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Masses of the pseudo Nambu-Goldstone bosons in the two flavor color superconducting phase
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The masses of the pseudo Nambu-Goldstone bosons in the color superconducting phase of dense QCD with
two light flavors are estimated by making use of the Cornwall-Jackiw-Tomboulis effective action. Parametri-
cally, the masses of the doublet and antidoublet bosons are suppressed by a power of the coupling constant as
compared to the value of the superconducting gap. This is qualitatively different from the mass expression for
the singlet pseudo Nambu-Goldstone boson, resulting from nonperturbative effects. It is argued (tuat) the
doublet pseudo Nambu-Goldstone bosons form colofleih respect to the unbroke®U(2).] charmonium-
like bound states. The corresponding binding energy is also estimated.
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[. INTRODUCTION A and B we present the general expression for the gluon
polarization tensor and the calculation of the integrals that
Although there is no reliable observational signature yetappear in its definition. In Appendix C the problem of the
from the theoretical point of view, it is quite reasonable togauge invariance in the loop expansion of the CJT effective
assume that the cores of compact stars are made of colggtion is discussed.
superconducting quark mattek]. If we take this assumption
seriously, it becomes quite important to study the properties [l. THE MODEL AND NOTATION
of the possible color superconducting phases in full detail _ ) )
(for an up to date review on color superconductivity, see. H€ré we consider cold dense QCD with two light quark
Refs.[2,3]). In this paper, we continue our stuf,5] of the flavors (u and d) in the fundamental representation of t'he
pseudo Nambu-Goldston@G) bosons, related to the ap- SU(3). color gauge group. In order to keep the analytical

proximate axial color symmetry, in th82C phase of cold calculation under control, we assume that the chemical po-
dense QCD. ' tential u is much larger tham 5. Of course, when we talk

Let us recall that the axial color transformation is not a2oout the compact stars, this is a far stretched assumption.
symmetry of the QCD action. However, its explicit breaking Therefore, while extending our analytical results to the real-

is a weak effect at sufficiently high quark densities where thdStc densities existing, for example, at the cores of compact
coupling constanty(x) is small(x is a chemical potential stars, one should be very pareful. Wh|le most of the qualita-
This was our main argument in Ref@,5] suggesting the tive rgsu!ts may survive without being affectgd, most of the
existence of five(rather than ond6]) light pseudo NG quantitative estimates would probably be valid only up to an
bosons in thes2C phase of cold dense QCD. No mass esti-order of magnitude. From the viewpoint of a theorist, it is

mates for these pseudo-NG bosons were given in Réfs. still most interesting to study the predictions of the micro-
5]. In this paper, we fill in the gap by developing the formal- scopic theory,_l.e. QCD in the problem at hand. The price for
ism and calculating the masses. such a luxury is the necessity to work at asymptotically large

This paper is organized as follows. In the next section, weélensities. ¢ worki i th .
briefly introduce our model and notation. In Sec. Ill, we _ Instead of working with the standard four component
describe our method, based on the Cornwall-JackiwDirac spinors, in our analysis below, it is convenient to in-
Tomboulis (CJT) effective action, for calculating mass esti- roduce the following eight component Majorana spinors:

mates of the pseudo-NG bosons. Then, in Sec. IV, the lead-

ing order diagram is approximately calculated, using 1 Yo P
analytical methods. The fate of the colored pseudo-NG ‘1’25 ol Yyp=Cyp, (1)
bosons in the doublet and antidoublet channels is discussed U5

in Sec. V. In Sec. VI, we give our conclusions. In Appendices
where ¢ is a Dirac spinor andC is a charge conjugation
matrix, defined byC™'y,C=—y] and C=—C'. In this
*On leave of absence from Bogolyubov Institute for Theoreticalnotation, the inverse fermion propagator in the color super-
Physics, 252143, Kiev, Ukraine. conducting phase reafig—11]
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A (Po—m)y +p
( Y [(Po—€p) Ay +(Pot€p)A,] A @
:—I _ _ _ ,
A 'yo[(pO_E;)A;'i_(pO'i_ep )Ap]
|
where A=°ATy°, Ali=9%"e [ A"A, +ATA] and Ex—Ei+tie, 9
the “on-shell” projectorsA$™) are B - B
o Po* €, —Pot €, Tiesgne,), (10
A= [122P)  where 4= 3
b =5 | 1= 5| Where d=27, ) Pot ey —Pote, Fie, (11

(note thatA = are complex valued gap function&olor and

in the denominators, and take the limit of vanishingt the

flavor indices are denoted by small latin letters from the be€nd. This is important for preserving the causality of the
ginning and the middle of the alphabet, respectively. By defitheory.

nition, e, =|p|* u andp=—p- 7. The effects of the quark
wave function renormalization are neglected here.

Now, after inverting the expression in E), we arrive at
the following propagator:

Ry R12)
G( )=i< , (4)
PRy Ry
where
Pote, _ Po—€
_ 0 P P +
Ru(p)=vy"1; —EZ A, +—EX Ap}
+ 997 ! A+ ! A (5a)
v Po—€ P po+63 Pl
o |Pot € _ Po—€ .
RoAp) =71y ?Ap + EX Ap
+ 9T, A+ ! AL (5b)
v po_ﬂ;r P pote, P
[ATA, ATAf
RiAp)=7v¢ ED + Ex | (50
J@ADH*AS  (AT)*AS
Ro(p)=—y°8 Es 4+ E el (5d)

with E3 =p§—(€,)?—|A*|?, and the three color-flavor ma-
trices are defined as follows:

(Z1)3o= (Sap— Ba38p3) 8, (6)
(Z5)Jp= 8238030, (7)
égbZZITgbs'] (8)

Ill. DESCRIPTION OF THE FORMALISM

Let us start from a simple observation. If the model under
consideration had real NG bosons in the spectrum, its effec-
tive potential as a function of the order parametéy, would
have a degenerate manifold of minima. The dimension of
such a manifold would be equal to the number of the NG
bosons. We know, however, that no global symmetries are
broken in theS2C phase and, therefore, the potential should
have a single nondegenerate global minimum. The existence
of the pseudo-NG bosons means, however, that the potential
is nearly degenerate along selected directions. The curvature
along these directions defines the masses of the pseudo-NG
bosons. In the limit of the zero curvature, masses go to zero,
as it should be for the NG bosons.

In order to select the directions in the color-flavor space
that correspond to the five pseudo-NG bosons introduced in
Refs. [4,5], we should recall their definition. These
pseudo-NG bosons correspond to “breaking” of the approxi-
mate axial color symmetry, given by the following transfor-
mations of the quark fields:

Yp—UP,L o +UTP_yp, (12a
Yp— PoP-UT+ypP. U, (12b)
Yo—U* Py +UTP, g5, (129
YS—ySPUT+ySP_U*. (12d)

Of course, this imot an exact symmetry of the model. For
example, the kinetic term of the Lagrangian density trans-

forms as follows:

Yo(ib+ uy°’+A) pp— gp(id+ uy’+P,UAUT

+P_UTAU) ¢, (13

Notice that, when using this quark propagator in loop calcu-and no transformation of the vector field could promote this

lations, one should make the substitutions

transformation to a symmetry.
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son fields results from some mixing between the left-handed
. . and the right-handed sectors of the theory. Since there is no
left-right mixing in the diagrams containing a single quark
loop [diagrams(a), (b), and (c) in Fig. 1], the first three
(a) (b) (¢

diagrams in Fig. 1 turn out to be irrelevant for our calcula-
tion. The corresponding contributions to the effective poten-
tial are free of any dependence on the constathfields.

Now, we move over to more complicated diagrams in

Figs. 1d) and Xe). Notice, that these last two diagrams are
. . not two-particle irreducible with respect to gluon lines. This
is consistent with the fact that we consider the CJT action as
a functional of only the quark propagafdor a discussion of
{d) {e)

this point see Ref[13]]. Both diagrams could potentially
produce nontrivial mass corrections for pseudo-NG bosons.
In the diagrams in Figs.(dl) and Xe), a non-trivial mixing of

the left- and right-handed quark sectors is possible because
there are two separate quark loops.

The axial color transformation, as defined above, allows A Simple calculation shows that the diagram in Figd)1
us to explicitly extract the phase factors of the gap that cordives no correction to the effective potential. Thus, the lead-

respond to the nearly degenerate directions of interest, N9 order corrections come from the diagram in Fige)1
The details of our calculation are presented in the next sec-

A—P,UTAU*+P_UAUT, U=expio”TA). (14)  tion.

FIG. 1. Vacuum energy diagrams.

One could considerw” as the dynamical fields of the
pseudo-NG boson@vhich, up to a factor of the decay con-
stant, are related to the canonical figldSuch a substitution As we argued in the preceding section, the leading order
leads to the following changes of the components of theorrections to the masses of the pseudo-NG bosons come

IV. LEADING ORDER CALCULATIONS

quark propagator: from the diagram in Fig. (). In this section, we give the
+ s details of the calculation and derive an approximate analyti-
Rir—Riy(w) =P URU+P-URy,UY (158 ca result for the masses.
The analytical expression for the vacuum diagram in Fig.
Rpr—Roo @) =P_UTRpU* + P U*R,UT, (15b 1(e) reads
Riy—Rif@)=P,URU* +P_URUT, (150 V[Fig. 1(e)]= — 2i n2 zf d*pd*kdiq
ig. e))=—-2i7"al| —5—1—
Ry1— Roy(@)=P_UTRyU+ P, U*RyUT, (150) 9 s] o (2m*
A Bx —
assuming that the fields” are constant in space-time. XTIHG(p) ™ G(p—a)]
In order to construct the effective potential, we use the XTHTAG(k—q)IB*G(K)]D ,(q)D (),
CJT formalism[12]. The corresponding general expression r “
reads (17)

[ d'p 1 . where the vertex is
V=IJ(ZT)4TF[|HG(IO)S (P) =S (P)G(p)+1]

+V,[G], (16) [Ak= y"( (18

T 0 )
0 _(TA)T .
where V,[ G] represents the two-particle irreduciblevith
respect to quark lingscontributions(we will discuss this The expression in Eq17) contains two factors of the fol-
point below. There are, in general, an infinite number of jowing type:
diagrams inV,[G]. In our analysis, we leave only a few
leading order diagrams, graphically shown in Fig. 1. d*p

Before proceeding to the actual calculation, let us try to ZiWQSJ —LlTr[FAMG(p)FBKG(p_q)]_ (19)
understand which type of diagrams could produce a non- (2m)
trivial dependence of the potential on the pseudo-NG fields
™. To this end, we have to recall the origin of the In order to extract the dependence of this quantity on the
pseudo-NG bosons under consideration. In particular, it ipsedo-NG boson fielde”, we perform the substitutions of
crucial that their appearance is related to the breaking of thell component functions, given in E¢l5). At the end, we
approximate axial color symmetry. It is clear, then, that theexpand the result in powers of*, keeping the terms up to
dependence of the effective potential on the pseudo-NG bahe second order. Thus, we arrive at the following result:
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_ d*p - -
2imay J Gy P VTR P) Y (T0) Raa( P~ ) + P ¥* ToR1aP) Y(T2) Ror(P— )

+P. YM(TQ)TRzl(p)YKTERlz(p_Q)"“P— YM(TQ)TRZKP)YKTERH(p_Q)_P+ YMTan(p)YKTrERn(p_Q)

— P_y*TAR1(P) Y ToRy(P— ) — P4 ¥™(Th) Ros(p) ¥(T5) "Raa(p— ) — P ¥*(T4) TR p) ¥ (T2) TRy p— )]

:HAB'“K(q)—i—wxwaXACfYBDHCD’“K(q)+ %waYfXADfYDCHCB,,uK(q)_i_ %waYfXBDfYDCHAC,,uK(q). (20)
[
Here we used the shorthand notation, +2ﬁgx(q)ﬁzx(q)+[ngx(q)_HgK(q)]
TA=UTAUT=TA_ oBfBACTC 4 EwswchADfCDETE_,_ X[IMNa) - g Q) ]} +O[ (™. (24)
[} 2 ceay

(213 It is noticeable that the right-hand side of the last expression
is independent of thew® field, related to the singlet
FA=UTTAU=TA+ BfBACTC + EwaCfBADfCDETE_‘_”_ pseudo-NG boson. This means that the diagram in K. 1
@ ' does not give any non-trivial contribution to the value of the
(210 corresponding mass. Only th&nti-doublet pseudo-NG
bosons get a nonzero mass.

WherefBAD are the structure constants $1J(3). Also, we In order to understand this point, it is instructive to con-
introduced _the one loop polarization tensor in the color susiger the “ideal” case, assuming that the axial color symme-
perconducting phasid 4], try generated byy°T® is a true(rather than approximate
4 symmetry of dense QCD. Then, the singlet pseudo-NG bo-
HAB"“‘(q)ZZiwan _p4tr[ YHTARH(p) y<(TB)T son would be_related to the bre_aking of the re_stricted axial
(2m) symmetry, defined by the following transformation:
X Ray(p—a) + 7*(T") "Rau(p) ¥ T°R1Ap— 1) .
. ; y—expioy) g+ Ty, (253
= Y*T"Rua(p) YT Rya(p—a)
— YT RAP) ¥ (T®) R p—)]. (22 Y— Ty expliwy®) + ¢y, (25b)
By performing the traces over the color and flavor indices, Cextiwvd) T S+ T uC 250
we arrive at the following expression for the polarization v Hiwy)Tay 20 (259
tensor(see Appendices A and B for details . _
Y=y T expliny®) +¢°I,, (250
HAB’W(Q)|A,B=1,2,3Z SMPIEY (), (233
acting on the first two color quarks. The other symmetry
TAB#(q)|p B=as567 6" PTIL"(q) +i( 5465 — 67065 [Us(1)], acting on the third color quarks would remain un-
6 BT AT <86\ T broken. This is a simple consequence of the fact that the third
+ 870557 — M55 115 (a), color quarks do not participate in the color condensation.

(23p  Now, the axial color transformation generated 53 ® could
be thought of as the ordinary axial transformatiog(1)
H88W(q)=HgV(q)_ (230 accompanied by the unbrok@ﬁ\s(l). Therefore, it appears
to be equivalent to say that either the restricted or the ordi-

After substituting the expansid@0) in Eq.(17), we arrive at  nary axial symmetry is spontaneously broken in this ideal
limit. In reality, both the restricted and the ordinary axial

) d“q AB AB symmetries are explicitly broken. However, while the former
VIFig. 1(e)]= Ef (277)4H I () is broken perturbatively, the latter is broken by much smaller
nonperturbativgiinstantonlike effects. Because of that, the
XD ,(d)D () singlet pseudo-NG boson is connected with the ordinary
7 4 axial transformatiords(1) and its mass is zero in any order
_ i E ( A)ZJ’ d'q D, .(q)D . (q) of the expansion in the coupling constant.
4=, (2m)4 7 Hv PPl Nonperturbative analysis reveals that the singlet

\ \ pseudo-NG bosom has a nonzero mass. The value of the
XM () = () I[N (a) —II1N(A)]  mass was estimated in R¢L5]. In our notation, it reads
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C 21 only through a dependence in the preexponential factor of
Mfyz — a2 exr{ - —) C,=10°. (26)  the gap. Formally, it is the next-to-next-to-leading order cor-
@s s rection. Usually, therefore, this gauge dependence of the su-
perconducting gap is ignored without even studying its real
The parametric dependence of this mass ofjjfEseudo-NG  origin. While such an attitude is quite harmless in the case of
singlet clearly indicates the nonperturbative nature of the unthe Schwinger-Dyson equation, it turns out to be crucial in
derlying dynamics. To derive this estimate, one needs to corthe present problem of calculating the masses of the
sider the instanton contributigimotice the characteristic ex- pseudo-NG bosons. Indeed, as is shown in Appendix C, the
ponential factor in the expression abpue the vacuum gauge dependence of their masses, caused by the non-
energy in the color superconducting phase. transversality of the polarization tensor, is strong. The reason
Before calculating the masses of the other pseudo-NGs that while in the Schwinger-Dyson equation the dominant
bosons, let us turn to the question of the reliabilind, in  region is that with momenta much larger than the fermion
particular, gauge invariangef the loop expansion for the gap|A~|, in this problem the infrared region with momenta
CJT effective potential in the present problem. From®4)  less than A~ | dominates.
we see that the vacuum energy is expressed through the one- This implies that a consistent approximation for calculat-
loop polarization tensor. As is well known, the Ward ing the CJT potential has to include thoegould-be NG
(Slavnov-Tayloy identities [or, equivalently, the Becchi- composites. This in turn implies that one should modify the
Rouet-Stora-Tyutin transformatiohgnply that in both Abe-  ordinary loop expansion of the CJT potential. Since here we
lian and non-Abelian gauge field theories, the radiative corare interested in the infrared dynamics, one can neglect the
rections to the longitudinal part of the gluon propagator arecomposite structure of these bosons. This leads to a nonlinear
absent in covariant gauges. However, the explicit structure afealization of color symmetry breaking. In particular, one has
the one-loop polarization tensor, derived in Appendix C, pro-to calculate the polarization tensor in this framework.
duces nonzero longitudinal corrections to the propagators of In Appendix C, we consider this problem. As is shown
the gluons corresponding to the broken generators. there, including thgwould be NG bosons indeed restores
What is the reason for the violation of the Ward identitiesthe transversality of the polarization tensor. The remarkable
in the one-loop approximation? The answer is that it is conthing is that the dominant contribution to the masses of the
nected with the Meissner-Higgs effect. As was already empseudo-NG bosons comes only from the part connected with
phasized in our papd] and in the earlier papefd6,17, the magnetic gluongsingled out by the projection operator
this effect implies the presence of unphysical composite©®), see Eq(C1)], and this part, unlike the other contribu-
having quantum numbers of tHgould be NG bosons in  tions, remains unchanged by including the contribution of
any nonunitary gaugéncluding all covariant onggpossess- the would be NG composites. This implies that for the cal-
ing blobal color symmetry. Although in the unitary gauge culation of the masses of pseudo-NG bosons in the Landau
these composites are “eaten” by the five massive gluons, igauge, one can use the initial, unmodified framework for the
other gauges they are crucial for preserving both the unitaritCJT effective potentialat least in this approximationin-
and the Ward identitie§.e., gauge invariangé In particu- deed, the dangerous longitudinal terms in the polarization
lar, they lead to an important pole correction in the quark-operator do not contribute in this gauge and only the contri-
gluon vertex functiorj5]. bution of the magnetic gluons matters. Because of this ob-
Actually, the traces of this problem are known to appearservation, henceforth we will use this gauge.
in other studies in dense QCD. For example, it shows up To get a rough estimate of the mass of doublets, one could
even in the analysis of the Schwinger-Dyson equation in theise the following order of magnitude asymptotes for the po-
hard dense loop(HDL) improved ladder approximation larization tensofsee Eqs(B8), (B14), (B20), and(B24) in
[7,18. In this case, the gauge dependence of the gap appeakppendix B and Eq(C1) in Appendix C:

(asu? for |aa/.q<2[A™7,

ZA— 2 2
— |2 | In qu for q,/A7|<[qyl,
y |A7]

P (@) - TP (@) ~TP (@)~ T (@) ~{ agu?A|? for |A-|<|q,l<q 27)
asp|AT| J<a,
laslq
2 A_
%" for |qal<|A~|<q.
\

!Note that, because of the compoditiquark nature of the order parameter in color superconductivity, it does not seem to be straight-
forward to define and to use the unitary gauge in this case.
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Notice also thaﬁﬁ”= 0 (see Appendix B By making use of binding dynamics are essentially perturbafithés could also
these asymptotes along with the HDL expression for thée checked posterior, see E§2) below]. The bound color-
gluon propagatofsee, for example, Ref7]], we check that less states would be similar to the positronium in Q20—

the dominant contribution to the quadratic term in B2 in ~ 22]. The only difference is due to the color superconducting
the Landau gauge comes from the region of momenta Wheﬁ@ﬁdium effects. The Coulomb potential between two static
|A|=q=p and 0<|qy<|A|. Therefore, by taking the ex- charges at a distangefrom each other is given bj19]

plicit expressions for the polarization tensor given in Appen-

i i i Ao 1 1
dix C into account, we derive Ve~ s - ere—— (30)
2 2 €r A7 Agep
190V 1707 (n [A] q
=5~ 7=—%—7 | 0’dq| da, 2
Fe ow 3uc Jal 0 3. T 5 where
et 5 Mp|dal
2IA [\ 2 2asps”
X(as,u |A|) = 9alA 2 (31
q
340 is the dielectric constarjfl9] [see also our derivation of Eq.
~——agAl? Ini:CM VagA?, (C3) in Appendix Q. By analogy with the positroniurno-
9 Al tice that the constituent doublets are spinless in the problem
852 at hand, but such a difference affects only the fine structure
_ . of the spectrun we get the following estimate for the bind-
Cu 3 2m~TX 10, (28 ing energies of the colorless states built of the doublet-

antidoublet pairs:
where the definition of the Debye ma$€b= (2/m) agu?, the

decay constarf?= u%/872, as well as the relation between M a? as A 3v2 732

the gap and the chemical potential AQ|) E,=— 22 =Ce— 2 exp — Nl

=3(m/2)%?a; M2, were used. as
n=12,..., (32)

V. PSEUDO-NG (ANTI-) DOUBLETS VERSUS

CONFINEMENT with Ce~1.8x 10, Notice that this binding energy is para-

In the color superconducting phase in the model with twometrically much larger than the confinement scA{’gCD in
quark flavors, th&&U(2). subgroup remains unbroken. Since Eq. (29) whena,— 0. This means that it is th@erturbative
the only massless quarks of the third color do not interacCoulomb contribution to the potential that is mostly respon-
with gluons ofSU(2)., the corresponding dynamics of glu- sible for the paring dynamics of th@nti-) doublets into
ons decouples in the far infrared regigx<|A~|. The low colorless hadrons. The linear confiniri@onperturbative
energy effective action of thBU(2). gluodynamics was de- part of the potential is of minor importance, at least for the
rived in Ref.[19]. Of special interest for us here is the ob- low lying states.
servation of Ref[19] that the unbrokersU(2),. is confined We recall that in thés2C phase, there exists a conserved
at sufficiently low energies. The corresponding scale wagmodified baryon charge. While the value of this charge
also estimated. It is given by the following simple expres-equals zero for the quarks of the first two colors, it-$ for
sion: the third color (massless quarks. Since the pseudo-NG
(anti-) doublets are composed of one masdanti-) quark
and one massleganti-) quark, they are scalar baryons, car-
rying the baryon chargetl. The colorless hadrons com-
(29 posed of themdiscussed aboyecan be called mesons.

o\ 32
AE)CD:|A7|eXF{_CoC¥§eX[Z(C/\/a—S)], c=3 >

(there is some uncertainty in determini@g=10"3).

Now, let us discuss how such confinement could affect the
properties of the pseudo-NG bosons. In particular, this con- In this paper, we derived analytical estimates for the
cerns the doublet and antidoublet states, which are coloreghasses of the pseudo-Nambu-Goldstone bosons in the color
under the leftoveBU(2). subgroup. Because of the confine- superconducting phase of dense QCD with two light flavors.
ment, these pseudo-NG states cannot exist as free particlas. agreement with our previous hypothesis, the mass values
Instead, they should form some colorless bound states.  are small compared to the value of the superconducting gap

The colorless bound states should be somewhat similar tat sufficiently large quark densities. Analytically, the expres-
charmonium in ordinary QCD. In fact, the situation with the sjon for the masses of doublet and antidoublet pseudo-NG
doublet-antidoublet states in the color superconducting phagsosons are suppressed by a power of the coupling constant.
is much simpler. This is because the new confinement scalthe mass of the singlet is exponentially suppressed. The
Agep is extremely small as compared to the masses of thenechanism for mass generation of the singlet is purely non-
(anti-) doublets themselves. This already suggests that thperturbative[15].

VI. CONCLUSION
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APPENDIX A: GENERAL FORM OF THE POLARIZATION TENSOR

The general form of the polarization tensor in the color superconducting phase was given[itdRéfor completeness of
the presentation, we also rederive it here

HAB’M(Q)|A,B:1,2,3E 5ABHTV(Q)

=2i "Brag

d*p { (A A, A—A;) ((A—)*A;_q (A+)*A;_q)
— 1t — v — T
ot e e Y Esma) T Exp-a)
7M((A_)**A,J+<A++)*A;> ( AApg A_A;q)

Er(p) Er(p) Er(p—q) Ex(p—q)

Pote, _ Po— Po—dotep—gq  _ Po—do— 6

A0 - p p A+> v O( _ P—q A+ )

Rt Y(EA(p) P Ex(P) Ex(p—a) P9 El(p— q) P

| ot B [ e P g i |
TTABAY(Q) | 55,67 PBIIAY() +i( 5885 — 575584+ 676 587 — 57 586) TT47(q)
irer [ o v s B i e e
o ”"”(po—le Nt e (RS
ey i B s g
+ —Po—%1+ eg_qu,q +yﬂyo<p0—e; A, + poiep A;) V70< polz—xc(lz)tjqj\pq
poE_A‘?(;__;r;)—q A;—q) _ gas( 574585 5A5 5B4 4 5A6 5BT_ 5AT 586y
8 (;4?4”'3 "y (?A(pr; Ap* F:A(p’; A+) vy (po—q;-— fg—qA;q—F po_q;' E;_qA;q>

_ 1 Po—dot€p—q . _ Po—Co— €y
—yt Ay +—— A+> v 0(—‘”*1\ AN
7 (po—ep P pote, PV T\ TEs(p—a) P9 Ei(p—q) P
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Pot Po— 1 _ 1
140 A + "A+) 0(—A A )
Ty (E A (p) Ex(p) vy Po—do—€-q " ¢ Po—dotepq ° O
1 1 Po—CUoté€p—q .  Po—Go—
— yHa0 AL+ _A*) v 0(—’”*/\ - +—"‘U\+ ) ., (A2
77(;30—63 P pote, P Ex(p—q) P9 Ei(p—aq) 42)
1188+#¥(q)=I1%"(q)
:—Eiwa -lfgﬂm (A ar AA;)y{(A)*qu+(AW*A;q)
3 ) (2m? Ex(p) Eax(p) Ex(p—q) Ex(p—q)
((A—)*A; (A*)*Ap) (MA;q A—qu)
)i = + + "\ = + ==
Ex(p) Ex(P) Ex(p—a) Es(p—q)
o (po pA_ Po_€;A+) , 0(po_%+€p—q _ +po_QO_f;—q N )
vy E(p) Ex(p) P Ex(p—q) P9 Ei(p-q P
of Pot _ Po— € +) O(po—QO+6;q _ Po—do—€ g, . )
- z\ A VY| = Ay gt = A
"y E(p) Ex(p) P Ex(p—a) P9 Ej(p—q) P
1 1 1
-2 A+) v 0(—/\‘ +——— A )
7 7( A po+fg PV Po—Uo—€p—q " ¢ Po—CGotepgq © °
[ e E PN
L e e A e e A
Here we made use of the the following results for color-flavor traces:
B AB=1273,
0 AB=45,6,7,
tref(Z,TAZ, TB) = 1 (A4)
- A,B=8,
3
0 AB=1,...,7,
tre(Z,TAT,TR) =1 2 AB=8. (A5)
3
(0 AB=1,23,
1 i
tro (7, TAZ,TB) =S 5 B+ Z(5A45BS_ M5B+ M8 SBT— 5AT586)  A,B=4,5,67, (A6)
\0 A,B:8,
(-6 AB=1,2,3,
0 AB=456,7,
tro[8TA(TB) T]= 1 1 (A7)
- A,B=38.
L 3

APPENDIX B: CALCULATION OF INTEGRALS

In this Appendix, we calculate different types of integrals that appear in the expression for the polarizatiofistessoe
previous Appendix For our purposes it is sufficient to consider the gluon momenta much lessuthaeglecting all
corrections of ordeq?/ u?. In this approximation, the Dirac traces, containing the on-shell projection operators, read

prp”

tr[ ’)/’MAE;:)')’VAE){)q]ZZ g,uv_ g,uOng+
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o P
trl VMAEJ‘)VVAE;)q]22(9“OQ 0 W—) (B2)
OA(E) vy 04 (F) O—p)# v0— f)"
trly*y Ap Yy Apfq]22 g* +W g +ﬁ ) (B3)
OA(E) v . 0A(F) v 0~v0 ﬁ“ﬁ”
tr[)’”)’ Ap YV Ap—q]z_2 gM _g,u g+ |p>|2 : (B4)

Also notice that in order to perform the integrations properly, one should make the following replacements in the denominators
of the propagators:

E,—E;+ie, (B5)
Pot €, = Pote€, Tiesgn(e,), (B6)
poiegﬂpoiegiis. (B7)

From the definition in the previous Appendix, we see that the general structure of the polarization tensor reads

4" (q)=4ma IL"(q)+15"(Q)], (B8a

I4"(q)=4mad{"(q), (B8h)
Ao 8mag

Hg"(q)=— —3— 8" (@ 15"(@ ]+ —5— (). (B8c)

[Here we took into account the fact that the off-diagonal terrﬂﬂ?"“’(q)|A,B:4,5,6,7is zero. To see this, one has to calculate
the corresponding integral in EGA2).] Let us start with the calculation of the first type of the integrals,

v % ! Ay_o+ ! A )

7y Po— o~ €p—q " 9 Po—CGotepq ° 9
d*p 1 1

=i | —=—7tr y”yo( A_+—_A+>'y"yo(—/\__ +———AF )

J(ZTT)4 P Po—€y P Pote, P Po—CGo—€p—q " % Po—dotepq ¢

¢’ (gﬂo ﬁ)(gm p)( O )0 ) 0(&)0— g

+ = =T — — - — — -
|p| |p| ep—ep_q—qo—Hs ep_q—ep+q0+|8

4

[ d%p
IﬁEL(q):lthrD

P L
7 Po—€ ° po+€; P

=2 @ne

d3p pep’\ [ 0(e,) 1
_ v__ 070 p
zj—w (9“ 99" Tz )

p p
2 SUFV 2_ 2 SuEY 2
=_'LL_ n0v0 (%>_1< uv_ ym0 V0_|_q q 1+q Y (%) _|_q 9 % (%)
2 9“7g" Q q 2 g g”g 9 9 Q q 9 qu q
Yo g’ 61") (QO”
4+ = MO__I_ v0_1 —11, B9
q q g q Q q (B9
where
( )=—Efld £ + £ —flnH—X—l—'z| |6(1—x?) (B10)
QUO==3 |, 9 erx=is T t=x=ie) 2"M1=x 15 IX|0(1=x7).

It is easy to check thad,I{ip () =0, as it should be. Also notice that in Euclidean spaegq,/q=iy, and
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1 —1+gy, for y<1,
Q)= Q(y)= ~1+yarctan = (B11)
— 3—y2 for y>1.

Now, let us consider

YM(AJ“A;+A‘A;)yv((A‘)*Ag_q+(A+)*A;_q)

Ex(P)  Ei(p) Ex(p—q)  Ex(p—q)

yﬂ((A_)*Ap +(A*+)*A;)yy( A++A;,q LA ”
Ex(p) Ex(p) Ex(p—a) E (p—q)

[ dp
JKV(Q)ZIJWUD

_.f d*p
=1 (ZT)thrD

4 MRV -2
ZZiJ d p4(gﬂogvo_ P E ) _ |A7|
(2m) P” JEA(P)EA(P—Q)
_ a“q”
W21 1 AT )00 (1= 89+ (1-3¢%) — 7
:——zj dgf dx —2 22 2 F (812)
47 Jo 0 [A7[*+x(1-x)(é°9°—qp) —ie
After switching to the Euclidean momentgqy=iq,), we get
_ g“q"
21 1 1A AE90 0 (1-ghgr + (1-38%) }
JZLV(Q):——ZJ dff dx ) 2 ;2.2
47 Jo " Jo |A7[2+x(1=x)(q3+ €%9%)
_ g“q”
2 jl A |2(1+52)9“09”°+(1—§2)9‘”+(1—352)—qz—
=— | d¢
27 Jo Vagi+ £20%Vag + 207+ 4[A 2
2+22+4A72+ 2+22
><In\/q4 £ +4|A |+ \aj 9’ 613
Vag+ £9*+4|A 7= Jai+ £9°
In different limits, we obtain the following behavior:
w? 1
—ﬁ(g“og”0+ 59" | +83%(a), for |aal.q=2/A"],
2p?|AT12  a; 1 .
BT ln|Af|z "9+ 59", for g,|A™|<[qy,
Ji(q)= _ e (B14)
P AR A8 o g T or (At <(qd<q
anlqq a9 9T ) e
2 — SRV
AT o o, G4G _
- v v f <|A7|<q,
8q<gg+g+q2. or [aal<[A"|<q
where(in Minkowski space
u? 1
832 (q)= 907722 9“°g*°(2q9%—5q5) + ng(qz_ng)_qﬂqv : (B15

As one could see, the imaginary partXif’(q) in Eq.(B12) appears only fog,>2|A~|. Its explicit form is given in terms
of the elliptic integral of the firstF(¢,z), and second kinds(¢,z), and the hypergeometric function,
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arcsinﬁq—g

a5’ a6—4la~|?

arcsin\/? q—%)—E arcsinﬁ q—g)H
g5 do—4lA7[? a5 do—4[A |2

il 0(d5—a°—4]A"|?)
: 2m ooz 4[A 7P

2_4 A~ 2 14
G dA Tl (g“”—g"og”°+3q 2)
o q

14

G“q
(g’”+ 999"+~

F

F

2|A7 |2 0(4|A7 |2+ g%~ qd) B(a5—4|A |2 G4G”\ [d5—4lA7]?
#’[AT]7 0(4|A7 %+ 9%~ ) 2(qo A7 )[ gov s giogoy )K(% |2 | )
oz N q %
m(d5—4lA" %) q“g" 13 q 4|A &
— pv_ yu0~v0
Similarly, let us calculate the following quantity:
d*p ( Po+ Po— ) Po—dot € Po— o~ €y
|4 —.j trp LA+ "A+ g0 ———2 N PN
@@= @t " B Y T L) N Esp-w P El(pg P
Po+5p _ Po— € +> (po_%+€;q , Po—do~ €p—q , . )
=i trp A+ A —— A +——A_
f(z #  Erp Y T B M ) BT 0 T Espog) P
w? p* P”\ (Pot€p)(Po—dot €p—_q)
—~ mv_ ,uO v0 +2|f 0+ ( V0+ ) P—q
“3,2( 0N | e T I 9 (5] T Es(pEs (p-w)
u? (1 dpod”p p* p”
~_——(g*’—g"0g+0 +2|f dxf—( MO+T) W4
3,207 9N | dx | e |9 18l
[Po+ €, +X(dot &) I[Po+ €, —(1=X)(do+£0) ] (B17)
[P~ (€5 )2 —X(1=X)(£°9*—dp) — A~ [*+ie]®

So, we derive

2 2 -2 22
m w1 JATP+H2x(1-X)(qoaé+ gE?)

nv — uv_ ~ym0~v0 A
13" (a)=32(9""—9""g )+4W2f0d><f A 2 x(1—x) (-0 —ie

1 1 1 G“q”
x|5(3-£2g79g"- S (1- g~ 5 (1-38) "

q” ﬁ")
+ wn0_ 1 4 v0
q° fl9 q o q
'LLZ v __ ,MO v0 2 ,LLO v0__ 2\ MV _ 2 q,qu
=3-2(9""—9 )+— dX d§ 3-89 —(1-699""—(1-3¢9) 7

A~ ]2+ 2x(1-x)q 52

S 00" X(1-Xx)qqoé”
“TA P x(1-x) (P8 — ) — ?fodxfo“(g#o +‘9‘0_)|A Prx(1—x) () —ie’

(B19)
After switching to Euclidean momenta{=iq,), we could also perform the integration overand get the following result

| v Ty ’uz ! _ 2\ OO _ _E2NN MV _ 2 q'uq)’/
L=+ 5 | de] (38977~ (1- )9~ (1-3¢) "~

|A™|2(05— €°9?) nqu+§2q2+4lA‘lz+qu+§2q2
Va5 + 292+ 4|A|2(q5+ £297)%2 ai+ E2q%+ 4| A 2= g3+ €292

q"
pn0 1 + VO )A 22
2# Iq4 (q q 9 gl

\/Q4+§2 2"‘4|A | Q4+§2 2)302

Va3 + E20%+4|A |2+ a3+ £%9° 510
\/ 2 22 4A7 2_\/ 2 22" ( )
as+£°9°+4|A7[°— a3+ é%q
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The following asymptotes are valid

IHDL(q)+_(gMO Vo+ g’w +31%(q), for [q.,.q<2/A7],
ZA 2 ,uO-’V+ m~v0
| 2| InTz=p |2(4g“° "0 g’“+2%>, for q,|A7|<[aal,
4
1R7(a) = ThpL(@)= ) 2
IA > 4q; ( q“q” g"°ﬁ”+ﬁ“g”°) -
in o34 3guogio_gur_ TT 4 . for |a7]<[q,l<q,
47r|q4|q AP\ P99 e T AT )
?la7] G~q"” g"%g"+G#g"° .
~ g (39"09”0—9‘” LR Ve ) for |ga|<|A7]<a,
(B20)
where(in Minkowski space 81 (?)(q) reads
2 2 = v =V
M 1 #2do(GHu”+ urg")
(2) — n0~v0 2 2\ _ T Nuv(2 2 SUFV
o1'“(q) 9072[A |2 979" (39°+10qp) — 5 9*"(q"+50p) +4*q"| + 1872 |2 (B21)
Finally, we calculate the last type of integrals:
~ d*p (p ote Po— ) 1 1
&Y =iJ—tr H b A_ p AL 0(—/\_ +———AF )
3 2m* e " Y EL(p) Ex(p) vy Po—Go—€p—q " at Po—dot€p_q P 1
d*p Pot €, Po— ) ( 1 1 ”
=i [ ——5trp| ¥*° PAD+ i3 ATy ——m——A +———— A
f(ZW)“ LYY EL(m P Ex P )T  pe—dom e g P Po—Gotep g Pl
2 4 > oy _
22 ( dp p* p (Pot€p)(Po—dot €p_g)
~ wy _ qH0qv0 +2|J’—( “O+T) Oy — P o
328779700 o\ e T 8l 3 (e;)2-1A TIEx (P-a)
2 3 2 2V
M (1 dpod”p p* p
= —(g*’—g~9g"° +2|f dx | —— 1| g%+ = g+ =
320" TN | dx | T EIASESAT:
[Pot+ €, +X(do+&A)][Po+ €, —(1=X) (Aot £0)]
[P5— (&) >~ X(1—x)(£%°—q5) — (1—x)|A [ +is]?
2\ 10~ V0 2\ MV 2 q/’“q” 2 2
2 (3-899"°g"~(1-£)g"—(1-38) =7 (|A7[*+2xq?€%)

2
)7 M
- pnv_ 00
m(g g*’g )+_247T JOdeOdf |A7|2+X(q2§2_qg)—|8

2 v = 2
Bt Jl ( w08 voq_ﬂ) XqGoé
+?jodx R R A |A™[2+x(q%6%—q3) —ie” (B22

After switching to Euclidean momenta{=iq,), we could also perform the integration overand get the following result:

2
[RCIRTRCIN dg[«s £)9"°g"~ (1~ £)g""~ (1-3¢%)

2- Y -
© Iq4f1 ( N Nels
- T d l/«_+ vo__—
7™ q Jo ¢ g 9 q

q"“q |A™12(d5— €297 nIA‘|2+QE+52q2
q° | (gi+&%0%)? |A~]2
|A7128%0%  |AT 1P+ 05+ €297

(B+E2 " AP

(B23)

The following asymptotes are valid:

096002-12



MASSES OF THE PSEUDO NAMBU-GOLDSTONE BOSGN . . PHYSICAL REVIEW D 64 096002

2
M _
~lio(@+ 3 g“°9”°+ 59" |+ 61?(a), for |aal,q<2[A7],
pATI2 g 9"°G"+q"g" .
6| q| n |A4|2<4gnogyo_guv+2T, for q,]A7[<|qal,
TE"(a) —lupu(q) = . . o (B24)
: Hek KA o 0 GG g°q"+d'g"0) 1] <[qu<
T Balqyq| 2999 T A - A=
?JA7| q“q” 9“°q"+q~g"° .
_ e (3g,uogvo_glw q2 -|_|q4 q2 ), for |q4|<|A |<q,
where(in Minkowski space
2 2 S VO+ MO*V)
(2) ,uO v0 2 V(2 2 SURV 'u'qO(q 9 g9 q
3T (q)= 0772|A 2| 97797 (34 +10q5) - g (9°+5q0) +GG" |+ 5775 |2 (B29)

APPENDIX C: GAUGE INVARIANCE AND POLARIZATION TENSOR

By making use of the definitions in E¢B8) as well as the general structure of the tenst{{q), 14"(q), andTg”(q),
given in the preceding Appendix, it is easy to show that all three polarization teHsd(s)) (i=1,4,8) take the following
general form:

() =1 () O0M#(q) + I[P (@) O@#(q) + I1{¥ (q) O #*(q) + IT{* (@) O“#*(q). (CY)

In this representation, we use the following set of four ten§28%

0L(a)=g,,~u,u +(Tqﬁvy (€29
02=u,u, %z_q_gzq_”, (C2b
Ofu:?:q_gg_vi (C20
O =05 + O, (C2d)

The first three of them are the same projectors of the magnetic, electric, and unpkigsigaiidinal in a 3+ 1 dimensional
sensg¢ modes of gluons, which were used in R¢T]. In addition, here we also introduced the intervening operator
(4)(q) mixing the electric and unphysical modes]. Note thatu,=(1,0,0,0) andj,= qM—(u qu,,.
By making use of the representations for different types of the polarization tensors in Appendlx B, we derive the following
explicit infrared(|go|, g<<|A~|) asymptotes:

2agu? . .
[5(0)= g 1372 [9"°0" @+ 4) —agg™" +ao( 9"+ g°G*)]

_ _2“5“2 241 uv 2_ 2\ (2ur
=~ 5o ae a0 @) + (G- a0 P ()], ©3
H'“(q)—SH'”(q)— 2] g+ B3 g4 207 L G g+ 2909 g (c4
* 37 do— 9’ do— 9’ do— 9’ '

Similarly, we derive the asymptotes in other regions of interest:
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o 8asM2|A7|2 q

“|2[0<1><q>+o<2><q>] for q,]A7|<|qul,

37Tq421 |A
au? A2 43 -
HilLV(q)—477aS|ﬁBL(Q): _ s:“| | In 4201)(Q), for |A |<|CI4|<OI. (CH
|a4lq |A7]
2 %A
_%Hom(q), for |ag<|A"|<a,
\

[ 2aq?A7 G 29

In—— | 0W(q)+0?@(q)—303(q)+ — 0¥ (q)|, for q,|A|<|qyl,
3. A O @t0%@ @+, 0@ A7 <]l
v v aSI'L2|A_|2 1 2 |q4 4 _
[57°(q) —4maglfip(q) = “2lqdq O0M(q)—0@(q)+ FO( (a) |, for |[A7|<|q4<q,
A~ i
%"[om(q)—o@(qw%o“”(q)}, for |a.l<[a|<q,
) (C8)
and
( 2 -2
Basu?AT|2 { 29 } -
In o© +—o<4> for g,]A7[<|qal,
3qu ISk '(q) 3iq, (q) 4
2a.u?|AT|? q _
M5"(q) —4maglfip (0)= §l|Lq||q | '”IA‘Tz oM(q)+ s“O(‘”(q)} for |A~[<|a4/<aq, (C7)
4
7TCYS,U/2|A_| 1 q4 4 —
——| 0 (q)+ —0“(q)|, for |oa<]A~|<q.
. 3¢ q

As is easy to checK147"(q) is transverse everywhere, whilé&;”(q) and115”(q) are not. From the structure of the polar-
ization tenso117(q) in Eq. (C3), we derive the explicit expression for the dielectric constant in the far infrared region where
the three gluons of the unbrok&iJ(2). decouple from the other degrees of freedom. It coincides with the result i Fo&f.

which is quoted in Eq(31). We also see that the magnetic permeability is equal to 1, because there is no magnetic contribution
q20M#r(q) on the right-hand side of EGC3) [notice thatqy 20Mrr(q) is the electric type contributignLet us also notice

that the general expression filry"”(q) is transverse for all momenta. To see this, we derive the following representation:

dasu?|A|? fldf[q%(l—§2>o<1>*”<q>+2§2<qi+q2>o<2>f”<q>]
0 Vai+ E9°+4[A [P(af+ €209
Va3 + E292+4|A |2+ a5+ €292

XIn . C8
Va3 + 292+ 4|A |2 — oz + €292 9

47(q)=4mad i (q)—

o

From the asymptotes in EqgB14) and (B20), one might get the impression that the transversality IBf"(q)
=47aJ*"(q)+1#7(q)] is not exact. This is just an artifact of using the expansion for either the limjtgt<q or g
<|q,|. To test the conditiory ,IT4"(q) =0, one has to keep the subleading corrections to such expansions.

It is straightforward to check that the general expression in(E4). becomes strongly gauge dependent if the one-loop
polarization tensor$l4”(q) andI15”(q) with nonzero longitudinal components are used in the calculation. Moreover, the
corresponding gauge dependent contribution to the value of the mass comes from the region of small nmqgenta,
<|A~|, and it is logarithmically divergent,

M2~\2a2u? |nIA | (C9
€IR

where\ is the gauge fixing parameter agg is the infrared cutoff. In deriving this result, we used the asymptotes presented

in Eqg. (C4). This result clearly demonstrates that the presence of the longitudinal components in the polarization tensors
[147(q) andI14”(q) is not acceptable. As we shall see below, adding the contributions dfvtigdd be NG bosons to the
polarization tensor produces a transverse expression forlbpthiq) andI14”(q).
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As it was already pointed out in Sec. IV, one has to use the nonlinear realization of color symmetry breaking for that
purpose. The polarization tensor can be found from the corresponding low energy effective(actionlar approach for
improving the polarization tensor has been recently considered ifZ3Y. The effective action for the two flavor dense QCD
was described in Ref24]. It is given in terms of the Maurer-Cartan one-form,

0,=Vi(3,—igA,)V, (C10
where the field) parametrizes the coset spa@el(3).x U(1)g/SU(2)x U(1)g. Its explicit form reads
7 ¢8
V= exp[i > HATA+I 5 ( +V3T8)|. (C11)
A=4

In the last expression, we took into account that one of the broken generatbrsv3T8)/3 rather tharT®. The fields¢”
(A=4,..., 8) describe dynamicalwould be Nambu-Goldstone degrees of freedom, which should necessarily appear in the
low-energy description of the color superconducting phase of dense (@8ss a unitary gauge is ugedhe interaction of
gluons and would be NG bosons with fermions is described by the following [t24in

Li=P(i b+ ny’+ v w,) . (C12

Therefore, after integrating out fermions and high momenta gl@aits q>|q4/>|A~|) which are mostly responsible for
generating the gapr], the one-loop approximation of the effective action is mimicked by the following expression:

Sur= — %Trln( ’C{ KA) =- iETrIn[IC_IC+]— i—lTnn[l—/C;lA/c:lZ], (C13

where
Ko=ib+uy’+ Vi (b—igh)V, (C14
K_=ib—uy*+Vi(h+ighT)V*. (C15

The quadratic part of the induced effective action, as follows from(E@3), reads

2 i [ d*qd*p
Seff:_Zf(ZT)Str[Rll(p)f+(q)Rll(p_q)f+(_q)+Rlz(p)f—(q)R21(p_Q)f+(_q)
+Ro(P) ()R p— ) F_ (=) + R p) ()R p— ) f_(— ) ], (C19
where, by derivation,
. ¢%(q)
fo(a)=»" gAf)(0|)TA+iq,LAZ4 AT +iq,—5 (I+f3T8)} (C17)
d ¢%(q)
fo(a)=y"| —gAU@(TAT—ia, X Aa)(THT=iq,—5— (1+V3T9) (C18

(here we expande® in powers of "). By substituting the last expressions into EG16), we arrive at the result in the
following form:

3
A; A (=o)L () AD(Q)+ X,

1 d*q i i
(2) _ — _ Ar_ _ _ v A _
Seﬁ—zf(zﬂ)4 2 | Au(= D= 588 (- ) [T (@) A + S a,6%(a)
8, _E 8/ _ Ty 8 E 8
A=) g 0,¢°(—a) | Hg"(a)| Ay(q)+ g a,¢°(a) | (C19
where, by derivation,
1 —
[g"(a)= 5 [1g"(a) +8maglfip () ]. (C20
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By integrating out thep” fields, we arrive at the effective action of the gluon ficddmpare with the effective action in Ref.

[23)):

1 dq

(2)
S (I (277)4

. [2 AN (- )TTE(q) A Q) +2 AL (—a)[IT4"(q)— 115" (@)0, (W IT3"a,0 ~*a, 15 *(a) 1A%, (a)

+AS (—)[I4"(q)— 14 (a)q,, (9, 113%a,) ~2a, 115 *(a) 1AS () | - (C21)

By making use of the properties of the polarization tensor, we check that this quadratic part of the action splits into three
decoupled pieces with different types of gluons. One of them contains the first three gluons that do not feel the Meissner effect.
The improved polarization tensors for the five gluons corresponding to broken generators, are explicitly transverse, and thus,
they can be written in the standard form:

q2_q2
T (@) = — 11, (@) O #¥(q) — =TT ,(q) 02 #¥(q), (C22
where
m(q)=—TM (), (€23
2 H(4) 2
IT; (q) = — & 5 H?Z)(q)+[ (9] (C24)

d5—q ) |’

with I1¥(q) (i=4,8 andx=1,2,3,4 defined in Eq(C1).
In the infrared regionq,|, g<|A~|, the improved gluon tensors that correspond to the broken generators read

2 2

v 3 M do—q
12 )= 3 g @)= g | OD(q) + 0T o@mr() | (€29
do— ng

Similarly, we get the expressions in other limits:

( 2as,u,2|A7|2 Q4
B (1) for q,|A7|<<|qy,
o Inr3=2[0 (a)+0?(q)], a,]A 7| <qyl
nv j2% aS/'L2|A_|2 1) 2 -
T2 o Q) — Amrag £, (q) = W[m (q)—02(q)], for [A~]<[q,l<q, (€26
4
2 A~
k%"[om(q)_oa)(q)], for |aa/<|a"|<a,
and
0 for q,]A7|<|q4l,
2 2 A~ 2 4 2 _
) . asu’|A”] In ‘1420<1>(q), for |A7|<|q4<q,
HSnew(q) 4ragl Dl_(q): 3|q4|q |A |
2 A~
%qllom(q), for |a<|a”|<q.

(C27)

One should notice that the magnetic componédétermined by the terms with the projection opera®$t)(q)] of the new
polarization tensors, are exactly the same as in the one-loop approximation given at the beginning of this Appendix. The
electric components are different in general, but they appear to be also essentially the same to the leading order approximation.
Most importantly, however, the longitudinal contributionsll§”(q) andIl5”(q) are gone now. The immediate consequence
of this is that the vacuum energy given by E&4), as well as the masses of the pseudo-NG bosons, become explicitly gauge
invariant.

For completeness of presentation, we also note that the contribution of the modified electric components of the polarization
tensors to the value of the pseudo-NG boson mass is of order
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AP

SeM?~ m

(C28

Because of the chemical potential in the denominator, this is clearly a subleading correction as compared to the result in Eq.
(28).
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