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Abstract: We investigate the exact results for circular 1/4 and 1/2 BPS Wilson loops in the d =3 A = 4 super
Chern-Simons-matter theory that could be obtained by orbifolding Aharony-Bergman-Jafferis-Maldacena (ABJM)

theory. The partition function of the A/ =4 orbifold ABJM theory has been computed previously in the literature.

In this paper, we re-derive it using a slightly different method. We calculate the vacuum expectation values of the

circular 1/4 BPS Wilson loops in fundamental representation and of circular 1/2 BPS Wilson loops in arbitrary

representations. We use both the saddle point approach and Fermi gas approach. The results for Wilson loops are

in accord with the available gravity results.
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1 Introduction

In the AdS;/CFT, correspondence [1-3], 1/2 BPS
Wilson loops in d =4 N =4 SU(N) super Yang-Mills
theory are dual to fundamental strings in type IIB string
theory in AdSsxS® spacetime [4-7]. When string theory
is weakly coupled and the supergravity approximation
isa good one, the dual d = 4 N = 4 super Yang-Mills
theory is strongly coupled. To compare with the gravity
results, one has to know the vacuum expectation values
of the Wilson loops at strong coupling. To do this it was
proposed in Refs. [8, 9] that d =4 N = 4 super Yang-
Mills theory is related to the Gaussian matrix model, and
this was proved in Ref. [10] using localization techniques.

There is a similar but more complicated story in the
AdS,/CFT; correspondence. M-theory in AdS,xS"/Z;
spacetime, or type IIA string theory in AdS, x CP? space-
time, is dual to the d = 3 A/ = 6 super Chern-Simons-
matter (SCSM) theory with gauge group U(N) x U(N)
and levels (k, —k), which is known as Aharony-Bergman-
Jafferis-Maldacena (ABJM) theory [11]. In ABJM the-
ory there are 1/6 BPS [12-14] and 1/2 BPS [15] Wilson
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loops. The 1/6 BPS Wilson loops are closely related to
the 1/2 BPS Wilson loops in A/ =2 SCSM theory in [16].
Localization techniques have been applied to ABJM the-
ory and other SCSM theories with fewer supersymmeties
[17-19] and lead to matrix models that are more com-
plicated than the Gaussian matrix model. By using lo-
calization, one can calculate the partition function and
vacuum expectation values of Wilson loops at both weak
coupling and strong coupling[15, 17, 20-22]. The com-
putations in [22] are based on the saddle point solution
of the ABJM matrix model at large N limit with finite
k, and we will call such a method the saddle point ap-
proach. Furthermore, the ABJM matrix model could be
reformulated as an ideal Fermi gas with a complicated
potential [23], and one can calculate the vacuum expec-
tation values of BPS Wilson loops with fixed winding
number using the Fermi gas approach [24]. One can also
use the Fermi gas approach to calculate the vacuum ex-
pectation values of the 1/2 BPS Wilson loops in arbitrary
representations [25].

By Z, orbifolding the U(rN)x U (rN) ABJM theory,
one can obtain a d =3 N =4 SCSM theory with gauge
group U(N)?" and levels (k,—k,---,k,—k). This the-
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ory is dual to M-theory in AdSy;xS"/(Z, xZ,,) spacetime
[26-29]. The partition function of the orbifold ABJM
theory has been calculated using Fermi gas approach in
[30], and in this paper we will re-derive it using a slightly
different way. In the orbifold ABJM theory there are
1/4 and 1/2 BPS Wilson loops, and the 1/2 BPS Wil-
son loops in fundamental representation should be dual
to M2-branes with one dimension wrapping on the M-
theory circle [31, 32]. In this paper, we will calculate the
leading contributions of vacuum expectation values of
the Wilson loops using the saddle point approach in the
large N limit with k£ and r being finite. We will also cal-
culate the perturbative part®? of the vacuum expectation
values of the Wilson loops using the Fermi gas approach.
The results are in agreement with the available gravity
results.

In the /' =4 orbifold ABJM theory with gauge group
U(N)?", there are 2r linearly independent 1/2 BPS Wil-
son loops that preserve the same supersymmetries, but
there are not so many 1/2 BPS branes in M-theory in
AdS,xS"/(Z,%xZ,) spacetime. It was conjectured that
these Wilson loops are 1/2 BPS classically, and only a
special linear combination of them is 1/2 BPS quantum
mechanically [32]. If all the 2r Wilson loops are 1/2 BPS
and each of them differs from 1/4 BPS Wilson loop by
a (Q-exact term quantum mechanically, we can calculate
their vacuum expectation values in a matrix model as
shown in this paper. If only a special linear combination
of the 2r Wilson loops is 1/2 BPS quantum mechani-
cally and it differs from an 1/4 BPS Wilson loop by a
Q-exact term, we can calculate its vacuum expectation
value in the matrix model. If there is no 1/4 BPS Wilson
loop that differs from such an 1/2 BPS Wilson loop by a
Q-exact term, we cannot calculate the 1/2 BPS Wilson
loop’s vacuum expectation value using currently avail-
able localization techniques. In this case, a large part
of the calculations in the paper are just some results in
the matrix model and have nothing to do with vacuum
expectations values of Wilson loops.

The rest of the paper is arranged as follows. In Sec-
tion 2 we review the results in ABJM theory, including
the partition function and vacuum expectation values of
Wilson loops. In Section 3 we investigate the partition
function of the N =4 orbifold ABJM theory. In Section 4
we review the circular 1/4 and 1/2 BPS half-BPS Wilson
loops in the A =4 orbifold ABJM theory in Euclidean
space. In Section 5 we calculate vacuum expectation val-
ues of Wilson loops with fixed winding number using the
saddle point approach. In Section 6 we calculate vacuum
expectation values of Wilson loops in arbitrary represen-
tations using the Fermi gas approach. We end with con-
clusions and discussions in Section 7. In Appendix A we
investigate if there are more general 1/2 BPS half-BPS

Wilson loops in A/ =4 orbifold ABJM theory other than
the ones found in [31, 32]. We find no new ones.

2 Results in ABJM theory

In this section we review some results in ABJM the-
ory. This includes the partition function and vacuum
expectation values of circular 1/6 and 1/2 BPS Wilson
loops. We focus on what will be used in the following
sections, so this is merely a brief review.

2.1 Partition function

The partition function of ABJM theory with gauge
group U(N) x U(N) and levels (k,—k) can be localized
to be the ABJM matrix model [17]

N
Z(N):W/H 21 21
i=1
2
11 <zsmh%> <2h%>
1<j
. — l/, 2
I1., (2C08h%>

xem>E%§:uﬁ—ﬁﬂ. (1)

The partition function of the matrix model (1) can be
written as the canonical partition function Z(N) of N-
particle free Fermi gas with the one-particle density ma-
trix being [23]

2

p=e ", (2)
whose explicit form will not be used in this paper. Note
that H is the one-particle Hamiltonian operator. To cal-

culate Z(N), one can firstly calculate the grand partition

function
“+ o0

()= 2NZ(N), (3)

N=0

[1]

with Z(0) =1, z =e* being the fugacity and p being the
chemical potential. The grand potential is defined as

J(n) =log Z(p). (4)
And then one gets
7t d'u
Z(N)= [ Z=e/trn, 5
= e ®

One can define j(u) according to [33]

oo

el (1) — Z ol (ut2mil) (6)

l=—oc0

1) By this we mean to include all of the 1/N corrections, putting aside the non-perturbative contributions.

083101-2



Chinese Physics C  Vol. 40, No. 8 (2016) 083101

and then

ico dM ]
Z(N) = P Ad(w)—pN . 7
)= [ ke @
One adopts the phase space formulation of quantum me-
chanics, and defines

()= [ SO, 0

with i = 27k, 6(z) being the Heaviside step function,
and W being the Wigner transformation. The quantity
n(u) counts the number of one-particle states whose en-
ergy is less than p. Using the Sommerfeld expansion one
can get the expectation value of particle number N(u)
in the grand canonical ensemble

N(u)= ﬂaMCSC(ﬂTaM)’rL(u). (9)
It is standard in the grand canonical ensemble that
0J(u
Ny =221, (10)
I

and so we get

:/:oN(u)du. (11)

We find that when p— —o0o,

0\ N(u)—0, 1=0,1,2,-. (12)
This result is very useful for us. Note that the way from
n(p) to N(u) and then to J(u) is a slightly different
method of getting J(u) to the one in the original paper
[23].

In the large p (i.e. large N) limit, one can split a
quantity into the perturbative part and non-perturbative
part. The perturbative part is denoted as pt. The non-
perturbative part is exponentially suppressed in the large
w (i.e. large N) limit, and it is denoted as np. In this
paper we will mainly focus on the perturbative part. It
turns out that [23]

N (1) = C i +no, (13)
with 5 ) .
Czﬁ, Ng = — @4_% (14)
One then gets
Noi(n)=Cu*+ B, (15)

where
— —|— — (16)

Here A appears as an integral constant, and its exact
form depends on the full form of N(x). One can find the
result for A in [34, 35]. One has

Tpe (1), (17)

and then one gets the perturbative part of the partition
function [23, 36]

Zp(N)

with Ai(x) being the Airy function.

Jpt () =

=C " Y3eAI[CT3(N - B)), (18)

2.2 'Wilson loops

The representations of group U(N) and supergroup
U(N|N) can be denoted by Young diagrams. We write
a general Young diagram as R, and it can be a represen-
tation of U(N) or U(N|N).

We consider the hook representation R = (a|b) with
a+1 boxes in the first row and one box in each of the
remaining b rows. For both the 1/6 BPS and 1/2 BPS
cases, a Wilson loop with winding number n is related
to Wilson loops in the hook representations by

n—1

W= " (=1)" W1 (19)

b=0

When n =1, it is just the fundamental representation.
In the matrix model (1), the circular 1/6 and 1/2 BPS
Wilson loops with winding number n can be written
as[15, 17]

W= (™). (Wa) = (™),
(Wija)= (3ol = (=)™ 1), (20)

with n being the winding number of the loop and the
right hand sides being the expectation values in the ma-

trix model. For their expectation values one has the
relation
(W) = (W) = (=) (W)
= <W1n/6>_(_)n<W1n/6>*v (21)

with * being the complex conjugate.

In the large N limit with finite k, i.e. the M-theory
limit, the values u; and v; at the saddle point can be
denoted as a continuous distribution [22]

.
w(x) = v(z)=VNz—i e (22)

with the uniform density

1 2
TE [~y T, T.=T T (23)

p(‘r): 2:6*,
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In the saddle point approach the Wilson loop vacuum
expectation values can be calculated as
ik |
n ~ nu(x nV2ZX
(Wiye) =N ﬂc*e “®p(x)de ~ Y 26 2,
1/2 N/ nu(z) (=)"e m’(z)} p(z)dz

n 1
~ kenn\/ 22

4nm

(24)

The exponentially suppressed terms are omitted here.
Note that one can only get the correct leading contribu-
tion of large IV in the saddle point approach.

The vacuum expectation values of circular Wilson
loops can also be calculated in the Fermi gas approach
[24]. One firstly calculates

dgdp
0
min) = [ SOl
and then using Sommerfeld expansion one gets the 1/6

BPS Wilson loop expectation value in the grand canon-
ical ensemble

n(q+p)
)We k 9

(25)

=70, csc(10,)m ().

Then the 1/6 BPS Wilson loop expectation value with
winding n in the canonical ensemble is

M (p) (26)

1 du
Wle)=—— e/ =nN pp 27
W)= s | o (W @)
Similar to the partition function, one has
. 1 ico d’u 3
W=y [ g™ Ml (29
P —ioco

with non-perturbative contributions being neglected. It
turns out that

Myt (1) = (Dp+ B)e &
2 2 s
Mpt(,u):ﬂcscﬂe2T (29)
k k
k 27T
with
in "Mk
=, B=—ry (T-iH,). 30
2120, 4m2n \ 2 ! (30)
Here H,, is the harmonic number,
H=31 (31)
d=1 d

with Hy being 1. Then the 1/6 BPS Wilson loop vacuum
expectation value is

9 \ /3
Wi =— (2 (52)
2N ko 6n+1
Al (ﬂ) (N‘ﬂ‘ 3 )
) 2\ * ko1
sl(z) (am)
2\ /? ko 6n+1
Al = N——
' <7@k> < 24 3k >
e 2\ V2 | ’
Al — N— =
' (n%) < 21 3k>
where
2 2
F= %CSC %D, (33)
271n, 27n k 27n
= s 28 \p+E
G o se— [(211 mcot k) + ]

The 1/2 BPS Wilson loop vacuum expectation value is

sn—1

1

<W1n/2>pt = T CSC T (34)
2\ E 6n+1
Al (ﬂ) (N‘ﬂ‘ 3 )
2\ Eoo1
s () (N‘ﬂ‘s—kﬂ

Now we turn to Wilson loops in hook representations
based on Ref. [25]. There the density matrix for Fermi
gas dual to ABJM theory was obtained as

. . 1 1
\/QP\/—’ with P 2cosh1—7 @ 2coshg '
(35)
Though it is the same as the matrix in [23] but different
from the one in [24], it gives the same partition functions
and vacuum expectation values of BPS Wilson loops.
One of the key steps in Ref. [25] is the following result

=M

=Det(1+2zp;), (36)

where
A 1
Pr= \/éf(_W)

The density matrix p; with f(W) =
can be written as [25]

+

PfW)\/Q, with W=e"F".

(1+tW)/(1— sW)

(37)

pr=p+(s+0) 3 s"lb)al, (38)

a,b=0
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where |a) and (b| are defined in the coordinate ¢ repre-
sentation as

olat$)E—Fa(a+1)
A=
(ala) = \/2cosh 1
a0 Ay LGy
(blg) = {q|b)” = ——F—=— (39)

q
1/2cosh =
cosh 5

For the half BPS Wilson loop in a hook representa-
tion (a|b), the generating function is given by [37]V

oo

1—|—(S+t) Z Sath(a‘b) (40)
a,b=0
1+tU al (14tets) 1—|—se Yi)
—sd t( )
¢ —sU ]1;[1 1—set)(1—tevs)’

with U = diag(U,,—U,), U, = diag(e*), U, = diag(e*?).
Therefore, the grand canonical ensemble expectation
value of 1/2 BPS Wilson loop generating function in
ABJM theory becomes

(1448 > sath(a|,,)>GC:

a,b=0

= det (1+(s+t) Z 50
+(s+1) Z s“tb

a,b=0

det(1+2zpy)
det(1+zp)

Mal) (1)

|b>-

One gets the relation

(Weajp)“ = (al

516)(al)

(42)

LA|b>:Tr( i
1+2p 1+2
e [b)al).

As discussed in Ref. [25], the perturbative part of the
half BPS hook Wilson loop in ABJM theory is deter-
mined by the topological vertex of C* in Ref. [38]

I‘(Ai
ed—nr 41

la(a+1)—Lb(b+1)
q* 4 .a+b+1ez<a+z+1m

(Weapn))pe = la+o+1)[ap! ’

(43)
with ¢g=e"F" and n]=q% —q 3.

Let us consider the circular half BPS Wilson loops
in non-hook representations. One can decompose the
Young diagram for a non-hook representation into
hooks from the upper left to the lower right to get
(a1]b1), -+ ,(as|bs). This general representation will be
denoted as R=(a;---a,|b;---b,). The Giambelli formula
states that

W(fllaz"'as\blbz"'bs) (em ) euj) = Czl)eqt W(ap\bq) (eui ) e’ ) (44)

The authors of Ref. [25] considered the following gener-
ating function

W) = (et By W0 (e 0)]). (45
The computations in Ref. [25] give
1
)= / [T Detp,(vir).  (46)
where
~du ikp? _dy ikv?
[dpa] = 2m exp( 4t )’ [dvi} = 27 eXp( 47 )
1 1
)= [l— (— = am
2cosh 2 \2cosh —
2 2
+tze(bpﬂ/z)uie(apﬂ/z)u),
p=1
Then one has
> ZNW(N)=Det(1+2p;). (48)
N=0

The multiplication between boldface variables is under-
stood as matrix multiplication with indices u,v and
summation being replaced by integration with measures
[dg], [dv]. Then by introducing

P(Vuu):ﬁv
2cosh

p=VQPVQ,

Jog=ceron,

1
(tal 75

1
— — ob+1/2)0
(gt =etror, (49)
one can get
Det|14+2z( P+t b,) Q] 50
1+ ZW' “l )] o
=Det(1+zp)det [0,,+2t{a,|(1+2p) ' |by)].
p,q
Taking ¢ =0 in the above results, one gets
Z(z) =Det(1+2zp), (51)

and then one has

<C11)e(;5(5pq +tW(flp\bq))>GC = C}Jeqt[(qu +Zt<a’p|(1 +Zp)71 | bq>]-

(52)

1) In the remainder of this section, we will only discuss the half BPS Wilson loop and omit 1/2 in the subscript.
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The coefficient of t* in both sides of the above equation
gives
<W(fl1a2"'as\b1b2"'bs)>GC = C}Jeqt [Z<G’P|(1+Zp)71|bq>] . (53)

Restricted to hook representation cases, one has

(Weai)9© = z{al(1+2p)""|b). (54)
So finally one gets
<W(fl1a2"'as\blbz”'bs)>GC = dp?qt<W(ap\bq)>Gc (55)

This shows that, for the non-hook representation cases,
the expectation values of half BPS Wilson loops in the
grand canonical ensemble can be written as the deter-
minant of the expectation values of Wilson loops in the
hook representations. In other words, they are Giambelli
compatible.

3 Partition function

The computation of the partition function of the
N = 4 orbifold ABJM theory can be localized to the
matrix model [17]V

r—1 N

dﬂe,i dVZ,i
2 N'ZT/HH 2 27

2
H<2mh%) (251nh

2
Vei—Vj
L 2
1<J

X
¢ H (2 cosh L’igy‘z’j) (2 cosh 7W+1’iz_ W’j)

0,3

ik
X exp [iT‘[ Z (M?,i - 1/522)

£,i

(56)

When r =1 it is reduced to the ABJM matrix model (1).
It can be written as canonical ensemble partition func-
tion of an N-particle Fermi gas with one-particle density

matrix [23]
Y

pr=e""", (57)

with H being the same as that of ABJM theory in (2).
We calculate the partition function in the Fermi gas
approach. We firstly have

() = / I ) —r )

d
), ).
2mth w r
with n(p) being the same function as (8). Then

o) = 2200 v (1Y (50

rsin(mo,,) r

(58)

N, (u) =m0, csc(m0,)

Then using (12) we can get

/ N, (u)du = S;Ef(:aa )) J (%) . (60)
Note that we have the following expansion
sin(r7t0,) _ _m(r?-1) 52
rsin(m0,) 6 o
7 (3rt ;61001"2—1-7) ai +O(82). (61)

Formula (60) is a convenient way to get the grand poten-
tial .J, (1) with Hamiltonian 7 H from the grand potential
J(p) with Hamiltonian H, including both the perturba-
tive and non-perturbative parts.

From the results of ABJM theory we have

R () = Cop? +nj,  NP'(u)=Cop?+ B,
P ()= — 1+ Bt A, (62)
with
c_ 2 , 1k
C=ETmep Tyt (8
2 C(r*—1) r2—2 k
B=B-m—ye— = g Tap A4

Then we have the perturbative part of the partition func-
tion

o\ 3
zrw=(5) e (o4
/e ? mC(r? —1)
This is in accordance with the result in Ref. [30], and

here we re-derive it in a different way.

The non-perturbative part of the grand potential for
ABJM theory J,, (1) is a summation of terms of the form
23]

(ap® +bp+c)e” ™, (65)

with a,b, ¢,d being constants and d > 0. Correspondingly
in the grand potential of the N'=4 SCSM theory J*P (1)
there is the term

sin(r7m0,,) ( a

b d .
sin(70,) r2,u + - u+c>e = (a2 4 bt o) e
M

(66)

1) Supersymmetric localization in d=3 N =2 SCSM theories was first studied in Refs. [18, 19].
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with

w=5(2) =tn()-50(%).
T T r T T T

d b, (d a ., (d
CT:CfT (_>__f7" <_)+_2fr <_) (67)
r r r r r
Here we have defined the function
_ sin(rmz)
frl@)= sin(7tz) (68)
Note that when x =1 is an integer we have
@) =r(=)"DY f1(1)=0,
" TT[2 T
I (1)2—7(—)( REGES VR (69)

4 Circular BPS Wilson loops

In this section we review the circular 1/4 and 1/2 BPS
Wilson loops for the N'= 4 orbifold ABJM theory in Eu-
clidean space [31, 32]. This theory is an SCSM theory
with gauge groups U(N)?" and levels (k,—k,--- ,k,—k)."
In d =3 Euclidean space we use the convention of spinors

in Ref. [39], and especially we have the coordinates
a* = (z',2%,2*) and the gamma matrices
7. =(=0% 0" 0%, (70)

with o1%? being the Pauli matrices. The circle is param-
eterized as z* = (cosT,sinT,0).

Using every gauge field APt with £=0,1,---,r—1
and matter that couples to it, one can define the 1/4
BPS Wilson loop

W =TiPexp (—iy{dTA(”H)(T)) ;
Ae+D) _A(2Z+l) u_|_ p (Ml ¢(2l+1)¢(2z+1)

+ M ¢(2z)¢(%)) |x|,

M*; = M, = diag(i,—i). (71)
The conserved supersymmetries can be denoted as
1911 :i’}/geli, 02@2_17392Q,
912 — 6.21 _ 1912 _ 1921 =0, (72)

where the spinors % and ¥ with i = 1,2 and i = 1,2
denote the parameters of Poincaré and conformal super-
symmetries, respectively.

Also using every gauge field Af“ with £=0,1,---,7—1
and matter that couples to it, one can define the 1/4 BPS

1) Without loss of generality, we assume k to be positive.

Wilson loop

Wl(ff;) TrPexp (—ideA(%) (T)) ,
A = 42034 2T (NG 0 (73)

+ NG 8 )
N,” = N, = diag(i, —i).
This kind of 1/4 BPS Wilson loop preserves the same
supersymmetries as the previous one (72). The 1/4 BPS

Wilson loops (71) and (73) can be combined to give a
1/4 BPS Wilson loop

W) = Tr'Pexp( 7{ drL{),(r )),

LW — ACED
1/4 7 /l(”) :

Using two adjacent gauge groups AL”), AZHD in the
quiver diagram and matter that couples to them, one can
define the 1/2 BPS Wilson loop

W= Tepey (< farto).
) ACED RO
Li,= f2(2e) Aco |
2n
A(2g+1)7A(2Z+1) 20 ; (Mz ¢(2H1)¢(22+1)

M ¢(2z)¢(%)) ],

A 27
ABY = A(zz) Fg — A (N]¢(2z 1)¢(2Z Y

Y4 .
Nj(b(zm(b(z )) |21,
=\% 11’(%)77<2Z>|ﬂ'6|,

27T _
¢ ¢
[0 = T (zl)7/1(2z)|17| 0=
M, = N,’ = diag(—i, —1),

M’ = N,” =diag(i, —i),
77(2[)& = (6717/27617/2)ﬁ, ﬁﬁ = 1

(74)

(75)

,'7](2Z)a _ B(ei‘r/27efi7'/2)7

Note that 3 and 3 are Grassmann even constants. The
conserved supersymmetries are
P =iys0Y, 9P =—iys0%, i=1,2. (76)
In the terminology of [32], the above 1/2 BPS Wilson
loop is called the 1,-loop, since it is coupled to fields
e and i
Similarly there is a 1/2 BPS 1),-loop that is coupled
to fields 97, and ¢85 [32]. In the conventions of [31]
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such a 1/2 BPS Wilson loop can be constructed as

W) = TePexp (—i j{ arL <T>) ,

o, _ [ A
L1/2 = f2(2€) Ao ’

. 2m i (2041) 75
A@e+D) :A,(f“l)x“—l— - (Mj(bi * )¢Z22+1)
i (20 77 .
+ M9; (b?zz)) %],
. . . 27 i Ti 20—1
A0 — Afz)x“ + & (Ni]¢(2571)¢§‘ )

s o\
+N1J¢(zz)¢;2 )) |z,

_ (27T . 27 - .
1(21&) _ —77(2[)7/)(22@ |I|7 2(2(8) — .2t é%)ﬁ(zz) |3:|,
k k
M =N, =diag(i,—i), M’ =N,’=diag(i,i),

,'7](26)04 — B(eiT/Z, _efiT/Z), 77(2@)04 — (efi‘r/27 _ei‘r/Z)ﬂ7
BB =1
The ,-loop preserves the same supersymmetries as the
1;-loop (76).

It has been checked that the difference of 1/4 and 1/2
BPS Wilson loops is Q-exact with @) being some super-
charge preserved by both the 1/4 and 1/2 BPS Wilson
loops [31, 32]. This applies to both the 1);-loop (75) and
9-loop (77), and explicitly one has

(£) ) _ L F740) &) _ 01
Wl/z_W1/4—QV( )7 W1/2_W1/4—QV( )7

(77)

(78)

with V® and V® being some operators. It was con-
jectured that the 2r Wilson loops Wl(f; and Wl(f)z with
¢ =0,1,---,7r—1 are 1/2 BPS classically, and only a
special linear combination of them is 1/2 BPS quantum
mechanically [32]. If it is the case, we may denote such
a true 1/2 BPS Wilson loop as

r—1
Y4 ~ 117(£
wam =3 (cve/; W /;) ,

£=0

(79)

with ¢, and ¢, being some to-be-determined constants.
Here superscript qm means that the Wilson loop is 1/2
BPS quantum mechanically. We do not know if Wilson
loops (71), (73) and (74) are still BPS quantum mechan-
ically, but we expect that at least there is the 1/4 BPS
Wilson loop
r—1
W= (c+e) Wiy

£=0

(80)

In this case, equations (78) would also be spoiled. We
expect that
r—1
Wi —Wii=QV, with V= Z (sz(l) +52V(l)) '
=0

(81)

Now we have three possibilities. The first is that Wilson
loops (75) and (77) are 1/2 BPS quantum mechanically,
and equations (78) also hold quantum mechanically. In
this case the Wilson loops (75) and (77) have the same
vacuum expectation values. The second possibility is
that only Wilson loop (79) is 1/2 BPS quantum mechan-
ically, and (81) holds quantum mechanically. The third
possibility is that Wilson loop (79) is 1/2 BPS quantum
mechanically, but (81) does not hold.

5 Wilson loops in saddle point approach

In this section, we compute the vacuum expectation
values of Wilson loops with fixed winding number based
on the saddle point approach.

If equation (78) holds quantum mechanically, we have
the relations between vacuum expectation values of Wil-
son loops and expectation values in the matrix model
(56)

<W1(/2ﬁ+1),n> = <Ze”#e,i>7 <W1(/2§),n> — <Zenutz,i>7
<W1(f)2n> = <W1(f)2n> = <Z [enhei — (—)memvei] >7 (82)

i

with n being the winding number. From Z, symmetry
of the matrix model (56), we have

= ey, ) = (o),

<W1(f)2’n> = <W1(f)2,n> = <Z [e"“o,z‘ _ (_)nenuo,i] > (83)
If quantum mechanically we have (81), we get
<W1q/12"> = c< Z [enHoi — (—)menvosi] >, (84)
with
r—1
c=) (c+ée). (85)
=0

It is possible that (81) is not true quantum mechanically.
But it is still an interesting problem in its own right to
calculate the expectation values in the matrix model

< ;e””“’i >, <; [emHoi — (—)memo.i] >

We calculate the Wilson loop expectation values in
the saddle point approach. For the matrix model (56),
at the saddle point we have [22]

(86)

(87)
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with p(x) and v(x) being the same as (22). Then for the
1/4 and 1/2 BPS Wilson loops there are leading contri-
butions of the vacuum expectation values which are the
same as in the ABJM case

n ink )\ n7
(W) gy [ 5o, (88)
<W(z),n> _ <W(Z),n> ~ in—lkem o
1/2 1/2 Ant :

Note that there is no ¢ or r dependence in this result. If
the Wilson loops (75) and (77) are not 1/2 BPS quantum
mechanically, we cannot use the matrix model to calcu-
late their vacuum expectation values [32]. If (81) holds
quantum mechanically we can repeat the above process
for the true 1/2 BPS Wilson loops (79), and we have

in—1

qu,n Nl Ck nmv 2\

( 1/2 )~ €
dnTt

; (89)

with constant ¢ being (85). The Wilson loops in the fun-
damental representation are those with winding number
n = 1. In Refs. [31, 32] it was shown that a suitably
positioned M2-brane in M-theory in AdSyxS"/(Z,xZ,)
spacetime can be 1/2 BPS, and for the regularized on-
shell action of the M2-brane in Euclidean space one has
(90)

efsM2 ~ en\/2A'

We find matches of the matrix model and gravity results.

If both (78) and (81) are spoiled by quantum cor-
rections, the matrix model calculations here would have
nothing to do with vacuum expectations values of Wilson
loops.

6 Wilson loops in Fermi gas approach

In this section we use the Fermi gas approach, and
study vacuum expectation values of Wilson loops with
fixed winding number and of 1/2 BPS Wilson loops in
both hook and non-hook representations.

6.1 Wilson loops with fixed winding number

We calculate the Wilson loops expectation values in
Fermi gas approach. We firstly calculate

dqdp ~ n(q+p)
mr(u):/%H(u—rH)we F
dgdp , rp » n(a+p) I
- a2 ) 5 )
/ 2nth  \r We ' mn r (91)
And then we can get
D n
mPt (u) = (—/H'E) et
r
271tn 27mn
pt( ) 2 L2
MP* () Pk
rk 2mn\ D 204
: |:<M+%—7TC t—k> 7+E:| e rk ,(92)

with D and E being the same as (30). Then the 1/4 BPS
Wilson loop expectation value is

14 ,
(W™ o

9 —1/3
()
2 -1/ k r?—6nr—2
Al | [ =2 No o
1[<7t2r2k> ( 24 T 3k >
2\ V? ko or2—2
Ai | [ =2 No—4 =<
' [(n%%) < 24 " 32k >]
2 -3 N k+r2—6nr—2
T2r2k 24 3r2k

, 2 \ k122
Al l(ﬂ%Qk) (N_ﬂ—i_ 3r2k )]

L

Ai

+G,

(93)
where
27n, 2rin D
b= S
27n, 2rin | [ rk 2rin\ D
The 1/2 BPS Wilson loops expectation values are
<W1(f)2'n>pt
= (0)m it 27n
= <Wff)z' Jpt = oy OS¢
Ai 2 —1/3 N k  r*—6nr—2
2r2k 24 3r2k
(95)

If the Wilson loops (75) and (77) are not 1/2 BPS but
(81) holds, we can still get vacuum expectation value of
the true 1/2 BPS Wilson loop (79) as

Wi

2 -3 k  r?—6nr—2
- N——++—8«+«————
m2r2k 24 3r2k

2\ N k+r2—2
T2r2k 24 3r2k

with ¢ being (85). If (81) is not true, we only have some
matrix model results.

,(96)
Ai
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We expand the above results in the limit V> k> 1
with r being fixed, and now for the 't Hooft coupling
A= N/k there is

A> 1. (97)

We make expansion of large A and large k. For the 1/4
BPS Wilson loop we have

0 M
(W™ )

_ "k \/Xennr
T onmV 2

( 12mi+nm?+24H,

14+ 2n?m?
3r2k2

1
o)
21
nm(12nmi+ 244 n2m® — 12r% 4+ 36rn — 48r+24nH,,)

3r2k:2
1 1

+0( =) )——+0
<k4>)12\/2)\

1
-1 98
( A)] (98)
For the 1/2 BPS Wilson loops we have
<W1(f)2’n>pt = <V~V1(f)2’n>pt
in—1

_ TR v
dnm

S+
2

n27'[2+36rn—121"2+24+0 1
3r2k2
nm

+o(3)
12V/2X val
These are in accord with the results in saddle point ap-
proach (88). Note that for the leading contribution of

large k, i.e. the genus zero part, there is no r depen-
dence.

(99)

6.2 1/2 BPS Wilson loops in hook representa-
tions

Now we turn to half BPS Wilson loops® in hook rep-
resentations based on Ref. [25], where the density matrix
for Fermi gas dual to ABJM theory was obtained as (35).
For the N'=4 orbifold ABJM theory, we have

po=pr. (100)

Similar to the calculation in Ref. [25], we obtain the
following result in A/ =4 orbifold ABJM theory,

= ([ 1

e“z

> =Det(1+zp;,)),  (101)

(75) and 12-loops w

1) We have the 11-loops w® 12

1/2

(77) with £=0,1,-

where
Prr=Psp" ", (102)

with p; being the same as (37).
The generating function for the half BPS Wilson loop
in hook representations (a|b) was given in Ref. [37]

1—|—(S—|—t) Z Sath,"(a‘b) (103)
a,b=0
1+tU (14tets)(1+sevs)
= Sdet( 1) =
¢ H (1—sets)(1—tevs)’

J:1

Therefore, the grand canonical ensemble expectation
value of a circular 1/2 BPS Wilson loop W, s in the
N =4 orbifold ABJM theory in Euclidean space becomes

=, GO det(1+zppmt
<1+(S+t) Z Sathr,(a|b)> :w

S det(1+2zp7)
et Ar—1
3 sttt ) (af
a,b=0 1+Zp7ﬂ

—1b),

=det <1+(s+t) (104)

r—1

1+

=14 (s+%) Z s"t’ a|

a,b=0

with the states |a) and (b| being defined the same as (39).
We get the relation

fete zpt
(W 1) = ol o ) (105)
B zpmt 1 i
= ({0 al) = (e bl

Using Sommerfeld expansion we get

(W, (appy) ¢ =m0, cse(m0 ,)m

- (1), (106)

where

=Te(0(u—rH)e™ |b)(al) (107)
= Tr (0(/r — H)e" |b)(a]) = m(p/r).

Note that for a circular half BPS Wilson loop in ABJM
theory W) there is

m. (1)

<W(a\b)>GC = ﬂaucsc(nau)m

(1), (108)

,r—1. If all of them are half BPS quantum mechanically,

we can calculate their vacuum expectation values in the matrix model as shown in this subsection. Due to the Z, symmetry of the theory,
the results are independent of . From now on we can omit the index ¢ and subscript 1/2. We add subscript r to some quantities of the
N =4 orbifold ABJM theory to distinguish them from their counterparts in ABJM theory. Also the results are the same for the 11-loops
and 2-loops, and so we will not write the same results twice. If only a special combination of the 11-loops and 2-loops (79) is half
BPS quantum mechanically and (81) holds, the following calculations still apply provided that a constant ¢ (85) is added to the result.
In the worst condition (81) does not hold quantum mechanically, and the calculations here are just matrix model results.
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and then we have

sin(r7mt0,)

(W al)) 5 (1) = (Weag))““ (/7). (109)

rsin(7t0,,)
Then we can use (43) and get
Ya(a+1)—$b(b+1) jn—1 )

™
—e 11
AT T e (10)

where n = a+ b+ 1 is the number of boxes of Young
diagram (a|b). The 1/2 BPS Wilson loops expectation
values in the canonical ensemble are

q4

(W (o) o =

ta(a+1)—$b(b+1) jn—1

[l 2r O rk

. 2 -3 k r?—6nr—2
Al [(ﬂ%%) (N_ﬂ—i— 3r2k )

. 2\ ko r2—2
Al l(ﬂszk) (N_ﬂ—i— 3r2k )1

In the large N limit, the expectation values scale as
(Wi (aip) )t

6.3 1/2 BPS Wilson loops in non-hook repre-
sentations

4 2mn
(W alpy )t = cse (111)

~ enﬂ\/ 2 .

(112)

Let us consider the half BPS Wilson loops in general
representations R = (a;---a,|by---b,). The Giambelli

formula states that
er(al ag---as|byrby---bs) (eM ’ e ) = (},eqt WT’(GT—' [bg) (eM ) e )

(113)

As in Ref. [25], we consider the following generating
function
W (N) = (det(3pg + W, (a, ) (€41,€79))).  (114)
p,q

Similar to computations in Ref. [25], with the definitions
(47) and (49) we can get

Z,( N'/H dy] detp (vi,v5),
N)ZM/H[dVi]‘{-‘}t (P (P Q)" (vi,;).

(115)
W.(

Note that the multiplication between boldface variables
is understood as matrix multiplication with indices pu,v
and summation being replaced by integration with mea-
sures [du],[dv] in Eq. (47). We then have

iZNZT

=0

[1]

=Det(1+2zp"),

2NW,.(N)=Det(142zp,(PQ)""). (116)

[M]#

N=0

Using the relation

Det(1+2zp,(PQ) ") =Det(142zp")
x det (5pq +2t(a,|(1 +Zpr)7lpril|bq>)a
p,q

(117)

we can get

<C})eqt(5pq + tWT»(ap‘bq))>Gc
=det (6pq +2t(a,|(1 +Zpr)71p7n71|bq>)' (118)
P.a

The coefficient of ¢* in both sides of the above equation
gives

<W7“»(fl1a2"'fls\blbz'”bs)>GC = C}Jeqt (Z<ap|(1+zpr)7lpril|bq>)'

(119)
Restricted to hook representation cases, we have

(W (ap))©“ = 2(a|(1+2p") "' p"*[b). (120)
So finally we get
<W7“»(fl1a2"'fls\blbz'”bs)>GC :C}Je}<WT»(GP\bq)>GC (121)

This shows that the grand canonical ensemble expec-
tation values of the circular 1/2 BPS Wilson loops are
Giambelli compatible at least in the matrix model sense.

7 Discussion and conclusions

In this paper, we have calculated the vacuum expec-
tation values of the circular BPS Wilson loops in arbi-
trary representations in the A" = 4 orbifold ABJM theory.
We used both the saddle point approach in Ref. [22] and
the Fermi gas approach in Refs. [23, 24], and the results
agree with the available gravity results in Refs. [31, 32].
It will be quite interesting to study the string/M the-
ory dual of the Wilson loops in the higher dimensional
representations.

There are other N'=4 SCSM theories [29, 40-43] and
N =3 SCSM theories [44-47]. Recently there have been
investigations of partition functions of these theories in
the Fermi gas approach [48, 49]. There are also 1/2 BPS
Wilson loops in general N' =4 SCSM theories [32]. It
would be interesting to investigate the vacuum expec-
tation values of supersymmetric Wilson loops in these
theories.

Expectation values of the 1/4 and 1/2 BPS Wilson
loops of orbifold ABJM theory in weak coupling can be
calculated directly in the matrix model, like the ABJM
theory case in Ref. [17]. Also one can calculate the vac-
uum expectation values of Wilson loops perturbatively
using Feynman rules in the orbifold ABJM theory in
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weak coupling, like the ABJM theory case in Refs. [12—-
14, 50-52]. It would be nice to compare the results of
the matrix model to the results of Feynman rules. In
fact it was proposed in Refs. [32] that a perturbative
calculation of expectation values of the 1/2 BPS Wilson
loops using Feynman rules would be helpful in fixing the
coefficients in the true 1/2 BPS Wilson loop (79).

Appendix A

We would like to thank Martin Ammon, Min-zin
Huang, Xin Wang and especially Marcos Marino for very
valuable discussions. JW would also like to thank the
participants of the advanced workshop “Dark Energy and
Fundamental Theory” supported by the Special Fund for
Theoretical Physics from NSFC with grant No. 11447613

for stimulating discussion.

More general 1/2 BPS Wilson loops in orbifold ABJM theory?

For two adjacent gauge fields in the quiver diagram and
matter fields that couple to them of the N'=4 orbifold ABJM
theory, one can define two kinds of 1/2 BPS Wilson loops, i.e.
the t1-loop [31, 32] and the 1-loop [32]. In this appendix
we will investigate if there is a more general 1/2 BPS Wilson
loop that preserves the same supersymmetries as the 1-loop
and t2-loop.

There is no spacelike BPS Wilson loop in Minkowski
spacetime [39]. The BPS Wilson loops along straight lines
in Euclidean space are just the timelike BPS Wilson loops of
straight lines along Minkowski spacetime after Wick rotation.
The circular BPS Wilson loops in Euclidean space can be ob-
tained by the conformal transformation of the BPS Wilson
loops along infinite straight lines. Also, for straight lines the
cases of Poincaré supersymmetries and conformal supersym-
metries are separated and very similar. So it is enough to just
consider the Poincaré supersymmetries of the 1/2 BPS Wil-
son loops along timelike infinite straight lines in Minkowski
spacetime.

We use the conventions in Refs. [31, 39]. Especially
we choose the coordinates z* = (2°,2%,2?), and we use the
gamma matrices

(A1)

with o3 being the Pauli matrices. For the infinite straight
line z* = 78{, we want to get a 1/2 BPS Wilson loop that
preserves the Poincaré supersymmetries

0% = —i6%,
0270 = —i02;,

o0 0",
01170 =101, (A2)

with 2=1,2. We only use the gauge fields A,(f”l) and A,(fe)
and matter fields that couple to them. A general Wilson loop
would be of the form

Wl(f)2 =Pexp (—i/dTng/)z(T)) ,

) ABAD - f(20
L1/2 = f2(22) Aeo )
2041) 4 (26+1) - 270 (0 i (2041) 75
Al )—A;(L )1:“—1—7(qubi )¢Z2£+1)

7 20) 77 .
+ M50 Gy, )il

R 7 _
A0 :A,(fl)l’“'i‘?<N¢]¢(2£71)¢§-2e 1)

(A3)

+ NGl )1,
(20 [27C _(20) i .
1( )= ?m( )1/’(2z)|50|7
27 - i .
3 =\ T nan ],

with 7752[) and nfﬂ) being Grassmann even spinors. To make
the loop BPS we must find ggzz) and géﬂ) that satisfy [53]

BACN =i(F*0 g0 — gt £2),

SACY =i(f35™ — 5™ 1), (A4)
5f1(2l) :Dngzo = 87’520 +iA(2H1)§§2Z) _Z.ggzmA(zm’
5f2(2l) :ngéu) = 8Tgé22) +iA(2l)gé2l) —igéu)A(zul).

Because of the form of ﬂzz) and f2(22)7 terms with fields
w§2e+1) and 1/_)i(2e+1) should cancel in the variation of A+,
Similarly, terms with %H) and 1/7)2(2671) should cancel in the

variation of A . This forces us to choose

M';=N,” =diag(—1,1). (A5)
If we take the ansatz
70 =706}, Nlae) = 12001, (A6)
we get the 11-loop with
M';=N,? = diag(1,1), (A7)
ﬁ(2€)a :B(_ial)a 77(2[)& :(1,1)ﬁ, Bﬂ:_l
Or if we take the ansatz
7?0 =707, N(ae) = N(20)03, (A8)
we get the ¥2-loop with
M';=N;? = diag(—1,-1), (A9)
77(2”(! :B(lyl)y N(20) :(—171)57 6/3:_1

We wonder if there is a more general 1/2 BPS Wilson loop
that preserves the same supersymmetries (A2) as the 11-loop
and 2-loop, at least classically. One of the consequences of
(A4) is that

_(260) __ _(20)7 ,(2¢ 20 20) 73
=, 00 =95 b0,

g =92 (A10)
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with g%“ﬁ and ggl) being Grassmann odd and having no

color index or spinor index. From (A4) and the variation of
ACHD e must have

00" = —1M 0" —1i 8—7t77€2£)9§2€)17

~ i k
Biryo = =M, 03 +iy =7 920 (A11)
87
Then from (A2) we have
oY — _aiph ﬁﬁl 208
3 \ grllend
0% — _ g% _ ko (20
J 87.[77(2@91 )
_ . k
01 =—M.01;+ 1/ 8—7Tﬁ§2“g§§’“’)7 (A12)

= i [k (200 (20
_92i:_M3i92f+ 8_7T77é )géi ).
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