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ABSTRACT: We explore the space of meromorphic amplitudes with extra constraints coming
from the shape of the leading Regge trajectory. This information comes in two guises: it
bounds the maximal spin of exchanged particles of a given mass; it leads to sum rules obeyed
by the discontinuity of the amplitude, which express the softness of scattering at high energies.
We assume that the leading Regge trajectory is linear, and we derive bounds on the low-
energy Wilson coefficients using the dual and primal approaches. For the graviton-graviton
scattering in four dimensions, the maximal spin constraint leads to slightly more stringent
bounds than those that follow from general constraints of analyticity, crossing, and unitarity.
The exponential softness at high energies is manifest in our primal approach and is not used
in our implementation of the dual approach. Nevertheless, we observe the agreement between
the bounds obtained from both. We conclude that high-energy superpolynomial softness
does not leave an obvious imprint on the low-energy observables. We exhibit a unitary three-
parameter deformation of the Veneziano amplitude for the open string case. It has a novel,
exponentially soft behavior at high energies and fixed angles. We generalize the previous
analysis of this regime and present a stringy version of the lower bound on high-energy,
fixed-angle scattering by Cerulus and Martin.
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1 Introduction

One of the manifestations of locality in quantum field theory is a polynomial behavior of
scattering amplitudes at high energies [1-3]. Stringy amplitudes famously violate this poly-
nomiality and exhibit an exponential behavior at high energies and fixed angles [4-6]. Grav-
itational amplitudes are expected to violate the simple polynomial behavior as well due to
black holes [7-10].

This paper explores the possible effects of the amplitudes non-polynomiality at high
energies on the low-energy observables, such as the Wilson coefficients. To make the problem
tractable, we consider weakly coupled stringy scattering. In that context, let us introduce
the leading Regge trajectory j(t), which captures the basic high-energy properties of the
amplitude. It is defined by taking the high-energy limit with momentum transfer ¢ kept
fixed!

T(s,t) ~ f(H)s’D | s — o0, tfixed. (1.1)

At positive ¢, it is related to the spectrum of the exchanged particles [6]. For negative t, it
captures the behavior of the amplitude in the actual high-energy scattering experiment. This
paper explores extra constraints on the low-energy observables drawn from some knowledge
about j(t).

The amplitudes of interest are described by meromorphic functions with extra constraints
that we impose:

(A) Standard bootstrap constraints: Analyticity (meromorphy), unitarity, and crossing
symmetry (ACU). Because we effectively work at the tree level, unitarity is reduced
to positivity, see [11, 12].

(B) Maximal spin constraint: J(m?) < j(m?), where J(m?) is the maximal spin of the
exchanged particle of mass m, and j(m?) is the leading Regge trajectory that we consider
to be given.

!For meromorphic amplitudes of interest, we take s — oo with args > 0 kept fixed.



(C) Superpolynomial softness: we impose that the amplitude decays at high energies faster
than any given power for negative enough ¢ < 0. In other words, for any N € Z there
exists ¢ < 0 such that j(t) < —N. These conditions are conveniently expressed in the
Regge sum rules (RSR), which will be introduced in the following.

We, therefore, see that the additional assumptions (B) and (C) are related to the properties of
the leading Regge trajectory j(t) for positive and negative ¢ respectively. It is an interesting
question to what extent the properties of j(t) at negative and positive ¢ are related to each
other, and we briefly comment on this question further in our conclusions.

An example of the amplitude that satisfies (A), but violates both (B) and (C) is given
by T(s,t) = W,
that satisfy (B) and do not satisfy (C), e.g., glueball scattering in large N QCD, or recently

for which j(t) = —1 and J(m?) = co. There are amplitudes

constructed deformations of the Veneziano amplitude considered in [13]. Finally, some am-
plitudes satisfy both (B) and (C), such as for example the Veneziano amplitude [14] or the
Coon amplitude [15-17].

In this paper, we focus on the case when the leading Regge trajectory is linear

§(m?) = jo + a'm?, (1.2)

where o/ is the string tension and jg is the so-called Regge intercept. We derive bounds on
the Wilson coefficients using both the so-called dual and primal approaches.

In the dual approach, reviewed in Appendix A, we derive bounds on the low-energy
expansion of the amplitude without explicitly constructing the amplitude. A standard tool
to do it is via dispersion relations [18]. In this case, (B) is implemented at the level of the
discontinuity of the amplitude. On the other hand, (C) can be implemented using the Regge
sum rules that we introduce shortly below. In the primal approach, we explicitly write down
an ansatz for the amplitude that satisfies (B) and (C), as well as analyticity and crossing,
and we impose unitarity numerically.

For our dual results, the assumption (1.2) about the linearity of the leading Regge trajec-
tory can be easily relaxed, and any desired shape of the Regge trajectory (e.g., taken from the
lattice data [19]) could be put in. For the primal approach, our analysis could be generalized
along the lines of [20] or [21], which allow certain flexibility in the shape of the leading Regge

trajectory.

2
gap
of amplitudes, which we call open and closed, following the example of fundamental strings.

We set the mass of the lightest massive state at m5,, = 1. We will consider two types

They are distinguished by the structure of poles, as well as by o’ that appear in (1.2)

o =1, Ohosed = 2 - (1.3)

open

For the closed string case, we consider the MHV scattering amplitude of gravitons in four
spacetime dimensions. For the open string case, we consider the scattering of massless scalars
in four spacetime dimensions.



1.1 Review of the results

Our paper is divided into two parts: the closed string case and the open string case. Apart
from (1.3), the difference between the two cases is that for the open string case, we assume
that the amplitude has only poles in the s- and ¢- channels, whereas for the closed string case
poles in all three channels are present.

Closed string case

We consider the MHV scattering amplitude of gravitons in four dimensions previously consid-
ered in [22-25]. We assume the linear Regge trajectory to be j(t) = 2 + 2¢, where méap =1
We derive bounds on the Wilson coefficients using the dual and primal approaches.

For the dual approach, this case was previously considered in [22-25], where (A) was
imposed. We find that imposing (B) leads to slightly more stringent bounds excluding the
small regions of parameter space around the amplitudes which involve particles of all spin at
a given mass.

We restate superpolynomial softness in terms of the Regge sum rules (RSR) on the
discontinuity of the amplitude, see (2.9) below. However, due to the ‘oscillating’ nature of
the RSR, stemming from the fact that Legendre polynomials are not sign-definite for ¢ < 0,
we find that these constraints are not used in the numerics. Therefore, we do not get any
difference between the dual bounds obtained from (B) and (C). This issue is similar to the
one described in [26], and we discuss it further in Appendix A.5.

At this point, however, we cannot be sure that this effect is not just a technical artifact
of the current implementation of the dual bootstrap scheme, which, in particular, can impose
only a finite number of RSR constraints. To make progress on this question, we develop
a primal approach, where we explicitly construct amplitudes that satisfy (C), see (3.4). A
remarkable fact about this ansatz is that it satisfies all the desired properties at finite Ny ax.
We can, therefore, derive bounds on Wilson coefficients numerically first for finite Npax, and
then extrapolate them to Npax — 00. We do not observe a clear gap between the primal
and dual results within the available precision. We conclude that the extra constraints due to
superpolynomial softness (not used in the dual approach and manifest in the primal approach)
do not lead to stronger bounds.

Our results for various Wilson coefficients are summarized in Figures 4,7 and 10.

Open string case

The dual approach for the open string case leads to results very similar to the closed string
case. Again we find that imposing the maximal spin condition leads to stronger bounds,
whereas the superpolynomial softness, imposed through a finite number of RSR constraints,
does not lead to visible effects.

The situation with the primal approach, however, is very different. In this case, any
truncation of the ansatz (4.3) to a finite number of terms violates unitarity. Therefore we do
not have a systematic way to derive the primal bounds in this case. Nevertheless, we identify



an interesting Npmax = oo class of deformations which satisfy (A), (B), and (C). They are
conveniently given by the worldsheet integral (4.6).

A remarkable property of these amplitudes is a novel behavior at high energies and fixed
angles, see (4.12). In particular, they go beyond the analysis of [6] in several respects, thus
emphasizing the restricting nature of technical assumptions made in that paper.

Based on these results, we propose a bound on the high-energy fixed (complex) angle
behavior of the meromorphic stringy amplitudes and use it to derive a lower bound on high-
energy fixed angle scattering (5.2), which is analogous to the old result by Cerulus and Martin
in the context of gapped, relativistic QFT's.

Our results for various Wilson coefficients are summarized in Figure 14. In this case, our
dual and primal bounds do not coincide. However, it is not very surprising given that our
primal approach is not systematic, and further work is needed to clarify the interplay between
(B) and (C) in that case.

1.2 Connection to recent literature

For the reader’s convenience, let us comment on the relationship of this paper to the recent
work on related topics. For the graviton scattering, bounds on low energy observables us-
ing the usual bootstrap axioms (A) were considered in [22-25]. Here, we consider the same
observables and add extra constraints on the leading Regge trajectory (B) and (C). In [22],
the authors considered a unitary deformation of the Virasoro-Shapiro amplitude with a sin-
gle satellite term. In this work, we systematically constructed such deformations with an
arbitrary number of satellite terms.

For the open string case, bounds on low energy observables using the usual bootstrap
axioms (A) were considered in [27-29] in the context of large N QCD. Here we imposed
extra constraints on the leading Regge trajectory (B) and (C). In [13], the authors derived a
unitary deformation of the Veneziano amplitude. While this amplitude satisfies the maximal
spin constraint (B), it does not satisfy the Regge sum rules (C). In this work, we find a
different family of unitary deformations that satisfy both the maximal spin constraint (B)
and superpolynomial softness (C). These amplitudes have interesting high-energy, fixed-angle
behavior and violate some of the technical assumptions made in [6]. We relax some of these
assumptions and propose a new bound on the high-energy, fixed-angle scattering.

Other approaches have been pursued in the literature to further restrict the space of
stringy amplitudes. One interesting direction was followed in [30-32], where the authors
imposed that amplitudes satisfy certain monodromy relations stemming from the worldsheet
representation of the amplitude. In this case, the space of allowed Wilson coefficients is
drastically reduced. Note that the deformation of the Veneziano considered here (4.6) does
not satisfy the standard monodromy relation.

Extensions of the open string amplitudes to different spectra and nonlinear leading Regge
trajectories were also recently pursued. One notable deformation of the spectrum leads to
the so-called Coon amplitude [15-17] which has been explored recently [33-40]. Keeping
the spectrum of the Veneziano amplitude intact, the authors of [20] constructed an explicit



amplitude that exhibits bending of the leading trajectory expected in large N QCD. More
recently, open string amplitudes with an arbitrary spectrum were constructed and explored
in [21].

Finally, this work explores constraints from the high-energy superpolynomial softness of
the amplitude at ¢ < 0. A related exploration was done in [41], where the authors studied
the consequences of changing the Regge intercept jg instead. The authors have observed that
lowering the Regge intercept below jo < 1 led to little or no improvement of the bootstrap

2 The nontrivial

bounds for the closed string case (in the presence of the u-channel poles).
effect appeared when the Regge intercept was lowered further jy < 0, so no subtractions are
needed in the dispersion relations. The same phenomenon was observed for nonperturbative

amplitudes in [12].

1.3 Plan of the paper

The plan of the paper is as follows. In Section 2, we review the basic assumptions and con-
straints imposed. In Section 3, we explore the closed string case, namely the MHV scattering
amplitude of gravitons. We derive both primal and dual bounds on the low-energy Wilson
coefficients. In Section 4, we consider the open string case, where we take external particles to
be massless scalars. We derive dual bounds on the low-energy observables and construct new
explicit amplitudes with several remarkable properties. We conclude in Section 5, where we
discuss the results of this work and mention some future directions. We provide various ap-
pendices which contain additional details and we refer to them throughout the text in places
where they become relevant. Notably, the appendices contain a review of the dual method in
Appendix A, examples of amplitudes in Appendix C, a bound on the asymptotic form of the
amplitude in Appendix F and a version of the Cerulus-Martin bound for stringy amplitudes
in Appendix G.

2 Assumptions and constraints

Let us start by reviewing the standard assumptions satisfied by the tree-level (or meromor-
phic) scattering amplitudes. We then explain the extra constraints imposed in this work in
more detail.

Here we list properties of tree-level two-to-two scattering amplitudes of massless scalar
particles in four spacetime dimensions. The Mandelstam variables satisfy s +t + u = 0.

(i) Meromorphy: The scattering amplitude is described by a meromorphic function of
two variables T'(s,t) where all the singularities are simple poles.

R, (t)

2
n

T(s,t) ~ —

s—»m2 S —Mm

(2.1)

and m,, are masses of exchanged particles.

2For the open string case when no u-channel poles are present there is an improvement.



(i)

(iii)

Crossing symmetry: For general external particles A, B, C, D, crossing symmetry
is the requirement that

Tap—cp(s,t) =Tacpp(t,s) = Tappe(u,t). (2.2)

In this work, we consider different combinations of external particles, and the exact
form of crossing symmetry will be specified for each case separately. This property was
recently proven in the planar limit [42].

Unitarity: The residues R, (t) can be decomposed in partial waves

2t
Rn():—ResTs t) ZCnJPJ <1+> , (2.3)
S= m
where Pj(x) are the usual Legendre polynomial. Unitarity is the statement that
cn,g > 0. (2.4)

In the case of spinning particles, unitarity takes the form of a semi-definite matrix as
reviewed in [23, 43] for the case of graviton scattering.

This ends the list of the usual bootstrap assumptions for the tree-level scattering amplitudes.

In this work, we want to impose extra constraints coming from the shape of the leading Regge

trajectory.

(iv)

Maximal spin: We require the residue (2.3) to be polynomial in ¢ whose maximal
power is bounded by the leading Regge trajectory

i(m3,) ot

Ru(t)= Y cnsPy (1 + m2> : (2.5)
J=0 n

This condition is essentially imposing the finite energy sum rules (FESR) considered in

the past in [44-51].% This constraint effectively puts in the information about the shape

of the leading Regge trajectory (1.1) for positive t. For the linear trajectory (1.2), it

prevents the appearance of an infinite tower of exchange particles of arbitrary high spin

at a given mass.

Regge sum rules (RSR): It is a statement about the softness of the amplitude at
negative ¢t and is best derived starting from the contour integral

1

9 ds'(s""T(s',t) =0 (2.6)

where C is the contour described in Figure 1. We can split the integral into two parts

0= / ds'(s""T(s',t) + i/oo ds'(s")"Ty(s',t) . (2.7)

3See also [52] for the rigorous formulation of the FESR using Tauberian theorems.



Figure 1: The integration contour used to derive the Regge sum rules. Without loss of generality,
we draw a cut along the full real axis.

The integral over the large circle Co, can be computed using the known Regge behavior

(1.1)

/ .
/ ds' (s T (', 1) ~ / %(s’)ﬂ<t>+l+nzo, i) < -1-n.  (28)
Coo Co

We thus obtain the Regge sum rules
RSR: / ds' ()" Tu(s'8) = 0, j(t) < —1—n, (2.9)

which conveniently express the superpolynomial softness of the amplitude in terms of
the constraints on the discontinuity of the amplitude. In the case of meromorphic ampli-
tudes, the integral reduces to a sum as Ts ~ §(s—m?2) (plus the u-channel contribution).

In the primal approach, we will explore the space of amplitudes by explicitly constructing
them in a way that they obey all the above constraints. To write an explicit ansatz, we will
have to choose a spectrum, and in this work, we consider amplitudes characterized by the
equidistant spectrum.

(vi) Equidistant spectrum: All particles in the spectrum have m2 =n withn € Z, .

Let us emphasize that this is a technical constraint, and we leave to future studies generaliza-
tions to more complicated spectra. However, it is important to emphasize that we found that

adding the equidistant spectrum assumption to the dual approach does not affect the bounds
on Wilson coeflicients. In this sense, amplitudes with an equidistant spectrum are generic.



3 Closed strings: MHYV scattering of gravitons

In this section, we consider graviton scattering, which corresponds to the closed string case

L oseq = 2. In particular, we consider the two-to-two MHV amplitude

CMF
Tyv(s,t,u) = (121(30) £ (slt, w) YT s (st ) (3.1)
where crossing symmetry implies that f(s|t,u) = f(s|u,t) and all other MHV amplitudes are
described by the same function. By CMF we mean the center-of-mass reference frame, see
[23] for details.
At low energy, the amplitude admits the following expansion

_ 8GN

Flsltow) = =2+ |l

stu

1 Dy
—|5¢‘2g+ D apst I (3.2)
k>5>0

S

The coefficients in this expansion define the so-called Wilson coeflicients. The first term is the
well-known Einstein term, the second is the correction to the 3-pt coupling from the R3 oper-
ator, and the third is due to the ¢C? coupling, which describes the massless scalar exchange.
Finally, the ay, ; are related to higher dimensional operators. We used the convention of [23],
and we refer the reader to this reference for detailed computation of the low energy expansion
(3.2) starting from the Lagrangian. Bounds on ratios of these Wilson coefficients were derived
using the dual method in [22-25] imposing only the standard bootstrap constraints (ACU)
(A).
Next, we want to impose that the amplitude satisfies the well-known linear Regge behavior
of string theory (1.1) with
jty=24+2t, Vt. (3.3)

As explained in Section 2, we will impose this in two steps. First, it will be imposed for ¢ > 0
by bounding the maximal spin in the spectrum (B). This can be easily done using the dual
method reviewed in Appendix A. Second, we will also superpolynomial softness in the form of
Regge sum rules at negative t. In this case, we observe that adding a finite number of Regge
sum rules to our dual algorithm does not affect the bounds. To explore the space of Wilson
coefficients when infinitely many Regge sum rules (or superpolynomial softness) are imposed,
we will turn to the primal method, where these constraints are built-in. When constructing

an ansatz, further assumptions have to be made about the spectrum, and we will assume an
2 _

equidistant spectrum m; = n. This assumption can also be made in the dual approach, and
we did not observe any effects on the bounds by including it.

Note that in four spacetime dimensions, one-particle states are not good asymptotic
states in gravity [53]. This fact manifests itself through the IR divergences. There are two
comments that we can make in this regard. First, all the basic ideas in the present paper
are directly generalizable to d > 4, and it would be interesting to do it explicitly. Second, in
d = 4, we expect that our conclusions should hold for the IR finite observables, e.g., for CFT

correlators dual to gravitational theory in AdSy, see [54, 55].



Next, we describe the ansatz in Section 3.1 and the primal algorithm in Section 3.2, then
we present the result for various Wilson coeflicients in Section 3.3.
3.1 Closed string ansatz

Our ansatz for closed string satisfying the constraint described in Section 2 is built out of the
‘Virasoro-Shapiro block’. It takes the following form*

I'(=s)I'(=t)T(—u)
1+ 51+ +u)

f(slt,u) = —87TGNF

: I(cs — s) (e — )T (cy — w
3 ( )I( )I( )

+ ess(enen) duldid) T (q 36 N (dy + OT (du + 1) |

(3.4)

Cs,Ct,Cuyds,dt,duy

where we used the symmetric notation a; jy = (i j+ ;) to emphasize that the function is

Z7j)
t—u symmetric. The first term is the well-known Virasoro-Shapiro amplitude for superstrings
[57-59]. A unitary deformation with one satellite term ar1,1),2,22 = —3TGNe 0 < e <1
was recently considered in [22]. The Y. indicates that we only keep terms for which the

residues are polynomial and which satisfy the Regge behavior (3.3)

f(slt,u) <5722 s = 00, t fixed (3.5)

f(slt,u) S22t = 00, s fixed. (3.6)

Not all the terms in the expansion above are independent and it is convenient to remove
dependent terms. The dependence is nontrivial and we do not know of a general rule to select
independent terms. We will discuss this point in more detail below.

Let us discuss the basic properties of this ansatz. It is obviously meromorphic with

equidistant spectrum m?2 = n € Z, and crossing symmetry is built in. It also automatically

2 =
satisfies the maximal spin constraint (B) because for a given s only a finite number of terms in
the ansatz contribute to the sum rule and each of them manifestly satisfies it. Regarding the
superpolynomial softness, while each term satisfies it individually, the (infinite) sum might
not. This point will be further discussed for the infinite sums of similar type in Section 4.2.
Below, we consider the truncated sum for which superpolynomial softness will be manifest.
The only remaining constraint is thus unitarity, the latter is not automatic and imposes
nontrivial constraints on the coefficients a’s.

Let us review here unitarity constraints for the MHV amplitude. As we are considering
the scattering of spinning particles, we have a few different channels to consider. In the case

at hand, the two independent channels are (++ — +4) and (+— — +—) for which the

*A similar ansatz was considered in the past in [56], however, without imposing unitarity.



residues (2.3) read®

2t
~Res Ty (5,1) = > ey, <1 + n) (3.7)
J=0,2,...
4= 7 2t
—];{,:e’rsl T+__+(S, t) = Z Cn7J d474 1 + E (38)
J=0,2,...

where the dil,(x) are the usual Wigner small d-matrices (see for example [60]) and dg,o (x) =
Pj(x). The coefficients ¢, ; are square of coupling constants and are thus nonnegative

ey 20, 620, (3.9)

These constraints restrict the allowed space of a’s. The space of amplitudes defined in this
way is still infinite-dimensional and we will study its projection on the space of a few leading
low-energy Wilson coefficients.

In order to explore the space of amplitudes numerically, we consider a truncated ansatz

L(=s)I(=t)I'(u)
F1+s)I'(1+ 601+ w)

Npax (S|t u) = —87G N

Nmax 2Nmax

I(cs — s)T (e — ) (e, — w)
) 1
+ Z Z Halnd (a) aCs:Ctuyds:dtu F(ds 4 S)P(dtu 4 t)r(dtu 4 U) ’ (3 O)

Cs 7Ctu:0 ds 7dtu:1

where the limit of the sum is chosen such that the residues are polynomial and the Regge
limit satisfies (3.3). This requires additional constraints on a’s that we impose by inserting
04,4 (@) which is 1 when a € aynq and zero otherwise, it removes remaining dependent terms,
see Appendix B. This is performed in two steps. First, we realized that terms with ¢; # ¢,
and d¢ # d,, are redundant and thus can be removed from the sum as in (3.10). Second, we
solve for the remaining dependence order by order in Ny .. All in all, this ansatz contains
3N2

ax T Nmax — 2 free parameters. In what follows, we will explore primal bound on Wilson

coefficients numerically. This procedure will be explained in detail next in Section 3.2.

However, before going further, let us remind the reader that already in string theory,
there exists a nontrivial « solution for f(s|t,u) in (3.4), namely the scattering of gravitons in
heterotic string theory [61], where the MHV amplitude is

s B D(=s)I'(—t)I'(—u) tu
JO slt w) = TGN A T+ 6T + ) (1 B s) (3.11)

which is simply generated from the ansatz with one nontrivial term g (1,1)2,(1,1) = 87GN.
We know that this amplitude satisfies all the constraints, the space of «’s is thus nontrivial.

5To label the (++ — +-+) amplitude, we use the all-in notation and call it T4 4__ and similarly for the
(+— — +—) amplitude.

,10,



3.2 Primal algorithm

Here we describe the numerical primal algorithm used to find extremal stringy gravitational
amplitudes and derive bounds on Wilson coefficients.

Provided the ansatz (3.10), it is clear that the low-energy Wilson coefficients are linear
combinations of the a’s. Explicitly they take the form

Nmax 2Nmax
akvj - _x087TGN + : : z ’xcs7Ctu,d37dtuacs,Ctuyds,dtu ’ (312)

Cs 7Ctu:0 ds ,dtuzl

where x; € R and can be computed by expanding the ansatz at low energy. Similar relations
hold for |Bgs|? and |B,|%. The same is true for the partial wave coefficients c::;, c:{} The
procedure of bounding Wilson coefficients can thus be efficiently implemented using Linear
Programming, and in practice, we used SDPB [62, 63].° When imposing unitarity, this cannot
be done numerically for all n, J, therefore we truncate the number of constraints by imposing

G5 >0, >0, Vi <npa, VJ. (3.13)

As we will see, in practice, the convergence in nmay is fast. We impose the constraint for all
spins, and due to the linearity of the Regge trajectory, the number of constraints scales as
O(n2,.)- In practice, we computed the coefficients c:j, c;f} for each term in (3.10) using
(3.7) and (3.8).

We now give an example of the procedure of maximizing the quantity A (A is any ratio
of Wilson coefficients and in the gravitational case we can normalize everything to 87G )

(a) At fixed Npax for the ansatz (3.10), we maximize A by increasing the number of unitarity
constraints nyax. Experimentally, the extremal value converges to a plateau for nmyax =
2Npax + 10.

(b) We extremize A for increasing size of the ansatz Npax. For each fixed Npax, the resulting
amplitude satisfies all the constraints.

(c) We fit the extremal A vs Npax and when possible, we extrapolate to Npyax — 00. As we
will see, is it not always clear that A converges to a finite value. The converged value
is then a primal bound on A.

It is straightforward to extend this algorithm to explore a higher-dimensional space of pa-
rameters. This is done by fixing (41, ..., A,) and maximizing Ay.

5We also tried linear solvers such as GLPK and Gurobi [64]. However, we observed that as we increase
Nmax, high precision was needed and we turned to SDPB, where arbitrary precision can be used.

— 11 —



3.3 Bounds on Wilson coefficients

In this section, we present bounds on various ratios of Wilson coefficients.

In section Section 3.3.1 we consider bounds on the Wilson coefficients normalized to G .
Some of the bounds of this type are known to suffer from IR divergencies in four dimensions.
The simplest example concerns the correction to the graviton three-point coupling which is
bounded as [65]

Brs|* _ log(MusLir) ’ (3.14)
8tGn ™~ Mf—lls

where Mpg is the threshold for higher spin particles and Ly is an IR regulator. This bound
was recently transformed to a sharp inequality in [24] and derived by taking the flat space
limit of AdS [54]. As the ansatz described above is tree-level, the amplitude is manifestly IR
finite. The correction to the graviton three-point coupling |3ps|? is the first target for our
primal algorithm. We then proceed by deriving a bound on ag o, which corresponds to the
contact term R* in the low-energy effective action. We also normalize it by 87Gy, and the
corresponding upper bound is again known to suffer the IR divergences [23, 24].

Then we consider various bounds on Wilson coefficients ay ; normalized by ago in Sec-
tion 3.3.2. Such ratios are known to admit dual bounds when assuming ACU (A). In this
work, we explore the space of these coefficients where the extra information about the leading
Regge trajectory j(t) is put in. We use the primal method to impose this constraint for all ¢
(negative and positive), and the dual algorithm when it is effectively only imposed for positive

t>0 (B).

3.3.1 Bounds normalized by Gy
Correction to the 3-pt coupling - |3gs|?

Let us start by considering the bound on correction to the graviton three-point coupling

|BRs|?, this example will also allow us to go through the numerical procedure described in
Section 3.2. First, we extremize |Sps|? at fixed Npax as we increase the number of constraints

Nmax, See step (a). We present the result in Figure 2 (left panel). This figure shows that at

fixed Nmax, |8€rRGg’]|j converges to a plateau in ny.x. The amplitude extracted at finite Npax
satisfies all the constraints listed in Section 2, see step (b).

In this way, we can explicitly construct stringy tree-level amplitudes with |3ps|? <3
8mG . To extract a primal bound, step (c¢), we need to extrapolate in Nyax, this is shown
in Figure 2 (right panel). Clearly, the data does not allow us to determine if it converges
to a finite value as Npax — 00. To highlight this point, we performed two fits, one using a
power law (in gray) which converges to a finite value, whereas the second using a logarithm
(in dashed) diverges. A large Nyax analysis is needed to distinguish between the two options.

While deriving this bound, no assumption was made on 4, and thus we allowed for a
massless scalar exchange |34 > 0. Imposing the absence of massless scalar exchange 4 = 0
does not change the qualitative behavior of the bound and the ~ log Ny,.x behavior remains.
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Figure 2: Maximum values of the correction to the 3-pt coupling |Szs|?> normalized by 87Gx. On
the left panel, we present convergence in nyax, i.e., the number of massive states for which unitarity
was imposed. We see that the convergence is fast and quickly stabilizes to a plateau. On the right,
we show the converged value vs. Nyax along with two fits. The dashed line is a divergent log(Npax)
fit, and the solid line is a convergent power-law fit.
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Figure 3: Maximum values of the first contact term correction ag o normalized by 87G . On the left
panel, we present convergence in npy.x. On the right panel, we show the converged value vs. Npyax
along with two fits. The dashed line is a divergent log(Nyax) fit, and the solid line is a convergent
power-law fit.

Dimension 8 operator — R?

Next, we consider the leading correction due to a contact term R* parameterized by ago. It
is well known from dispersion relations that this coefficient is positive (see Appendix A for a
review). We follow the same procedure as for the correction to the three-point coupling and
present the result in Figure 3 for the upper bound. From the extrapolation, it is clear that

it behaves similarly to the correction to the three-point coupling. As for the lower bound,

(a0,0)min
8GN

compared to the dual bound based on assuming causality, unitarity, and crossing symmetry.

the bound can be extrapolated and converge to ~ 0 and as such does not change
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Figure 4: Allowed space of Wilson coefficients |3gs|? vs. ap,0 at finite Ny, Our results are consistent
with the bounds diverging as log Nyax. Interestingly, this seems to be analogous to the presence of
the IR regulator in the same bounds obtained in [24].

|Brsa|* vs. a0

The result obtained for ag could have been anticipated. Indeed, it was shown in [23] that
% < 1. And thus, if the upper bound for |8gs|?/(87Gy) diverges as log(Nmax), S0 must
the upper bound on ag/(87G ). We can then bound the correction to the 3-point coupling
|BRs|? at fixed ap,0. This result is shown in Figure 4 at various Nyax. We do not perform an
Npax — 00 extrapolation. The shape of the allowed region is similar to the one obtained in

[24] and is consistent with a ~ log Nyax divergence in the large Nyax limit.

3.3.2 Bounds normalized by the total cross-section moment agg

In this subsection, we will consider bounds on Z’S—é Notice that the coefficients agj ¢ measure

moments of the total cross-section, see Appendiﬁc A, and are positive.

Dimension 12 operators — D*R*

We start by looking at the coefficients of dimension 12 operators, namely a2, a21, a2 2, and
normalize them by ago. Out of the three coefficients, only two are independent because by
crossing we have az1 = as2. From previous works, we know that these ratios are bounded
from causality and unitarity (A), see [24, 25].

Let us first derive the primal bound using the ansatz (3.10). We present the result in
Figure 5 along with the bound assuming only ACU (A). As before, the convergence in npax
is fast and easy. Regarding the convergence in Npy,x we observe different behaviors along the
boundary. In some regions, we observe a ‘fast’ convergence. This corresponds to the points
on the boundary where the dark green goes up to the boundary in Figure 5. The convergence
is harder in other regions and seems to diverge even though we know that a finite bound
exists. We show examples of convergence in Ny ,x in Figure 6.
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Figure 5: The allowed region for the space of Wilson coefficients az o, az,1. In light gray, we report
the dual bound using only ACU (A) with kpnax = 16 null constraints. In red colors, we show primal
results obtained using our ansatz for increasing Ny,.x. The green region is the extrapolated Nyax — 00
allowed region. In light green, we show a conservative estimate of the extrapolation error.

To overcome this issue, we use a fit of the form r = a + bNE

< ax- First, we included only

points along the boundary that converge at least linearly in 1/Nyax, then we used convexity
to close the region. This leads to the boundary of the light green region in Figure 5. To get
an idea of the uncertainty in this procedure, we added points that ‘look’ linear for Ny, > 15
and used a linear fit. This leads to the darker green region in Figure 5 which can be thought
of as an ‘optimistic’ fit. To remain conservative, one should consider the full green region.
Next, we bound the same Wilson coefficients with the dual method supplemented by
the constraints on the leading Regge trajectory. For positive ¢, it leads to the maximal spin
bound on the spectrum (B)
J(m?) < 2m?+2. (3.15)

Imposing (C) in the form of a finite number of RSR does not lead to a stronger bound.

We compare the primal bound, the dual bound using only ACU, and the one with the
maximal spin constraint in Figure 7. From this plot, one clearly sees that RSR has little to no
effect and the gap seems to close in most regions of the boundary. The dual bounds are also
obtained with finitely many null constraints and the gap would close further as kpax — 00.
Note that the primal ansatz has the extra assumption of equidistant spectrum m2 = n. We
check that this constraint has no effect on the allowed region in the dual approach.

It is interesting to see where special amplitudes lie in this region. The simplest amplitude
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Figure 6: Examples of convergences in 1/Ny.x along the boundary of Figure 5. r is the distance
between the ‘cross’ and the points. On the left panel, we observe ‘good’ linear convergence. In contrast,
on the right panel, the convergence is extremely slow.

is perhaps the massive spin-0 exchange amplitude given by’

8GN A2 1
stu mém?2—s’

fspin 0= (3.16)

which leads to the ratios of Wilson coeflicients

a0 62,1 1
—, | =(—7,0 3.17
<a0,0 ao,o) <m4 > (317
and this populate the line ag; = 0 as one vary the mass m € [1,00). Clearly, this amplitude
satisfies (3.15) but not RSR.
We can also understand how the line Zz—g = 1 is excluded by imposing (3.15). From the
sum rules for ay o, (see (A.4)), the only allowed spectrum allowed is at m? = 1. Then, we can

explicitly construct the amplitude at the upper-right kink. It is given by an infinite tower of
spins exchanged at m? = 1

8GN 1 A g
extr (S|2, = s 3.18
Jeurlsltow) = ==+ TS a i —w T1-s T 0-pDa-u) (3.18)
with 2log(2 1628532 — 2349480 1og(2
Ao 2loe?) - 08(2) (3.19)
3 7096320 log(2) — 4918777

Indeed, by computing the ratio of Wilson coefficients for this amplitude, we obtain

azo G21 1+g (3.19)
—, =) =|1,—] =~ (1,2.367), 3.20
<ao,o ao,0> ( 1+9+A> ( ) (3.20)

"In Appendix C, we show that this amplitude is unitary. Note that this amplitude has intercept jo = 3.
However, it satisfies all the sum rules used in the dual approach. See Appendix C for further discussion.
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which is precisely the location of the upper-right corner. In Appendix C, we show that this
o
is given by scanning over A. As it is clear from the equation above, except at the spin 0 point

amplitude is unitary and has no spin 0 and spin 5 exchanges. Moreover, the line at

(A = o0), the amplitudes on this line are given by an infinite tower of spin at m? = 1 and
cannot satisfy the polynomial residue constraint .J < 2m? + 2 (3.15). This is exactly what we
observe in Figure 7.

2_5%‘ T T T T T T T T T T T T T T T T T T T

7/_\ fextr
L . N ®
L causality + unitarity + ]
L crossing \A 1
20+ —
1.5+ —
az,1 [ ]
— T +J <2m? +2 ]
ap,o - 4
10+ —
i + RSR (primal) i
05+ —
: : fspin 0|m2:1
00 1 1 1 1 I I 1 1 I 1 1 1 | 1 1 1 I I 1 1 ,4
0.0 0.2 04 0.6 0.8 1.0
az.0
ap,0

Figure 7: Comparison of various assumptions and the corresponding bounds for the Wilson coeffi-
cients as g,a21. In gray, we imposed the standard bootstrap constraints (A) in the dual approach, in
red, we further imposed the maximal spin constraint (B). In green, we show the bound obtained using
the primal approach which manifestly satisfies (C), see also Figure 5. For the dual bounds, we used
kmax = 6. We also indicated special amplitudes: fexs given by (3.18) with A, ¢ given by (3.19), and
the spin 0 exchange at m? =1 given by fipin 0 in (3.16).

One advantage of the primal approach is that at any finite Ny .y, the amplitude is known
explicitly. It is therefore interesting to study the physical properties of extremal solutions
and how they evolve along the boundary. In particular, we can analyze the contribution of
various spins and channels to the aj o sum rule which reads

1 [ dm? > >
a0 = 7T/ i s+ S (DR m?) |, (3.21)
! J=0,2,... J=4,5...

= > [y e+ (-0 Y 1o Ik (3.22)

J=0,2,... J=4,5,...
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where in the second line we introduced the notation [...J;, = [/ md%fm() for the integral
over m?.
Setting £ = 0, we get

L=agp [ > I3 o+ D [y lo| - (3.23)

J=0,2,... J=4,5,...

In Figure 8, we show various contributions to the sum rule along the boundary.® To this
end, we define an angle variable 6 which spans the boundary, see Figure 8(bottom-left) for its
definition. We observe that the lowest spin always dominates along the boundary in the (+—)
channel. This is not true in the (+4) channel where on the upper diagonal J = 2 dominates.
On the lower-right panel of Figure 8, we highlight that along the boundary ~ 90% of the sum
rule comes from the lowest spin contribution in each channel.

[les Do (++) channel o5 Tl (+=) channel

a0 ap,0

e, T TR T ] | S EERERTRERERY v
0.100) ] 0.100 ¢ ]

0010f ] 0010} '\ﬁ\ ]
] E ]
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104 107
C
1075 1L L PR L L g ‘g‘ L 1075(\) iw-w wéw 3\ 2‘- \\slsww \é\
0 1A 2 3 4B 5 6 A B
0 0
00t - (phto +p52s)
20F ,/
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az;1
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0.5
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az,0 0
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Figure 8: Spectral density moments along the boundary of the allowed region in the space of ratios of
Wilson coeflicients (%, Zg—g) for the amplitude with Ny,,x = 20. Points at the boundary are labeled
by an angle 6 defined in the lower-left panel. We indicated special points with A, B, C. From (3.23),
all contributions sum to 1, which is indicated in the plots by a black dotted line. In the lower-right

panel, we present the lowest spin contribution to the spectral density in each channel.

8Here we use the amplitude obtained with Npax = 20.
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Dimension 16 operators — D®R*

We next consider bounds on the a4 coefficients normalized by agg. At this level, there
are 3 independent coefficients a4, a4,1 and a4 2 which carve a finite region in 3d space. We
proceed similarly as in the case of dimension 12 operators. In Figure 9, we present a section
of the allowed space at a4,0/a00 = 1/2 and the entire 3d region using the primal ansatz. The
convergence in Npyax is fast except at the origin as2 = a4 = 0.

In the existing literature, the dual bounds using only causality, unitarity, and crossing
symmetry were never presented. Instead, various authors [22, 23, 25|, considered bounds
on the homogeneous ratios Zi—:; VS. Zi—:i. In this space, [23] highlighted that all theories
populate a smaller region dubbed the low-spin dominance region obtained assuming that
higher spin contributions to the spectral densities py are suppressed. The same effect appears
for the as; coefficients, and in a subsequent work [24], the authors emphasized that bounds
on the homogeneous ratios are dominated by a small region close to the free theory point
when considering the inhomogeneous ratios. Here, we observe the same effect. A similar
observation was made in [25], where the authors realized that by fixing the value Z;‘—:g, the
bound on ratios of homogeneous coefficients shrinks significantly (this corresponds to a section
in the 3d region in Figure 9).

Second, we bound the section Zé—:g = % using the dual method by imposing the maximal
spin constraint (B) with (3.15). We present the result in Figure 10. They present a clear
overlap between the assumptions (B) and (C), i.e., RSR has little to no effect. We also checked
that imposing equidistant spectrum m?2 = n in addition to J < 2m? + 2 does not change the
shape of the allowed region and cannot create a gap between the primal and dual regions. In
this Figure 10, we also draw the line of low spin dominance LSD., defined by

[o3 T

4+
LSD, : [[Po I (e
[[pJ>4]]k

——— >« and

>

It is also interesting to study the content of the extremal primal amplitudes and we
proceed similarly to the case of ag;. We present the result in Figure 11, and except for
the region close to the upper-right corner, the lowest spin always dominates in each channel.
Furthermore, as for the case of as ;, the sum of the lowest spin spectral density in each channel
constitutes ~ 90% of the sum rules all along the boundary.
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Figure 9: The allowed region for the Wilson coefficients a4, a4,1,a4,2. In light gray, we report the
dual bound using only causality, unitarity, and crossing (ACU) (A). In color, we present the primal
bounds that also satisfy (B) and (C) using increasing Nya.x. The green region is the extrapolated
bound Np.x — 0. On the right, we show the result for the 3d region and, on the left, we present an
example of the section at a4 0/ap,0 = 1/2. At finite Nyax, the convergence is fast except close to the
origin. The 3d region is built for 0.05 < Z;‘—g < 0.95 at Npax = 20 + extrapolation was used when
necessary.
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Figure 10: Bounds for a4 1, a4,2 at 00 = 1/2 from various assumptions. In gray, the usual bootstrap
assumptions are considered (ACU) (A). In red, we further imposed the maximal spin constraint (B),
and, in green, superpolynomial softness (C) is imposed using the primal approach Figure 9 (left). For
the dual bounds, we used kp,ax = 6. We also indicated special amplitudes: fex, given by (3.18) (but
with the mass of the exchanged tower of particles given by m® = 2), the tu-pole amplitude, and the
spin 0 exchange amplitude with mass m® = 2, see Table 2.
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Figure 11: The spectral density moment along the boundary of the allowed region in the space
(‘14—’2 &) at fixed Z;‘—E = 1 for the amplitude with Npax = 20. Points at the boundary are labeled

ao,0’ @00
by Zz—; The upper branch is depicted in solid and the lower in dashed, as shown in the lower-left

panel. From (3.23), all contributions sum to 1, indicated in the plots by a black dotted line. In the
lower-right panel, we present the lowest spin contribution in each channel.
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4 Open strings: scattering of massless scalars

In this section, we consider the same problem but for open strings: we assume that T'(s,t)
has poles only in the s- and ¢t-channels; it obeys the crossing relation T'(s,t) = T'(t, s); in the
Regge limit, it takes the form (1.1) with

i) =t, (4.1)

where as before we set mgap =1.

The main difference compared to the case of closed strings is that we find that unitarity
excludes any ansatz with a finite number of satellite terms, see Appendix D. Due to this fact,
we were not able to set up a systematic primal bootstrap scheme to derive bounds on Wilson
coefficients for the open string case.

There are however nontrivial solutions with infinitely many satellite terms which satisfy
unitarity. We find a three-parameter family of such unitarity amplitudes which can be rep-
resented through a simple worldsheet integral. They exhibit novel high-energy, fixed-angle

behavior.

4.1 Ansatz

2 = n, polynomial

As before we consider the amplitudes with exactly equidistant spectrum m
residues, that satisfy crossing. For the open string case where the amplitude only has poles

in the s- and t-channels we get the following ansatz

> iy T(cs — $)T(c; — t)
T(s,t) = csgo Cu:mazx(csyct) Qes,cr,eu T(co—5—1) Qes,er,eu = Aepes,eu (4.2)
where the lower bound on ¢, comes from imposing the Regge behavior stT(¢s—¢w) and the
upper bound from imposing that residues are polynomials.
Not all the terms in the ansatz above are independent. Eliminating the redundancies, we
can write a simpler ansatz

T(s,t) = ; > kaEE . jff - 3 (4.3)

which was considered by Khuri in [66].

The term k = ¢ = 0 corresponds to the Veneziano amplitude. Notice that the amplitude
(4.3) automatically satisfies the maximal spin constraint. The reason is that taking the
discontinuity in s automatically truncates the sum over ¢ and one can trivially check that
T, ~ s'. In Appendix E, we argue that this ansatz is complete for amplitudes with an
equidistant spectrum and linear trajectories.
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4.2 Regge sum rules

Checking RSR for the amplitude (4.3) is more subtle. Here we can distinguish two cases:
when the sum over ¢ truncates to < Npax; when the sum over i goes all the way to infinity.

Let us first discuss the case i < Npax. In this case, superpolynomial softness is trivial
because for given i and k, the amplitude behaves in the Regge limit as T'(s, t) ~ st=F. However,
we show in Appendix D that all such amplitudes violate unitarity. Thus, we conclude that
no unitary deformations of the Veneziano amplitude with i < Npq, exist. This makes the
method used to derive bounds on Wilson coefficients in the previous section inapplicable, see
Section 3.2.

Next, we consider the case when the sum over ¢ goes all the way to infinity. In this
case, a class of unitary deformation was recently found by Cheung and Remmen in [13]. In
particular, they found an amplitude depending on the parameter r

Tcer(s,t) = Z %T :L - F(ll“(z i)f(_zt)t) = Flg(jlr_(t;)gFg(—s, —t,r;—s—t,1+mr;1) (4.4)
i=0

which for r = 0 reduces to the Veneziano amplitude. Unitarity imposes an additional con-
straint on r. For example, in d = 4, it requires that » > —1/2. In the Regge limit, this
deformation takes the form

Tcr(s,t) = st + ﬁ + ..., (4.5)
where the second term explicitly violates RSR. The mechanism by which this term emerges
is interesting: the Regge limit and sum over ¢ above do not commute. Therefore even though
each term in the sum (4.4) satisfies RSR, the full amplitude given by an infinite sum does
not.

To the best of our knowledge, the existence of unitary deformations of the Veneziano
amplitudes that satisfy RSR has not been explicitly demonstrated so far, and it is what we
will show next. We will not try to be exhaustive and it would be very interesting to classify
all such deformations. We leave this problem for future work.

4.3 Unitary amplitudes

We do not know what is a complete set of unitary amplitudes (4.3) that satisfy RSR. Here
we consider a three-parameter family of amplitudes and explore it in detail. The easiest way
to define them is via the worldsheet-like integral

T,

1
e A (8 1) = / dz 2771 — 2) 7 A — AN(1 — 2)2)%0TalbH) o< A < (4.6)
0

1
27
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where the restriction on A comes from imposing RSR.? Moreover, the Regge behavior (4.1)
further requires that ciA < % with the leading Regge behavior given by T¢) . a(s,t) ~
[(—t)(1 — 4\t (—s)t.

The integral can be evaluated explicitly and the result takes the following form

I'(—s)I'(—t s+t 1—s—1t
Tegern(s,1) = w 3F <—57 —t,—co —c1(s +1);— 5 g A) . (4.7)
L(=s)l(=t)

For A = 0 it becomes the Veneziano amplitude Tp oo = . Similar amplitudes have

I'(—s—t)
been considered in the past: Matsuda [67] considered the case ¢; = 1/2, ¢g = 0; Mandelstam
[68] considered the case ¢; = 0. For these particular cases, expansion coefficients in (4.3) can

be found explicitly
e For ¢y =1/2, ¢y = 0 (the Matsuda case), the coefficients read
N (=1)*R2FD (G + ke + 1)

bik = — : 4.8
T T+ D)6 —k+1) (48)
e For ¢; = 0 (the Mandelstam case), the coefficients read
b — A 4T (i—co)
bip = i il D(=co) (4'9)
birk =0,k #1i
Let us also mention a couple of special cases which further simplify dramatically
1T(=3)I'(=3)
To,12,1/2(5,1) = 5{‘(—7%% , (4.10)
1D(=5)T(=5) + T(—*3)T(~3)
T_1/9,1/2,1/2(5,t) = B T( ) . (4.11)

These amplitudes satisfy unitarity, however they have c; A = i and their Regge limit T'(s,t) ~
st/2 differs from (4.1).

Our next step is to impose unitarity. It imposes further nontrivial constraints on the
allowed values of (cg, 1, \). We analyzed unitarity numerically by choosing a grid in the space
of parameters (co,c1,A) and explicitly checking unitarity up to level 100. We then further
checked unitarity at level 200, 300,400. The results are shown in Figure 12. In particular,
we find that unitarity implies that ¢; > 0. As A — 0, the number of levels needed to check
unitarity increased and we do not exclude that the lowest level (in blue-violet in Figure 12)
might be reduced further as the number of levels goes to infinity. We provide the list of points
satisfying unitarity in an ancillary file linked to this publication. We conclude that there is a
finite region of unitary amplitudes that satisfy RSR in the three-dimensional space (cg, ¢1, ).

9We do not have a rigorous derivation of this fact and we cannot with full confidence exclude the possibility
that there are interesting amplitudes that satisfy RSR beyond that range. Notice that analyticity of the
amplitude constraints A < 1 for real A. Similarly, we do not analyze here the case of complex (co, c1,A), or the
case where we insert multiple deformation factors into the worldsheet integral.
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Figure 12: Region in the (cg,c1,\) space, where unitarity is satisfied. A = 0 corresponds to the
Veneziano amplitude. The smallest A for which unitarity was checked is A = i. Notice that points
(0,1/2,)) and (—1/2,1/2,\) are unitary for any 0 < A < 1 (the same is trivially true for (0,0, ))).
On the right panel, the lines indicate that unitarity is expected to hold for A < \,, where A, is marked
by a dot.

Verifying unitarity for stringy amplitudes is a famously difficult problem because they
have infinitely many poles. Even for the Veneziano amplitude, the original proof is via the
no-ghost theorem [69]. This was recently revisited in [70] and proven for all superstring
amplitudes in d < 6 directly for the residues. Here, we checked unitarity numerically up to a
certain maximal mass by explicitly computing the residues.

4.4 High-energy, fixed-angle scattering

Here we consider high-energy s,t — oo, fixed-angle (s/t — fixed) behavior of the amplitude.
Let us consider first the universal limit [6] when both s,¢ > 0.1 In this limit, the amplitude
is large and we find that its leading asymptotic takes the following form

lim logTe, e, A(s,t) = (s+t)log(s +t) — slogs —tlogt

z+i+\/1—X1/1—XEz+2§)+{set}),
(

4.12)

1 -
+cl<tlog§(1 - A

where it was convenient to introduce the following effective coupling
0<A=4A1-)) <1 (4.13)

This expression can be derived for example by evaluating (4.6) using a saddle point approx-
imation as in [4]. Let us comment on several features of this result. First, the leading term

9To avoid the poles we as usual go slightly in the complex direction (s,t) — (s(1 4 de), t(1 + i€)).
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does not depend on ¢y. Second, for A = 1/2 or A =1 the result simplifies dramatically and
we get,

lim log Tt ¢ 1/2(8,t) = (1 —c1) (s +t)log(s +t) — slogs — tlogt|. (4.14)

8,t—00

Third, for unitary amplitudes, namely ¢; > 0, we find that

lim log Tty e, a(s,t) < (s+t)log(s+t) — slogs — tlogt, (4.15)

s,t—00

and we further comment on this below. Finally, let us define the asymptotic Regge trajectory
Jasy(t)

lim lim logTe, c; A(S,t) = Jasy(t)logs + ... . (4.16)

8$—00 §,t—00

For 0 < A < 1/2 we find that

J(t) = Jasy(t) =, (4.17)

however for A = % we find that

Jt) =t,  Jasy(t) = (1 —c1)t. (4.18)

where recall that j(t) is the Leading Regge trajectory defined by lims o log Ty, ¢y 2(S, 1) =
j(t)log s. Therefore we see that for A = 1/2, the two limits are not continuously related.

In the language of [6], j(t) counts the total number of the ezcess zeros z;(t), and jasy(t)
zi(t

t
the limit ¢ — oco. Therefore jesc(t) = j(t) — jasy(t) > 0 measures the fraction of the escape

counts those excess zeros that do not escape to infinity, namely lim;_, o < 00, as we take
zeros. For this picture to be consistent with (4.18) we need ¢; > 0. This is precisely the
condition that we found when imposing unitarity!

The result (4.12) sheds interesting light on the bootstrap analysis of [6], where the be-
havior of stringy amplitudes at high energies limg ¢, logT'(s,t) was constrained on general
grounds. In particular, we see that two assumptions made in that paper are too restrictive:

e The asymptotic Regge limit assumption j(t) = jasy(t) made in [6] is explicitly violated
by the amplitudes with A = 1/2. In other words, there are amplitudes for which the
number of escape zeros is large so that jesc(t) ~ t.

e The assumption about the support of zeros of Legendre polynomials made in [6] related
to the support of DiscgdglogT'(s, s) being restricted to an ellipse extended between
—1 < B <0 is explicitly violated by the amplitudes with 0 < A\ < 1/2. In this case the

support of zeros is given by —1 — 27\@ <g<o.
1-V/3

We see therefore that already at the level of amplitudes with equidistant spectrum and
exactly linear Regge trajectories, the result of [6] was based on too restrictive assumptions. It
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is a very interesting question: which extra properties of the amplitude lead to the asymptotic
uniqueness of the Veneziano amplitude? For example, the emergent s —u asymptotic crossing
property discussed in [71] is not satisfied by the amplitudes 0 < A < 1/2 and ¢; # 0.
Similarly, it would be very interesting to understand upon which extra assumptions the
property j(t) = jasy(t) holds.

4.5 Results for Wilson coefficients

As the finite sum ansatz is never unitary, we could not use the same primal approach that
we adopted for the closed string amplitudes in Section 3.3. However, it is still interesting to
see the region in the space of Wilson coefficients that is covered by the unitary amplitude
(4.6). The status of this exercise is very different compared to what we have done in the
previous section because it could be that by generalizing our model further, a larger region
of the parameter space could be covered.
To define the Wilson coefficients, we expand the general open string amplitude (4.3) at
low energy!'!
T(s,t) = b(m% +g10(s + 1)+ gao(s® + ) + 29215t + ... (4.19)

As before, we consider bounds on ratios of Wilson coefficients. Here, we normalize everything

by g1,0 and define!?
_ 2,0 - 2921
Gp=0 g =R (4.20)
g1,0 g1,0

Furthermore, note that only the ¢ = k£ = 0 term contributes to the massless pole.

In Figure 13, we present the region covered by the amplitude (4.6) and compare it with the
dual bound found in [27] and obtained using only causality, unitarity, and crossing symmetry
(A). The amplitudes (4.6) cover a portion of the allowed space.

In a recent work [28], the authors pointed out that the spin 0 contribution can be removed
from string amplitude to generate new unitary amplitudes. The scalar contribution can be
removed from the amplitude by considering

T>0(s,t):T(s,t)—i< o ) (4.21)

s—n t—n

n=1

where ¢, are fixed to remove the spin 0 contribution for all n. The second term, however,
clearly violates RSR and so will the resulting amplitude. It is thus not possible to remove
such contributions without changing the shape of the leading Regge trajectory for negative t.

We can now impose linearity of the leading Regge trajectory for positive ¢ (B) using
the dual formalism. We present the results in Figure 14. Adding a finite number of RSR
constraints in the dual approach does not lead to stronger bounds. Similar to what we
observed in the closed string case, the maximum spin constraint removes part of the region

"Here, we follow the convention of [27].
12Since the Regge intercept is jo = 0, the coefficient g1 o is dispersive (in other words, it can be expressed
in terms of the discontinuity of the amplitude).
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Figure 13: The space of Wilson coefficients {gs, g5} covered by the unitary amplitudes (4.6) (in blue).

We highlighted a few special lines. For example, (O, %, )\) corresponds to the Matsuda amplitude [67].
In red, we highlighted the only region that has the same high-energy, fixed-angle behavior as the
Veneziano amplitude — see Section 4.4. Finally, in orange, we show the line covered by the Cheung-
Remmen amplitude (4.4). The gray region corresponds to the usual bootstrap constraints (ACU) (A)

using kpax = 15.

in the vicinity of go = 1. This can be expected since the line go = 1 only allows for exchange
particles of mass m = 1 and is populated by the following amplitudes

. 1 1 1
Torpole = S 4.22
t=pol (1—5)(1—t)+7<1—s+1—t> (4.22)

with v > —log 2 to satisfy unitarity. The line go = 1 is described by varying v € [—log 2, 00).
The upper-right kink saturates this inequality, at which point the spin 0 contribution to the
residue of the amplitude vanishes. Clearly, all these amplitudes violate the maximal spin
constraint for the linear leading Regge trajectory.

— 929 —



Tupoel, g™

causality + unitarity 1
+ crossing (ACU) 1

0.8

06 r +RSR
o1 Allowed (co, ¢1, )

02

0.0 05 1.0 1.5 20 2.5 30
~/
9o

Figure 14: Comparison of the spaces of allowed Wilson coefficients {go, g3} coming from different
assumptions (in gray and red), and the space covered by the unitary amplitudes (4.6) (in blue). The
gray region corresponds to the usual bootstrap constraints (A). In red, we further imposed maximum
spin J < m? in the dual approach (B). The number of null constraints used to produce this plot is
kmax = 9.

5 Conclusions

Charting out the space of stringy tree-level amplitudes is largely an open problem. Among
other things, this space is important because it contains large N QCD and weakly coupled
UV completions of Einstein gravity.

In this paper, we developed the S-matrix approach to this problem. We utilized extra
knowledge about the leading Regge trajectory which we considered to be linear. On one hand,
it puts an upper bound on the maximal spin of exchanged particles at a given mass. On the
other hand, scattering amplitudes in this class exhibit superpolynomial softness: they decay
faster than a polynomial at high energies and fixed angles. This condition can be conveniently
restated as an infinite set of Regge sum rules (2.9) that the discontinuity of the amplitude
has to obey.

Our basic conclusion is that superpolynomial softness does not lead to any obvious low-
energy imprint as exhibited by the low-energy Wilson coefficients. In contrast to that, the
maximal spin constraint leads to slightly more stringent bounds compared to the standard
bootstrap scheme based on causality and unitarity.'3

13Strictly speaking, to strengthen this conclusion it would be desirable to extend our primal ansatzes both
for the closed and open string cases. For the closed string case, it would be interesting to construct amplitudes
that do not satisfy RSR more systematically. For example, including terms considered in [20] would be an
obvious way to do it. For the open string case, on the opposite, we would like to have a better understanding
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Let us provide a simple, intuitive explanation of these results. The low-energy Wilson
coefficients are dominated by the contribution from the lightest degrees of freedom that were
integrated out. The maximal spin constraint puts a bound on the maximal spin of these

lightest massive degrees of freedom and thus affects the low-energy Wilson coefficients. The

2
gap

imprint on the low-energy observables. It is not obvious that it is possible to construct

UV softness, however, can kick in at energies syy > m and therefore leave very little
amplitudes with the separation of these two scales (the mass gap, and the energy scale at
which the UV soft behavior becomes visible). For example, in the standard string amplitudes,
the UV softness can be already seen at energies syy ~ méap and not just asymptotically. Our
primal ansatz achieves precisely that: it delays the kick-in of the UV soft behavior to higher
energies and thus effectively hides it from a low-energy experimentalist.

In the statements above, we effectively assumed that properties of the leading Regge
trajectory j(t) for positive and negative t are unrelated. It is quite probable that this is
not the case. For example, in all known examples, j(t) is a convex function of ¢.'* On a
related note, for the amplitudes of the type considered in [20] (assuming they could be made
unitarity for the closed string case as well) we can make the leading Regge trajectory at
negative t arbitrarily flat while keeping it intact for positive ¢.

For the closed string case, we focused on the MHV scattering of gravitons in four dimen-
2 _ 115
gap = L.

We put forward a primal bootstrap scheme, see Section 3.2, which is analogous to the one

sions with the leading Regge trajectory j(t) = 2+ 2t, where we work in the units m

for the nonperturbative case put forward in [73]. In this scheme, analyticity and crossing
are manifest, but unitarity is a nontrivial constraint that is imposed numerically. We then
derived bounds on Wilson coefficients using both the primal and dual methods. The results
are presented in Section 3.3. We found bounds that are slightly more stringent than the ones
that follow simply from analyticity, unitarity, and crossing. We also observed an approximate
agreement between the primal and the dual bounds. This fact is interesting because in our
dual implementation, only a finite number of RSR could be added and they are not used in
the numerics. Our primal ansatz, on the other hand, satisfies infinitely many RSR.

For the open string case, we considered the scattering of massless scalars and took the
leading Regge trajectory to be j(t) = t. As opposed to the closed string case, we showed
in Appendix D that there are no unitary ansatzes with a finite number of satellite terms
in this case. There are, however, unitarity amplitudes that satisfy Regge sum rules and
have infinitely many satellite terms. We constructed a three-parameter deformation of the
Veneziano amplitude (4.6) and we showed that it obeys unitarity in a finite region of the
parameter space (co, c1, A). We then explored the space of Wilson coefficients covered by this
family of amplitudes and compared them to the bounds derived using the dual method.

We also found that (4.6) exhibits nontrivial behavior in the high-energy, fixed-angle region

of the landscape of the amplitudes that do satisfy RSR, beyond the example considered in the present paper.
1 Convexity of the leading Regge trajectory can be proven for nonperturbative CFTs [72], it is not known
if it holds for planar CFTs which are dual to weakly coupled stringy scattering in AdS.
15Here Mgap is the mass of the lightest massive state that appears in the amplitude.

— 31 —



which goes beyond the analysis of [6] in several interesting ways. In particular, we observed
that a technical assumption about the support of excess zeros made in [6] needed to prove the
uniqueness of the high-energy limit of the amplitude does not follow from basic principles, and
is thus genuinely an extra assumption. It would be very interesting to remove it completely.
In Appendix F,'0 we set up a dual bootstrap version of the analysis [6] assuming the
asymptotic distribution of zeros of Legendre polynomials is supported along the negative
axis. It leads to the following bound
s}eiinoo logT(s,t) <o ((s+t)log(s+t) —slogs —tlogt), (5.1)
where o is the slope of the Regge trajectory j(t) ~ o't at large positive t. This bound should
be understood as either the statement about the residues of the amplitude or as the statement
about the high-energy limit taken slightly away from the real axis.
Using (5.1),!” in Appendix G, we derived a lower bound on the behavior of stringy
amplitudes at high energies and fixed physical angles, namely s,t — oo, s/t fixed and ¢ < 0,

, 1+,/17z(2)
max T(s,t = —f(l — z))‘ >e S8 5 (5.2)
|z|<z0 2

This generalizes the Cerulus-Martin bound [74] derived in the context of gapped QFTs to the
case of tree-level stringy amplitudes.

There are many open directions that we think are worth exploring further. These are
naturally related to relaxing various assumptions made in the paper. Stringy amplitudes
that exhibit an accumulation point in the spectrum were analyzed in [15-17, 33-40]. Stringy
amplitudes with the spectrum different from linear were constructed recently in [21]. Stringy
amplitudes, with linear spectrum and no accumulation point that exhibit power-like behavior
at high energies and fixed angles, were explored in [13, 20]. Stringy amplitudes that satisfy
monodromy relations were studied in [30-32]. It would also be very interesting to generalize
our analysis to general number of spacetime dimension d,'® as well as to the scattering of
gauge bosons as in, for example, [76]. Finally, the soft behavior of the amplitudes at high
energies and fixed angles is essential for celestial holography [77], and it would be interesting
to explore the models studied in the present paper in that context.

An important problem in the stringy S-matrix bootstrap program is the construction and
consistency of multi-point amplitudes. Once these are constructed a consistent factorization
must be checked. In the case of string theory, the factorization of multi-particle amplitudes
reveals the degeneracy of states not visible at the level of the 2 — 2 amplitudes and the
Hagedorn growth of their density with energy [78]. Similarly, multi-particle amplitudes with

16We thank Miguel Correia for collaboration on this topic.

'"In the original work of Cerulus and Martin [74], the analog of (5.1) is played by the assumption of
polynomial boundedness needed for the Mandelstam representation to hold.

¥Bound on Wilson coefficient assuming (ACU) (A) of the graviton amplitude in higher dimension were
recently derived in [75].
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satellite terms studied in this paper can be constructed, and their factorization can be ana-
lyzed [79].1? It would be very interesting to revisit this question and explore it in conjunction
with unitarity and, in particular, for the concrete unitary models studied in the present paper.
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A Review of the dual method

In this appendix, we review the dual method of [81] used to bound Wilson coefficients using
causality, unitarity, and crossing symmetry. Here, we will focus on the case of the MHV
scattering amplitude of gravitons. For a review of this method in open string scattering, see
for example [27]. See also [12, 29] for a detailed explanation of the dual bootstrap as an SDP
problem.

A.1 Dispersion relation and Wilson coefficients

We start by writing a dispersion relation for f(s|t,u)

[ ds’ f(s]t, —s’—t) 87rGN 2tu 51
floltou) = o2 T + 1B Po = 15l
L (Y L i 4 )

T Jmz., = 2 m8(s —m?2) (A1)

> m?)di, (1+ 25)
+Jz;1 t+m2 (—s —t—m?)

9Tn [40], the factorization of the multi-point Baker-Coon-Romans amplitude was explored. In [80], multi-

point amplitudes, which generalize the Lovelace-Shapiro model of pion scattering, were analyzed.
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where we recall that the spectral densities p! ™ (m?), p7~(m?) are the imaginary part of the
partial amplitude

1+ (=1)7 2t
Ty t) = 3 - ey (142 (A2)
J=0
2t
ImTy_ (s, t,u) ZpJ d44 1+ <) (A.3)

and from unitarity p+(m?), pt~(m?) > 0. In writing the dispersion relation for f(s|t,u), we
used that the intercept of the amplitude is jo = 2 and thus f(s|t, —s —t) < 1/|s|? and the arc
at infinity can be dropped.

By expanding the dispersion relation (A.1) at low energy and comparing it with the low-
energy expansion (3.2), it is straightforward to obtain dispersive representation for the ay ;

), + (),

<
() ().
< |

and for example

3

= () (2 w
++ +—
o (LL5DY) (g vy a

where J = J(J + 1) and we used the notation

L[ e

. oy ) (A8)

s m 2
Map J=0

((...)>+_:1/OO dm” ZpJ m2)(...), (A.9)

to represent the moment with positive measures. It is also convenient to name the function
inside the brackets

ag; = <agj(m2,j)>++ + <ak+7;(m2,j)> . (A.10)
Clearly, for even k (A.4) imposed positivity of aj o and the ordering ago > aso > as0 > .. ..
No simple statement can be made for the other coefficients and we will use a numerical method
as explained in the next subsections.

A.2 Crossing symmetry and null constraints

The function f(s|t,u) is symmetric in ¢t — u. However, the dispersion relation (A.1) is per-
formed at fixed ¢ and makes this symmetry not manifest. By imposing the RHS of (A.1)
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to be symmetric in ¢ — u, we obtain extra constraints. Explicitly we obtain the ‘master null
J 2t 2 77 2t
<d0,0(1+mz)> +<md4,4(1+m2) >
6(q — 17,2 t+ m2)i(u — m2
mb(s—m?) | T\ GEma—m?) )

_(Bo i)\ mdl (14 5)
T\ mSs—m?) )T\ wrmie—m?) )

By expanding (A.11), at low s,¢, we obtain a sequence of null constraints X} ; = 0. They are

constraint’

(A.11)

labeled similarly as the coefficients ay ; in (3.2)
0= ) X;s" 1. (A.12)
k>j>0

They are yet another set of null constraints. Indeed, the same function also appears in a

third amplitude

Ty (s,t,u) = ([13](24)) " f(t]s, ) = t* f (t]s,u) (A.13)
Ty (s,t,u) =Y pi(s)(—1)7d] _4(1+2t/s), (A.14)
J=4

and thus the function has another dispersion representation. As the intercept for the gravi-
tational amplitude is jo = 2, we write a 3SDR for f(t|s,u) using (A.13)

[ ds' Sf(t]s',—s' —t)  8nGy
F(ts,u) = %2%@ (s)3(s—s') stu

SU 1
+ yﬁRgF7 — \@by?; + co(s? + u?) + crsu + fo(t)

1 [>® e df _,(1+2)s 1 1
_77/2 n (Z(_l)Jpj_(mZ) e o ) <m6(s—m2) T (s —t—m?)

m

gap J

(A.15)

The coefficients cg, ¢; and the function fo(t) are unknown subtraction terms. The Mandelstam
dependence is only in the kernel and we can thus write

8GN
lsltw) = =

df _, (14 25)43 1 2 (A.16)
. <(_1)J st (m4(t—m2) " (m2+5)3(—5—t—m2)>>+_

Equating with (A.1), we obtain a second ‘master null constraint’. By expanding at low energy,

tu 1
+1Brs " — Bsl* + colt + u*) + ertu + fo(s)

we get a second sequence of null constraints ) ;. As the subtraction terms are unknown, it
implies that these null constraints are valid for £k —j > 3 and 7 > 1. We emphasize here that
we need 3 subtractions as the intercept is exactly jo = 2. If one considers constraints on an
EFT where the UV is nonperturbative, two subtractions are enough [82], see [25] where such
constraints were imposed.
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A.3 Dual bootstrap algorithm

To derive dual bounds, we start by writing the bootstrap equation. Without loss of generality,
we will explain the case where the Wilson coefficients are normalized by apo and we set
Mgap = 1 for clarity. We will consider here carving out a 2d region {g, A} where g, A can by
any of the ay ;. Let us define the vectors

7 (m?, ) = (aoo (m2, ), g (2, D), AT (2, D), A 2 ) (A)
7 (m ( ) gt (m, D) N (2, ), (m?, ) ) (A.18)
= (~1,0,0,0) (A.19)
7, = (0,~1,0,0) (A.20)
= (0,0, -1,0) (A.21)
where 7i(m?, J) is a vector of null constraint 7 = (X, Y) and thus

—

0= (@t (m? J)),  + (@ (m?J), . (A.22)

++

We denote the number of null constraints used by kmax, the highest value of £ in (A.12). We
can then write the bootstrap equation

0= aoo @+ g+ Aoy + (T (m? ), + (@ (m*J)), . (A.23)
The corresponding bootstrap problem is to find a functional & such that

. . o +1, for upper bound
e « is normalized by a - v, =

—1, for lower bound

e O maximize @ - (170 + ﬁﬁ}). We call the result of this optimization A(\).

e ( is positive on the spectrum:

-5t (m?,J) > 0 for all (m,J) € spectrum

QL

- 9 (A.24)
a-vt~(m?* J) >0 for all (m,J) € spectrum.
In this case, without specific spectrum assumption (A)
h l: > J=0,2,...
spectrum : (++) channe "t = Mgaps T (A.25)
(+—) channel :  m > mgap, J = 4,5, ...

For & solution to the bootstrap problem, applying the functional & to the bootstrap equation

and using linearity of the average (...) we obtain

A\
a- (170 n 5A> + 9 <o (A.26)
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which leads to the two-sided bound

A=) < L < —ar(y). (A.27)
a0,0
This procedure can be efficiently implemented in SDPB [62, 63]. It led to all the dual bounds
using only causality, unitarity, and crossing symmetry presented in this work (gray regions in
our plots). This procedure can be extended to carve a 3d region as shown in Figure 9.
In practice, we need to truncate the number of constraints in spin. However, as already
observed in [81], the convergence in spin is fast and we truncated at Jyax = 100.

A.4 Maximal spin constraint in the dual approach
Let us explain next how the maximal spin constraint (B) is imposed in the dual approach. It
changes the sum over spins in (A.1) into
00 j(m2)
>
J

J

(A.28)

This change propagates all the way to the definition of the averages (A.8) and (A.9).
It has the effect of changing the spectrum in the constraint (A.24) on the functional a.
Instead of (A.25), we now have

(A.29)

(+—) channel : M > mgap, J =4,5,...,5(m?) ’

spectrum with J (++) channel :  m > mgap, J =0,2,...,j(m?)
the maximal spin constraint

and can be efficiently implemented in SDPB. To do so, we invert the relation j(m?) — m?(j).
Then the constraint has to be applied on all J, and m? > m?2(.J). Finally, by a change of
variable m? = m?(J) + z, the constraint can be written as a polynomial in = and imposed for
all x > 0.

Similarly, we can impose a discrete spectrum. Following the same steps, we have (for
example with an equidistant spectrum)

(+—) channel: m?2=ne€Z,,J=4,5...,5(n)
(A.30)

cannot

equidistant spectrum with | (++) channel : m?=ne€Zy, J=0,2,...,j(n)
the maximal spin constraint

This can also be implemented in SDPB with the difference that the spectrum in m?

be implemented as a polynomial in x and we have to choose a grid for n. In practice we chose
a grid of the form n = 1,2,...,nmax and added some points at large n ~ 10°,106,.... The
convergence in the size of the grid was fast.

With these extra constraints on the spectrum, the convergence in the number of spin
constraints is slower than by considering (A.25). However, in practice, it is sufficient to add
several constraints at large spin J ~ 10°,10° to obtain the final result.?’

20Similar observation was made in [27] in a different context.
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A.5 RSR as null constraints

Here we will discuss how RSR can be added to the dual method described above and why it
does not change the bound in the present formalism. For simplicity, we will describe here the
case of the open string but the same argument applies for closed string.

Following the same procedure as above, the Wilson coefficients can be written using

¢ po)
Gnt = <ZP" <1)> (A.31)

dispersion relations

m2n

where P}Z) (x) is the ¢-derivative of the Legendre polynomial and the average is defined via

Tys,t) =3 ps(s)Ps <1 + 2:) , (A.32)

J=0
o] m2
(=1 Z/ dTTQ,oJ(m?)(. ). (A.33)

Null constraints that follow crossing symmetry are easily obtained using g, ¢ = gnn—¢ and we
denote them Xnyg.m
Let us now write the RSR in a similar form. Starting from (2.9), we obtain

2t
RSR: Rn(t) = <m2"PJ (1 + mQ>> =0, jit)<—-n,n>2. (A.34)

For n = 0, 1, one would pick the constant and pole of the amplitude at s = 0. This is a new
family of null constraints. Let us focus on the linear trajectory j(t) = ¢, which implies that
t < —n. Looking at the argument of the Legendre polynomials, we see that

2t

1+ = <-1, for —t<m?<m
m

2 (A.35)

this region always exists for ¢ < —n and mga, = 1. Using properties of the Legendre polyno-
mials, it implies that at large J and any fixed m, in this interval

[Ra(t)] (m2,J) ~m2" ! (-1)7, e>1, (A.36)

and thus grows exponentially with an oscillating sign. This contrasts with the sum rules
for the Wilson coefficients (and thus also the usual null constraints X), which grows as a
polynomial in J. Let us see what it implies for the bootstrap algorithm. As in Appendix A.3,
we build the vector ¢ and add one RSR constraint

T(m?, J) = (glﬁo(mQ, J),gn,g(mz.J),X’(mz, J), [Rn(t)](mz, J)) (A.37)

21See for example [27] for detailed expressions. A second set of null constraints can also be obtained but
does not influence the argument in this section.
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at large J, it behaves as
F(m?,J) ~ (0,0,0,¢’ (=1)7) + O(J*). (A.38)

Thus, the constraints on the functional & - @#(m?,J) > 0 at large J imposes that the last
coefficient of @ is set to zero. Thus, the constraint R,(t) = 0 is not used by the dual
algorithm. The conclusion does not change for any finite number of RSR constraints included
as the coefficient ¢ in (A.36) depends on t, M.

When supplemented by the maximal spin constraint (B), the argument presented above
fails as one forbids arbitrary large spin at fixed m,. However, it is easy to see how a single RSR
cannot be used in this case as well. Let us consider the large mass behavior of (A.37). Clearly,
from (A.31), all Wilson coefficients and null constraints decay at large m?. In contrast, the
RSR (A.34) grows and we get

. 2t
(m?2,J) - <o,o,o,m2"PJ (1 + m2>> +0(m™?). (A.39)

For large but finite mass, the argument of the Legendre polynomial is z = 1 — 4 < 1 and
oscillates in J. Provided that j(m?) is larger than this oscillation period, the constraint on
the functional @ - #(m?,J) > 0 will also set the last coefficient of @ to zero. Note that this
mechanism is ‘softer’ as the growth is polynomial and not exponential as in (A.38). However,
a single constraint still cannot be used. It is less clear that a large or infinite number of
constraints (A.34) could not be used, for example, by using a single n and various ¢.

With infinitely many constraints included, the argument above fails, and it might be
that the sum rules could be used. It is also possible that by applying a ‘smart’ functional
to this constraint, they could be included (for example, by ‘smearing’ in t?). We leave this
investigation to future work. Instead, in the present paper, we use a primal approach and
build an ansatz that satisfies all constraints R,,(f) by construction.

B Constraints on the closed string sum

In this section, we present constraints on the ¢;, d; range that appear in (3.10). First, we
impose that all the residues are polynomials. This implies that

Cs + Ctu 2> diy,  2¢4 > ds . (Bl)

Second, we impose that the leading trajectory is j(t) = 2 + 2¢t. This leads to the Regge
boundedness conditions for the satellite terms

Ctu dpy +1, 24 cs —ds < dpy — Cpu - (BQ)

Finally, we only consider terms with cs, ¢z, = 0, which have poles at nonnegative integer mass
square. The inequalities above then imply that and cg,, dy, > 1 and dg > 2.
The minimal solution to these inequalities, namely ds = 2, ¢, = dy = 1, and ¢ = 0 is

precisely the deformation corresponding to the heterotic string amplitude.
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C Examples of amplitudes

This appendix lists various meromorphic amplitudes of massless particles satisfying unitarity
and crossing symmetry. They are listed in Table 1 for the scalar amplitudes and Table 2 for
the gravitational amplitudes. We also show that an amplitude built out of a sum of single,
double, and triple poles is consistent with unitarity for the gravitational amplitude.

Name Amplitude Regge behavior
Veneziano Ty = % jt) =t
_ I . . n-J Ltz
Cheung-Remmen Tcr = WgFQ(—S, —t,r;—s —t,1+7r;1) Jt) = 1t<—1
Matsuda To1/20 = %25(—87 —t; 17572 A) jt) =t
Mandelstam Te 00 = %3512(—5, —t, —co; — 54, =55 ) j(t) =t
Spin 0 exchange Tipin 0 = m@—is + m@it j(t) =0
st-pole T'st—pole = % Jt) = -1

Table 1: Here we list examples of unitary amplitudes with T'(s,t) = T'(¢,s) and no u-channel poles.
More amplitudes with spin 1 and spin 2 exchanges can be found in [27, 28].

Name Amplitude ‘ Regge behavior ‘
Virasoro-Shapiro fvs = —Ffl(;j))g((; 3%@% jity=2+2t
Spin 0 exchange Jspin 0 = %ﬁ Jjt) =3

tu-pole fru—pole = % (m2—t)1(m2—u) J(t) =3

stu-pole fstu—pole = 73 (mz_s)(m21_t)(m2_u) j(t) =2

Table 2: Here we write examples of the MHV graviton amplitude using the functions f(s|t,u). If not
explicit, one needs to add the graviton pole to have a gravitational amplitude. We removed it here for

brevity.

A pole amplitude for the MHV gravitational amplitude
Let us show here that an amplitude built as a sum of 1,2, 3 poles is consistent with unitarity
(positivity). We start with the following combination of terms

A

1

mém?2 —s

9 1

m* (m? — t)(m? — u)

fpoles(3’t7 u)
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We will show below that this amplitude is unitary for

210g(2) 12(195790 log(2) — 135711)
A> g8 s >0, 0.2
=3 9= T 006320 1og(2) — 4918777 0 T (C.2)

At fixed &, saturation of A removes spin 0 in the (++) channel and saturation of g removes
spin 5 in the (+—) channel. We can also immediately see that any single term is independently
unitary for positive coefficients.

To show it, recall that we can invert (A.2) and (A.3)

1
P = arst [ de fsite) u(@) P (o) (C.3)

1
= (s) = a / (1) (u(e) s )] o) (C.4)

where a; = %(QJ +1).%2 Plugging fpoles(s|t,u) into the formula above, we obtain for the
(++) channel

! 4
pit(s) =aymé(s — m2)/ dz <9 ’;2 + )\) Pj(x). (C.5)
—1 -
Performing the integral for the spin 0, we obtain the constraint on A > —/<;21ng(2). For

higher spins, we use the Froissart-Gribov formula (see for example [83, 84]) to see that all
partial waves are proportional to Legendre Q-function p}(s) ~ kd(s — m?)Q;(3) and are
nonnegative for k > 0. This analysis was performed analogously in [81] in the context of
scalar amplitudes.

Let us now turn our attention to the other channel. We obtain

! 4 2
+— - _ 2 4 1J g
Py (s) =aymé(s —m )/_1 dz(1+ z)°dy 4(x) <9 3 + . x) (C.6)
. _ 2 dZ 4 J 4 2g
=aymé(s—m )/[_171] — (1+2)%ep4(2) o235 (C.7)

In the second line, we wrote the integral as a counterclockwise contour in the complex plane
along the axis z = [—1, 1] using the Wigner e-function [60, 85].23 It is defined such that its
discontinuity in x € [—1,1] is given by the Wigner d matrices. They are analogous to the
Legendre @Q-functions but for spinning particles in d = 4. Explicitly, we have

Atn

eiu(z)_(—1;_“[r(J+A+1)F(J_A+1)p(J+M+1)F(J_M+1)]; <1—|—z> :

2

_ATK —J—u—1
1—2z 2 z—1 " 1 2
— R J+ A+ 1,J 1,2 +2, ——
X<2> (2) F(2J+2)21(+ thretd +’1—z)’
(CR)

22Compared to [83], we absorbed the prefactor ns in ps in (A.2). Thus ay = n;Na/2 in their convention.
238ee [86] for a recent use of the Wigner e-functions in a different context.
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for A\ >0and A —p > 0.24
We can now deform the contour and pick the pole at z = £3 to obtain®®

_ 4dma g
py(s) = 8(s —m?) 3 [(1+3g)4%e] 4(3) — 2%e] 4(—3)] (C.10)
which is positive if?6
16(1 + 3g)ef 4(3) + (—1)7ef _4(3) > 0. (C.11)
Using positivity properties of the Wigner e-function eij,ﬂ(z) > 0for z > 1,J > 4, the
64{,4(3)

strongest constraint comes from odd spins. Finally, using that — is a growing function
4,

—a(3)
of J, the strongest constraint comes from J = 5 which leads to the second constraint in (C.2)
12(1957901og(2) — 135711)

> _ . C.12
9= 77006320 log (2) — 4918777 (C.12)

Saturation of this constraint removes the spin 5 exchange in the (+—) channel.

Comment on the Regge behavior

Finally, let us comment on the Regge behavior of amplitudes presented in Table 2. Two
of the functions for the MHV amplitude presented above grow too fast in the Regge limit,
namely they have the Regge intercept jo = 3. For the tu-pole amplitude, this can be cured

by considering the triple product with different mass 0 . Indeed, performing

1
M?Z—3s)(m2—t)(m2—u)
the same analysis as above shows that for M > m, this amplitude is unitary. Thus we can

define the improved tu-pole amplitude by

improved _ 9 1 M ]
tu—pole m2 (MQ IR S)(m2 — t)(m2 — u) ) >m. (C 3)

As M > m, the corrections to the Wilson coefficients are suppressed by O(m/M). This
amplitude now has the Regge intercept jo = 2. Since this amplitude is unitary only for
M > m, a similar improvement cannot be performed for the spin 0 exchange amplitude.

It is sometimes possible to add a contact term to cure the Regge behavior (see for example
[86], Appendix A). Here, for the spin 0, one would need to add + A}is which corresponds to
the massless scalar exchange amplitude | ﬁ¢\2, but taken with the wrong sign and is thus

not unitary. We do not know how to ‘improve’ the spin 0 amplitude such that it satisfies
unitarity and has jy < 2. How is it possible then that this amplitude lies at the boundary of
the allowed region in the dual approach? First, while we have not found it, it is possible that
an improvement exists such that it does not change the value of the Wilson coefficient by
adding a tower of particles of mass M > m. Second, in the dual formalism, this amplitude
satisfies all the sum rules written and hence is not excluded.

24The other ranges are defined through the identities
eu(z) = (1) el (z) = (1) ey u(2) (C.9)

25Note that the Wigner e-function has extra singularities at z = £1 but they are precisely canceled by the
prefactor (14 z)?.
*Here we used that e}, y(—z) = (—1)""/T#72*¢] (), see for example [60].
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D Unitarity of open string finite sums

In this section, we extend the argument of Sivers and Yellin [87] to show that any finite ansatz
(4.3) cannot satisfy unitarity. The truncated ansatz reads

Nlnax 1

I(i—1t)
TNmax S t Z Zblk Z + k s — t) (Dl)

1=0 k=0

where by assumption b;; are finite real coefficients.
The residue of a single term in the ansatz is
T(i — s)[(i — t) RUM(¢)

- D.2
IFi+k—s—t)ssn s—n (D-2)

where

(=)™ —t)

RO = o Dk —n =0

n

is a polynomial of degree n — k in t.
As a first step, we show that a single term with ¢ # 0 does not satisfy unitarity. To this
end, we will show that in the partial wave expansion

n—k ot
=5 dp, <1 + ) (D.4)
J=0 "

the J =n—k and J = n — k — 1 terms have opposite signs and hence unitarity cannot be
satisfied for all n,J. Using, (D.3), we can expand in x = 1 + % and focus on the leading

power

. ) n—k —k
(n —)IRGH)(t) v (—1)itk (g) |::En—k i nT(l k- 202
=2 (-

(D.5)
Importantly, (1 — k — 2i) < 0 for all i > k > 0 and thus the coefficients in front of z"~*
)
1

and 2" ~*~1 have opposite signs. Moreover, we know that the Legendre polynomials Py (x
are expansion in odd/even powers of x for odd/even J. This implies that "% and 2"k~

contributes to different spin. Moreover, using that the coefficient of 7 in P;(z) is always

k) (i.)

o —k—1 have

positive, comparing (D.4) and (D.5) we can thus conclude that ¢, , and ¢

opposite signs. We can also write them explicitly

R — (_q1)it+k (n)k _Val(n—k+1)

nn k _( ) (4) (n— 'L)'F(n k+—)

(4,k) _ (_q)itktl (nyn—k 2/mQitk-DD(n—k+1) (D.6)
Cpn—k—1 = (=1) (Z) n(n—i)T(n—k—1)

which makes it clear that they have opposite signs. This concludes the proof showing that a
single term cannot satisfy unitarity as it requires CS ’]j) > 0.
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Let us go back to a finite sum (D.1), (D.3) implies that at large n
n! ROK) (1) ~ pi gk, (D.7)

and thus the terms with max(i) dominates at large enough n. Therefore, it is enough to
consider an ansatz at fixed ¢ and show that it does not satisfy unitarity. We call the fixed ¢
amplitude

G _ (i —s)'(i —t)
T szk S p— (D.8)

Considering the residue at n of this amphtude
; 2t
J=0

where unitarity for the fixed ¢ sum requires CS)J > 0. It is straightforward to see from (D.3)
that

an")J = cgﬁ)bik (D.10)

0
and only b; o contribute to the residue at J = n, (b; 0, b;,1) contribute to the residue at J = n—1
and so on.

Consider first the residue at J = n, from (D.6) it is clear that all c(Z % have the same
sign. This fixed the sign of b,y and we can also normalize it to by = +1. The other option is
b;o = 0 and we will come back to this later.

We turn now to the residue at J =n — 1

D=0 by el by (D.11)

n,n—1 n,n—1
Using (D.6), we have that at large n
50)

n,n—l
iy |~ n (D.12)
Cn,n—l
and thus cgi)nfl > 0 implies
bﬂ zn (D.13)
bio

For bjp = £1 this leads to a contradiction with having a regular finite ansatz. Indeed, (D.13)
must be true for all n, it implies b;; — oo which is not compatible with having a well-defined
finite ansatz.

(4)
n,n—1
option is b;g = 0. In such a case the residue at J = n — 1 fixed the sign of b;1, and we can

We showed that b;g cannot be finite or the residue ¢ cannot be positive. The other

choose normalization b;; = £1. Now looking at J = n — 2, only b;; and b;o contributes.
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Repeating the argument above, it is easy to see that bjo 2 mnb;; and hence the only option is
b;1 = 0. By iteration, we obtain that b;x<; = 0.

What remains is the term with & = ¢. However, we showed above that a single term
cannot satisfy unitarity. This concludes the proof that a finite sum ansatz cannot satisfy
unitarity.

E Completeness argument for the open string case

Here we would like to comment on the completeness of the ansatz (4.3) following Khuri
[66]. The fact that all particles live on equidistant linear Regge trajectories translates to the
following statement

1

T(s,t) ~v ——
(58 ~ STy st

(ao(t)(—s)t—i—al(t)(—s)t_l +) v (E.1)
where the last ... stands for the RSR violating contributions S% that vanish in the s — oo
limit. The first observation is that ax(t) are entire functions. Moreover, if we consider the
residue at ¢ = n it should become polynomial, therefore

ag(n) =0, k>n. (E.2)

We now consider the ansatz

i

(s, t) = z; > bk?g - Z)E(i - 2 (E.3)

The basic idea is that by choosing b;;, we can reproduce a given set of entire functions ag/(t).
For example, for the leading one we get the following equation

ao(t) = Z biol}(z__t?7 (E.4)
i=0

where in writing (E.4) we expanded each term under the series. Eq. (E.4) expresses the
entire function ag(t) in terms of Newton polynomials with interpolating points chosen to be
nonnegative integer ¢ = n.

A sufficient condition for convergence for such an expansion was derived by Buck [88].
Let us introduce the growth indicator of an entire function f(t)

1 .
h(0, f) = lim sup - log| f(rey). (E.5)
r—00 r
Then Buck has proven that the expansion (E.4) converges if
h(6, f) < cosflog(2cosf) + Osinb, 0] <m/2. (E.6)

Similar conditions hold for subleading trajectories.
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We expect that (E.6) follows from consistency in the semiclassical limit s,¢ > 1 as
discussed in [6]. Note that in all known examples h(6, f) < 0 for |§| < 7/2 and therefore the
bound (E.6) is trivially satisfied. Assuming this is the case, we consider next the difference

6T (s,t) = T(s,t) — T(s,1). (E.7)

It is an entire function that vanishes at infinity. Therefore §7'(s,t) = 0. We do not have an
analogous argument for the closed string ansatz.

F Bound on the asymptotic form of the amplitude

We consider a stringy amplitude at large s,t — co. We focus on the discontinuity that takes
the form

t) :Zé(s— ch 7Py (1+) : (F.1)

The RHS is a polynomial that is characterized by a set of zeros. If we now perform an average
over many poles, for example, by considering T'(s(1 + i€), t(1 + i€)), it was argued in [6] that
it is these zeros, called the excess zeros, that control the amplitude asymptotically.

It is convenient to introduce a distribution of zeros p(z, zZ) and write for the asymptotic
form of the amplitude

logT'(s,t) = cotk/dzzp(z, Z) log (1 - ti) , (F.2)
z

where we assumed the asymptotic form of the Regge trajectory takes the form jasy(s) = cos”.
Our task is then to find the distribution of zeros that arises from the sum over Legendre

polynomials with positive coefficients, such that

/dzzp(z,z) =1, p(z,2) >0, (F.3)

which satisfies crossing that takes the following form

/d2zp(z,z) <ﬁ’“ log (1 - ;) + log <1 — f)) =0, pB>0, (F.4)

where we introduced 5 = t/s.

Moreover, the distribution of zeros should come from a positive sum of Legendre poly-
nomials and should correctly reproduce the Regge limit behavior. Introducing the ‘electric
field’ produced by the excess zeros

F(B) = /d%pﬂ(z_’i), (F.5)
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one can show that

0<VBI+B)F(B) <1, (F.6)
9 (VBU+B)1(8) 2 0. (F.7)

In addition to that, consistency with the Regge limit implies that

f(B) = —klog BBt + (k+1)M B + ..., (F.8)

where My = — [ d%2p(z, %)z is the dipole moment of the distribution. The asymptotic above
is only consistent with the formulas above for k > 1/2.

F.1 Support of the distribution of excess zeros

To make further progress [6] had to make an assumption on the support of the distribution
of zeros p(z, Z) that arises from the sum over Legendre polynomials with positive coefficients.
The first, rather weak, assumption that zeros are localized for Rez < 0 leads to an additional
constraint

k<. (F.9)

Making a stronger assumption that the zeros are located inside an ellipse that touches the
real axis at Rez = 0, —1, [6] then argued that £ = 1 and that the amplitude is given by the
asymptotic limit of the Veneziano amplitude.

F.2 Extending the support of the distribution

It is clear from the results of this paper that the assumption above about the effective support
of zeros is too restrictive. Let us consider the generalized Veneziano amplitude T, ., » with
c1 # 0. There is a nontrivial range of parameters for which it satisfies unitarity and crossing
and takes the following form in the asymptotic region s, — oo

log Tpp 00 = (s +t)log(s +t) — slogs — tlogt

1—X

1
—|—cl<tlog§<1 11— +{3Ht}

where the second line vanishes for A = 4\(1 — \) =

In this case the amplitude can be written as follows

0
S
10g Tog o 2 = t/ﬁ+1 dzp(z) log (1 - E) . (F.10)
A—1

In particular, we have

. f+1
A*)l\/;_]_

(F.11)
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Therefore, we see that positive sums over Legendre polynomials consistent with the Regge
limit can generate distributions of zeros that ‘spills’ arbitrarily far beyond —1 < z < 0
considered in [6].

F.3 Maximal value of the amplitude

To make some progress it is interesting to consider a dual formulation of [6]. We consider
the case of a linear Regge trajectory j(t) = a;syt, k =1, and we ask the following question:
what is the maximal value that the amplitude can attain at the crossing-symmetric point
log T'(s,8) < maxS?

We assume that all zeros are localized along the negative real axis parameterized by z < 0

t

and we set s = 1 so that everything only depends on 8 = . Let us quickly demonstrate

that such a bound exists. To do it we introduce a set of ‘null constraints’ by expanding the
crossing equation around 8 =1

Blog <1 - Blz> + log <1 — f) ’6:1—6 = Zni(z)ei, (F.12)

=1

such that
0
/ dzp(z)ni(z) = 0. (F.13)

One can check that not all of the null constraints are linearly independent. We find that a
convenient choice is to consider (ni,n2,n3, ns,ny,...). As an example

ni(2) = log (1 _ 1) 2 (F.14)

z 1—=2
1 1432
= F.1
To derive a bound on the amplitude
logT(1,1) < a, (F.16)

we look for a functional, or, in other words, an « and a set of d;’s, such that
1 1 =
L - —~log <1 — Z) + ;dmi(z) >0, z<0. (F.17)

Indeed, imagine that we have found a functional with this property. We can then integrate
the equation above against the density of zeros to get

/U dz p(2) <1 - élog (1 — i) + idmﬂz)) =1- élogT(l, 1) >0, (F.18)
i=1

—0o0
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where we used the fact that p(z) > 0, the normalization condition (F.3), and, of course,
(F.17).

It is not immediately obvious that functionals with the property (F.17) exist, so let us
demonstrate it explicitly. We take o = 2 and d; = % to get

1 1 1 1 2 —z
1 2log<1 z>+2<log<1 z> 1_2) 1_Z_O, 2z <0, (F.19)

which immediately tells us that

logT(s,s) < 2s. (F.20)
F.4 Extremal functional and extremality of the Veneziano amplitude

A simple bound above was derived using a single null constraint. We can set a numerical
scheme that employs more and more null constraints. As a result, we get an extremal func-
tional that tends to zero for —1 < z < 0 and is positive otherwise. We plot the result for
the functional obtained using null constraints up to ngsz in Figure 15, which produces the
bound log T'(s, s) < 1.38671s, whereas the Veneziano amplitude at this point takes the value
2log2 s ~ 1.38629s.

sl T
0.4_
o3|
02

0.1

0.0

Figure 15: We plot the optimal functional (F.18) obtained using ng,...,ngs null constraints. It
produces a = 0.721138 which corresponds to the upper bound log T'(s, s) < 1.38671s.

Therefore, we see that the extremal amplitude that saturates the bound should have the
support of excess zeros p(z) only for —1 < z < 0. These are precisely the types of amplitudes
considered in [6]. It was argued there that such amplitudes are unique for any k, however
only for £k = 1 it can come from the positive sum of Legendre polynomials.

Our conclusion here instead is that the asymptotic limit of the Veneziano amplitude
maximizes the bound on the amplitude in the region s, — oo, and in this sense, the Veneziano
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amplitude is an extremal (but not unique) solution to the axioms considered in [6], so that
in the limit s,¢ > 1 we have

logT(s,t) < agsy<(s +t)log(s +t) — slogs — tlog t) (F.21)

The question of uniqueness and which extra conditions are needed to obtain it, e.g., the extra
asymptotic crossing condition considered in [71], requires further investigation.
F.5 Distribution of excess zeros

Here we present some results on the distribution of the excess zeros of the open string ampli-
tudes T¢, ¢, A(s,t). For our purposes, the excess zeros z;(t) are defined as follows. We consider
the residue of the amplitude

i(n) i(n)
2s S
_ReSt:nTCmCL)\(S,t) = E Cm(]PJ <1 + 7’L> X 21;11 (1 — Zz(n)> . (F22)

J=0

By taking the logarithm of this formula, we can rewrite it as follows

3(t)
log H(s —zi(t)) = /d2zp(t, z,z) (log(z — s) —log 2) . (F.23)
i=1

We then take the large s,¢ > 1 limit of this formula. We define the asymptotic distribution

_ Jasy (T z Z

plt, 2, %) = asyz( )pasy (f, 7) Yo, (F.24)
t (2

where ... includes contributions that do not contribute to the limit, e.g., some of the zeros

could escape to infinity. Plugging this into the formula above and rescaling the integration

variables, we get the following representation for the asymptotic amplitude

1 t
log T'(s,t) = Jasy(t) /dQZpasy(Z,Z) log (1 — ﬁ) , B=-. (F.25)
z s
By taking the asymptotic Regge limit s > ¢ we get that
/szpaSy(z, z)=1. (F.26)

We are interested in jasy (t) ~ t therefore the crossing equation log T'(s, t) = log T'(t, s) becomes

,B/dQZpasy(Z,Z) log <1 - Blz) = /dQZpasy(Z,Z) log <1 - f) . (F.27)

We can therefore write the following representation of the amplitude

logT(1,58) = /dQZpasy(z, %) log (1 — f) : (F.28)
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Excess zeros
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Figure 16: We plot the distribution of excess zeros, see (F.22), for n = 200, ¢ = —3/10, ¢; = 7/20,
A =1/2. We rescaled them by % as in (F.24). As we increase the energy or n, they reach out further
and further into the complex plane.

By taking the derivative with respect to 5, we get the relationship between the asymptotic
distribution of zeros pasy(2,Z) and the discontinuity of dzlogT'(1, )

93log T(1,8) = /d%”a;y(z’;) . (F.29)

Let us now consider the distribution of zeros in a concrete example. We take n = 200,
co = —3/10, ¢; = 7/20, A = 1/2. One can numerically check that at this point the logarithm
of the amplitude is well captured by the asymptotic formula. The distribution of zeros rescaled
by 200 is shown in Figure 16.

We see that it has an interesting shape that branches into the complex plane. Moreover,
by increasing n we see that the rescaled zeros go further and further in the complex plane.
We are thus led to the following picture of the asymptotic distribution

1 asy (2
d3logT(1,5) = 3 dzpﬁ y—(z)’ (F.30)
v

where the contour ~ is shown in Figure 17.
We can now use our asymptotic result (4.12) to find the explicit form of p,ey(2) in this

3 3 3 _Van RV
. L— 34+ (1+ 0B+ (1 )\)\/<5 ﬁl) (/3 ﬁH)
g e 2(1+ B)

case. We get the following result

0slogT'(1,3) = log 1

(F.31)
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v

Figure 17: Nonuniqueness of the asymptotic distribution of zeros p,sy(z). Given a nonnegative
analytic distribution of zeros in (F.29) along the contour v we can use the Cauchy theorem to deform
the integral to the location 4/ (which in particular we can choose to be along the negative axis).

By taking the discontinuity, we can write the following representation for this amplitude

0 1 ﬁﬂ pasy(\, 2)
= M1 g, Pasy (N Z)
OglogT(1,5) = /1 dzﬁ — +c ﬁ“ dz 53—z (F.32)
A—1

where pasy(2) can be readily computed by taking the discontinuity of (F.32). It has the
following properties
\/\[B—l
A+ _ 3
S dzpasy(2) =0, 1>X>0, (F.33)
Vi1
ﬁfl
A+1 _ 1
Vi dzpasy(z) = -1, A=1. (F.34)

Vot

It is also bounded from below pasy(z) > —1 for —1 < z < 0, and it is nonnegative pagsy(2) > 0
for 2 < —1. Therefore we see that as we turn on \ zeros ‘spill” outside the —1 < z < 0 region.
Moreover, as we set A = 1 they escape to infinity. We plot examples of distributions of zeros
in Figure 18.

The reader might wonder how the distribution that we explicitly got in Figure 16 and the
asymptotic distribution (F.33) are consistent with each other. In fact, the two representations
can be deformed into one another using the Cauchy theorem, see Figure 17. Therefore we
see that there is no unique way to read off the distribution of zeros starting from the known
form of the amplitude for § > 0. In (F.33) we chose to deform the contour all the way to lie
across the negative axis.

Imagine now we start with a positive p(z) > 0 analytic density of zeros along some
contour 7 in the complex plan and we deform it to the negative axis. It is not clear a priori
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Figure 18: Here we plot the asymptotic density of zeros for the amplitude with ¢; = 1/2 and different
A. The homogeneous distribution between [—1, 0] that corresponds to A=0 captures the high-energy
limit of the Veneziano amplitude. We see that for A > 0 the density of zeros has a larger support.
Finally, for A = 1 some of the excess zeros escape to infinity.

that after the deformation the new effective density of zeros has to be positive. We, however,

observed this to be the case in the example above.
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G Stringy Cerulus-Martin bound

The Cerulus-Martin bound on the high-energy scattering at fixed angles [74, 89, 90] effectively
expresses Mandelstam analyticity in the following form

Regge < (Fixed real angle) x (Fixed complex angle). (G.1)

It is usually presented as a lower bound on scattering as follows

Regge
(Fixed complex angle)

(Fixed real angle) >

(G.2)

In nonperturbative QFT, for example in QCD, we do not have a bound on scattering at
complex angles, therefore it is not a rigorous lower bound in this case.

We would like next derive a lower bound on the scattering at physical fixed scattering an-
gle for stringy amplitudes. Our input will be the following: an upper bound on the amplitude
discussed in the section above, and the polynomial nature of the Regge limit.

We consider fixed-angle scattering so that

S

t= 2(1 —2), (G.3)
and we would like to derive a lower bound of the following type
|Ir‘1<ax |T(s,z)| > To(s, 2). (G.4)
z|<zg

We first start with the following simple observation

max |T'(s, z)| > max [ImT(s, z)| = max |Ts(s, z)]|. (G.5)
|2|<zo |z]<z0 |2|<zo
Next, we notice that the discontinuity of the amplitude is simply a polynomial (as described
above in (F.1))
J(s)
To(s,2) ~ Y cigPi(z), cig >0, (G.6)
J=0
and thus, it is an analytic function in the z-plane. To derive a lower bound, we consider the
following mapping

w(z> — Z—i_— M (G7)
20

Under this mapping, the real-line segment —zp < z < zp is mapped into a unit circle in the

w-plane.

We now consider three circles in the w-plane: |w| = 1, |w| = 72 and |w| = r3, such
that r3 > ro > 1. The discontinuity of the amplitude is an analytic function in the annulus
1 <|w| < r3. We also introduce the following notation

M, = max |Ts(s, z)|. (G.8)

|w|=r
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We then have the three-circle theorem that states the following. For a function analytic inside
the annulus and bounded on its boundary, we have

log 1o log ro

1—
My, < M, 5" M,=" . (G.9)

We choose ry at fixed ¢ such that the circle includes the Regge limit of the amplitude, which
is ~ 1, where the equivalence relation means ‘modulo powers’. We then have

_logw(1) log w(1)

1< M, 57 MR (G.10)

where we set r9 = w(1) which is its leading large s behavior.
We next rewrite this bound as follows

_logw(1) /(17 log w(1) )

]\41 2 (MT‘3) log 3 log r3

(G.11)

where the LHS is related to fixed-angle scattering for physical angles, whereas the RHS is
related to scattering at complex angles.
We next notice the following simple fact

i(s)
‘ZC,JPJ ‘ Zch‘PJ ‘gzci,JpJ(\/yz\2+1), 2] > 1, (G.12)
J

where we used that ¢; ; > 0. We then get

M,, <Ts(s,\/22+1), (G.13)
where
1 2
ze = max |z(w)| = 2o + (G.14)
|lw|=r3 27’3
Next, we use the bound discussed in the previous section (F.21) to get
Ty(s,2) S e ohien),
z+1 z+1 2z-1 z—1
fven(2) = 5 log 5 3 log 5 (G.15)
where we are working modulo power-like corrections.
Combining all the inequalities above, we get that for any 3
log w(1) log w(1)
max [T(s, z)| > (e sVen(VZE 1) Tlogrg /(1= Thog7y) (G.16)

|z|<z0

To optimize the bound, we would like to maximize the RHS. We find that the maximum is
attained at rg = oo which finally gives
144/1-22

max [T(s, )] 2 " (G.17)

,55,



This constitutes a stringy generalization of the Cerulus-Martin lower bound on scattering
at fixed angles. In the main text, we discussed the relationship between the asymptotic
Regge trajectory jasy ™ qasyt, and the leading Regge trajectory j(t) ~ a't, and argued that
al., < a'. We can, therefore, write the bound in terms of the leading Regge trajectory

asy —
1 1-22
max |T'(s,z)| 2 e_a/SIOg# , (G.18)
|2]<z0
which is the bound we quoted in the main text.

Let us comment on the following technical subtlety in the argument above. Strictly
speaking, the imaginary part we considered above in (G.6) is o §(s — m?), and therefore our
bound above directly applies to the residues of the amplitude only. The standard way to cure
this problem (as well as to use the bound (G.18)) is to take the high-energy limit away from
the real axis s — s(1+i€). We expect that in this limit, the imaginary part of the amplitude
is still effectively given by (G.6), see [6] for the discussion of this point, and therefore our
arguments apply.
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