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1 Introduction

The defect anomaly coefficients in 6d (2,0) theory (see, e.g., [1-5] and refs. there) can be
studied via AdS/CFT correspondence by considering BPS M-brane probes in AdS; x 5 [6, 7]
and semiclassically quantizing them [8-11].!

Ref. [8] considered an M2 brane probe wrapped on AdS3 C AdS7 in AdS7 x S* background
that intersected the boundary over S2. The effective dimensionless M2 tension in this case
is To = %N where N is the number of M5 branes forming the AdS; x S* background (or

'"Examples of one-loop computations for M-branes in AdS backgrounds were discussed also in [12-15].



rank of the (2,0) boundary CFT). A semiclassical expansion of the M2 brane free energy F'
then determines the large IV expansion of the “central charge” or b-anomaly coefficient of the
S? defect in the (2,0) theory. The resulting classical and one-loop M2 brane contributions

were found to be [8] 2

b=12N -9+ O(N1). (1.1)

This turns out to be consistent with the expression for b-anomaly found from the entanglement
entropy computation for the “bubbling” M5-M2 geometry [24]. The general expression for
b-anomaly corresponding to a 3-BPS surface defect operator in (2,0) theory in a SU(N)
representation with the Young tableau with a large number of boxes is [1-3]

b =24(p,A) + 3(\, A) . (1.2)

Here p is the Weyl vector of SU(N) and A is the highest weight of the SU(N) representation.?
If we formally assume that (1.2) is valid not just for large representations but also for

the ones with finite number of boxes then for a single M2 brane corresponding to the surface

operator in the fundamental representation (with (p,\) = &=L, (A, \) = =LY one finds

1
b= 12N (1 + 4N1) (1-N1H=12N-9-3N"1. (1.3)
The first two terms here match the classical and one-loop terms in (1.1) while the N~! term
should correspond to the 2-loop M2 brane correction.
In the case of k-symmetric and k-antisymmetric representations (1.2) gives (cf. (H.29),
(H.30))
1
by = 12kN <1 + 4kN—1> (1-N"')=12kN —3k(4 — k) — 3k*°N !, (1.4)

1
by = 12kN <1 + 4N—1> (1 - kN = 12kN — 3k(4k — 1) — 3> N1 (1.5)

which of course reduce to (1.3) for k = 1. The case k > 1 should correspond to a system
of multiple M2 brane probes which it is not clear how to quantize directly. However, for

2To recall, in the presence of 2d defects in a CFT defined on a curved space its stress-tensor trace anomaly
can be written as the sum of the ambient space contribution and the following additional term localized on the
defect [3, 16-19]: T[f|defec‘E = fﬁ (bﬁ + d1H§Lj Hff —ds Wij ”) Here R is the Ricci scalar for the induced
metric on the defect, Hfj is the traceless second fundamental form of the defect and Wijx¢ is the pull-back of
the Weyl tensor. We follow [2] and denote the “central charge” coefficient as b. Following [20-22] one may
compute holographically the entanglement entropy (EE) of a spherical region centred on the 2d defect or of a
semi-circle centred on the 2d boundary. After subtracting the EE of the ambient CFT the coefficient of the
logarithmic in the UV cutoff term may be denoted as %b. For a CFTy this “central charge” b obeys [2, 23]
b=b-— %dz.

3To be precise, the status of (1.2) as an exact in N expression as found in [1] could still be viewed as
conjecture. In [3] a similar expression for the d2 anomaly coefficient (see (1.11), (H.25)) was derived as an
exact result from a superconformal index computation (it also follows from the 5d Wilson Loop localization
computation as in [25], see appendix H below). Given that b and d2 appear on an equal footing in the spherical
entanglement entropy [2, 26] one may expect that the expression for b should also be exact. Indeed, in [27]
the same expression (1.2) was found using 't Hooft anomaly considerations.



large k ~ N > 1 one may expect that such M2 brane configuration should “blow up” into
a single M5 brane (wrapped on S® C AdS7 in the case of k-symmetric representation and
on % C S* in the case of k-antisymmetric one) with a non-zero world-volume 3-form flux
representing the M2 brane charge k.

The two corresponding classical M5 brane probe solutions in AdS; x S% that have
AdS3 x S% world volume geometry were found in [6] (see also [25, 28]). We will refer to them
as Ia and Ib probes below. These solutions should apply in the limit when

k
N, k>1, K2 N = fixed . (1.6)

k plays the role of a free parameter of an M5 brane solution related to its location in
AdS7 x S* and also to the value of the world-volume 3-form field Hs. Expressing (1.4), (1.5)
in terms of N and k we get

1 1 1

by = 24N (N — 1) K> (1 + 2%;2) = 24N?k? (1 + 252) — 24N x? (1 + 252) , (1)
1

by = 24N (N + 4) K2(1 = 26%) = 24N2k2(1 = 26%) + 6N k2 (1 - 262) . (1.8)

By analogy with the M2 brane probe case in (1.1) one may conjecture that (1.7), (1.8) may
be reproduced by semiclassically quantizing the corresponding M5 brane probe.

The effective dimensionless M5 brane tension here is Ts = ZN? = 5-(T3)? (see (2.8))
and the leading N? terms in (1.7) and (1.8) are indeed reproduced by the values of the
classical M5 brane action for the two corresponding solutions.

However, the subleading terms in (1.7), (1.8) do not appear to have a natural inter-
pretation within the semiclassical M5 brane expansion, i.e. the expansion in powers of
(T5)~t ~ N~2 for fixed k. The order N terms in (1.7), (1.8) look as if they are coming, in
fact, from a classical M2 brane action or “%—loop” order of M5 brane perturbation theory.*

Regardless the resolution of the puzzle of the order N terms, the expressions (1.7), (1.8)
do not contain order N° terms implying that one-loop M5 brane corrections to the b-coefficient
should be zero. Our aim here will be to demonstrate this by directly computing the one-loop
corrections to the free energy of the corresponding two M5 brane probe solutions in AdS7 x S4
found in [6]. We will also consider a similar M5 brane solution in AdS; x S7 having again
the AdSsz x S world volume (this solution was found in [6] and also in [29] and the study
of bosonic fluctuations around it was initiated in [30, 31]).

This will require a non-trivial extension of the earlier computations of one-loop partition
functions of M5 branes wrapped on S x S° in a twisted version of AdS; x S7 in [15] and
on AdS5 x S' in AdS; x S* in [11] to the cases with a non-zero Hz world-volume field. The
presence of the Hs background introduces a complication due to the self-duality constraint
on the world-volume 3-form field requiring to use the detailed structure of the M5 brane
action [32-38] (see also [39-41]).

“Surprisingly, the x-dependence of the leading (order N?) and the subleading (order N) terms in (1.7), (1.8)
happens to be the same. One could then conjecture that these expressions correspond to the classical M5
brane contribution but with “renormalized” M5 tension. It is not clear, however, how to justify this possibility
given, in particular, that this “renormalization” happens to be different in the two cases in (1.7) and (1.8) (cf.
also (1.12) and (1.13) below).



Background Probe World-volume One-loop correction

Ia AdS;xS* M5 AdS3 x $3  S% C AdS; here
Ib AdS;xS* M5 AdSs x §3 S8 c 64 here
I’ AdS;xS* M5 AdSs5 x St [11]
I” AdS; xS* M2 AdS; 8]

IT  AdSy; xS M5 AdS3 x §3 here
I AdSy; x ST M2 AdSy x S? [12]

Table 1. Brane probes in AdS; x 5% and AdS; x S7 preserving 16 supersymmetries.

Background Supergroup

Ia AdS; x S OSp(4*|2) x OSp(4*|2) C OSp(8*|4)
Ib AdS7 x S*  OSp(4*|2) x OSp(4*]2) C OSp(8*|4)

IT AdSy x ST OSp(4]2,R) x OSp(4]2,R) C OSp(8|4,R)

Table 2. Supersymmetry algebras preserved by the M5 brane probes with world-volume AdS; x S3.

1.1 Review

To put the discussion in a broader context, let us review some facts about supersymmetric
M-brane probes in AdS;7 x S* and AdSs x S7 and their relation to defect anomalies.

Supergravity in 11d admits two special maximally supersymmetric solutions [42] —
AdS7 x S* (near-horizon limit of a stack of M5 branes) and AdSy x S” (near-horizon limit of
a stack of M2 branes). The dual 6d and 3d CFT’s have total of 32 supersymmetries. For
AdS7 x S the bosonic isometries are SO(2,6) x SO(5) C OSp(8*|4), while for AdS, x S7
they are SO(2,3) x SO(8) C OSp(8/4,R).

M-brane probe configurations in these backgrounds that preserve 16 supersymmetries
are listed in table 1 below (see [6, 7]).° We introduced the labels (Ia, Ib, etc.) for the
different probes that will be used below. We also included a column with references to the
computations of the one-loop corrections to the corresponding M-brane partition functions.

Our focus will be on cases Ia, Ib, IT that all have the AdS; x S® world-volume geometry.
Their bosonic isometry is SO(2,2) x SO(4) x SO(4) which is a part of the subalgebra
of OSp(8*|4) in the cases Ia, Ib, and of OSp(8|4,R) in the case II. The corresponding
supergroups are given in table 2 (which is adapted from [7]).% In the cases Ia and Ib the

®The case Ta was discussed in [6] but was not mentioned explicitly in table 4 of [7].

5In the case Ia the brane is wrapped on AdSz x S® C AdS; thus having SO(2,2) x SO(4) symmetry, and
is also localized at a point in S* leading to the extra SO(4) factor. In the case Ib the additional SO(4)
symmetry comes from the 3-sphere part of dsids7 = L*(du® + cosh? u dsidsa +sinh®u dség), while in the case
II it comes from the second S’° in ds2s7 =12 (d@2 + cos? 9ds253 +sin? 0 dSQS/;;).



boundary of the AdS; part of M5 probe represents a 2-dimensional defect in the dual 6d
(2,0) CFT. In general, one may distinguish the two cases:

(i) the standard global AdS; with the boundary S and thus with the boundary of AdSs
being S?;

(ii) “thermal” AdS; with the boundary S é x S5 and thus with the boundary of the corre-
sponding “thermal” AdS3 being Sé x St (B is the length of the circle).

While here we will be mostly interested in the first case when S? corresponds to the
spherical Wilson surface defect operator in 6d CFT (see [8] and refs. there), let us add some
comments on the second (ii) case. There the dual (2,0) CFT will be defined on Sé x % and thus
may be connected to the 5d SYM theory (with (5 related to the YM coupling constant). Then
the Sé x S defect may be interpreted in terms of the S* Wilson loop (WL) in the 5d SYM.

In the case I’ of table 1, i.e. of a single M2 brane probe in AdS; x S, the corresponding
WL should be in the fundamental representation [14]. When the defect is taken in a large-rank
representation of the gauge group SU(INV), one may conjecture that its dual description may
be in terms of a single M5 brane probe carrying M2 brane charge and wrapped on AdSs
and also on S C AdS; for the symmetric representation or S* C S* for the antisymmetric
representation [25]. The connection to the 5d SYM then suggests to compare the localization
prediction [25] for the corresponding S' WL expectation value following from the Chern-
Simons matrix model (cf. [43]) to the M5 brane probe partition function.

The large 8 limit of the second (ii) case is related also to the dy anomaly coefficient of a
surface defect in the (2,0) theory. In the present context of the M5 brane probes with the
geometry AdSs x S one may expect that the anomaly coefficients b and dy can be extracted
from the corresponding free energy F' = —log Z [3] as follows.

If the boundary of AdSs is S?, its regularized volume is vol(AdS3) = —27log(rAR),
where r is the radius and A an IR cutoff (the latter we shall not explicitly indicate in
what follows). Then

1
OAdS3 = S% F=—3blogr. (1.9)

If the boundary of AdSs is Sé x S, then vol(AdS3) = —%Wﬁ and ds is proportional to the
Casimir energy that corresponds to the large 5 asymptotics of F

1
OAdSs = Sf x S': Fgsi = —15d2 8. (1.10)

The exact expressions for ds for symmetric and antisymmetric representations are similar
to the ones for the b-coefficient given in (1.4), (1.5) [1-3] (in general, the analog of (1.2) is
do = 24(p, \) + 6(\, A), see also (H.29), (H.30))
1 1
dyp) = 12N k (1 - 2/-cN_1> (1-N71, dyy = 12N k (1 + 2N_1> (1-kNTY).
(1.11)

The same expressions were found in [25] by a saddle point analysis of the localization matrix
model that computes the corresponding 5d SYM WL expectation value (F' = —log(WW)).



As we will explain below in appendix H, the reason why the saddle point approximation is
enough to get the exact value of dy is because the subleading at large N and [ corrections
to the N, > 1 limit turn out to be exponentially suppressed.

The semiclassical M5 probe expansion corresponds to taking N and k large with s defined
in (1.6) being fixed. In this case we can express (1.11) in the same form as in (1.7), (1.8)

dy () = 24N (N — 1) 5*(1 + %) = 24N?k*(1 + %) — 24NK*(1 + K7), (1.12)

1
dy () = 24N (N + 2) K2(1 — 2K%) = 24N?K2(1 — 26%) + 12NK2(1 — 2K2). (1.13)

The leading N? terms in these expressions are indeed reproduced by the classical actions
of an M5 brane probe in the corresponding cases Ia and Ib with 0AdSs = Sé x St [25].
However, like in the b-anomaly case in (1.7), (1.8), the semiclassical M5 brane interpretation
of the order N corrections in (1.12), (1.13) remains an open problem.

In general, to find the coefficient dg defined as in (1.10) from the semiclassical M-brane
probe perspective beyond the leading large N order one may actually need to replace the
AdS7 x S* background by its “twisted” version (see [14] and refs. there). Indeed, to get the
[-dependent WL expectation value on the M-theory side one should start with an M-brane
in the product of the “thermal” AdS7 g and “twisted” S (with one angle z — z + iT, where
7 € (0,)) is the “time” coordinate of AdS7 g). This deformation does not change the value
of classical M-brane probe or the leading term in F' in the semiclassical expansion (1.6),
but may alter the subleading corrections.

This can be seen already in the k = 1 case of the fundamental representation, when
the WL expectation value should be reproduced by a single M2 brane probe wrapped on
AdS3 5 [14]. According to (1.11), in this case we should get do = 12N — 6 — 6N 1. The
leading term here is the same as in b in (1.3) but the subleading term is different. This
implies that the subleading correction in do cannot be reproduced by the one-loop M2
brane probe computation in AdS; x S* as in [8] with the only modification being that the
AdS3 wrapped by M2 has now the boundary Sé>>1 x S instead of S2.7 In fact, it was
shown in [14] that quantizing M2 brane in the “twisted” AdS7 53 x S* background one indeed
reproduces the localization result (W)ss1 = exp[(N — 5 +---)3]. Hence, one finds (cf. (1.10))
do = 1287 log(W)gs1 = 12N — 6 + - - -, which is in agreement with (1.11).

1.2 Summary

As already stated above, our aim below will be to compute the one-loop corrections to the
free energies of the AdSz x S3 M5 brane probes in the three cases Ia, Ib and II with the
boundary of AdS; assumed to be S2.8

We will start with the M5 brane action and expand it to quadratic order in fluctuations
near a given classical solution. The presence of a non-zero Hs background will introduce

"Since for large 8 the space Sé>>1 x S' is the same as R x S! which is conformal to S? one would get
the one-loop contribution to the free energy on AdSs (which is a homogeneous space) in a universal form
F® = qvol(AdS3). One would then find the same ratio of the leading (order N) and subleading (order N°)
terms in both b and ds, but this is not the case.

8Note that the general expressions for the quadratic fluctuation actions and the resulting structure of the
one-loop partition functions derived below will apply also to the case of AdSs with Sé x S boundary.



a non-trivial complication due to a mixing between the fluctuations of the By potential
and one of the scalar coordinates.

Expanding all the 6d fluctuation fields in modes on S3 (labelled by level ¢) we will
“diagonalize” that mixing and then organize the towers of fluctuations into a collection of
massive short supermultiplets on AdS3 thus maintaining the underlying supersymmetry. We
will then evaluate the resulting one-loop AdSs determinants using the standard relations
for the case when the AdS3 boundary is S2. Summing all the contributions together, we
will find that there are many non-trivial cancellations with the final results for the one-loop
corrections to the free energies given simply by

(0.9}
o —% vol(AdSs) ; ‘. (1.14)
Note that despite the theory on M5 brane probe being a 6d one in a non-trivial background,
there are no logarithmic divergences.” This is of course a necessary requirement for being
able to compare M5 brane free energy with the one that determines the defect anomaly.

The sum over £ in Ia and Ib cases is quadratically divergent and thus the final result
depends on a choice of regularization. Similar divergent sums requiring a specific regularization
appeared in related contexts, see, e.g., [44-46] (cf. also a discussion in [47]). One regularization
procedure used in the past that led to consistent results is to introduce a sharp cutoff £ < A
and drop all power divergent terms (see a discussion below (4.12)). Adopting it here we
conclude that the coefficient in (1.14) should be set to zero, so that

1 1
FYV=FY—=o0. (1.15)

This conclusion is then consistent with the fact that the exact expressions for the “central
charge” coefficients (1.7) and (1.8) corresponding to the cases Ia and Ib do not contain
order NV term.
In the case IT in table 1 where the M5 brane is embedded into AdS, x S7 the classical
action takes the form (cf. (1.6), (1.7), (1.9))
1 2

o _ 1 (v 10 N S s K
A= (N K )m(Adsg)_ LN (1= %) vol(AdSy) 2= (16)

Here k is an integer parameter of Hs that has an interpretation of the M2 brane charge
carried by M5 brane [6] with »? being the fixed semiclassical parameter (here the 5-brane
tension is proportional to V). In contrast to the cases Ia and Ib, the limit of k = 1 should
not have a description in terms of a single M2 brane embedded into AdS; x S7 as the
intersection of M2 branes (of a probe one with N copies at the boundary) over a 2-surface is
not a BPS one. The computation of the M5 brane one-loop correction to (1.16) is similar
to the cases Ia and Ib and gives

Y =o. (1.17)

9We will verify this independently by showing that the corresponding Seeley coefficient vanishes. The same
was found also in the case of the M5 brane probe with the S* x S® [15] and the S* x AdSs [11] geometries
(with Hs = 0) which are conformally flat and have zero 6d Euler density. Note that logarithmic divergences
are automatically absent at one-loop level in the case of the 3d theory on the M2 brane (as illustrated, e.g., by
the examples considered in [12, 14]).



Here the vanishing of the one-loop contribution happens before the summation over ¢, i.e.
at each S3 level £ independently: the contributions of states in the AdS3 supermultiplet
with fixed ¢ cancel each other.

The plan of the rest of this paper is as follows. In section 2 we will present the three
M5 brane classical solutions corresponding to the probes Ia, Ib and II in table 1 that have
AdS3 x S? world volume geometry with OAdS; = S2. We will compute the corresponding
values of the M5 brane action reproducing the leading large N terms in the corresponding
defect anomaly coefficients in (1.4) (Ia) and (1.5) (Ib) and also obtaining (1.16).

In section 3 we will study the quadratic fluctuations of the bosonic fields in the M5
brane action near the three probe solutions (the fermionic fluctuation operators will be found
in appendix A). We will derive the general expressions for the corresponding fluctuation
determinants that appear in the one-loop M5 brane partition function. We will then expand
the 6d fluctuation fields in modes on S and present the corresponding mass and scaling
dimension spectra of the KK towers of fields on AdSs.

In section 4 we first organize these AdSs fields into supermultipets corresponding to the
supergroups which represent the required symmetry in each of the three cases (details of
these will be discussed in appendix C). We will then compute the corresponding free energies
deriving the expressions in (1.14) and (1.17).

Some open questions will be mentioned in section 5. In appendix B we will work out the
explicit form of the one-loop partition function of the gauge-invariant rank 2 antisymmetric
tensor defined on AdS3 x S2 space with generic radii. In appendix D we will comment on a
close analytic continuation relation between the fluctuation spectra in the Ib and II cases.

In appendix E we will discuss the structure of UV divergences of the one-loop free
energies, explaining, in particular, why the logarithmic divergences are absent separately
in the contributions of each of the 6d fluctuation fields. In appendix F we will recall some
facts about spectra of p-form Laplacians on S¢ and their decompositions into transverse and
longitudinal parts. In appendix G we will discuss the values of the Casimir energies and
the expressions for “thermal” single particle partition functions associated with the AdSg
fluctuation field supermultiplets presented in table 3.

Finally, in appendix H we will discuss the large N expansion of the 5d SYM Wilson loop
expectation value in the symmetric or antisymmetric representation of SU(N) represented
by the localization matrix model integral. We will demonstrate that in the large S limit
the saddle-point result of [25] that matches the expressions for ds in (1.11) is, in fact, exact

up to exponential corrections.

2 Classical solutions and actions for M5 brane probes

The bosonic part of the PST action for an M5 brane in 11d supergravity background is
given by [32, 33, 38] (see also [34, 35])

< —|G . 1
S = Ts[/dﬁg <— V—1Gy + Ayl + 4V(8(L)2’0ia*H”kijg0ea> —|—/<2H3 A Cs +06)} ,

(2.1)



where Ty = = and Gij, C3 and Cg are pull-backs of the supergravity background fields

(2m)548,
to the world volume (3,7, ¢,... = 0,1,...,5)
Gij = Gun(X(€) i xMo, XN, Cijk = Cunr(X(€) 9, XMo; xNop x* . (2.2)

XM (¢) and H3 = dBs are the dynamical world-volume fields while the scalar a(¢) will
be gauge-fixed as

a§) =¢". (2.3)
We use the definitions (9a)? = G%9;ad;a and!”
LX) 1 1 i7kémn
Hijk = Hijk — Ciji » HY = eI a Hymm - (2.4)

 6y/~[G]v/~(9a)?

The 11d field Cy is defined in terms of the dual of Fjy
1
dCg = xFy — 563 A Fy, Fy=dCs. (2.5)

2.1 M5 branes wrapping AdS; x S3 C AdS7 x S

We will parametrize the AdS; x S* background as'!

1
ds?, = L?(du® + cosh? uds2AdS3 + sinh? u ds%s) + 1L2ds?g4 , (2.6)
3
Fy=dCs = gL3 volga L? = 8ntN/%. (2.7)
The corresponding dimensionless tensions of M2 and M5 brane probes in this background
are then
T 2y To— LOTy = 1 —i(T)Q—zNQ (2.8)
2T em2B, T n DT T s, 2 P T T

We may assume the boundary of AdSs to be S? so that (in Euclidean coordinates)
dsiqs, = dw” + sinh® w dsg, . (2.9)
We may also consider the “thermal” case of AdS3 3 C AdS7 g with the boundary Sé x S when
ds2AdS3 = dw? + cosh? wdr? + sinh? w d¢p? , T7€(0,8), ¢€(0,2m). (2.10)

In the limit 3 — oo when the boundary of (2.10) becomes R x S* the metrics (2.10) and (2.9)
are related by a coordinate transformation. The Minkowski signature version of (2.10) with
the boundary R x S! is

dsiqs, = — cosh® wdt? + dw? + sinh® w d¢?. (2.11)

104H in (2.1) is 6d dual 3-form; we will use % to denote also 11d dual forms. The 6d antisymmetric tensor
with raised indices is assumed to be numerical with €°*23%5 = 41, while &;,...;5 is given by G &1 where
G = |G| = det Gy;. In components, we thus have 6,/—|G| (xH)"7* = giokmnry

""We will use the notation volys for the volume form of a space M and vol(M) for its integral.



The metric of S* in (2.6) can be represented as
dsts = db” +sin® 0 dsZss 0 € (0,7). (2.12)

We will consider the M5 brane probes that wrap AdSs x S2 with S C AdS; (“probe Ia”)
or with 3 = S C S$* (“probe Ib”).
In this subsection we shall label the coordinates in (2.6), (2.11), (2.12) as

AdSs(t,w,¢) S w 6 S"

(2.13)
0,1,2 3,45 6 7 89,1

2.1.1 Probe Ia

The solution for the M5 brane wrapped on AdS3 x S% C AdS7 was found in [6]. As follows
from (2.7), we have Fy A C3 = 0 and then (2.5) gives'?

3 2\4
dCs = xFy = §L3 (L) * (67 Aed A e A eh) = 6L5 cosh® u sinh® u du A volags, A volgs

(2.14)

3
Ce =L <simh6 u+ 3 sinh? u> volads, A volgs , (2.15)

where we fixed the integration constant so that Cg(u = 0) = 0.

The relevant BPS M5 brane solution is obtained by identifying the coordinates of AdSz x 53
(labelled by 0,1,2,3,4,5 above) with the world-volume coordinates ¢ and also assuming that
it is localized at one point in S%, i.e. at # = 0. Then the remaining AdS; coordinate u
should be fixed to a constant value ug and Hs should be chosen to be proportional to the
volume form of S3
_k
= o
Here & is a free parameter. It is related to k € Z which is the M2 brane charge that is carried
by the M5 brane due to the Hs flux through S3 being non-zero [6, 48]

u=ug, sinhug = &k, =0, Hs = k*L3volgs , K2 (2.16)

T, / | Hy =2k, ie. 2k’ Ty = k. (2.17)
<

Here we used (2.8) and that vol(S®) = [volgs = 272. The resulting induced AdSz x S®
world-volume metric and the 6-form in (2.15) are given by

ds* = L* [(1 + /{2)dsids3 + K,2d5§3:| , (2.18)
Ce = k! (1@'2 + 2) LS volagss A volgs . (2.19)

As the M5 brane is localised in S%, the pull-back of C3 in (2.7) is zero so that in (2.4)
Hy = H3 = k*L3 volgs . (2.20)

As a result, the xHH term in the action (2.1) vanishes.

2¢4 is the canonically normalized basis of 1-forms for the metric (2.6).
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We shall use the notation g4 and gg for the unit-radius metrics on AdS3 and S3, so
that (2.18) implies

V=Gl = L8:3(1 4+ k2)%/2/=ga\/95 - (2.21)

The components of the tensor H¥ defined in (2.4) then are (using the gauge condition (2.3))

. 1 g i g
HY = ———/=G11e"""" Hypy = el 2.22
. . ~ 1+ k2
Ho2 = —Hag = GooGaaH?? = i V—ga. (2.23)
K
Thus
—L2(1 + K?) cosh® w 0 Z'LZ% sinhwcoshw 0
Cor Bl — 0 L2(1+ K?) 0 0
“ Y —iL2¥ sinh w cosh w 0 L*(1 + k?)sinh® w 0 ’
0 0 0 L*K%gs

V —1Gij + Hij| = LS:%(1 4+ k2)2/=ga/Fs , vV—ga = sinhw coshw . (2.24)

Using (2.24) and (2.19) we get from (2.1) the following value for the classical M5 brane action'?
6,2 Lo
S=-T5L"k" 1+ 2" volads, A volgs . (2.25)

Continuing to the Euclidean signature (S — —Sg) and assuming that the AdS3 has met-
ric (2.9) with S? as its boundary we get for the tree-level contribution to the M5 brane
free energy
1 1
FY = g = T3k2 (1 + 2;&) vol(AdS3) vol($?) = —8N2k? (1 + 2#) logr,  (2.26)
where we used (2.8) and that vol(AdS3) = —2mlogr. Comparing this with (1.9) we conclude

that the corresponding leading large Ty or large N, fixed x contribution to the b-anomaly
coefficient is

1 1
b = 24N2? (1 + 2/@2) — 12/~cN<l + 4kN‘1> , (2.27)

which reproduces the leading term in (1.7).

Naively, one could expect to get the same value of the action (2.25) in the case when
AdS3 has Sé x ST boundary, now with vol(AdSs) = —3703 (see, e.g., (A.3) in [14]). It turns
out, however, that there is a subtlety — one is to use a different gauge choice for Cg [25, 26].

13Let us note that the value of the classical action for the M5 wrapped on AdSz with S? boundary and on
S? (probe Ia) or on S (probe Ib) was not explicitly computed in [6]. The observation that it matches the
large N value of the b defect anomaly coefficient [1, 2] for the k-symmetric or k-antisymmetric representations
effectively follows from the entanglement entropy computation in [26].
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This then gives (2.25) with 1+ k% — 1+ &% or!
1
S = Tsr2(1+ #2) vol(AdSs) vol ($3) = —2N2k2(1 + 52) § = —Nk;(l + 2/<:N1> . (2.28)

Comparing to (1.10) this reproduces the leading semiclassical (N, k > 1, fixed k/N) contribu-
tion to the da anomaly coefficient that matches the large N term in dy g in (1.11), (1.12).%
2.1.2 Probe Ib

The M5 brane wrapped on AdS3 C AdS; and S® = S C S* was discussed in [6, 25, 49].
From Fy in (2.7) and (2.12) we get

1
Fy =dCs = %L?’ sin® 0 df A volgss Cs = §L3(2 —3cosf + cos® ) volgs. (2.29)

The M5 brane solution is represented by (cf. (2.16); we do not put prime on world-volume S3)

k
u=1wuy=0, 0 =6y, cosfy = 1 — 4k?, Hs = k?L3volgs, K2 = N (2.30)
Here k < N is an integer fixed again from the quantization condition of the M2 brane charge
carried by the M5 brane (cf. (2.16), (2.17)). The induced metric is

1
ds? = L? (dsidsz3 + sin? 90d8§3> = L*[ds}gs, + 267(1 — 2k%)ds%s] - (2.31)
Here
Hy = H3 — C3 = L f(k) volgs, f(k) = K2(1 — 262)(1 — 4K7). (2.32)

On this solution Cs = 0, C3 A H3 = 0 and the classical action (2.1) is given only by the
first “volume” term (the xHH term in (2.1) again does not contribute). As in (2.24), (2.25)
we then find

A/ —|Gij + |:|”| = L6H2(1 — 2/&2)\/—914\/975, (2.33)

S = —T5L°x*(1 — 2x?%) /volAdS3 Avolgs . (2.34)
As a result (cf. (2.26))

FY = 8p = T5r2(1 — 25%) vol (AdSs) vol (%) = IN22(1 - 262) vol(AdSg) . (2.35)
Y

" Ref. [25] used different coordinates in which dsigs, = L*y™?(dy” +dr® +r2de® +dr'® +1'°dSs), Fr = xFy =
dCs = 6L° volaas, = 6Ly~ rr"® dyAdrAdpAdr’ Avolgs, and have chosen Cs = —LSy~5r+'3 dr AdpAdr’ Avolgs.
This gauge choice does not respect the AdSs symmetry but is justified by the condition that the resulting M5
solution with AdSs having flat R? boundary has zero action, as expected for a flat defect. Then transformed
to the coordinates used here one gets (cf. (2.19)) Cs = L5x*(1 + £2) volaas, A volgs +8Cs where §Cs vanishes
on the classical M5 brane solution. This leads to the value of the on-shell action in (2.28).

5The value of the M5 probe action in the case of AdSz with Sé x S' boundary was matched to the
leading-order matrix model result (the “Casimir energy” or linear in 8 part of the WL expectation value)
in [25] but it was not explicitly acknowledged earlier that this coefficient is the same as the da coefficient (as
expected for the S5 x S' defect [3]) for both symmetric and antisymmetric representations [1, 2].
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In the case when JAdS3 = S? comparing to (1.9) we then get

bl = 2452(1 — 26%) = 12NE(1 — kN1, (2.36)

which is thus in agreement with the leading large N term in (1.5), (1.8).

In the case when 9AdSz = Sj x S* the action has the same form (2.34) (here there is
no subtlety with a different gauge choice of Cs). Using again that vol(AdSs) = —%ﬂ'ﬂ and
comparing with (1.10), (1.13) we reproduce the first leading large N term in dy; in (1.13)

which happens to be the same as in by, in (1.13), i.e. is equal to bﬁ))) in (2.36).

2.2 M5 brane wrapping AdSs X §3 C AdS4 x S7: probe II
The AdS; x ST background is described by (cf. (2.6), (2.7))

ds}; = L*(du® + cosh® udsigg,) + 4L*(d0” + cos® 0 dsgs + sin® 0 dsgs) , (2.37)
1

Fy = dCs = 3L3 cosh® u du A volags, , LS = §W2N 0, (2.38)

C3 = L3f(u) volags, , f(u) = 3sinhu + sinh® (2.39)

where N is the number of M2 branes that form the AdS; x S” background. The effective
2-brane and 5-brane tensions here are (cf. (2.8))

1 1 1
T, =13 = VN Ts =Ly = —(Ty)? = ——N. 2.4
2 2 421 ’ > > 27r( 2) 6473 (2:40)

In this case we shall label the coordinates in (2.37) as (cf. (2.13))

AdS3(t,w,¢) u 6 S S

(2.41)
0,1,2 345,6,78,9,14

The corresponding solution for the %—BPS M5 brane probe wrapping AdSz x S2 was found
in [6]; an equivalent solution (in different coordinates) was constructed in [29]. Here one

has (cf. (2.16), (2.30))'6
u=ugp, sinh ug = s, =0, Hs = —8L3svolgs . (2.42)

Like in (2.17) the free parameter s can be expressed in terms of an integer M2 brane charge
k carried by the M5 brane (cf. (2.40))'7

k
n=—, 8Ty vol(S3) = 2rk. 2.43
V2N 2 vol(S5?) (2.43)
Then the induced metric and Hs are given by
ds® = L?[(1 + 5°) dsigg, + 4dsgs] , (2.44)
H3 == H3 - Cg == *%LS [(3 + %2) VOlAdS3 +8VOIS3] . (2.45)

Y5 For simplicity, we set to zero the free parameter multiplying a possible “electric” (~ volads,) term in H [6].
"The notation for the parameter determining uo used in [6] was b = 43¢ and we corrected a typo there.
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Here the projection of Fy and thus of dCg to the brane are trivial so that we may take Cls = 0.
Then the M5 brane action (2.1) is given by (here f(ug) = »(3 + 5?))

S—_Ts / (I8(1 + 5% — 45 f(ug)] — 43¢ £(uo)) volaas, Avolsa, (2.46)

where the first term is the “volume” part contribution, the second is that of the xHH term
and the last 45 f(ug) one comes from the WZ part C5 A Hs. The resulting Euclidean action
or the classical contribution to the M5 brane free energy is (cf. (2.25), (2.35))

1

1 1
FY = 5 = N1 —52) vol(AdSs) = <N - 218) vol(AdSs) . (2.47)

This expression was already given in (1.16).

3 Quadratic fluctuations and one-loop partition function

In this section we will study the quadratic fluctuations near the three M5 probe solutions
Ia, Ib and IT and derive the general expressions for the corresponding one-loop fluctuation
determinants. We will then expand the 6d fluctuation fields in modes on S® and present
the corresponding mass spectra for the KK modes in AdSs.

Here we will give details about the bosonic fluctuations while the fermionic fluctuation
operator will be discussed in appendix A.

3.1 Probe Ia

We shall assume the static gauge in which the M5 coordinates along the AdSs; x S3 are

identified with the world-volume ones &, i.e. they will not be fluctuating. The bosonic

fluctuations will be those of the coordinate u in (2.6), the coordinates of S*, and of the
2-form field defining Hs (cf. (2.16)).

We shall denote the fluctuations of the five transverse coordinates as U and ¢, where

dépd

=ug+ U, ds?y = —22F  — ¢ dl, + ..., =1,2,3,4. 3.1

U =g Sg54 1+ i@)Q CpdCp p (3.1)

Then the expression for the induced metric G;; in (2.2) including the second-order terms

in fluctuations may be written as

4s? = Gyydg'd? = L{[(1-+ 1), + w2t
1
+dU? + 26V 1+ k2U + (1 4 2k%) U?] (dshas, + dsgs) + 4dgpdgp} +..., (32
where dU? stands for 0;U @-Udfidfj and similarly for d¢,dc,.
The C3 field has support in S* (cf. (2.7)) while the classical solution is in AdSz x S°

part of AdS7 and thus the pull-back of C3 will not contribute at the quadratic fluctuation
level. As a result, we have from (2.4)

Hijk = H’L’jk = Hz(jolz + hijk = K2L3[VOIS3]Z‘jk -+ hijk , (33)
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where Hl(]olz is the classical value in (2.16) and hy = dBy is the contribution of the 2-form
fluctuation. In the gauge (2.3) we have

" 1 1
iy _ e
6v—|G| v—-Gl
which will thus depend on both hs and the coordinate fluctuations via G;; in (3.2). Expanding

\/ —|Gi; + Hij| to quadratic fluctuation order we find (cf. (2.24))
~ 6r
V=1Gi + Pyl = L82(1 + 12)? =g {1+U+h

|Gij il ( ) g T2

ijl@mnHijk , (34)

+ gijaigpaj(p + 9

1 g
2(1 + #2) (g9 0,U0;U + 18(1 + 26*)U?] + hh} +.... (3.5)

8(1 + x2)
Here h and hh stand for terms linear and quadratic in h;;;, (see below). We observe that
the fields U and ¢, have kinetic terms corresponding to the equal-radius AdSz x S3 metric

g = (ga,gs) (with each factors normalized to have unit radius)'®

9i5 () d&'dg? = dsigs, + dses , V=9=v-94V9s, Ly=Ls=1. (36)

While the standard induced metric in (2.18) had unequal radii, the effective metric that
governs the quadratic fluctuation propagation receives contribution from the non-trivial
background of the H;jj field and as a result turns out to be an equal-radii one. The equality
of the two radii is a special feature of the solution Ia where AdS3 x S® belongs to AdS7. In
the other two cases Ib and II the effective metric will have the ratio of the AdSs and S3
radii again being parameter-independent and equal to 2 and % respectively.'?

The linear term h originates from a product of Héo) and h3 in terms with higher-order
powers of H;;, and is given by

1 1
"~ 6L3k2(1 + k%), /g3 L3k (14 K2)\/gs

It vanishes after the integration over £ in (3.5) being a total derivative (hg = dBs) as there

h

3

012lmnh€ h345 ) (37)

are no factors depending on S® coordinates remaining in (3.5).
The expansion of the action (2.1) contains also another contribution linear in hg that
comes from the second xHH term that may be written as

—|G ii 1 3 ) 1 .
w&am ik ijeaéa - zm@“) 1, HLik Hip ol — Zs1 ke HijHim . (3.8)

The linear in hs term in its expansion is

1 ... 1 4 0 1
Islz]ldelijHMm N Iglzjlcfm hlin]g&)n - §L352 \/g? ho1s . (39)

¥The k-dependent prefactors in the quadratic terms in (3.5) can be rescaled away and will not contribute

to the one-loop free energy.

197et us note that here the effective metric is not simply related to Gi; + |:|7;j in the M5 brane action. This
is different from the case of the D3-brane probe with AdS» x S? geometry discussed in [50, 51] where the
equal-radii effective AdSs x S? metric was related to the inverse of the symmetric part of (G;; + Fi;)~*. Note
also that a similar equal-radii effective AdS3 x S M5 brane world-volume metric appeared in a different
context in [52].
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It again gives a total derivative in the action as its prefactor does not depend on AdSs
coordinates.

In addition, we need to include terms coming from the expansion of the Cg term in (2.1).
Using (2.15) we get

3
Cs = L° [K,4 </<;2 + 2> +6K3(1+ k232U + 9x2(1 + £2)(1 + 262) U% + - - - | volpgs, A volgs .

(3.10)

We observe that the linear in U contributions in (3.5) and in (3.10) cancel each other in
the total action (1.9), which is a manifestation of the fact that the background (2.16) is
indeed an extremum of the M5 brane action.

Moreover, the quadratic U? terms in (3.5) and in (3.10) also cancel each other so that
U is also a massless fluctuation like (, in (3.5). This is consistent with the fact that ug (or
k) is a free parameter of the solution (2.16) so that U — U+const should be a symmetry
of the fluctuation action.

The terms quadratic in hg come directly from (3.9), i.e. %elijkemHuj Hiom —
%51ijkémh1ijhk5m and also from (3.5). The latter may be written as (the indices are con-
tracted with the same effective metric g;; as in (3.6))

1 ijk
hh = TRE0R2 (1 T 2 > hyph¥k. (3.11)
i3,k A1

In total, the expansion of the integrand in the PST action (1.9) then contains the following
hshs terms

1 ... 1 i
LY = ety b — V=g > hyggh (3.12)
24 Ly

Eq. (3.12) has the form of the non-covariant Lagrangian describing propagation of a free
(anti) self-dual 3-form field on a curved 6d background g;; [34, 53-55].2° The equations of
motion following from (3.12) imply (doing one integration under proper boundary conditions)
the 6d (anti)self-duality condition h'¥ = —ﬁelijk(mhwm or xhg = —hg (cf. [38]).

Using the (anti) self-duality condition to replace the factor hyg,, with hy;; with in the
first term in (3.12) one finds that (3.12) it takes the standard covariant form for the 2-form
Lagrangian, i.e.

1 y

The corresponding partition function evaluated under the self-duality constraint on hg should
then be given by the square root of the standard gauge 2-form partition function on a
curved 6d background (discussed in [56-58] and refs. there). This can be shown, e.g., at
a diagrammatic level [59].2!

20With index 1 interpreted as the time-like one it has a “phase-space” form with the spatial B;s components
as coordinates and 01 By, as momenta (cf. [53]).

21 This approach was applied in [58] to find the conformal anomaly coefficients of the (2,0) tensor multiplet.
It extends to the full partition function Z as a functional of curved metric. Z can be computed as a sum
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The same conclusion should follow directly from the PST action or (3.12) provided the
corresponding path integral over B;; is defined with an appropriate measure factor (containing
a determinant of a particular Ist-order differential operator not involving d; derivative).??
In more detail, starting with the covariant Lagrangian (3.13) for B;; and writing it in the
phase-space form (considering flat space case, fixing By, = 0 gauge, ignoring some trivial
factors and using here r,s,q = 1,...,5) we get L = 2p"*9yBys — 19 prs — 15hrsgh"?. We
may then introduce a new (“dual”) field B, by setting p"* = %ersq“”({)qéuv = (DB)". Here D
is a lst-order operator containing only spatial derivatives. One can easily see that its square
is (8)3 defined on B, i.e. is the same operator that appears in the spatial part hysqh"*? of
the Lagrangian. The resulting path integral over B, and BTS will have the Jacobian factor
det D. The action for B, and Brs can be re-written as a sum of the decoupled actions for
Bﬁf) = B,s + B, each similar to (3.12) (with the role of the indices 1 and 0 interchanged
and gauge fixed as By, = 0), i.e. having kinetic operators O+D with Oy = 9y = D (which are
direct analogs of dy &= 0; in the 2d chiral scalar cases). The original path integral for the B;;
field then formally factorizes as Z§+)Z§7) where each factor is defined by the integral over
the “chiral” B®) field with the measure containing the [det D]'/? factor. This factorization
is then equivalent to det(93 — 9%) = O,0O_.

This “square root” prescription for the one-loop partition function Z§+) of a self-dual
2-form in the M5 brane action was used in the S° x S! geometry case in [15] and in the
AdSs5 x St case in [11]. In the present AdSz x S® case the expression for Z; in terms of the
determinants of the relevant 2nd-order operators is presented in appendix B.

In total, the scalar U and ¢, terms in (3.5), (3.10) and (3.13) lead to the following action

for the quadratic fluctuations of the bosonic fields
6 L L i 1 ijk
Sy =— [ d¢ =g (59 QU + 5970i60iGp + T5hiswh ). (3.14)

To arrive at (3.14) we rescaled the fluctuation fields by constant k-dependent factors. In
contrast to the D3-brane case discussed in [51] here the Seeley coefficient bg of each of the

of diagrams with external graviton lines and implementing the projection to the (anti) self-dual 2-form
component in each internal propagator [59]. Note that here we will be interested only in the real part of the
partition function, i.e. will ignore the phase part related to the gravitational anomaly [59]. In general, both
the self-dual 3-form and chiral 6d fermions of the M5 brane action will contribute to its gravitational anomaly
(the cancellation of the M5 brane anomalies in the M-theory context was discussed in [60] and refs. there).
2Eq. (3.12) (with index “1” in (3.12) relabelled as “0”) may be viewed as a 6d generalization of the

Floreanini-Jackiw Lagrangian [61] for a chiral scalar ')

in 2 dimensions given (in flat 2d space) by L =
B0 81 — 910 810 = 91 _(H) . The corresponding equation of motion 99— ™) = 0 implies
(assuming d_¢™ = 0 holds at spatial infinity) that d_¢o) = 0, i.e. gives the 2d self-duality condition.

() with a measure containing the [det 8;]'/? factor gives the chiral scalar partition function

Integrating over ¢
as [det 8,]71/ 2. Generalized to curved space this is the same as the square root of the real scalar partition
function [det(9_; )] ~*/? (up to pure-phase gravitational anomaly factor in the Euclidean case). The reason for
the [det 81]'/2 measure factor can be understood as follows [62]. Starting with the real scalar Lagrangian Lo =
Oodop— 01001 ¢ and writing the corresponding path integral in phase-space form with L = 2pdop—p? —01001 ¢
one can then set p = 01§ getting duality-symmetric Lagrangian L = 0p@01¢ + 01900 — 1901P — O1p01¢
(ignoring total derivative). The path integral over p and ¢ had canonical measure, so then one over ¢ and @
should contain the Jacobian factor det ;. Introducing ¢ = p=+¢ one gets L = 190 40,078, )
and thus the original path integral factorises into Z(Y)Z(~) with Z*) = [det +)]"'/? each originating from

path integral containing the measure factor [det 8;]'/2.
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relevant differential operators, i.e. the coefficient of the logarithmic UV 6d divergence vanishes
(see appendix E) and thus the rescaling of the fields (or local measure factors) do not contribute
to the finite part of the resulting free energy. The same observation applies to the fermionic
field contribution discussed in appendix A and also is true in the two other cases Ib and II.
Combining the Z§+) contribution for self-dual part of h;;; with the contribution of the
5 massless scalars U and ¢, and the fermions we end up with the partition function Z of
the (2,0) tensor multiplet on the equal-radii AdS3 x S® space. As this space is conformally
flat and its 6d Euler density vanishes and as each field has Weyl-invariant Lagrangian, we
conclude as in [58] that there is no conformal anomaly or no logarithmic UV divergence.
Explicitly, using the expression for Z§+) in (B.13) in appendix B the bosonic part of

Zp may be written as

/g = Z§+)Zg) = [det AIL,IL(O)] —1/4 [det A(M)(O)] —1/2 [det Amo(O)} —5/2

3

= [det Au_ju_(O)]il/zl [det A()}()(O)]i . (3.15)

We used (B.8) and that Ly = Lg. Here Ay 1| = -V4 - V% is defined on the By, field on
AdS3 x S2 which is separately transverse in the AdSs index a and the S® index r. Ago(0) = \v&
is a massless scalar Laplacian. The number of the bosonic degrees of freedom is thus the
expected one: $(2 x 2) +6 = 8.

In addition, we have 8 fermionic degrees of freedom in the M5-action. A detailed analysis
of the fermionic fluctuation contribution Zg to the partition function is delegated to the
appendix A. Zp is given by the determinant of a massive Dirac operator on AdS3 x S3 defined
using the same equal-radii effective metric as in (3.6)

Zp = [det D)2, D =iV + M. (3.16)

Here we assume that D acts on 32 component spinor and thus (3.16) describes 8 real degrees
of freedom. It turns out that in all the cases Ia, Ib, II the Dirac operator D in (3.16)
has the form (see appendix A)

D=iV+M=iV,+iVs+ m,T, M=m,T, (3.17)
f\2 =1, [WS?f‘] = {WAaf‘} =0. (318)

In the Ia case one finds that m, = 0 (see (A.17)).

To summarize, in the Ia case the one-loop partition function is the same as for the
(2,0) multiplet (self-dual tensor, 5 massless scalars and 4 massless Weyl 6d fermions) defined
on the equal-radius AdSz x S3 space.

The spectra of the operators in (3.15), (3.16) can be found by first expanding in modes
on S2 and thus getting a tower of massive KK fields on AdSs3 labelled by level /. As a result,
their determinants can be expressed in terms of products of determinants of operators on
AdSs. For the scalar field in (3.1) we get (here for generality we assume that the radii of
the two factors in AdS3 x S3 metric are L4 and Lg)

Aop(0) — Ag=-Vi+MZ,,  MZ,=Lg%(+2), d”=@+1?%, (3.19)
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where dy is the scalar degeneracy. Similarly, for the transverse vector operator in (3.15)
(see (F.5))

A1 (0) —» A =-Vi+ME,, M?, = Lg% (2 +40+2),  dY =2(6+1)(¢+3).

(3.20)
Using a split basis for the 11d gamma matrices and expanding the fermions in the S® spinor
spherical harmonics we get

2 1 1
er ) , 42 = (e 1)e+2), (3.21)

Vs — +iMy,, MWZL;( L

where dy is the degeneracy of the single fermion mode on S? (see, e.g., eq. (3.44) in [63]).
Squaring the resulting Dirac operator on AdS3 gives

1 ~ ~ —
A= —V2 + JRat M;K, My =My £mg,  Ra= —6L;%.  (3.22)
The corresponding dual conformal dimensions of the AdSs scalar (s = 0) and the transverse
vector (s = 1) with mass M, can be found using the standard relations??
AOAO) _9) = 12 M2, AMAD —92) =14 12 M?. (3.23)

As a result, from (3.19), (3.20) for L4 = Lg we get for the dimensions of the AdSs fields
in the scalar and vector KK towers

AO) =¢ 42, AW =43, (3.24)

For spin s = % fermions with the squared Dirac operator A

the corresponding AdSs; dimension given by

3
A =14+ 1+3+L?4M§=1+ §+L,24M; (3.25)

Then for the value of the mass in (3.22) we get

=-V4+1iRa+ M; one has

1
2

A(%) =14+ LALgl (E + Z) £ Lamg. (3.26)

In present case Ia with m, = 0 and L4 = Lg the dimensions of the AdS3 fermionic fields
are found to be

AR =42, (3.27)

2T0 recall, the dual-field dimensions for a massive p-form field in AdSqy; is A = g + ./ (% —p)2+m2L%
(see, e.g. [64]). Here m? is the term in addition to the standard Hodge-deRham structure of the Laplacian For
d =2 and p = 1 the dimension satisfies A(A —2) = —1 +m?L?%. For a vector (A1 )ap = —(VA)ab + Rap +
m2gar = (=V%4 + M?)gap, where M? = —203% + m? and thus A(A —2) =1+ M?L3.

,19,



3.2 Probe Ib

Here (see (2.30)) we may use again the static gauge, setting to zero fluctuations of the
coordinates along AdSs C AdS; and S"3 C S. The remaining transverse fluctuations will
then be of u and S? directions in the AdS;7 metric and of § in (2.12). Since the expansion goes
around v = 0 we may parametrize these 5 fluctuations like in (3.1) as ¢, (p = 1,2,3,4) and ©

d¢,d
ds?* = du® + sinh? u ds%s = Cpig’Q =dCpdCy + ..., 0=60,+0. (3.28)

(1-3¢%)
The perturbed induced metric may then be written like in (3.2) as (cf. (2.31))
1
ds® = LQ{dsgdsg +2x7(1 — 267)ds%s + d(pdCp + (pCpdsias, + Zd@2

1
+ {I‘i(l —4k?)V2 — 4K20 + <4 — 4K? —1—8/—{4) @2} dS%g} +ee (3.29)

Here we again denote the world volume sphere S as S3. Using the expression for C3 in (2.29)
the expansion of H;j; in (2.4) may be written as (cf. (3.3))

Hiji = Hyjp — Cigie + hij = LU(O) [volgsliji + hyji, (3.30)
U(©) = k(1 — 257 {(1 — 4K%) — 6KV/2 — 4K2 O — g (1-41?) @2} AR (3.31)

The analog of the expansion of \/—|Gy; + Hi;| in (3.5) is found to be

V=G + Hijl = L 8k%(1 — 267%) /=g {1 +h

1, . 1 .
+3(970:00;0 +24 %) + 5(970:40;G +3G,G) +hh + T |+

(3.32)
Here the effective AdS3 x S3 metric g;; which the fluctuations are propagating in turns

out to be independent of x and when written in terms of the unit radius AdSs and S3
metrics ga,gs is simply

oo 1 1 1
giyd€'ds! = dskus, + 7 dsk VEg= gVoaaves,  La=1, Ls=5. (333)
The linear h and quadratic hh and hT terms are
1 — 4r? 1 g
h=— EOQl@mn hf hh = Z h, 'kh”k
3,201 _ 942 mn> 6,2(1 _ 942 v ’
6L3k2(1 — 2k2), /g5 96L5k2(1 — 2k )iu}kil
(3.34)
1
hT = gh2tbmn . ©. (3.35)

L3ky\/3 — k2 /95

— 20 —



The indices in hh are contracted using g;;. The linear term h is again a total derivative
(as in (3.7)), i.e. it vanishes after the integration over 6d space. From (3.30) we find also
that the second term in (2.1) here is (cf. (3.9))

1 4. 1 1 ..

Ialwkmnle‘ijmn — §L3\/gs hg12 L{(@) + Eglljkmnhujhkmn . (3.36)
The Cg term in the WZ part of the action (2.1) does not contribute at the quadratic
fluctuation level while (cf. (3.30))

;/H3 AC3 = ;L3/H3/\ [k? —U(O)] volgs — ;L3/d6§¢g?h012 [k* —U(©)]. (3.37)

Combining the integral of (3.36) with (3.36) we conclude that the U(©) term cancels, i.e.
there are no linear and quadratic in © terms remaining in the fluctuation action (and the
integral of the remaining hgj2 term again vanishes).

The resulting bosonic fluctuation Lagrangian contains (i) 5 massive scalar fields © and ¢,
(cf. (3.32)); (ii) hghs term given by the combination of the hh term in (3.34) and the second
term in (3.36); (iii) the hT mixing term. The hzhs term is the same as in (3.12) in the Ia
case describing the (anti) self-dual 2-form field. We may formally use the (anti) self-duality
condition to rewrite it in the covariant form (3.13) assuming that the path integral is to
be carried out over the (anti) self-dual fields only or, equivalently, using the “square root”
prescription for the corresponding contribution to the partition function.

Rescaling the fields by constant factors the resulting action for the quadratic fluctuation
fields on AdS3 x S% with the metric (3.33) may be written in the following s-independent
form (cf. (3.14))

1, . 1, . 1 iy 48
Sy = — / d%¢ /=g [2(g”ai@aj@+24@2)+Z(gwaigpajngr?,gpgp)Jrmhij,ghw’f—gs h345 O |.
(3.38)

The remaining non-trivial problem is to diagonalize the last term representing the mixing (3.35)
between the scalar © and the S? components of the field hy = dBs.

Using the explicit form of the gauge-fixed Lagrangian for the B;; field on AdS3 x S given
in (B.6) and specifying it to the present case of the metric (3.33) with Ly =1, Lg = % we get

1 y 1

Ehijkhwk - 7 [Bup(—V? = 2)B? + B,s(~V? + 8)B™ + 2B,,(—~V* +6)B™], (3.39)
where the indices a,b correspond to AdSs, the indices 7, s to S and V? = V? + V%. The
“mixed” part of the Lagrangian in (3.38) that involves © and B,s; may be written as

1 . 1
L = =5vV/=04 /95 [gwai@aj@+24@2+iBm(—v?A—vngg)B”] +24y/=ga© " 0, By .
(3.40)
We may replace B,s; by a 3-vector V" given by

8
Brs = ——er5V". (3.41)

Vs
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Here ¢, is defined using the S metric with radius % Then (3.40) becomes
1 .
Lunix = =5V =94 V75 [gwai@aj@ +240% + Vo (=V4 — VZ 4+ 8)V" + 120 vrvﬂ . (3.42)

where V, is defined with respect to the S® part of 9ij, i.e. % gs where gg is the unit radius
metric. Next, it is useful to split V,. into the transverse and scalar part as

Ve =V +(Vs)r P, (3.43)

so that (3.42) becomes (V? = V? + V%)

1

Lmix = =5V/=94v/95 Vi (=V* +8)V" + Lo p, (3.44)
1

Lop = —5vV=04\d5 [0(~-V?)O +246? + P(~V?)(~V%)P + 120 V4P] . (3.45)

Thus we are left only with the scalar (©, P) mixing described by Lg p. One may further
redefine P to P’ = (—V%)l/ 2P to get a 2-derivative mixed scalar action. The associated
Jacobian cancels the one that is introduced by (3.43) and one finds that the partition function
corresponding to (3.45) is

—-1/2

Zo.p = [det(V* — 24V? + 36V%)] (3.46)

It is convenient to separate the contribution of the scalar © and its mixing to B;; from
the total contribution of the B;; field in (3.40). This amounts to normalizing (3.46) to the
contribution of the (—V?) factor in the P kinetic term in (3.45), i.e. to replacing (3.46) by

Zo, mix = [det(=V?)]Y/? [det(V* — 24V? + 36VZ)] /2. (3.47)

Then in the limit of no mixing, i.e. when the V% term in (3.45) and thus (3.47) is dropped,
the partition function (3.47) reduces to the one of the decoupled massive scalar © only.

The total bosonic partition function will then be given by (3.47) combined with the
contribution of the self-dual tensor and 4 massive scalars ¢, in (3.38), which is analogous
to the one in (3.15). Cancelling the common scalar det factor against the determinant of
Apo(0) = —V% = —V% — V% gives

-1/2

(3.48)
Here we specialised the general AdS3 x S? self-dual field contribution Zéﬂ in (B.13) to the
present caseof Ly = 1, Lg = % (sothat Ay 11 (6) originates from the By, term in (3.39), etc.).

Zp = 28 28 Zo mix = [det Aqy 11 (6)] 4 [det Ago(3)] 2 [det(V* — 24V2 + 36V3)]

The expression is similar to (3.15) in the Ia case apart from the last factor (3.47) involving
a more complicated 4-derivative operator factor. Once we expand in harmonics on S® the
latter can be written in terms of a product of 2-derivative scalar operators on AdS3. Indeed,
doing the replacement —V% — Lg?((¢ + 2) as in (3.19) we get
V= 24V? +36VE = (Vh + VE)* +24V5 +60Vs — (=Vi+M§, )(-Vi+M; ),
Mg, ,=4(0+2)(¢+3), Mg =400 —1). (3.49)
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Each of these factors enters with the scalar degeneracy déo) = (¢ +1). Note that this simple
factorization is a consequence of particular coefficients that appeared in the fluctuation
Lagrangian in (3.42).
As a result, the last factor in (3.48) or (3.46) may be written as
_ 140
Zo,mix = || [ det Ag(MZ, ) det Ag(MF )] =", (3.50)
¢

where A(M?) = —V? + M?, cf. (3.19). Similarly, we get (cf. (3.20))

_ _ _14() _94(0)
[det Aqs 11 (6)] " [det Ago(3)] > =[] [det Ay (MZ )] 7 [det Ag(M )] 72
¢
(3.51)
MP,=6+4(0°+40+2), Mg, =3+400+2). (3.52)

The fermion contribution to the partition function has the same general form as in the Ia
2,
see (A.21), (A.22). Thus after expanding in spinor harmonics on S3 the effective mass of the

case, i.e. is given by (3.16), (3.17) (see appendix A). In the present case we get m, =

fermions in AdSs appearing in the squared Dirac operator in (3.22) here is

. 3
My =My jm, = (20+3)% 7. (3.53)

The conformal dimensions corresponding to the above AdSs mass spectrum are found as
in (3.23)-(3.27) using (3.33). For the four scalars (, with mass M£2,0 in (3.73) and the two
mixed scalars with masses in (3.49) we get

AD — 243, AQ —92716, N T2 (3.54)

For the transverse vector we get from (3.20), (3.23) and (3.52)

AN =20 45. (3.55)

1
For the fermions from (3.26) and (3.53) we get A(f) =14 (20+3)£3, ie.

1 11 L
AZ — 904 5 A — 904 S (3.56)
3.3 Probe II

The derivation of fluctuations near the solution (2.42) describing M5 brane wrapped on
AdS3 C AdS; and S3 C S7 is very similar to the one in the Ib case (the two cases are, in
fact, closely related by an analytic continuation, see appendix D).2*

In the static gauge where the fluctuations of AdSz and S® coordinates in (2.37) are set
to zero we are left with the fluctuations of u and of § and S (and also of the 2-form field
B;; and fermions). We parametrize them like in (3.1) or in (3.28) (p = 1,2, 3,4)

d¢yd
ds* = d*0 + sin® 0 dses = _dpdlp d¢pdCy + .. ., u=1uy+U. (3.57)

(1+5¢2)?

24Bosonic M5 brane fluctuations near this solution written in different coordinates [29] were previously
studied in [30, 31].
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The perturbed induced metric corresponding to (2.37) is then (cf. (3.29))
ds® = LQ{(I + sz)dsids3 + 4ds%s

+ U2 + [ + 250V 1+ 52U + (14 2:2) U] disas, + 4dGpdGy — 4G,Gpdshs | +

(3.58)

From (2.39) and (2.42) we get (cf. (3.30), (3.31))
Hijr = —L3f(u) [volaas, ijr — SL®5¢ [volgs]jr + hij, (3.59)
f(u) = 3sinhu + sinh® u = 5¢(3 + 5%) + 3(1 4 )32 U + 2%(1 +) U+ (3.60)

Computing 1/ —|Gy; 4+ Hij| we find for the quadratic fluctuation terms (linear terms will

eventually drop out as in the two previous cases and so we omit them here)
= 1 ,
V=G + Hij| = 4L°(1 + 5°)*V/=ga/gs {1 + 8452 [970,U0;U +12(1 + 35°) U?]

1 y
* m(g”&épaﬂp —3¢pCp) +hh + hT } o (3.61)

Here the effective AdS3 x S® metric gij is again independent of the parameter s, and is given by

SR | 1 1
gijd&'de? = Edsidsg + dss, V=9 = gV=9aV0s, La=5, Ls=1. (3.62)
Also, we get (cf. (3.34), (3.35))
hh — 3 hyhF, BT = » g02tlmny, gy
768L6 Lt 52)? 22 / 25613 (1 + »2)3/2 | /g5
(3.63)
The contribution of the WZ term in the M5 brane action (2.1) is (cf. (3.37))
B / Hs A C3 = B / ( — 8xL” volgs +h3) AL f(u) volags,
— L3/d6§\/—g,41ﬁgs {18%2(1+%2)U2+ NG (1 +%2)3/2h345U+...} . (3.64)
V9s

The U? term here cancels against the se-dependent part of the U? term in (3.61). As a result,
putting hghs terms into the covariant form as in (3.38) and rescaling the fields we get for

the bosonic part of the quadratic fluctuation action®

1, . 1 .. 1 . 6
Sp = — / d6§\/—7§/[2(9”61U8jU+ 12 U2)+5(9”@‘@8]‘@)—3@)@:)+Ehijkh”k+\/ﬁ h3ss U] :
(3.65)

This action has the same structure as in the Ib case in (3.38) so the derivation of the
corresponding bosonic partition function follows the same steps as in (3.39)—(3.48) with the

25Closely related expression was found in [31].
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difference being in the values of the coefficients. Namely, taking into account that here
La= %, Lgs =1 we get (setting Bys = L VY, V= Vit +(Vs), Pand V2 = V3 + V%)

V95
1 g 1
ﬁhzjkhwk - 7 [Bap(—V? — 8)B® + B,o(~V? + 2)B™ + 2B,,(—V? — 6)B"], (3.66)

1 . 1
Lyix = _5\/_7914 Vv 3s |:81U8JU + 12U2 + §Brs(_v?g — V% + 2)375} + 3@(]67”515 8rBst

1 .
= oV OAGS O UU + 120 + Vo (-V — V3 + 2V — 120V, V7]

2
1
= —5V=0aos Vi (VI 2V + Lyp, (3.67)
1
Lup=—5v=949s [U(=V*U + 12U% + P(-V?)(~V%)P — 12U V&P]. (3.68)

The resulting contribution to the partition function is also analogous to (3.46)—(3.48) (we
use again the expression for Z;r) in (B.13) now with Ly = 3, Lg = 1)

Zyp = [det(V — 12V2 + 36V2)] /2,

Zt mix = [det(—V?)]Y? [det(V* — 12V + 36V2%)] 72, (3.69)
Zp = 25" 728 Zu, i

= [det Ay 1 (=6)] [ det Ago(=3)] 7 [det(V* — 12V2 + 36V2)] /2.

(3.70)

Expanding in harmonics on S% we get the following counterparts of the Ib relations (3.49)—
(3.73):

VI—12V2 4+ 36VE = (=VE+ME, )(-Vi+ M ),

Mg, = (L+2)({+6), Mg =L —4), (3.71)
_ 140
Zu i =[] [ det Ag(MG, ) det Ag(MG_ )] * (3.72)
y4
_ _ _14(1) _94(0)
[det Aqy 11 (—6)] " [det Agg(=3)] > = J[ [det Ay, (M2 ,)] 3% [det Ag(MZ )] >%
4
M{,=—6+ (> +40+2), Mg, =-3+0((+2). (3.73)

The fermion contribution to the partition function is given by (3.16), (3.17) with the same
value m, = 3 as in the Ib case (see (A.26), (A.27)). Hence the effective mass of the fermions
in the squared Dirac operator in AdSs in (3.22) here is (cf. (3.21), (3.53))
- 3 3
M%J:M%’eimbﬂ: €+§ i§. (3.74)

The dimensions corresponding to the above AdS3 mass spectrum are found as in (3.23)—(3.27)
(here Ls = 4 according to (3.62)). For the scalars we get from (3.52), (3.71)

o_1, 3 o _ 1 o _1
Ay =50+, A = St+3, A =2t (3.75)
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while for the vector in (3.73) we have (cf. (3.23), (3.62))
1
AL = F+2. (3.76)

1
For the fermions (3.26) and (3.74) give A(f) =1+ ({+3)£3, ie

1

A(f) 1 5

=042 A® =Ly (3.77)
2 2’ N 2 ' '

4 One-loop free energies of Ia, Ib and II probes

To compute the free energy F' = —log Z corresponding to the one-loop partition functions
found above in the cases Ia, Ib and II it remains to sum up the contributions of each
of the (scalar, vector, spinor) field on AdSs of the corresponding mass, or, equivalently,
scaling dimension A (see (3.24), (3.27), (3.54)—(3.56) and (3.75)—(3.77)). The single-field
contributions are given by the standard relations (see, e.g., [65, 66])%°

Fy(A) = —ém 1) vol(AdSs),
Fu(A) = —é(A “D[(A = 1)% — 3] vol(AdSs) | (4.1)
Fy(a) = fém ) [(A 1) ﬂ vol(AdSs) .

Each AdS3 field contribution should be taken with its S® degeneracy factor (given in (3.19),
(3.20), (3.21)).

For consistency with the underlying supersymmetry (see table 2) the AdSs fields should be
organized into short supermultiplets (labelled by ¢) of the OSp(4*|2) x OSp(4*|2) superalgebra
in the cases Ia and Ib, and of the OSp(4|2,R) x OSp(4/|2,R) in the case II. A detailed way
how to do this is discussed in appendix C.

In all the three cases the resulting supermultiplets contain individual fields with masses
or dimensions corresponding to particular shifted values of the S® level ¢ (or, equivalently,
they include fields from different levels ¢). Remarkably, these shifts turns out to be same as
in the spin-1 short supermultiplet of the SU(1,1|2) x SU(1,1|2) supergroup that describes
the standard massless (2,0) tensor multiplet on the supersymmetric AdSz x S% vacuum
of (2,0) 6d supergravity [67, 68]. The corresponding spectrum is formally the same as we
found above in the Ia case, but the organization of states in the supermultiplet (i.e. the
assignment of the A-values) is different as the corresponding superalgebras are different
(see appendix C for details).

In table 3 we present the summary of the corresponding spectra in the three cases and
also, for comparison, for the massless (2,0) tensor multiplet on AdSsz x S3 corresponding
to the SU(1,1]2) x SU(1,1|2) symmetry.

There AY) stands for the transverse vector originating from the B, component of the
2-form field on AdS3 x S or the operator A 1, upon reduction on S* (cf. (3.20)). Also,

26These are for a scalar, transverse AdSs vector and a single fermion counted as one real degree of freedom.
We have total of 6 scalars in (3.15), (3.48) and (3.70). The vector corresponds to two degrees of freedom and
the fermions carry a total of 8 degrees of freedom.
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(2,0) ITa Ib  II

AdSs field dS3 A A A A
AD ] 204+1)(+3) [£43 043 245 Lo42
D (0+3)? (+2 04+4 2044 $0+1
WD gk (04+2)2 |[04+3 043 2+5 Lo+2
@f) (0 41)? (+4 0+2 20+6 30+3

D s ((+2)(+3)[e+3 6+7 2049 Lo43
v |ax )+ 0+ ] e+ 2+ S

Table 3. AdSs supermultiplet structure of the fluctuation spectra in Ia, Ib, IT cases and also for the
massless (2,0) tensor multiplet on the AdSz x S3 space.

C,(f) represents the modes of the 4 scalar transverse fluctuations, ¢+ denote the two scalar
modes corresponding to the scalar part of B,s component of the 2-form field mixed with
the transverse scalar U or O in (3.50) or (3.72), and ¢4 are the two sets of the fermions
having different masses in (3.53), (3.56) and (3.74), (3.77).

In Ta case there is no scalar mixing so that (pg) and go(e)

are both massless and thus
have equal dimension (given in (3.24)) for the equal values of ¢; the same applies to the
corresponding massless fermions 1, and ¢_. dgs denotes the total S® degeneracy including
the factor of the relevant number n of the number of fields, i.e. dgs — n x dgs).

In all these cases we can check the balance of the numbers of bosonic and fermionic

states and also the validity of the two additional sum rules for each supermultiplet

> (-1)dgs =0, > (-D)fdgsA=0, Y (- A?=2. (42)
multiplet multiplet multiplet
Here the sum is over the set of fields in the supermultiplet corresponding to a fixed value of £.
To compute the total value of the free energy F' we may first find the contribution Fy of
each supermultiplet with fixed ¢ and then sum over 7, i.e. F' =3, Fy. For example, in the
case of the (2,0) multiplet in table 3 we get, using the expressions in (4.1),

FPO = dVFy (04 3) + d, Fo(0+2) + 4d\), Fo(£ +3) + d) Fy (£ + 4)

(3) 5 (3) 7
where according to (3.19), (3.20), (3.21) the degeneracies are given by

1
i =(+17?, AP =200 n+3), AP =(rDE+). (44

Using (4.1) we then find from the data in table 3 that

1 (1a
(£ +2) vol(AdSs), FZO = _p) F

(Ia) _ p(Ib) _
FZ - Ff - 3

3
2T
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These surprisingly simple expressions follow from cancellations that are due to the underlying
supersymmetry.

Indeed, if one computes the free energy without taking into account the shifts of ¢ required
by the supermultiplet structure, i.e. by just directly combining together the contributions
of all modes with a given ¢, one gets the following quartic polynomial expressions in ¢ (we
use the notation F for these “no-shifts” values)

1

F20 = — (14 0)(33 + 34€ + 15¢% + 56%) vol(AdSs), (4.6)
T

F=) %(1 +0)(9 + 16+ 1502 + 5¢%) vol(AdSs) , (4.7)

AR iﬂ(l + 0)(63 + 910 + 6002 + 2063) vol(AdSs), (4.8)

F = 48%(1 +0)(18 + 140 + 3¢% + £3) vol(AdSs) . (4.9)

Summing these expressions over ¢ with a UV cutoff at large ¢ one concludes that total free
energy contains quintic (and lower-order) UV divergences. The logarithmic divergences cancel
out as can be shown independently by starting with the general expression for the partition
function on AdSz x S? (see appendix E). At the same time, the sums over £ in the first
three cases in (4.5) are only quadratically divergent, which is obviously a consequence of
maintaining supersymmetry-implied multiplet structure at each value of level /.

Let us note that the multiplet structure presented in table 3 applies for ¢ > 0 when all
states are present (have positive dgs). For £ = —1 there are additional states that also form a
short supermultiplet (we include the factors of their degeneracies from table 3 taken at £ = —1)

4x ot 4% ¢, 1x2x . (4.10)

This is again a balanced multiplet since the total number of states is 4+4—8 = 0. Note that the
contribution of (4.10) to the total free energy is the same as of a general multiplet evaluated
at £ = —1 (at this value all extra states have zero degeneracy and thus do not contribute).

Taking this into account, the total free energy should be given by summing the expressions
in (4.5) from £ = —1 to oo, or, equivalently, after shifting ¢ so that the sum starts from 1, we get

= 3
Fir = ZFg(H) =0, Fla = F1p = 3F(20) = Z Fz(Ia) = _%Cl vol(AdSz),  (4.11)

L f=—1
Ci=Y (t+2)=> 1. (4.12)
{=-1 =1

We conclude that while the one-loop free energy is manifestly zero in the probe II case, it
requires a particular regularization to define it in the other two cases.
The familiar Riemann ¢-function (with ((—1) = —<)

radial quantum number of S3 (and not, e.g, an S! mode number). A more natural alternative

is not appropriate here as £ is the

is to use a prescription like > p° | ¢/ zgllz_ﬂ or a sharp cutoff ¢ < A as in [44-46, 69, 70].
Dropping singular terms one then finds that C; = 0.
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5 Open questions

The main open question that remains to be understood is if the subleading in N terms in
the b-coefficients in (1.7), (1.8) can be reproduced in the framework of the semiclassical M5
brane Ia and Ib probes.?” One speculative suggestion is that a classical probe action should
actually be given by a combination of the M5 and M2 brane actions, with an on-shell value
of the latter (wrapping AdSs) reproducing the required order N terms in (1.7), (1.8) (recall
that according to (2.8) the M2 brane tension is proportional to N). A problem with this idea
is that it is not clear how to see why both the M5 and M2 contributions should have the
same k-dependent factors that are required to match the expressions in (1.7), (1.8).

Assuming there is some “classical action” explanation for the exact expressions in (1.7),
(1.8) one would then to prove that there are no further quantum M5 brane corrections to
the free energy and thus to the b-coefficient. At the one-loop level discussed above that
would require the choice of a particular regularization that sets to zero the infinite-sum
coefficient in (1.14), (4.12). Such a regularization was required in similar supersymmetric
conformal anomaly contexts [44-46]. The choice of regularization should be motivated by
some underlying symmetries of the quantum M5 brane theory on the AdS3 x S® space that
may not be manifest after the explicit expansion in modes on S®. We already accounted for
the AdS3 supersymmetry by combining the contributions of all states in a supermultiplet at
level ¢ before introducing a cutoff. Which are additional symmetries that select a specific
choice of the subtraction procedure that leads to C; = 0 remains to be understood.

As for the probe II case when the M5 brane is wrapped on AdSs x S2 in AdSs x S7, the
one-loop correction was found to be manifestly zero (cf. (1.17), (4.5)). However, it remains
to find the interpretation of the corresponding classical action (1.16) in the dual k = 1
ABJM theory, i.e. to see which is the corresponding %—BPS spherical defect and which is
its b-anomaly coefficient. To try to shed light on this, it would be useful to generalize the
discussion of the probe II case to the M5 brane probe wrapping AdSs x S2 in the M-theory
background AdS,; x S7/Z; dual to the level & ABJM theory.

Similar issues appear in trying to go beyond the classical M5 brane probe action values [25]
in order to match the exact expressions for ds in (1.12), (1.13). As was mentioned in the
Introduction, that will involve considering quantum M5 branes in a “twisted” AdS7 g x S
background with the AdS; g boundary being S é x 8. It would be of interest to compute
the corresponding one-loop M5 brane correction that should be related to order N° term
in free energy and thus in ds and check that it again vanishes.
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A Fermionic fluctuation operator

In this appendix we will determine the structure of the analog of the Dirac operator appearing
in the quadratic fermionic part of the M5 brane action. This fermionic part complements [33]
the bosonic part of the PST action in (2.1). The determinant of this Dirac operator contributes
(after a k-symmetry gauge fixing) to the one-loop M5 brane partition function (cf. (3.16)).

This fermionic operator may be found from the covariant M5 brane equations of motion [35,
37].28 The presence of a non-trivial 3-form H3 background for the three solutions Ia (2.16),
Ib (2.30) and IT (2.42) makes the determination of the explicit form of this Dirac operator more
complicated than in the previously discussed S! x S° and S! x AdS5 M5-brane cases [11, 15]
where the background Hjs field was zero.

In this appendix we will denote the 11d target space indices by capital letters M, N, P =
0,1,2,...,9,f and the 6d world-volume indices by lower-case Latin letters i,j,m,n,... =
0,1,...,5. We will use “hat” to indicate quantities induced on the world-volume, introducing,
in particular, the notation g;; for the induced metric which is equivalent to G;; used in (2.2).
We will underline the tangent space indices so that

ds?y = Gunda™dz™ | Gun =nuneyren,  dsips = 0id€de, gy = e,
(A.1)
We will use the following definitions
_ _ _ L Rs
{FM>FM}_277M7 FJ...QQ_lv VM_6M+ZwM F@, (A2)
1
Dy =Vy +Fu, Fa = ~288 (Tpnirm — 8GupT nir) FPNEL L (AL3)

For the two backgrounds of interest (I) AdS; x S* in (2.6), (2.7) and (II) AdSs x S”
in (2.37), (2.38) we have

—%L_l AdSy
Lt gt

%L_l AdSy

B , (A4)
—%L 1 S7

FE\?:@%FMFMU.{ : Fﬂ):eﬁerm‘{

where we indicated the overall scaling factors on the two subspaces (i.e. for index M in
AdS; or S§%).2°

Let us first recall the connection between the bosonic part of the PST action (2.1) and
the covariant formulation of the M5 brane equations of motion in terms of the (anti) self-dual

28The fermionic equations are given in an implicit form in [35]. The explicit Dirac-like equation for the
spinor variable ¥ was obtained (with manifest k-symmetry and for generic fluxes) to linear order in 9 in [37].
Let us note that the PST formalism produces a different x-symmetry generator [33], but as was shown in [36],
the two corresponding x-symmetry transformations are equivalent up to a redefinition of the gauge parameter.

2Tn our notation (cf. (2.6), (2.37)) the coordinates and thus derivatives like Vs are dimensionless and
these factors of L™! or L™' cancel against similar factors in the vielbein e% in (A.1).
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3-form hyji [35].°° One defines (cf. (2.4))

iy g 1 .
K — hzgk Vi = — 6zgksmn hsmn \ ’ Vi
NGV g " /=(0a)?
where we used the anti-self-duality condition on h¥*. As in (2.3), we will use the gauge
a = &' The field h is related to H7 in (2.4) by [33, 36]

(A.5)

Il
=
S

1. 1 |:|7,m |:|mn Flnj + %Hmnﬂmnﬂi]’
hl] = ZHU + Z - — e N .
1 + \/ _‘grs + Hrs| + ZHrers

The general expression for the linearized Dirac-like fermionic equation is given by [37]3!

(A.6)

o 1 ..
e; It Di[(1+T.)9] =0, Iy =Toi2345 + ghilhl“gk, (A.7)
I = 02Ty, D; = 9;2MDyy, (Po123a5)* = 1 = (I')?, (A.8)

where D)s was defined in (A.3). Note that the second term in I'y in (A.7) squares to zero (hj
is assumed to be anti-self-dual). e! in (A.7) is the effective sechsbein corresponding to the effec-
tive metric ¢;; appearing in the Lagrangian for the bosonic fluctuations in (3.6), (3.33), (3.62).
There is also the following relation between e, the induced metric Gij and hge [33]

m= eé éi - glﬁ +2 [gwhmnhmn + 2sz‘/jhmnhmn + 4hzkhkj o \ /_QV(lej)mnmkahnrhsk] :
(A.9)

Below we will derive the explicit expression for the operator in (A.7) in the three cases
Ia, Ib and II. We will show that this effective Dirac operator appearing in the quadratic
fermionic action after a k-symmetry gauge fixing has indeed the form given in (3.17), (3.18)
with m(FIa) = 0 and m{P) = m](?n) = %

Let us note that in the analysis of the bosonic fluctuations in section 3, when discussing
the effective metric in (3.6), (3.33), (3.62) that enters the quadratic fluctuation Lagrangians
in (3.14), (3.38), (3.65) we scaled out the overall factor of L or L (as well as numerical
factors that can be absorbed into the fluctuation fields). Similarly, in (A.7) the overall scale
of the effective e! will be irrelevant (it can be absorbed into ¥ in the quadratic fermionic
action) so we will also drop it in the expressions below.*? We will use the labelling of the

coordinates as given in (2.13) and (2.41).%3

30Tt should not be confused with the fluctuation field h;;x used in the text (as, e.g., in (3.3)).

31'We follow here the notation for the M5-brane fermionic operator in [11, 15]. Note that the sign in front of
the second term in I'. is convention-dependent and the final results will not depend on its choice.

32Note also that there is also no difference between the covariant derivatives for the effective and the induced
AdS3 x S? metrics as they are different only by the values of the radii which the spin connection is independent
of.

33Let us note for completeness that the global supersymmetry preserved by the M5 brane probes is
determined by the solutions of the Killing spinor equations of the target space backgrounds (see, e.g., [6, 71])
Ve = —Fme subject to the k-symmetry gauge condition on the brane I'.e = €. For example, in the case 11
we get € = 6%9F01234
and AdS4 respectively. This solution for € preserves N/ = 8 supersymmetry. Solving the x-symmetry gauge

Yg3 g3 Xiads €0 where X’s are the matrices that define the Killing spinors on SS, S8

condition imposes an additional projector and therefore halves the amount of supersymmetry preserved by the
brane configuration.
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Probe Ia.

From the form of the background in (2.6) and the evaluation of (A.9), we obtain the induced
and the effective sechsbeins as

é;*: L(m €AdS3y K 653), e%: = (eAd837 683) . (A10>

The corresponding metrics are the induced AdS3 x S one as in (3.2) and the effective one
of the equal-radii AdS3 x S® space as in (3.6). The pull-back of the covariant derivative
on the world volume is

A 1 1 jk

Vi =0zMVy =V, + iw;ﬁl—‘@, Vi=0;+ ngffl—‘lk, (A.11)
where there is no sum over the index ¢ and V; is the covariant spinor derivative corresponding
to the effective e; in (A.10).

Using (A.4) and (A.11) the two terms Vs and Fps in Djs in (A.3) lead to the following

two contributions to the operator ei I D; in (A.7):

Y+ 5 (VIF R+ m)T, Ty = S (VTR )T, V=¢ IV

(A.12)
As a result, the fermionic equation of motion in (A.7) may be written as
) 3.
D[(l + F*)Qﬂ =0, D= ZV — 57,(\/ 1+ K2+ H) (F012345 - I)FQ, (A13>

where 7Y is the Dirac operator corresponding to the effective AdS3 x S® sechsbein in (A.10).

Here we used that I'grgoy = I'gi2345, which follows from I'g; gy = 1 in (A.2).

From (A.6) and the explicit form of Hs in (2.16) we find that the only nonzero components
of hyjp correspond to hgs (we scale out L? factor and 0,1,... are the values of the world-
volume indices)

1 AAA AAA
hoy = 5 (V1+k2— k), hgy = h*2 = —h*%. (A.14)
Then I'y in (A.7) takes the form
Iy =Tgiszas + hoa(Tois — Tza5) = Ton2sas + hgalo12(1 — Coi2sas) (A.15)

where we used that (I'g12)? = 1. Here all terms in T, anticommute with each other and the
term proportional to hy, squares to zero, consistently with (I',)? =1 in (A.9).

We fix the n—symmietry gauge by the condition I'y9 = 9. Using the explicit form of
I's in (A.15) this condition can be rewritten as

(1- h@f‘m) (To12345 — )Y =0, (A.16)

and is then solved by (I'g12345 — 1)9 = 0. As a consequence, the mass term in (A.13) vanishes
and we are left simply with massless Dirac operator which is independent of the parameter
k of the M5 brane solution

D =iY. (A.17)

This is the operator that appeared in (3.16), (3.17) corresponding to mp = 0 in (3.26).
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Probe Ib.
In this case from (3.29) and (3.33) we find instead of (A.10)

. . 1
er:[,(eAdS37 K,\/m 653), 6%: (LAeAd837 L5653)7

~
ES
I
=
~
n
I

3"
(A.18)
Since the resulting fermionic operator should depend only on the effective AdS3 x S? geometry
and thus should not depend on the value of x (after a rescaling of the fermion field)?* to
simplify the discussion we may just set Kk = % from the start (corresponding to the choice
of p = 5 in (2.30)). Then there will be no extra term from the spin connection compared
to (A.11), i.e. 3;2M V) = V;, the latter being the effective spinor covariant derivative on
the world-volume. Furthermore, in this case the expression in (2.32) implies that H;j;, = 0
and then from (A.6) it follows also that h;; = 0.

Again, we may scale out factors of L but it is useful to keep the values of L, and
Lg in (A.18) generic till the very end. Then we find for the Fp; term in (A.3) and the
matrix I'y in (A.7)

3

el TLF; = §(L§1 — LHT7% L' = Tyis31s = Loi2sy - (A.19)

As a consequence, the fermionic equation in (A.7) takes the form
3
D[(1+T.)9] =0, D =iV + 5z‘(Lgl — LHT%, (A.20)

where ¥ corresponds to the effective eé in (A.18).
Choosing the k-symmetry gauge I',t = 0, we get I'goy) = T'p120 and thus (A.20)
reduces to*

DY =0, D=iV+M, M:—gi(Lgl—Lgl)rw, (T20)2 = —1,

(A.21)
In the present case of (A.18) with Ly = 1, Lg = 3 we thus find that the mass matrix
is given by

M= —g T2 M? = % (A.22)

Thus M has the eigenvalues :l:% corresponding to mp = % used in (3.53).

Probe II.
In this case from (3.58) and (3.62) we get (cf. (A.18))

éf::L(\/l—f—%zeAdSS, 2633), €§:(LA6Ad53, Lseszs), Lpi=—-, Lg=1.
(A.23)

34Note that a similar conclusion that like the bosonic fluctuation operators the fermionic operator does not
have a non-trivial dependence on the xk-parameter of the classical solution was reached in analogous examples
discussed in [11, 50].

35Note that here 0, 1,2 are also indices on the world volume, while 7 is the index from the transverse space.
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Again, the fermionic fluctuation spectrum should not depend on the parameter s of the
solution so we may simplify the discussion by setting » = 0 (corresponding to the choice
of up = 0 in (2.42)) (and also scale out factors of L). Then according to (2.45) we get
Hijx = 0 and thus also h;; = 0 from (A.6).

Instead of (A.19) and (A.21) here we find

o 3 -
e T4 F; =S (L G- Lgh)yris T = Tyis315 = Lo12s67 » (A.24)
3
D[(1+T.)¥] =0, D =iy + ii(L;‘l — Lghrozs, (A.25)

where iy corresponds to the effective ef: in (A.23). Using the k-symmetry gauge I'.d) = 9 we get

DY=0, D=iV+M, M:%(Lgl—Lgl)F%, (TU23)2 — 1. (A.26)

In the present case of (A.23),i.e.for Ly =1, Lg = %, we thus conclude that (cf. (A.17), (A.22))

M= ;ZTM, M? = Z. (A.27)

This matrix M has the eigenvalues :l:% corresponding to the value of mp = % used in (3.74).
To conclude, in all the three cases discussed above M happens at the end to be pro-

portional to (L' — Lg') (cf. (A.21), (A.26)) thus leading to the values mp = 0 for the Ia

probe and mp = % for the Ib and II probes.

B Partition function of 2-form field on AdS; x S3

Here we consider the partition function of a 2-form field in 6d with the standard gauge-
invariant Lagrangian (3.13) where h;j, = 30;Bjj defined on the AdS; x S3 space with
generic radii (cf. (3.6))

ds® = g;;d¢7 = L%ds}qs, + Lidsts . (B.1)
The corresponding 6d curvature factorizes into the AdS3 and S2 parts in the obvious way
Rijke = HFL,Z?S(gikgje — GitGjk) » R;j = $2Lj?sgij , Ras = $6LAT?S - (B.2)

Starting with Lo = %hijkhijk where hy = dBy and following the standard procedure (see,
e.g., [58] and references there), we add to it the covariant gauge fixing term (V?B;;)? to get

1 .. 1 ij

where A, is the standard Hodge-deRham operator defined on 2-forms. Including the ghost
factors, the corresponding partition function is

det Al

Zy = B.4
2 (det Ag)/2 (det Ag)3/2”° (B-4)
(Do) = —V26, + 2RU6) — Ry7 . (A))=-V26 + R, Ag=-V% (B5)

36We include % factor in the definition of antisymmetrization, i.e. Tiap) = %(Tab — Tba), etc.
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Let a,b be the AdSz and 7, s the S indices. Then L) in (B.3) may be written as

1
L) = 3 [Ba,,(—VQ—2L;12)B“b+23ar(—v2+2L52—2L;12)Ba’“+BTS(—v2+2L52)B"8] . (B.6)

One can do a similar split for the ghost A; operator. Then Z; in (B.4) may be written as

det A1 (—2L3%) det Ag1(2L5%)

Ly = 3 2 9 on11/2 3/2°
[det Ag(—2L,7) det Ay 1(2Lg" —2L,7) det Ag2(2Lg7)] "~ [det Ago(0)]
(B.7)
where
A, (MY = -V*+ M? = -V - Vi+ M, (B.8)

denotes an operator defined on a field in AdSs x S? which has p-form indices in AdS3 and
g-form indices in S3. Since in 3d a rank 2 antisymmetric tensor is algebraically equivalent
to a vector we have

det AQ,O = det Al,O y det A072 = det AOJ s (B.g)

and thus (B.7) may be rewritten as

(B.10)

det AL()(—QLZQ) det A071(2L§2) } 1/2

Zy =
[det A1 (2L5% = 2L732) (det Ag(0))*

We may further split the fields with a vector index in AdS3 or S? into the transverse and
the longitudinal (scalar) parts which gives

det Ay o(—2L3%) = det Ay o(—2L3%) det Ag(0),
det Ag1(2Lg%) = det Ag 11 (2L57%) det Agp(0),
det Ay 1(2Lg% —2L,%) =det Ay 11 (2L — 2L ;%) det Ag 1y (2L5%)
det Ay o(—2L;?) det Ago(0). (B.11)

Then (B.10) becomes simply

-1/2

Zy = [det Ay 1) (2L5% —2L32)] 7 [det Ago(0)] . (B.12)

The (modulus of) partition function of a self-dual 2-form field is given by the square root
of (B.4) or of (B.12), i.e.

~1/2

Z§+) = [det AlL’lL(QLEQ — 2L;‘2)} _1/4 [det A070(0)] (B13)

C Short supermultiplets of fluctuation fields in AdS;

Here we will discuss the supermultiplet structure of the fluctuation modes as fields on AdSs
presented in table 3.

In table 3 some fields have shifted values of level £. These shifts are the same as in table 4
of [67] for spin-1 short supermultiplet of SU(1,1|2) x SU(1,1|2) corresponding to the tensor
product [¢ + 3], ® [¢ + 3]g. Here [k + 1] (with & = £+ 2) denotes a spin-1 short multiplet
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of SU(1,1|2) (see eq. (4.14) in [68]). This supermultiplet describes states of a (2,0) tensor
multiplet in the supersymmetric AdSz x S% vacuum of 6d supergravity.

The bosonic subgroup of SU(1,1|2) is SL(2,R) x SU(2). Supercharges are in a doublet of
R-symmetry automorphism SU(2)z3" and mix different representations of SL(2,R) x SU(2).
Using labels |A; j, ") of SO(2,2) x SU(2) x SU(2)r the spin-1 short multiplet of SU(1,1|2)
contains four SL(2,R) x SU(2) representations

STATES j j' A
k k
[k + 1]50112) _ |0) 5 0 3 (C.1)
QFlo) k5t 5 At
Q*Q*0) 152 0 K2

One can check that taking the tensor product [¢ + 3|1 ® [¢ + 3]r (see, e.g., table I in [72])
one reproduces the data for the (2,0) tensor multiplet entry in table 3 (namely, the spin
|AL — Ag|, the S? degeneracy (251, + 1)(2jg + 1), field multiplicity (247 + 1)(2j% + 1), and
A = Ap + Apg). For example, the four (, scalar states correspond to

k+1 k—11

k1l k=11, peepe €43 0411, 043 041 1
=3 ' )= '

rpTErMT 2 Ll T2 cre T 2 9
)@ 2 7 2 72 ’ )@ 2’2’2>’ (C.2)
that have spin A;, — Agr = 0, the S% degeneracy (¢ + 2)2, multiplicity (2 x % +1)2 =4, and
A =/ + 3. Another example is the “mixed” scalar ¢_ that corresponds to
k k
2'2’

{4+2 042
; ——,0), (C.3)

k k 0) k=042 |€+2.€+2
- 2 7 2

| 37y Ty 0
which has, indeed, the spin Ay — Ar = 0, the S3 degeneracy (¢ + 3)2, the multiplicity
2x0+1)2=1,and A = ¢+ 2.

However, in the cases Ia, Ib and II the dimensions of states with values of ¢ given in

0)®|

table 3 (as found from the explicit mass spectrum of fluctuations) do not match those of
the (2,0) tensor multiplet. This is due to the fact that in these cases the corresponding
supergroups are not SU(1,1]2) x SU(1,1|2) but the ones given in table 2. Let us discuss
the three cases Ia, IT and Ib in turn.

Case Ia: here the relevant short-multiplet factor is not of SU(1,1]2) but of OSp(4*|2)
discussed in [73]. The bosonic subgroup is SL(2,R) x SU(2) x SU(2)r and fermions are
doublets of SU(2)r (we use that SU(1,1) = SL(2,R)). The corresponding multiplet is®

[n ]OSp(4* 12)

3
‘\ I3
—

S O =
3
+
—

‘:
[C|NERN
=

3THere we use sub-index R for R-symmetry to distinguish it from the R-index (for “right”) below.
38See eq. (5.12) in [73] where we corrected a typo.
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Taking the product of such two multiplets with n = ¢+ 1, i.e. [¢ + 1] x [¢ + 1], one finds the
same states as in the above (2,0) case but with some interchanged values of A, in agreement
with the Ia entries in table 3. For example, to get ¢_ we are to consider

n—l—3.n+1
2 72

n+3‘n+1

n=~0+1 €+4 ‘€+2
5y | ,0)® |

2 72

£4+4 642
— i 0. (CH)

,0) @ |

,0)

This state has the spin A, —Ag = 0, the S% degeneracy (£+3)?2, the multiplicity (2x0+1)2 = 1,
and A = Ap + Ar = /¢ + 4 as for the <p(_£+2) entry in the case of Ia in table 3.

Case II: here the building block is the short multiplet of the real form OSp(4/2,R) discussed
in [74, 75]. The bosonic subgroup is USp(2) x SO(4*). We have USp(2) = SU(2)r and
SO(4*)=SU(1,1) x SU(2) = SL(2,R) x SU(2), so we find again the symmetry SL(2,R) x
SU(2) x SU(2)r with the supercharges being doublets of SU(2)z. The general unitary
multiplet is presented in eq. (3.2) in [75].3° The shortening condition is 2A — j — j/ = 0. If we
solve it by setting A = /+2 and j = 2A, 5/ = 0 we get the states of the following short multiplet

-
g J A
[£]O5P(4I2R) = G+l (C.6)
log10441
1 14 3
st 0 3+3

One can check that the states in the corresponding product [¢] x [¢] all have the same quantum
numbers as before, with the exception of the total A values which are in agreement with

the case I entries in table 3. For example, cp(_HQ) originates from

1
§,f+170>®| + ;- +1,0), (C.7)

l 1
2 4 22

5

4
that has the spin Ay, — Ag = 0, the S* degeneracy [2(% +1) +1]2 = (£ + 3)2, the multiplicity
(2 x 0+ 1) = 1, and the total A = 3¢ + 1.

Case Ib: this case should be related by an analytic continuation to case II and the corre-
sponding states should fit the tensor product of the two short multiplets of OSp(4*|2). To
show this we may exploit the low-rank isomorphism OSp(4*|2) ~ D(2,1;¢) with ¢ = —2
or —% (the two cases are equivalent). Shortened representations of D(2,1;¢) play a role in
determining the BPS spectrum of states in string theory in AdSz x S x S3 x S! (where c is
a ratio of two S® radii) and were discussed, e.g., in [76, 77].“C The multiplet in eq. (A.13)
of [77] obeys the shortening condition

1 c . —_9
+ C

= A=2j—4 .
o tiedd j—J, (C.8)

ho

39The notation there is related to the present one as (K, R, S) = (A, j,5).
49The relation of their notation to ours is (ho,j*,77) = (A, 4,5).
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and has the following content

lj, 5'1P @2

jt=1 57 2t —j+1
Jt o125 —5+1
AN R A
jt=5i =52t =i +3

The following tensor product of such multiplets [% +1,0] x [g +1, 0] contains states with all the
quantum numbers being the same as in the above cases, with the exception of the total values
of A which indeed match the Ib entries in table 3. To illustrate this let us consider again the
example of ¢_ that originates from the tensor product of two copies of the first state in (C.9)

JT=5+1,57=0

e o ¢ ¢
125 =755, 0Ty =557, 57 [6+2; 5 +1,0)®[¢+2; 5 +1,0). (C.10)

It has the spin A;, — Ar = 0, the S% degeneracy (£ + 3)2, the multiplicity (2 x 04+ 1)2 =1,
and the total A = 2(¢ + 2) = 2¢ 4+ 4. The same agreement can be checked for all other states.

D Analytic continuation between Ib and II cases

The two 11d backgrounds AdS; x S* in (2.6), (2.7) and AdS; x S7 in (2.37), (2.38) are
related by an analytic continuation (see, e.g., [78]). This is a consequence of the relation
between the metrics of S? and AdSg, up to an overall sign change and an interchange of
the values of the radii.

This implies also a formal relation between the M5 brane solutions wrapped on AdS3 C
AdS7 and S3 C S* in AdS; x S* case (probe Ib) and on AdS3 C AdS; and S® C S7 in
the AdS; x S (probe II).

Scaling out the overall factors of L in (2.6) and L in (2.37) these two M5 brane AdS3 x S3
cases have the effective metrics in (3.33) and (3.62) also related by interchanging the two
factors and the radii L4 and Lg. This translates into a relation between the M5 brane
fluctuation spectra discussed in sections 2.2 and 3.3.

The scalar operator —V?% —V%—FM 2 on AdS3 x S3 is mapped by this analytic continuation
into itself with V?L‘ —V% provided also M? — —M?2. Equivalently, since its eigenvalues
are given by

Oy=-V4-Vi+M? — —AA-2)L 7% +0(0+2)Lg*+ M?, (D.1)
the transformation
Ly« Lg, A+ —1, (D.2)

is a formal symmetry provided one also reverses the sign of the mass term.
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In the case of the 4 scalar fluctuations ¢, in (3.28), (3.32) in Ib case and in (3.57), (3.61)
their masses are indeed related by M? — —M? (this has to do with the reversed sign of
the curvature of the “transverse” subspaces AdSs; C AdS7 in the Ib case and of S* c S7
in the IT case).

For the mixed scalars, the quartic operators in (3.46) (for the scalar © representing the
transverse fluctuation in S* in the Ib case mixed with the scalar part P of B,) and (3.69)
(for the scalar U representing the transverse fluctuation in AdSy in the II case mixed with
the scalar P) are

Oilb) — V24V 4 36V2, Oz(;H) = V*—12V? +36V%. (D.3)

Here V2 = V% + V% so that like in (D.1) their AdS3 x S? spectra may be represented as

o™ & [A(A—2)L72— 0 +2)L5%° — 24A(A —2)L3;% — 1200 +2)L5%,  (D.4)
o™ & [AA=2)L2 — 0 +2)L5%° — 12A(A —2)L;% —240(0 +2)L5%.  (D.5)

Thus they are also related by the transformation (D.2).
Similar formal analytic continuation applies also to the fermionic Dirac operator on
AdS3 x S3 which turns out to have the structure (see (A.21), (A.26))

. . 3, ERTS
iVa+iVs +3 (L' = LgT, =1, (D.6)

and thus is covariant under Y4 <> Yg and Ly < Lg.

This formal correspondence between the spectra of fluctuations in the Ib and IT cases
does not, of course, imply that the values of the corresponding one-loop free energies given
by the sums over the spectrum should be the same (cf. section 4).

E Comments on one-loop divergences

Using heat kernel regularization the UV divergent term of one-loop free energy in 6d has
the following form

1

1 — _
b = gy

/dﬁf V9 (éboAﬁ - ibzA“ - %b4A2 + bg logA> : A—oo, (E1)

where the Seeley’s coefficients by, are local expressions in terms of the curvature of the 6d
metric, gauge connection and mass matrix (see, e.g., [58] and references there). In all the
cases discussed in section 4 there were no logarithmic divergences. In this appendix we will
discuss the structure of divergences and their cancellation in more detail.

Logarithmic divergences.

For a massive scalar with an operator —V? + M? defined on AdS3 x S% with radii L4 and
Lg we find that

1, _ 3
b (M2) = —o (L3 - L+ M), (E.2)
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For the self-dual 2-form, taking half of the expression in eq. (2.26) in [58] we get

1
b = (L - L) (E-3)

In the cases Ib and IT where there are mixed scalars we have also a “compensating” massless
scalar contribution in the numerator of (3.47) and (3.69) that, according to (E.2), is given by

1

05 (0) = ¢

(L3 - L5%)". (E.4)
It thus cancels against the one in (E.3).

From the above expressions one finds that in the Ia case where the bosonic part of the
one-loop partition function is given by (3.15) with Ly = Lg = 1 the corresponding coefficient
of the log divergence is béla) = 0. This can be easily understood on general grounds: here we
have a massless (conformally-invariant) (2,0) multiplet defined on the equal-radii AdSz x S®
space. This space is conformally-flat (has zero Weyl tensor) and also its 6d Euler density
vanishes. This implies that its conformal anomaly vanishes.

In the cases Ib and II we need to account also for the contribution to bg of the 4th
order operators in (3.47) and (3.69). These can be found using the expression for this Seeley
coefficient for a general covariant 4-th order operator in 6d space given in [79, 80]. Indeed,

given the operator on AdS3 x S? of the same form as in (3.47), (3.69), i.e.
Oy =Vi+eVh + V3, (E.5)
one may represent it in the 6d covariant form using that

c1V4 + 2V = (p1RY + paRg7) ViV, c1 = —2(p1 + 3p2)L;° + 6p2 L2,
¢ = 2(p1 +3pa)Lg” — 6p2Ly” .

One then finds that for the operator (E.5)

1
béo“) = — @(4[/;‘2 —4Lg% — 1 — ) [16([@2 —1? )2 +7(2 +¢c3) + 2c100
+ 1661 (L% + 2L57) — 1665 (2L + Lg?)| . (E.6)

In the Ib case where Ly =1, Lg = % the 4 decoupled scalars and the 2-form plus massless
scalar contributions to bg separately vanish. From (3.48) here the operator O4 has (c1,c2) =
(—24,12) and as a result (E.6) vanishes too. Thus the total bélb) = 0. The same conclusion
is reached in the “analytically-continued” II case where Ly = %, Lg =1 and the operator
Oy has (c1,c2) = (—12,24), so that bén) = 0.

One can show that the fermionic contribution to the coefficient of the logarithmic
divergences also vanishes separately in all the three cases. Since it is not straightforward
to square the fermionic Dirac operator in (3.17) one may first expand in modes on S® and
then see if the resulting sum of individual mode contributions (cf. (3.22)) to the free energy
over will not have logarithmic divergence.

The vanishing of the coefficient of the logarithmic divergence can be understood as being
a consequence of the associated conformal dimensions A being simply linear in the S® mode
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number £. For example, for a scalar operator —V2 + M? on AdS3 x S3 with radii L4, Lg we
get for the dimension of the AdSs field representing a mode with fixed ¢ (cf. (3.23))

Ao(M) =1+ /1+ L4 [M2 + €(£ +2) 57 (E.7)

The corresponding contribution to the free energy is given by Fy(Ay) in (4.1) (including also
the degeneracy factor déo) = (¢ +1)% in (3.19)), i.e. it is proportional to (A, — 1)% = [1 +
L4 (M? +£(0 4 2)Lg*)]3/2. Tts large ¢ expansion contains the term ~ (L% — Lg? + M2)3 !
that leads to the logarithmic divergence in the sum Y, Fo(A¢). This log divergence is absent if

M? =L - L2, Ap=1+LaLg (0 +1). (E.8)

This relation is indeed what we have found in all the three cases in (3.24), (3.54), (3.75)
where the resulting sum over ¢ contained only a quadratic divergence.

In general, one can check that the coefficient of the log divergence in the sum over /¢
is given by (ignoring here power divergencies)

A 1 3 Lo o o 2\3
ZFo(Ag) = —BglogA+..., Bg = WVOI(AngXS Vb, bg= _E(LA —Lg"+M ) .
‘ (E.9)
This is in agreement with the direct 6d computation of bg in (E.1), (E.2) which was not
using the expansion in modes on §3.4!

Similar conclusion is reached also in the case of the mixed scalar operator in (E.5), (E.6)
where the special values of the coefficients c1, co for which the conformal dimensions are linear
in ¢ (cf. (3.52), (3.54) and (3.73), (3.75)) imply also the vanishing of b in (E.6).

This discussion applies also to a 6d fermionic field on AdS3 x S® with the squared Dirac
operator taken in the form —V? 4+ M? where V? acts on a 6d spinor. In this case the direct
computation of the bg Seeley coefficient (as, e.g., in [58]) gives

1
24

Here we ignored the factor of the number of fermionic components. Considering first the

2_%]

b = —=(3L;% — 3Lg* + 2M?) (3L 2L — 3M?L > + 3M*Lg? — 2M*). (E.10)

expansion in spinor harmonics on S% we get —V? = —~V% — Vg — —V2 + L?[(¢ + 3)

1
(with degeneracy d§2) = ({+1)(¢+2)). Then the corresponding conformal dimension of

the AdS3 ¢-mode is (cf. (3.25))

saan =S (w632, B

Computing Z? F1(Ay) using (4.1) (and accounting for the fermionic minus sign factor that
2

was not included in (4.1)) we get again the same first two relations in (E.9) where bg now
matches the expression in (E.10). We conclude that the log divergence is absent if

3
2

“INote that such a direct agreement between the two procedures applies only to the coefficient of the

M? = Mg =-(Lg* - L, . (E.12)

universal log divergence; coefficients of power divergent terms are sensitive to a particular choice of a UV
cutoff.
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This is also the condition when the scaling dimension (E.11) becomes linear in ¢4?

Ag(My) =1+ LaLgt (z - Z) . (E.13)

This is indeed the expression we had (up to the mp part) in (3.26), (3.53), (3.74).

Power divergences.

Let us now comment on the coefficients of power divergences in (E.1). In general, in a
supersymmetric theory one finds by = 0 due to balance of the numbers of the bosonic and
fermionic degrees of freedom. The coefficient by for an operator like —V? + M? is given
by tr(3R — M?). In the Ia case or for a massless (2,0) tensor multiplet on AdSz x S it
also vanishes due to an effective supersymmetric mass sum rule. Then the only potentially
non-zero divergences are the quadratic ones controlled by the b4 coefficient and they do not
vanish in general. In the case Ia we may directly compute by as for the (2,0) tensor multiplet
on AdS3 x S2 from its known expression for the 2nd order 6d Laplacian (see eq. (3.64) in [11])

1 1 1
p(20) _ = g R Z R R 4~ RZ E.14
i 4R R 2R R™ + 1 OR ( )
Specifying to the equal-radii AdSs x S® that gives bf’o) = —0, i.e. there should be a non-zero

quadratic divergence.?® This is consistent with the presence of a quadratic divergence in
the sum over ¢ in (4.11), (4.12).

To analyse the quartic and quadratic divergences in the cases Ib and II we need to
find the mixed-scalar quartic operator (E.5) contributions to them. An important point to
emphasize is that the standard heat kernel cutoff does not regularize power divergences for
the operators of different orders (e.g. 2nd and 4th) in a homogeneous manner. As a result,
the corresponding Seeley coefficients cannot be simply combined together to find the total
values of the coefficients of the power divergences.

A way to circumvent this problem is by evaluating the contributions of the 2nd order
operators by the same algorithm as for the quartic ones by first squaring them. Then all the
operators will have the same order and their contributions to divergences can be combined
together directly. Thus, for the standard scalar operator —V? + M? we may define the
divergence coeflicients in terms of those of its square as

O 102 = Lo (9 2002 4 g, (=15)

N =

and similarly for the vector and 2-form Laplacians. Here b,, for the 4th-order operator is to
be computed according to the prescription in [81]. In general, this will give the same value
of bg coefficient due to the universal nature of the logarithmic divergence. From (E.15) we

42To be precise, the observation is that whenever A, is polynomial in ¢ we have no log divergence in the
sum over /, i.e. vanishing bs. The converse need not be true. Indeed, from (E.10) one can see that there are
other values of M? such that bs = 0. For these values A is not polynomial in ¢, but the large ¢ expansion of
F, still happens to have a vanishing coefficient of the £~ term.

43The same conclusion was reached in the case of the (2,0) multiplet defined on AdSs x S* [11].
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find using the expressions for by and by for the quartic operator in [81]*4

1
bg)) _ _Z(MQ +L22 o LE2>7 b4(10) _ \/87?(M2 + LZ2 - L§2)2 ) (E16>

Similarly, for the self-dual 2-form contribution we get the same bg as in (E.3) and also

0 =2 (137 - 157). b = \f (-8L2Lg?+ L+ I5Y) . (BAT)
For the quartic operator in (E.5) we find in addition to bs in (E.6)
1
b0 = S (e1+e2—4L 2 +4L5?) (E.18)
2
0D _ g/g {150%—%1801024—150%4-32(301 +e2)Lg? =321 +3e2) L2 +128 (L2~ Lg?) } .

(E.19)

Using these values we conclude that the bosonic contributions to the coefficients of the quartic
and quadratic divergences in cases Ia, Ib and II are given by

bgla) —0, bglb) - 3, bgﬂ) =3, (E.20)
b = _o /7, (™) = 7%7\/;7 bt = f%ﬁ. (E.21)

The non-zero bosonic contributions to the quartic divergence coefficient bs in the Ib and II
cases should be cancelled against the fermionic contributions, while the total values of b,
should be non-zero for consistency with the quadratic divergence in the sum in (4.12).

F Spectra and decompositions of Laplacians on p-forms

Let us recall the spectrum of the Hodge-de Rham (HdR) operator A, on co-exact p-forms on
a unit sphere S%, i.e. of the corresponding Laplacian on transverse antisymmetric tensors.
For p > 0 the eigenvalues and degeneracies are given by (see, e.g., [82])

(C+d)\20+d+1)
p(d—p-1l+d—p)(l+p+1) (F.1)
0=0,1,2,....

AW = (C+p+1)(+d—p), ¥ =

In particular, in the scalar case (including the contribution of the zero mode)

(C+d—2)(20+d—1)

M =t +d-1), @ = (d—1)le!

(F.2)

From here we may also find the spectrum of the part (—V2)p 1 of the HAR operator that
does not include extra curvature terms. For a vector we have

Vi(A)V = Vi[ - V2 + (d— D]V’ (F.3)

44In this case we observe a proportionality between the standard bs and by for a 2nd order operator and
their values defined via (E.15). This is due to the simplicity of the scalar operator, and is not true in general,
cf. [81]. Note that unfamiliar /7 coefficient in b4 is due to its definition for a 4th-order operator that was
used in [81].
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so that the corresponding eigenvalues of (—V?); are (£ +2)({+d —1) — (d — 1). For a 2-form

Vi (M) V™ = V(= V261 + 2R[65 — Ryj™*) Vs = Vig[ = V2 +2(d = 2)]V7, (F.4)

and thus the eigenvalues of (—V?)y are (£ +3)(£+d—2) —2(d —2). In case of S? we then have

Spectrum of (—V?2),, on S3

p )\ép) dép)

0 0e+2) (€ +1)? (F.5)
1 ((+22-2 20+1)(£+3)

2 +1)(+3)—2 (£+2)

Let us also recall some standard relations for the determinants det A, and det A, |
defined on transverse tensors (see, e.g., [83] and references there). Let us consider AdS,
(e = —1) or S (¢ = 1) with radius L, i.e. with
€ €

ﬁ(d —1)gij, R=—d(d-1), (F.6)

g
Rijrs = ﬁ(girgjs — Gis9jr) » Rij = 12

and the operator
A, =-V2+ M, p=0,1,2, (F.7)

acting on scalars, vectors or antisymmetric 2-tensors. For a vector we set V; = V;| + V;V

and then

e(d—1)
LQ

Vi(=V2+ MOV =V (-V? + MHV] +V(-V?) [ ~ V%4 M? - vV, (F.8)

d—1
det Ay (M?) = det Ay (M?) det Ag <M2 —t 3 ) , (F.9)

where det(—V?)'/2 is cancelled against the Jacobian of the transformation V; — (V1 ,V).%
Similarly, in the 2-form case setting V;; = V;; 1 + V;V; 1 — V;V;| leads to

(d-1)

VgV = Vigu Vit vy [-v2 4 Sy (F.10)

and thus the associated Jacobian is Jo = [det Aq (5%)} 12 Also, we have
Vii(=V2 4+ M)V =V (V2 + M)WV 429,V (-V? + M2)ViVI
— 2V, Vii (V2 + M?)VV7. (F.11)
Integrating by parts and commuting the covariant derivatives the last two terms may be
written as
— 2V, Vi(=V2 4+ M2V 42V, V,;(-V2 + M) ViV]

(_v2+ a(dL; 1>)<—V2+M2_ s(dL; 3))]vj

=2Vi1

AV _ X il o2
45T pecall, 1 — IDVZ_e—fvlv — [DViLDV Jy ¢ Jwivitevi-v V] gives Jy = det(—v?)1/2,
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so that we get

d—
det Ay (M?) = det Ay (M?) det Ay (M2 —¢ L23> , (F.12)

where again one factor was canceled against Jo. In the special cases of AdSs and S® this gives

det Ay (M?) = det Ay (M?)det Ag (M2 + 2L22> . det Ay(M?) = det Ay, (M?), (F.13)
det Ay(M?) = det Ay (M?)det Ag (M? —2L5?), det Ag(M?) = det Ay (M?). (F.14)

G Casimir energy and “thermal” partition function of AdS3; multiplets

In section 4 we focused on the free energy for the multiplets of fluctuations corresponding to
the cases Ia, Ib, II defined on AdS3 with S? boundary. Given a collection of AdSs fields
corresponding to (A, s) representation of SO(2,2) we can similarly compute their Casimir
energy (see, e.g., eq. (F.2) in [84])%6

1

E.(A,s) = ﬂ(—1)25(A —1)?2(A -1)* —1]. (G.1)

Using the data in table 3 we then get

C C c

) = B = 2(0+2), B =0, (G:2)

One may also consider the 2d central charge associated to a single “chiral” component of a
spin s field in 3d which is given by (see, e.g., eq. (F.3) in [84])

o(A, s) = —%(A S D[(A—1)2—35]. (G.3)

This is to be taken with minus sign in the fermionic case. c is directly related to the free
energy in (4.1), i.e.

Fu(A) = %c(A, 5) vol(AdSs) . (G.4)

Note that in this case of AdS3 the central charge ¢ in (G.4) is formally the same as the
b-anomaly coefficient in (1.9). One also finds that after summing over the contributions of
states in a AdS3 supermultiplet F. and c are related by

1
EC = —EC . (G5>
One may also compute the value of the “thermal” single particle partition function or, equiv-
alently, of the character of a A > |s| massive SO(2,2) = SL(2,R) x SL(2,R) representation

associated to a field in AdS3 having dual-field conformal dimension A and spin s. It is

46Here s = 1 corresponds to a self-dual tensor. This expression contains a factor of f% compared to eq. (F.2)
in [84] to get the Casimir energy of the AdSs fields with Dirichlet boundary conditions. This genuinely AdSs
quantity was denoted as EZJ in [84] (the same applies to the related c-anomaly mentioned below).
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qA
(1—-q)*
supermultiplets in table 3 including the S® degeneracy we may consider

given by Tr qLO+fo = (here ¢ = e=# < 1). Summing over the over fields in a fixed-¢

Z4(q) = DFdgs 4 G.6
W= ¥ Wego. (G.6)

Then computing (G.6) for the 4 multiplets in table 3 we find

240
2z (q) = (1q_+q)2 3401 - Vo) —4/a+ q} g (G.7)
(Ia) o 2 2
4420
2™ (g) = (qu)2 3+0(01- Va2’ -4y + qr, (G.9)
14+1¢
zM(q) = (qu)z [3+0(1- ) —4\/a+q}2. (G.10)

One observes the following curious relations (they follow also directly from the relations
between A’s in the supermultiplets)

22 ="' 2@ =" 20, 227 =" 2™, (G
Z" WP =20 2 ). (@.12)

We note that the sums over the whole S? tower of modes
o
Z(q)=>_Ziq), g=e", (G.13)
¢=0

are well-defined, i.e. are finite for ¢ < 1. The total Casimir energy can be extracted from
the small 3 expansion of (G.13) (see, e.g., appendix B in [85])

Z(e Py =C187  +Cy —2E. 8+ O(F?). (G.14)
We find
13 3 101 5 3 313
(20) By — 2g-1_2 9o (Ta)(o=By = 2g-1_2 4 20 3,
220 = 3 St 1Bt B =28 5T 1998+ (G15)
41 3 2491 31
() (—By — 2L g-1 9 2 5 DBy =581 _ 2 _ 2 34...
2™ =B 5 Vg Py 200(e7) =55 5 bt (G16)
that gives
po _ 101 pay _ 313 pap) _ 2491 w1
¢ 384 ¢ 384 ¢ 3072’ ¢ 24

The value for £2% is the same as in eq. (5.16) in [84]. However, the values in the other 3
cases do not appear to be compatible with (G.2) summed over /. That may be related to
the fact that the procedure based on using (G.13) may not be manifestly consistent with
underlying supersymmetry.*?

47 Also, first introducing a finite §, then performing sum over ¢ (which is well defined for finite 3) and then
taking the limit 5 — 0 may not be equivalent to first expanding in 5 and then summing over /.
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Let us note also that in all four cases the values of E. are reproduced by the procedure
A
described in section 5.2 of [84]. Namely, writing (1q—7q)2 =% o(n + 1)¢™™™ and summing
over zero-point energies %(n + 1)(A + n) with a factor of dgs implies that one may compute
E. from the finite part of the small £ expansion of the following sum

2: S (—1)Fdgs (n+ D[A(E) + n] ecBOF]) . (G.18)
n, =0 multiplet finite part
The simplicity of (G.2) has a counterpart here: if we fix n, £ and set e = 0 we find
> (=D)Fdgs (n+ DA +n] =0, (G.19)

multiplet

in all four cases. This relation follows also from the sum rules in (4.2).

H Wilson loop in 5d SYM and d; defect anomaly

As discussed in the Introduction, the free energy F' for the M5 brane probes Ia and Ib with
AdS3 boundary being Sé x S! which may be related as in (1.10) to the ds defect anomaly
coefficient of the dual (2,0) theory may be interpreted as F(f) = —log W where W = (W) is
the expectation value of supersymmetric circular Wilson loop in the 5d SYM theory related
to (2,0) theory on Sé x R®. W itself may be computed exactly by localization methods [36]
using Chern-Simons matrix model [87].

Here we will review and elaborate on the large N expansion of W in the symmetric or
antisymmetric representation of SU(N). In particular, we will show that in the large N, 5 > 1
limit the expression for the Wilson loop agrees, up to exponentially small corrections, with its
saddle-point evaluation in [25], i.e. the latter does not receive 1/NP corrections. This explains
an apparent puzzle of why that saddle-point calculation reproduced the exact values [1-3]
of the defect anomaly da coefficients in (1.11).

Wilson loop in general representation.

Following [88], we start with the exact expression for the partition function of level k U(N)
CS theory on S? (here a, are real eigenvalues of a matrix a)

day, e~ *man 2sinh [ am)] (H.1)
ZN = N'/H n];;[n

) N-1 N—n
= (—1)%N(N*1) e~ 1TN? o~ FENNZ-1) p—3N H (2 sin T) . (H.2)
n=1

The expectation value of the circular Wilson loop in fundamental representation is obtained
by inserting Tr(e?™) = SN | ¢2™n under the integral in (H.1) which leads to [8§]

inn sin Y
Wy =e¢ ° —k (H.3)
sin 7
Upon the analytic continuation
2
Ag — B (H.4)
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this gives, for large I,

inh 2P 1
Wy(f)=e? 02 = 5 e o). (FL5)
sinh 5 2sinh 5

More generally, for the Wilson loop defined by a matrix a in a representation R of U (V)
the result can be found in [89] (ignoring the finite renormalization k& — k + N which is

absent in supersymmetric case)

WR = exp <§C’R> sp(x1,...,zN), xn:exp{g(N2n+1)} . (H.6)

Here sg is the Schur polynomial associated with the Young tableau of R represented by
the partition (¢1,¢2,...) with ¢; > £;y1, i > 1.8 The factor exp(gCR) is (the analytic
continuation of) the framing phase [89] where

Cr=(N+1)R+> (£ —2r¢,), RI=> 4. (H.7)
In particular, for the fundamental representation s y(x1,...,78) = Zév:l Tn, Cny = N,
and thus
N . NB
BN ~g sinh ==
W%):e2 Zexp{—(N—2n+l)}:e2 sinhé , (H.8)
n=1 2

in agreement with (H.3)—-(H.5).

Case of symmetric and antisymmetric representations of U (IN).

The generating functions and dimensions of the rank-p symmetric/antisymmetric represen-
tations [p]+ are

00 N
> sy (@1, an)s? = [ (1 F szn) T (H.9)
p=0 n=1
dim[ple = sy, (1,..., 1) = (LF )TV, = (F1)” (;;v) . dim[p]_ = (JZ) ,
dim[p]4 = (N e 1) :

p

As in the Introduction we will use also the notation

[ply = (p) [pl- = [p]- (H.10)

As is well known,

s(p)(xl,...,xN): Z Tiy + - Ty, S[p](l‘l,...,x]v): Z Tiy * - Tiy, - (H.ll)

11 <1< <ip 11 <tg < <ip

48The Schur polynomial sg(z1,...,zx) is simply the character of R, i.e. chr[a] = sr(z1, ... ,:rN)|

xTp=en
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Following [90] one can also represent s(,) as

sy (@1, 2N = gjxg 11 (1 - :’“"’71)1 , (H.12)

and then (H.6) gives

N
W%’)(ﬁ) _ 5Cw Z exp {— %(N —2n + 1)] H T eflmm) - (H.13)

m#n
From (H.7) we get

Cpy=(N+1p+p°—2p=Np+plp-1),

Chyl :(N‘i‘l)p—i-zp:(l—%) =(N+1)p—p*. (H.14)
r=1

[p]

We can obtain an exact representation of W( ?) and W ~ starting from the identities®’

p N+n
i A q—q q"
§ : q21+ +ip — E : 21+ iy H -

1<y <in < <ip<N a1 174 1<iy <ig<-<ip<N 7"
(H.15)
We then get
p N+n—1 N—n+1
(p) _ —Np—1ip(p—2 1—gq [p] _  —Np—L1p(1-2 1—gq
W qpp(p)H —— Wt = ¢ p—5( p)H ——
n=1 q n=1 q
q= e P
(H.16)
Expanded at large N these give
LA 1—¢°
Wg\l]’) — q—Np—%p(p—Q) H — n |:1 — 1 _qq qN —+ O(qQN):l s (Hl?)
[p] _ g NP 1—pl—4¢" 2N
Wy T +0(@)|, (H.18)

where ¢V = e PN etc., terms in the square brackets represent exponentially suppressed
corrections. Taking also the large 5 (¢ — 0) limit we find the following simple expressions

W N N e Wil VI Np-gp(-2) 4 (HL19)

Y

where dots stand for corrections that are exponentially suppressed in both N and S.

““They can be proved using the generating function in (H.9). For instance, in symmetric representation case,

1 — P g—g¥tm

1
ne1 To577 |4 ne1 g In terms of the g-Pochhammer symbol (a,q)n =[]} (1 —

k=0

we need to prove H

N+1 oo

ag®) and using the g-binomial theorem we have Hn — lgq = (gqlq)N = “%gq q)’: =2 p0 (‘(Iq’q‘)li” (sq)P.
N n 1 +n

Hence Hn 1%&;” :qp% =¢" [’ ;11 ‘;njl =[P, = — =11, 55— - as in the first

relation in (H.15). A s1milar procedure proves the second relatlon for the antlsymmetrlc representation case.
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SU(N) case and relation to the d2 anomaly coefficient.

It is easy to derive a simple relation between the Wilson loop in the U(N) gauge theory
and the one in the SU(N) theory. We can split the matrix integration into the trace and
traceless parts as follows (a, are eigenvalues of a)

/Hdan}"(a) :/dtHdané(Zan—t) F(a) :/dt/Hdané(Zan)F(a+tN_1),
? ? n L) m

——
U(N) v SU(N)

(H.20)
where we redefined a,, — a, + tN~!. This translation does not change the functions of
apn — G, in the integrand like in (H.1). Thus we have only to account for a change in the
Gaussian factors in (H.1) and in Tr(e?™@) = SV | ¥ in W0

2

7\_2
¥ 2 kIRl o= L ahy p(e2ron) (H.21)

where we have used the traceless condition Y, a, = 0 in the SU(N) case. This implies

WRyy  [dtexp (- w2+ ot R])

B 2 1 2
— eanlB? = ,—3x|R
= = R =ean " = gTaN It (H.22)
Wao Jdtexp (— Z%tﬁ)
For the symmetric representation R = (p) one has |R| = p and thus, up to the exponential
corrections,
NBS1 _Np_lom oyvip® 1 p 1
Wiy = Nty — gt dz ) = Np (1 " ZN) (1 - N) ’
(H.23)
where dy(;,) is thus the same as in (1.11). Similarly, for R = [p] = (1,...,1) we have again
IRl = p and
NB>1 _Np_l(l_op42> 1 1 P
W ) VET Nty gt dap = Np <1+ 2N> <1 - N) '
(H.24)

These are also the same expressions as found in [25] using a saddle-point evaluation of the
matrix model integral. This proves that in the N, 3 > 1 limit these expressions are actually
exact if one ignores the exponentially small corrections.

Defect anomaly coefficients b and d2 for the (n, m) representation of SU(N).

For completeness, let us record also the derivation of the explicit form of b and dy for the
more general (n,m) representation. For an SU(N) representation with the Young tableaux
corresponding to a partition P = ({1, /s,...) one has [1]

b =24(p, A) + 3(\,\), dy = 24(p, A) + 6(\, A) (H.25)

S0From the bi-alternant formula of Jacobi for Schur polynomials one has xr(szi,...,sT,) =

s‘mXR(xl, ceyTn).
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where A = (A1, A, ...), A\ = €, — {11 are the Dynkin labels and p is the Weyl vector so that

1 1 I
(p,A) =3 YN —agr, (A= N (N~ Q)Aq( —qAF2) r/\r)- (H.26)
>1 >1 r=1
For a representation with n rows and m columns we have P = (m,m,...,m,0,0,...) with
n entries equal to m. Hence, A\ = (0,0,...,0,m,0,0,...), i.e. we get a single non-zero

component A, = m. Then (H.25) implies that

3 n m
b=12(N — n)nm + N(N —n)m(—mn + 2mn) = 12N nm (1 — N) (1 + 4N> , (H.27)

6 n m
do = 12(N — n)nm + N(N —n)m(—mn + 2mn) = 12N nm (1 — N) (1 + 2N> . (H.28)

In particular, for the special cases of (n, m) representations which are the symmetric (1, k) and
the antisymmetric (k, 1) ones we reproduce the expressions used in (1.4), (1.5) and (1.11), i.e.

b = 12Nk (1 - N) <1 + 4N) , dy(y = 12Nk (1 - N> <1 + 2N> » (H.29)

k 1 k 1
by = 12N k (1 - N) (1 + 4N> : da) = 12N k (1 - N> <1 + 2N) - (H.30)
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