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A fully gapped state of matter, whether insulator or superconductor, can be asked if it is topologically
trivial or nontrivial. Here we investigate topological properties of superconducting Dirac fermions in 3D
having a color superconductor as an application. In the chiral limit, when the pairing gap is parity even,
the right-handed and left-handed sectors of the free space Hamiltonian have nontrivial topological charges
with opposite signs. Accordingly, a vortex line in the superconductor supports localized gapless right-
handed and left-handed fermions with the dispersion relations E = *wvp, (v is a parameter dependent
velocity) and thus propagating in opposite directions along the vortex line. However, the presence of the
fermion mass immediately opens up a mass gap for such localized fermions and the dispersion relations

become E = tv‘[mz + p2. When the pairing gap is parity odd, the situation is qualitatively different. The
right-handed and left-handed sectors of the free space Hamiltonian in the chiral limit have nontrivial
topological charges with the same sign and therefore the presence of the small fermion mass does not open
up a mass gap for the fermions localized around the vortex line. When the fermion mass is increased
further, there is a topological phase transition at m = /u® + A% and the localized gapless fermions
disappear. We also elucidate the existence of gapless surface fermions localized at a boundary when two
phases with different topological charges are connected. A part of our results is relevant to the color

superconductivity of quarks.

DOI: 10.1103/PhysRevD.81.074004

L. INTRODUCTION

A fully gapped state of matter can be asked if it is
topologically trivial or nontrivial. The most well-known
topological state of matter is the quantum Hall effect in two
dimensions (2D) [1-3], in which the time reversal symme-
try is explicitly broken. Recently the time reversal sym-
metric extensions of the quantum Hall effect have been
theoretically proposed and experimentally observed both
in 2D [4-7] and 3D [8-15], which are referred to as
topological insulators (the 2D topological insulator is
also known as the quantum spin Hall effect). Generally
the topological state of matter is characterized by the
nontrivial topological charge of the single-particle
Hamiltonian and accompanied by topologically protected
gapless edge/surface states with linear dispersions (Dirac
fermions).

Another class of topological states of matter arises in
superconductors. Although the ordinary nonrelativistic
s-wave superconductor is topologically trivial, the weakly
paired phase of the p, + ip, superconductor in 2D is
topologically nontrivial [16] and Sr,RuQ;, is its candidate
material [17]. In addition to the gapless edge/surface states,
the vortex in the topological superconductor supports gap-
less fermions localized around the vortex core. It is also
known from the pioneering work by Jackiw and Rossi that
the relativistic s-wave superconductor in 2D has the similar
properties [18]. Such a system has recently received re-
newed interest because it can be realized on the surface of
the 3D topological insulator in contact with the s-wave
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superconductor [19]. It is pointed out that the Balian-
Werthamer state realized in the B phase of the superfluid
*He is also topological [20-23].

Such progress on the discoveries of the topological
insulators and superconductors motivates us to ask the
following question: Is a color superconductor topological?
In order to shed light on this question, we investigate in this
paper the topological properties of superconducting Dirac
fermions in 3D. In Sec. II, we start with the mean-field
model Hamiltonian of the color superconductivity of
quarks and point it out that the free space Hamiltonian
can be characterized by a Z valued topological charge. In
Sec. III, we compute the topological charge of the free
space Hamiltonian when the pairing gap is parity even as a
function of the fermion mass and show that its value is
closely linked to the existence of gapless fermions local-
ized around a vortex line. The low-energy spectrum of such
fermions is also determined in this section.

In Sec. IV, we turn to the case where the pairing gap is
parity odd. By studying the topological charge of the free
space Hamiltonian, we show that there is a topological
phase transition as a function of the fermion mass, which
is also reflected in the existence of gapless fermions local-
ized around a vortex line. In Sec. V, we elucidate the
existence of gapless surface fermions localized at a bound-
ary when two phases with different topological charges are
connected. Finally, Sec. VI is devoted to the summary of
this paper and implications of our results for the color
superconductor are discussed.

© 2010 The American Physical Society
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II. PREPARATIONS

A. Model Hamiltonian for the color superconductor

We start with the following mean-field model
Hamiltonian for the color superconductivity of quarks
[24]:

Hcse = fdx[¢2,f(_ia “0+ Bm — w)8,, 0,0,

1 %
+ ) ‘ﬁl,anb,fg(x)C’)’s 9

1

- Elr//T,fAIb,fg(x)Cyslpb,g]' (1)

Here C = iy?9" is the charge conjugation matrix and we
assumed the same mass m and the same chemical potential
w for all three colors (a, b) and all three flavors (f, g).
Ap, s 1s the pairing gap in the Lorentz singlet and even
parity (J* = 0") channel and its color and flavor structure
is specified by

A, pg(x) = Z Ai(X)€iap€ifq- 2)
=123

A, = A, = A5 # 0 corresponds to the fully gapped color-
flavor-locked (CFL) phase and A; = A, = 0, A; # 0 cor-
responds to the two flavor pairing phase where only four
quarks are gapped. In either case, an appropriate trans-
formation of ¢, ; by a real and orthogonal matrix in the
color and flavor space can bring the Hamiltonian (1) into
the decoupled form Hcgc = Z?:l H;, where

Hy = [ax] i(-ia-a+ pm -y,
1 1 ,
S UAWCY ] S UTARICY Y |

=%[dx(¢p;f —yicy’)
—ia -0+ Bm—pu
( Aj(x)

X

1
=5 [ dxWi1H W, (3)

Aj(x)
i 90— Bm+ pu

For example, in the CFL phase, we have A;,; =
—Ay 8 =%A9. Below we concentrate on one sector
with the nonzero gap A; # 0 and suppress the index of j.

The single-particle Hamiltonian J{ in the Nambu-
Gor’kov representation has the charge conjugation sym-

metry:
-1 _ % . = 0 _C’)/5
C'Hc H* with C ( Cy’ o J @

Because H ® = E® leads to H (CD*) = —E(CP*), the
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spectrum is symmetric under £ < — E. Furthermore, when
the phase of A(x) is uniform over the space (i.e. no super-
current), one can choose A(x) to be a real function.! Then
JH has the time reversal symmetry:

TOHT =30 win T=(Y7 0}

Because H ® = E® leads to H (T ®*) = E(T ®*) and
®tT ®* = 0, the spectrum is at least doubly degenerate.
Therefore, we find that our Hamiltonian J{ belongs to the
symmetry class DIII in the terminology of Refs. [25,26].%
In Sec. IV, we will also consider the case where the
pairing takes place in the odd parity channel (J* = 07).
Such a case is described by simply replacing A(x) in
Egs. (1) and (3) with y’A(x). The resulting Hamiltonian
has the same charge conjugation and time reversal symme-
tries and thus belongs to the symmetry class DIII again.

B. Topological charge for class DIII Hamiltonians in 3D

According to Ref. [20], fully gapped 3D Hamiltonians
belonging to the symmetry class DIII can be classified by a
Z valued topological charge. The topological charge is
defined for the free space Hamiltonian where A(x) =
A*(x) = A, is a constant. Suppose the single-particle

Hamiltonian in the momentum space H p =
e iP* H ¢'P* is diagonalized as
D 0
st =0,y 5 ob ©

where U, is a unitary matrix and D, is a diagonal matrix
with positive elements. For the fully gapped Hamiltonian,
we can adiabatically deform D, into the identity matrix,
which continuously deforms the Hamiltonian into a “new
Hamiltonian™ @, defined by

0, =0,y )i (M)

with properties Q, = Q;r, and Qf, = 1. Because of the
charge conjugation and time reversal symmetries, a unitary
transformation can bring the Hermitian matrix Q, into a
block off-diagonal form [27]:

0 ¢
a-() e

7 \ah 0
Qp = 1leads to ql,q}; = 1 and thus ¢, is a unitary matrix
[U(4) in our case]. The topological charge is provided by

the winding number of g, associated with the homotopy
group m3[U(n = 2)] = Z:

'If we did not make this choice, we need to modify the
definition of 7T .

%Class DIII Hamiltonians are meant to have the charge con-
jugation and time reversal symmetries with properties CT = C
and TT = -7 [20].
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1 3
N=5—> [dpé”" Trl(q, ' 0:9,)(a, " 0,9,)(g,  0rq,)].
9)

When a given Hamiltonian has a nonzero topological
charge, such a system is said to be fopological. Because
Hamiltonians having different topological charges can not
be continuously deformed into each other without closing
energy gaps in their spectrum, the topological charge de-
fined in Eq. (9) classifies 3D Hamiltonians belonging to the
symmetry class DIII [20].

Itis known in the case of the p, + ip, superconductor in
2D that a nontrivial topological charge of the free space
Hamiltonian has a close connection to the existence of a
localized zero energy state in the presence of a vortex
[16,28]. We will see in the subsequent sections that the
same correspondence is true in our Hamiltonian (3) de-
scribing superconducting Dirac fermions in 3D. We shall
work in the chiral representation:

o 0 01
"‘:70”:(0 —0')’ BZVO:(H 0)’

(10)

y5=(g _Oﬂ). (11)

III. EVEN PARITY PAIRING

and

We first consider the case where the pairing takes place
in the even parity channel, which is relevant to the color
superconductivity of quarks [29,30].

A. Topological charge of a free space Hamiltonian
When the pairing gap is a constant, we can choose it to
be real; A(x) = A*(x) = Ay. From Eq. (3), the free space
Hamiltonian in the momentum space is given by
H (@ ptBm—pu Ag
p A() —a@:p— Bm + M '
(12)

Its energy eigenvalues have the usual form

E,= i\/(ﬂm2 +p?Eu)?+ A3 (13)

and each of them are doubly degenerate (signs are not
correlated). Note that the spectrum is fully gapped as
long as Ay # 0. The computation of its topological charge
is lengthy but straightforward.® In order to elucidate the

*Note that the topological charge is invariant as long as the
spectrum is fully gapped. Therefore one can set u — 0 to reduce
the computational complication.
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effect of the fermion mass, we shall present the results for
the m = 0 case and the m # 0 case separately.

1. Chiral limit m = 0

In the chiral limit m = 0, because the right-handed
sector and the left-handed sector of the Hamiltonian (12)
are decoupled, the unitary matrix g, in Eq. (8) has the
block diagonal form:

_(49rp O
=" 4,) 4

Accordingly, we can define the topological charges for the
right-handed sector and for the left-handed sector indepen-
dently. The results are®

1 o .
Ne = 24 _[ dpe”* Tt[(qr,9i9rp)(qRp 9 dRp)

X (qrpIxqrp)]
_ 4
2[Aol

(15)

and

1
2477

X(qrp9qLp)]

Ao

SIWE (16)
We find that each sector is topologically nontrivial having
the nonzero topological charge.” This implies the existence
of a localized zero energy state for each sector in the
presence of a vortex. However, their signs are opposite
and the total topological charge of the Hamiltonian (12) is
vanishing; N = Ny + N; = 0.

N, fdpe”k Tt[(97,9:90p)(q1,091p)

2. Nonzero fermion mass m + 0

When the fermion mass is nonzero m # 0, the right-
handed and left-handed sectors are coupled and thus the
only total topological charge N is well defined. Because the
spectrum is fully gapped for A, # 0, the inclusion of the
fermion mass can not change the topological charge.
Therefore we find

N=0 )

for arbitrary m, which means that the system is topologi-
cally trivial. In the following subsection, we will see how
these observations in the free space are reflected in the
spectrum of fermions localized around a vortex line.

“The topological charge for the full Hamiltonian (1) can be
obtained by simply summing contributions from all gapped
sectors.

>The half-integer value of N is common to relativistic fermi-
ons because ¢, is noncompact at |p| — 0. See, e.g., Ref. [20].
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B. Spectrum of fermions localized around a vortex line

The spectrum of fermions in the presence of a singly
quantized vortex line is obtained by solving the
Bogoliubov—de Genne equation:

—ia-0+ Bm—pu ei9|A(r)|
( e A ia-9— Bm+ ,L)q)(x)

= Ed(x). (18)

Here we assumed that the vortex line extends in the z
direction and A(x) does not depend on z; A(x)=
e'’|A(r)| where (r, 6, z) are cylindrical polar coordinates.
Note that we do not make any assumptions on the form of
|A(r)| except that it has a nonvanishing asymptotic value;
|A(r — o0)| > 0. Therefore the existence of localized fer-
mions that we will find below is independent of the vortex
profile and thus in this sense they are universal. This would
be because these solutions have topological origins and, in
particular, the zero energy solutions are guaranteed by the
index theorem [18,31]. In contrast, there will be other
Caroli-de Gennes—Matricon-type bound fermions on the
vortex line which typically have the energy gap
~|A()|?/u [32]. Because their spectrum depends on
the vortex profile, we shall not investigate such nonuniver-
sal solutions in this paper.

Because of the translational invariance in the z direction,
we look for solutions of the form

O(r, 6, z) = e'P ¢, (1, 6). (19)
We rewrite the Hamiltonian in Eq. (18) as

e P2 J ir:t = Hlm:pzzo

a,p, + Bm 0
+( 0 _azpz_Bm)
=H,+6H. (20)

We first construct zero energy solutions for HH, at m =
p, = 0 and then determine their dispersion relations with
treating 8 H (m, p. # 0) as a perturbation.

1. Zero energy solutions at m = p_ = 0

Consider the zero energy Bogoliubov—de Genne equa-
tion at m = p, = 0; H oy = 0. We can find two expo-
nentially localized solutions (see Appendix A):

( JO(M”) \
ie'J(ur)
0
ei(m/4) 0
e g (wr)
—iJo(ur)
0

\ o )

€_ ISM(T/)WV’ (21)

and
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0
o)
4 Jo(uer)
e TN —ieif ] (ur)

¢LE \/X 0
0

e 0 (wr)
\ io(ur)

where A is a normalization constant:

o I QIS (22)

A =27 f a2 (ur) + 222(un)]e 2 [ 180N - o3
0

These two solutions have definite chirality; y>¢g/, =
* g/, and hence their index.

2. Perturbations in terms of m and p,

We now evaluate matrix elements of 8 H with respect to
¢r and ¢ . It is easy to find

2w e (pheH pr phoFH @),
[0 . drr(¢155{¢1e 3163,

=v<?’z _im), (24)
im  —p,

where we defined the parameter dependent velocity |v| =
I in units of the speed of light:

o Tz drilaun = Bune > Jiser
fgc drr[J(z)(MV) + J%(,bw')]e_z f0|A(r)|dr

(25)

Therefore, when m = 0, the right-handed and left-handed
fermions localized around the vortex line have the gapless
dispersion relations:

E=wvp, and E= —vp, (26)
respectively. They have opposite velocities and thus propa-
gate in opposite directions along the vortex line (Fig. 1). In
the simple case where |A(r)] = A > 0 is a constant, the
velocity v in Eq. (25) can be evaluated as

m#0 2

R

FIG. 1 (color online). Low-energy spectrum of fermions local-
ized around the vortex line in the chiral limit (left panel) and
with the nonzero fermion mass for the even parity pairing (right
panel). The E <0 part of the spectrum is redundant in the
superconductor and thus shown by the dashed line.
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w? E(—p?/A?) |
v = —
p? A2 E(=p?/A%) = K(=p?/A?)
_ {(ln‘%— DEP +: (G—0)
1304 G

27

which is plotted in Fig. 2 as a function of A/u. Here K(E)
is the complete elliptic integral of the first (second) kind.

On the other hand, when m # 0, the right-handed and
left-handed fermions are mixed and their spectrum exhibits
the mass gap provided by vm (Fig. 1):

E = *vym? + pL (28)

This is closely linked to our previous observations on the
topological charge of the free space Hamiltonian. In the
chiral limit m = 0, each of the right-handed and left-
handed sectors is topologically nontrivial (N, = —N; #
0) and thus the vortex line supports the localized gapless
fermions. However, once the fermion mass m # 0 is in-
troduced, the total Hamiltonian is topologically trivial
(N = 0) and thus the vortex line no longer supports the
gapless fermions. Nevertheless, as long as vim << A(r —
0) is satisfied, the mass gap of such localized fermions is
much smaller than the energy gap of bulk fermions and
thus they can be important low-energy degrees of freedom.

3. Nonperturbative solutions at p = 0

The above results rely on the perturbations in terms of m
and p,. In the special case where u = 0, we can obtain the
exact dispersion relations of the localized fermions and
their eigenfunctions with arbitrary m and p, (see
Appendix A). The two solutions to the Bogoliubov—
de Genne equation (18) at . = 0 are found to be

1.0
08 [
06 |
04 [

02

O'O 1 1 1 1 J

FIG. 2 (color online).
of A/u.

The velocity v in Eq. (27) as a function
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( P + Et
0
m
—i(m/4) ' N
G.(r,0,2) = ‘ 7 8 elP:Z*folA(r)ldr
- _l(pz + Et)
0

(29)

with E. = *+4/m? + p?. The discussions given above are
valid in this special case too.

C. Effective 1D Hamiltonian along a vortex line

Because the bulk fermions are gapped, the low-energy
effective Hamiltonian of the system in the chiral limit m =
0 should involve the gapless fermions existing along the
vortex line. In order to write down the effective 1D
Hamiltonian, we expand the fermion operator W in
Eq. (3) in terms of the eigenfunctions of F :

d , A
‘I'(x) — j.zi;:(apzelmzd)le + bpzelP:Zd)L + .. .)’ (30)

where a;, and b, are quasiparticle operators associated
with the gapless right-handed and left-handed fermions,
respectively. Because of the pseudoreality condition W =
CW¥* and the property of the solutions C¢p, L= br/L, We
have ap, =a_, and b;r,z = b_,_. The quasiparticle opera-
tors obeying such conditions are called as Majorana fer-
mions in condensed matter literatures [16,19-22]. From the
Hamiltonian H =1 [dxVTH V¥, the effective 1D
Hamiltonian becomes

v (dp
H — Z
D9 ) om

(Pza}:zap, - pzb;sz,)- (31)

When the nonzero fermion mass m # 0 is present, there
are additional terms mixing a,_ and b, :

v (dp :
HID = E 2772 (Pza;;:a[’; - pzb;szz + lmb}tzap"'
- ima;ﬂszz)- (32)

IV. ODD PARITY PAIRING

So far we have discussed the case where the pairing
takes place in the even parity channel. The situation is
qualitatively different when the pairing takes place in the
odd parity channel [A(x) — Y A(x)].

A. Topological charge of a free space Hamiltonian

When the pairing gap is a constant A(x) = A*(x) = A,
the free space Hamiltonian in the momentum space is
given by

074004-5
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_q_[p=<a'17+,3m—ﬂ

75A0 )
75A0

—a-p—Bm+p
(33)

Its energy eigenvalues have the form

E,= i\/mZ +pr+pr AL 2\/m2(,u2 + A}) + p?u?
(34

and each of them are doubly degenerate (signs are not
correlated). Note that even if Ay # 0, the energy gap in
the spectrum is closed at m?> = u? + AZ. This fact will
have important consequences on the topological charge of
the free space Hamiltonian and thus on the existence of
localized zero energy states in the presence of a vortex.

1. Chiral limit m = 0

In the chiral limit m = 0, we can define the topological
charges for the right-handed sector and for the left-handed
sector independently. Compared to the even parity pairing,
> in front of A, flips the sign of the pairing gap only in the
left-handed sector. Therefore, from Egs. (15) and (16), we
easily obtain

A A
NR 2|A0| and NL 2|A0| (35)
We find that each sector is topologically nontrivial having
the nonzero topological charge. The striking difference of
the odd parity pairing from the even parity pairing is that
their signs are the same and thus the total topological
charge of the Hamiltonian (33) is nonvanishing;

A
— 36
1A, (%6)

N =Ny + N, =
This implies, unlike the even parity pairing, that the ex-
istence of localized zero energy states in the presence of a
vortex is robust against the inclusion of the small fermion
mass.

2. Nonzero fermion mass m # 0

When the fermion mass is nonzero m # 0, the only total
topological charge N is well defined. Because the spectrum
remains gapped as long as m*> < u? + A3, the topological
charge remains the same; N = A,/|A,|. However, when
the fermion mass exceeds the critical value m?> = u? + A2
at which the energy gap in the spectrum closes, there is a
quantum phase transition to another fully gapped phase
characterized by its vanishing topological charge6:

This phase is continuously connected to the Hamiltonian with
M, Ag — 0 where the topological charge can be computed most
easily.

PHYSICAL REVIEW D 81, 074004 (2010)

A 2 2 2
N:{ﬁ for m* < u* + Aj 37)

2 2 2
0  for m” > u~ + Ag.

Because these two phases can not be distinguished by
symmetries, the phase transition between them is a fopo-
logical phase transition. This is exactly the same type of
the topological phase transition occurring in the 2D p, +
ipy superconductor at u = 0 as a function of the chemical
potential [16,28]. Other quantum phase transitions result-
ing from the momentum space topology are extensively
discussed in Ref. [33]. In the following subsection, we will
see how these observations in the free space are reflected in
the existence of gapless fermions localized around a vortex
line.

B. Spectrum of fermions localized around a vortex line

The spectrum of fermions in the presence of a singly
quantized vortex line is obtained by solving the
Bogoliubov—de Genne equation:

(—ia-()-i—,Bm—,u v elf|A(r)|
Y e PA(r)]| ia-9d— Bm+ u
= EdD(x).

>(I)(x)
(38)

As we stated in Sec. III B, we do not make any assumptions
on the form of |A(r)| except that it has a nonvanishing
asymptotic value; |A(r — o0)| > 0. Because of the trans-
lational invariance in the z direction, we look for solutions
of the form

O(r, 6, z) = e'P, (1, 0). (39)
We rewrite the Hamiltonian in Eq. (38) as
—ip,z ip,z — @:p; 0
¢ He g-[lpzzo * ( 0 _azpz)
=H,+ 6H. (40)

We first construct zero energy solutions for H  at p, = 0
and then determine their dispersion relations with treating
83 (p. # 0) as a perturbation.

1. Zero energy solutions at p, = 0

Consider the zero energy Bogoliubov—de Genne equa-
tion at p, = 0; H oy = 0. We can find two potentially
normalizable solutions (see Appendix B):

[ mJo \
iu? — m?e®J,
oilm/4) mOJ 0
B | e,
_iMjO
0

o [oaeiar

<
Y
l

(41)
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and

mlJ,
OO \
mJo
57 —me],
0
_lmjo
\_me—iajl)

i(m/4
e( / ) e— f[:lA(r’)Idr” (42)

<
S

I
S

where we introduced shorthand notations; .70 =

JoWu?* — m?r) and J, = J,(Ju> — m?r), and A is a nor-

malization constant:

A =27 foo drr2(n? + m?)J3
0

+2(u? — m?)R)e 2 [0l 43)

These two solutions in the chiral limit m = 0 have definite
chirality; y> ¢z /L = T g/, and hence their index. Note
that, although the nonzero fermion mass m # 0 mixes the
right-handed and left-handed fermions, their gaplessness is
preserved.

We now examine if the above two solutions are normal-
izable or not. When m?> < w2, they are normalizable owing

to the exponentially decaying factor e~ Joaear

e A gt — 00, When m2 > u?, we note that J, =

Iy(Wm* — u?r) and J; = il,(yym?> — u?r) exponentially

grow as Jo, J; — eV™ ~#'r Nevertheless, as long as m? <
w? + |A(o0)|? is satisfied, the exponentially decaying fac-
tor dominates and the solutions are still normalizable.
However, when the fermion mass exceeds the critical value
m? = u? + |A(00)|?, the two solutions exponentially grow
and thus they are no longer acceptable solutions. Therefore
we find that the gapless fermions localized around the
vortex line exist only when m? < u? + |A(c0)|? and they
disappear when m? > u? + |A(o0)|%.

Of course this is closely linked to our previous observa-
tions on the topological charge of the free space
Hamiltonian; it is topologically nontrivial (N # 0) for
m?> < u?+ |Ag|> and trivial (N =0) for m?>> u? +
|A,|? and there is a topological phase transition in between.
Also note the striking difference of the odd parity pairing
from the even parity pairing where the presence of the
fermion mass immediately opened up a mass gap for the
fermions localized around the vortex line.

2. Perturbation in terms of p.

We now evaluate matrix elements of 8 with respect to
g and ¢, for m> < u? + |A(o)|?. It is easy to find

PHYSICAL REVIEW D 81, 074004 (2010)

21 0 T(sg-[(b T55‘[¢
R R R L
[T, d”(cﬁiﬁﬂﬂm ¢26ﬂ¢L)

5 )

where we defined the parameter dependent velocity |v| =
I in units of the speed of light:

, = J& drl(u? — m)J§ - (u? — mz)j%]e—ZfolA(r’)ldr"
2 drif(u? + w2 T2 + (u? — m?)P]e 2 Joaeler
(45)

Therefore the dispersion relations of the gapless fermions
localized around the vortex line are given by

E=vp, and E= —vp,. (46)

They have opposite velocities and thus propagate in oppo-
site directions along the vortex line. In the simple case
where |A(r)] = A >0 is a constant, the velocity v in
Eq. (45) can be evaluated as

w2E
= = — — 1, 47
v (u?> + A2E — (u> + A2 —m>) K “47)

where K = K((m?> — u?)/A? and &= E(m?—
u?)/A?). When m = 0, this is identical to Eq. (27) and
plotted in Fig. 2 as a function of A/u. The velocity
vanishes at m = p and changes its sign for m > u.

3. Nonperturbative solutions at . = 0

The above results rely on the perturbation in terms of p,.
In the special case where u = 0, we can obtain the exact
dispersion relations of the localized fermions and their
eigenfunctions with arbitrary p_ (see Appendix B). The
two solutions to the Bogoliubov—de Genne equation (38) at
p = 0 are found to be

[ ILo(mr)
0
0
e eI, (mr)
VX 0
—ily(mr)
e 1, (mr)
0

O(r,0,2) = P [N g

with E = p, and
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0
—ie'I,(mr)
Iy(mr)

ei(m/4) 0
X | e L(mr)
0
0

—ily(mr) )

D(r, 0, z) = pUESY NG

(49)

with E = —p,. They are normalizable in the x-y plane as
long as m < A(oo0). The discussions given above are valid
in this special case too.

C. Effective 1D Hamiltonian along a vortex line

Because the bulk fermions are gapped, the low-energy
effective Hamiltonian of the system with m? < u? +
|A(00)|? should involve the gapless fermions existing along
the vortex line. In order to write down the effective 1D
Hamiltonian, we expand the fermion operator ¥ in Eq. (3)
in terms of the eigenfunctions of 7 :

‘If(x) — '[%(ameiﬁzzdm + bpzeipzzd)L + .- .)’ (50)

where a, and b, are Majorana quasiparticle operators

P v
obeying a;z =a-, and b;f,z = b_,_ and associated with
the two gapless fermions. From the Hamiltonian H = % X

] dx VT H U, the effective 1D Hamiltonian becomes

v

dpe () .t t
Hyp = E [T;(pzapzap: - pszgbpz)- (5D

V. BOUNDARY PROBLEMS

In Secs. III and IV, we have discussed the connection
between the nonzero topological charge of the free space
Hamiltonian and the existence of localized gapless fermi-
ons in the presence of a vortex. Another characteristic of
the topological state of matter is the existence of gapless
edge/surface states when it is terminated by another
gapped state having a different topological charge. In this
section, we will investigate two types of boundary prob-
lems and elucidate the existence of gapless surface fermi-
ons localized at the boundary.

A. Boundary between Ay >0 and A, <0
We first consider the boundary where the pairing gap
A(x) = A(z) changes its sign as (A, > 0):

NCES e

for z — o
for z — —oo.

(52)

Because the topological charge of the free space
Hamiltonian, when it is nonzero, depends on the sign of
the pairing gap [see Egs. (15), (16), and (35)], the above
boundary connects two gapped phases with different topo-
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logical charges and thus we expect the gapless fermions
localized at the boundary. Here we present the low-energy
spectrum of such fermions and their effective 2D
Hamiltonian. Their derivations are analogous to those in
the vortex problems and some details are provided in
Appendix C.

1. Chiral limit m = 0

In the chiral limit m = 0, we can find gapless right-
handed and left-handed fermions localized at the boundary.
Their dispersion relations are given by

E = *|vly[p? + pi, (53)

where p, = (p,, py) is the momentum parallel to the
boundary and |v| = 1 is the parameter dependent velocity
in units of the speed of light:

. _ z ! !
jo—o lzemp,z 2 .[0 A(Z)dz
v =

= dze 2 20 o

In the simple case with A(z) = A sgn(z), the velocity can
be evaluated as v = AZ /(A% + u?). The low-energy ef-
fective Hamiltonian involving the two gapless fermions
existing at the 2D boundary becomes

lvl [ dp
Hyp =7]ﬁ[a}u(‘rl 'pl)apl o bIJEL(O'J. .pl)bpl]
(55)

withe | = (04, 0,). Here a, and b, are two-component

Majorana quasiparticle operators obeying a}L, ,=al . Tl

and b, = b7, o).

2. Even parity pairing with m # 0

As we can expect from the topological charge of the free
space Hamiltonian [Eqgs. (17) and (37)], the effect of the
nonzero fermion mass m # 0 is qualitatively different for
the even parity pairing and the odd parity pairing. When
the pairing gap is parity even, the presence of the fermion
mass immediately opens up a mass gap for the fermions
localized at the boundary and the dispersion relations
become

E = x|v|\Jm* + p2 + pi. (56)

This is linked to the fact that the two phases at both sides
7 — *oo have the same topological charge N = 0. Now
the effective 2D Hamiltonian has additional terms mixing

ap, and b, :
How = vl dp, [ 1 )
=5 ) en? ap, (1 -p1la,,
— bl (oL - pL)b,, +imb} a, —ima},b, ]

(57)
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3. Odd parity pairing with m # 0

On the other hand, when the pairing gap is parity odd,
the two phases at both sides have different topological
charges N = =1 even in the presence of the small fermion
mass. Accordingly, the boundary still supports the two
localized gapless fermions [Eqgs. (53) and (55)] with the
modified velocity |v| = I:

VI [y de N e

M fojoo dZ€_2 fo A(Z')d7'

(58)

v

for m> < u? and

V= —— (59)

for u? <m? < u? + AZ.

When the fermion mass is increased further and exceeds
the critical value m?> = u? + AZ, the resulting solutions
are no longer normalizable [see Egs. (C3) and (C9)] and
the gapless surface fermions disappear. This is linked to the
fact that the two phases at both sides z — *oo have the
same topological charge N = 0 as a consequence of the
topological phase transition.

B. Boundary between superconductor and vacuum

We then consider the following boundary that models
the interface between the superconductor at z < 0 and the
chiral symmetry broken vacuum at z > 0:

w, A >0,
mw=A=0,

m=0 forz<O0
(60)
m>0 forz>0.

For the even parity pairing, the two gapped phases at both
sides have the same topological charge N = 0, while they
have different topological charges for the odd parity pair-
ing; N=1latz<0Oand N =0at z>0.

Accordingly, when the pairing gap is parity odd, we can
find one gapless fermion localized at the boundary z = 0.
The corresponding two zero energy solutions at p, =
py = 0 are given by

( il ( 0 \
0 e inz
—jeTinz 0
0 Az je'M? Az
O(x) x PR L 0 e (61)
0 —jeinz
e imz 0
o) L)
for z <0 and
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1 0
(o) (|
—1i 0
CI)(x) o (l) e*mz’ (l) e~ mz (62)
0 —i
1 0
\ 0 \ 1/

for z > 0. Its effective 2D Hamiltonian becomes

lvl [d
Hoo = % ,/-(21%2 [ap, (@1 p1)ay ] (63)

with the velocity v = (1 + ﬁ)/ (1+%) and the
1.

Majorana condition a,, = a’, o. However, when the
pairing gap is parity even, we cannot find such localized

zero energy solutions that are continuous at the boundary
z = 0 and therefore gapless surface fermions do not exist.

VI. SUMMARY AND CONCLUDING REMARKS

Motivated by the recent discoveries of the topological
insulators and superconductors, we have investigated the
topological properties of superconducting Dirac fermions
in 3D both for the even parity pairing and the odd parity
pairing. The results are summarized in Table I. In the chiral
limit m = 0, we find that the system is topologically non-
trivial in the sense that each of the right-handed and left-
handed sectors of the free space Hamiltonian has the non-
zero topological charge; Ng; # 0. Accordingly, a vortex
line in the superconductor supports localized gapless right-
handed and left-handed fermions. Their dispersion rela-
tions are given by E = *vp_, where |v| = 1 defined in
Eq. (25) is the parameter dependent velocity, and thus they
propagate in opposite directions along the vortex line.

The effect of the nonzero fermion mass m # 0 is quali-
tatively different for the even parity pairing and the odd
parity pairing. When the pairing gap is parity even, the
presence of the fermion mass immediately opens up a mass
gap for the fermions localized around the vortex line and

the dispersion relations become E = iv\/mz + p?. This

can be understood from the vanishing total topological
charge of the free space Hamiltonian for the even parity
pairing; N(= Ny + N;) = 0.

On the other hand, when the pairing gap is parity odd,
the total topological charge of the free space Hamiltonian
is nonvanishing N # 0 and thus the system remains topo-
logical even in the presence of the small fermion mass.
Accordingly, the vortex line still supports the localized
gapless fermions. When the fermion mass is increased

further, there is a topological phase transition at m =

v u? + A%, where the topological charge jumps from the
nonzero value to zero and consequently the gapless fermi-
ons localized around the vortex line disappear.
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TABLE I
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Summary of the topological charge of the free space Hamiltonian and the low-energy spectrum of fermions localized

around a vortex line (or a boundary where the pairing gap changes its sign). v is a parameter dependent velocity.

even parity pairing
topological charge

mid-gap state dispersion

odd parity pairing

topological charge mid-gap state dispersion

m=0

m# 0

E= *vp,

E = iv‘/mz + p%

NR:_NLzleol
N=0

A(l

NR:NL:2|AO| E=ivpz
N =gy E=*up, (m><p®+A}
N=0 none (m> > p? + A?)

Our results for the even parity pairing are relevant to the
color superconductivity of quarks. In the CFL phase where
all nine quarks are gapped, the mean-field model
Hamiltonian for the color superconductor (1) has the topo-

logical charge N, = — N = Z?: 1 % in the chiral limit
J

m = 0. Therefore the U(1)g vortex line that arises when
the CFL quark matter is rotated [34,35] supports nine sets
of localized gapless right-handed and left-handed quarks.
In the presence of the small quark mass or chiral conden-
sate, such localized quarks become gapped but their mass
gap vm is much smaller than the energy gap of bulk quarks
A.” Furthermore, the mass gap at high density vm ~
m(A/u)? In(w/A) [see Eq. (27)] is parametrically smaller
than the masses of pseudo-Nambu-Goldstone bosons
~m(A/u) in the CFL phase [36], which are important to
the transport properties and neutrino emissivity of the CFL
quark matter [24]. Whether such new low-energy degrees
of freedom localized around the vortex line have some
impact on the physics of rotating neutron/quark stars is
an important problem and should be investigated in a
future work.

Our results for the odd parity pairing might be irrelevant
to the color superconductivity of quarks. Nevertheless it
would be interesting to consider if the topological phase
transition found in this paper can be realized in condensed
matter systems where the 2D Dirac fermions appear.

Finally, Table I reveals the intriguing connection be-
tween the nonzero topological charge of the free space
Hamiltonian and the existence of localized gapless fermi-
ons in the presence of a vortex. We also elucidated the
existence of gapless surface fermions localized at a bound-
ary when two phases with different topological charges are
connected. The mathematical proof of these correspond-
ences remains an open question.
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"Supposing u ~ 500 MeV, A ~ 50 MeV, and m ~ 10 MeV
and using Eq. (36), we can estimate the mass gap to be as small
as vm/A ~5X 1073,

Note added.—After the submission of this paper, there
appeared a paper by S. Yasui, K. Itakura, and M. Nitta [37]
which has some overlap with the present paper. In their
paper, a non-Abelian vortex in the CFL phase is also
considered.

APPENDIX A: DERIVATIONS OF SOLUTIONS FOR
EVEN PARITY PAIRING

Here we outline how the solutions to the Bogoliubov—
de Genne equation (18) for the even parity pairing are
derived. We introduce notations

Fg
Fy
Gr
G

D(r, 0,7) =

eip:z,

(AD)

where Fg(;) and Gg(.,) are right-handed (left-handed) two-
component fields. We first make an ansatz

_( S\ - [riaear
P 0) = (450 e S (A2)
and
_ (e Pgm(n) - A ldr
GR(r,e)—( gRl(Rr) )e / (A3)

and the same for R — L so that they are exponentially
localized in the x-y plane. Then we look for fg) and gg)
that are regular at origin and independent of |A(r)|. |A(r)]
can be eliminated from the equations by imposing

gr = —iofg and gp = iofy. (A4)

Now fr and f; satisfy the following four sets of equations:

—u 1, +1
(laM l(_’ ’))fR=O (ASa)
pe—E 0 +mf, =0 (ASb
0 —p.—E fr+mfL = (A5b)
1, +1
(1’; : 9 r))fLZO (A5c)

“pemE 0 +mfp=0. (ASd
0 p. — E fr+mfr=0. (A5d)

074004-10



IS A COLOR SUPERCONDUCTOR TOPOLOGICAL?

We can find consistent solutions in two cases; m = p, =
E =0 [Egs. (21) and (22)] and x = 0 [Eq. (29)].

APPENDIX B: DERIVATIONS OF SOLUTIONS FOR
ODD PARITY PAIRING

Here we outline how the solutions to the Bogoliubov—
de Genne equation (38) for the odd parity pairing are
derived. We use the same notations as in Appendix A. In
this case, |A(r)| can be eliminated from the equations by
imposing

gr = —ioyfp and g, = —iof]. B1)
Now f and f; satisfy the following four sets of equations:
1 1
(1 )fR+me=0 (B2a)
far M
—E 0
(pz )fR -0 (B2b)
0 —p,— E
1 1
(1 )fL_mfR:O (B2c)
far M
—p, — E 0
& f,=0.  (B2d)
0 p,— E

We can find consistent solutions in two cases; p, = E = 0
[Egs. (41) and (42)] and x = O [Eqgs. (48) and (49)].

APPENDIX C: DERIVATIONS OF SOLUTIONS FOR
BOUNDARY PROBLEMS

Here we outline how the spectrum of fermions in the
presence of the boundary (52) studied in Sec. VA is
obtained. The Bogoliubov—de Genne equation to be solved
is

(v5)A(2)

—ia- -0+ Bm—pu
i -0 — Bm+pu

(75)A(2)
= Ed(x).

)@(x)
(el))

Because of the translational invariance in the x-y plane, we
look for solutions of the form

D) = PG, | (2). (€2)
We first make an ansatz
Sr (Z)
— fu@ | - f;] A(Z)dz!
bp.p,(2) o) | (C3)
g.(2)

so that the solution is exponentially localized in the z
direction. Then we look for fg;) and gg,) that are inde-
pendent of A(z). A(z) can be eliminated from the equations
by imposing

gr = —io3fp and g, = Fiosfy, (C4)
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where the upper (lower) sign corresponds to the even (odd)
parity pairing. Now f and f; satisfy the following four
sets of equations:

(%_:_E 2 pu E)fR+me=o (Csa)
+ e
\_%;M_E m:: g)les im0 @0
+ T B
(—%—pﬂ_E _5‘ . fr+mfr =0 (C5¢)
—D+ R
(al—}—l;—E az—_i_plul E}fLimfRZO (C5d)
—D+ T B

1. Even parity pairing
When the pairing gap is parity even (upper sign), we can
find the following four zero energy solutions at m = p, =
Py = 0:

eih 0 0 0
fR)OC 0 emine 0 0
fL o | 0o | e 0
0 0 0 ek

(Co)

By evaluating matrix elements of the perturbation
Hamiltonian

Sﬂ:(axpx-i-aypva,Bm 0 )
0 TPy T @ypy — Bm

(C7)

with respect to the corresponding four zero energy eigen-

functions ¢g(z) in Eq. (C3), we obtain the following
effective 2D Hamiltonian:

0 v'p_. v'm 0
— | vp+ 0 0 vm
Hoyp = (C8)
vm 0 0 —vup_
0 v'm  —v'p, 0

with the velocity v defined in Eq. (54). Its energy eigen-
values are given by E= *|vly/m*+ p7+ p3. This spec-
trum with v = 1 becomes exact for arbitrary p,, py, and m
in the special case where u = 0.

2. Odd parity pairing

When the pairing gap is parity odd (lower sign), we can
find the following four zero energy solutions at p, = p, =
0:
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u N
(fR) o 0 ei\/,u,zfmzz,
fL m
0
( 0
p+ A _mZ\ —i/u?—m’z
0 )e ’
> " (C9)
m
O \ —i MZ_mZZ
A= [ ’
o )
( 0 )
’g el Mz—mzz.
\ix+ o=

Note that the corresponding four zero energy eigenfunc-
tions ¢,(z) in Eq. (C3) are normalizable in the z direction
as long as m?> < u? + AZ. By evaluating matrix elements
of the perturbation Hamiltonian

PHYSICAL REVIEW D 81, 074004 (2010)

+ a, 0
SH = (“*px *rPy ) (C10)
0 T QxPy — Qypy
with respect to the four zero energy eigenfunctions, we
obtain the following effective 2D Hamiltonian:

0 vp_ 0 0
0 0 0

Hop = ”g+ 0 0 (C11)
0 0 —vp. 0

for m?> < wu? with the velocity v defined in Eq. (58) and

0 0 0 —ivp_
. 0 0 —ivp, 0
Hap = 0 ivp_ 0 0 (€12)
ivpy 0 0 0

for u?> < m? < u? + A2, with the velocity v defined in
Eq. (59). Their energy eigenvalues are given by E =

*|vly/p? + p;. This spectrum with v = 1 becomes exact
for arbitrary p, and p, in the special case where u = 0.

[1] D.J. Thouless, M. Kohmoto, M. P. Nightingale, and M.
den Nijs, Phys. Rev. Lett. 49, 405 (1982).
[2] M. Kohmoto, Ann. Phys. (N.Y.) 160, 343 (1985).
[3] Q. Niu, D.J. Thouless, and Y.-S. Wu, Phys. Rev. B 31,
3372 (1985).
[4] C.L. Kane and E.J. Mele, Phys. Rev. Lett. 95, 226801
(2005).
[5] B.A. Bernevig and S.-C. Zhang, Phys. Rev. Lett. 96,
106802 (2006).
[6] B.A. Bernevig, T.L. Hughes, and S.-C. Zhang, Science
314, 1757 (2006).
[7] M. Konig et al., Science 318, 766 (2007).
[8] L. Fu, C.L. Kane, and E.J. Mele, Phys. Rev. Lett. 98,
106803 (2007).
[9] J.E. Moore and L. Balents, Phys. Rev. B 75, 121306
(2007).
[10] R. Roy, Phys. Rev. B 79, 195322 (2009).
[11] D. Hsieh et al., Nature (London) 452, 970 (2008).
[12] D. Hsieh et al., Science 323, 919 (2009); Nature (London)
460, 1101 (2009).
[13] Y. Xia et al., Nature Phys. 5, 398 (2009).
[14] H. Zhang et al., Nature Phys. 5, 438 (2009).
[15] Y.L. Chen et al., Science 325, 178 (2009).
[16] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000).
[17] Y. Maeno et al., Nature (London) 372, 532 (1994).
[18] R. Jackiw and P. Rossi, Nucl. Phys. B190, 681 (1981).
[19] L.Fuand C.L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
[20] A.P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Ludwig,
Phys. Rev. B 78, 195125 (2008).

[21] R. Roy, arXiv:0803.2868.

[22] X.-L. Qi, T.L. Hughes, S. Raghu, and S.-C. Zhang, Phys.
Rev. Lett. 102, 187001 (2009).

[23] See also, G.E. Volovik, The Universe in a Helium Droplet
(Clarendon Press, Oxford, 2003).

[24] For a recent review, see M.G. Alford, A. Schmitt, K.
Rajagopal, and T. Schafer, Rev. Mod. Phys. 80, 1455
(2008).

[25] M.R. Zirnbauer, J. Math. Phys. (N.Y.) 37, 4986 (1996).

[26] A. Altland and M.R. Zirnbauer, Phys. Rev. B 55, 1142
(1997).

[27] X.-L. Qi, T. L. Hughes, and S.-C. Zhang, arXiv:0908.3550.

[28] V. Gurarie and L. Radzihovsky, Phys. Rev. B 75, 212509
(2007); see also Sec. VIII in Ann. Phys. (N.Y.) 322, 2
(2007).

[29] M.G. Alford, K. Rajagopal, and F. Wilczek, Phys. Lett. B
422, 247 (1998).

[30] R. Rapp, T. Schafer, E. V. Shuryak, and M. Velkovsky,
Phys. Rev. Lett. 81, 53 (1998).

[31] E.J. Weinberg, Phys. Rev. D 24, 2669 (1981).

[32] C. Caroli, P. G. de Gennes, and J. Matricon, Phys. Lett. 9,
307 (1964).

[33] G.E. Volovik, Lect. Notes Phys. 718, 31 (2007).

[34] M.M. Forbes and A.R. Zhitnitsky, Phys. Rev. D 65,
085009 (2002).

[35] K. Iida and G. Baym, Phys. Rev. D 66, 014015 (2002).

[36] D.T. Son and M. A. Stephanov, Phys. Rev. D 61, 074012
(2000); 62, 059902 (2000).

[37] S. Yasui, K. Itakura, and M. Nitta, arXiv:1001.3730.

074004-12



