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We show that several types of global strings occur in color superconducting quark matter due to the
spontaneous violation of relevabi(1) symmetries. These include the baryd(l)g, and approximate axial
U(1), symmetries as well as an approximétél )g arising from kaon condensation. We discuss some general
properties of these strings and their interactions. In particular, we demonstrate tbigtlthestrings behave as
superconducting strings. We draw some parallels between these strings and global cosmological strings and
discuss some possible implications of these strings to the physics in neutron star cores.
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I. INTRODUCTION from the breaking of the approximat#(1), symmetry. The
important point is that the asymptotic freedom of QCD al-
Domain walls and strings are common examples of topolows us to assert the existence of these strings in the high
logical defects which are present in various field theoriesbaryon density regime, and the properties of these strings can
[1,2]. Domain walls are configurations of fields related to thebe determined by controllable weak-coupling calculations.
nontrivial mappingmry(M), while topologically stable strings Naively, these strings are neutral objects with respect to
are due to the mapping;(M) whereM is the manifold of  electromagnetic interactions, and therefore, one might think
degenerate vacuum states. While it is generally believed thahat they play no role in electromagnetic dynamics. How-
there are no domain walls or strings in the standard modedver, for theU (1), strings, this nae expectation is incor-
due to the triviality of the corresponding mappings, suchrect due to the anomalous coupling of the singlet Goldstone
objects may exist in extensions to the standard model, or ifield with a massless “photon”—actually a mixture of the
phases where the symmetries of the standard model are brpare electromagnetic field and one component of the color
ken. gluon fields. We demonstrate that such strings behave as su-
Topological defects that occur in extensions to the stanperconducting strings, and we estimate the maximum current
dard model may play an important role in cosmology asthat they can carry. Thus, QCD strings at high density may
described in Ref.2]; however, the focus of this paper will be affect the electromagnetic properties of high density matter,
strings and domain walls that exist in high density mattefinfluencing, for example, the magnetic fields in the cores of
where the symmetries of the standard model are broken. Aseutron stars.
was recently demonstraté¢d], in the regime of high baryon Regarding the baryonid(1)g strings present in the CFL
densities when the chemical potentialis much larger than phase: it has been known for quite a wHitg that, although
the QCD scalgu> A ocp, QCD supports domain walls. The superfluid vorticesin liquid helium, for exampleand static
existence and long lifetime of these domain walls is based oglobal string solutiongrelated to the spontaneous breaking
the following facts:(1) the instanton density is small at large of a global symmetryJ(1)g in this casg¢are closely related,
chemical potential, suppressing the effect of the chirakhere are some differences. In particular, fluid vortices carries
anomaly and giving rise to the approximai€l), symme-  angular momentum while a static global strings have no an-
try; (2) this U(1), symmetry is spontaneously broken, and gular momentum. What was demonstratefdhwas that the
(3) the decay constant of the pseudoscalar singlet bogbn ( two can be identified if the static strings are immersed in a
is large and its mass small at large uniform background with nonzero density. In high density
In this paper we show that, along with these domainQCD, such a background is naturally present, thus we dem-
walls, there exist topological string configurations with inter- onstrate that th&(1)g global strings can be identified with
esting physical properties. Specifically, we discuss the threthe superfluid vortices likely to form in a rotating CFL phase
flavor Ny=3 color-flavor locking(CFL) phase, and the two with nonzero angular momentum as has been conjecture to
flavor Ny=2 superconducting2SQO phase. In theN;=3  exist in the cores of neutron staisee, for exampld5,6]). A
CFL phase both th&)(1)g and the approximatd (1), sym-  similar mechanism leads to the formationld{1)s strings.
metries of QCD are spontaneously broken. In addition, a The mechanism that forms thé(1), strings in the 2SC
third approximatdJ (1)s symmetry, related to the formation phase, which do not carry angular momentum, is less obvi-
of a kaon condensate, is brokésee Sec. Il B Thus, at least ous to us and, in this paper, we simply assume that some
three types of strings are possible in the presence of a kaanechanism exists to form these types of objects. In general,
condensate and two types of strings are possible if no kaothere will be complicated dynamical interactions between the
condensate forms. In thé;=2 2SC phase, thg(1)g sym-  strings, which may lead to the formation of more compli-
metry is not broken and we only expect one type of stringcated stable objects like rings, springs, and vortons. In this
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paper we limit ourselves to describing the properties of indi<i, j, etc) indices. In this section we consider tNe=2 case

This paper is organized as follows: In Sec. Il we describeynase, the diquark condensates have the form
the string solutions and calculate the relevant parameters of

the string in terms of the fundamental parameters of the (Wow]ly* = ¢l e®be ) XC, (1a
theory. In Sec. 11B2 we discuss how thé(1)g strings
present in the CFL phase are not static, but rather spin with a ( iRaa\piRﬁb>* =€l e€®PepYC. (1b)

time dependent phase. These spinning strings can then be

identified with the superfluid vortices. In Sec. lll we discussThe condensateX® and Y¢ are complex color 3-vectors
the anomalous electromagnetic properties of thél)s  which are aligned along the same direction in the ground
strings. We solve the relevant Maxwell equations in thestate. They spontaneously break the cofid(3). group
string background and demonstrate that thel), strings  down to SU(2).. The lengths of these vectors are equal

behave as if they are superconducting. Finally, in Sec. IV, weX|=|Y| and have been computed perturbativi8yl4]:
discuss the interactions between strings and speculate on

their effects on the physics of high density quark matter and 3 u?A
neutron stars. IX|=|Y|= —. 2
2\/577 g
IIl. STRINGS IN HIGH DENSITY QCD In perturbation theory, there is an approximate degeneracy of

; - : he ground state with respect to the relativg¢l), phase
When one considers QCD at high density, the relevan etweenX® and Y© which is a symmetry of the QCD La-

excitations are due to quarks with momenta close to th i t the classical level. A & for th
Fermi surface. At high densities, these low-energy excitadrangian at the classical level. A nonzero valag for €
acuum condensate implies that thi1), symmetry is

tions have high momenta and, because of asymptotic free” .
dom, one might hope to regain theoretical control in a wea pontaneously broken and, thus, the corresponding pseudo-

coupling regime. Although the situation is not quite aSGoIdstone bosonf—tr?en’—enters int_o thle theory. Theb
simple as it appears, we do gain theoretical control. In part (1)s symmetry of the QCD Lagrangian also appears to be

. o . . o broken, but is in fact restored by a simultanedid(3
ticular, the color anti-tripleB single gluon interaction is at- y (3)e

i . 4 otation. Thus, only théJ(1), symmetry is spontaneously
tractive, and, for low energies, this leads to a preferre roken in theN;=2 2SC phase.

Bardeen-Cooper-SchriefféBCS) pairing of quarks with op-

posite momenta that reduces the energy of the vacuum sta%

This is the phenomenon of color superconductivifor a

review, sed7].) —yTx=Y*x¢ 3
To be specific, we consider the simplest model where > e @

high-densityU (1), type strings appear: QCD WitNi=2  \yhere the phase, is to be identified with the dynamicaj’

massless quark flavorai(and d) and N.=3 colors. This g

model is a rather good approximation to realistic quark mat-

ter at moderate densities. At higher densities, the approxima- S =3 |eiea= |E|efin’/f (4)

tion of N;=3 massless quarks becomes quite good. This will '

be discussed later in Sec. Il B. The most important qualitay; js evident thatS, carries a non zert(1), charge:
tive difference between thg;=2 and theN;=3 phase is the

Following [3], to describe thep’ physics in an explicit
ay, we construct the gauge-invariant order parameter

emergence of new spontaneously broken symmetries: the Vel X e e gnd Y—el® (5a)
U(1)g in the three flavor case and th1)s symmetry if a

kaon condensate forms in the CFL phase. As a consequence, =3 e 2« (5h)
if a kaon condensate forms in the CFL phase, then there

emerge two new types of global strings related tolil{& )g =pa—oat2a. (50

andU(1)g symmetries. If a kaon condensate does not form,

then only one new type of string related to t€1)g sym- At low energies, the dynamics of the Goldstone megeare
metry emerges. In what follows we use the same normalizadescribed by an effective Lagrangian, which, to leading order
tion factors as the papg8] on domain walls in dense QCD. in derivatives, must take the following forfi3]:

2 2_ .2 27_
A. Ny=2 superconducting phasg2SC) L=1T(dopa) = U (diea) "] = Vins( @a)- (6)

We recall tha_t the ground state at high baryon densities isor large chemical potentiajg> A ocp, the leading pertur-
a superconducting stat8—13|, characterized by the conden- pative values for the decay constdnand velocityu [15],
sation of diquark Cooper pairs. The superconducting grounénd the instanton contribution describing the explicit anoma-

state spontaneously breaks the symmetry of the bare QC[dus breaking of theJ(1), symmetry[3] have been calcu-
Lagrangian through the non-zero diquark condensategted:

(W'2W1?) which represent the Cooper pairs. Here we explic-
itly show the flavor ¢, 8, etc), color (a, b, etc) and spinor Vins @) = —au?A2cosep, (7a)
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1 f2 w?A p
2_ — — 22 9.d|2y+ —— —Inl —
fe= , ut=3. (7b) Leﬁ—A2(|ao<D| u®|a;®|%) + — p[l In(A)

+au?Ap cosen (133
In this formulaA is the BCS gap, and is a dimensionless

parametef 3] 5

f
ZP[(&OP)Z_UZ(&iP)Z]
€S))

2.2

A ( AQCD) 29/3
p
+ F[(O"OQDA)Z_UZ(&MPA)Z]

"

that goes to zero at large. In what follows it will be im-

portant that thep’ mass is asymptotically small, as can be w2A p
seen from Eq(6): +—p|1-In[ ¥ +apuAp cosep (13b
a
N \/5_2 A2 g where the normalization factd?/A2 for the kinetic term has
Mo =7 2 cTaNa 9 peen chosen to reproduce H) wherep~(p) which cor-

rectly describes the dynamics of the light pseudo Goldstone

] _ o o 7' meson.
The effective Lagrangia6) is justified for describing the * \e should comment here that the potential presented in

light »" degree of freedom, but to describe global strings WeE(. (12) was derived i 16] for very largex and when the
must formulate an effective theory for fluctuations in thefie|q & is close to its vacuum expectation val(je)=A. It
magnitude of the czor;densd@L From Eq.(2) we have that  gevjates considerably from this form wheris far from its
|(2)|=9u*A%/(87°g?). Thus, we introduce the dynamical yacyum expectation valup+#A. Besides that, there is no
field ®(x) of dimension one and expectation vall&@)| justification to keep only the lowest derivative term for the

=(p)=A: massive mode in the expressioril3). Finally, there is an
ambiguity in the definition of the dynamical fies describ-
3,2 \2 ing heavy~ A degrees of freedom: any smooth function of
S(x)=A B D(x). (10) F(p) [for example, expf)] is appropriate for the description
2\/§7Tg of the dynamics of the heavy degrees of freedom. This is a

marked contrast with the description of the light Goldstone

fields where the physics does not depend on specific param-

etrization of the light fields. There are many other deficien-

cies of the Lagrangiafil3) describing massive field which

we shall not comment about.

O=|D|exp—iga)=pexp—ipa) (11) We are not pretending to have derived a Lagrangian de-
scribing a heavy(order A) degree of freedom. Rather, we
want to demonstrate the qualitative features of the effective

as in the Abelian Higgs model. potential: that it has a Mexican hat sha@es it should and
The effective potential for this condensate has been caly 5t the internal relevant scales are of ordeand not Q.

culated[16] for asymptotically largeu. In terms of the field Indeed, the general scateu? factors from the expression

p(x)=[®(x)|, an approximate express'i"of.or the potential  (13) Therefore, the description of the strings which follows
[16] can be used which is a good descriptiongatiose to its  gerves mainly to illustrate the qualitative features of the

With this definition, the’ dynamical field is merely the
phase of a complex field

vacuum expectation valye~(p)=A strings. In particular, the details of the strings core are not
well founded; however, we shall see that the behavior of the

25 strings far from the core is governed by the form of the

Vo(p)=— #—Zp[l—ln(ﬂﬂ. (12)  potential wherep~(p)=A where the effective potential is

T A valid. This region gives a logarithmic contribution to the

string tension which dominates the energy of the strings.
Thus, despite the fact that the effective the¢ty) breaks
down for smallp, the description of the strings far from the
core is well justified.

Finally, in terms of a single complex field® = p exp(—iga)
the effective Lagrangian describing the phasep, and the
absolute value for the condensatean be represented in the
following simple way:
9 P y 1. Global strings
First we consider the properties of an isolated global

Note, the normalization for the condensate[16] differs from  string which is symmetric about the axis. The term

our normalization fofX| by a factor of 16. Vins{®a), Which explicitly breaks thédJ(1), symmetry, is
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small, and vanishes in the high density limit. Thus, our ap- 1.21
proximation of the global string is a good description out to
lengths scales of ordem;,l.

With this simplification, we are looking for a static, clas-
sical field configuration®(r,®)=p(r,d)exd —iea(r,¢)]
which minimizes the energy density or string tensien

Dimensionless amplitude.

o= | [ Hpon-Hadxay  aa
where’H is the energy density of the field configuration:
f2U2
H= ?[ (9ip)%+ p*(dien)?
7 (in units of (2v/3A)71)
uPA® p
B 77_2]c2uzp 1_In(K ' FIG. 1. Radialp(r) dependence of the=1 string in dimen-

sionless units: the vertical scale is setbynd the horizontal scale
andH,.= H((p).(@a)) = — u?A?/ 72 is a trivial shift of the 1S set by (2/3a) 7%
background vacuum energy introduced so th&at-0 far with boundary condition$(0)=0 andp(=)=1. The solu-

from the core of the string. tion for the lowest energy string with winding=1 is pre-
To simplify the equations, we introduce the dimensionless 9y 9 g P

o~ . ) - sented in Fig. 1.
field p and the dimensionless coordinates The string is governed by two relevant parameters: its

core size and its tension. As can be seen in Fig. 1, the core
b= g (py=1, Xi=mx =23Ax;. (15  size is of orde~r?c~1 Wbile the tension of a global string
diverges as lodg) whereR is an upper cutoff determined by
The natural length scale is thus set by the parameter the environment of the string. For large distances the second
=2/3A: the mass of the excitations about the condensaté€rm in Eq.(17) dominates and we have a logarithmic diver-
p={(p)+ Sp in our model(12). In terms of these dimension- gence. We plot the cumulative energy as a function of the

less parameters, the energy density becomes upper cutoffR in Fig. 2.
_ 5 _ _ Physically, the effective potentidll2) is only valid for
H=24f2u2A%{3(d;ip)>+ 3p%(dien)’>—p[1—Inp]} p~{p). Thus, the details of the string core must be inter-

preted with caution. The large distance behavior and the
where all the derivatives are with reSpeCt to the dimenSionfogarithmiC divergence in the String tension’ however’ are
less coordinate%; . To minimize the string tension, we can well justified.
drop the overall factor and then determine the equations of
motion. To achieve the appropriate boundary conditigns,

Cumulative Energies

15
will wind uniformly n times as a function o# &
<&
—1Y 5
ear $)=ea(d)=nd=ntan *{ 2| (16) 5 1
=z — oo
Converting to polar coordinates we have 5 - [T 2dr
£ — [ @*)2rdF
=[Tr2 7202 T 05 - [PVdF
R n _~ |~ o~ >y
a=4wf2uzf p—+pT+V(p) rdr (17 2
0 2 2r 2 = T T e T T TR T
=
where the prime signifies differentiation with respect to 00/ 5 10 15 20
V(B) _ 1_”3[1_ In";] (18) Outer string radius R (in"units of (2v/3A)1)

FIG. 2. Cumulative contributions to the string tension ofran
=1 string from the core out to the cutoff radils (all integrals

from 0 toR: f('f) in dimensionless units: the vertical scale is set by
47f2u? and the horizontal scale is set by(2A) 1. The three

and we have introduced an outer linitto the string’s size
to make the tension finite. The equations of motion follow
from an application of a variational principle:

T2 Aves curves correspond to the three terms in ELy). The first kinetic
7)"+ p_: ﬂJr ﬂ (19) term approaches 0.11 while the potential term approaches 0.25.
r r2 dp Notice that the second term gives a logarithmic divergende.in
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2. Domain walls where is the octet of Goldstone bosons are the genera-
The formation of global strings discussed in the previougors of SU(3) (the Gell-Mann matricés normalized as
section neglected the instanton contributMp(¢,) which ~ Tr(\®A\?)=26% and f . is the appropriate decay constant
explicitly breaks theU(1), symmetry responsible for the computed to leading order iag [21-23,
global strings. Thus, the preceding analysis and picture is
really only justified on distance scales small compared to , 21-8In2 w?
those set by the anisotrop¥i,s{ ¢a), i.e. for r<R~ m;,l, fo= 18 2,2
which, in the high density limit, is much larger than the core
sizeA™* as can be seen from Eq8) and(9). For distances  As we shall discuss shortly, the non-trivial structure of
larger thanr>R~m_., the appropriate description is no SU(3) admits the possibility of further condensations of
longer one of global strings, but one of QCD domain wallsthese mesons: in particular, of the ka¢f and thus suggests
bounded by strings: the situation is similar to the so-calledhe presence of additional(1) symmetries and strings. We
N=1 axion mode[17]. shall defer discussion of these strings until Sec. Il B 1. For
Here we summarize a few results regarding QCD domainhe rest of this section, we consider only the “symmetric
walls that will be relevant for our discussions later on. ASCFL” phase where
classically stable objects, QCD domain walls were first ana-
lyzed in[18] for x=0 in the largeN,, limit. Similar objects (2p)~ 35 (25
were later shown to be stable f=3 at high densitie§3].
We shall not repeat the analysis presentedi3ihbut quote  with no further meson condensation.
some important results that we will make use of later. The U(1)g symmetry is not reflected i ; however, un-
The thickness of the domain wallls is set by the nmags  like in the 2SC phase where it was restored via a simulta-
(9) of the excitations in thep, field about the true vacuum neous color rotation, here thé(1)g symmetry is also spon-
¢a=0. In addition, the energy density per unit area of thetaneously broken giving rise to both axial and baryonic

(24)

domain walls(the wall tensioiis strings.
To be precise, we define the singlet phaggsand ¢g
o=8\2aufuA~Jau?A. (200  describing the Goldstone bosons related to the spontaneously

broken symmetriet) (1), andU(1)g through the following
Thus, on scales much smaller thBen- m:],l, the descrip-  structure:
tion of the global strings is valid; however, when one looks o - o
at scales larger than this, then one sees that these strings are (WGWH)* ~ €l e*Boe pe oA 198, (263
really attached to domain walls. o
(VWL ~ el e2Ple, p elenivn, (26b)

B. Ny=3 CFL phase
. o o In terms of thep, and ¢g fields, the corresponding strings
Flor ;/etrr]y h'?h densmes,klt can bel a ?hQOd appr?r)]qmatplr; tgcan be described as was done above for the 2SC phase: the
negiect the strange quark mass. In this case there wi 8nly difference is that th&(1)g strings are not attached to

three fIavorQ\lfz'S in our model. Again, the ground state is d?main walls. This is because th&{1)s symmetry is not
a superconducting state, characterized by the condensation gxplicitly broken: i.e. the equations describing thg string

diquark Cooper pair§19,20. The superconducting ground : ;
state spontaneously breaks the symmetry of the bare QC ogr;taln no terms analogous to those proportional o Eq.

Lagrangian through the non-zero diquark condensate The effective Lagrangian in the CFL phase for the axial

iaqg,jb ; k . i
<\I.r‘¥q’:3> which represent the Cooper paifsgain, we ex Goldstone fieldp, can be derived in the same manner as
plicitly show the flavor @, B, etc), color (a, b, etc) and before (6):

spinor (, j, etc) indices] This condensate has the form

) ) y _£2 2_ 204 271_\/.
(WiaW By ~ €l BT,y XO, (213 La=1a[(d00a) "~ Ua(diea)T=Vins@n).  (27)
o y For large chemical potentialg,> A ocp, the leading pertur-
laqpiB\* _ [j aB c QCD
(VRaVrp) "~ €’ e eancYy. 21D pative values for fa and u, have been calculated
. . [15,21,22,2%
Now the condensateX’ and Y are complex color-flavor
matrices. Followind 21,22, we introduce Vi dp)=—a' u2A2cod ép) (283
Se=YTX=(Y*)2X5. 22
' T () ol (28b
=——, Uy=3.
The matrixX, is a color singlet and describes the meson octet AT 2 A3

as well as thep, axial singlet:
L The instanton contribution that explicitly violates tb€1),
S=|3|emMamiea (23)  symmetry has also been calculaf@)
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!

aN

m
f (29 the kaon condensate. Notice that, although the form is some-
what more complex due to the fact that the fields are now

which again vanishes for large. phases, this has essentially the same form as(Hg.with

To leading order in perturbation theory, the parametgrs the magnitude of the condensate being played3sin(6)|
andujg for the Goldstone boson associated with the sponta@nd the phases. As before, the relevant magnitude of the
neous breaking dﬂ(l)B Symmetry are identical to the ones fluctuations of the condensateis set by the scal@ of the
presented in Eq28b) [15,21,22. However, the structure of diquark gap and the relative magnitude of the kaon conden-
the effective Lagrangian for the baryon Goldstone figjdis ~ sation in the proposed effective theor{@3,26,27 is fixed
a little bit different than for thep, field due to the explicit Py the ratio of the induced strangeness chemical potential
presence of the chemical potentialin the original QCD  Mefi=M2/2pg to theK® massM o such that
Lagrangian. This gives rise to a time-dependent global string

(AQCD)Q Here, sinf) is the parameter characterizing the strength of

M

2

solution as we discuss in Sec. Il B 2. First, however, we dis- ~ Mo
cuss a slightly more complicated CFL phase which may ad- cose= 2, (31)
e

mit an additional type of global string.
o Though the internal structure of this string could be com-
1. Ny=3 CFL+K" phase plicated, the string tensioa (to logarithmic accuragyis
It was recently arguef3,26,27 that the so-called “sym- determined by the corresponding well-known decay constant
metric CFL phase” discussed above Whéﬁez>~ 5;; isun- f,~u and, therefore, has the same order of magnitude as the
likely to occur in nature due to the sizable presence of thaJ(1)a and U(1)g strings discussed above. Indeed, with a
strange quark mass\. Instead, it was argued that, in the logarithmic accuracy the string tension is determined by the
CFL phase at high baryon density, a kaoh condensate is Magnitude of thé<® condensate and therefore
likely to form [23,26,27. If these arguments are correct and .
a kaon condensate forms, then the kath condensation a=2mu?f7 sin’ 6InR. (32)
spontaneously breaks the gloté{1)s symmetry associated
\évlt,?]r;heetrl-(:sog-sgassisd”;gg%%ﬁogt%;gegué&?lﬂgélhear because of the two factors in the condens@® in the
a)r/me in tlhe slpe(l:Jtrum of a nevl\}l éoldsto)r(se boson asps%ciatc L+K° phase. In order for the condensate to vanish in the
Tre of theU(1)g strings, the following term from E¢30)

with the phaseps. _ must vanish:
One can present essentially the same argument as before

to conclude that, if this condensate forms, a new type of the 13| sin( 6). (33)
global string related to theg phase exists which we shall
refer to as theJ(1)s. The internal structure of th&(1)s  This can happen in two ways: either the diquark condensate
string has similar properties to tti#(1), andU(1)g strings  can vanish in the core so tha|—0 or the kaon condensate
discussed previously, namely that at the center of the corean vanistsin(6)|—0. The scale of the field fluctuations that
the relevant condensdti€®| vanishes while far from the core could cause the diquark condensate to vanish are of the same
it approaches the vacuum expectation value. order of A as before with théJ(1), andU(1)g strings. The
We should note at this point that the structure of the contypical scale of fluctuations required to suppresskfecon-
densate(X) describing the CFiK® phase[23,26,27 is  densation(30) is m/u. For our qualitative discussions, we
somewhat more complicated th@hg)~ &5 which described  |imit ourselves to the case of maxim#l® condensation:
the symmetric CFL phase. For example, in the simplest cassin(g)=1. This could be achieved for largas and reason-
of pureK® condensatiortsee footnote 2 the fields have the ably smallx and might be physically relevant in the cores of
form neutron stars for example. In this cazse, we can neglect the
o relatively heavy fluctuations of ordeng/u>A and instead
3 =|2|exp{i O sin( pg)\ g+ oL @)\ 7]} (308 consider the core of the (1) strings to be governed by the
lighter diquark fluctuations of ordeX. In this case, the core

The case of th&J(1)g strings is a little bit more complicated

1 0 0 _ size will be about the same as for thi1), and U(1)g
=|2|{ O cosé (sing)e'¢s | . strings and set by the scale ! as deduced from our analy-
0 —(sing)e i¥s cosd sis of EqQ.(19). In the case of less than maximal kaon con-

(30p  densation, then the softer fluctuations of oragr <A will
start to play a role, aiding in the relaxation of the core by
reducing the|sin(#)| factor and allowing the core size to
2If the isospin symmetry were exact and the electromagnetic in®XPand. To fully analyze the structure bf(1)s strings in

teractions turned off, then there would be two Goldstone boson§his the case of slight kaon condensation requires a more
[28,29 associated with the condensation of the degend¢dtand ~ Complicated analysis.
K* bosons. In this paper we consider the realistic case when the If the U(1)s symmetry were exact, then the string struc-
isospin symmetry is not exact and only the singl® field—the  ture would persist as with th&(1)g strings. As with the
lightest field—condenses. U(1)a symmetry, however, the(1)s symmetry is only ap-
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proximate and is explicitly violated by strangeness-violatingBut a simple global strinffor example, defined by Lagrang-
weak interactions. This gives risgo lowest order to an  ian (6)] is a time-independent solution of the equations of
additional contribution to the potential of the forniga), motion. The momentum density away from the string core is
(28a. As with theU (1), symmetry, these effects give rise to ~f2dypad;@a Which is zero in the rest frame of a static
a mass for the pseudo Goldstone boson associated witflobal string.
U(1)s and lead to the formation of domain wal&0]. Thus, The precise relation between the global string formulation
the equation describing the core of thi€1)g string is the  (which we discuss in this papeand superfluid vortices was
same as Eq(13) with the parameter§ and coefficienta in given in[4]. There it was demonstrated that, if a global string
Eq. (13) being replaced by . andas. is immersed in a uniform, Lorentz non-invariant background,
What is important is that, if the decay constdpgt-x is  then the static solutiofiwith ¢g to be identified with the
roughly the same as before and proportionajtothen the azimuthal anglgis replaced by a time-dependent solution
coefficientag is extremely smal{but not zergp as was argued ¢g— ¢@g+ wt, where the coefficiend is determined by the

recently[30], density of the background and the magnitude of the conden-
sate. In the quark superconducting phase, such a background
182 is naturally present and the constantis uniquely deter-
as~ ———Ggmymscosfc sinbc, mfos~aSA2. (349 mined by the chemical potentia.
9 Intuitively,® the U(1)g strings are fluid vortices with a

baryon current carried around the string by the motion of
i . uarks with both left- and right-handed quarks moving to-
constant. Numerically, the.scale corresponding to the pseuugether and with both left and right anti-quarks moving in the
Goldstone boson Mas8, 1S of'orderm¢s~5.c.) k('aV. opposite direction. In thdJ(1), strings, the left-handed
Thus, the CFL phase contains two modifications over thgyyarks and right-handed anti-quarks circulate in one direc-
2SC phase: First, the(1)g baryon symmetry is spontane- tjon and the right-handed quarks and left-handed anti-quarks
ously broken which gives rise td(1)g strings—these will - gjrcylate in the other direction. The(1)s strings are de-
be identified with superfluid vortices shortly. Second, the mex¢riped by a similar picture except with strange quarks. A
sons resulting from the symmetric CFL condensation mayiatic globalu(1)g string, thus, consists of an equal number
further condense giving rise to addition symmetries whichy¢ quarks and anti-quarks such that the net angular momen-
may be spontaneously broken. In particulgr, the inclgsion ofum is zero. This is what a static relativistic globa(1)g
a moderate strange quark mass may, while preserving mostring would describe in the CFL phase; however, in the CFL
of the CFL features, induce the formation oKd kaon con-  phase, the baryon number is violated and there is a net over-
densate. If this occurs, we have shown &l )s strings can  gensity of baryondi.e., there is a finite chemical potential
form. Furthermore, due to the weak interactions which ex4nq thus, there are more quarks than anti-quarks giving a net

main walls. o the rest of this section—that the description as a string must
A further modification comes from the presence of a none time dependent: a “spinning global string.”

zero chemical potential. Whereas the strings we have de- \we now derive the effective theory fagg . In order to
scribed so far have been static configurations, when one ingagtore the dependence pnone can use the following trick
troduces a finite chemical potentigiesulting from a finite  \yhich in the present context, was originally suggested in
density, these strings acquire a time dependence. Thus, 1,37 and consequently has been used in a number of pa-
finite baryon and kaoristrange quarkchemical potential erg[15 21,22 33,34 The idea is to make use of the fact that

will induce time dependence_ into the string conﬁgurati(_)nslu enters the QCD Lagrangian in the same way as the zeroth
for the U(1)s and U(1)g strings. In contrast, the static component of a gauge potential:

U (1), configuration remains valicuntil one considers inter-
actions and dynamigsWe discuss the effect of finite chemi- Lo=V(iy"d,—m)W+ x ¥ (359
cal potentials in the next section.

In this formuladc is the Cabibbo angle ar@g is the Fermi

2. Spinning strings =W (i7", + py —mw. (35D
The goal of this section is to relate the description of Therefore, one can formally promote the globa(1)g
global U (1) strings in terms of a complex scalar field to the baryon symmetry to a local one by introducing a gauge field
more intuitive notion of rotation vortices. In particular, we B,=(B,,0) coupled to the baryon current with coupling
discuss theJ(1)g strings associated with the superfluid vor- constantu.:
tices in the CFL state to show that, as expected, these carry o
angu]ar momentum, and thus may be copiously formed in Loco=Y(iy'V,—m)W¥ (36)
rotating neutron stars.
The two descriptions of global strings and of superfluidwhereV,=d,+iuB,.
vortices should be equivalent. Naly, however, there ap- Indeed, under th&(1)g rotations we have
pear to be some discrepancies. For example, near a straight
superfluid vortex at rest there is a velocity field moving cir-
cularly around it, carrying momentum and kinetic energy. 3we thank Krishna Rajagopal for this simple picture.
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Vel (379 formed through the transfer of angular momentum, then
there will be a correlation between the direction of the angu-
ep— ¢t 2a, (37 lar momentum and the sign of the winding of the string. To
see this, note that the angular momentum of the figlds
B,—B,—u19,a, (370  proportional to

which leave the microscopical QCD Lagrangian unchanged.

An effective description must respect this symmetry, and MijNJ Xjdo®di P~ XidoPadjPp - (42)
therefore, in the effective Lagrangian description of the

baryon Goldstone modeg (26), one must replace the de- The termsjyeg~ o pickup the sign of the chemical potential
rivative d,¢, in Eq. (27) by the covariant derivativ® o5 ~ and the termsj;og~n pickup the sign of the winding or
=d,0g+2uB,. In matter with uniform density, we fiB,  topological “charge”n (16) of the string. In the core of a

=1 andB;=0 so that neutron star, for example, the angular momentum has a defi-
nite sign(as set by the rotation of the staand the chemical
Dops=(dops+2u), Dipg=diep (38  potential has a definite sigfthe core is composed of bary-

ons, not antibaryons Thus, the sign of the topological
charge is correlated with the sign of the angular momentum.
_2 22/ . \2 If the formation of these strings is related to the rotation of
Le=T5l(Dovs)”~ Ua(Dige)"] (39 the bulk phase, then there will be an excess of one type of

From this equation we see that we can restore the originaitring (either positive or negative windihg

and thus

form (without covariant derivativesif the baryonic Gold- Exactly the same arguments can be made foruii&)s
stone modepg—the phase of the condens#gs)—receives ~ StriNgs which originate from kaon condensation. The only
a time dependence in the ground state modification that must be made to EQ9) is to replace the
chemical potentiaju by an induced chemical potential.
e eB~gl2ut, (40)  =m?/2pg, see[23,26,27. The argument based on E@-2)

about the correlation between the sign of the topological
Note, in the previous literature concerning the CFL phaseharge of the string with the sign of the angular momentum
[15,21,23, this time dependence was irrelevant. However,glso holds.
for the discussions of strings as emphasized4inthis de- The situation withU (1), strings is expected to be quite
pendence is essential. In particular, followig, to analyze gifferent: conservation d® parity implies that the number of
QCD strings and their interactions in a nontrivial environ- strings and anti-strings must be the same. This is due to the
ment, one can introduce an equivalent description in terms ot thatU(1)g strings do not transform into anti-strings un-

a two-index antisymmetric tensor fiefl,, where der the exchang®« L while U(1), strings do, as can be
seeit from the definition(26).
fd, 08~ €,,000"B . (41) (26)
Using this formalism, one can calculate the Lorentz force 1. ELECTROMAGNETIC PROPERTIES

between strings, similar to the Magnus force in the non-

AT . 5 Up until this point, we have discussed the existence of
relativistic limit. As is known[4], this Magnus force can

globalU(1) strings and their correspondence with superfluid

fstablhze "’I‘ mo&/llng vorton: tlhe cgnflgurztmn? where a stringq tices. However, since they only involve excitations close
orms a closed loop. See also the textbg@kfor a review.  ; yhe Fermi surface, there will not be enough to affect the

One can also introduce a quantity similar to the NON-hermodynamics of the superconducting phases. In addition,
relativistic vorticity and demonstrate that it is quantizgu the fieldse, andeg are neutral, so one might ivaly expect

. . - 71 .
our notations in units of .~ ~. We shall not discuss these ¢ they have little effect on electromagnetic physics either.
interesting topics in this paper: once the appropriate correr 1,mng out. however, that the axial strings. have non-

spondence is made, the technique$4dfcan be applied and trivial electromagnetic properties
used to address questions such as the formation, stability anoll '

radiation of structures like helices, rings, vortons, etc. The
styles of analyses are reviewed in the textbfidkas applied
to cosmic strings. The point we are making is that similar In this section we are mainly concerned with electromag-
techniques can be used in the contexts of dense quark matteetic interaction of the neutraj’ meson. The simplest way
The important point that we make is that, if the CFL phaseto derive the corresponding low-energy effective Lagrangian,
with the globalU(1)g symmetry is realized in the interior of which includes the massless electromagngtig field and
a rotating neutron star where there is a non-zero chemicdhe light ' field (6), is to follow the standard procedure and
potentialu, then the global strings that form will be spinning consider the transformation properties of the path integral
and will carry angular momentum. Thus, drawing upon theunder theU (1), chiral transformation(5). As is known, the
analogy with liquid helium, we expect that, if the CFL phasemeasure is not invariant under these transformations due to
rotates, then spinning glob&l(1)g strings will form.
One consequence of this connection between angular mo-—
mentum and the global string is that, if global strings are “we thank Misha Stephanov for presenting this argument to us.

A. Anomalous electromagnetism of thep’
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the chiral anomaly: it receives an additional contributionwith electromagnetism in CFL and 2SC pha3és. we men-

6L=(al2)9"5. The expression for the anomalyJ’ is
well known and takes the form

2 ~ e2 5 Nt
N;G3G2+ —NFF >, Q?, (43
872 f=1

aVJA: g
" 16m?

where we have included the electromagnetic fi€lgs along
with the gluon fieldsG},, and their duals:

ﬁwzi €umaF 7, éifgfmea“- (44)

tioned above, the operator expression for the anortédy
remains unchanged: the singlet phasdefined in Eq(5) is
identified with the physical Goldstone modg, which is
now the phase of the diquark condensate instead of the chiral
condensate

ba 7

S~e 3|, a=—=-—. (49)
A

This is not the end of the story, however, because, as it has
been known sincg36], in dense QCD matter the electromag-
netic field strengti,,, and the electric chargeare not the
appropriate physical quantities. Rather, a combination of the

One should note that the expression for the anomaly is afléctromagnetic field,, with the eighth component of the
operator relation which is valid for any finite chemical po- gluon field A, acts as a physical massless photérfield
tential x. Indeed, the anomaly arises from the ultraviolet[36:

properties of the theory and is not sensitive to the finite
chemical potential as long as the regulator fields are heavier

than u.

The second step is an identification of the parameters
from the LagrangiansL with the physical fields of the
theory. For example, in QCD witp=0 the electromagnetic
field F,, (43) from the original theory is the observable

physical field(in contrast with superconducting phases when

n#0, see below The parameterr of U(1), chiral trans-
formation is identified with the physicay’ field which is
nothing but the singlet phase of the chiral condensate,

!

27

W Y ~e 9~exg —i
ety p( f N

Therefore, the anomalous effective Lagrangian gf
coupled to photons takes a familiar form:

. (45

(46)

_ 8 .
A,=A,coso+A, sind (509
A%=—A,sing+A? cosp (50b)
g
COSH=—F——— 500
/gz+ 477262 ( )
no=—227 (500)
SN0 =————
/gz+ 477262
=9 (508
0=
/g2+ 47}262

where theA is the physical “photon” field and is the physi-
cal charge. The values for the parameieentering expres-
sions(50) are given by[36]

1

=—, =——, 51
7cFL \/§ 72sc 2\/§ (51)

In a similar manner, one can derive the well-known effectiveWe note that our expression for the anglen terms ofe and

Lagrangian describing the famous’— yy decay. In this

g is obtained from the one presented[86] by changingg

case, one should consider the expressions for the third com~g/2. The difference is due to the non-standard definition of

ponent of the axial current,

2
— — e ~
ﬁ"(UVﬂsu—dYﬂde—B SFF, (47)
a

and identify the corresponding transformation paramater

with Goldstone moder® such that the effective Lagrangian

takes the familiar form

e? °

oL 11.03,7: Q FFfﬂ__\/E

(48)

the strong coupling constat in [36] (the absence of the
factor 1/2 in front ofg in the covariant derivative ifi36]).

We use the standard definition for the strong coupling con-
stant such that the chiral anomaly is given by Ef). Using

our normalization for thex’ field and expressing the
anomaly in terms of the physical electromagnetic filg,

we arrive at the following effective Lagrangian describing
the interaction of thep’ with the electromagnetic fields in
the CFL phase:

SAnomalous electromagnetic interaction for tB&l(3) Goldstone
modes in the CFL phase was discussed previously using a different
approach 35]. As far as we know, the anomalous electromagnetic

Now, we want to derive a similar expression for the ef-interaction with the singley’ phase has not been previously dis-

fective Lagrangian describing interaction of the ligfitfield

cussed in the literature.
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(cFL) e _on The radial solutiorp(r) was presented in Fig. 1, but we will
o FF —25’-"5’-'7. (52 only be concerned with distances large with respect to the
Am core size of the string>r ~A. In this regime, the effective
o _ ) ) theory (54) becomes valid and we have the following equa-
It is interesting to note that half of this result is due to thetions of motion for the “electromagnetic” field:

original electromagnetic interaction; FF, while the other

half is due to the gluonic part of the anoma#d). One can ¢2 B 20 B

repeat the same calculations for the 2SC phase with the re- 3, FH'=——=(0,0a) F*'=—(3,00) F*" (56)

sult similar to Eq.(52): 2m ™

oL

where o= ¢?/4 is the modified fine structure constant and

2
(2sC)_ & 5 PA . .
oL = 8772}7: 5 (53)  the background fielep, has the solution
However, for the 2SC phase, only one-sixth of this contribu- oalt,d)=@at+¢ where ¢:tan71¥_ (57)

tion is due to the original gluon term in the anomaly. One

should also note that the same procedure determines the _ S
anomalous coupling constantsg, »; describing the decay We assume that the rate at which the string is spinning is
of a heavy gluon to am’ and a photon—the decay similar to small:

p— a7y in usual QCD. In the present paper we shall not

discuss further this physics involving the heavy particle - dop 1
B. Superconducting strings The origin for this assumption is that, whilg; strings have

very high frequencies of order af, Eq. (40), the ¢4 strings
do not spin on their own. They can, however, receive some
angular momentum through the interaction with the sur-
rounding medium and/or theg strings. The interaction of
the Goldstone fields with other particles is expected to be
L= (do0n)2— U%(d;0a)2]— Vins ©a) suppressed by some powerof 1. Therefore, we expeat,
to be small with respect to all relevant scales.

The anomalous Maxwell's equatiofis4) in the presence
of a time-dependent global string background have the fol-
lowing form far from the core of the string &A™ 1):

We approach this problem for large In this case, as a first .
approximation, we can omit the instanton contribut\pg; &, (1 aB, aB¢) 2« 2app

In this section we wish to analyze the system of light
particles »" (the phasep,) and photonf,,. Combining
Egs. (27) and (52) we have the following effective
Lagrangiarf

[
2

1 ¢?
— _].‘ ].‘P«V_|_ R

v IhNo
4 v 8772 El_“,)\a-]:'u Fhe. (54)

as we did for the discussion of a single string. This allows us ot
to treat the problem of string electromagnetism exactly at

large distances. If we turn on the small instanton term and :
explicitly break theU (1), symmetry, then domain walls are ‘9_52+ ( 10(rBy) 1 ‘9_32) _ 2_“ 2aea

rap oz b T Br (599

also allowed and the problem becomes much more compli- Jt roa 1 do Wrg,— T Bz,

cated. We speculate on possible effects of these physically (59b)
relevant domain walls in the conclusion.

. T_he effective thepr;(54) is almpst |dent|ca}l to' that stgd— 0, B, B, 20 ¢A

ied in [39]. We begin our analysis by considering a single -t —=- By, (590

spinning global axial string lying along theaxis and use
cylindrical coordinatesr( ¢):
. 1a(r&) 98, 1dEy ZaB 59
(L1, p) = p(r)eeatd), (55 v oz v ag e (589

5To b , hould take int t the deviati In the limit of p,— 0, these results reduce to those presented
0 D€ more precise, one should take Into account the devialion Qf, raq) \with the replacement @« which is due to the
the dielectric constant from 1. This deviation is discussed in . .
extra factor 2 in our expressio(b2) for the anomaly as

[37,39 where it is shown thae=1+ (8a/9)(u?/A?), wherea . . .
= ¢?/4r is the modified fine structure constdaee Eq(50)]. We do compared with the axion r_nodel ConSIderedﬁ?@]._
We were not able to find a complete solution of these

not attempt to make any numerical estimates in this paper; there- . ; .
fore, we ignore this numerical correction in what follows. We thank Inéar equations over all of space; howeveg-iadependent

Krishna Rajagopal for bringing to our attention the possible numeri-Solution for radii larger than the core size but not too large
cal importance of this correction. A’1~rc<r<cp;1 can be easily found:
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E=C r ttealmyc_p-1-2alm (609  cientsC. are nonzero due to the lack of Lorentz invariance
in our system(The dispersion laws for in-medium fermions
B,=C,r 1t2alm_c_p-1-2alm (60p  do not have a standard Lorentz-invariant form.
One of the consequences of localized charged fermionic
B,= ¢A(C+rza/w+c_r—2a/W)' (600 zero modes in a string background is superconductivity. In-

deed, as was demonstrated[#1], the problem can be re-
with the other field components vanishing. CoefficieGts duced to a two-dimensional effective theory which describes

need to be determined by matching the soluti®®) with the massle_ss charged fermiofmsur original Zero moc_ies in four
behavior of fields in the core regiar=A where our effec- dimensiong and photongour physical “photon” fieldsA,)
tive Lagrangian approach breaks down. In what follows, weVhich are coupled to the massless fermions through the
estimate these coefficients using dimensional arguments. Physical charge. It was also demonstrated jA1] that such

The solution(60) is reduced to the corresponding expres-2 Systém describes a superconducting string in the sense that,
sion [39] in the limit ,=0. In this case, the solution be- if external electric field is applied along thedirection, it

comes valid for arbitrarily large. Our approximate solution results in persistent current along the St”ng' We shall not
repeat all these well known arguments, which are based on

(60) is limited to the range&’1<_r<<p,§1._At shorter ranges  the posonization technique of thdeffectively two-

we must further develop our microscopic model. dimensional localized zero modes. Instead, we refer the
The most important feature of the solutit@0) is that, for  a5der to the original papé1].

agivenC, #0 orC_+0, the solution has the Lorentz prop-  Thys, we can only present a dimensional estimate at this

erty B,=+&—as if the string carries a light-like current {ime: For a given orientation of the string solutign(r, ¢)

four-vector with current density along tleaxisj,=(j,0,0, =4 ¢ we expect that boti€ . of Eq. (60) are of the same

*j) with the whole system spinning with small frequency grder and can be estimatedfdimensionally to be

ea<1. The presence of a sma, field in Eq.(60¢) which is

due to the spinning of the static solution can be easily under- C_~eA(A) 247 C,~eA(A)T297, (62)
stood by boosting to the local frame moving with the speed
vy=— @Al at the pointr. This result behaves in the same way as if fermions trapped in

We should note here that the presence of a current witffansverse zero modes travel in opposite directiovithout
the propertyj,,=(j,0,0,%j) in the system defined by E¢p4) cancellationC, #C_) at_the §peed of light. We shogld re-
was established by analyzing the only large distance physic®ark that, due to the linearity of Maxwell's equations, a
without formulating a microscopic model of the core. A simi- linear superposition of two sources (j,0,0,+j) +¢_(j,0,0,
lar result was obtained if89]. There, however, the effective —j) produces a desirable superposition of the corresponding
theory was taken to be exact, allowing for a detailed analysi§olutions(60). Such electromagnetic behavior of the string is
of the core physics_ In that case, it can be seen that such rgminiscent Of the behaViOI’ Of fl’ee Superconducting Stl’ingS
current results from a charged Dirac fermionic zero modd41.44.
present in the string backgrourisee[40-43 for more de- The question of how the external electric field may be
tails). Unfortunately, in our case, the effective thedB#) generated is a different question which is not addressed i_n
breaks down at short distance scales: we only have theorefide present paper. However, we should remark here that, in
cal control over the large distance physics; however, we bethe core of a neutron star, the current could be generated by
lieve that the microscopical explanation of the propety the motion of th'e strings through external magnetic fields
=(j,0,0+j) in our case is very similar to the microscopical already present in neutron sfal]. _
explanation given in[39]: namely, that it is due to zero To cgnclude this section, we estimate the maximum cur-
modes of the charged fermion field which travels inside the®nt which can be achieved in a color superconductor. Under
core of the string. an.external elelctrlc field applled parallel to the axis of the
The presence of zero modBscalized in the ky) direc- st'rmg, the fermion current will grow. Evgntually, however, it
tion] in the string background is a very general property OleI.I sa_turate: If the mass of thg fermions away from the
such a background and is a trivial consequence of an indeXring is A, then once the Fermi momentum of the charge
theorem[40—43. Although this topic is beyond the scope of Carriers rises above:> A, it will be energetically favorable
the present paper, we would like to note that, in the colofor the fermion to leave the string. Therefore, one expects
superconducting CFL or 2SC phases, the interaction betwedRat the maximum current supported by a single string would
the gapped fermions close to the Fermi surface and the dRe of the order
qguark condensate has a more complicated algebraic structure
than the simple Yukawa coupling of a single fermion consid- . ﬂ 62)
ered previoushf39,41,42. Nevertheless, one can explicitly Imax™ 5 2
demonstrate the presence of the fermionic zero modes which
would have been the regular gapped excitations in the abwhich cannot exceed210° A.
sence of the string background. Therefore, we believe that We do not expect, however, that a single, infinitely long
the microscopical explanation of the resplt=(j,0,0,=j) in string is realized in nature. Rather, we expect that the strings
our case is analogous to the explanation givef88]. How-  will take the shape of a ring or organize into more compli-
ever, unlike the case if89], we expect that both the coeffi- cated objects. We presently cannot say more about the results
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of the rather complicated dynamics of strings in dense quark 4rf?
matter in the presence of strong external magnetic fields. Fow~+—— (63
However, we refer to some of the results discussef#in

and the textboo2]. As a first step to understanding thergis force is repulsive for strings with the same charge, and
dynamics of this complicated system, one has to understang,tive for strings of opposite charge. Physically, strings of
the _forc_es which act petween the strings. We discuss th'ﬁpposite charge tend to attra@nergetically they try to an-
subject in the Conclusion. nihilate and restore the vacuum everywhemhile strings of
the same charge repel: strings of higher changel will

IV. CONCLUSION split into several strings of single winding which will tend to
ove away from each other.
For baryonicU(1)g strings this result extends to arbi-
trarily large distancesl because the Goldstone bosons are
massless. FAd (1)g strings, this description is only valid for
istances d<m~!=(50 keV) ! because the Goldstone

In this paper we have considered the existence of class/™
cally stable global string configurations in high density QCD.
We have shown that, in thé;=3 color flavor locking(CFL)
phase, baryonic strings resulting from tbié1)s symmetry
of the condensate can carry angular momentum. A similag ) ) .
situation arises fot (1)g strings if a kaon condensate forms. 0sons are in fact massive due tq weak mte_racEBﬂ]. A
In addition, we have shown that the axial strings resulting>milar situation occurs for the axial(1), strings where
from the approximate) (1), symmetry may exist in both the this description is only valid for distancek< m,, because
N;=3 CFL phase and thR;=2 (2SO phase. the Goldstone bosons is massive due to instanton eff@cts

Even though the fields that form these global strings ardeyond this range, this inter-vortex force falls away and the
neutral, we show that th&J(1), strings have non-trivial domain wall force starts to dominate.
electromagnetic properties due to the anomalous coupling (b) Domain wall forceOn distance scale>m™*, where
between they’ field and a massless “photon” that is a mix- M=m,, for U(1), strings andm=m,_~ JagA for U(1)s
ture of the eighth gluon and photon fields. Due to thisstrings, Eq.(34), one will see that thdJ(1), and U(1)g
anomalous interaction, axial strings behave as superconducitrings are really embedded in domain walls of thickness
ing string. m~1. The scale for this interaction is set by the correspond-

As we have already mentioned, however, in generaling domain wall tensiorr calculated forp, field in [3] and
strings will not be formed as infinitely long strings in isola- for ¢ field in [30]:
tion. The details of the interaction between strings is quite
varied and complicated: stable structures like helices, rings Fow~o~f?m. (64)
and vortons may form, or the strings may form networks or
tangle. In addition to thatlJ(1), strings as well a&J(1)s  This force can be attractive for opposite charge strings if a
strings will be bounded by domain walls which themselvesdomain wall connects them. Domain walls are not formed
can decay into string-antistring configurations. In order tobetween strings of the same charge if we neglect the process
understand the possible dynamics of the system one musf nucleation which is equivalent to the creation of the
know different forces which determine the dynamics. string-antistring pairs.

In this Conclusion we shall only comment on a few (c) Anomalous electromagnetic forcEor distances be-
simple possibilities here and refer the reader to the textboo{weenA—l<d<¢;1 the axial string behaves as current car-
[2] for a discussion about general string dynamics. We shallying wires. Through the exchange of “photons,” these

consider the following interactions between strings: strings thus interact with force
(@ Inter-vortex forceF . . 2
; . i a A
(b) Domain wall force:Fpyy . Fey~o~*— —. (65)
(c) Anomalous electromagnetic forcEg, . d 7 d

We shall briefly summarize these forces and provideThis force is attractive for strings of the same charge and
qualitative estimates in terms of the parameters of the QCDepulsive for strings of opposite charge. Physically, strings
phase. In the following we assume that two infinitely long carrying current in the same direction want to bunch together
global strings lie parallel to the axis with separation. We  into a “wire.” In comparison with the other two forces, how-
label the strings by their topological “charge’ which cor-  ever, the anomalous electromagnetic force is suppressed by
responds to their winding numb¢t6) with respect to the factors ofa and A/ and can be neglected in comparison
positive z axis. Strings of the same charge have the samsvith these other forces.
orientation: String of opposite charge can annihilate. All Besides that, when B/(1), string moves at velocity
forces are presented as a force per unit length of the stringacross an external magnetic field, the effective superconduct-

(a) Inter-vortex force.The most important and well- ing current should build at a very high raee[42]). In such
known interaction is due to the exchange of massless Golda situation, an electric field is also generated leading to the
stone particles. The force is estimated by considering thereation of particles, a process which we do not discuss here.
energy of a configuration of two strings. This approximation = One more effect which we would like to mention here and
is valid for distancesd much larger than the core sizt  which deserves further study is the binding strings by the
>A"1[45,46 domain wall force(64). In a situation similar to theN=1
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axion model[17] such a configuration decays very quickly.  There will likely be many other effects due to the inter-
In our case wherJ(1), string is superconducting and can actions and electromagnetic properties of gloha{1)
form a ring with a dragged magnetic flux crossing the ring,strings that will play a role in the physics of superconducting
the situation may not be so obvious. One should better unphases of high density quark matter. These effects might be
derstand the system of a superconducting string with an atlosely related to analogous effects studied for cosmic strings
tached domain wall in the dense background in the presendeve refer the reader to the textbofk|), and studied in con-
of a nonzero magnetic field before one can make any condensed matter physics. We hope that the present paper will
clusions regarding the system. We suspect that due to thaitiate some activity in this direction.
interactions which were not present in the axion case, some Note added in proofShortly after the appearance of this
stable configurationgsuch as vortons with attached domain paper, D. Kaplan and S. Reddy introduced a paper, see Ref.
walls) will be possible. [47], with some overlap. In particular, they considg(1)g

The most likely place to encounter bulk high-density su-strings from a different perspective where the kaon conden-
perconducting quark matter is in the core of neutron starssate vanishes rather than the diquark condensate. To fully
Typically, neutron stars are rapidly spinning, and we suspeatiescribe thes&(1)g vortices, one should include both this
that during the formation of the core, this rotation would effect and the effects discussed in this paper.
impart some angular momentum to the superconducting
core. As we showed in Sec. Il B 2, spinning gloh#(1)z
andU (1)g strings carry angular momentum that is correlated
with the string’s charge. We are indebted to A. Kovner, D. T. Son, M. Stephanov,

It remains to be seen whether these strings can have afly Schder, E. V. Shuryak, and K. Zarembo for discussions
impact on observable effectthey might, for example, affect regarding different aspects of the global strings at high den-
glitches: sudden increases in the rotation frequenof neu-  sity in QCD. M.M.F. would also like to thank F. Wilczek and
tron stars by as much @sw/w~10" 8, or the magnetic field K. Rajagopal for useful discussions. A.Z. was supported, in
structure and evolution part, by the NSERC of Canada. M.M.F. is supported by MIT.
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