ( 1 N2) Po—€1ter Poter—e (N~ N)
(960)
E. Trace over spinor space
The tracesT” have been computed in Sec. lll E. What remains to be done is to codititeOne finds
UPL=71%, (97a
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UV=-u'P=-79, i=xy,x, (97b
Ul=-71, ij=xy,z (979

In the following, the results for the different components of the gluon self-energy in the superconducting phase will be
collected.

F. Gluons of color 1, 2, and 3
(i) w=r=0. Defining
&=e ki—nu, (98)
the self-energy of electric gluons of color 1, 2, and 3 is determined from (B§8.—(45¢), (963, and (973 as

d3k PO
2 e 2 (Lteekiky)
1,€2= =

1
H??(P)=—ZgZfo
1

X —
[ Poteite Po—e€r

1 1 + +
+(p0 )(Nl_Nz) €16,+61 6 ¢1¢2

_61+62 po+€l_62 261 €o

€16,— 616~ 1 o

26162

62)(1_N1_N2)

(999

(i) »=0,v=i. For the (@)-components of the self-energy of gluons with colors 1, 2, or 3 one obtains

) 1
H85<P>=—192fo

d*k Y,
(2m)° ellg:i (erkyteyky)

& &
po+€1+€2 po—el—fz)(l_Nl_ 2)(26 261)

&L &
( 51+€2 F3o+€1_'~‘2>('\ll 2)<2€ 252)'

(99b)

(i) w=i, v=j. The self-energy of magnetic gluons of colors 1, 2, and 3 is

=

3

hP)=— zNj TS ek ko) eres R kR K]

i1 9~ Ny 3 182 K1 Kp) T €185(Ky Ko T K1 K3
4 (271-) e, e=*

€16,—E1 60t b1 o

26162

)(1_N1_N2)

po"‘ e@te Po—€e1— €

(N,— )6152+§1§2_¢1¢2
€l+62 p0+61_62 1 2 261 €o ’

(999

G. Gluons of color 4 and 6

(i) u=v»=0. Using the symmetry of Eq96b) underk,« —k,, e;< e,, the self-energy of electric gluons of colors 4 and
6 can be written as

d3k . A
(2m)° el,g:: (1+eseky-kp)

y (n?(l—n2> S (@-ndn,

0
Pote;ter Po—e1— €

1
e - - 57N, |

(1-n)(1-ny)  nin,

0 0
Po—€1t e Potei—e

(1003

<1—N2—Nz>+( )(N?—N» :

(i) u=0,v=i. The same symmetry arguments lead to
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_ 1 d3k .
HEA(P)=—§gZfo 2 (ekireky)

(271-)3 e1,6=*

0 0 0 0
ni(1-ny) (1-njpn, (1=n3) (1—=ny) ny Ny
— o | (1=N§=Np)+ 5 - 5 (N3=N)|. (100D
Pote;ter Po—€1—€ Po— €1t € Pot €1~ €
(i) w=i, v=j. For the self-energy of magnetic gluons of color 4 and 6 one obtains
WP == 50N, [ == 3 [0 esesks ko) +ere, (KKK k)
(277)° ey .=+
0 0 0 0
ny(1—-ny) (1—-n3)n, (1-n37) (1—ny) nin,
T 5 (1-N2—Ny)+ 5 - 5 (N9=N,)|. (1009
Poteitex Po—€1—€ Po— €1t e Poter—€

H. Gluons of color 5 and 7

(i) w=v=0. Again using the symmetry of EQ60 underk,« —k,, e;<e,, the self-energy of electric gluons of colors
5 and 7 can be written as

%P ! ZNJ dk > (1+eekq-ky)
= — — e.e .
55 59" N (2m) e e 182 K1 Kp
(1-nd)n;  ni(l-ny) nin,  (1-nd)(1-ny)
X e | (L=N9=Ny) + — 5 (N3=Np)|. (1013
Pote;ter Po—€1— € Po—er1t e Potei—e
(i) u=0,v=i. The (O)-components are
. 1 d3k N .
ndp)== ZNJ e ki+e,k
55(P) 59" N (277)361’§:t( 1kitepky)
(1=nd)n; nf(l-ny) nin,  (1-nd)(1-ny)
o (1= N2=Np)+ o 5 (N9=Np)|. (101b
Poterter Po—€1— € Po— €1t e Potei— e
i) w=i, v=j. For the self-energy of magnetic gluons of color 5 and 7 one gets
i j. For th If f ic gl f color 5 and 7
ij 1, d*k ij ror Citi Lt
I5g(P)=— 59" N (2m)° ¢ ;_+ [6'(1—-eierky-kp)+erey (ki ky+kiky)]
1.€60=%
(1-nd)n;  nf(1-ny nin,  (1-nd)(1-ny)
— o | (1=N§=Np)+ o 5 (NY=Np)|. (1019
Poterter Po—€1—€ Po— €1t e Pote;— e
I. Gluons of color 8
i) u=v=0. ForT1° one obtains
() p
oY p)= - - ZNJ ok Y (l+eerkiky)
49 f (2m) e e 1€2 K1+ Ko
X[ 1 B )(l—N _N)51€2_§1§2+¢1¢2
Poterter Po—€er—e v 2€ €
1 1 €166 6~ b1 b
+ — N;,—N . 102
(p0_61+62 p0+61_62>( 1 N2) 2€16 (1023

(i) u=0,v=i. ForII% one simply has
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o (p)=1%y(P). (102b

(i) w=i, v=j. The magnetic componeni§’ are

. 1, d’k . - e oin
I (P)== 79N 3 27 [6"(1—ererky-ky) +erep(ky ky+Kiky)]
(27)° ey ep=+

1 1 €1 €Er— —
X[( B )(1—N1—N2) 16— &1 &~ P11 Py
Poterter Po—€1—e€ 2¢€ 6
1 1 €16+ E1 6+ b1 b
+< — - — )( 1~ Ny 5 . (1029
Po—€e1ter Poter—e €16

Equations(998—(1029 are the central result of this work. k2~,2, and to restrict the integration to the region €k
Starting from these equations, one can derive explicit expres= , ntroducing the variable

sions for the gluon self-energy in a two-flavor color super-

conductor for arbitrarypy andp. As a first step, in the re- E=k—pu, (106
mainder of this work | compute the color-electiibebye

screening mass, as well as the color-magnétieissney ~ one obtains with Eq(52)

mass. These are obtained from the gluon self-energy in the

static limit, po=0, for p— 0. Then | compute the self-energy 00 ZJﬂdS 1
I175(0)=-3 = . (10
for po=0, butp> ¢,. 11(0) Mo Jo 2T cosR(\E2+ ¢?/2T) (107
V. DEBYE SCREENING AND MEISSNER EFFECT Now change variables to= £/2T, and remembering that

. .. >¢~T, send the upper limit of the integral to infinity,
In the following, | shall always assume that antlpartlcle> ¢ PP g y

gaps are smallp~ =0, and consequently that

8 1
119%(0)= -3 Zf d :
=€0. Ng=Nw=1, N(e)=0. (103 11(0) M, gcosﬁw/ngr(d;/ZT)z

Therefore, thermal antiparticle occupation numbers and theiThis expression has two interesting limits. Fbr-0, the
derivatives will be neglected. As in the previous section, thantegrand becomes zero everywhere, and
different color sectors will be discussed separately.

(108

T—0: M0)—o0. (109

A. Gluons with colors 1, 2, and 3 ) o
] ) ) At zero temperature, static, homogeneous electric fields of
() w=v=0. 1 show several calculational steps in greatercg|ors 1, 2, or 3, armot screened

detail to illustrate the main approximations used throughout The other limit is whenT—T., and ¢—0. Then, as
the following. For po=0, p—0, k,—k;=k, and only [=d¢lcose=1
particle-particle €;=e,=+1), or antiparticle-antiparticle 0 '

(e1.= e,=—1) exci.tat_ions con.tripute in the sum ovey qnd T—-T.: T19%0)—-3 ngHOOO(o)_ (110
e, in EQ. (99a. This is very similar to what happens in the
HDL limit, cf. Sec. Il F. Furthermore As expected,IT3%0) approaches the value in the normal
_ _ phase, Eq(53).
€162 616 12 0 = €21 &1 621 b1 o 1 The interpretation of this result is the following. From the
2€1€ 2¢€1€ explicit form of the Gell-Mann matrices it is clear that glu-

(104 ons of adjoint colors 1, 2, and 3 “see” only quarks with
- fundamental colors 1 and 2. However, B&0, all these
In thg limit kzﬁ.kl.’ (Nl_NZ)/(el_.ez)HdN/dE’ and ne- quarks are bound in Cooper pairs to form a condensate of
glgctmg the variation oN(e, ), as discussed above, one ob- fundamental color(anti-)3, to which these gluons are
tains “blind.” Hence, at T=0 the color superconductor is trans-
parent with respect to these color fields. There is nothing
(105 which could screen these fields, thus there is no Debye mass
for the gluons of colors 1, 2, or 3. Of course, this holds only
in the limit po=0, p— 0, because only then are the gluons
As the thermal occupation number varies appreciably onlyunable to resolve the individual quarksith colors that can
close to the Fermi surface, it is permissible to approximatée “seen”) inside a Cooper pair.

+

2N;¢ (= dN
g fJ’ dk I (ik).

HOO 0)=
20-2 7

€k
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When T is nonzero, quasiparticles are thermally excited,can simply neglect the momentum dependence of the gap
and screening sets in. ABapproached ., the condensate function, and approximate, by its value at the Fermi sur-
melts completely, and all quarks with the right colors toface, ¢, to obtain
screen gluon fields with colors 1, 2, and 3 are freed. Then,
the gluon self-energy approaches its value in the normal
phase.

(i) w=0,v=i. From EQ.(99b) it is clear that

2
. N 2
i ()~ 2P0, [ SH

I17,(0)=¢" mgM2 In( %). (115

1194(0,p)=0. 112) )
1(0p) (1Y As ¢~ p exp(—cocp/g), T, is formally of order~g ¢ .

This is similar to the normal phase in the static limit To this order, | cannot exclude that there are cancellations

Eq. (56). ' from other terms | have neglectétbr instance the antipar-
(iily w=i,v=]. As in the HDL limit, the magnetic com- ticle 'gap$. T_o Ie”ading order, the resultLl15 is therefore

ponents of the gluon self-energy receive contributions nofensistent withil;,(0)=0. .

only from particle-particle and antiparticle-antiparticle, but  Finally, asT—Tc, an integration by parts shows that the

also from particle-antiparticle excitations. With EqL03 ~ expressior(112) approaches the HDL limit, Eq61).

and [dQ k' ki/(47) = 5'1/3, one obtains from Eq99¢)

B. Gluons with colors 4 and 6

i i g” Ny (= [b 1 € (i) u=v=0. Forp,=0, p—0, and with the approxima-
m0)=-8=—-| dkK tan : ’

6m2 Jo 20 B\ 2T tions (103, Eq. (1008 becomes
dN(ef) & 4[1-N(e¢)](1-n)) 92 N; (= 1-n.
JEe) € _+ — : 11990)=— zf dk 2§ ——[N{ (k)= N(&; )]
de,  [e] € tkt+pu 27 Jo e — &
4N(el)n. 2 ny
Jedhe 2 (112  [I-NE (=N (116
€k _k_/'l’ €x +§
where the last term was added tgsubt:ac'i(th‘é-divergen) At T=0, and restricting thé& integration to the range 9k
vacuum contribution, and whewg, =" (e, k). <24 (as before, the momentum dependence of the gap func-
At zero temperature, 3and after an integration by partsion suppresses any contribution from the region2),
(dng/dk=—[oy I2[ & 1), this can be transformed into
2 +
L. .. g Nf e 4Ek 2 +
I1},(0)= 4" f dk k————n; (1—n/). (113 ndé £\ e —¢&
nO=0 7 ), & tktp < (=M ) HSS(O):—smgf =1+ == @
0 €y Mmoo+

The termn; (1—n,)) is proportional td ¢, ]2. The momen-
tum dependence of the gap function ds = ¢ sin(gx) Neglecting the momentum dependence of the gap function,
[5.6], Where5= 9/(3y27) andx = In[2by/(e; +| )], with the remaining integral can be done introducing the variable
¢ defined in Eq(106) andb=2567*2/(N;g?)]%? The gap

function peaks at the Fermi surface, and is small far away e +¢&
from the Fermi surface. Therefore, the reglor2 u can be y=In bo |- (118
neglected. 0
In the remaining integral over the regiom=&=<2u, take ) )
k=s in the slowly varying factork/(e; +k+u), and 10 leading order, the result is
change the integration variable o
00 3
} C@PN [rdé 1144(0)=— 5 mg. (119
I11y(0)=¢8"—— J — [ 1% (114
67 Jo €

The Debye masésquared is reduced by a factor 2 as com-
Inserting the solution of the gap equatifncluding the mo-  pared to the value in the normal phase.
mentum dependengeand changing the integration variable  The limit T—T, cannot be studied with Eq116), and
to x=In[2bu/(e; + &)], this integral can be solved analyti- one has to go back to E¢L004. It is obvious that one will
cally. However, it turns out that this is unnecessary, if onereproduce the HDL resulE3).
only wants to know the parametric dependence on the gap (ii) »=0,v=i. With Eqg. (100b, and the same approxi-
and the QCD coupling constant in weak coupliggg1l. One  mations as before, one obtains
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oi J 44(0)=II55(0), (124
I1,, —K
hence, the results from the previous subsection can be carried
over.
ne
—N + 1-NZ (k)—N(e)] =0,
(e0)] e;+§[ (0~ N(ey )]] D. Gluons with color 8
(120 (i) u=»=0. From Eq.(1023 one obtains with the ap-

proximations(103
by symmetry.

(i) w=i, v=j. From EQ.(1009 one derives under the dn, .
same approximations ( gk [1=2N(e0)]
9° Ny ( <)
0)=—-81— f dk k? ‘K
I 6772 + (1-2n0);. (129
1-ny . The integrand is vanishingly small except close to the Fermi
X _g[NF(k)_N(ek )] surface. One can therefore restrict théntegration to the
€k range O<k=2u. Then, introducing as integration variable
+ 1 and using the symmetry of the integrand aroyn<O,
+eﬁg[l—NE(k)—N(eI)HE[l—NE(k)] : o
f1%%(0)= — 3 m? f dg tan L (126
1-n; dé| ¢ 2T
+2—[1 N(e)] ) ) _
€ tk+pu where higher order termy{gzl,uz) in the integrand have
N been neglected. The remaining integral is uriitymember
N 2 thatu>T the final It i
2 ‘ N(ef)— ] (121) at u>T), and the final result is
€ —K—u

11%%0)=—-3m. (127
where the last term is a vacuum subtraction.

At T=0, the integral over the first two terms in the inte-
grand has already been computed]ftﬁﬁ(O),with the result
(119. This is cancelled by a part of the vacuum subtraction. 2 1
The remainder is 150)= §HOOO(O) +§ﬁ°°(0)z -3m2 (129

Note that this result is independent of the temperature. One
concludes that

g

+

k '“ e+ 1 (122 does not change with temperature in the superconducting
€ +E+2u ' phase; it always has the same value as in the normal phase.

(i) «=0,v=i.On account of Eq9.102b and(111),

Because the momentum dependence of the gap function sup-

presses the contribution from momenta far from the Fermi fm%o,p)=o. (129

surface, the integral can be restricted to the regieak0

<2 u. To leading order, one may negldep, |2 in the nu-  Consequently, alsbl 35(0)=0.

merator. [The respective contribution is of order  (iii) u=i, v=j. For1'(0) one derives from E¢(1029

¢0In(2,u/¢0)] Then, introduce the integration variable  with the standard approximations

=€, —k+ u. Neglecting the momentum dependence of the

gap function, as well as terms of ordep, ], one obtains i (0)~ — & 92 N¢ "kl - dN(eE)
2 6w 0 dfk
11,0 = 5112 N fzﬂdz 1- 2| =529 (1293
“ 1272 % Jo 2u] 727 L AN (-0 AN N 2
e +kt+u € —k—u k|’

The limit T— T, is not well-defined for Eq(121); using Eq.
(1000 it is, however, straightforward to show thit},(0) (130

ij
—115(0), asexpected. where the last term is a vacuum subtraction.

At T=0, Eqg. (130 becomes twice the integral in Eq.
C. Gluons with color 5 and 7 (122), hence

In the limit po=0, p—0, i.e.,k,—Kj, it is obvious from ~ i
comparing Eqs(96b) and (96¢) that Y (0)= 48" mg. (13D
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As a consequence, 0 92N [ d3k
m2 Hll(o,p): - 2 (271_)3
ngg(O)z&”?g. (132
€ €_
. tanl‘(— +tam‘(—”
As T—T., an integration by parts shows thht"(0) €rte- a2l 2T
—0, as it should be. Consequently, aldg4(0)— 0. 1 ELE YD, D 1 €.
This concludes the discussion of Debye screening and the Xi(l— c. ) + . — tanl‘(E)
Meissner effect. In the next section, it will be demonstrated o o
that for momentg> ¢, i.e., when the gluon momentum is e_\|1 ELE t+p P
large enough to resolve the quarks in a Cooper pair, the R P e € (136

gluon self-energy approaches the value in the normal phase.

where terms of ordep?/k? have been neglected. The self-
VI. NONZERO GLUON MOMENTUM energy in the normal phase can be obtained either from Eq.

In this section, the gluon self-energy will be computed in(44: for Po=0 and with the approximation€L03), or di-

the static limit, but for gluon momenta,<p<w. In the rectly from Eq.(136) in the limit ¢.. —0:
condensed matter literature, this limit is known as the Pip-
pard limit[4]. The actual calculation follows closely that for
ordinary superconductor&ssee for instancé4]). It will be
convenient to consider the difference between the self ener-
gies in the superconducting and normal phases,

I1,°%0,p)=—

gZNfJ d3k 1
2 ) 2m)3é&i—¢-

tanl‘( g—jl—_ - tanl‘( g—__l_)

For large gluon momenta, effects from the pairing of Now consider the differencéll93(0,p) between Eqs(136)
quarks have to vanish, as the gluon wave length is sho@nd (137). As the main contribution to the integral ovier
enough to resolve individual quarks in a Cooper pair. Concomes from the region around the Fermi surface, it is admis-
sequently, the Debye mass for gluons of color 1, 2, and 3 cagible to neglect the momentum dependence of the gap func-
no longer vanish, but must approach the value in the normdion, ¢.=¢_=¢. Then one rearranges the integrand to
phase. Simultaneously, for gluons of color 8 the Meissnegeparate terms of the form
effect has to vanish. These are the two cases studied in this
section. 1 & €+ &

Of course, also the electric and magnetic masses of gluons £ —E Ztanl‘( o)~ 57| (138
with colors 4, 5, 6, and 7 have to approach their values in the -

normal phase. | was, however, not able to derive simple anaxg argued inf4], these terms vanish by symmetry when in-

Iytigal expressions for ”“? §elf—energy of these gluons in th?egrating ovek. (A careful analysis shows that this is correct
limit ¢o>p> . An explicit numerical study will be de- leading order ing/p.) The result is
ferred to the future. '

First note that fop<u, k~ u,

X

. (137

STI=T1—TI,. (133

g2 Nf d3k d)Z
. o= |
Ky k. (134 (2m) £k-p
: 2
| Ly !—(E+) ' r(e‘” (139
—tanh o=| — —tanh =/ |.
This then leads to the same expressiotg—(46¢) for the €y 2T) e_ 2T

spin traces as in the HDL limit. As in the previous section,
quasi-antiparticles will be treated as real antipatrticles, cf. EQAs the integrand peaks at the Fermi surfage,0, and for
(103. Furthermore, for the sake of notational Conveniencek.p:o, one can approximate the hyperbolic tangents by

let us introduce tanh(../2T) ~tanh@/2T), and obtains to leading order
k-p N . b &\ (ulodx (predy
gizgi_l €E-=¢€ ’ ¢iE¢ (ei)i 00 = — 2 — J _J i
2 ko o1175(0,p) 3mg 0 tan)‘( 2Tl)e xJo Ty
n.=ng,, N:=N(e.). (139 1 (140
' X - , (14
Vix+y)?+1 J(x—y)*+1

A. Electric gluons of color 1, 2, and 3

Writing N.=[1—tanh{./2T)]/2, the self-energy of wherex=¢/¢, y=k-p/(2¢). They integral can be done
electric gluons of colors 1, 2, and 3 is from E§93 exactly. In the limitu>p> ¢,
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00 b\ [~ 2u screened over an only slightly longer distance than in the
oIl1;(0,p)=3 m 9p tan)‘( ZT)J dusinhu normal phase. In this case, the gluons “see” the individual
fundamental color charges inside the Cooper pairs.
7r ¢ ¢ For decreasingo/¢, however, the correction becomes
=3 m Ty E |‘(ﬁ) (141 larger. This is in agreement with the results of Sec. V, where

the self-energy of gluons with colors 1, 2, and 3 was found to
The self-energy in the normal phase is approximately convanish in the limitp—0, i.e., when the gluon momentum is
stant for momenta@< u, such that too small to resolve individual quarks inside a Cooper pair.
2 Although strictly valid only forp> ¢, by extrapolating Eq.
1—— étanl‘( id )
2 p 2T

(142) (142 to p~ ¢ one would conclude that, &=0, this hap-
pens once is smaller than=5 ¢,.

This shows that the absolute value of the self-energy in the

superconducting phase is reduced as compared to the normal B. Magnetic gluons of color 8

phase. For increasing/ ¢, the correction becomes smaller,

such that electric fields for adjoint colors 1, 2, and 3 are For magnetic gluons, one derives from K029

11%%0,p)=—3m?

&+ €4 & €
tan)’( 2T> . tanl‘( ZT)

o g®N; [ &3k [ . . 1
1] ~—- | — KK
o =-=3 f(zwﬁ(kk{§+—§_

i itan ks —itan +(81 -k kJ)i +§—+t an s +§—tan -
§I2-p €, 2T €_ 2T 2k €, 2T _ 2T
P 1 €4 1 €_
—ﬂ Zt an 2T tan 2T (143)

Here, the momentum dependence of the gap function was negléctedd. Moreover, in denominators which contain terms
~u?, €2 was approximated by .
In the normal phase, the corresponding expression reads
y gZNfJ' d3k 1 1 |-(§ )H
Iy (0p)=— k'K +tan
I e 21
(144

&t &
tanl‘( T —tanl‘( 57

In the differencesil, there are again terms like E¢L38), which vanish by symmetry arguments. There is also a term
~ ¢?1(4k) which is of higher order and thus can be neglected. The remainder can be written as

52 M/¢dxfp/2¢dy ’_(qb\/y7+1

(81 =K W)

&
2+tan|‘( 5T

1
VOxFHY)??+1 V(x—y)*+1

st (o, p)=-—3mg—

2T

2mwd
f Uik, (149

027T

As before, x=¢/¢, y=Kk-pl(2¢). Since thex integral is ~ TO obtain this result, | have used the fact that yhietegra-

dominated by the region around the Fermi surface0, |  tion is dominated by the regioy=0, and consequently have

have setx=0 in the argument of the hyperbolic tangents. sety=0 in the hyperbolic tangents as well asﬁf!y. The
Fori+#j, the integration over the polar anglevanishes, remaining integral is then the same as in Egi0).

thus 611" is diagonal. However, not all diagonal elements ~ The longitudinal component can be shown to be of higher

are equal. Lep=(0,0p). Then R§=[1—(2¢y/p)2]cosch, order in ¢/p, such that to leading order,

Riz[l— (2¢ ylp)?]sirfe, and the transverse components of

ST are 81174 0,p)=0. (147
o =y ,3m ¢ ¢ This result is not unexpected: the self-energy for gluons in
SII™(0,p)=oII”(0,p) =mg—, ) tanf 5+ /- the normal phase is transversell,!(0p)=(4"

(146 —p'p') p?mj/(12?). [Note that this expressions is of or-
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der g?p?<g?w?, and thus not in contradiction to the HDL ~ TABLE I. Results for the Debye and Meissner masses in a
result(61).] Equations(146) and(147) now combine to give two-flavor color superconductor.
a transverse self-energy for the eighth gluon, too,

Gluon color —-119%(0) I (0)
2 g . a T=0 T=T, T=0 T=T,
N Caa T
ij — i _ Al R 2 +— = . 2
88(pr) (5 p p)mg 12,(1,2 4 ptan"( ZT)‘| 1-3 0 3mg 0 0
(148  4-7 Sm2 3m2 i 0
9 9 2y
8 3m? 3m;  zm} 0

VIl. SUMMARY, CONCLUSIONS, AND OUTLOOK

In color-superconducting quark matter with =2 dege-
nerate quark flavors, the condensate can be oriented in the
(anti-)3 direction in fundamental color space by means of a
global color rotation. Then, only quarks with fundamental o
colors 1 and 2 form Cooper pairs, while quarks of the third Mg =M2 =ME =M] = \/%19 bo,
fundamental color remain unpaired, and act as a background
to neutralize the color-charged condensate. Since the un-
paired quarks carry the same color charge, two of them are in M8 — [2 e m 151
the (repulsive sextet representation oBU(3).. Conse- em 3 9 %o, (151
quently, they do not form Cooper pairs and the system is

stable. such that the ratio
The condensate breaks tt8J(3). color symmetry to
SU(2).. With the above color choice, the generators of the VEREG
unbroken SU(2). subgroup are theSU(3). generators Reymz(%? =4/3. (152
T, T2, and T3, with T2=\?/2 and the standard convention e,m
for the Gell-Mann matricea?. The gluons corresponding to
the remaining generatof&* throughT® all receive a mass In this work, the gluon self-energy in ;=2 color su-
via the Anderson-Higgs mechanism. perconductor has been derived. Due to the pattern of sym-

What are the expected values for these masses? The énetry breaking, one has to study the individual gluon colors
fective Lagrangian for the low-energy excitations of the con-separately. The central result are E@93—(1029. Various
densate fields minimally coupled to gauge fields has the kilimits of these expressions are of interest. Here, the self-
netic term[19] energy was computed in the static, homogeneous limit,
=0, p—0, which yields the Debye mass for electric and the
Meissner mass for magnetic gluons. The main results are
summarized in Table I.

For the three gluons of the unbrok&iJ(2). subgroup
The presence of a heat and particle bath at nontemd/or (g|uon colors 1, 2, and )3 the Debye mass as well as the
w breaks Lorentz invariance, so that the coefficiepbf the  Meissner mass vanish. While this is in agreement with Eq.
part containing the time derivatives can in principle be dif-(151), it is at first physically unclear, and therefore quite
f_erent from the one of the part containing the spatial derivasurprising, why gluon fields with colors 1, 2, and 3 are not
tives, ap,. screened. To explain this, | argued as follows. Gluons with

For a two-flavor color-superconductob, is anSU(3).  adjoint colors 1, 2, and 3 couple to fundamental colors 1 and
(antiJtriplet, ®=(d,,P,,P3)" [7]. Consequently, the co- 2. At T=0, however, all quarks with these color charges are
variant derivative isD,=d,—igA;T?, with the generators bound in Cooper pairs which have fundamental color
T2 being in the fundamental representationdif attains a  (anti-)3. Thus, these gluons cannot “see” the quark charges,
non-vanishing expectation valu@b)=(0,0,¢)", #oeR, and hence are unscreened. At nonz&rauasiparticles are
this generates a mass term for the gluon fields of the form thermally excited. They have the “right” fundamental color

(1 and 2 to screen gluon fields with adjoint colors 1, 2, and

L= 0 (De®) DD + oy (D) 'D'D. (149

£1M=g2 ¢S(aeA8 A8+amA?A‘a) 84 Tf’} Tka Sia 3, and cons_equently lead to screening and a nonzero Debye
mass. AtT=T,, when the condensate melts, the Debye
.1 ! 0 _ mass assumes its standard value in the normal phase.
=9% ¢ 1 24 (aeAGALT an AT AY) Of course, aff =0 the gluon self-energy vanishes only in
a=

the zero-energy, zero-momentum limit, since then the gluon
1 _ field cannot resolve individual quarks inside the Cooper pair.
+ §(aeA8 A+ o AB Ag)}. (150  For large gluon momentump> ¢, electric gluon fields are
screened; the self-energy is the same as in the normal phase,
up to a correction of ordetr mg ¢o/p, as computed in Sec.
The expected electric and magnetic gluon masses are VIA.
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The gluons corresponding to the broken generators ofnd a quartic self interaction
SU(3). all attain a mass through the Anderson-Higgs ‘
mechanism. While the Debye mass for electric gluons of L=\ (OTD)2 (158
color 8 is the same as in the normal phase, the Debye mass
squared for colors 4 through 7 is only half as large. As Work is in progress to determine the condensate roass
approached ., however, the melting of the condensate leadsand the coupling constant [22].
to an increase of the Debye mass to its standard value. At What is the impact of these results for the solution of the
zero temperature, the ratio of the Debye masses squared @&p equations? Remember that, after taking into account the
gluon color 8 and 4 iReEHgg(O)/Hgg(o)zz_ color and flavor structure, the gap matrix in spinor space

The Meissner mass squared for gluons of color 8 is 1/3 oPbeys the gap equatide]
the gluon mass squarems, while that for gluons of colors 3 T 1
4 through.7 is 1/2 of the gluon mass squared. The Meissner D (K)=>g?— E A(K—Q)— = AL(K—Q)
effect vanishes a$ approached ., or when the gluon mo- 47 V<Qq 9
mentump> ¢4, as computed in Sec. VI B. The ratio of the _ N N
Meissner masses squared of gluon color 4 and &js XY, Go (Q)P(Q)GT(Q) 7,
=Ilgg(0)/114,(0)=2/3.

Both R, andR,, differ from the expectatioil52). What is
the origin of this discrepancy? The kinetic tef&t0) is not
the only possible invariant in an effective Lagrangian, where o T
the condensate fields are minimally coupled to the gauge OH(K)==0%= E ALY (K—Q)
fields. Another possibility is the terif20] 3°V<Q

(159

Previously[5,6,8,13, the gap equation was solved using the
HDL propagator for both\; and Agg,

Llg=Be(P'D®) DD + B, (01D @) 0 DD, X7,Go(Q) @ (Q)G"(Q) v,, (160

(153 I . . _
whereA 5, =A, “+1I,. The integral on the right-hand side

which has mass dimension digonsequentlygB. , have di- is dominated by gluons with small moment&;- Q=0. In
mension(mas$ ~2]. Note that in the nonlinear version of the the HDL limit, however, static electric gluons are screened
effective theory[21], where the modulus ofb does not by the Debye masd,°%(0)=—3m?, cf. Eq. (53). Their
change, only the phase, this term is identical to the standarcontribution is therefore suppressed as compared to that of

kinetic term(150). magnetic gluons which are not screened in the static limit,
Upon condensatio{®)=(0,04,)", the term(153 con-  I1,(0)=0, cf. Eq.(61). The dominant contribution to the
tributes to the mass of the eighth gluon, gap integral therefore comes frofmearly static magnetic

gluons. A careful analysi$5,6,8,13 shows that the gluon
energy is not exactly zero, bpy= ¢, while the gluon mo-
mentum isp=(m; o), and thus, in weak coupling, actu-

) ) ally much larger thanp,. The coefficienk:QCD=3w2/\/§ is
With this term, one reproduces the zero-temperature magtetermined by how many nearly static magnetic modes con-

1 ,
LF'=0% gog (BeAGATHBnA Ay (154

netic masses given in Table | with the choice tribute, and by the precise form of the magnetic HDL propa-
gator.
_ mg Ny p? 1 m; N w? As shown in this paper, the gluon propagator in a two-
= -2 = - Ly _ ' e
m gz ¢(2) 672 ¢g m zgz ¢g 1272 g flavor color superconductor is, at least in the static limit,

(155 po=0, and for small gluon momentp~ ¢,, drastically dif-
ferent from the HDL propagator. For instance, for gluon col-
Note that the prefactor of the kinetic tef®50) has the 1¢,(2) ors 1, 2, and 3, which constitute the main contribution to the
behavior typical for effective theories of superconductivity gap equatiori159), both magnetiandelectric modes remain
[1,4,19. To reproduce the electric masses, the coefficientsinscreened. For gluon color 8, previously unscreened static

@ and B, have to be chosen as magnetic gluons attain a Meissner mass.
In order to assess the effect of these results on the solution
a=3a,, Le=—3PBm. (156 of the gap equation, one needs to solve the gap equation with

the full energy and momentum dependence of the gluon

The expressionél55) and(156) fix the prefactors of the propagator in the superconducting phase, to decide which
kinetic term (150 and the higher-order terrd53 in the  energies and momenta constitute the dominant contribution
effective low-energy theory of condensate fields coupled tqo the gap integral. If gluon energy and momentum are much
gluons. Up to mass dimension four, the effective theory forlarger than the zero-temperature gap, the impact will be
anSU(3), vector® has, apart from the gauge field part, two rather small, because, as was shown in Sec. VI, the effect of
more terms which are invariant und&U(3). transforma-  the superconducting medium is only a small correction of

tions[7]: a mass term for the condensate field orderO(¢,/p) to the standard HDL propagator. This might
mass 142 ot influence the prefactor of the exponential exp{ep/g), but
Leff =MD, (157 not cqep itself. On the other hand, if the dominant range of
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energies and momenta &, p~ ¢, the impact could be

large and might even changgcp. A detailed analysis of
this problem is under investigatid23].
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