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1 Introduction and summary

A distinguishing feature of three-dimensional supersymmetric conformal field theories are the
vast moduli spaces of BPS line operators annihilated by some supercharges. For operators
that are conformal, this was understood from an algebraic point of view in [1], but many
examples of conformally invariant circular line operators, including continuous families of
them, were found before, see for example [2-10] and [11] for a review.



In the absence of an approach allowing for a full classification, we continue here to
develop and employ constructive methods of identifying BPS Wilson loop operators called
hyperloops, finding a plethora of new observables, some of which are conformally invariant
and some of which are not, greatly enlarging the known moduli spaces.

The theories we study are N' = 4 supersymmetric Chern-Simons-matter with either
linear or circular quiver structure, characterized by the coupling of the gauge multiplet to
hypermultiplets and twisted hypermultiplets [12-15]. The 2-node circular quiver has N' = 6
supersymmetry and is the ABJ(M) theory [16, 17], so most of what we say applies there as
well. For concreteness, we consider theories on S and focus on operators supported along
a great circle.!

In a recent paper [10], some of us already studied Wilson loops in this same setting.
Those hyperloops were written as deformations of bosonic Wilson loops that preserve 2
or 4 supercharges (so they are 1/8 or 1/4 BPS). Starting with particular block-diagonal
combinations of bosonic connections Ly, annihilated by a supercharge @, it was found
that one can deform them as follows

Ebos — L= Ebos - ZQG + G27 (11)

where G is a matrix constructed out of bosonic fields in the hypermultiplets. The resulting
operator is still supersymmetric, by construction, and is defined in terms of a superconnection
containing the fermionic fields, which is something typical of supersymmetric Chern-Simons
theories [22]. Another peculiarity of three-dimensional theories is that the @) variation of £
does not vanish per se, as it happens in the four-dimensional counterpart of these objects,
but it is instead a total covariant derivative, so the entire Wilson loop, which is a gauge
invariant object, is still annihilated by Q.

In the current work we apply a similar philosophy to [10], but we employ as the starting
point of the deformation the 1/2 BPS Wilson loop found in [4] (see also [3]), rather than a
bosonic loop:

Ly/3 = L = Ly + deformation, (1.2)

with the details of the deformation given after (4.1) below. The 1/2 BPS loop is also a
particular deformation of the bosonic loop as in (1.1), so our current construction includes
all of those found previously.

Moreover, unlike the construction in [10], where a single choice of supercharge based
on the original Wilson loops was employed, here we consider any supercharge annihilating
the 1/2 BPS loop, so any linear combination of a basis of 8 supercharges. In particular,
in cases when the supercharge () has an appropriate kernel, we find infinite-dimensional
moduli spaces, since (roughly speaking) we can insert any of the operators in the kernel
any number of times at any point along the loop.

LOf course, it would be interesting to consider other contours, such as latitudes, or generic curves on an
S? C 53, along the lines of what has been done in [18-20] for N’ = 4 super Yang-Mills in four dimensions
and in [21] for the ABJ(M) theory.



This new procedure allows us to uncover new families of supersymmetric line operators.
For example, we have discovered:

e Previously unrecognized bosonic loops preserving 2 and 3 supercharges, which are
therefore 1/8 and 3/16 BPS, in addition to the known ones preserving 2 or 4 super-
charges, see section 6.1.

o New 1/8 and 1/4 BPS loops that do not share supercharges with any known bosonic
Wilson loops, so could not have been found by relying on (1.1). Of particular note is a
subclass of these loops, which depends on one parameter (after fixing 4 supercharges),
for which the variation of the superconnection under conformal transformations of
the circle is a total derivative, see section 6.3.2.

This forms a new class of previously unrecognized line operators that are classically
conformally invariant. Unlike the 1/2 BPS or 1/4 BPS bosonic loops, the one-
dimensional conformal algebra is not generated by the supercharges that they preserve,
but is an outer automorphism of it. As we cannot rely on supersymmetry to guarantee
conformality, it would be extremely interesting to examine them at the quantum level
and verify whether they are truly conformally invariant.

There are various natural directions that could be pursued starting from these results.
The most obvious one is to try to compute the expectation value of these operators, using
localization for example. This typically starts with determining to which cohomological
class the various operators belong. In previous examples [10] based on (1.1), as well as
in the original papers [2, 4], it was found that the bosonic operators and their fermionic
deformations are cohomologically equivalent. In this context we know however that this
does not hold, as we find loops, such as the latitudes, that are known to have different
expectation values from the 1/2 BPS circle [23-26]. This of course makes these new classes
of operators even more interesting.

The next natural question is about the holographic duals. While the holographic duals
of 1/2 BPS loops in some N = 4 Chern-Simons-matter theories have been identified [3, 4, 27],
the question of what is dual to less supersymmetric (and/or higher representation) operators
has not been addressed yet.?

Finally, it would be interesting to study the moduli spaces of conformal loops as defect
conformal manifolds and analyze the defect conformal field theory they define, along the lines
of what has been done for the ABJ(M) theory in [30] and see also [31]. For non-conformal
loops it would be interesting to understand their renormalisation group flows [32, 33].

This paper is organised as follows. In the next section we present the notation for the
theories and the supersymmetry variations of the fields. In section 3 we present the simplest
1/2 BPS Wilson loop in these theories, which is the starting point of the deformations. The
bulk of the calculations is in sections 4 and 5, focusing respectively on loops involving only
two nodes of the quiver and those involving more, respectively. For the benefit of the casual
reader we collect the main results and present a detailed analysis of special interesting

examples in section 6. Some details are presented in the appendices.

2A first examination of a possible moduli space of 1/6 BPS loops in ABJ(M) theory was done in [28, 29].



Gr—1a,» V74 m Tra> V8 qr+1a, ¥iq

—. ~ I
Bt N/ a4 Yra

—k k

6?-1,-1’ 1/)I+1 a

Figure 1. The quiver and field content of the N = 4 theory.

2 AN = 4 Chern-Simons-matter theories on S*

The theories we study are N' = 4 Chern-Simons-matter theories, which can be represented
in terms of either circular or linear quiver diagrams [12-15]. For the most part we focus on a
node labeled by I with gauge field A; and its adjacent node with A1, but in section 5 we
also consider more nodes. The edges of the diagram represent hypermultiplets and twisted
hypermultiplets. The hypermultiplet (¢f,r4) couples to Ar and Aj4q, while the twisted
hypermultiplet (Gr—1 a,@‘}_l) couples to A; and A;_1, and so on in an alternate fashion.
The field content is summarized in the quiver diagram of figure 1, where the solid lines
between nodes represent the matter fields.

The scalar fields in the hypermultiplet have indices a,b = 1,2 and are doublets of
the SU(2);, R-symmetry. The fermions with indices a,b=1,2 are charged instead under
SU(2)g. This is reversed in the twisted hypermultiplets. These indices are raised and

@by and v, = €4pv? with €12 = €9 = 1,

lowered using the appropriate epsilon symbols: v® = €
and similarly for the dotted indices.
To write down the Wilson loops and the supersymmetry variations, it is useful to define

moment maps and currents, following [4, 10]

_ 1 _ i —i i _
% = qidre — 553%?611(:, 33 = qph — €€ abreq e
~ q = ~ 1 1= ~ ~b = 7 be - ~
P’y =i adr-1 — 553‘110—1‘11—1é7 J}m = q})—1¢?—1 — €€y cr-1e, (2.1)
Vr = q7q1a - Ur=qf 1G-14-

These are bilinears of the matter fields and transform in the adjoint representation of U(Ny).
Note that other bilinears of the same matter fields can transform in the adjoint of U(Nyyy).
For example, vry1 = qrqqf is built out of the same fields as vy, but it transforms in the
adjoint of U(Ny41) because of the reversed order.

As stated in the Introduction, we define the theory on S and the hyperloops we
construct are supported along the equator of this sphere. The corresponding on-shell N' = 4
supersymmetry transformations were derived in [10] by relying on the decomposition of
N =4 to N = 2 theories and the transformation rules of the latter in [15, 34]. They are

i

OAur = L Eimlif" = 31),
5q[]l = gabw[[) ) 5@1& = gaquj? )
56-7[—15 = _galﬂ;([zfl ’ 55;;71 = _éab,&fflau



Shra = " &aDudh + iCad) — %fhd(VIQ? — i) + %fhc’ (ﬂléaql} - Q?ﬂpflf) ;
o = iV Dydry + ¢ qry — %fba((ﬂb’/[ —viv1drp) + %ﬁbé (@Ibﬂlde — firy1tar b) ;
5"‘;?71 = _iW’“&abDqu—u} - iCab@z_l‘b + %fab(‘jl—mﬁf - ’71—1‘?[—11’;)
- %gbé (Gr—1epr® — pr—1"qr-1¢)
51/:’1—1a = _W“fal}Du‘?Ibfl - Z'Cabq:IBfl + égab(ﬁf‘j})—l - 51671’71—1)
- %gbé (:ulba(jlé—l - q:f—lﬂf—lab> ) (2.2)

where & ; are the Killing spinors and ¢ ; = %'yuvuf 4i- The covariant derivative acts as, for
instance, D,qf = 0,97 — 1A, 197 + 197 Au 1.

Specifically, each supersymmetry parameter ﬁai’ is a linear combination of four (confor-
mal) Killing spinors on S3 denoted {¢/, gl ¢r, £}, e

ab = gabel + €0 (2.3)

where ©+ = [,7 and 7 = I, label doublets of the SO(2,1) conformal symmetry along the
circle. All together they form a quartet of the SO(4,1) symmetry of S3. The index o = +
is the spinor index.

The Killing spinors obey

_ 7 - _ 7 -
Vufl’l - 5’%5“ ) Vu§h = _§'Vufm- (2.4)

Along the circle we take v, = 03 and the Killing spinors reduce to [35]

! i (0 . (e = (0
§a<0>7 €a<1>7 éa( 0 )7 §a<ei¢>7 (25)

whence one finds C(ll’if = %fié and C;";)T =1 Z’i:.

We work in Euclidean signature and take the gamma-matrices, (v*),?, to be given by
the Pauli matrices. As usual, the spinor contractions are such that

§&=EEba =468, a7e =80 s = -G (2.6)
It follows that the Killing spinors in (2.5) satisfy fifl = flfi =1and 5[7“51 = —§l'y“£Z = 0,

and similarly for the contractions involving ¢” and £".

3 The 1/2 BPS Wilson loop and its symmetries

The starting point of the deformation (1.2) considered in this paper is a particular 1/2
BPS loop of the theory. As shown originally for the ABJ(M) theory in [22] and for N =4
theories in [4] (see also [3]), such a Wilson loop must couple to at least two vector fields, as



well as to the matter fields charged under them. We take the loop built around the I and
I + 1 nodes of the particular form

. -AI _i@@b]i,
Wi, =sTrP j(ﬁ dp, L1/ = iy , 3.1
12 =slr'Pexpi 1/2 @@ 1/2 (mwh A1 — % (3.1)
with
Z' B 5 2 B . B .
Ar = A@,J+E (VI — i+ Mﬁg) , A = A¢,1+1+% (V1+1 - M1+111 + M1+1g2) - (3.2)

The constants o and & (which are not complex conjugate to each other) satisfy aa = 2i/k
and the Wilson loop does not depend on their actual value, so we could fix them to be
equal, but we leave them instead as a constant gauge parameter. We could allow for them
to depend on ¢ at the expense of a U(1) gauge transformation at the bottom right entry:
Ari1 — % — A1 — % — z'oz_lasoa. The origin of the shift —1/2 in the connection (and the
resulting appearance of the supertrace if compared with the original definition in [4] in
terms of the trace) is explained in [11].

As we verify below, the eight supercharges preserved by this loop are

2t L (3.3)

The spinor indices @ = =+ are taken upstairs, to contract with the downstairs indices
of the Killing spinors in (2.5). To relate to the notation in (2.2), we can represent the
supersymmetry transformation as § = —fiban’ao‘ — ZbaQé’aa.

Looking at the form of the Killing spinors along the circle (2.5), one can write a general
superposition of the preserved supercharges (3.3) as

Q =1, Q7" +75(01), Q1" = M Q*T + v Q1T (3.4)

with Grassmann-even parameters 7', 7, (which, again, are not complex conjugate) and

e+i<p B 1
UV, = ( 1 )Z s UV, = (eiLP)z . (35)

The supersymmetry variations generated by a supercharge parameterised in such fashion

auxiliary SO(2,1) spinors

can then be computed by reading off

_ ((v)a _ (0
€ai <0 )7 €as ((ﬁv)a>. (3.6)

In the right-most expression in (3.4), Q% acts in the same way as Q%, that is without the
extra phases e, which have been absorbed in the definition of v, and v,. There are four
n., and four 7}, parameters, but the supercharges are identified up to rescalings, so the space
of real supercharges is in fact RP”.



As noted already in [4], there exists another Wilson loop with the same gauge fields
and preserving the exact same symmetries, but coupling instead to other fields in the
hypermultiplets. This other operator has the superconnection

LYy = ( Al _ZO‘%”), (3.7)

.79 1
iop?_ Arpa + 3

with the opposite sign for the v’s compared to the ones appearing in (3.2). All the moduli
spaces that we find include in them also this operator as a special point of enhanced
supersymmetry. It is then just a matter of choice to do the analysis around (3.1), rather
than around this one.

Before examining in detail the supersymmetries preserved by the loop defined in (3.1),
let us compute its bosonic symmetries. Our notation and further details on the algebra
can be found in appendix A. Firstly, notice that the superconnection (3.1) contains only
singlets of the su(2); R-symmetry, which is clearly preserved. The bosonic part of L/, is
also annihilated by transverse rotations 1’|, but it acts on the fermions by the Pauli matrix
o3, see (A.6). Since spinor indices appear in £; /2 accompanied by opposite R-symmetry
indices, we can cancel the action of T by an appropriate multiple of the R3 generator
of the unbroken u(1)z R-symmetry, and, indeed, the combination L = —i (T | +iR3/ 2)
annihilates £y /5. As for the action of the conformal generators Jy and Ji on the 1/2 BPS
loop, using the expressions (A.4) and (A.5)

dLyjy 9Ly
de Oy

ido Ly2 = — o3, Ly)2] (3.8)

Since the £y /5 does not contain any explicit ¢-dependence, we may bring this into the form?

. L
ido L1y = D' (Ll 2+ 03) . (3.9)

Total covariant derivatives can be integrated away, so this guarantees invariance of the 1/2
BPS loop under Jy. Similar arguments show that Ji are preserved as well. Finally, note
that while acting on L; 5 with T\ (or equivalently R3) gives a non-zero result, it still takes
the form of a covariant derivative

c
T\ Ly o [03,L1)0) = Dy 03 (3.10)

Consequently, R3 and T, are preserved separately.

We now proceed to evaluate the action of the supercharge @ in (3.4) on the supercon-
nection £; /5 (3.1) and to verify that it is equal to a total derivative. This also introduces a
lot of the notation required in the rest of the paper.

First, to write the action of Q) on the hypermultiplet fields it is useful to define rotated
scalar fields

rl = (n)ag”, r? = (M)ag®, T1= eab(ﬁv)acjb, To = —eab(nﬁ)a(jb, (3.11)

c
3The precise definition of the covariant derivative Dq,l/ % is in appendix B.



where (nv), = 1,0, and likewise for (7v),. Now
Qrl =~y , Qr =T, Qmn =12, Qr=-TIp., (3.12)
where the 4+ subscripts are spinor indices and
I = € (i7v)a (10)s (3.13)

is a quantity that plays a central role in our analysis.
It is not too hard to show, using (2.2), that the second variation of the rotated scalars is

L 1 _ 21 21
Q*rl =11 (z(nv)a&pq“ — 5(77031))(1(1“ + At — Zl/[’l”l —rt A + krll/[+1> ,
1 (3.14)
Q*r? =11 (z’(nv)aapq“ — §(ﬁ03v)aqa + Ar? — 7”2./4”1) )
Now, using
2i8g0(7717)a = (NV)a — (770317)61 ) _2i8<p(77v)a = (v)q + (ﬁggv)a ) (3.15)
and
rlir 4 12y = H(q1q1 + q2c12) =1Ilv, (3.16)
these second variations can be written as
1 24
Q*' =1 (z’a@rl - 57“1 + Aprt — rlAHl) — %(r%grl — rlryr?),
1 (3.17)
Q*r? =11 (z’a@ﬂ + 57’2 + Apr? — r2A1+1> .
Likewise, the anti-chiral components have double variations given by
2= o 1_ - - 20, _ o ol
Q1 =11 (i0,r1 + o +Arm —mAr ) — E(TQT 1 — 1),
(3.18)

1
Q2f2 =11 (Z'OLPTQ — 5772 + .A]_:,_l’FQ — 7“2.A[> .
It is now straightforward to check that, when II # 0, the off-diagonal entries in £

are equal to —iII"'QH, with
=2
H:(O‘”>. (3.19)
arg 0

One can combine this with the results above to find that the supersymmetry variation of
the 1/2 BPS connection is

L
QLyijy =D, "H . (3.20)

The covariant derivative used here includes a commutator with the diagonal part of £y,

and an anticommutator with the off-diagonal part, as explained in detail in appendix B.
1

)

For the purpose of this calculation it was not needed to evaluate the action of Q2 on r
but only on r2. The former is included here as it is of relevance for the rest of the paper.
Also, if one wanted to repeat the calculation for the other 1/2 BPS loop in (3.7), one would
need to replace r? and 72 in H in (3.19) with 7! and 7;.



4 Two-node hyperloops

Here we systematically study continuous deformations of the L, /5 in (3.1) preserving the
supercharge @ defined in (3.4). Again, the strategy is not to find a superconnection which
is strictly annihilated by @, but that rather transforms as a total covariant derivative,
precisely as L;/5 in (3.20) above. For the moment, we focus on the case in which the
hyperloop couples to only two nodes of the quiver of the theory, but in the next section we
generalize this to longer quivers.?

Following [10], we take a deformation of the form
L=Lyypy+F+B+C, (4.1)

where F' is off-diagonal and Grassmann-odd, B is a diagonal bilinear of the scalar fields
and C' is annihilated by ). This is the most general form consistent with the gauge group
representations, the supermatrix structure and with all dimensions being equal to one.
BPS non-conformal loops with higher dimension insertions are also possible, but are not
considered here.

The condition QC' = 0 distinguishes two cases: when the supercharge annhilates some
of the matter fields and when it does not. Nontrivial solutions include any BPS bosonic loop
where the supersymmetry variation should be simply zero, rather than a total derivative.
We exclude that case at the moment, because for a compact gauge group the coefficient
of the gauge field in the Wilson loop is the identity (or more precisely i). As the gauge
field already appears in the appropriate form in £, /5, we should not allow for extra gauge
field terms in C'. An exception to this would arise if B also has gauge fields, a possibility
discussed in appendix C.

The other possibility is that () annihilates fields from the hypermultiplet. Note that the
action of @ on the scalars in (3.12) is always proportional to the bilinear of the parameters
nt, and 7, that we called II. When II is identically zero, we see that () has a nontrivial
kernel (in this case ! o 72, so they do not form a basis of the scalar fields). One has
therefore to distinguish the cases when II does not vanish (or has isolated zeros) and the
case when II = 0, studied later in section 4.2.

4.1 Deformations with II # 0

Starting from the ansatz (4.1), we want to determine the most general F, B and C' giving
BPS loops, under the assumption that II # 0.

The simplest term to address is C'. The only solutions to QC = 0 which is at most
bilinear in the fields and excluding the gauge field is C' = diag(cy, ¢y4+1), a numerical matrix
not containing the fields. Note that we set the radius R of S® to 1, otherwise this should
scale with 1/R on dimensional grounds. The term proportional to the identity is completely
trivial, so we remove it and take C' = diag(0, c).

4The representation of the hyperloops in terms of quiver diagrams, which may include some or all of the
nodes and edges of the original quiver defining the gauge theory, is explained in detail in [9, 10].



Moving on to F', in order for QF to involve a derivative in the ¢ direction, F' is
restricted to have the fermions in (3.12). Therefore, if II # 0, one can take
) 0 byr®
F=—-iQG, G = . 4.2
i@ (b% 0 ) (4.2)

Here the b, b, parameters may be functions of .
In terms of G, we can combine (3.17) and (3.18) into

—iQ*G = 0,(IIG) — i[L])y, TIG] + i[H?,G] — TIG, (4.3)
with the remainder
7 a _ TTh. ol
1né — ) _O . Oy (ITbg ) r* — illbyr ' (4.4)
O (I1b*) 7 + ilIb' 7y 0

To evaluate the supersymmetry variation, it is sometimes useful to split the connection into
the diagonal (bosonic) and off-diagonal (fermionic) part: £ = £P + £ and likewise for
Ly/5. One can then write

QL =QLy»—iQ°G+ QB
= D12 H + 0,(TIG) — i[L])5, TIG] + i[H?, G] + QB — TIG
= D"12(H + TIG) — i{ L1, IG} + i[H?, G] + QB — TIG (4.5)
= DX(H + 1IG) + i[B, H + IIG] +i[C, H 4+ IIG] + i[H?, G] — IIG
—{QG,H+11G} —{QH,G} + @QB.
The terms on the last line are all diagonal and vanish by setting B = {G, H} + IIG?. With
this form for B, also the second and fourth terms on the previous line (which are cubic in

the scalar fields) vanish. Another way to write these equations is in terms of the variations

of the extra terms in £ in (4.1)

QB =i{F,H}+{L{),+ F,AH},

B (4.6)
We see that this is indeed satisfied with AH = IIG.
The deformed connection can then be written as
L=Ly;—iQG+{G H}+1IG* +C, (4.7)

and it is a total derivative if we further impose that the remainders in the last equality
of (4.5) cancel
i[C,H +TIG] —TIG = 0. (4.8)

These are four differential equations for b® and b,
9,(TIb') —i(c — I = 0,
9, (TIb?) — ic(a + T16%) = 0,
9,(ITby) +i(c — 1)IIby =0,
0,(Ilby) +ic(a + Ilby) = 0.

(4.9)

~10 -



Taking é(¢) to be the primitive of ¢, the general solution can be written as

o' = e Heal I = 4% —a, Tby=e¥ B, Th=e “f—a, (4.10)

with constant A, 32, 81, fs.

There is a lot of freedom in choosing c. It can in principle be an arbitrary function of
, but this is a gauge symmetry, which is absorbed in A;;. We can always fix to the same
gauge as in (3.1) by setting ¢ = 0. Note that in generic gauges, when ¢ is not periodic, the
parameters b and b are also not periodic (as it was in the original paper [22]).

In the gauge ¢ = 0, the deformed connection (4.7) is

[ — Apr + M Ty — *(/i[ i ﬂﬁg) ZﬁQ@bn_ + e S0/811/1124_
’552% —ie "%p 1/12_ Ap 41+ M b7“b7” - *(M1+1 11 - N1+12 %
(4.1
where
20l i _ipa 92
w-m (D). (4.12)
e "PBe8" B2t — 1

After fixing a supercharge @, the possible space of hyperloops it generates can be represented
by the matrix M in (4.12). It is given by 4 complex parameters 3 and ,, modded out by
a C* action, which is the conifold. This is the same type of moduli space found in [10, 11].

Note that the effect of the shift of 42 and B2 by o and @ in (4.10) means that the
“origin of 8 space”, which is the tip of the conifold, is a bosonic loop. We can thus view
all the hyperloops that we find here as deformations around some bosonic loop by some
supercharge that it preserves. This is similar to the structure in [10], but here we have far
more general bosonic loops (see section 6.1) and choose any of the supercharges that they
preserve.

Specific examples of hyperloops of this type are presented in section 6.2. Their symmetry
algebras are also studied there, as well as a closer inspection of the connection between
them and the hyperloops of [10].

4.1.1 The condition IT # 0 from an algebraic point of view

The conditions on II being zero or not can be interpreted from an algebraic point of
view. To do that, let us start by looking at the square of the supercharge (3.4), which
using (A.9) reads

1
Q*=-TI_J_ —HoJo+ 10, Jp — AL, — ixabRab, (4.13)

with II+ and Ily the Fourier coefficients of II, defined through
M=T_¢ % 0y + I, e, (4.14)

and
Nab = €M) A=e®Ny. (4.15)
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As mentioned in section 3, Jy and Jy are the generators of the conformal group along the
circle, R% are su(2);, generators, and L, is a combination of rotation orthogonal to the
circle and the unbroken u(1)g (see appendix A for further details).

As manifest from (4.13), Q? generically generates sl(2,R) @ su(2), @ u(1)r, , which is
the algebra preserved by the 1/2 BPS Wilson loop. When II # 0 the conformal generators
are part of this preserved algebra (at least in part). It is now possible to consider subcases of
the condition IT # 0 in which one progressively decouples some of the generators on the right
hand side of (4.13). This imposes conditions on the parameters n and 7, which we derive
below and which are going to be useful in section 6, where we construct specific examples.

We start by considering cases in which the su(2)y, is “turned off”. In order for the
contribution of R% to Q2 to vanish, one must require that Ay, in (4.15) be antisymmetric.
This implies that

At = egifin] =0, (4.16)

which allows to deduce 7} o 7], and similarly for A\22 and 75,7n5. We may then factorize
these parameter in terms of some other quantities carrying a single index, as follows (bars
do not indicate complex conjugation, as usual)

=1 o (2 (3 K3
= wis , = wis ,
™ ™ (4.17)
77% = 'U_)Qtl, 77% = wgtl.
It remains to impose
A2 + Ao = (Gljszt])(ea’bﬂ)awb) =0, (4.18)

which can be achieved by setting either s* o< t* or w, o w,. As a consequence, the remaining
parameters that determine Q2 are given by

A = (&,8"t!) (wW1wa + wawn) , II= (sle“‘p/2 + sre_w/Q)2 ePwawy . (4.19)

In order to avoid that IT = 0, we must ensure e*

wawyp 7# 0, which implies €,,s't = 0. In
particular, the contribution of L vanishes automatically. In other words, Q? € so(2,1).
More restrictive cases can be easily constructed by considering special choices of s, s”. In
particular, setting s” = 0 gives Q2 & J and similarly s' = 0 gives Q% o J_.

Next, one could maintain the su(2)y, and set instead individual Fourier coefficients of II
to zero, looking, for example, to the case Q% € u(1), ® su(2); ®u(1)z, . The contributions

of Ji to Q? vanish if and only if

el =0, ening =0, (4.20)
namely if the n’s are linearly dependent
7751 = tlwaa "72 =12, 191
1 _ El L ( ’ )
77(1 - wa Y na - Za .

Without loss of generality, one can take z,w to be normalized, finding the corresponding

parameters
I = (e™zwp) (e,8't7)
- 1_(01 (4.22)
Aab = (€t"t7) 2(qwp) + 5751 <1 0) (e zewg)eqp -
]
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One could go on and, for example, turn off II_ and IIy by imposing

0=e®igny, 0=, + iy (4.23)
which is achieved by taking
Ny = SWq, My = SWgq (4.24)
and yields
Aab = 8 (néwb — wwé) — twgwy . (4.25)

The specific cases considered above do not form an exhaustive classification of super-
charges with II # 0, but have been selected because they are of interest in the study of
some loops, like the bosonic loops in section 6.1. Supercharges whose squares are a linear
combination of both su(2);, and conformal generators can nonetheless be easily constructed.

4.2 Deformations with IT = 0

The analysis above gives Wilson loops rather similar to those already studied in [10] (though
far more general). As seen, it requires that the function II be non-zero. Now we turn to
look at the interesting case when

II = (7v)1(nv)2 — (qv)2(nv)1 =0, (4.26)

and define

¢ = =2 (4.27)

thus £(¢) € CU {oo}.
This case is subtle because the supercharge @ in (3.4) annihilates the rotated
scalars (3.12) and, furthermore, the pairs of rotated fields are not linearly independent

rh=a%, =g (4.28)
For convenience we define (assuming (7v); # 0)
7“” =72 , ’F” = -7, (429)

and an orthogonal pair which are not annihilated by @

rt = (v)2q' — ()hg®,  FL= (L@ + ()2 - (4.30)

We then find that
Qrt = A&Wi_ +s,),  QFL=—A@WL —€?),
y
@rt =~ (@0, — v = Ll = rlvi)). (431)
Q*FL =A <(i3¢§ =&+ %f(wﬂf” - TVI)> :

where
A= ()i + ()3, (4.32)
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and similarly to (3.16)
7+ e = Avy, Pl 47t = Avpyg (4.33)
We can apply now the same formalism as in the II # 0 case and take
L=Ly—iQG+{G H}+C, QRC=0. (4.34)

H is the same as above, see (3.19), which in the new notations becomes

0 arl
H = <a£r” 0 ) . (4.35)

In G we include only 7+ and 7, and C may contain scalar bilinears as well as the numerical
factors discussed before

_ 0 BJ_TJ_ B B”THFH 0
G_<ﬁ¢ﬁ 0 ) _< 0 Blirl+e) (4.36)

QG gives a single linear combination of the fermions §1; _ + 1, . In appendix C we explore
the possibility of adding another combinations of the fermions, but find that this can only
be done in the case of £ = 0, presented in section 4.2.1 below.

Going back to the deformation (4.26), one can get QL = DgH , provided that

Q’G =[G, H?| +[C, H]. (4.37)

Unlike the II # 0 case, here H remains the same regardless of the deformation.
Besides, one can check that the cubic terms inside Q?G cancel [G, H?]+[C, H] provided
gl = BH' The remaining equations for the terms linear in the scalars are

AB1 0y(e9€) = —ie'Pca, ABLO,(e79€) = —iePtca, (4.38)

which are simple algebraic relations on S+, 5, and c.
In the generic case, we can have

o (At MRy — (G ) i@+ EABL )Y — ZABWH
ilo+ ABL)PL —igABLY2  Agrpr + MobTur® — £(fy, it — iy ) He—3)
(4.39)
where B
0 =+ EabL
M=, kA : 4.40

with a,b =1, |. Plugging in the solutions of (4.38), the resulting loops generically preserve
only one supercharge. However, at some special points we find supersymmetry enhancement.
In fact, we find some very interesting subclasses of those loops, which are analyzed in detail
in section 6.3.
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4.2.1 The special cases: £ =0 and £ = c©

Two further degenerations of the Il = 0 supercharges are when £ in (4.27) vanishes or is
infinite. Both cases are equivalent under the replacement of n with 7 (or Q?“Jr and Q1%7)
and for simplicity we focus on § = 0. This means that the supercharge () is comprised of
only the four supercharges Q%“_ and is nilpotent Q% = 0.

In all cases when IT = 0, we have two scalar fields !l and 7| in (4.29) that are annihilated
by Q. For & = 0, as can be seen from (4.31), there are also two fermionic field in the
hypermultiplet annihilated by Q. Those are 1, and zﬂi and we can therefore insert any
distribution of these fields in the hyperloop while still preserving supersymmetry.

As the bottom left entry in £/, is comprised of zZ}H see (3.1), the matrix H appearing
in the variation of £y, is upper-triangular, as can indeed be read off from (4.35). To
construct the deformed loops we take G as in (4.36) and add the extra fermionic fields to
C. Alternatively, they can also be added as extra terms into F' beyond QG

(0 Bt _ (Byrlry as,
¢= (ﬁJ‘TJ_ 0 )7 ¢= < 57]}_1‘_ ﬁ”f”TH +c)’ (441)

Plugging G and C into QL = DéH , one gets again the same condition that appeared
in (4.37), which can be solved by

s=c=0, B =5l (4.42)
This gives the superconnection
o (Aert Mabrafb —é(gfli —if5) —idlﬁ_ + (5‘—}'1\5?)1/1@ o1
ila+ABT)Yg Ap 11+ Mo Tor® = (i gf = Brygd) =3

(4.43)
where M," is the same as (4.40) with & = 0. Note that § and 5, appear only as the
combination 6 — A/, so we can eliminate any one of them.

The same answer is found from a different approach in appendix C, where extra
fermionic fields are added in F.

4.2.2 The condition II = 0 from an algebraic point of view

As done for II # 0 in section 4.1.1, one can consider the condition II = 0 from an
algebraic point of view. Here we give a complete classification of all possible subcases.
From the discussion around (4.20), with Q2 € u(1),, ® su(2); ® u(1),, the conditions
on 7n.,n, for II to vanish are easily derived, since one only needs to enforce Iy = 0, so
that Q2 € su(2)r, ® u(1)r,. By (4.22), there are two possibilities: either €®z,w, = 0
which implies \gp = \pq and Q? € su(2)r, or eZ]thJ = 0, which implies Ay = —Apq and
Q2 S u(l) L, -

In the former case, Q? € su(2)r, one can let z, = w, without loss of generality,
leading to

Q? o wawy R . (4.44)
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The functions £ and A are given by

th+ eier tiod | m
- __ _ e T\2
$= Gy ATETEH) (4.45)
In the case Q? € u(1)y, , one may write instead t* = t s, #* = t s*, leading to
Q% x €®zqup L | (4.46)

as well as to
te=

€= — A = 2% (e“"(sl)2 + e % (s7)? + 2slsr(e“bzawb)) : (4.47)

Finally, when both of the conditions above are met the supercharge becomes nilpotent,
Q? = 0. The parameters are of the form

n, =ap'w, T, =ap'w,. (4.48)

This factorisation is expected since each term in (4.13) antisymmetrises over either 1, or
a,b (or both). The functions { and A take the simple form

—ip .
= A= P (1.49)

Note that the function £ provides a handy way of distinguishing these cases. Concretely,
0y (e%°€) = 0 if and only if @* € u(1)r, . € vanishes identically if and only if @ is composed
entirely of barred supercharges.

5 Longer quivers and twisted hypers

All the constructions in section 4 involve only two nodes of the quiver. Here we turn
to hyperloops coupling to more nodes. As a guiding example and starting point of the
deformation, we consider the 1/2 BPS loop on two pairs of nodes, with undeformed
superconnection given by

.A]‘ —Z'c_k[”tbji_ 0 0

Ly = ia[¢}’+ Aria =3 ! - 0 (5.1)
0 0 Arpo—c  —iorpop g
0 0 ia[+2%z}+2,+ Ay —c— %

We introduce a constant shift ¢ between the two pairs of nodes representing the effect of
a U(Nr41) gauge freedom. In this block-diagonal form, there is no restriction on ¢. The
resulting Wilson loop is well defined with constant a ;1o and ay4o satisfying a oo = 2i/k.
We find (the supertrace sums lines with signs +, —, +, —)

W = sTrPexpifEdgo = Wi 141) +exp (—i%cd«p) Wirs2,1+3) - (5.2)

Clearly with this block-diagonal structure, we can take any linear combination of the
two Wilson loops. Adding deformations by the hypermultiplets keeps the block-diagonal
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structure, so again it works with any c. As already noted in [10], deformations by twisted
hypermultiplets with (j‘} 1 are more subtle and fix c.

The Wilson loop based on (5.1) still satisfies QL /, = Dil/zH, this time with

0 arr? 0 0

- |z 0 o b (5.3)
0 0 0 Oq+27'1+2
0 0 aryorrto2 0

It is now natural to rotate the fermions from the twisted hypermultiplets
Pl= =), 5=, pre =)o, e = ety (5.4)
such that the supersymmetry transformations are
QG =p%, Qis=p-. Q7' =py QT =pis. (5.5)

The double variations are then

27 1

Q%4 = (10,01 + Ar1Gi — GiAr2) — - (Far’di — Gir72) — S e (0)a(n0°)ods
21 1 _ -
Q g5 = H(z&qu + Ar+1ds — q2./41+2) - *(Tﬂ g5 — QT 7’2) — et (7703v)a(77v)qu )
k 2
21 T N L b/~ 3 = (5.6)
Q°q = (Zatpq +Arag — AI+1) - ?(7“ Fof — G rar ) — 2€a (no°v)a(n0)sq"
=9 2Z 1 _ -4
Q*F = N(i0,G + Ar23 — P A1) — ?(T%q — Pror?) — € (10)a(nov)d”
Using (3.15), the linear terms above can rewritten as
P(i)a(no®v)y = —i0 =X, €(o*v)a(np)y = —id I+ A, (5.7)
such that the double variations become
2~ a o~ 1. - - ~ 2
Q7 =1 (Z&pqi —ght Lg + Ar1Gi — Q1A1+2) — S (ror?Gy — Gir*a)
~ n - 1. = - s
Q%3 =11 (Z&pqg toht Lgs+ Ar41G5 — QQ-AI+2> = (Far?Gs — Gor°T2)
(5.8)
=i . =i 1 =i = =i =i =i = =
Q*¢' =1 (Z&pql + 5(11 + 1§ + Ar2q' — qlAm) (rP7ad" — §'rar?),
- R - = =
Q¢ =1 <z3¢§2 = @+ T + Araf’ = P Arp (rPrad” — Frar?),
where for latter convenience we introduce
1/. A — 1/. A
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5.1 Deformations with IT £ 0
We now proceed to deform the loop (5.1) as in (4.1). We take G to be of the form

0 brar? 0 0

G = biT1a 0_, dpy1Griai 0 ' (5.10)
0 driyidr 0 br+2ar7 o
0 0 bCIL—&—QFI-i-?a 0

We allow a coupling to all the scalars in the hypermultiplets, but in the twisted hypers we
restrict to ¢;, ;i and (j} +1- The second pair of scalar fields is examined below.
Using (5.8), the analogue of (4.3) adapted for a longer quiver is

—iQ*G = 0,(TIG) — i[L P, TIG] + i[H?, G] — TG, (5.11)
with
0 0, (TTby o )7¢ 0 0
G = 0 (1167)71 4 0 . Ap(Td" )Gy 1 0
0 aso (Hdi)QN}-i-l 0 as@(HbIJrQ a)rﬁz
0 0 D, (TIb% )71 124 0
3 30( I+2) 1+2 (5'12)
0 —iHbIlr} 0 ) 0
illbyiy 0 —ill(c — T)d'G 44 0
0  ill(c+TD)dig}y, 0 —illbryo17} 5
0 0 ilIb} 571421 0

Proceeding as before, the analogue of (4.5) sets B = {G, H} +I1G? and supersymmetry
invariance of £ now requires solving

i[C,H + TIG] — G =0, C = diag(cr, €141, €142, C143) - (5.13)

We recover two copies of the equations (4.9), now for by, br, brya, and bryo. In addition,
using T 4+ T = 10, In1I, we find the two following equations for d;, ;{ and J} 41

a@(J}H) —i(cr41 —crp2 +c+ f)d_}ﬂ =0,

| i (5.14)
Op(Ild ) + i1 —crp2+ e+ D)dp 4 = 0.

Note that these involve not only the numerical factors arising from C' but also the relative
shift ¢ that was left arbitrary in (5.1). In particular, we can make use of this gauge freedom

to make the convenient choice cry1 = cyy2 = 0 and then with ¢ = —f‘, the equations above
are solved by
. i 5.
di, =6,  d =1L 5.15
I+1 I+1 I+11 I ( )

with constant §’s. Other gauges are possible, but they are completely equivalent to this one.

One can write the explicit expression for £ using (4.7). Two points to note are that
in addition to the diagonal bosonic terms and first off-diagonal fermionic terms, there are
also off-off-diagonal bosonic terms that contain the bilinears g;, {77, 5 and 5} 4171a- Also,
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the diagonal terms in the central nodes now include the modification of the bilinears of the
scalars in the twisted hypermultiplets via

T ~ (=ifk+ 00, O
M%Gr1adt1 M = ( / 0”1 I+11 i/k) : (5.16)

Instead of writing the full complicated 4 x 4 form of the general £, we look at some special
cases in section 6.4.
To couple L to Gy, 5 and cﬁﬂ, we take instead

0 brar? 0 0
_ B~
G — b?’l“]a 0:2 dl+1q1+12 _ 0 . (517)
0 dri150741 0 br+2ar7 o
0 0 bi 1ol 1424 0
then (5.11) holds with
0 0 (TTby )18 0 0
G — 9y (Ib})71 4 0 0p(d}1)dr415 0
0 a@(ﬂdl-i-l 2)6%-5-1 0 8¢(Hbl+2 a)T%-s-Q
0 0 a(’p (Hb?+2)f]+2a 0
0 —iTlby 17} 0 0
iTlbl7y 0 —ill(c =T = 1)d71Gr41 0
0 ill(c+T = 1)dpy3G7 4 0 —illbri217} 4
0 0 ilIb} 5T 1421 0
| (5.18)
This time, (5.13) gives two equations for d; 5 and d7_,
Bp(di 1) —icrin — crya+ e+ T = DId7,, =0, (5.19)

Op(lldyyy5) +ilcrpr —crpp+ e+ T —1)dp 5 =0,
In this case the convenient gauge is cy+1 = cr+2 = 0 where these equations are solved with
c=-T+1and

. . 81y
i1 =011, drps = 7;112, (5.20)

with constant §’s. Now M is given by

ik 0
M= o . (5.21)
( 0 i/k+0710;4, 2)

Notice that we performed the analysis separately for the two pairs of scalars in the
twisted hypermultiplets and the resulting expressions required different conditions on ¢,
namely ¢ = —I' and ¢ = —I' + 1. To allow £ to couple to all scalars of the twisted
hypermultiplet at the same time, these need to be related by a gauge transformation,
requiring

6(cp):—/0¢(F—F—l—1>dg0/:/0¢;\1dcp', (5.22)
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to be single valued. Thus, if
ie(2r) A
e =expi § o dp=1, (5.23)

is satisfied, £ may couple to all twisted scalars, otherwise it may couple either to the pair

Gi,q' or to G3,¢". _
To be concrete, if we choose the gauge ¢ = ¢j11 = cryo =crp3 =0and c= —T', a

G including all twisted scalars is then composed from (5.10) and the gauge transformed

version of (5.17), giving

0 Elar% 0 0

o |V . 0 . i1y i +€9Od] 0005 0
0 dyyyire +e79Pdp 507, 0 bri2arfis
0 0 b o424 0

(5.24)
The constructioP then follows as before. Differential equations for Z)]a, b%, 514_2&, b0
and for dj 4, dj,, are as in (4.9) and (5.14) and are solved by (4.10) and (5.15). As for
dy,14,d7.,, we find the equivalent to (5.19) in the ¢ = —T' gauge

3@(1-[61‘6@)6]?“) - i)‘eiéW)‘i?Jrl =0,

) ) (5.25)
0, (e D dp, 1 5) +ixe™ Py, 5 =0,

which is still solved by (5.20).
We found therefore the form of £ coupling to both twisted scalars, under the condi-
tion (5.23). Now M is given by

7 (—zl/cl(f ;F_g}+151+1i ?_ié((p)ihlép“l?) . (5.26)
e NPIoT 1611 1k + 07101015

A special case of this construction was already carried out in [10]. In the parameterization
of that paper, Il = 1 and XA = cosf, with 6 the so-called “latitude” angle. It was then
possible to include all scalar fields in G for # = 0 (see equation (4.9) of [10]). The analog
of the obstruction (5.23) arose there for # # 0 (see the comment below (5.15) of [10]).
The reasoning for that is precisely the fact that e’¢(®) = ¢ <s? considered there is not
single valued.

5.2 Deformations with IT =0

Generalizing section 4.2 to allow for twisted hypers, we start again with the 1/2 BPS loop
with four nodes in (5.1). H is the same as in (5.3), now written generalizing (4.35) to

0 agr 0 0
oo | ey 0 0 0 (5.27)
B 0 0 0 arpor! '
I+2T 142
0 0 —ar2lrrgg 0
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As before, the fact that II = 0 implies that the variation of the deformed loop is still a
covariant derivative of H regardless of the deformation. Since H does not include twisted
scalars, we do not expect the relative shift between the two pairs of nodes (¢ in (5.1)) to be
fixed by the requirement that the deformed loop is supersymmetric. Below we see that this
is indeed the case.

The II = 0 version of the double transformations (5.6) is

20, L A
Q*q; = z&(?“u?“”fh — gyl + 54i

I A T A
Q°q = Ei(rur”qg —gyrlry) - 5%
- - . (5.28)
Q% = —¢(rlmd — gl - 53
k 2
2i A

Q¢ = % & @ =@l + 53

[\)

The building blocks are then the 4 x 4 versions of G and C' (we set ¢; = c¢j42 = 0 for

convenience)
0 Brurt 0 0
G- By 0 d*Gri1a 0
0 daGfy 0 Breairfis |’
0 0 Bfiofriol 0
a - (5.29)
ﬁ[ H’I“IT’I || 0 0 0
a0 Bt 0 0
0 0 Bri2 ||TL_2771+2 I 0
0 0 0 /31|r+2771+2 ||7"}|+2 +cry3

With these in hand, the superconnection £ = L; /5 —iQG + {G, H} + C is supersymmetric
provided that the same condition as in (4.37) is obeyed.

The analysis for the g parameters follows as in the 2-node case. Cubic terms on the
fields cancel for f3; | = ﬁy and I42) = ﬁy 4o Linear terms are such that we find, in addition
to (4.38), its I + 2-node version

ABria 10,(e€) = —ie¥cr3drys ABTy90,(€7€) = ie™crizoriaf . (5.30)

For the central block containing the d parameters, one realizes that the cubic term in
the double variations (5.28) is exactly equal to [G, H?]. There is no contribution related to
d from [C, H], so one is left with the linear terms arising from Q?G

=0. (5.31)
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Solutions with nonvanishing d parameters and a non block-diagonal structure are only

possible for supercharges with
A=0. (5.32)

In this case there are no constraints on d* and ds, and they can be arbitrary functions.
At the level of the algebra, see section 4.2.2, this means that loops in this section are
constructed from @’s that square only to su(2);, generators R,

Note that as anticipated the derivation above does not set restrictions on the relative
shift ¢ appearing in (5.1), in contrast to the IT # 0 case. We examine some special cases of
the resulting operators in section 6.5.

5.2.1 The special cases: £ = 0 and £ = c©

The analysis of £ = 0 and £ = oo follows in analogy with section 4.2.1. As before, both
cases are equivalent under the replacement of n and 7, so we focus only on the £ = 0 case.

Here, since we are considering longer quivers coupling to twisted hypermultiplets, we
need to include in G not only rt, 7| but also the twisted scalars that are not annihilated
by Q. From (5.5) we see that these are ¢; and 52, so we have

0 Briry 0 0
1 7~
0 d ; 0
G = ﬁ[ - dr+11i _ N (533)
0 dygiy 0 Br+2T740
0 0  Bfiofreol 0

Conversely, the fields g; and (ji are annihilated by @ and are included in the matrix C.
In addition to them, we should also include ;ﬁ and pi1y, which are the linear combination
of fermionic fields from the twisted hypermultiplet that are annihilated by ). Thus, we
have (setting again ¢y and cj19 to zero for convenience)

K{ Sﬂ/’]ﬂ ’ery(jprlé 0
O = 5j.¢}+ Ky f Cr4+1 5I+£ﬁ%+1,+ 72‘71“ QTLQ (5.34)
V3q1171)| Or1pre11+  Krya o Orpathrinsy 7
0 V12|t 11 0142V 40+ Kivo + cris

with Kp = 817 rr) + 7r41dy4150) 41 and K1 = Bryrig + 7181y 5.
As before, the superconnection £ = L/, —iQG + {G, H} + C is supersymmetric
provided that (4.37) is obeyed. This is solved by

Bry=8),  Brio=Bliar Mz =1a1, (5.35)

and by setting the remaining parameters in C' to zero, except for &7, 6749 and 8741, which
are left arbitrary. We write down the resulting operator at the end of section 6.5.

6 Special cases

Having carried out the systematic construction of BPS hyperloops described above, we
turn now to some special examples of the constructions. This includes making contact with
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previously described operators and identifying new ones. Our emphasis is on operators
preserving more than one supercharge.

6.1 Single node bosonic loops

We start with the simplest possible BPS Wilson loops in three-dimensional Chern-Simons-
matter theories, those involving only a single node and £ is a 1 x 1 block with only the
gauge field and bilinears of the scalars. The first such bosonic loops were constructed by
Gaiotto and Yin in off-shell /' = 2 language in [36]. Analogues of them in ABJ(M) theory
were described in [37-39] and that description carries over also to N' = 4 theories. Such
loops preserve at most four supercharges. The other previously identified family of bosonic
loops are the “bosonic latitude” loops of [10, 21, 26], which preserve a pair of supercharges.
To get such loops in our setting we may decouple the nodes by simply setting ' =
(% = B; = B> = 0 in the analysis of section 4 for the case IT # 0 (we comment below on
the case IT = 0). This eliminates all the fermions in the superconnection £, which becomes
block-diagonal with a connection in the I-th block taking the form
A=A, + %H—l (r71 — r72) — % (' - i) . (6.1)
It is easy to show that these loops preserve at least two supercharges. Consider in fact
the supercharge @' gotten by the replacement 7", — —7’ in (3.4)

Q =@ — i (o) QI (6.2)
Under this change of sign, IT — —II, 7> — —r2 and 7; — —71, such that (6.1) is left
invariant. Note that because II # 0, @) is the sum of barred and unbarred supercharges and
by the above argument these must be preserved separately.

Alternatively, this can be seen by investigating the bosonic symmetries. In particular,
note that the transverse rotation 1’| keeps the loop fixed pointwise, and therefore acts
trivially on the scalars as well as on the parallel component of the gauge field, the only
fields in the bosonic loop. Closure of the symmetry algebra then implies that, in addition to
@, the supercharge [T, Q)] is preserved by the loop. From (A.6) we see that this generates
@', so we come to the same conclusion as above (an analogous argument can be made using
the generator R3).

A useful way to write the connection (6.1) is in terms of the moment maps u%, as

A= At o (O 0t =)+ 2% = 2h) = LG —iy). (69
with
Y = (771_))1 ¥ = (7_]7))1 (6 4)
(nv)2” (v)2 '

which are generally linear fractional transformations of €?# (3.5) (and as usual, they are not
conjugates).

The most degenerate case is when both y and x have no ¢ dependence. This requires the
numerators and denominators to be proportional to each-other, spanning a two dimensional
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space of n’s and likewise 7’s. This implies that the loop preserves 4 supercharges and
having no ¢ dependence, it also preserves the SO(2, 1) conformal group. To recover the
Gaiotto-Yin Loop [36] we take y = 1/x — oo. Other values of x, x are related by the
action of the complexification of the broken SU(2); symmetry.

When Y is a constant and x depends on ¢ (or vice versa), there is only partial degeneracy,
and the loops preserve three supercharges, or are 3/16 BPS. Such loops have not been
previously discussed in the literature.

When both x and ¥ depend on ¢, the loops preserve a pair of supercharges. A
simple example is when they are just monomials, for example y = —tan(0/2)e~* and
X = cot(0/2)e~*. The connection takes the form

A=A, - % (cos O(pty — p%) 4 sinfe ¥ puly, 4 sin 6 ew/ﬁl) — %(ﬂii — ﬂgg) . (6.5)
These are the latitude loops found in [21] and studied in [10, 26]. As the ¢ dependence
breaks conformal invariance, acting with the (complexified) conformal group SL2(C) on the
loop above generates many other loops, including those where x and x are proper rational
functions and not mere monomials.

There are yet more peculiar bosonic loops that preserve two supercharges, but are not

similar to the latitude loops. Representatives of those have
x=e %+, Xx=e%—v, (6.6)

with an arbitrary parameter v.

Despite all the machinery in the previous sections, the analysis of the most general
BPS bosonic loop requires yet further techniques, so those will be explored in a future
publication [40]. That exploration will also relax the condition in this paper that the loops
arise from continuous deformations of the 1/2 BPS loop, which could give rise to further
BPS bosonic loops.

6.2 Two-node hyperloops with IT # 0

Let us look now at some special examples of the hyperloops with two nodes constructed in
section 4.1. Examining (4.12), the most symmetric possibility is that M is proportional
to the identity, restoring SU(2)r, symmetry. There are two such solutions. The first with
B! = By = 0 and B%By = 2i/k, which is just the original 1/2 BPS loop in (3.1). The second
has %2 = B = 0 and B'8; = —2i/k, which is the second 1/2 BPS loop with the same
symmetries in (3.7) (albeit written in a different gauge).

A less symmetric case is when M is diagonal, but not necessarily proportional to the
identity, so when 182 = B8 = 0. If 81 = 52 = 0 or 1 = P2 = 0, the connection
becomes upper or lower triangular, respectively. As discussed in [9-11], the resulting loops
are effectively the same as if all the 3% = 3, = 0, since they are all identical as quantum
operators. The interesting case is then when 1 = 8! = 0 or 3y = 82 = 0. Taking the
former as an example, we find

r_ (A%I + Mabrabe t.%(ﬂlli _ /1[22) —iﬁg@bn_ . . )
B0, A1+ MOTyr® — f (it = Args”) — %( 7 )
6.7
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with A
— 171 (lzc _ 0 > (6 8)
M =TI 0 ByB? — i : .

In addition to the supercharge @, these hyperloops preserve a supercharge @’ arising from
same 7}, but with 7, — —n}. The argument is identical to the case of the bosonic loops
presented in section 6.1. In this case we see that the fermionic terms are unchanged if we
keep the same 3’s and M — —M, so the diagonal entries M, r'7; and M,2r?ry are also
left invariant. The requirement that M is diagonal guarantees, therefore, that the loop is
also invariant under Q" and is 1/8 BPS.

Thus, for any choice of Q with IT # 0, if we restrict the parameters such that 3! = 5, = 0,
we find a family of 1/8 BPS hyperloops parametrized by 32 and 3. However, as we can
conjugate £ by a constant matrix

1 0 10
e (0 0) (1), o

this gauge transformation eliminates one of the parameters, and we end up with a one
(complex) dimensional moduli space.

This is very similar to the discussion in [10], but it is much more general, as it works
with any of the supercharges @ in (3.4) with IT # 0. To make contact with the constructions
in [10] we can look at the moduli space of 1/4 BPS hyperloops studied there, which are
all deformations of the usual bosonic Gaiotto-Yin loops [36]. Those loops preserve a one-
dimensional conformal group, under which the supercharges are charged. Looking at the
algebra (4.13) and requiring only conformal transformations in the square of the supercharge
imposes €, (7,77 + 7in?) = 0. To realize this, we choose two vectors w, and w, (as usual,
bar does not indicate complex conjugation). For an arbitrary vector s’, define parameters
7,1 as

Mg = WaS", Mg = WaS" . (6.10)

The resulting supercharges are all linear combinations of
waQ'LQa 9 waQila I (611)

whose anticommutators generate the bosonic algebra s0(2,1)@®u(1), where the u(1) summand
is generated by L | + %wawbRab (see section 4.1.1 for details).

In [10] the vector w, was §2 and w, was 6;. Other choices can be achieved by an
SU(2)r, rotation. What was more restrictive there is that only a single choice of @) (or
s') was used. As long as we turn on only the parameters as in (6.8), we preserve all the
supercharges in (6.11), so any choice (with IT # 0) is equivalent. When turning on more
B parameters, we find different moduli spaces, depending on the exact choice of (). Our
analysis here therefore generalizes also this simple case of deformations of the 1/4 BPS
bosonic loop.

As discussed in section 6.1, there are several new bosonic loops generated by our
construction that are not related to those in [10]. Clearly their deformations with § # 0
are also new.
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6.3 Two-node hyperloops with II = 0

This case is presented in section 4.2, where it is shown that the general deformation is of
the form (4.34) with G and C as in (4.36), subject to the constraints that BH = gl and the
conditions on 3, A+ and ¢ in (4.38). The resulting expression for £ is then in (4.39).

A simple way to find loops with enhanced supersymmetry is when the superconnection
is invariant under su(2)y, which arises when M ’r?, o v7. Looking at the expression for v
in (4.33) and M in (4.40), we see that one needs to impose

gl=0, ¢taB, =as*t. (6.12)

These equations are consistent with (4.38),% combining all the parameters to a single periodic
function v = 1 — ikAaB" appearing in the superconnection as

(Apr v — (i —BS) S DYl - Sy - 1€y,
%(’Y + 1)1:&—%- - %(’Y - 1)£¢3 A<p,1+1 + %’VVI+1 - %(/]’I_Hil - ﬂ[+122) +c— % 7
(6.13)
and ¢ = i%@w log(&e™#).
The degree of supersymmetry enhancement depends on the choice of supercharge Q.
Specifically, following section 4.2.2, we distinguish three cases.

6.3.1 1/8 BPS loops
First, suppose 0 # Q2 € su(2);. Putting together (4.21) and (4.24), one sees that the
parameters 7, 7 may be cast into the form

Ny, = t' W, L=t wg, (6.14)

with some vector w, # 0 and €,t't? # 0. Acting on the resulting supercharge with su(2),
we find that, regardless of the choice of w,, the loop preserves the two supercharges (with a

convenient normalization)

1 1

A /ewt’fﬂ A /ewtzfﬂ

Using (A.9) it is easy to verify that their anticommutators generate su(2)r,

Q1 =

(rQr+2007Q)"). Q= (F QP +7(0)7Q) . (6.15)

{Q1,Q1} = %R+7 {Q1,Q2} = —R3, {Q2,Q2} = —%R— . (6.16)

6.3.2 1/4 BPS loops and conformal loops

Another case is when the supercharge satisfies 0 # Q2 € u(1)g .- In this case, as derived
in (4.47), we have £ = £ye~", which immediately implies ¢ = 0. As discussed in section 4.2.2,
the parameters of () take the form
l l r r
=1{swg, =18 24,
a ¢ o ¢ (6.17)

=l rl =7 gy
M, =18 Wq, Ny =18 2q,

®(4.38) is also solved with & = £ye™ "%, with a constant & # 0, arbitrary 8+, 51, gl = BH and ¢ = 0.
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where both €®w,z;, # 0 and s's” # 0. Knowing that the loop is invariant under su(2)y we
can project (6.17) to those terms involving either only w, or only z,. Acting then with
raising and lowering operators projects further to the two components a = 1,2, removing
the dependence on w, and z, altogether, and leaving us with four supercharges

Qu=tQ +1Q;',  Q2=1Q" +1Q;',

_ 1122 | 7Hi2 _ 122 | 7Hi2 (6.18)
Qs =1Q," +1Q;”, Q4 = 1Q7" +1Q7".

Examining these, we see that they form doublets of s0(2,1) (exchanging ! and 7).
The algebra generated by these supercharges is very simple, with the only non-vanishing
anticommutators

{Qh Q4} = _QtiLL 5 {Q27 Q3} = 2tELJ_ . (619)

Note that the bosonic part of this 1/4 BPS algebra is just u(1),,, while su(2)7, and the
one-dimensional conformal algebra s0(2,1) act as outer automorphisms.

We noted that the superconnection (6.13) is invariant under su(2)z. It is interesting to
check whether it is also invariant under so0(2,1). This clearly requires « to be a constant, as
otherwise L is not invariant even under rotations. Considering then a general conformal
generator J = ayJy + apJo + a—J_ and using (A.4)—(A.5), one finds that the conformal
transformation of £ in (6.13) is a total derivative

_ L
JL = DE(aL + H), (6.20)

with

A A 00
a=ape¥ —iag+a_e "’ H= . 6.21
e iy (5.0:) 621)
The resulting Wilson loops are then invariant under so0(2,1) & su(2); @ u(1),, providing a
previously unidentified family of conformal 1/4 BPS loops.
Note that the argument here is classical and as the superalgebra (6.19) does not include
the conformal generators, we cannot be sure that it is not spoiled by quantum corrections.

6.3.3 Further 1/8 BPS loops

The last example arising from (6.13) are loops with nilpotent ). Since this case lies at the
intersection of the previous two, we have to impose all the conditions discussed above. For
the parameters, we have

Mg = P Wq , Mg = ap' W . (6.22)
They give a pair of nilpotent supercharges

Q1= aPZQZQl + &Pl(m)sz]gl ) (6.23)
Q2 = ap'Q}? + ap'(01),/ Q7

whose anticommutator vanishes as well.
Another family of loops with enhanced supersymmetry arises if, instead of su(2)r,
symmetry (as in (6.13)), we demand conformal invariance from the beginning. Generalising
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the discussion in section 6.3.2, we impose the equation (6.20) directly on the supercon-
nection (4.39). The off-diagonal components of this matrix equation are satisfied, as in
section 6.3.2, as long as & = £ye™ % and ¢ = 0, which identically solves the supersymmetry
conditions (4.38). Additionally, if we redefine

(87 = o ) ”

then we need to impose that ~, 4 and /!l are constants.
The expression for the superconnection (4.39) then becomes
oo <Ag] M1y — (A —fps) O D = 5= DE 1) |
G+ DL =5 (v = DEPE Ag i + M — F(fy o f = y,05) = 5
(6.25)
with the couplings to the rotated scalars (4.40) given by

A
i () o

The remaining check is whether the diagonal part of equation (6.20) is satisfied, which
imposes that the couplings to the unrotated scalars ¢“, g, are constant. This can be arranged
in two ways. Firstly, by (4.33) we can set 4 = v,/ = 0 to obtain scalar terms proportional
to vr,vr41 without any explicit ¢ dependence. These loops are just the conformal 1/4 BPS
loops described in the previous section.

Alternatively, constant scalar couplings can be obtained for arbitrary ~,7,~!l by de-
manding instead eabﬁéﬁg = 0 or, equivalently, Q? = 0. In order to derive the symmetries
preserved by these loops, we parametrise the supercharge using (4.48) and act on it with
the conformal generators. This process generates another supercharge, so in total we have

Qu=w, (aQF" +aQ)") . Qo= wa (aQ)" +3Q)"). (6.27)

Both these supercharges are nilpotent and their anticommutator vanishes. By construction,
50(2,1) acts on the algebra as an outer automorphism.

There is yet another example of supersymmetry enhancement without su(2);, symmetry,
but with invariance under 7', (but not L, in (A.8)). Recalling that 7| acts diagonally
and separates barred from unbarred supercharges, it is easily seen that the commutator
Q' = [Ty, Q)] is linearly independent of @, provided @) comprises both barred and unbarred
supercharges (so £ # 0,00). To see which loops are invariant under @', we note that keeping
ne, and changing 7!, — —n}, leaves II = 0, likewise A is unmodified, and £ — —¢. Noticing
that (4.39) contains terms proportional to both AS+ and éAB+, we have to set 3+ = 0 and
similarly for 3, which by (4.38) also fixes ¢ = 0. The resulting superconnection is

Blrlz 0
L= 51/2 + ( 0 I ﬁ”?‘nr) > (6'28)

where 8l can be an arbitrary periodic function of . One can check that generically the
supersymmetry is not enhanced further.
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6.3.4 The special cases: £ =0 and £ = c©

When ¢ = 0, the superconnection of loops are the same as (4.39) with £ = ¢ =0 and 8+, 3,
and gl free. If we want to study the su(2) 7, enhanced points, we should impose 8+ = 3 =0

L="Lyjs+ (0 ﬂAﬁwﬂ) . (6.29)

and get the loops

0 0

The case £ = oo is similar with a term on the lower left corner.

In all of these examples the free parameters g/, 4+ (and in the last case also 8 1) are
any periodic functions of ¢. The reason is most transparent with regards to (8 I as Q
annihilates THfH and we can insert any density of them along the loop.

In sections 6.1, 6.2 and 6.3 above, we noted multiple examples of hyperloops that in
addition to @ preserve also Q' with 77, — —7".. They clearly also preserve @ + @', which
are supercharges with II = 0 and £ = 0 and £ = oo.

6.4 Hyperloops with twisted hypers and IT # 0

To couple our hyperloops to the twisted hypermultiplets, the starting point in section 5
is a 4 x 4 superconnection (5.1) which takes a block-diagonal form and is deformed with
parameters 8 and §. Here we focus on special examples of these loops. As a first step, we
set all the ’s to zero. In the absence of the § terms, this would give a diagonal connection
with only bosonic fields.

With g = 0 and § # 0, we find instead a block-diagonal form, with a 2 x 2 block
involving the nodes I + 1 and I + 2, and two decoupled nodes I and I 4+ 3. We ignore in
the following the decoupled nodes and concentrate only on the remaining 2 x 2 block. Note
that often the decoupled nodes do not preserve the symmetries of the central block. This
can be remedied in the setting of a circular quiver.

In the case of a deformation with d;,,; and 5} 41, the central block takes the form

= (Aw,lﬂ + Mo +ﬂif‘§;ﬁl+1 i1~ 3 —i5}+1ﬁ%+5 o _)
—ilT 07 1 pry12- Ap1va+ MO rt oFriop+ M Q) qri1a+T
(6.30)
with (see (6.1))
P — (1 0 ) T (—i/k+5}+15[+11 0 ) ' (6.31)
k 0-1)" 0 i/k

This structure is the analog of the two-node quiver with a coupling to a single pair of scalars
in the hypermultiplets as in (6.8). Just as in that example, these loops have enhanced
supersymmetry with the second supercharge @' given by exchanging 7}, — —7.. So all these
loops are at least 1/8 BPS.

Further supersymmetry enhancement arises in the schemes explained in section 6.1 lead-
ing to operators that can preserve either 3 or 4 supercharges. Even further supersymmetry
enhancement arises by setting d;, igli+1 = 2i/k, as then the loop enjoys su(2)r symmetry.
In this case, the analysis of the previous paragraph is extended to supercharges with 1 <> 2
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and we have a doubling of the amount of preserved supersymmetry. Note that because of
the 1 <+ 2 exchange, these supercharges are not preserved by the original 1/2 BPS loop,
see (3.3). The 1/4 BPS loop becomes the 1/2 BPS operator coupling to the single pair of
scalars §j, q:i from the twisted hypermultiplet. The 1/8 BPS operator becomes 1/4 BPS
and for the particular parameterization

== Cosg M= =sing, (6.32)
we recover the “fermionic latitude” loops constructed first in ABJM theory in [21] and
generalized to N' = 4 theories in [10], see also [26]. The 3/16 BPS operator becomes
3/8 BPS.

Complefcely analog constructions arise with d;,,; = 511 41 = 0 and nonzero couplings
07415 and 62 +1- The most symmetric loop of this class is the second 1/2 BPS loop coupling
instead to the pair of scalars g, ¢>. The cases with all four § parameters non-vanishing is
allowed, as long as (5.23) is satisfied. The analysis follows as before, but su(2)r symmetry

is preserved only when we restrict to a single pair of 4.

6.5 Hyperloops with twisted hypers and II = 0

These operators are considered in section 5.2, where we find supersymmetric loops built
out of the G and C in (5.29). In particular, the S parameters that couple to scalars from
the untwisted hypermultiplet satisfy the same constraints as in the 2-node case, while the
couplings to the twisted scalars, d and dg, are arbitrary periodic functions as long as A = 0.
Denoting the superconnection in (4.39) as Ly—g, the expression we find for £ is

« ]Jd‘r’y q~ T+1a 0

Ln=o 7i =2 73 51 Gas s [
d P14+ T d Pr+1,— d Or+2414+14T749

—daa1§5?+1f1|| dipry1o- +dspriiay

T Lr—o
0 —ar+2daéTri9)q7 41

(6.33)

Note that the coupling to the twisted scalar bilinears is unchanged and the M in the central

nodes does not receive contributions from the d’s. In general, these loops preserve a single
supercharge.

One special case is similar to the 1/4 BPS hyperloop of section 6.3, when £ (4.27) is

of the form e~ with constant &. This can arise with either & = " /7" or & = n'/i!

leading to a two fold degeneracy. This is a symmetry of the superconnection (6.33) when

. AP =dj = : (6.34)

and (nv); = (qv)2, (nv)1 = (nv)2. The resulting hyperloop preserves two supercharges and,
as before, s0(2,1) acts as an outer automorphism on the preserved superalgebra. Unlike
the 2-nodes case in (6.13), there is no way to restore su(2); symmetry and find further

supersymmetry enhancement.
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6.5.1 The special cases: £ =0 and £ = c©

In section 5.2.1 the analysis of the case of £ = 0 is extended to include the twisted
hypermultiplets. Denoting the superconnection in (4.43) as L¢—o, the extension to include
twisted hypermultiplets gives

Lo ”’#(’quprlgfi‘ ard ) i 0o H
L= 3 _idlﬁ%ﬂgr OEQ (71§1+1g + &IdquJrl 1)r1+2
0 (0r4+1 — ids)pre1,1+ Loy
0 0 &=

(6.35)
Note that, as 0741 and d; appear only through the linear combination d741 — ids, we can
eliminate one of them. Supersymmetry enhancement relying on manifest su(2); symmetry
happens only by setting to zero off-block-diagonal parameters, in which case we simply
recover two decoupled copies of (6.29).
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A Symmetries of the 1/2 BPS Wilson loop

We start by recalling that the symmetries of an N = 4 superconformal theory on S° form
an osp(4]|4) = D(2,2) superalgebra, with the bosonic symmetries so0(4,1) @ s0(4). These
are, respectively, the three-dimensional conformal algebra and the R-symmetry algebra.
The latter is conveniently thought of as so(4) ~ su(2)r @ su(2)g. The 16 supercharges
transform as conformal spinors under s0(4,1) and in the fundamental representations of
both R-symmetry su(2)’s.

The circular 1/2 BPS loop breaks part of these symmetries. Specifically, of the conformal
generators, it preserves only the one-dimensional conformal algebra along the contour of
the loop and the rotations in the plane perpendicular to it

s0(2,1)du(l), . (A1)

su(2)y, is preserved by the loop, whereas su(2)g is broken to u(1)g.5

50f course, the choice of which of the R-symmetry factors is broken and which one is preserved is a
matter of which 1/2 BPS loop one considers, as explained in [4].
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We denote the conformal generators along the circle by Jy and Ji, with nonvanishing
commutators
[Jo, J4] = £+, [Jy, J_]=2Jy. (A.2)

Parametrising the circle by the angular coordinate ¢, these generators can be represented
by differential operators
Jo=—id,,  Jx=er%0,. (A.3)

The action on the fields can be obtained by evaluating the usual conformal transformations
on the circle. Suppressing R-symmetry indices, we find for the bosonic fields involved in
our Wilson loops

JoAp = —i0,A, Jr Ay = e (0, 1) Ay,
Joq = —i0,q, Jiq = %0, +1/2)q, (A.4)
Jog = —10,q , Jiq = eF%(0, +1/2)q.

The second term in the action of Ji picks up the scaling dimension of the respective fields.
Similarly, for the fermions

Jo = —i (8, +io3/2) 1), Jih = e (0, £ i+ ioy/2)1,

_ i . — - +i . . i (A5)
Jop = —i(0p +i03/2) ¢, Jep = e (0p £ i +ios/2)1).

We denote by T'| the generator of rotations u(1), in the orthogonal plane to the contour,
which commutes with all other preserved conformal generators. The normalization of T'| is
fixed such that

TLdj = 50-311)7 [TL7 Q?a] = inaaa
o . i (A.6)
Tl_w - §U3¢7 [TJ_7 Q?a] = _iQ?a .
The generators of su(2)y, are Ry, R3, with commutation relations
[R3, R+] = +R+, [Ry,R_] =2Rs3. (A.7)

As mentioned above, these symmetries are preserved by the loop. We distinguish su(2)r
with bars: Ry, Rs. Only Rj is preserved by the loop. It is also useful to defined the twisted
generator

L, =—1i (TJ_ + ;R:;) R (AS)

which mixes the rotations in the perpendicular plane in u(1); with the R-symmetry rotations
inu(l)g [1].
The supercharges preserved by the loop are given in (3.3) and anticommute to
{QI".Q"y = € (Jo+ L) + R, {Qi",Q;"} =€ Js,
{ ?ﬂaa Qllb} - _eabJ— ) (Ag)
{QF. Q") = ¢ (Jo — L1) - R™.

~32 -



Here, we have contracted the su(2), generators with the Pauli matrices in the usual fashion
and raised one index by €® (with €2 = 1), such that

R, —Rj
RW — [ ' . A.10

In order to fully specify the superalgebra, one computes the commutators of bosonic and
fermionic generators using the super-Jacobi identities. Explicitly, we find that the residual
conformal generators act on the supercharges as follows

wo)=(%) (@) -(F):
me)=() (@)= (%)
n(@)=3(%)  #(@)=3(37)
n(g)=@) = (@)--(a)

These (anti-)commutators together with the bosonic structure outlined above define the Lie

(A.11)

superalgebra s[(2]2). As is easily checked, L) commutes with all supercharges as well as all
bosonic generators. Indeed, s[(2|2) is a central extension of the classical Lie superalgebra
A(1,1) by u(1), so this structure is expected [41].

B The covariant derivative

Here we explain what it concretely means when a supersymmetry transformation on a
superconnection £ acts as a total covariant derivative, as in (3.20)

QL =DLH. (B.1)

Consider the open Wilson loop (we shall worry about taking the supertrace later)

27
Waro=Pexpi do L, (B.2)
0

and act with Q on the loop. It is crucial that the superconnection £ = £B + £F is
an even supermatrix, i.e. a matrix whose diagonal entries £Z are exclusively bosonic
and whose off-diagonal entries £ are exclusively fermionic, and likewise for the Wilson
loop. Commuting @) through a product of two such superconnections £1 and Lo, one gets
Q(L2L1) = Q(L2)L1 + 03L203Q L1, where the Pauli matrix is introduced to flip the sign of
the odd part of L.

Acting with @ on Wa, o, one needs to apply the Leibniz rule, as @) can act on any L£(¢).
Keeping track of the sign changes, one finds

27
QWaro = io3 ; do War o (03QL(0)) W - (B.3)
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Now let us assume it exists an H(yp), such that QL = ang(agH(gp)). Then, by the
standard relations for Wilson loops, one finds

2
QWQﬂ@ = ’i03 0 dcp WQW’@’DS(UgH((p))W%Q = Z’H(27T)W27r70 — Z’O—3W27T’00'3H<0) . (B.4)

Assuming H(y) to be periodic and taking the supertrace, one gets
QW = Z'STI"(H(O)WQW,O — O'3W27|—’(]0'3H(0)) = iTI"([O‘gH(O), WQW,O]) =0. (B.5)

This implies that the covariant derivative that should appear in the supersymmetry trans-
formations is
QL = 03D (03 H) = 0,H —i[Lvos, H] + i{ Lrer, H} . (B.6)
In the main text we write this as DgH , but we really mean the expression above with the
anticommutator of the fermionic part of the superconnection.
If one prefers working instead with bosonic variations, one can introduce a Grassmann
parameter £ and write § = £Q). The analogous supersymmetry condition reads

5L =DE(EH). (B.7)

C Extra fermionic terms

In this appendix we examine the possibility to add extra fermionic terms to the F' in the
superconnection, beyond the term —iQG in (4.34). This term arises in the case of II = 0
in section 4.2, where G includes only two scalar fields (4.36) and, consequently, QG has
only two linear combinations of the fermions (4.31). To generalize it, we take an extra term
related to the fermions in the original 1/2 BPS connection

F=—iQG+ (D —1)L{);. (C.1)

Here D = diag(d, d).

The result of the analysis below is that such addition is only possible for £ = 0 or
& = oo, and those cases are already treated in section 4.2.1. So this appendix leads to no
further hyperloops beyond those described in the main text.

Taking (C.1) and using the same equations for the variations @B and QF in (4.6), one
gets AH = (D — 1)H, because there is no derivative term in Q?G. Plugging everything

known into (4.6) yields
~iQ*G = (0,D)H —i[B + C, DH], ©2)
QB ={QG,DH} + i(det D — 1){L{)5, H}. '

Focusing on the second equation for now and using QH = 0 and Qﬁfﬁ = i{ﬁf}Q,H 1,

one gets
QB = Q{DH,G} + (det D = 1)QL),, (C.3)
which is simply solved by
B ={DH,G} + (det D — 1)L, . (C.4)

Extra terms annihilated by @ are included in C.
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The case of det D = 1 is simply a gauge transformation, changing o and &. So we are
left with examining the case det D % 1. This results in B having a term proportional to
EF/Q, which includes the gauge fields. Since the gauge fields cannot appear in a Wilson loop
with an arbitrary prefactor (they should have prefactor i), one needs to cancel part of this
term with factors of the gauge field in C. This amounts to finding a connection annihilated
by @, which one can assume to be purely bosonic: £5 = diag(A}, A}, ; — 1/2). We take

i B i s
Ap = Ay — E(Mabr“m + i — i), (C.5)
where a,b € {||, L}, and the task is now to find the coefficient matrix M,°. Using
rl(@h +€0%) = (Evi — w3 )7
=AMl M) () — €02) = A(Ei - + by V(ML ey + ML tF),

and imposing QA = 0 results in
1 i 5 21 _ —i
Q (ASD — %(—w + i} — ug)) = —E(fzﬂi_r“ +rlgly, (C.7)

which is solved by

(C.6)

E=M =0 M*t=-Ml=1/A. (C.8)
We see that indeed this works only for £ = 0 and therefore it falls under the cases already
analyzed in section 4.2.1.
To compare with the analysis in section 4.2.1, we note that for £ = 0 there are many
specific features, such as Q?G = H? = 0. We can also check that 019/2 — LB commutes with
DH and the only remaining supersymmetry conditions is

dpd = —icd. (C.9)

Including the bosonic loop
1 _ _ i T, s
A=A, — M(AM”H?"”r” +rllF, — rer) - E(,u% — i), (C.10)
and the analogous expression for A}, in C' with prefactors 1 — det D and combining all

the terms, one finally gets the superconnection

. (A%[ + Mobror, — L(f L — k) —iadyi_ — NGy, )
i(ad + ABH)pL Apr1 + M rr® — (A = iy 5) Fe—35)7
(C.11)
with ¢ = 9, log d and ‘
0 i
M, = ( _ - ; kA> , (C.12)
Btda + (2dd — 1) Bl

where M H” has been absorbed into 8!, since both of them are free parameters. One can
further absorb d into @ and (8, which sets ¢ = 0 and replaces @ — ad and 8+ — ptd.
Then, with 3+ = (a(dd — 1) + AB+d) /A the bottom left entry in £ becomes i(c + ABL)@}F
and the bottom left entry in M,® becomes aft + i/kA.

This eliminates the parameters d and d from £, so they are completely redundant.
Furthermore, we see that these loops are exactly those found directly in the £ = 0 case
in (4.43) in section 4.2.1.
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