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ABSTRACT: We demonstrate that the large-spin expansion of the energy of Gubser-
Klebanov-Polyakov (GKP) strings that rotate in R x S? and AdSs can be expressed
in terms of Lambert’s W-function. We compute the leading, subleading and next-to-
subleading series of exponential corrections to the infinite-volume dispersion relation of
GKP strings that rotate in R x S2. These strings are dual to the long A’ = 4 SYM opera-
tors Tr [<I> zmo z/ *m] + ... and provide their scaling dimensions at strong coupling. We
also show that the strings obey a short-long (strings) duality. For the folded GKP strings
that spin inside AdS3 and are dual to twist-2 operators, we confirm the known formulas
for the leading and next-to-leading coefficients of their anomalous dimensions and derive
the corresponding expressions for the next-to-next-to-leading coefficients.
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1 Introduction

According to the standard lore of AdS/CFT correspondence [1-3], the partition functions
of type IIB string theory on AdSs x S® and N = 4, SU(N) super Yang-Mills (SYM) theory
are equal. The field-operator correspondence of AdS/CFT states that every operator of
N =4 SYM has a dual string state in IIB string theory on AdSs x S and every boundary
observable (e.g. operator scaling dimensions, correlation functions, scattering amplitudes,
etc.) possesses a dual observable in the bulk. Therefore, in order to establish the validity
of AdS/CFT [4, 5], the spectra of scaling dimensions of the two theories should match
(among other things and at least in the planar limit [6, 7]).

The difficulty with the program of matching the spectra on both sides of the duality
has traditionally been linked to the insufficient knowledge of type IIB String Theory on
AdS5 x S® backgrounds. A breakthrough in this direction was made in 2002 by Gubser,
Klebanov and Polyakov (GKP) [8], who proposed to study closed semiclassical strings,
spinning, rotating or pulsating in AdSs x S°, in order to obtain the (anomalous) scaling
dimensions of their dual SYM operators at strong coupling, a regime where all perturbative
calculations from the gauge theory side typically break down [9].

The paper of Gubser, Klebanov and Polyakov [8] contains three prototype string set-
tings for which the energy-spin relation is calculated: (I) a folded closed string rigidly
rotating at the equator of S* of AdSs, (II) a folded closed string rigidly rotating around
the pole of S € S and (III) a closed string pulsating inside AdSs. Each of these string
configurations is dual to a gauge-invariant operator of N’ =4 SYM, the (anomalous) scal-
ing dimensions of which at strong coupling are given by the energy of the corresponding
closed string state.

Case (I) has been thoroughly analyzed over the past years. The key observation of GKP
was that the energy minus the spin angular momentum of a long folded closed string that
rotates inside AdSs, scales as the logarithm of its (large) spin, behavior already familiar
from the study of anomalous dimensions of twist-2 Wilson operators in perturbative QCD.
Being able to reproduce this calculation within AV = 4 SYM, GKP asserted that their
string is dual to the twist-2 operators of N' =4 SYM, Tr [Z Df_ Z] +...1

Twist operators of large spin S originally came up in a QCD context where their
anomalous scaling dimensions were shown to be responsible for the (logarithmic) violation
of Bjorken scaling in deep inelastic scattering (DIS). For twist-2 they have been calculated?
at one-loop [11, 12], two-loops [13-16] and three loops [17, 18]. As it turns out, the QCD
results may be used to extract the corresponding anomalous dimensions in perturbative
N =1,2,4 SYM theory (see e.g. [10]). For N' =4 SYM the anomalous dimensions of twist-
2 operators Tr[Z D Z] + ... have thus been calculated to one-loop [19], two-loops [20]
and, using transcedentality, to three-loops [21] for large-spin S and weak 't Hooft coupling

"We denote Z, W, ) the three complex scalars of N’ = 4 SYM composed out of its six real scalars ¢.
Also Dy = Do + D3, D_ = D1 + D2 stand for the light-cone derivatives. The dots in a trace operator
generally denote terms that are built by permuting trace fields Z and impurities, W, ), D+.

2For more references and a brief historical perspective, see [10].



A. To wit, the following logarithmic behavior is obtained, also known as Sudakov scaling:

VA 2

v7(S,9)=A—-(S+2)=f(g)InS+..., g:47r, A=giuN. (1.1)

f(g) is known as the cusp anomalous dimension or the universal scaling function of V' = 4
SYM and has a history of its own with analytic expressions obtained by solving the Beisert-
Eden-Staudacher (BES) equation at weak [22, 23] and strong coupling [24, 25]. The latter
is found to agree at two loops with the cusp anomalous dimension that is calculated from
the folded closed AdSs3 string when quantum corrections are included [26-28].

Alternative techniques may provide the anomalous dimensions of twist-2 operators of
N =4 SYM at weak coupling up to five loops. By solving the Baxter equation analyti-
cally, three-loop [29] and four-loop [30] expressions are obtained. By including wrapping
corrections after three-loops, the anomalous dimensions to four and five-loops have been
computed in [31, 32].

At strong coupling, the structure® of the large-spin expansion of anomalous scaling
dimensions of Tr[ZD% Z] + ... is identical to the perturbative one (1.1), albeit with

different coefficients f(v/A):

o0

7(S,A) = fIn(S/V) +me1n /A2 S SR I +an . (12)

Sn+1
n=1

It is a daunting task to calculate all the coefficients of (1.2) at strong coupling. Theoreti-
cally, one may obtain them all by means of the thermodynamic Bethe ansatz (TBA) [35].
Alternatively, one may calculate quantum corrections to the AdSs GKP-string [36, 37].
In a recent paper, the authors of [38] succeeded in calculating all the classical leading
and subleading terms of series (1.2) at strong coupling, by introducing an iterative method
that can potentially supply all the classical terms at an arbitrary subleading order. The
current work extends the method of [38] to examples other than the classic GKP case (I).%
In their original treatment [8], Gubser, Klebanov and Polyakov gave the following formula
for the anomalous dimensions of the A" = 4 SYM operator that is dual to the R x S? closed

and folded string (II):

E—JZQ\WA, J, A — oo. (1.3)

For finite yet large J, this expression receives subleading exponential contributions. In this
paper we are interested in calculating all of the subleading in J terms of the series (1.3).

GKP case (II) also turns out to have been extensively studied over the past years.

Some initial considerations based on the GKP model [8] may be found in [26, 40]. Closed

folded single-spin strings rotating on R x S? can be decomposed into more elementary string

theory excitations, known as giant magnons. These are open, single-spin strings rotating

3For recent developments on the structure of 3-point correlators involving twist-J operators both at
weak and strong coupling, see [33, 34] and references therein.

4 At this point let us mention that an interesting generalization of this calculation would be to calculate
the anomalous dimensions of twist-2 operators in the context of a generalized Yang-Mills theory, such as [39].



in S? C S°, identified in 2006 by Hofman and Maldacena [41] as the string theory duals of
N =4 SYM magnon excitations. The energy-spin relation of one giant magnon of angular
extent Ay is:

sin—1|, J, A — oo, (1.4)

where Ap = p is the dual magnon’s momentum. Superimposing two such giant magnons
of maximum angular extent Ap = 7 gives the GKP formula (1.3).

As we have just mentioned, giant magnons are dual to magnons, the elementary spin
chain excitations. The exact infinite-volume magnon dispersion relation, valid at weak
and strong coupling, was found by Beisert in [42] by considering the centrally extended
superalgebra su (2[2), @ su (2(2), C psu (2,2[4):

_ A o (P
E—J—\/1+7T251n (5) J = 0. (1.5)

This result reproduces both the string (1.4) and the perturbative gauge-theory results.

On the side of A/ =4 SYM, it has long been known that the dilatation operator has
the form of an integrable spin chain Hamiltonian® which can be diagonalized by means of
the Bethe ansatz (BA) [43]. However, and due to their being asymptotic in nature, the
BA equations can only reproduce the correct form of anomalous dimensions only when
the length L of the spin chain is infinite or larger than the loop order L. At and above
this critical loop-order L, virtual particles start circulating around the spin chain (as the
range of spin-chain interactions then exceeds its length) and wrapping corrections have to
be taken into account.

Indeed, the inefficiency of BA has been noted in both gauge [44] and string theo-
ries [45, 46]. The wrapping effects that appear at the critical loop-order have the form of
exponentially small corrections to the anomalous dimensions, as noticed in [47, 48]. An
important theoretical issue is therefore the calculation of the exact anomalous dimensions
of unprotected operators of N’ =4 SYM that have finite size L.

To this end, it was proposed in [49] that the thermodynamic Bethe ansatz (TBA) [50] °
can correctly account for the wrapping interactions. The Y-system [52] also accounts for

wrapping corrections. On the string theory side, one equivalently calculates exponential
corrections to the corresponding giant magnon dispersion relation (1.4). The following

5The compact su (2) sector of ' = 4 SYM consists of the single-trace operators Tr [Z”®" ], where ® €
{W,Y}. Tt is dual to strings rotating in R x S*> € AdSs x S° and its one-loop dilatation operator is given by
the Hamiltonian of the ferromagnetic XXX/, Heisenberg spin chain. The other closed sector of relevance to
our paper is the non-compact sl (2) sector composed out of the twist-J operators Tr [Df_l LiiJ Df_z d.. .Df_" <I>] ,
where S1 +S2 + ...+ S, = S and @ is any of the three complex scalar fields of N/ = 4 SYM. This sector
is dual to strings rotating in AdSz x S' and its dilatation operator is given by the Hamiltonian of the
ferromagnetic XXX _; ,, Heisenberg spin chain.

For more, see the review [51].



result was first derived by Arutyunov, Frolov and Zamaklar in [53]:

A P 1
E—-J= £ ‘singl {1—4sin2]2?e22“/ﬁ|bm2 -8 sinQ%j [6 coszg—i— §+

2
p 2] 2 P 2rJ —4—d4rJ/V/X|sin B|
+(6C052*—1)7+COS* —_— e 4 i 2l 4 ... . 1.6

> ) Az T 2 \ VA (16)

Astolfi, Forini, Grignani and Semenoff have proven in [54] that, when placed upon an
orbifold, giant magnons are completely independent of any gauge parameter. The first
two terms of the same result (1.6) have been found by the algebraic curve method in [55].
They have also been obtained by using Liischer’s perturbative method [56, 57] at strong
coupling [58-60].

By using the relation between strings on S? and the sine-Gordon model [61], Klose and
McLoughlin [62] have obtained the following leading terms of the series (1.6):

A
E—-J= £ sing {1 — 4 sin? g e Lot |1 4+ 2L§ff cos? g e Lot 8L§H cos* g e~ 2herr 4
T

+ —— L% cos® = e73Ler 4 800 L% cos® P

9216
—4Legr L
2 3 Le e +

2 5 é?f cos'? g e~ OLerr +.. ] },

(1.7)

where Leg = L/sinp/2 is the effective length and L is the spatial periodicity of the spin
chain. Giant magnons have been generalized to S-deformed backgrounds [63, 64], TsT-
transformed AdSs x S° [65, 66] and AdS,/CFT;5 [67, 68].

In this paper we study the dispersion relations of the following (long) operators of
N =4 SYM:

Os=Tr[ZD}Z]+... & O;=Tx[@2"d2/™]+.. ., (1.8)

for large values of the 't Hooft coupling constant A. These operators are dual to cases
(I) and (II) of GKP strings that were discussed above. Our work is motivated by the
interesting properties of twist-2 operators that originally appeared in the context of deep
inelastic scattering in QCD and have been studied intensively ever since. Twist-2 opera-
tors are also present in N = 4 super Yang-Mills theory and the AdS/CFT correspondence
permits to study them in the strong coupling regime. Our investigation aims to shed light
on the structure of the corresponding strong-coupling, large-spin, semiclassical dispersion
relations, with a view to gaining insight into their weak-coupling, small-spin and quan-
tum generalizations. A reorganization of these relations might lead to better-recognizable
structures that could be useful, especially when one is trying to derive series (1.2)—(1.6)
with other integrability methods such as Liischer corrections, the TBA or the Y-system.
We propose a systematic method, based on the Lagrange-Biirmann inversion formula,
for the order-by-order inversion of a certain class of functions that are related to elliptic

"Actually, this is the gauge-independent result of [54], which coincides with that of AFZ [53] in the
temporal gauge.



integrals. Next, we apply this method in order to express the dispersion relations of opera-
tors (1.8) as sums of Lambert’s W-functions. The latter are analytic in their arguments and
therefore have the property of collecting infinitely many terms that were previously unbe-
known. We emphasize that these previously unknown terms have not yet been obtained by
any other integrability method, such as Liischer corrections (where only the first two terms
are known), the TBA or the Y-system. Within the context of AdS/CFT correspondence,
our analysis could have repercussions in the dispersion relations of giant magnons, spiky
strings, spinning membranes, or strings rotating in S-deformed and TsT-transformed back-
grounds. Our technique can also be applied to the solution of the renormalization group
equations up to any loop-order. For more, the reader is referred to the discussion section 7.

Our paper is organized as follows. We begin with a brief summary of our findings in
section 2. In section 3 we derive the single-spin string solution of GKP that rotates in
R x S? by minimizing the energy functional of a generic R x S? string configuration and
show that it obeys a duality of the short-long type. Section 4 contains our calculation of
the exponential corrections to the anomalous dimensions of long R x S? strings. We start
from a 2 x 2 system of equations

E=d(z)lnz+ h(z) (1.9)
J=c(x)lnz+b(x), (1.10)

where £ and J are the string’s energy and spin, z is a parameter depending on the angular
velocity of the string and d(x), h(x), ¢(z), b(x) are some known power series of . We
invert equation (1.10) for the inverse spin function z = x (J), then plug it back into (1.9)
in order to obtain the anomalous dimensions v =& — J = v (J). The main thrust of our
paper is showing that the dispersion relation v (J) can be written in terms of Lambert’s
W-function:

W(z)e"® =2 o W(ze) = 2. (1.11)

We obtain formulas for all the leading, subleading and next-to-subleading coefficients for
both long folded (angular velocity w > 1) and fast circular (angular velocity w < 1)
strings in R x S2. In sections 5-6, our analysis is repeated for long folded strings spinning
(with angular velocity w > 1) in AdSs where again we derive expressions for the leading,
subleading and next-to-subleading coefficients of anomalous dimensions. A discussion of
our results can be found in section 7. Appendix A is a brief introduction to Lambert’s W-
function. Appendix B contains the definitions and some useful formulas of elliptic integrals
and functions. In appendix C we briefly consider short /slow-spin strings and in appendix D
we have collected our symbolic computations on the long and fast GKP strings of our paper.

2  Summary of results
In this section we summarise our basic results.

2.1 Long strings in R x S?

The R x S? string solutions that we will be considering are dual to the following gauge
theory operators: Tr [<1>me1>2‘] _m] + ..., where the dots denote appropriate weighted



permutations of the complex scalar fields Z, ® € {W,Y} and J > VvA. By computing
the energy of the GKP string, we obtain the strong coupling value of scaling dimensions of

the aforementioned operators. The result can be expressed in terms of Lambert’s function
w (:I:8je_2*7_2) as follows:

1 W3 (11W?2 +26W +16)

T =1- L 2\ _ 2 3\ _
E=T =1= 17 QW+ W) = g (W24 W) = ey — +o
(2.1)
: 1 — 1 —2g-m\n
e leading terms: — 7 (2W +W?) = 7?:1 a, I (e7272)".
: 1 = e —9g_
e subleading terms: — 6.7 (W2 +W?) = n§:2 b, T2 (e72772)".
t-t bleading t 1w (11 W2 +26W + 16) 3 T3 (2T 2 n
. -to- — = .
next-to-subleading terms 55673 W g n (e )

n=3

where £ = 7rE/2\f)\ and J = 7TJ/2\/X. The plus sign in the argument of Lambert’s
W-function corresponds to closed and folded strings (angular velocity w > 1) and the
minus sign to circular strings (angular velocity w < 1). Upon expansion of Lambert’s W-
function, the second, third and fourth term on the r.h.s. of (2.1) provide three infinite series
of coefficients which completely determine the leading, subleading and next-to-subleading
contributions to the large-J finite-size corrections to the dispersion relation of a closed
folded single-spin string rotating on S2. The precise expressions for these infinite series
can be found in equations (4.21), (4.31) and (4.37). One can argue that all finite-size
corrections (N*-subleading terms) can be written in terms of Lambert’s W-function. Note
that all (super-leading) terms of the form J"(e=27~2)" are absent from expansion (2.1).
Effectively, our calculation provides the finite-size corrections to the dispersion relation of
a single-magnon state with maximal momentum p = 7, the dual operator of which is:

Oyj=) M| ZZB(m)ZZ..), J— oo (2.2)
m
These corrections are exactly equal to one-half the finite-size corrections (2.1) to the energy
of a closed folded single-spin string that rotates on S2.
We have also found a duality between short and long strings. For each solution of
energy E and spin J, there exists a dual solution whose energy E’ and spin J’ are related
to the original by equations (3.23)—(3.24).

2.2 Long strings in AdSs

Secondly, we will consider the classical GKP solution rotating in an AdSs3 subspace of
AdSs. These strings are dual to twist-2 operators which schematically have the following
form:

Os=Tr 2D Z] +... (2.3)



The case of long AdSs strings has been extensively studied in the literature because the
corresponding field theory operators play a vital role in DIS. The form of their anomalous
dimensions admits the following strong coupling expansion:

2 < In* S = In" = In"ts
E-S=p.InS+ E E P(nk) Sn =pe InS + po + § p(nn)? + E P(nn—1) Sn
n=0 k=0 n=1 n=2
ad ln”_Q S P1 P2 pP3
yy—+ ...+t =+ 5+ +... 2.4
+n§:3p<m Dttt a gt (2.4)

where S = 7S/2V/X. By expressing the above result in terms of Lambert’s function
W_, (_6—43—3/2/4)7

W (pe, 5,9 S 85] 1 (58 2218 1 [e 361S  6665]
V= 2 4 SW_, 2 16] (W_,)? 2 384 | (W_4)? 32 384
1 N 19 82 N 1579 S N 433501 1 J1ws® N 259 §2 N 81.799 S N 2.963.887 1 N
(W_1)* 2 32 7680 | (W_,)° 3 4 384 15.360 | (W_,)°
136S® 306952 175.481S  2.350.780.111 1
+ + ==, (2.5)
3 8 192 3.440.640 | (W_,)

we have analytically calculated the following coefficients:

1 1 n2 1 In?2 9In2 5

= = :21 2—* = - — = = -
Pec 2 3 £0 n 2 ) P1 2 ] ) P2 4 + 32 128

and also the following three infinite series of coefficients:

P(mm) = qAm om’
1(—1 m~+1 m
Plm+1,m) = 2(4”2“ [Hm tot1i- 41112}

(-pm* 5 @2 1 m?2
Plm+2m) = g3 (m+1)- ¢ Hy — Hyy + 3 (m—16In2+5) - Hyp1+ 24

1
- <21n2+ 24) m+161n%2 — 101112}.

The series p(m) and p(m1,m) were derived for the first time in [38]. The infinite series of
the next-to-next-to-leading coefficients p(,, 2 ) is derived in section 6.

3 Gubser-Klebanov-Polyakov R x S? string

In [8] the following configuration of a string that has its center at the north pole of $? C S°
and rotates around it was considered:

{t:’fﬂf’:9=¢1:¢2=0}><{51251(0)>§2=HWT7$1252253:0}7 (3.1)
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Figure 1. 6 = 6, (o) and energy/spin of the folded closed R x S? string (3.1) for w > 1.
where the line element of AdSs x S° is
ds? = 2 [ — cosh? pdt? + dp? + sinh? p (d02 + cos?0dg? + sin? 0 d¢§) +
2 27 72 . 27 2 27 772 . 97 72
+ df7] + cos” 61 d¢] + sin” 6 <d92 + cos” 02 dpy + sin” Oy d¢3) ] (3.2)

We shall now briefly demonstrate that the above GKP solution is unique in the sense
that it minimizes the energy of an R x S? string with a single, constant angular momentum
J. Let us consider the following generic ansatz on R x S%:

{t:fm', p=0=0¢1 =0 :0} X {51 =01(1,0), 02 =05(1,0), ¢, = ¢y = ¢ :0},
(3.3)
which leads to the Polyakov action (in the conformal gauge, vap = Map),
2 . -2 _ _ =2 _
: / (—t2 +0, — 07 +sin8, (0, — 9;2)) drdo. (3.4)

Sp=—
P ina
One can derive the Hamiltonian density of the string in the standard way, namely

2 2 2 B B —99
Bt B 0, 7720 (3.5)

Ty 4 4sin? 6, pa = 205 sin® 0.

(3.5) is identical to one of the Virasoro constraints. We want to find the minimum of the
energy E under the constraint of fixed angular momentum J. To achieve this we introduce
the Lagrange multiplier w and look for the minimum of the quantity

52 2 . 2 . . €2
Y = /d0~2\/il+9/12+ P2 _ +0/228in291—w[w/p2d0—J],

4dra 4sin? 6,

(3.6)
which is obtained after substituting x from (3.5) into the integral of the energy, E =
?/4md [ do - 2k. We find:

oY

7:0:>p1=0:>§1:0:>§1:§1(0') (37)

op1

oY - _ ~

g:0:>92:w/i:>92:/€w7'—|—¢(0). (3.8)
2
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Figure 2. Energy/spin of the closed folded/circular R x S? string as functions of w and z.

One can now use the second Virasoro constraint 91 91 + 02 02 sin?@; = 0 and equa-

tion (3.7) to conclude that 02 = 0 or equivalently ¢ (¢) = 0. Let us mention that the
vanishing of the functional derivative Y’/ 501(0) = 0 will give the equation of motion for
61. We thus end up with the GKP solution (3.1), the Polyakov action of which is given by:

2 . ) . _ 2
Sp = L// (—t2 +0, sin? 6, — 9’12> drdo = % / (—52 + k2w?sin? 6, — 0 ) drdo.

4oy TQ
(3.9)

Setting o (¥9) = 7/2 for the length of the string, we obtain the following cases, de-
pending on the value of w # 1:

w? < 1. Circular folded string.

@1(0)_am[m(w2], m_%K(wZ) (3.10)
E (w) Q\f ( ):>5=27TE>\ K(1-2) (3.11)
1) =22 [k (W) B ]2 7= = K0 -9 -E( -
(3.12)
w? > 1. Folded closed string.
él(a):am[m)wﬂ, m::w'KQ;), w = csedy (3.13)
E

E(w):M-KL;);»g:”:\/1—33-]1{(1—3;) (3.14)

W

Jw) = 2 [K(l)—E<w2>] g="L CK(1-2)-E(l-2)

™

y=6-J=Wl-2-1)- KQ-2z)+E(1-2). (3.16)



r=1-1/w? and T = 1—w? are the complementary parameters of 1/w? and w? respectively.
In figures 1-2 we have plotted §; = 1 (o) for various values of w > 1 as well as the energy
and the spin of the R x S? string as functions of 9y, w and x.

For w > 1, there exist two interesting regimes where one would want to obtain the
functional dependence of E = FE (J) and the corresponding anomalous dimensions vy =
v (J), namely the short-string limit w — oo and the long-string limit w — 17. In what
follows we shall be concerned only with the latter. Short strings are briefly treated in
appendix C.

3.1 Long folded strings in R x 8%: w — 17, J>> V)

For long folded strings on S? (w — 17), the expansions for the energy and the spin become
(cf. appendix B):

m2w

23 (P s 20t 12 - (117 ] (- 167)" 17

n=

Y e 911/ - LT +1/2)T (n+3/2) .
J=x2 {41 2-2-1In(1-1/w?) 72%2:0: s 20 +1)
9 2n o\ n+1

In terms of the complementary parameter z = 1 — 1/w? — 07 the above series can be
written in compact forms as follows:

nE = "L (2k — 3)!
== —/I- § "(dolng+hy) =Y 2" § do_pInz + hy_p) (319
> Ty x nz+ 2 2 kInz +hy_g)  (3.19)
szJ—SO 2" (cnIn + by) (3.20)
= -2 ). .

The coefficients that appear in series (3.19) and (3.20) are given by:®

1 (2n—1)!!
n=— "5\ 51 ) hn:_4 n12 Hn_Hn
d 2< 2n)!! ) dn - (In2+ 2n)
_ by, = —4 In2+ H, — H. +¥ (3.21)
Cpn = om—1’ n — Cn 2t} n 2n 2(2,”71) , .
forn=0,1,2,...

3.2 Short-long strings duality

Following [38], we may now write down a formula that connects the values of conserved
charges at the two opposite ends of the closed folded string spectrum, that is “short”
strings (w — oo) and “long” strings (w — 17). There’s a known expression between

8Some useful values of the double factorial are: Ol = 1, (=1)!! =1, (=3)!! = —1.
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Figure 3. E = E (J) of the folded closed R x S? string.

complete elliptic integrals of the first and second kind, namely Legendre’s relation (see
e.g. [69]):

E(k)K(K) + K(k)E(K) — K(k)K(K') = g (3.22)

where the arguments of elliptic integrals, k = 1/w? and k' = x = 1/’ ? satisfy k + k' = 1.
Solving (3.14)—(3.15) for E(k) and K(k) and substituting in (3.22), we get the following
duality relation between classical folded short and long strings that spin on S? C S°:

2\
WwW EE —wEJ —W' E'J==—, w > 1. (3.23)
77

This relation is completely analogous to the one found for closed folded strings that
spin inside AdSs, (5.18). One could also write (3.23) in terms of v = E' — S. Plotting the
functions £ = F (w) and J = J (w) in a common diagram parametrically, the graph of
E = E(J) along with the first 4 terms of its “short” series (C.5) and the first 2 terms of
its “long” approximation (D.3) has been obtained in figure 3 (red and blue dashed lines
respectively of the plot on the right). Likewise, a similar relation can be formulated for
fast and slow circular strings using (3.11)—(3.12):

2\
EE - EJ —wEJ="",  w<l, (3.24)
™

where k = w?, k' =7 =w? and k + k' = 1.
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4 Inverse spin functions and anomalous dimensions on R x S?

4.1 Inverse spin function

We will now follow the method of [38] in order to invert the J-series (3.20) for x = x (J)
and obtain & = £ (J) by substituting = (J) into £ (z). Let us first solve (3.20) for Inz:

j:ix"(cnlnqubn) =lnx = [ CO ] i (-1)" (izzxk>n

n=0 k=1
(4.1)

Performing the products between the series and exponentiating, we are led to the following
equation that we will eventually have to solve (or invert) for x:

(o.)
T = xg - exp [Zanm”] = xg - eXp (a1$+a2:x2—|—a3x3+...), (4.2)

where

o = exp {"7 — bo] =16 2772 (4.3)
€0

solves (4.1) to lowest order in = and the coefficients a,, are determined from (4.1). One

possible way to revert series (4.2) with respect to the variable x, is by means of the Lagrange

inversion theorem [69]. In our case it turns out that the function to be inverted has a

special form that significantly simplifies the computation of its inverse. The following

reversion formula (applied here to the exponential function) is named after J.-L. Lagrange
and H.H. Biirmann [70]:

> " n—1
xzzn—? {jn lexp[Znam ]} . (4.4)
z=0

n=1
We find
:U—ZHC nzl k( n—1 )ajlajz i1 s
0° ,wz_on' [T T ST e ‘
where

j1+j2—|—...+jn—1:k' & j1+2j2+---+(n_1)jn—l:n_l'

Now notice from (4.1) that the a;’s can only be linear functions of 7, so that the
inverse spin function = z (J) has to be of the form:

x = Zxo ZankJ (4.6)
n=1
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where a,, are some constants. This follows from the two constraints on the values of j
which imply

Jjitjet. A1 =k } . ,
:>k+]2+...+(n—2)]n_1:n—1, (47)
j1—|—2j2+...+(n—1)jn,1 =n-—1
that is the power of J is at most £ < n — 1. A second conclusion that can be drawn
from these two constraints is that all leading in J contributions to z are controlled by the
leading in J terms of aj, all subleading J-contributions to x are controlled by a; and the
leading in J terms of ag, etc., i.e. 2 (J) has all its coefficients up to zf J"~"" controlled by
aj,... a,—1, and the leading term of a,,. To see this, notice from k+jo+...+(n — 2) j,—1 =
n — 1 that when some j,, in (4.5) is jp, # 0 (minimum 1), & = j,,, + ... + jp—1 is at most
n—1—(m —1) =n—m. This is consistent with our expectations from (4.2), from which
the same conclusion about the number of terms that should be kept on the r.h.s., in order
to fully determine = (J) up to a given order, is reached.

4.2 Anomalous dimensions

Having derived a general formula for z(J), we may express the anomalous scaling dimen-
sions v = £ — J of the R x S? spinning closed and folded string as a function of J:

> = T mE J
E-TJ = 2" (fp, Inz +g,) = x”{An—knln], E=—, J=——,
n;) (f 9n) nz::O foln 2 e
(4.8)
where
B "L (2k — 3)!! B "L (2k — 3)!! B
fn:_cn_ZW'dn—k7 gn:_bn_ZW'hn—ka 7’L—0,1,2,... (49)
k=0 =0
and the coefficients A,, are defined as:
An=gn+ falnzog =g +2f, 2In2—-7J —1). (4.10)

For large J, series (4.1) may be inverted for z = z(J) using a computer algebra
system. The inverse spin function z () may then be plugged into equation (4.8) and give
the anomalous dimensions of N' = 4 SYM operators Tr [@Zm oz *m} +...in terms of the
(large) R-charge J. Such a calculation has been performed with Mathematica and both
series of the inverse spin function x = z (J) and anomalous dimensions v = 7 (J) have
been obtained (cf. (D.2), (D.3)). It turns out that both expansions contain the following
terms:

Leading Terms (L): J" (6—2j_2)n
Next-to-Leading/Subleading Terms (NL): g2 (e—Qj_2>n
NNL Terms: J" 3 (6—2.7—2)71

(4.11)
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Note that series (3.19), (3.20) and (4.8) are identical in structure. We may then prove that
in order to get £ — J up to a given subleading order, the inverse spin function z (J) that
will be inserted into (4.8) has to be known up to no more than the same order. From (4.2)
and (4.6) we write:

ln— Zakx —arx+asz’+asz’ +.
o
k=1

n—1 ~ [e's) n—1 ~

w—zﬂﬂo Zankj Zjnl Zank_ ZJWG'Z%? (4.12)
n=1 n:1 k=0

where app = Gp(n—p—1) are some constants and a,, are linear functions of J. The last
equation follows from (4.6) after some reshuffling. The anomalous dimensions (4.8) are
then written as follows:

g—j:ix"(fnln$+9n ZI [An‘anln]:ix”
n=0

n=0 n=0

Ap + Z Jnak xk] . (413)
k=1

Since all the leading terms of ™ are of the order 1/ 7" and they multiply either A,, or
frn—k-ak in (4.13), which are both linear in 7, we see that the r-th subleading term of £ — 7
(which is of the order 1/J") cannot get any contributions from its 2”2 terms. Therefore
in order to get precisely the first r-subleading orders of the anomalous dimensions & — J
(r = 1 leading, r = 2 subleading, etc.), no more than the first » + 1 powers of = need to
be retained in (4.13). In addition, the last power of 2 to be kept in (4.13) (namely 2" 1)
does not have to be multiplied by coefficients that do not contain 7.

Furthermore, we can see why we need exactly n subleading terms in the expansion of
x in order to be able to calculate £ — J up to the same subleading order n. Keeping less
powers inside x would mean that x - Ay = —x/4 in (4.13) essentially misses some of the
subleading terms, while terms deeper than 1/7™ into x do not contribute, since there exist
no corresponding powers of J in the expression for £ — J that can lift them up to the
wanted order. All of these observations will become clearer in what follows.

4.3 Leading terms

As a first application of the above, we may calculate the anomalous dimensions to leading
order in 7, i.e. the coefficients of the following series:

- J‘(L) = Z:: a, I (727 72)", (4.14)

In order to be able to do this, x has to be determined up to leading order in 7, i.e. the
coefficients of the series

Ty = Z o It (e_zj_z)n (4.15)
n=1

must be computed. To this end, we must keep all the terms that multiply 2° = 1 on the
r.h.s. of equation (4.1) and just the leading in J terms that multiply ! = x. (4.1) then
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becomes:

—b
jc 8T wuy = w0 = ) exp [cé J- a:(d] =z e’ "W/, (4.16)

In HJ(L) =

where 29 = 16e~27~2. This is equation (4.2) for the leading terms of x. We either solve
it by the inversion method of the previous section or we could just as well calculate the
following iteration:

() = o 00T [2eF0T /2 . oo(e_xoj/2> . (4.17)

Given the expression for the infinite exponential (see e.g. [71]),

—z > pnt
00(6,2) _ W( ) — Z - Zn—17 (418)
n=1

where W (z) is the principal branch of the Lambert W-function,” we find:
2 o > nel [ —27_g\T
x(L):7W(8je T2 =N, I (277", (4.19)

where we have defined

(_1)n+1 93n+1 n"t

o (4.20)

o, =

As we have explained above, in order to calculate the E — J series to leading order in
J, we have to insert this formula for z(;) into (4.8) and take care as to keep only leading
terms. The result is:

jx
2\[{1+g1x@—2f2jx } Q\F{ IO }:

E_J‘ 4 16

2f{1_1[2 W (8T e 2T2) £ W2 (8.7 ¢ 27~ 2)]}_

s 47
2[ - = n— —2J-2\"
20 LS s S o] eyl

which contains all the leading-order terms of E — J.

9We need to choose the principal branch Wy in order for  to have the correct limiting behavior, i.e.
z — 07 as J — +oo. Choosing the W_; branch gives © — —4, to leading order. For more see also
appendix A that deals with the Lambert function.
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4.4 Next-to-leading terms

We can go on and calculate all the subleading in J coefficients of the anomalous dimensions,
i.e. obtain an analytic expression for the terms of the following series:

o0

=Y b, T2 ()" (4.22)

n=2

E- J’(NL)

This time we have to know not only the leading, but also the subleading terms of x in (4.5),
namely

Ty = D B TR (e 2)" (4.23)
n=2

This means that on the r.h.s. of (4.1) we have to keep all the terms that multiply
2% and only the leading in J terms that multiply x?. Then equation (4.1), precise up to
next-to-leading/subleading order, becomes:

J —by  Jecr+bicog —bocy
C 0(2)

2
Cl - COCQ 2
" T(L4Np+t.) T 3 J- T(L4NLt..) =
0

In T(L4NL+..) =

J+1 T
= T(L4NL+...) = T0 * €XP [_2 " T(LNL+.) T el x%L+NL+...)] . (4.24)

To solve this equation, we invert it for z(; 4y 1..) by using the Lagrange-Biirmann formula,
as it was done in going from equation (4.2) to (4.5),

- 0 = k=31 Ji
Lo kg (n—1)! J+1 77
L(L4NLAF...) = Z - (_1) n v — . (4.25)
o (k=g ! 2 32
n—1=k+j1
0<j1 <k

We now have to select and keep only the leading and next-to-leading [J-terms in this
expression. Expanding the binomial in powers of 7,

j—|—1 k—j1 7j jl_ 1 k—j1 7j s k- k,_jl m
(=) @) -6) &) 50

; k—j1 . .
™ k=01 sm+i o j N
:W' g ( m )j 31:2k+4j1'(jjl-i-...-i-(k‘—]l)j "‘j)u

we see that the leading terms J" ! xg, correspond to m = k = n —1, j1 = 0 and we
obtain the leading power series (4.19)—(4.20) of the previous section. To get the next-to-
leading /subleading terms J" 2 x(, we have to put either k =n -1, j1 =0, m=n—2or
k=m=mn—2, j1 =1 and sum the two terms. We find:

[e.e]

xy nel p_1(m—1 2 nol(n—1)(n—2 .
L(NL) :Z;? {(_1) fprt (2n_1) +(=1) 2nn? ( Qn)—l-(2 )}j 2a
n=1

(4.26)
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so that the leading and next-to-leading terms of x are given by:

o0

T(L4NL) Z On jnil + Bn jn72) : (672‘772)” (4‘27)

n=1

with the definition (a,’s are defined in (4.20)),

n—2

/Bn = (_1)n+1 23n—2 X n

o (n—1)(n+14). (4.28)

Series (4.27) can be written in terms of Lambert’s W-function, using formulas (A.7)-
(A.12) of appendix A:

- e e Cogoonn 2 1 W2(TW +38)
L(L4NL) Z an J 1+ﬂn~7 2)'(6 d 2) :?W—le? 1+ W ?

n=1

(4.29)

where the argument of the W-function is W (8 Je %I *2). To obtain the leading and next-
to-leading coefficients of E — J, we insert (4.29) into (4.8) keeping only terms of leading
and next-to-leading/subleading order:

2V A )
E_J(L—I—NL) T {1+A1( ()+x(NL))_2f2jx( _4f2;7$ NL)+

+(g2+2(2m2 1) fr)a?, — (leerQf) ?L)} = (4.30)

i)

2\/X L(L) T(NL) J 2 J 9 5 J 3
= {1 T T 1% T R W T T g1 T T 16 T (-

From this expression we read off the next-to-leading/subleading coefficients as follows (the
leading ones are given in (4.21)):

_ 2V/A Ty T 9 T 3 2N 1 , ,
_ ‘(NL)_fiﬂ_ { 1 gl‘(L)LE(NL)+64ZU(L)+16 (L) 7T16j2 (W + W ):>
\/X oo n—1
=B-J =-X2 36 O i85
n—2
+ 4 Z A Oy Oénlcm} N jn—Q (6_23_2)n . (431)
k,m=1

4.5 NNL terms

Computing higher-order terms in the long-string expansion of F — J is straightforward.
Equation (4.5) becomes,

2, Zn (n—1 T+ 1140 + 9\ /15772
Z'(L+NL+NNL+M):’GZ::1 Z ) ( 5 ) o T3 ) (4.32)

*]1 *]2 ]1-]2-
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with n — 1 =k + j1 + 2j2 and 0 < j; 4+ jo < k. Again we have to select and keep only the
leading, subleading (NL) and next-to-subleading (NNL) terms the way it was done in the
previous subsection and then express the resulting power series with the aid of Lambert’s
function, by using the formulas of appendix A. We find:

[e.9]

L(L4+NL+NNL) = Z (an J" 1+ Bn T+ Tn jn_3) . (G_QJ_Q)n , (4.33)

n=1

having defined (a’s and f3’s are defined in (4.20)—(4.28)) the 7,,’s as

— (_l)n—l—l 2371,—6 . n"—?

Yo = ——(n=1)(n-2) (n? + 41n + 228) . (4.34)

In terms of Lambert’s W-function, the inverse spin function = = z (J) (precise up to
NNL order) is given by

2, L WA(TW48) 1 W3 (T6W?3 + 269W2 + 312W + 120)
T = —= -
(L+NL+NNL) J 472 1+W 64 73 (1 + W)3

, (4.35)

where the arguments of the W-functions are W (8j e 27 _2). This expression for z is in
turn inserted into (4.8), keeping only terms up to next-to-subleading order. The next-to-
subleading (NNL) coefficients of E — J are found by writing

- ‘(NNL) - _%f{x(ilm) * ?% L) " Tvw) T 1% Tine) + %x(m “T(nNL) T % wly+
+ % T T + % fv?m} = —2:? 2561j3 W VZQ:;/GW +16) , (4.36)
which implies,
B ) - v i {647” + 8”22_1 {Qak Br—k + 2 Bk Br—k + 40 ’Yn—k:| + ”22_2 Qs Qi
(NNL) 1287 e~ — =,
: [23 Op—k—m + 48 5n—k—m] + %1 5 Uy QU Qs Oén—k—m—s} LT3 (€727 (4.37)
e,m,s=1

Our final result for the inverse spin function and the anomalous dimensions of the
long N' =4 SYM operators Tr [@Zm d ZJ*m] + ... at strong 't Hooft coupling and up to
next-to-subleading order in large-7 is:

W 1 WRIW48) 1 WP (T6WP 4 269W 4 312W + 120)

TS IR s w T wags 1+w)? te (438)

1
16 J?2

1 W3 (11W?2+26W + 16)

25673 1+ W e
(4.39)

— 1 2
Efjflfﬁ(QWJrW)f

(W2 +w?)

where £ = FE/Q\A, J = 7rJ/2ﬁ and the arguments of the W-functions are
W (8 J e=2772). Expanding series (4.38) and (4.39) around J — oo, by using the formulas
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of appendix A, we find that they completely agree with the ones computed if series (3.15)
is inverted with a symbolic calculations program such as Mathematica and the result is
plugged into equation (3.14) (cf. appendix D, equations (D.2)—(D.3)).

Likewise, we may keep on going to higher and higher orders in J. Theoretically, we are
thus able to obtain all the terms of the long string expansion. We may conjecture that the
Lambert W-functions will keep appearing to all orders of  and consequently to all orders
of £ — J as well. To see this, note that equation (4.5) will in general contain a term of the
form n"/n! that multiplies some Laurent polynomial of n, which in turn originates from
the multinomial coefficient and the expansion of a;’s in powers of J. Using the formulas
of appendix A, the resulting series may be expressed in terms of W-functions.

4.6 Fast circular strings in R x 8%: w — 17, J > )

Region w < 1 of GKP strings on the sphere (circular strings) is very similar to the regime
w > 1 that was studied in sections 3 and 4.1-4.5. In this subsection we will briefly derive
the corresponding expressions * = z (J) and £ = £ (J) for fast (large-J) circular strings
on S? (w — 17). Our treatment is very similar to the case w — 1%:

Tk kad
E=—F%= " (dpInT + hy, 4.40
S/~ L T ) (4.40)
7J 1 . _ = (2k— 1) _
= ——= . n nl n) — . o \En— 1 bn— 3 4.41
J R e 7;ZO:L" (cnInZ +by,) ngzox kgzo @ (Cn—kInZ +b,_p)  (4.41)
o0 oo 5
E-JTJ = " (fp T+ gp) = " {An—i— nln}, 4.42
nE_O (f 9n) nE:o fnIn (4.42)

where the complementary parameter is now Z = 1 — w? — 07, by, ¢, dn, hy, are defined
in (3.21),

_ "L (2k — 1) _ "L (2k — 1)
fn:dn_zw'cn—ka gn:hn_zw'bn—k (443)
k=0 k=0

and
Ap = gn+ falnzg = gn +2f, (2In2 -7 — 1), (4.44)

while zg is defined in (4.3) and n =0,1,2,... We find:

_ 2w 1 W2(9W +38) 1 W3(140W3+397W2+376W+120)+
r=——

J 47 1+W  647° (1+wW)*

. (4.45)

1 W3 (1LW?2 +26 W + 16)

~ 956 73 T+ W te
(4.46)

5—j:1—i(2W+W2)

2 3
i7 (W2 +W?)

1672

where the argument of the W-function is W (—8j e 2 _2). Notice that although the
inverse spin functions x (J) and z (J) are different for fast folded and circular strings on
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S2 (cf. (4.38), (4.45)), the expressions for the anomalous dimensions in terms of Lambert W-
functions coincide (cf. (4.39), (4.46)). Nevertheless, and due to the fact that the arguments
of the W-functions have opposite signs in the two cases, the formulas for the anomalous
dimensions v = v (J) will have a periodic sign difference (cf. (D.3)—-(D.5)). It would be
interesting to study the operators that are dual to these circular string states.

5 Gubser-Klebanov-Polyakov AdS; string

Let us now consider the Gubser-Klebanov-Polyakov (GKP) folded closed string that rotates
at the equator of S of AdSs [8]:

{t:HTaP:P(U)aHZ/WT, ¢1:¢2:0} X {51:52251252253:0}- (5.1)

As in the case of the GKP string rotating in R x S, we will show that the GKP solution
in AdS3 is unique in the sense that it minimizes the energy of an AdSs string with a single
spin S. Let us again consider the following generic ansatz:

{t: KT, p=p(1,0), 0 =0 (1,0), p1 = P2 :0} X {91 =03 =, = ¢y = ¢4 :0}. (5.2)
The Polyakov action in the conformal gauge (Yap = nap) is:

62

4o/

Sp / <—t.2 cosh? p+ p% — p2 + (92 — 9'2) sinh? p) drdo. (5.3)

From this action one can derive the Hamiltonian density of the string that satisfies the first
of the Virasoro constraints, namely

o i v Pp=2p
Y = 2 h2 + Fp + /2 + 0 + 0/2 : h2 =0 7 P .
dma! { RSP Te 4 sinh? p S pp = 20 sinh? p.

(5.4)

We want to find the minimum of the energy E subject to the constraint of fixed angular
momentum S. Introducing the Lagrange multiplier w, the functional to be minimized is
given by:

Y = a /da-2cosh pj—i— ’2+i+9’281nh2 —w c /dap -5
= o PNV TP T i) ’ dma/ ' ’
(5.5)

where the last formula is obtained by substituting x from (5.4) into the integral of energy
E. Therefore,

Y

—=0=p,=0=p=0= p=p(o) (5.6)
opp

oY . ~
—=0=0=kw=0=rkwt+60(0). (5.7)
0po
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E(po). S(pe)

=1 3A12)
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Figure 4. p = p (o) and energy/spin of the folded closed string AdS; string (5.1) for w > 1.

Combining the second Virasoro constraint pp’ + 06 sinh? p = 0 with equation (5.6),
we conclude that 6 = 0, i.e. 8(c) = 0. Again, the vanishing of the functional derivative
0Y/dp(o) = 0 will give the equation of motion for p. Thus the GKP solution (5.1) follows

from the minimization of the string energy in AdSs3. Its Polyakov action reads:

02 . .
Sp = Tt / (—t2 cosh? p — p' 2 + 6? sinh? p) drdo =
T
62
= / (—k?*cosh? p — p/ 2 + Kk*w? sinh? p) drdo, (5.8)
T

where ¢4/a/2? = X is the 't Hooft coupling. The string essentially contains four segments
extending between p = 0 and p = pg. k is a factor needed to fix o (pg) = 7/2. The
conserved charges that correspond to the two cyclic coordinates t and 6 of the action (5.8)
both diverge when w < 1. For w > 1 we obtain:

w? > 1. Folded closed string.

1
p(o) = arctanh [sn (ﬁwa
w

1 2 1
w2> , nz-K(), w = coth pyg (5.9)

:% d E<1>:>EE7TE Vi-w

Bw) = == - E(1-z) (5.10)

5(@:2‘? L;":E <1> —K(i)} :,5527:2:;315:(1_33)_&1_@

(5.11)

755—3:7”1_;_1-1@(1—95)%{(1—95), (5.12)

where = 1 — 1/w? is the complementary parameter of 1/w?. The plot of p (o) for various
values of the angular velocity w > 1 as well as the string’s energy and spin as functions
of pp, w and z may be found in figures 4-5. In figure 6 we have plotted the energy of the
string as a function of its spin £ = E(S) parametrically, along with the first 4 terms of
its “short” series (red dashed line, equation (C.16)) and its leading “long” approximation
(blue dashed line, equations (6.29)—(6.30)).
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Figure 5. Energy and spin of the folded closed AdSs string as functions of w > 1 and = > 0.

5.1 Long strings: w — 17, S>> v/

In the long strings-regime, w — 11 (S > A), the formulas for the energy and spin have the
following expansions:

(UQ > n n
“In(1-1/w?) - m} 1- 1/w2)”} (5.13)
2 oo n 2
s=20 ;_W 200+ 1) = 20+ 1/2) ~ In(1 = 1)+
+ %H] (11— 1/&‘)”}. (5.14)

The two series may also be written in terms of the complementary parameter x = 1 —
1/w? — 0t:

E -
SE;\[\:m-{m+;)x"(dnlnx+hn)}:
1, Jen-D 2k -3)
wS  —
=S A" "(enl n) - 1
S Wil 33+n§:0$ (cnlnx 4 by) (5.16)
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Figure 6. Energy vs spin of the folded closed AdSs string for w > 1.

The coefficients that appear in series (5.15) and (5.16) are given by:!°

1/@2n—1M\? 2n+1 1 2
d, = — = : . hp=—dy- |4In2+ 4 (H, — Hop, -
4( 2n)! ) P n2+4( w) ¥ T T
O by = 4102+ 4 (Hy — Hap) + —— (5.17)
Cp = mt 1’ n = —Cn n n 2n nt+il’ .

where n =0,1,2,...

5.2 Short-long strings duality

Solving (5.10) and (5.11) for E(k) and K(k) and substituting into Legendre’s relation (3.22),
we get the following formula between classical folded short and long strings spinning in
AdS3 C AdS;s [38]1

1 1 2\
—BS' + —E'S -85 ==, (5.18)
w w T

where the respective arguments of the primed and unprimed charges are k = 1/w? and
k' =z =1/w'?, and satisfy k + &k’ = 1. Again we see that large values of w’ — oo (”short”
strings) correspond to values of w — 17 near unity ("long” strings) and (5.18) provides a

map between the corresponding energies and spins.!!

10As a reminder, 0!l = 1, (-1)!! = 1, (=3)!! = —1.
" This subsection has been included here for reasons of completeness. For more, see [38]. One may also
formulate short-long dualities that mix the charges of the AdSs and R x S? strings:

s

%ﬁ&+§&$7wd&%: & SIT+S8 T+ SiS = (5.19)

s
2
il

SIS

1 / !
& — 51 51 - ._72 jg = (520)
ww

2 )
where the index 1 refers to the string energy and spin in AdSs and index 2 denotes the corresponding

charges in R x S2.

1 1
— S1E+ =S =
w w
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6 Inverse spin functions and anomalous dimensions on AdS;

6.1 Inverse spin function

Following the method of subsection 4.1, we will now invert series (5.16) for z = x (S). First
solve (5.16) for Inz:

1 oo
- " nl n
S $+Ex(c nz+b,) =

n=0
n
1 S—b ”bn]‘” = &
=her=|—-——+ —Z—x" 'Z(—l)n Z—x . (6.1)
[ o R n=0 k=1 0
This essentially reduces to an equation of the following form (cf. equation (4.2)):
a > a
T = Tg - exp 0+Zan:ﬁ”] = x0 * €xXp (—O+a1x+a2x2+a3x3+...> , (6.2)
T = x
where the a,,’s are linear functions of S determined from (6.1) (ag = —c; ' = —4), and xg
is defined as:
S—b
Ty = exp [ 0+ C;] = 16¢*5+3/2, (6.3)
Co <

Equation (6.2), that gives the inverse spin function of a string that rotates in AdSs
differs significantly from the corresponding inverse spin function in S, (4.2). For one, it
contains the 1/x term but also x( is now an increasing function of S. The point is that we
cannot solve equation (6.2) by the algorithm of subsection 4.1. Instead, a slightly different
procedure has to be applied. Suppose x* solves the following equation:

_ * _ a0 _ W (a0 /o)
¥ =2/ =gt = 2 — g V(@0/m0 6.4
where W (2) is again the Lambert W-function (see (A.1) in appendix A). Essentially z* is
the leading-order solution of equation (6.2).!? Now set:

x=a"-e’, (6.5)

ao - 1kvk - *\T TL’L)_O 66
v LU e ) e =0 (6.6)

This series may be inverted for v using the standard series inversion. First we expand
the exponential in (6.6):

(1 + %0 —> kay (ﬁ)’“) = l(n” i—o +3 kmay (a7 %7: => a, (@)".  (6.7)
k=1 n=2 k=1 : n=1

120bserve though that since we solve (6.1) in the region where S — +o00, x — 0% and ag < 0, g — +00,
we must choose the W_1 branch of Lambert’s function. We’ll return to this issue later.
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The inverse series is a power series in £*. It can be obtained by using a symbolic calculations
package such as Mathematica. The result is:

a1l , 2 as A 3 aj 3a% —2a9 ag o
= — —_ - = —-t+ ——+ = 6.8
v aO(ﬂs) +Lt0 ag}(:c) +[a§+ 242 +a0 (z")" + (6.8)

Then z in (6.5) is given by

a a a a 2a% —a a
r=a" 4+ = () + [2—;] (z*) + [3+122+§} (z*)° + ... (6.9)
ag ag  aj ag ap ag
and 1/z by
1 1 a a a a, al — a a
Lo . [2_;] (2%)? [3+ 12 +;} (@) + ... (6.10)
T oz ag ap Ay ag ap ap

We may now expand (6.1), obtain the coefficients a, and, by substituting them
into (6.9)—(6.10), find the corresponding expressions for x and 1/x (only the first few
terms are shown):

$—l‘*—}— §+i (LL’*)3+ E_FE (x*)4_|_ Sj_}_@_{_ﬂ (x*)f’_}_
N 8 064 16 1024 32 1024 24576

(6.11)
l—i_ §+3 x* — E_FE (x*)Q_ 5724_@_’_& ($*)3+
r  x* 8 64 16 1024 64 1024 24576
(6.12)

6.2 Anomalous dimensions

Just as for the case of strings on S?, the anomalous scaling dimensions 7 = £ — S of the
AdSs3 string may be expressed as a function of S:

= > T mE TS
E-S= " (fp, Inz + g,) = " An+nln],55,857 6.13
nz:% g o nz:;) [ d zo 2v/\ 2v/\ (6.13)
where,
Ty = exp [S —bo + c;} = 16513/ (6.14)
and we also define
"L (2k — 3)!
Z k) Ik
k=0
(2n — 1N (2k — 3)!!
n = —by — N =0,1,2,... 1
g (2n + 2)11 ;} (2k)!! ks =0 (6.15)
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The coefficients A,, are defined as:
3
Ap =gn+ fulnzo = gn + fn <4ln2+48+2). (6.16)

For later purposes, it will be useful to obtain the expression of the anomalous dimen-
sions v = & — S in terms of z*. We first insert (6.2) into (6.13):

a'OfO z:

n—1
Ap +ag far1 + Z Jn—k—1 ak+1] : (6.17)

n=1 k=0

Subsequently we plug series (6.11) and (6.12) into (6.17), which leads us to the following
result (for simplicity, we omit higher-order terms):

P 5\ 92 (S 35 , (58 2213 5
_SsS==_19 ) N 2 _ [ 29 *\3 _
£=-5=15 ( S+ 4> 32 <32 + 256> (z7) <128 + 24.576> (")

(6.18)

256 T 8.192 T 98.304 2.048 T 32768  7.864.320

S? 361S  6.665 o 198% 1.579S8  433.501 5
_< 3615 ><x>_< )(a:)+...
At this point, a note analogous to that made for strings rotating in R x S?, concerning
the structure of the large-spin expansion of the inverse spin function and the anomalous
dimensions of strings spinning in AdSs, should be made. Consider the following kinds of
terms (n =0,1,2,...):

In" S
Sn
In" S
Sn+l
In"S
Sn+2

Leading Terms (L):
Next-to-Leading/Subleading Terms (NL):

NNL Terms:

(6.19)

In what follows we shall find that, in the expansion of the inverse spin function x =
x (S), all the leading terms In" §/S™ are absent whereas, in the anomalous dimensions
v =& — 8, all of the above terms are present. Therefore the large-spin expansion of v
assumes the following form:

> - In* S > n"S & In"ts
E-—S=p.InS+ Zzp(nk) S pe NS + po + Zp(nn)v =+ Zp(nnfl)T—i_
n=0 k=0 n=1 n=2

- " *S pL P2 | P3
+D Pam-n gt gt Gt et (6.20)

n=3
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Note also the presence of the exceptional (super-) leading term fInS. Equivalently we
may write:

B S =1 (S/VA) 4+ 33 o k(s/ﬁ) = FIn (S/VA) + fo+

n=0 k=0
o0 S/I o0 n" S/f o0 n" 2 S/f
n=1
o *%*%*%* (6.21)
where
2
pc:;\/g’ po = 2f<f0+fln ), 01=<2\7})\> <f1+f111n72r)
(=) 2 4 foln? 2
p2 = (2)\> <f2+f21 n;+f22 n W)
4
93:( u ) <f3+f311ﬂ2+f321n22+f331n32>
AVN T e e
n+1 n+1 9

2 n(n-1) 2> ' (6.22)

n+1
7T
P(nn—2) = (M) (f(nn—Z) + (n - 1) f(nn—l) In ; + T In —

™
6.3 Leading terms
We may now employ formula (6.4) in order to calculate the leading in S terms of se-

ries (6.13):

* . W-oi(ao/zo) — a0 — —4 6.23
x xo-e W, (a0/$0) W_4 [—6_43_3/2/4] . ( . )

Note that, as S — 400 we should have 2* — 0T, behavior that is only possible if W — —o0,
i.e. in the W_; branch of Lambert’s function (on the contrary Wy — 0~ for S — o0,
which would cause x* to blow up as z* — 400, cf. figure 8). Using expansion (A.3) of the
W-function, we may obtain the inverse spin function = x (S) up to leading order. Let us
first calculate 1/z*:

1 InS > =

n+1 4ln24+3 m m n-+m
=S+ 42+l +Z ( $S ) ZZZMWHW{HH]

n,q=0 m=1 p=0

m—p
—n—m\ (m) In*S = (=1)F /4In2+3\" Aln2+3\?
( . > (p > St (21n2—kz_1 - S —s (6.24)
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where, for large S, we have written

3] (=)™ 42+ 3\"
In {4S+21n2+2]—1n5+21n2+z - S (6.25)

n=1

and the unsigned Stirling numbers of the first kind [n —:_nf] are defined in appendix A.
n

To obtain z*, we expand the inverse of series (6.24):

x :S{1+48+(1n2+8>8+2; n g Sn+l _ZZZ4n+m+lm!.

n,qg=0 m=1 p=0

o p o . \k K\ P
|n+m n—m m In” S 21112_2( 1)" (4In2+3 '
n+1 q p ) Sntmtl k 88

k=1

. (‘“22;3)‘1 }_1. (6.26)

A few comments are in order, before proceeding to the calculation of the corresponding

series for the anomalous dimensions. First observe that series (6.24) for 1/z* contains all
kinds of small terms (i.e. terms — 0 as S — 00): leading terms In" §/S", subleading terms
In" §/S" ! next-to-subleading terms In" S/8" 2 etc. up to 1/S™ terms (n =1, 2,3 ...).
Series (6.26) for z* on the contrary, does not contain leading terms. It is to be expected
that (2*)® will not contain leading and subleading terms, in (z*)° leading, subleading and
next-to-subleading terms will be absent, etc. Therefore, to calculate the ' — S series up
to leading order in S, we need no more than the first two terms of (6.18),

£ -5l 2 <2s+i>, (6.27)

(L+...) - T*

since the other terms of series (6.18) only contribute to NL orders. We obtain,

1 1 (D" /4m2+3\" 1 & A (-
5—S(L+.“)_21n8+<21n2—2)+n§_:l (s Ly ey UV

n,q=0 m=1 p=0

1 [n+m] (-n—-m m\ In’S [(4In2+3 q212 > (=1)*
ml | n+1 g p ) Sm \ 78S T

. <‘“I;2;3>k]m_p, (6.28)

For p = m and n = ¢ = 0 we read off the coefficients of the leading terms:

1(=D)™ |m|{-m)\ (m —1)m*tt g
P = =3 gt H ( 0 ) <m> - (6.29)
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which agrees with the results of [38] (we have used the first property of unsigned Stirling
numbers in (A.5)). Also,

1 1
=135 & p0:2ln2—§. (6.30)

6.4 Next-to-leading terms

To extract the subleading coefficients, we have to keep the following terms of series (6.18)

2 5 9a” S *\ 2
£-9 (L+NL+..) &% (28 T 4> "33 32 (") (6.31)

and read off the terms that contribute to subleading order from equations (6.24)—(6.26).
The result is (with the aid of (A.5)):

1(—1)"*

m

in conformity with [38]. We also confirm the coefficient p; in expansion (6.20):

In2 1

6.5 NNL terms

We may also go to higher subleading orders, e.g. the NNL one. In this case the terms
of (6.18) that contribute are:

2 5\ 92 (S 35 s 58S, .
o - _ 2 _ o . . o * . *
] < St 4> 32 (32 * 256) (@) = 155 @)

NG (6.34)

We now can read off all the NNL terms (using property (A.5) of unsigned Stirling numbers):

(—1)m+1 9 (2) 1 m?
Plmt2m) =~y (M A1) Hyyy = Hypy + 5 (m =162+ 5) - Hg1 + 50—
1 2
— 21n2+ﬂ m+16In°2—10In2 ;. (6.35)
For the coefficient p2 of (6.20) we find:
In’2  9In2 5
pr=—— T (6.36)

The above results agree completely with the (first three) terms of the series (6.21) that
were computed in [36, 72].
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6.6 Higher-order terms

Similarly, we may get going to higher and higher orders. Using Mathematica we find e.g.
(cf. (D.7)),

n®2 3?22 11ln?2 7

P3= "% s T 61 34
%2 N 43In°2  51In2 L 937In2 1919
Pa=""3 96 128 8192 196.608
_ W2 49In*2 N 23In°2  777In*2 L 1963n2 7423
P5= 0 96 32 2048 24576  1.310.720
) In%2 N 171In°2  581In*2 11401102 67.715In22  30.0851n2 218.431
6 p _ —

12 30 512 * 12.288 196.608 + 524.288  62.914.560

We may also express formulas (6.11)—(6.18) for the inverse spin function z (S) and the
anomalous dimensions v = & — J of the long operators Tr [Z Di Z] +...of N =4 SYM
at strong 't Hooft coupling in terms of Lambert’s W-function. Plugging equation (6.23)
into (6.11) and (6.18) we find, respectively (for simplicity, only the first few terms are
displayed):

4 8S+3 23 1 349 1
x=— — +3+[168+]4—[3252+558+] 5+[15252+
Wo (Woy) 41 (Woy) 24 | (W_y)
711S 3745 1 4765S  26.659 1
— 1160 53 4 704 S?
1 o6 } (W_1)° [ * s T w0 ] W)
N 3728 §3 N 6077 S2 N 48.955 S N 2.543.083 1 (6.37)
3 2 24 7680 | (w_p)® 7 ‘

W_q ) 9 S 35 1 5S 2213 1
N — (2 e _ 1= - il _
£-6 < S+ 4) * 8W_1 [2 + 16] (W_1)? + [ > 381 } (W_1)?

3615 6665] 1 [198” 15798  433501] 1
32 384 | (w_y)* 2 32 7680 | (W_y)°

1083 N 259 S2 N 81.799 S N 2.963.887 1 N 136 S® N 3069 S?2
3 4 384 15.360 | (W_y)° 3 8

—~ [52+

1754818 2.350.780.1117 1
+ } (6.38)

192 3.440.640 w_)? 7

where the arguments of the W-functions are W_; (—6*45*3/2/4) and £ = 1E/2V)\, S =
7S/2vV/\. Just as for strings in R x S?, the terms of both series (6.37) and (6.38) are
organized in decreasing order of importance, e.g. in (6.38) the first two terms contain all
the leading coefficients, the fist four terms all of the subleading coefficients, and so on. Our
results can be verified with a direct calculation in Mathematica (see (D.6), (D.7)).
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7 Discussion

We have computed the large-spin expansion of anomalous dimensions of two single-trace
operators of AV = 4 super Yang-Mills theory at strong coupling, namely

Oy=Tr[®2"02 ™| +... & Os=Tr[ZD{Z]|+..., (7.1)

where ® is any scalar field of ' = 4 SYM that is not used to build Z. According to the
AdS/CFT correspondence, the anomalous dimensions of the operators under consideration
are given by the dispersion relation of their dual AdSs x S® strings. Operator Oy is dual
to single-spin strings that rotate inside R x S2, while Qg is dual to single-spin strings that
rotate inside AdSs. We have expressed the anomalous dimensions v of the above (long)
gauge-theory operators in terms of Lambert’s W-function. This results in more compact
expressions for v’s and simplify the derivation of the corresponding series. We have also
found a duality between short and long strings. For each solution of energy F and spin
J, there exists a dual solution whose energy E’ and spin J’ are related to the original
by equations (3.23)—(3.24). These relations are purely classical (A > 1) but it would be
interesting to see if and how they can be promoted to the quantum level.

The inversion of elliptic integrals and Jacobi elliptic functions w.r.t. the parameter m,
is an active field of research in computational mathematics.!®> It seems though that due
to the presence of the logarithmic singularity at m = 1 (cf. appendix B), no significant
progress in actually calculating these inverses has yet been made. In our case, we have
noticed that equation (4.2) may be solved by the Lagrange-Biirmann formula and that the
result may then be expressed in terms of Lambert’s W-function. In the case of AdS3 a
slightly different process had to be followed, as the equation to be inverted (6.2) is more
difficult, because of the additional 1/ term on the r.h.s.!* The presence of this 1/ term,
in fact leads to the appearance of the branch W_; of Lambert’s function instead of Wy and
subsequently to logarithmic instead of exponential corrections for the inverse spin function
and the anomalous dimensions.

Equations (4.38)—(4.39) and (6.37)—(6.38) that we have found, are only valid up to a
certain subleading order. It would be interesting if generalizations to all subleading orders
via a general formula or a recursive process could be found. As we have already said,
we believe that the Lambert functions will keep appearing to all subleading orders. One
could also consider changing branches in Lambert’s W-functions. Changing between the
Lambert branches Wy and W_; means that the inverse spin function either blows up (i.e.
x — +00) or in general does not have the desired behavior z — 0. Conversely, we saw
that a single sign flip in the argument of Lambert’s function (cf. (4.39), (4.46)) carries
us from folded (w > 1) to circular (w < 1) strings on S? and vice-versa. This could be
the manifestation of a more profound link between the two domains. It is also possible
that the Lambert function formalism could help make apparent the symmetries that are

13See e.g. [73].
1This difficulty partly accounts for the somewhat unconventional organization of our paper, discussing
the GKP configuration (II) before (I).
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hidden inside the large-spin expansions (e.g. one such symmetry could be the near conjugate
symmetry Wy () = W _, (2)).

Our results from the study of GKP strings on AdS (6.38) point out that the anomalous
dimensions of long twist-2 operators of N' = 4 SYM theory at strong coupling may be
expressed in terms of Lambert’s W-function. This could also be the case at weak coupling.
For the cousin theory of QCD, long twist operators (responsible for scaling violations in
DIS) could also admit an analogous Lambert parametrization. Note that the exact 3-loop
running coupling constant of QCD has already been found to be expressible in terms of
Lambert’s W-function [74-77]:

—7/c

- 1—cy/2+W(z)

as (Q7) (7.2)

where ¢y is a renormalization scheme-dependent constant and

1 2 1 38 1 t 2
Bo=-|11—-5nf), c¢c=— |102— —ns|, 2z=-——exp —1+c—2—& , t=In Q— .
4 3 c c

It would be surprising if the anomalous dimensions of long, twist QCD operators didn’t
have anything to do with W (at least in strong coupling).'® Thermal backgrounds, as
well as dilaton geometries within holographic frameworks [78] could also be susceptible to
analogous W-formulations since, in the language of holography, Einstein’s equations are
nothing more than RG equations and these have also been solved in terms of Lambert’s
W-function [79, 80]. Our analysis suggests that a generic feature of the solution of the
RG equations at any loop-order is that they can be expressed in terms of Lambert’s W-
function (to see this compare equation (6.2) with the integral of the generic RG-equation
B(z) = pdn/dp? = —a® 3 Buam.).

All of our expressions for long/fast strings have been verified with Mathematica (see
appendix D). We have also considered short strings (appendix C). Since the elliptic integrals
do not have a logarithmic singularity for eccentricities smaller than one, £ = £ (J) and
E = £(S) can be obtained by simple series reversion in Mathematica. It is possible that
these short series also afford an analysis into sums of W-functions. Compact forms for
the short series would be rather interesting because of the relationship that short spinning
strings bear to closed strings rotating in flat spacetimes. In this case & = V7 S, which is
just the first term of the short series (either in R x S? or AdS3). In figure 7 we have plotted
in a common diagram the energy as a function of spin, for all these three cases of folded
closed GKP strings: (3.11)(3.12) and (3.14)(3.15) for strings on R x S2, (5.10)—(5.11) for
strings in AdSs and € = /7 S for strings rotating in flat spacetime.

It is known that both GKP strings (I) and (II) that we have studied in our paper,
can be formed by the superposition of other elementary string-excitations, spiky strings
and giant magnons (GMs) respectively. It would be then natural to inquire whether our
findings have any consequences whatsoever to the computation of the general dispersion
relations of these elementary excitations.

5Note that the branch of the W-function in the QCD case (7.2) depends on the number of flavors n;.
For ¢ > 0 < z < 0 the relevant branch is W_1, while for ¢ < 0 < z > 0 the branch is Wy [76].
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Figure 7. £ = £(S,J) for GKP strings in AdS3, S? and flat spacetimes.

As we have already mentioned in the introduction, strings on R x S? are the sum of
two giant magnons of maximum momentum p = 7 and angular momentum J/2. The
all-loop, infinite-volume Beisert dispersion relation (1.5) [42], converges to the Hofman-
Maldacena [41] relation (1.4) at strong coupling and receives finite-size corrections as the
volume is gradually decreased. Arutyunov, Frolov and Zamaklar (AFZ) [53] and Astolfi,
Forini, Grignani and Semenoff [54] have calculated the finite-size corrections to the giant
magnon (1.6), while Klose and McLoughlin [62] have provided the leading terms (1.7).

Our result (4.39) completely agrees with formula (3.20) of AFZ [53].16 We have also
found that the finite-size corrections of giant magnons can be expressed in terms of Lam-
bert’s function W (1672 cot? (p/2) e‘QJCSCP/Q_Q) as follows:'”

W2

1
S—j:sing—kﬁtanzgsing’g {W+2] ~ 1673 tan4gsin2§[(3cosp+2)W2+
1 W2
+6(5C08p+ 11)W3} ~ 51271 tan6gsin§{(7cosp—3)2 T

1 1
—5 (25 cos 2p — 188 cosp — 13) W2 — 5 (47 cos 2p + 196 cos p — 19) W3—

1
— g(13cos2p+90cosp+137) W4} +... (7.3)

Upon expanding (7.3) we recover formulas (5.14) of AFZ [53] and (39) of Astolfi-Forini-
Crignani-Semenoff [54]. Especially for the above formula, we have set £ = 7E/v/A and

5In comparing our results to those of AFZ one should note a difference in the definition of J = w.J/2V/A,
given in AFZ as Jiarzy = 271J/ﬁ.

Y Qur result is valid in the conformal gauge of the string Polyakov action (Yab = Map) and the static time
gauge, t = 7. The details of the derivation will be given in a forthcoming publication.
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J = nJ/vA. The Klose-McLoughlin series (1.7) is retrieved by letting Leg = 27 cscp/2:

E—J:\fsing{lnLLe_HQ taHQQ(W+;W2) } (7.4)
so that the arguments of the W-functions are W (—4 LZ%; cos? (p/2) e Lf). We should
note in passing that the Liischer corrections that were first calculated in [58] (equation (6)
ibid.), completely agree with AFZ and therefore our results agree with [58] too. One could
also consider further extending these findings to the GMs of ABJM Theory.

Similar considerations should also apply to spiky strings [81], since strings on AdSs
can be thought of as 2-spike Kruczenski strings. One may keep thinking more and more
applications of the Lambert formalism. For example the expression of finite-size correc-
tions to the energy of GMs in y-deformed backgrounds'® [63] is very reminiscent of the
undeformed ones (1.6):

A .
E—J:£ sing {1 —4 sin2§ cos B ¢=2-2mJ/VAsin g —{—...},

™

27 (n2 — B J)
23/2 cos3 p/4’
(7.5)

[1]

where ny is the integer string winding number and 3 is the real deformation parameter,
satisfying |ns — 8 J| < 1/2 [65]. For more applications in this direction, one could consult
the review article [82]. Finally, finite-size effects may be studied for higher dimensional
analogues of GMs and single spike strings, e.g. for M2-branes on AdS, x S” [83]. Our results
are also directly applicable to stringy membranes that rotate inside AdSy 7 X S7/4 [84, 85].
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A Lambert’s W-function

In this appendix we briefly review Lambert’s W-function. It is defined by the following
implicit relation:

W(z)e"® =z & W(ze?) = 2. (A1)

18 Aka real Lunin-Maldacena backgrounds.
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W () has two real branches, Wy (z) in [—e™!,00) and W_; (z) in [—e™!,0], plotted in
figure 8. The branch point is (—e_l, —1). The Taylor series at z = 0 for each of the two
branches are [86]:

Wola) =3 (- P Sy Tl et (a2)
ox—nzo (nt 1) T —n:1 o z" | <e .
W_i(z) =lnje] —Innfz| + Y Y (_ni') [Ziﬂ (In]z)) ™™™ (Inln|z))™,  (A.3)

n=0m=1

where the unsigned Stirling numbers of the first kind, [f;_fﬂ can be defined recursively

as [87]:
+(n_1)[”;1] & [g]:[;};]:o, [8]:1,n,k21. (A.4)

HE

In our paper we have used the following identities of unsigned Stirling numbers:

[T]—(n—l)!, [Z]—m—n!ﬂn_l, [g]—ém—n![ﬂsl—ﬂ,ﬂ]- (A5)

The W-function also provides a series for the expression #*° . The result is:

W (—Inz)

= ") = —Inz

(A.6)

Due to its defining property (A.1l), the derivatives and antiderivatives of Lambert’s
function get significantly simplified. Below, we give a list of some useful expressions in-
volving the Wy function:

W) = e (A7)

e W (z) = ni::l (—1)"t! ’:L, 2" = < JVFVV(V?”()@ (A.8)

v (W (@) = nil (1) ”:1 L = m (A.9)
/W(m) dm:a;(W(x)—HWl(x)) (A.10)
/Waf‘r) dz = nil (—1)m+! ";:2 2" =W (z) + sz(x) (A.11)

/;/me aa? = 3 (-1 n;g =W @)+ W W) )

n=1
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Figure 8. Lambert’s W-function.

B Elliptic integrals and Jacobian elliptic functions

This appendix is a brief reminder of the definitions and some basic properties of elliptic
integrals and Jacobian elliptic functions that we have used in our paper. Our conventions
are similar to those of Abramowitz-Stegun [69].

Jacobian elliptic functions.

ks dé .
v= / o2 P am(ulm), A(p) = (1 —sin?0)"/? = dn(ulm)
0 (1—msin®0)

x =sing = sn(ulm), cosy = cn(ulm).

Elliptic integral of the first kind.

F (o|m) = /0“’ (1—m sin26) "/ do — /0 (-2)(1-m?)] P dt=u (B
K(m)=F (g’m> = g <91 [;, %; 1; m} (complete) (B.2)
T & (-1
<om = 2 (T ) -

, m| <1

1+ L 2m+ 13 2m2+ L3:0 2m3+
2 2-4 2-4-6

| X
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2 |
T n:
n=0

Z( (2n — 1) n> [w(n+1)—¢(n+;)—iln(1—m)] (1 my,

11— m| <1, (B.4)

K (m) = i-i <W>2 [21/1(n+1)—2¢(n+;)—ln(l—m)] 1—m)" =

where ¢(z) =T(2)/T'(2) is the psi (digamma) function.

Elliptic integral of the second kind,

@ x
(i¢|m) E/ (1—m sin29)"/? de:/ =) (1 =m2)"? at (B.5)
0 0
11
’m) = g o F1 [—2, 3 l;m] (complete) (B.6)

B (@2n—-DIN\ mr
E(m)=- 7;( (2n)!! ) m—1
m N\’m (1-3\*m? [(1-3.5\°m?
_2.[1_(2> 1_<M) 3_<24~6> ?Jr... , |m| <1 (B.7)
B =1- 5 R P 1) w4 1/2) + vl -+3/2)-

—(n+1) —(n+ 2)] (1—m) "t =
1 i L(n+1/2)T(n+3/2)

27 nl(n +1)!

n=0
1
- (n+1)(2n+ 1)] (1

[21,[)(11 +1)—2¢¥(n+1/2) —In(l —m)—

—m)" . 1-m| <1 (B.8)

C Short and slow strings

In this appendix we summarize our computations on short and slow GKP strings. We have
the following cases.

e R x S? folded strings (w > 1): for short folded strings on S? (w — o) the expansions
of energy (3.14) and spin (3.15) in terms of the angular frequency w assume the
following forms (cf. appendix B):

X /2n -1\ 1
2
J=vX- Z( "_1) ) 2;’;%. (C.2)
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Series (C.2) can be inverted with a symbolic computations program, then the inverse
spin function x = z (J) may be inserted into the expression for energy (C.1), leading
to & =E(J). The results are:

47 6% 3J% 5J%* 9J° 217% 3577 4597% 5.8357°

—_ 1 p— — —_— —_ T e
. TR T 8 T 4t T 1605 T 16a8 T 647 512n®  4.00670

(C.3)
¢ :W1/2j1/2 N ‘73/2 N 3j5/2 N j7/2 B 61 ..79/2 B 201 jll/2 N 199J13/2 N
4rl/2 0 32m3/2 0 12875/2 2.04877/2  8.19279/2  65.536 w11/2
(C.4)

The latter may also be written as follows:

1/2 J 32 J3 61.7* 20175 J6
=(2VAJ |1 - - ol=]|.
(2vA7) [ TSV T128A T 1024072 T 3276807 262144002 ()\3”

(C.5)

R xS? circular strings (w < 1): slow circular strings on S? (w — 07) have the following
series for the energy (3.11) and spin (3.12), in terms of the angular frequency w:

o] 2
m-z((”;; ) o8
(2n — )N 2n .
=V Z < n)ll ) 2n — 1 W (©1)

Again, series (C.7) is reverted for w = w(J) and then the inverse spin function

T=1-w?=17(J) is plugged into the expression for energy (C.6), leading to:
_ 167% 1927% 211275  224007% 233.0887'  2.397.696 72
T=1-—+ T 5 T 8 - 10 + 12 T
s s s s ™ ™
(C.8)
T 2J% 6J% 327% 2067% 146470 11.0647'* 87.200 7'
&€= D S e R
(C.9)
(C.9) can also be written as follows:
J? 3J* J¢ 103J% 183J'0 1383J'2 2725J14 J16
E=vi-|1+2 -2 o - o5
VAR T T T T T T e 25608 T 26 </\8 ﬂ
(C.10)

AdS; folded strings (w > 1): for the short-string limit of AdSs strings, we may expand
expressions (5.10)—(5.11) around w — oo and obtain the corresponding short-string
series (cf. appendix B):

— VX Z ( 2n— 1 )2 ?:;:11 (C.11)
S=vX- i<2n_1 ) j; (C.12)
n=1
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where, in order to obtain series (C.11), the identity

m—1MN\? & 1 2k — )N\ 2
(2n+1) (( (Qn)!!) ) 2T (( (2k:)!!) > =0 (C.13)

k=0

was used. Observe that the short S%-string coefficients of the energy series (C.1) dif-
fer from the corresponding AdSs ones (C.11) by a factor of 2n 4+ 1, n =0, 1, ...,
while the coefficients of the angular momentum J in (C.2) differ from those of
the spin S in (C.12) by 1/2n — 1. This is related to the fact the the correspond-
ing functions (5.10), (5.11) can appropriately be taken by differentiation/integration
of (3.14), (3.15). Using series reversion in Mathematica, we may also obtain expres-
sions for the inverse spin function x = = (S) and energy £ = £ (S) as functions of the

spin S:
b A4S 188 878% 17655' 3T.07T1S° | 1998158°  4397.017S
N T 2 3 4t 16 75 16 76 6477
(C.14)
3/2 5/2 7/2 9/2 11/2
£ pli2gl/2 3832 218 N 187872 9.2618% N 136.2458M/2 (C.15)
47l/2 32m3/2 0 1287B/2 2,048 77/2 8.192 79/2

The ’t Hooft coupling dependence of the last expression may be restored as follows:

1/2 35 2182 1875%  92615% 13624555 56
E=(2VX8) |1 - - ~0(55)]-
( VA ) [ T SVa 128X 10240377 327682 | 262 144 /2 (M)}

(C.16)

D Long and fast strings

This appendix contains some of our symbolic computations on long and fast GKP strings.
Just as for short/slow strings in the preceding appendix, the inverse spin functions z (J)
and z (S) of long/fast strings on R x S? and AdSs; have been obtained by inverting the
corresponding series for spins (3.20), (4.41) and (5.16) with Mathematica. Then the results
are plugged into the series of the anomalous dimensions £ = £ (z), leading to the expres-
sions for £ (J) and & (S). Only the first few terms of each series are presented here. All
of these results agree with the analytic formulas and series coefficients that were derived

in our paper and we summarized in section 2. We have addressed the following cases.
e Folded string on R x 82 (w > 1).1
r=16e 272 —128(F +1) e " +64 (2477 + 347 +15) e *7 ¢

- %(12&73 +2167°% + 1537 +42) e 378
+ ?;)—2(32.00054 +60.800.7° + 54.960.7% + 25.452.7 + 4989) 107 10
- %(55.29&75 + 115.2007* + 122.4007% 4 74.460.7> + 25.4807 + 3855) e 2712 4
(D.2)
9By making the transformation
sz%e““@j:%ansHmﬂ) (D.1)

the inverse spin function and the anomalous dimensions of strings spinning in R x S?, assume a form
that resembles the corresponding formula for strings in AdSs and permits comparisons between the two.
Interestingly, and in contradistinction with the AdS case, all In" §/S™ terms are absent.
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E-T=1-4e 24447 -1) e =3204T> - T +1) e "

+ %(1024j3 —1927% + 456 — 63) e *7 78
- §(6400J4 — 64077 + 388877 — 6607 + 279) e 10710
%(36 8647° + 27.8407% — 404077 + 4160 — 405) e 2T — (D.3)

e Circular string on R x 8? (w < 1).

T=16e7 2 +128(J — 1) e 7" +192 (8% — 10T +5) e *77°

+ %(12&73 —1687% + 1297 —42) e *77°

+ 3?2(32.000\74 — 41.6007°2 + 39.600.72 — 20.628.7 -+ 4989) e 107-10

n 15536 (]_8 432j — 23. 040J + 25. 440j —16. 460j 4 6.7207 — 1285) 12712 L
(D.4)

5_J21+4€_2._’7—2 +4(4J— 1) e—4j—4+32 (4.,72 —J+ 1) e_(;j_ﬁ

+ %(102&73 —1927% + 4567 — 63) e 2778

+ 5(6007" — 6407° + 38887* — 6607 + 279) e~

+ %(36.86“5 ++27.8407° — 404072 + 41607 — 405) e~ > 12 4 (D.5)

e Folded string on AdS3 (w > 1).

x:lf[ilnSwL(l2+1)]i+[—128+(h;2 32)1$+( 2+h%2+634)];

S S2?
[6711 38+(3E2 _6%1) In*§ + (312 : _%+ 128)ln8
(1“2—1272 3;3)]% (D.6)

+
1 17 11 2 1\71 ) m2 9
=21 22— |+ [=1 22 )2 -[4m CLpn
7 2H$+[n 2]+[8n8+(2 8)]8 [64 S+(8 128>HS

2
In 2_91n2+i>]i+[il 38+<h172_i)1n25

+< 4 32 128 /182 384 32 128
N ln22_31n2+7 nS 4+ ln32_31n22+111n2_i ]i
8 16 256 6 8 64 384 )183
1 4 In2 43 3 3In22 43In2 51 5
[2048 ™S+ <128 6144>ln S+( 64 512 048 )M ST
In®2 43In?2 51In2 937
- - 1
+ ( 8 128 T 256 32.768) nS
L(f2 43’2 51’2 937In2 1919 ] R (D7)
8 96 128 8192 196.608 St :
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