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1 Introduction

N = 4 SYM has been the subject of great attention over the last decade and substantial
progress has been made. Most of the progress, however, has been restricted either to
perturbation theory, the planar limit (where integrability techniques can be used) or super-
symmetric/protected observables (for which localization techniques can be used).

The conformal bootstrap is a powerful tool to obtain non-perturbative information
about generic conformal field theories [1]. In [2] the conformal bootstrap program was set
for =4 SYM and bounds for the anomalous dimensions of leading-twist operators were
obtained. These bounds are non-perturbative and planarity is not required. Furthermore, it
was suggested that at certain special values of the complexified coupling constant 7, these
bounds are actually saturated. In [3] it was argued that the same occurs for structure
constants (involving two protected operators and a leading-twist operator).

A complementary way to gain access to non-perturbative physics is by re-summing the
available perturbative data. These resummation techniques are particularly powerful when
the answer is known at both ends. Furthermore, for theories which possess S-duality, such
as N =4 SYM, it is possible to introduce improved interpolating functions [4]. In the case
of N = 4 SYM, S-duality implies that anomalous dimensions of leading-twist operators
~(7) should be invariant under modular transformations:

y(h-7) Ev<m+b> =7(7) (1.1)

cT+d

where a, b, ¢, d are integers satisfying ad — bc = 1. In [5] interpolating functions consistent
with finite order subgroups of the full modular group were introduced. These interpolating



functions are by construction consistent with the available perturbative data (at present
up to four loops) and invariant under one of the following transformations:
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Furthermore, it is expected that these interpolating functions give a good approximation for
~(7) in the whole fundamental region. According to the proposal of [2], the bounds arising
from the conformal bootstrap are saturated at the duality invariant points 7o = ¢ and/or
73 = /3. The interpolating functions constructed in [5] seem to support this proposal.

Given the success of the above resummation techniques, it is natural to try to improve
such proposal. In particular, the above interpolating functions are not invariant under the
whole duality group, but just under one of the two finite order subgroups. The aim of
this paper is to construct interpolating functions that are invariant under the full modular
group. Our building blocks will be the real Eisenstein series which as we will see are
specially tailored for our purposes. Such interpolating functions offer several advantages,
for instance, even one loop perturbative results can be resummed. In the second part of
the paper we apply our methods to several cases of interest. We study the anomalous
dimension of leading-twist operators and show that the interpolations suggest that the
maximum values occur at 7 = 73. Finally, we study the phenomenon of level-crossing, and
argue that even for spin zero, there is a crossing region if the rank of the group is high
enough (N 2 5).

2 Modular interpolating functions

Observables in N’ =4 SYM are naturally functions of the complexified coupling constant

{
T=y+ - (2.1)
g

2
where g = 93;71\4 and y = %. N = 4 SYM possesses S-duality, which implies that observables
should transform appropriately under modular transformations

ar +b

= 2.2
T ct +d (2:2)

where a, b, ¢,d are integers satisfying ad — bc = 1. In this note we will mostly focus on
the anomalous dimensions of leading-twist operators' with spin ¢, which we denote ~(7).
~¢(7) should satisfy the following properties:

e It should be real.
e It should be modular invariant.

e Its perturbative expansion around small g should contain only powers of g.

'More precisely, superconformal primaries in long multiplets, transforming as singlets of SU(4).



Our aim is to construct interpolating functions that satisfy all these properties. A natural
set of building blocks are the real or non-holomorphic Eisenstein series

1 Im(7)*
E = - —e 2.3
(1) =73 m;EZ |m 4 nr|?s (2:3)

(m,n)#(0,0)
These are real modular invariant forms. Their small g expansion is given by

ri/2r(s -
B = g(29) - + T

where f¢*(q) denotes non-perturbative contributions (i.e. they are identically zero in per-
. o1
turbation theory) containing powers of ¢ = €2™7 = >™We . E(7) develops a pole at

(25— 1g" "+ fi?(q), s>1 (2.4)

s = 1. After substracting this pole we obtain

2 1 -
lim <Es(7-) - :j 1) = C(2)§ + glogngC—leogH —q"? (2.5)

s—>1

r=1
For some constant C' not important for our purposes. Given a perturbative expansion of
the form
Y(g) = arg+ aag® + ...+ amg™ + ... (2.6)
the small g expansion of the real Eisenstein series suggests an interpolating function of
the form
’yint7m(7) = (cmt1Emy1 + cmBEm + ...+ 62E2)*ﬁ (2.7)

where the coefficients ¢; are fixed by requiring the interpolating function to reproduce the
perturbative data up to m loops. This family of interpolating functions has nice features:

e For any m, the function is truly invariant under the full modular group.

For that reason, the above interpolating functions are expected to be quite accurate

it the whole fundamental region.?

The perturbative expansion of ™ () contains only powers of g.

The interpolating functions work for any number of loops, even one-loop.

There are no continuous parameters to play with.

In the following section we will apply these interpolating functions to several quantities
of interest.

2 As discussed in [5] the exact answer, being modular invariant, satisfies an infinite number of relations
in the upper half-plane. On the other hand, interpolating functions consistent with a finite order subgroup
satisfy only a subset of those, and hence we cannot expect accuracy in the whole region. These interpolating
functions are accurate in the weak coupling region (by construction) and are expected to be accurate
around the point fixed by the corresponding symmetry. The interpolating functions constructed in this
note are modular invariant and hence respect the full symmetries of the real answer. See appendix B for a
exemplification of this phenomenon.

30ne could use a different set of Eisenstein series. Other possibilities are explored in appendix A.



3 Applications

3.1 Anomalous dimensions

The most natural application of the above interpolating functions are anomalous dimen-
sions of leading twist-operators. There are available perturbative results for any spin up
to three loops and for spin zero and two up to four loops.* Given a general expansion

v =19+ asg® + azg® + asg* + ... (3.1)

The corresponding interpolating functions to one, two, three and four loops are

' B\ 12
RS (2) (3.2)
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Let us apply the method to the anomalous dimensions of spin zero and two. Up to four

loops, those are given by [6, 7]

3Ng 3N°g* N 21N3g3
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The following figures show the interpolating functions for N =2 and m = 1,2, 3,4.

From these figures we can draw several conclusions. First, we see that as we increase
the number of loops taken into account (the label m), the interpolating functions seem to
converge. Furthermore, even for m = 1, where only the one-loop result has been resummed,
we get a pretty accurate interpolating function.

Having fixed the interpolating functions from the perturbative data, a natural question
is what is their value at the duality invariant points 7 = 79 = i and 7 = 73 = /3. At

4For the present purposes the full, non-planar, result is important.
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Figure 1. Interpolating functions for anomalous dimensions of leading-twist operators with spin
zero and two, for SU(2) and m = 1,2,3,4. In both cases, the upper line corresponds to m = 1, the
second line to m = 3, the third line to m = 2 and the lower line to m = 4. We have also indicated
the forbidden region with gray and the corner value [2] with a continuous horizontal line.

“Vint (Z) “int (6i7r/3) “Yeorner
SU@2) | 092 | 094 | 093
SUB3) | 1.238 | 126 | 1.4
SU(4) 1.51 1.536 1.47

Table 1. Interpolating function at duality invariant points 75 and 73 for spin-zero, together with

the corner values.

“Yint ('L) Yint (eiw/?)) Ycorner
SU@) | 130 | 133 | 1.28
SU@B) | 175 | 1.79 1.6
SU(4) 2.13 2.18 1.75

Table 2. Interpolating function at duality invariant points 7o and 73 for spin-two, together with
the corner values.

those values the building blocks become

_ 20(s)

L1 1
Es(i) = 5 m;ez (2t nd)p s (Crjals) = C3/a(s)) (3.8)
(mn)#(0,0)
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where (,(s) denotes the Hurwitz zeta function.The following tables show the results for
A4 (ry) and ™4 (73) for operators with spin zero and two and several values of N.

In the tables we have also included the corner values ~eorner. According to the con-
jecture in [2] these should be the values of the anomalous dimensions at one (or both) of
the duality invariant points. We see that in the low rank/lower spin cases, the value at
the duality points coincides surprisingly well with the corner values! (this can also be seen

explicitly in figure 1 for SU(2)). On the other hand, iyt (72) and it (73) become higher



than Yeorer as we increase the rank of the group and/or the spin. We give an interpretation
of this fact at the end of this section.

Finally, we note the following interesting point. For all cases we have analyzed, the
coefficients ¢y of the interpolation (¢, Ep, + ...+ CQEQ)_% are always positive. On the
other hand we can study Ej(7) on the whole fundamental region and ask where does it
take its minimal value. It turns out this happens, for all k, at 7 = 73. Both facts together
suggest the following:

The anomalous dimensions of leading twist-operators in N = 4 SYM
take their mazimum value at T = €™/3. It is at this value of the coupling
constant that we expect the bounds arising from the conformal bootstrap
to be saturated.

In appendix A we show that this is still true for a large family of modular invariant
interpolating functions.

3.2 Structure constants

Another quantity of interest that can be studied with the interpolating method presented
in this paper are structure constants.® Structure constants have a perturbative expansion
of the form

a(g) = Bo— Prg + Bag” + . .. (3.10)

where we have stressed the fact that the term proportional to g is negative for the cases
we will consider. The structure constants of interest are known up to three loops [8]. After
substracting the tree level contribution, we can apply the method above. The interpolating
functions up to three loops are given by

_ —1/2
amt,l(T) — ﬁO o 51 (ij)) (3.11)
a"™2(1) = By — ( ! E3 + 30, E2>_1/3 (3.12)
08T s
e, 1 46 2563 —26:185) ., \ "
ar) = o= <<<8>5i*E4 st T (e EQ) (8.13)

Using the explicit perturbative results for spin zero and spin two structure constants/OPE
coefficients we can build their interpolating functions. The following figure shows the
results for one, two and three-loop.

The interpolating functions appear to converge as we increase the value of m. Further-
more, for the case of spin zero, the interpolating functions at g = 1 seem to approach the
bound value 1.6, found in [3]. On the other hand, the bound found for spin two (around
0.8) seems higher than the interpolating results.

®More precisely we consider always in this section the square of structure constants/OPE coefficients
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Figure 2. Interpolating functions for structure constants of operators with spin zero and two, for
SU(2) and m = 1,2,3. The lower line corresponds to m = 1, the line in the middle to m = 2 and
the upper line to m = 3.

3.3 Level-crossing

In the following we will study the phenomenon of level-crossing. Consider the leading-twist
operator with spin ¢. At weak coupling its dimension is given by [9]

N
A;:2+e+2h(6+2)7g+... (3.14)

where h(¢ + 2) is the harmonic number. We can also consider operators with the same
spin and sub-leading twist, which at tree-level have dimension A = ¢ + 4. Already at spin
zero there is a degeneracy of such operators. This degeneracy is broken as we turn on the
coupling and we can focus on the operator with the smallest dimension. At weak coupling
its dimension is given by [11]

Al =4+0—c(N,O)g+... (3.15)

where ¢(N, ¢) is some constant that depends on the spin and the rank of the gauge group
(not necessarily large). In particular, we see that Ale grows as we increase the coupling,
while Ajl decreases. We would like to understand whether it is possible that at some
value of the coupling A@ actually reaches Ajl . At this point two things could happen.
Additional symmetries (such as integrability) may forbid mixing between the operators,
in which case the dimensions will actually cross-over. Otherwise, there will be a (small)
mixing of operators and the dimensions of the new eigenstates will repel, according to
the Wigner - von Neumann theorem. Note that in both cases, the dimension of the real
leading-twist operator is the lowest one. At finite IV, which is the case relevant for us, we
expect the second possibility to be realized, and with this understanding we will refer to
this possibility as level crossing (even though there is no actual crossing).

We expect level-crossing to happen for large enough values of the spin. When the spin
is large, the anomalous dimension of leading twist operators grows logarithmically as [10]

AL =240+ f(g,N)logl+ ... (3.16)
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Figure 3. Dimensions of leading and sub-leading operators of spin zero, for several values of N.
The interpolating functions actually suggest that crossing does occur for N bigger than four/five.
On the other hand, for sufficiently large spin we have [10]°

d(N)
52

Afl =440 — +... (3.17)
hence, at some value of the coupling constant, of order g ~ (N log#)~!, the dimensions of
Ale and Ajl will cross over.

In the following we use interpolating functions to study level-crossing for operators
with spin zero. The leading-twist operator is the Konishi operator, of the form Tr®!®!,
whose anomalous dimension up to four loops was given in the previous section. There are
four operators with twist four and spin zero:

Troleleo’e’, mrole’/ele’, Trole’mre’/e’ Trele/Trole’  (3.18)

the eigenvectors of the dilatation operator are actually specific linear combinations of those.
Their anomalous dimension at one loop is given by [11, 12]

N
Asl(g) =4+ w(N)g—g+... (3.19)
where w is one of the roots of
160 1760 7680
wh — 250° + (188 - N2> w? — <384 - ]\72) w5 =0 (3.20)

For the special case N = 2, eq. (3.20) has only two real solutions. This corresponds to the
fact that in this case ®/ are SU(2) matrices, and only two of the states listed above are
independent. For each value of N we can solve (3.20). The smallest root is always negative
and we call it w_. Then, the one-loop interpolating function for the sub-leading-twist
operator is

No. [
21\l Es(7)

AT (r) =4 - (3.21)

While the interpolating function for the leading twist operator was constructed above.The
following plots show Aé’mt(r) VS Agl’mt(T) for several values of N. The interpolating

d(N)

5The precise expression is Al = 2A} — 2> ... but Al does not depend on the spin and is bounded.




functions actually suggest that crossing does occur for N bigger than four. This of course
could slightly change if two-loop results for the anomalous dimension of twist-four operators
become available, but we expect crossing will still be present. As we increase the spin, we
expect level-crossing to occur at smaller and smaller values of the rank N. Unfortunately,
to the best of our knowledge, there are no available results (exact in N) for the anomalous
dimension of twist-four operators with £ = 2,4,....7

Note that level crossing would explain why for sufficiently large N and/or ¢ the value
of the interpolating functions at 7 = 79, 73 is always (quite) larger than the corner values.®
For sufficiently large N the maximum value of the anomalous dimension of the leading-twist
operator is the value of v at the crossing region.

For finite NV we expect the Wigner - von Neumann rule to apply, and hence there
won’t be actually crossing (as mentioned above). In this case the interpolating functions
are reliable up to the crossing region. It would be interesting to understand precisely what
happens at the crossing region and afterwards.”

4 Discussion

In this paper we have constructed interpolating functions invariant under the full modular
group PSL(2,Z). These functions can be used to study any modular invariant observables
and present several nice features. In particular we have studied anomalous dimensions and
structure constants of low-twist/low-spin operators in ' =4 SYM.

When applied to anomalous dimensions of leading-twist operators the above interpolat-
ing functions seem to strongly suggest that the anomalous dimensions will take their max-
imum value at 7 = 73. Following [2] it is then natural to propose that at 7 = 73 the bounds
from the conformal bootstrap are actually saturated (at least for low enough rank/spin).
We have also studied the phenomenon of level-crossing and showed that even for spin zero,
level-crossing can happen when the rank of the gauge group is higher than four/five.

There are several open problems that would be interesting to address. First, there is
much we can do if we had at our disposal further perturbative results (exact in N and
for low spin). e.g. five loop results for the Konishi operator would give better estimates
and would allow to test whether the coefficients in the interpolating functions are positive.
This is true up to four loops, and seems to be true to very high order in the planar limit.
Two-loop results for twist-four spin zero operators and/or one loop for higher spin, would
allow to study the level crossing phenomenon with higher precision and in more generality.

The results of this paper suggest a refined version of the conjecture in [2], namely the
bounds from the conformal bootstrap are saturated at 7 = 73. It would be interesting to
understand the implications of this fact. A fascinating possibility would be the existence
of extra symmetries at this point. This would imply additional structure for the spectrum

"Precisely we are interested in results exact in N for superconformal primaries in long multiplets. In
particular, these states are singlets of SU(4), which makes the mixing problem quite involved.

8In addition one would expect the interpolating functions to be less accurate for large values of N, since
the effective coupling constant is Ng, but this by itself doesn’t seem to explain why the disagreement is
always in excess.

9We thank Slava Rychkov for discussions on this point.



at 7 = 3. If further perturbative data becomes available, we could explore this possibility
with the use of interpolating functions.

It was observed in [5] that the ratios of anomalous dimensions for operators with
different spins were approximately constant over the whole fundamental region. The inter-
polating functions constructed in this paper imply

’yzntﬂn(,r) _ (’)/2

%i)nt,m(T) Y0

) ey

For R)(7) some rational function of real Eisenstein series. Note that this function is one at
tree-level, and at generic values of the coupling the power 1/m brings it closer to one. Still,
RZ(T) itself seems to have a very mild dependence on the coupling. It would be interesting
to understand the reason for this.

It would also be very interesting to guess an exact modular invariant expression for the
anomalous dimension of the Konishi operator, e.g. for SU(2). More generally, one can ask
whether two functions with the same perturbative expansion can differ non-perturbatively
(requiring real, modular invariant functions). When using interpolating functions, we are
somehow assuming that this does not happen, but it would nice to understand this issue in
more detail. Finally, it would be interesting to apply the modular invariant interpolating
functions to other contexts, such as [4, 14].
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A Alternative interpolating functions

In this appendix we explore a family of modular invariant interpolating functions that
generalize the ones introduced in the body of the paper. These take the form

L R
’)/(T)ﬁl’t = (CnEn + Cn+1En+1 + ...+ Cn+L—1En+L—1) n+L—1 (Al)
where n is not necessarily an integer. The coefficients ¢,,...,c,1—1 can be fixed by

matching the L—loop perturbative result. Since E, develops a pole at n = 1, we choose
n > 1. The case studied in the body of the paper corresponds to n = 2, which is the
minimal case with integer coefficients. Another natural choice would be n = 3/2.

We have applied the above interpolating functions to the anomalous dimensions of
leading-twist operators with spin zero and two. For instance, the following plots show the
results for N =2 and n = 3/2,2,5/2.

From studying the above interpolating functions for several values of n we can draw
the following conclusions.

,10,
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Figure 4. Interpolating functions for n = 3/2 (lower curve), n = 2 (middle curve) and n = 5/2
(upper curve), for spin zero and two.

e For n close to two, the curves do not differ much. In all cases the maximum of the
curves increases as we increase n. Interestingly, the corner value at 7 = 75 and/or
T = 73 is best approximated by n = 2, which seems also the most natural choice.

e For all cases the coefficients in the interpolating functions are positive. Hence, for the
whole family of modular interpolating functions the anomalous dimensions take their
maximum value at the duality invariant point 7 = 73, which show that this result is
quite robust.

As already mentioned Ej(m2) > Ej(73) for all values of s. On the other hand, this
difference increases as we increase s. As it can be observed from tables 1 and 2, the
difference for the interpolating functions at 75 and 73 is very small. This is a consequence
of the coefficient in front of Es being the biggest one. At the moment we don’t have an
interpretation for this fact.

B A toy model

Let us apply the procedure sketched in the body of the paper to the following toy model

41,0 ¢
Vioy—pert(9) = Z(_l) oty (B.1)
l
this is a very simple toy model, but has some of the features of the anomalous dimension of
the Konishi operator in the planar limit, namely, is an alternating sum with a finite radius
of convergence, see for instance [13]. Of course, we could perform the above sum:

ag
’Ytoy—pert(g) = 1+ ag (B2)

but the answer is not modular invariant. The full modular invariant answer should also
contain non-perturbative corrections. It turns our that one can compute the interpolating

— 11 —
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Figure 5. Yioy—pert(g) for a = 1/2 (dashed line) vs the modular invariant interpolating function
(solid line) for m = 40.
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Figure 6. Exact result for the toy model vs. the modular interpolating functions constructed in
this note and the Z5 and Z3 invariant interpolating functions constructed in [5].

functions exactly, for every value of m, obtaining

1

int,m w m+1)! 1 o
Yoy (7) = ( kZQ k!(v(n+ 1 j I) akC(2k) Ek(T)) (B3)

We have studied the above functions numerically for larger and larger values of m. In
the limit, the functions ’yég;’m(T) converge to a modular invariant function 7@2;’00(7) which
coincides with ~Yoy—pert(g) in the full region 0 < g < 1, but with the correct modular
properties! see figure 5.

As an aside remark note that all the coefficients in ’)/ég;m(T) are positive. This is also
the case for the precise planar result of the Konishi operator.

Let us end this appendix by comparing for this toy model the modular invariant
interpolating functions constructed in this note to the interpolating functions given in [5],
to two-loop. The results can be seen in the figure 6.

As claimed in the body of the paper, it can be seen that the fully modular interpolating
function gives a better approximation in the whole region. On the other hand, the Zs

interpolating function gives a better approximation around 7 = 79, as expected.

— 12 —
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