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ABSTRACT: We study spiky strings in the context of the SL(2) Bethe ansatz equations. We
find an asymmetric distribution of Bethe roots along one cut that determines the all loop
anomalous dimension at leading and subleading orders in a large S expansion. At leading
order in strong coupling (large A) we obtain that the energy of such states is given, in terms
of the spin S and the number of spikes n by E—S = "2\—7? <ln % +1In % sin - — 1) +0O (%) .
This result matches perfectly the same expansion obtained from the known spiky string
classical solution.

We then discuss a two cut spiky string Bethe root distribution at one-loop in the SL(2)
Bethe ansatz. In this case we find a limit where n — oo, keeping En—ts, E%q, % fixed. This
is the one loop version of a limit previously considered in the context of the string classical
solutions in AdSs x S°. In that case it was related to a string solution in the AdS pp-wave
background.
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1 Introduction

Remarkable progress was achieved in the understanding of the AdS/CFT correspondence
by studying the SL(2) sector of the theory. Much of this progress relates to twist two
gauge theory operators of the type tr(@DiCI)). On the string side they are described by
the folded string solution [1] as can also be verified by an alternative computation in terms
of the cusp anomaly [2]. In the field theory a proposed all loop Bethe ansatz [3] can
be used to compute their anomalous dimension at all loops in the planar approximation.
Computations of quantum corrections to the folded string solution [4] at leading order in
large S as well as its generalization to AdS3 x S' [5-7] were recently used to successfully
check such all loop asymptotic Bethe ansatz [8-11]. The all loop asymptotic Bethe ansatz
computation was then extended to the subleading orders in large S expansion [11-13] and
precise matching with the corresponding string theory computations [14] was found.

Beyond twist two, the SL(2) sector contains operators of higher twist which have also
been investigated. For example operators of the type

s s S
Oztr(Di@Di@...Djﬁ@) (1.1)



are described, on the string side, by the spiky string solutions [15]. There has been some
recent progress in this area. In [16] the solutions were shown to correspond to multi-
soliton solutions of a generalized sinh-Gordon model. This allowed the construction of
new, more general, solutions where the spikes move with respect to each other opening up
the possibility to study a whole new class of operators. The relation with field theory was
examined in detail in [17] where the elliptic curves associated with the classical solution
where analyzed and a map was proposed to a similar structure emerging from the study of
the field theory operators.

However, with the current methods, full understanding of these operators from the field
theory point of view requires the construction of the Bethe ansatz solution that describes
them. It is the goal of this paper to fill this gap by providing a proposal to describe the
spiky string solution in the all loop Bethe ansatz.

It was shown in [18, 19] and extended in [17] that such operators can be described by
a spin chain with a number of sites n being the same as the number of spikes. At leading
order in large S the spiky string solution touches the boundary of AdSs. It was shown [20]
that at this order the spiky string solution can be mapped to the folded string solution
by a conformal transformation, and thus the all loop energy at leading order in large S is
given by

E—S= gf()\) InS + O(S°, n) (1.2)

where f(\) is a universal scaling function known as the cusp anomaly. In this paper we
obtain this result from the field theory side by an all loop Bethe ansatz computation.

In a semiclassical analysis in string theory the spiky string solution was extended to

AdSs x S'in [21]. It turns out that, in the limit of large number of spikes n — oo, there
E+S E-S
nZ2 ' n
that the solution in this limit is related to a solution in the AdS pp-wave background

is an interesting scaling limit in which and % remain fixed. It was shown in [21]
introduced in [20]. In this paper, by using the found Bethe ansatz solution, it is shown
that the same pp-wave like limit can be taken at weak coupling.

To construct the Bethe ansatz solution, an important input is a set of integers ny
which may be interpreted as the bosonic mode numbers of the waves propagating in the
spin chain. Different such sets of numbers give rise to different solutions of the Bethe ansatz
equations. The folded string solution in AdSj3 reduces [22] to the folded string solution in
flat space in the limit % < 1. In flat space we can quantize the string exactly in terms
of right and left moving waves propagating on the string. It is easily seen that the folded
string has the same number of right and left moving excitations, i.e. ny = ng, with the
same wave numbers k;, = kg = 1. Extending this idea to AdSs for all values of spin S
and coupling A, suggests that in a Bethe ansatz computation the folded string solution is
described by two sets of modes, one with n, = —1 and the other with n; = 1. These
numbers were used then as the input in the one loop SL(2) Bethe ansatz equations for two
cuts (corresponding to nx = +1), and a symmetric Bethe root distribution was found to
describe the folded string solution [23]. The same bosonic quantum numbers were used
later [3, 24] to find the corresponding solution to the all loop Bethe ansatz. In the large S



limit and finite J the two cuts in fact merge into one cut with a discontinuous wave-number
distribution since we still have n; = £1.

Following the same procedure, we look at the spiky string solution in flat space, find the
left and right wave numbers and use them as an input to find the corresponding Bethe root
equation that we then proceed to solve. The spiky string solution was already discussed
in [15]. It turns out that the bosonic quantum numbers that should be used in the Bethe
ansatz equations are ny, = —1 and ng = n — 1. Using this input we find an asymmetric
distribution of Bethe roots spread over one cut along the real axis at one loop in weak
coupling and leading order in the large S expansion. We then extend the computation to
all loops and further obtain the all loop result also for the subleading order in large S.
More precisely, we obtain that the energy of the spiky string at all loops can be written as

n 2 07 n InS
E-S n—l—f(g)E <1nS+’yE—i—ln <Esmg>> —|—§Bg(g)+(’) (T,n> ,

9 A

9 = 1622 (1.3)

where Bs(g) denotes the virtual scaling function of twist 2 operators obtained in [12]. The
leading large S term, i.e. £ —S ~ f(g)5 In.S, matches the string theory result (1.2) at the
same order.

If we further expand the all loop result (1.3) for large coupling we obtain

nva 47 S 4 7

+n 1+61n2 31n21 4 7 31112l 47 S ) 1 InS
— — n|—sin— | — n—— —_— —
2 T T n o n T vV NS

Remarkably, the first line precisely matches the result known from expanding the classical

string solution [14], that is, not only at order InS but also S°. The second line is a
prediction for the quantum corrections to the classical solution which will be interesting
to check explicitly. Let us observe that, since the asymptotic Bethe ansatz reproduces the
correct strong coupling result to order S°, wrapping effects play no role to this order in S.
Having understood the solution with one cut we proceed to consider a two cut solution
to the one-loop Bethe ansatz equations. Again we use the “spiky string” bosonic quantum
numbers for the integers nyg, i.e. one cut has ny = —1 and the other ny = n — 1 where
n is the number of spikes. The solution has four real parameters d < ¢ < a < b which
represent the position of the two cuts given by the segments [d, ¢] and [b, a]. The solution
obtained allows us to compute the energy E, spin S, R-charge J and number of spikes n in
terms of these parameters. Although there are four parameters it turns out that, for the
solution to exist, a consistency condition has to be satisfied which implies that only three
are independent. Equivalently this means that we can, implicitly, express the energy as a
function of the other physical quantities E = E(S,J,n). As a check, in the limit ¢,b — 0,
namely when the cuts merge, we recover the results of the previous one cut solution.
More interestingly, in the limit d — —oc a pp-wave type scaling is obtained, i.e.

n — oo, with and % remaining fixed. In this limit the equations simplify since



one parameter is removed. To be able to compare with the string calculation of [21] it
would be necessary to extend this results to all loops and then consider the strong coupling
limit. This should be an important test of the all-loop Bethe ansatz since these solutions
contain a lot of structure and a highly non-trivial dependence of the energy with the
other parameters.

Another direction one can pursue is to consider the Bethe ansatz description of the
more general solutions described in [16]. In fact at this point it might be more interesting
to find a direct mapping between the classical action of the string and the classical action
of the spin chain (at strong coupling) in a similar way as in [25]. Mapping the actions
would determine a mapping between the configurations of the string and those of the spin
chain. In particular this would allow to understand how to see the spikes and their motion
from the spin chain/field theory point of view. In the approach we follow here this cannot
be seen since we map a semiclassical or coherent state on the string side to an eigenstate
of the Hamiltonian (Bethe ansatz). A more detailed map would have to be constructed
between coherent states on both sides.

The paper is organized as follows. In section 2 we review the spiky string solution in
flat space which leads us to the correct mode numbers to be used in the Bethe ansatz. In
section 3 we present in detail the construction of the one-loop Bethe root distribution for a
one cut solution at leading order in large S. In section 4 we extend the computation to all
loops using the all loop asymptotic Bethe ansatz. Section 5 deals with the extension of the
all loop solution at leading order in large S to the subleading order O(SY). In section 6 we
analyze the spiky string solution with two cuts using the one loop Bethe ansatz equations.
We then take two limits: first a limit when the two cuts collide recovering the one cut
solution, and second, we consider the pp-wave type limit. In appendix A we present some
details about the solution of the Bethe ansatz equations which we used throughout the
paper. In appendix B we present a review of the O(S°) corrections to the ground state,
which corresponds to the folded spinning string solution.

2 Spiky strings in flat space

As with the folded string, it is convenient to start by studying solutions in flat space. In
that case we can quantize the theory exactly and it turns out that the solutions are just a
superpositions of a left and a right moving waves:

x=Acos((n—1) o)+ A(n—1) cos(o-) (2.1)
y=Asin((n—1)op)+A(n—1)sin(o_) (2.2)
t=2An—-1)71=An-1)(o4 +0_) (2.3)
where o = 740, 0_ = 7 —0, n is the number of spikes and A is constant that determines

the size of the string. Here, (7, 0) parameterize the world-sheet of a string which is moving
in a Minkowski space with metric:

ds® = —dt* + dz* + dy? (2.4)



The solutions are periodic in o with period 27 and satisfy the equations of motion in
conformal gauge, (92 — 92)X* = 0, as well as the constraints (0, X)? = (0_X)? = 0.
Quantum mechanically the state has ngp = A%(n — 1)? right moving excitations of wave
number kg = 1 and n, = A%(n — 1) left moving excitations with wave number k =n — 1
(satisfying the level matching condition nrkr = nrkr).

All excitations carry one unit of angular momentum and therefore the total angular
momentum and energy are given by

n—1

S=mnp+ng=An(n—-1), E=\/2(npky +ngrkr) =24(n—1), E=2 S (2.5)

n
which agrees with a classical computation. For n = 2 we recover the standard Regge
trajectory E = v/2S and for n > 2 we get a Regge trajectory of modified slope.

At fixed time, the shape of the string for different values of n takes the form depicted
in figures 1 and 2. It can be seen that the string has n spikes or cusps and, analyzing the
time dependence, that it rotates rigidly in such a way that the end points of the spikes
move at the speed of light. More details on these solutions can be found in [15]. Here,
we will just need the fact that the spiky string is obtained by superposing left and right
moving waves of different momentum. This suggests that when extending to all loops we
should take a distributions of Bethe roots such that the wave number can take the values
Ny = —1 or ny, = n — 1 where n is the number of spikes.

3 Spiky strings in the Bethe Ansatz: 1-cut solution

We follow the same prescription used in [24] to obtain the In S dependence from the Bethe
ansatz at large S. In the SL(2) sector the Bethe roots are on the real axis and, for large S,
they accumulate on various segments or cuts. In the case of the folded string with J = 2
and S > 1, there is only one cut and the root distribution is symmetric.! In this case,
namely for the lowest twist, there is only one state whereas for J > 2 there is more then
one state. Nevertheless, for the lowest energy state at higher twist, the root distribution
is again symmetric as discussed in [24]. In this section we consider excited energy states
which describe the n-spike solution in the large S limit for a fixed finite J.

Following the discussion of the previous section, in the case of the spiky strings at lead-
ing order in large S, we assume to have one cut but with an asymmetric root distribution.
The mode numbers of each excitation will be taken to be n,, = —1 or n,, = n — 1 where n
is the number of spikes.

Let us start with the one loop SL(2) spin chain. The one loop Bethe ansatz equations

corresponding to a X X X_1 nearest neighbor spin chain can be written as

1
2

iNg S
(ﬂ) SIS k=12...5 (3.1)

)
Uk — 3 j#kuk_uﬂ_FZ

n the case when S ~ J > 1 there are two cuts. This situation was analyzed in [23] and will be studied
later in this paper.



Figure 1. Rotating string with 3 spikes in flat space. We plot (x,y) in eq. (2.3) parametrically as
a function of 0 =0 — 27 forn =3, A=1 and 7 = 0.

Taking the logarithm of (3.1), and further expanding in % as appropriate for large S

gives [24]

S
1
S 2mnp —2 Y (3.2)

Uk A~ U — Uy
J=Lj#k J

where uy, are the Bethe roots and J is the length of the corresponding spin chain. The
total momentum should vanish due to the cyclicity of the trace. This condition reads

S i

Ui + Z
[[+—=2=1 (3.3)

j=1 Uj — 5

The one loop energy is given by
5
E—-5= (3.4)
2]

At this point one should solve eq. (3.2) for the real numbers uy subject to the condi-
tion (3.3). However, when the number of roots S is very large, the roots accumulate in
cuts on the real axis and one can conveniently approximate the problem by defining a
density of roots. Thus we introduce the root distribution function pg(u) = >, 6(u — ug).
Furthermore, for large S, the cut grows as S and we can make the approximation that
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Figure 2. Rotating string with 10 spikes in flat space. We plot (z,y) in eq. (2.3) parametrically
as a function of 0 =0 — 27 for n =10, A=1and 7 = 0.

u > 1. Therefore, at leading order in the large S expansion (3.2), we need to solve
the equations

][du ,olo(u) = Ty (u) (3.5)

/dupo(u) =S (3.6)
][ a2 _ (3.7)

U
which are, the Bethe equation, the normalization of the density, and the zero momentum
condition. The function py(u) has support on a finite interval that needs to be determined
as part of the solution.

To solve these equations we use the method described in the appendix. We first define
the cut, namely the interval where py is non-vanishing, to extend from d < x < a with
d <0 and a > 0. The function n,(u) is defined as

-1, d<u<0
= ’ 3.8
() {n—1,0<u<a (38)

In figure 3 we plot such functions in terms of a rescaled @ = . We then introduce a

function F(w) = v/w — av/w — d which has a cut on the real axis extending precisely from



-+

Figure 3. Wave numbers n,, () = nw( ) for n=2,3,6. By analogy with flat space, we take the

modes with @ < 0 to have n,, = —1 and those with « > 0 to have n,, = n — 1.

d to a. Furthermore, right above (below) the cut it is purely imaginary with positive

(negative) imaginary part. Using this function we define the resolvent as

G(w) = 1 /da F(F(W) N () du

u+10t)u—w

which, following the appendix A, determines po(u) to be

po(u) = %][da L)

F(u')
Besides, we need the behavior of G(w) at infinity which is readily seen to be

nw(u’) /
u —u

1
Gw)~Go+Gi—+..., w— 00
w
with
n—2 in . a+d
GO:_—/ Fu—{—z()"' du =1 5 —i—?arcsm<a_d>
a+d
Gy = - —
! /Fu+20+

As explained in the appendix we need to satisfy the consistency condition

Res [ 20, 00| =~ =0

w—u

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)



for po(u) to solve eq. (3.5). On the other hand, equation (3.6) gives
@ 1
S = / po(u)du = 5?{ G(w)dw = imRes [G(w), 00| = —inG (3.15)
d C

and eq. (3.7) is

0 :]ga pol®) 1, l}é@dw — inRes [Gfuw),oo] = inGy (3.16)

u 2 w

which is satisfied if (3.14) is. In the previous equations we used a contour C' that encircles
the cut in a clockwise direction. Using (3.12) we then find

_ 4 a2 (I
5= tan (2n) (3.17)
Using (3.13) and (3.15) gives

S =nv—ad (3.18)

Before computing the energy let us compute the generating function G

F(w) [¢ Ny (1) \/aw d) —|—\/ d(a —w
G(w) = — du —z:l:
(w) X0 /d (u—w)y/(a—u)(u—d) \/ d(a —w) — v/a(w — d
(3.19)

where + refer to w having positive or negative imaginary part. w takes values in the
complex plane with a cut along the real axis from d to a.

We now need to compute the energy which, within the Bethe ansatz is given by

E—S = /a o) 4, — 3]4 G(w)l dw (3.20)
d 7

u? + 2
i b =r(e(3)-¢(-45)) w2

Using the definition of G(w) and through an explicit computation we find

E— S = 27ReG (%) = 2Im / é Ez; ZW_(“; du (3.22)

()

d)

Gw) i

=nln

(3.23)

1

2

For fixed n and large S we see from egs. (3.17) and (3.18) that a ~ d ~ S > 1 so we can
approximate the last equation as

E—S2~nlh (- 8add> , S>1 (3.24)
a_
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Figure 4. Root density po(u) = po(§) for n = 2, n = 3 and n = 6. The larger the n the more

skewed the distribution becomes.

Therefore, through eqgs. (3.18), (3.24), we have solved the problem by writing £ and S in
terms of two parameters a and d related by the condition (3.17). Explicitly we can write

a = 5 tan —— (3.25)
n 2n
S T
d = ——cot — 3.26
n " 2n ( )
4
E=5+2nln (—S sin E) (3.27)
n n

Notice that up to now we have not needed the actual density po(u). However, in the
following section it will be needed for extending the result to all loops and subleading

terms in the large S expansion. Using eq. (3.10) it can be written as

Va(u—d)++/—d(a—u)
In

Va(u—d)—/—d(a—u)
2, ctanh Y 0Va—u Vo U a>u>0
= Vavu—d - (3.29)

- 2 Vavu—d
?"arctanh\/_—di\/ﬂ, d S u <0

(3.28)

po(u) = %

Plots of the root distribution are shown in figure 4. It is clear that S can be thought as
determining the scale of the variable u. For that reason it is convenient to define a rescaled

,10,



variable % = 5. Defining new parameters

1 ~ 1
a=—cot—, b= - 3.30
n n nsin - (3:30)
such that % =—(a+ 5), g = b — @ we find another convenient way to write the density:

n D= (a+a)a+ /b2 b2 — a2 (331)
—(u+a)a Q

Summarizing, the result from this section is that the energy of the spiky string at one-loop
is given by
E—S=2nlnS+0(5° (3.32)

When n = 2 this indeed recovers the twist two result in [24]. The leading order expression
is proportional to n similarly as at strong coupling.

4 Spiky strings in the all loop Bethe ansatz

After understanding the root distribution at one-loop we now proceed to find a solution to
the all-loop Bethe equations. We will follow the procedure used in [24]. The asymptotic
all loop Bethe equations in the SL(2) sector read

Lt g/ (@) S
2J arctan(2uy) + iJ In ———+-—= = 27 — 2 arctan(uy — u;) (4.1)
g/ a8 :
3#0
S/2 2 S/2
1- /a:k
Z In ———- j -2 Z 0 (u, uyj),
j=—5/2 1= 2/:'3 j==5/2
3#0 37#0

where 0(u,v) denotes the dressing phase and z*(u) are defined through u & £ = 2% (u) +
mgT?u)' For the ground state the ”fermionic” mode numbers are given by [24]
J =2 1 3 S—1

k), K =d4-,4°,... 7~ 4.2
2 6( )? 2’ 2’ ) 2 ? ( )

n, =k +

where k' = k — e(k)/2.
For the highest excited state there is no gap in the mode numbers [18]

1 3 S—1
=k, kK =H= &= ..  £——. 4.
ng ) 9’ T’ ’ 2 ( 3)
In the limit of large S we define the density of roots as

o) = s 475 (4.4

— 11 —



and the all loop equations can then be written as

J od 14 (@ () ¢ p()
m+2J@1H1+92/(x+(u))2 —27Tp(u)—2/a m (4.5)

d — g%/t () (W
+/a du/p(u')% <2i In i — 52;33*21/)):6((23 — 20(u, z/)) .

At one-loop this reduces to

J a , u/
211 = 2mpp(u) — Q/d du %. (4.6)

Rescaling the roots, u = Su, we find in the large S limit

b—a
%ﬂé(u) = 2mpo(u) — 2/~ ] du’ po () <7T(5(u —a')+ %Pﬁ) (4.7)

—b—a
and the one-loop equation reduces to

0=mJo(a) +][b " g 2o (4.8)
o (w—w)?
For the highest excited state J is equal to the number of cusps, n, and we recognize the
above equation as the derivative of the one-loop equation.
To simplify the presentation of the all-loop computation we will omit the dressing
phase and only restore its contribution in the end. We can now proceed with the all loop
equation by splitting off the one-loop piece of the density, p(u) = po(u) + 2¢%5(u),

0= 2w5(u)—2/2%

1
- du’ (i
Tag [, o) gy BT 2 e e (w)

+ /OO du’6(u’)di (21 In~= 92/x+(“)x(ul)> . (4.9)

u 1= g2/t W)z~ (u)

In the above we have extended the integral boundaries to oo in the terms containing the
higher loop density, 6(u). For the term containing the one-loop density we find, in the
large S limit,

1 [ d <2i = g /m+(u)m(u’)>

22 Jy M P e e ()
N VA
=i [ e <x+<u>x<u/> x<u>x+<u'>>

4 (a) ey
i <x+(u) = ) .., (4.10)

Using (3.19) we find

i n
G (+%) =+—InS+... (4.11)

- 12 —



and

at(u) o (u)

+/OO a5 () 2 <2i In 1= gz/ﬁ(“)x(“/)) .

du 1—g?/at(u)e(u)

After Fourier transformation? and a redefinition of the density,
6(t) = —2net/?6(t)In S,

the result is

& _ t A2 > ! Ne(t
(t) o <K(2gt,0) 4g /0 dt'K (2gt,2gt")o (t )>

with the kernel defined by
K(t,t) = Ko(t,t') + K1 (¢, 1)

o0

2
K(](t,t/) = ﬁ (27’L — 1)J2n,1(t)!]2n,1(7f/)
n=1
2 o0
A /
_Kﬂat)_.ﬁ7ggzmbn@ybn@)

Including the dressing phase in the computation replaces the kernel above with
K(t,t) = Ko(t,t') + Ki(t,t') + Kq(t, 1)

where
!

[e.e]
Ky(t,t') = 8¢* / dt" Ki(t,2gt") Ko(2gt" ).

0 et// _ 1
Further we find that the energy is given by
E —S=28¢°n6(0)InS + O(S8Y).

which gives

E-S:gﬂ@ms+ow%

which matches the string theory result at leading order in large S [20].

5 Subleading corrections for the highest excited state

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

The computation of the first subleading corrections for the highest excited state follow the

same logic as the corresponding computation for the ground state but uses an asymmetric

root density. The subleading corrections for the ground state were computed in [11, 12]

using a method different than what will be convenient here. We will here use the same

method as in [3, 24] but also include subleading corrections, for convenience we include the

corresponding computation for the ground state in appendix B.

2We use the convention f(t) = 75, dw e~ ™! f(w). Details on the Fourier transforms used here can be

found in [24].
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5.1 One loop
The one-loop equation equation is given in (4.6), where J should be set to n for the highest

excited state. An approximate solution to this equation is given by (3.28) which we expand

for large S

5wo:%ms—%mmﬂ+%m<%ml>+ouw) (5.1)

The above density captures only the leading order in the large spin expansion correctly. To
get the subleading corrections of order S° we split off the above solution from the density,

po(u) = po(u) + r(u), (5.2)

and solve for r(u). We are now allowed to extend the limits of integration to +oo.

2
0 = 27r(u) + 2nIn S — nIn(u?) + 2nln (5 Sin%) N #1/4

o [T (P ms = )+ i (2 T ) ) —
2/_Oodv<ﬂ_ln5 2ﬂ_ln(u)—|—ﬂln<nsmn>> CETEES
—2/ d—" (5.3)

o (u—v)2+1

The equation can be solved by Fourier transformation

o lilf2
ﬂo:n<Tj;F—%O. (5.4)

Computing the energy including the first two orders in the large S expansion we find

~ r(u)
B _ T\
5= / u2+1/4 /ood“u2+1/4
00 =] —tl/2
=2nInS + 2nln ésm +n/ dt ¢ _¢
non o 1— el ||

2
= 2n <lnS +vg +In <— sinz>> . (5.5)
noon

5.2 All loops

The all loop equation can be written as

SN ES N L )
T = e = [ e

“ d (. 1—g/at(we )
du' p(u')— ( 2i1 — 20 N (5.6
w [ttty (2im T ) ) 50
Again we will omit the dressing phase, only to restore it in the end. Splitting off the

one-loop density

p(u) = po(u) + 2¢%5 (u), (5.7)

— 14 —



where pg(u) satisfies (4.6), we find

n (d. z(i/2+u 1 . OO o (u/
25 <@m sz;Qi—u; ERTZE 1/4) = 2m6(u) - 2/ RS G8)

where

T, ad (o 1—g*aT () (W
I(u) = 2—92/d du’ po(u )% (22 In . zQ;xﬂLEu’))x_((u;) . (5.9)

Note that the limits of integration in the integrals containing the higher loop density can
be extended to oo to this level of approximation. To obtain the all loop energy,

pes= [l (o v w) (5.10)

we can follow a similar strategy as above. We split off the one-loop density and then

extend the limits of integration in (5.10) to £oo. It is then clear that we only need the
combination &(u) + 6(—u) to obtain the energy. To write the integral equation for the
symmetric combination &(u)+ d(—u) we need the combination I(u) + I(—u) which we can
split into two parts

+/OO du'po(u’) [%i (21 i 92/x+(“)x(“')>

1= g?/z*(u)r(u)

i (# 7w) 1)

Note that in the integral in (5.11) we have extended the integration limits to +oco.
Fourier transformation of the equation (5.8) gives

2192%6%/2 (Jo(2gt) — 1) = 7 (3(75) + 3(4)) 1-et)+ % <f(t) + f(—t)) (5.12)
mgPtet? /O S (8@/) + 3(—t’)) e'12 K (241, 291",

where the kernel is given by (4.15). For I(t) we find, to first two orders in the expansion,

1

Liw +i-n) = Zsn ™)) et
5 (I(t) + I(—t)) = 8mn <lnS +ve+1n (n sin n>> te”"“K(2¢4t,0)

oo
+87Ttet/2/ dt/et,n : (K(2gt,2gt") — K(2gt,0)) . (5.13)
o -

Using the result for the one-loop energy (5.5) and introducing the density, & (t)

(1) = —ée*tﬂ (é(t) + é(—t)) (5.14)
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we hence find for the all-loop equation

_n
8g2t

51t) = L [K(th,O)g <ln5+7E +ln (%smf» ~ " (o(2gt) — 1)

n

1 [> , n /
+- dt'— (K (29t,2gt") — K (2gt,0))
2 Jo et —1

4 /O T K (2gt, 2gt’)&(t’)] . (5.15)

Taking the dressing function into account replaces the kernel by (4.18). The string energy
can now be written as
E — S =n+16¢%5(0). (5.16)

We note that the integral equation is very similar to the equation in [12] and the solution
can consequently be written as

2
E—S:n—i—f(g)g <lnS+'yE—i—ln <Esin%>> —i—%Bg(g)—i—... (5.17)

where By(g) denotes the virtual scaling function of twist 2 operators. Using the first orders
in the expansions at strong coupling [12],

3In2
T

Balg) = (7~ ng) £(9) ~ 4g(1 - n2) - (1

E—S =2ng <ln§+ln <ésinz> —1>
g non

In2 In2 4 In 2
+2 <1 + Oln2 3 In (— sin E) _ 3 1n§> +0(1/g9) (5.20)
™

2 ™ n n ™

flg) =49 +O(1/9) (5.18)

61n2
T

+ 3(112)2> +0(1/g) (5.19)

we find

We see that the leading strong coupling result is in agreement with the known string
theory result [14]. For n = 2 we recover the result for the folded string [12], this result is
in full agreement with the one-loop computation from string theory [14, 26]. For arbitrary
n (5.20) is expected to be in agreement with the one-loop result computed from the sigma
model [27]. Nevertheless, as we mentioned already, it would be interesting to compare

the result in the second line in (5.20) with an explicit one-loop string computation of the

O(S%) term.

6 Spiky strings in the Bethe Ansatz: 2-cuts solution

We start again with equation (3.2) where we do not rescale u by S, i.e. we introduce the
root distribution py(u) = Zgzl 0(u — uy)

][du/ po(v') = Ty (u) — J = Ny (u) (6.1)

u—u 2u
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The condition that the total momentum should vanish gives

/dupo(u) In 2 il
u

i

2

= =0 (6.2)
2

The root density pg is normalized as

/dupo(u) =S (6.3)

The 1-loop anomalous dimension is

E-8= /duzf;f)% (6.4)

Let us consider two cuts d < ¢ < b < a. Extending the bosonic wave number distribu-
tion from the previous section we take

-1
nw(u):{ , d<u<c

6.5
n—1Lb<u<a (6.5)

Then the root distribution function is

por () _QFn\/ fff_u;igz - Z/')) = cl)(b —d)
x <(a —d)Il [EZ - ggz; - di , r] +(u — a)K[r])
b (Bala!) — Bou) (6.6)
for the left interval v’ € [d, ¢|, and
R e
X <(d — )l {EZ — 253: — 3) : r] + (W — d)K[r]>
%‘;u, (=Bi(«) + By(u)) (6.7)

for the right one v’ € [b,a]. Here

B (a—0b)(c—4d)
St a o

and we used the following definitions of the elliptic integrals

s s 1
Km= [ —2 __  mpm= [ ——% (6.9)
) 2
0 vV1—msin“«a 0 1-—

msin?a 1 —nsin® o
Also, we denote By, By the integrals

By (u) = V[ F(w)|As, By(u') = VIF ()| 45 (6.10)
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We compute the residue term in (A.12) and obtain

mRes [G(w) ,oo] =z [nAl + 2i(A4 - A5)] + As+ (n—1)A3
— 77
+b+c+d J
—% [nAl + %(Azl — A5):| (6.11)

where A; integrals are defined in the appendix A and can be written in terms of ellip-
tic integrals.

As explained in appendix A we need to take the above residue to zero in order for the
root distribution (6.6), (6.7) to be a solution of (6.1). This gives the following relationship

nAj + 2i(A4 —A;) =0, Ay 4+ (n—1)A3 =0 (6.12)
T

Then one can write J, n as functions of a, b, ¢, d

271'77,141 AQ
= —— == 1 - '1
J T n 1, (6.13)

The normalization condition can be computed using the function G as

/po(u)du = iRes [G(w), 0] (6.14)
J J
=nA + %(A4 —As5) + A2+ (n —1)A3 + %(z‘b —A3) +As+ (n —1)A7

Taking into account equation (6.12) the normalization condition reduces to

J
%(AQ - Ag) + Ag + (TL - 1)A7 =5 (615)

The consistency of equation (6.1) gives the equation

J/duM = 27T/dup0(u)n(u) (6.16)

u

The momentum condition (6.2) expanded in large u gives

/ a2 (6.17)

u

We use again the residues of the function G to compute the integral in (6.17)

/duM _ 17€de — inRes [%4 + irRes {#o} (6.18)

U 2 w

We already computed the first term and set it to zero in (6.11). What remains is to compute
the second term in (6.18). We obtain

/du# = Vabed <—A4 - (’I’L — 1)A5 — %Ag + %Ag) (619)
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Therefore the momentum condition (6.17) gives the condition

Vabed | Ay + (n — 1)A5 + %(Ag — Ag):| =0 (6.20)

All A; integrals depend on the parameters a, b, ¢, d. Let us write the physical charges
in terms of these parameters

B A2 B 27‘('141 A2
Ai(Ay — Az)? Ao i
= A — = v _A EFE—-5=2 — .22
§ = Ao+ A § =2mRe |G ( (6.22)

where we wrote the energy in terms of the function G whose explicit expression in terms
of elliptic integrals is in (A.20).
We also have the condition (6.20) giving a relationship among parameters a, b, ¢, d

A A1(Ag — Ag)(Az — A
A, Ay, Ailds — Ag)(4s — 49)

Az Az(As — Ay)

—0 (6.23)

We observe that using the above equations one can in principle solve for the unknown
constants a, b, ¢, d and obtain the 1-loop anomalous dimension £ = E(n, S, J). However,
this is not possible to find explicitly because of the complicated elliptic integrals involved.
Below we consider particular limits.

6.1 Particular limit: 1 cut solution

From the above general 2-cut solution for an arbitrary number of spikes let us recover
the 1-cut solution again with arbitrary number of spikes. The 1-cut solution should be
obtained in the limit

b=c=0, d <0, a>0 (6.24)

To obtain this limit we take b = ¢, ¢ = —ne and take ¢ — 0;. The parameter n > 0 is to
be determined. The integrals in this limit become

Ine 0 T a-+d
Al__\/——czci+0(€ ), Ag——§—|—ar051na_d,
As = = 4 arcsin & (6.25)
2709 a— '
2c0t”! (1 2tan”" /71
A4 = + O(lne A5 + O(lne 6.26
T ady € T oW V=adyy ¢ "o (620)
Ag = V—ad — —(a +d) — (a+d) arcsin — d (6.27)
4 2 d—a
A7 = V—ad + z(a +d) — L—;d) arcsin Zii (6.28)
—a
—(n—=1)cot™! n—1)t
pg = Y= (- Deo \f12 +O(lne), Ay = Y — D tan” \/_1+O(lne)
V—adn/n € Vv —adn/n
(6.29)
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Then the second equation in (6.12) implies

a+d 0
= —cos (6.30)

which indeed matches the result from the section 3. The first equation in (6.13) becomes

tan \/7_7 + cot \/ﬁ

The normalization equation (6.15) implies

J = —mnelne

n T
S = —E(a + d) tan - (6.32)

which again matches the results in section 3. Finally, the momentum condition (6.20)
determines n to be
n—2 1
n vIne
Equations (6.30), (6.32) can be used to find the parameters a,d in terms of S, n.
The Bethe root density (6.6), (6.7) in this limit reduces precisely to the 1l-cut density
expression (3.31).

n=1+m T (6.33)

6.2 Particular limit: “pp-wave” type scaling

We want to consider the limit of large n. To achieve this we take the limit d — —oo while
keeping a, b, ¢ fixed. The integrals become

Alz\/%qu]\/l__f..., q:Z:i (6.34)
Ay = —w+o<L> Ay = —2—[cK[q) + (a — &) Elq)— +
’ V=d)’ ST Va-c V=d
(6.35)
2 a 1 1
Ag = T [K[q] —1I [a_c,q” = +0 7(_@3/2) (6.36)
2 a—b 1 7 T 1
A5:amﬂ|: a ,q]\/__d+..., A6:—§d—§(a+b+6)+0<ﬁ> (637)
A = 3\/%[2@ — )a+b+c)Eq) + (alc —b) + c(b+ 2c))K[q]]\/%_d + (6.38)
Ag = m[a(c—a)E[q]+b(a+c)K[q]—(bc+ab+ac)H[aic,q”\/%_d +...
(6.39)
Ag = m{a(c— a)E[q] — acK|q] + (bc—|—ab—{—ac)H[a;b,qH\/%_d +... (6.40)

The root distributions (6.6), (6.7) in the large —d limit reduce to

putat) =~ D (0 [ ] o (<) ey
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por(u') = 7T\/m\/ - _Z —9) <§K[Q] —1I [C;__Z/,Q} ) +0 (\/%—d> (6.42)

The number of spikes in this limit is

n =

ECK[q] —{—(a—c)E[q]\/__d_{—”' (6.43)

In this limit the physical parameters scale as
n> 1, S ~n?, J ~n, E—-S~n (6.44)

which is the same as the pp-wave limit scaling found at strong coupling in [20, 21]. More
precisely we obtain

2 (cK — ¢)Elq])? 2raK
o 20Kl e 0Ff o, 2wl v 6
g a—c H[T7q]+H[an]_K[q]
The condition (6.20) gives the relationship
-b b+b
Tl [a ,q} _ MK[Q] (6.46)
a be

The above three equations are to be solved for a, b, ¢ as functions of S, J,n and then plug
them in the energy.
In the large d limit the function G(w) becomes

Glw) = V(W= E(UJ_— l;)( )
“a— Bl + cK[q]i%z]]\/___?[[aT—b, Tmeagt 64
where
CE PN ST (ST M R
S R e

—b _
—(a+w)ll [—a ,q]—aﬂ [a w,qH
a—w a—c
To find the energy we need to take w = £ in G(w). The end of the right cut a is still
large, i.e. |d| > a > 1, therefore we can expand in large a and finally obtain the energy at

leading order in large n

. %(1 FARYE(1 4 4c2)i s B <tan1 % + tan ! %)]
) <K[q] T [a;b’qb (6.49)
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When b, ¢ are also large, i.e |d| > b,c > 1 the expression simplifies

n(b+ c) ( [a —b } >
E-§=——079 (glq-1|2" 6.50
oo ane [q] —q (6.50)
We therefore obtain a set of three equations (6.45), (6.46) which are to be solved for
a,b,c in terms of S,.J,n. Furthermore, such solution for a,b, ¢ should be replaced in the

energy (6.49), (6.50).

7 Conclusions

We have found the Bethe root distribution that describes the spiky strings in the context
of the spin chain model that describes the field theory operators in the SL(2) sector. At
one-loop we constructed solutions where the roots condense on one cut and two cuts. The
one cut solutions we were able to extend to all-loops. In particular expanding the result
for large coupling we see that at order In S and S in the large S expansion, we recover
exactly the result obtained from the classical solutions. The result contains a non-trivial
dependence on the number of spikes and therefore is an important test of both, our proposal
of describing the spiky strings by this particular Bethe ansatz solution and, more broadly,
of the all-loop Bethe ansatz used in the calculation. In fact, the all-loop Bethe ansatz also
provides a prediction for the one-loop quantum corrections to the spiky string. This is a
doable calculation that should be interesting to perform in order to verify the prediction.
In the case of the two cut solution, we did not extend the solution to all-loops. This should
be interesting further work since the result at strong coupling is known from the string
side. We have found that the equations simplify in a pp-wave-like limit where the number
of spikes n grows to infinity keeping %, # and % fixed. We showed that such a limit is
well defined at one-loop suggesting the it actually can be taken also at higher loops. Finding
the all-loop solution in this limit would be an interesting problem for further studies.
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A Solving the Bethe equations

In this appendix we summarize the procedure that we used to solve the Bethe Ansatz
equations. Although such methods are well known we adapt them here to our particu-
lar needs. However, it remains generic enough to be applied to other situations (e.g. at
strong coupling.).

To be concrete we have to find a function p(x) defined on the union of several segments
Ci=1.n on the real axis (i.e. cuts) such that

l][ ) _ N(z), z€CiU...C, (A1)

/
T ChU...Cp, xr — X
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where f denotes principal part of the integral and N(xz) is a given real function defined
on the cuts. As a first step we have to find a complex function G(z), analytic except for
cuts at C; and a pole at infinity. Furthermore, we require that, on the cuts, the real part

changes sign and the imaginary part is equal to N(x):
G(z +ie) = £p(z) +iN(z), x€CiU...C,, €—0", (A.2)

The, yet undetermined, real part we denote as p(x). It is straightforward to find such a
function in general for any N (z). While the procedure following below can also be directly
extended for an arbitrary number of cuts, we take for simplicity two cuts.

To be specific lets consider two cuts C1 = [d, ¢|, Cy = [b,a] with d < ¢ < b < a and the

following function:

F(w) = Vw — avVw — by/w — evVw — d (A.3)

where the square roots are defined with a standard cut on the negative real axis. In figure 5
we show the phase of F'(w) for w close to the real axis. Now we can write

1 Fw) N@)
Glw) = T /Clucg F(x+ i)z — wd (A.-4)

It is easy to verify that G(w) so defined has cuts in C and C5 and satisfies eq. (A.2) with

)= |5

Furthermore it behaves as G(w) ~ w(w — o0). Now consider an arbitrary point z (away

N(')
I'—x

. (A.5)

from the cuts) and a small contour « encircling it as shown in figure 6. We have
1 G
G(z) = — 7{ G 4y (A.6)
2mi J,w—z

Deforming the contour we obtain

G(2) = —Res [M,oo}%— ! }é G0 4y (A7)

w—z 21 Jo,uc, W — 2

where the integral on the right hand side is over contours encircling the cuts clockwise.
From the property (A.2) we find

G(2) = —Res [%,oo] + i/ P&) dx’ (A.8)

; /
T Jouc, T — 2

From this result and (A.2) we find that, if z approaches one of the cuts from above, then:

p(x) +iN(x) = G(x + ie) = —Res [5(?1};, oo} + i/ Lxl)dx' (A.9)

T Joyuc, T — T — 1€

— ke | T o] gy + f S o0t (a0

y /
w—x Ti)oyuc, ¥ — T
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+1. = —1+—'+1
d +1 ¢c b -1 a

Figure 5. Phase of the function F(w) defined in the text, when w approaches the real axes. Along
the two cuts, the imaginary part changes sign as depicted.

@ y
C, C,
— —

Figure 6. Contours of integration surrounding z and the two cuts.

Therefore

N(z) = iRes [5(“’5)6, oo} + 1][ PE) 4 (A.11)

T CLUCH r — X

So we obtain that p(x) solves the problem (A.1) under the condition

Res {G(w) ,oo} =0 (A.12)
w—zx
The residue at infinity can be computed by expanding
1
G(w) = Gow + Gy + ;GQ—F... (A.13)
which results in o
Res [ (w) ,oo] = —Go — 2G (A.14)
w—z

namely we need Gy = G = 0. Since G(z) is already fixed we can only solve this problem
for certain positions of the cuts. Namely, Gy = GG; = 0 is an equation for a,b,c,d. In that
case, formula (A.5) gives the solution to the problem (A.1).

Furthermore, it is now straight forward to compute integrals of the type

P gy = L G gy — mikes | E9) 0| 4 riRes | E) o A5
/clu@ j[clu@ { w ] { } (A.15)

)
un 2 w" w™

For example

1
/ p(u)du = —j{ G(w)dw = miRes [G(w), 00| = —inGa (A.16)
Ch1UCo 2 C1UC>
/ Mdu = lj{ %dw = miG(0) — miGy (A.17)
ciucy U 2 Joweo, w
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/ plu) , 1 7{ G iy — inGi(2) (A.18)
C C

LUC, U — 2 2 Joyuo, W — 2

and so on. In particular the energy E and spin S can be computed by these formulas.
Also, the last equation can be used as an alternative definition of G(z) [24]. In particular
we can recover (A.2) by noticing that

inG(u +ie) = / %du :][ Lu)ldu +imp(u’)
C1UCH U —u Fe CLUCy u—u
= —7N(') £imp(u) (A.19)

The above discussion of two cuts is valid for any function N (u). However, in this paper
N (u) is simply (6.1) N(u) = ny(u) — 2. For such N(u), the function G can be written
in terms of elliptic integrals as

G(w) = 2iy/(w — a)(w — b)(w — ¢)(w — d) [< J )

m(w —a)(w —d)y/(a —c)(b—d) 2w
(b—a)(w —d) J
(- am G|+ - at) - (m-55)
x <(d— a)Il [EZ:E;EZ:Z;@ + (w— d)K[r]ﬂ
+iJ\/(w_a)(w2;22(w_C)(w_d)(A4—A5) (A.20)
where ny,no are integers. In our case of interest ny = —1, no =n — 1.

In the remaining of this appendix let us define the integrals used in this paper. First
it is convenient to define the function

|F(2)| = VI(z — a)(z — b)(z — ¢)(z — d)| (A.21)
We can now Compute
¢ dx 2
A= /b [F(a)] (a—c)(b—d)KM (A.22)
¢ xdx 2 d—c
- _/d F@)]  la—o)b—d) [(d_a)n [ﬁr] +“KW} (A.23)
¢ xdx 2 b—a
As —/b ol Ve o0-d [(a_d)n [m,r] +dK[r]] (A.24)
B ¢ dx B 2 . M ; ;
. ‘/d AF@)]  ady/(a-00-d) [< i {d(a_c), }MK[ 1} (A.25)
[ da _ 2 4 d(b_a)r K
Ao _/b z|F(2)] ~ ady/(a—c)(b - d) {(d )H [a(b—d)’ ]* K| ]} (A.26)
1 _/c z2dx . 1 (a_c)(b_d)E[r]
T TF@ T Va-ob-d
+(ala+c) +dla—)K[r] = (a—d)(a+b+c+ )l [f:Z”H (A.27)
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@ x2dx 1
A= | - o [m—c)(b—d)Em

v |F(2)] (a—c)
+(cla+¢c) +blc—a))K[r] — (c—b)a+b+c+d)Il [Z:ir} ] (A.28)
¢ dx 1
s = /d 2|F@)] ~ a2ber/(a - )b - d) ad(a — ¢)(b — d)E[r] (A.29)

Fbd(—a? 4 cd +afe + DKL + (o = d)(bed + acd + abe-+ av)tt | 5= o] ]

[cb(a —¢)(b—d)E]r] (A.30)

Ao — /a dz _ 1
? v Z2F(x)]  c2b2ad\/(a —c)(b— d)

+bd(—c® + ab+ c(a + b)) K[r] + (¢ = b)(dab + cab + acd + cbd)TT [Z(b = 7“]

B Subleading corrections for the ground state

In the main text we compute the subleading corrections (in the large S expansion) to the
density of roots. It is convenient to remind ourselves how this is done in the case of the
ground state which is described by a symmetric root distribution. We do this at one-loop
and and then make us of that solution to construct the all-loop solution.

One loop. The one-loop equation for the ground state reads
J 572 po(v)
2 2n(J —2)6(u) — ———— — 2 dv——————=0. B.1
woo(0) 4270 = 2000 ~ =2 [ a P (B.1)

An approximate solution to the equation is given by the following density [24, 28] which
we expand for large S

_ 2 2
o) = L LEVEZASE 2 e L) + 0(1/8%). (B.2)
T 1—y/1—4u?/S5? T« ™

This density captures the leading order in the large spin expansion correctly. To get the

subleading corrections of order S° we split the density,

po(u) = po(u) +r(u), (B.3)
and solve for r(u). We are now allowed to extend the limits of integration to foo.
21r(u) + 4108 — 2In(u?) + 2n(J — 2)8(u) — WJl/él

—2/_Zdv (%ms—%ln(v?)) ﬁn/;de%. (B.4)

The equation can now be solved by Fourier transformation

P(t) =2 (LW ! ) T (B.5)

T—e g 142
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Computing the energy we find
S/2 = 00 r(u)
E-5= du————
/5/2 u? + 1/4 /oo Y214
o0 eIt e—lt/2 o0 e—ltl/2
:4lnS—|—4ln2+2/ dt - —(J—2)/ dt

s 1— et || oo 14 eltl/2
=4(InS+~vg —(J—2)In2) (B.6)

All loops. The all loop equation reads

L a(i/2+w)

2(i/2+u) _ sy - [ )
i 2rp(u) 4 27 (J — 2)0(u) / (B.7)

—gpp (u—u)?+1
S/2 ’ / i 1= 92/x+(u)x_(u’) - /
’ /5/2 W) g <QZ My 92 [zt (u)z~ (u) 20(u, u )> '

In the following the dressing phase will be omitted for simplicity. It is easily restored in
the end. Splitting the density

p(u) = po(u) + 2¢%5 (u), (B.8)

where po(u) satisfies (B.1) we find

J (d xz(i/2+u) 1 o o0 &(u') y
2 <@1nx(¢/2—u) - u2—i—1/4> = 2”_2/00 w—wey1 T (B.9)
N d . 1—92/x+(u)x_(u/)
+ [ otz (2im =)
where
o2 d L 1—=g* et () (W
I(u) = 22 /S/z du’ po(u )@ (21 In T zQ;x*‘Eu’))x_((u%) . (B.10)

Note that the limits of integration in the integrals containing the higher loop density can
extended to +oo as we are considering the large S limit. Further we can split the integral,
I(u), into two parts

o so)

where G(u) is the one-loop resolvent, defined similarly to (3.9). Here we have used that
the root distribution is symmetric around the origin. Note that in the integral in (B.11)
we have extended the integration limits to 4-oo.
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Fourier transformation of the equation (B.9) gives

%%e—m (Jo(2gt) — 1) = 26 (t)(1 — e™t) + I(t)

e e}
+8rg’te /2 / di'a(t)e V2K (2gt,2gt'),  (B.12)
0

with the kernel given by (4.15). For I(t) we find, to first two orders in the expansion,

I(t) =16 (InS +~g — (J — 2)In2) wte 2K (29t,0) (B.13)
o 2 J -2 /
—t/2 / _ —t'/2 N _
+4mte /0 dt <1 — 7 1% e—t'/2> e (K (29t,29t") — K (2¢t,0)) .
Redefining the density as
1 A
5(t) = —Ze_t/z&(t) (B.14)
we hence find for the all-loop equation
5(t) = f K(2¢t,0)(In S + —(J—2)ln2)—i(J (2gt) — 1)
o - et o 1 g ) ny 892t 0 g
L[> /2 J—2 ,
+§/0 dt <et' - way 1) (K (2gt,2gt") — K (2gt,0))
—44> / dt' K (2¢t, 2gt')&(t’)] . (B.15)
0
The energy is then given by
E -8 =J+16¢%5(0). (B.16)

The effect of the dressing phase can now be restored by replacing the kernel above
with (4.18) and we have hence obtained the same integral equation as in [12].

Note that this derivation explicitly made use of the fact that the density is symmet-
ric. In the main text we do a similar calculation for the asymmetric distribution we are
considering in this paper.
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