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Abstract

In this Ph.D. thesis, we look for chaos in highly excited strings. Recent studies show
that black holes are characterized by chaos due to redshift near the event horizon. Since
the microscopic degrees of freedom of a black hole originate in a highly excited string, it
is expected that there is a chaotic dynamics in a highly excited string.

We have studied scattering amplitudes of open bosonic strings at tree-level. Our
results show that there is no sign of chaos, however, we have not yet excluded all possi-
bilities. We have conjectured that string scatterings can be chaotic if we include higher
loop corrections, or if we consider closed strings, 5-point or 6-point amplitudes.

We hope that our work serves as a step toward the formulation of chaos in string
scatterings, and bridges a gap between microscopic dynamics of strings and macroscopic

nature of black holes.
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1 Introduction

Why chaos?

Almost half a century ago, the black hole information paradox [1,2] showed inconsistency
between general relativity and quantum mechanics. Although general relativity and quantum
mechanics are great achievements of modern physics, the paradox tells us that there must be
unknown mysteries hidden inside the horizon. It is necessary to identify the appropriate mi-
croscopic degrees of freedom and reconcile its microscopic laws with macroscopic phenomena.

Microscopic degrees of freedom of a black hole originate in a highly excited string. The
information paradox motivated the construction of a unitary S-matrix which describes black
hole formation and evaporation [?rﬁ]ﬂ The idea of the black hole S-matrix was elaborated in
the principle of black hole complementarityﬂ [10-13]. For a distant observer who phenomeno-
logically describes a black hole as a standard quantum system, its microscopic degrees of
freedom live near the event horizon. Its string interpretation shows that strings tend to form
a single large string, implying that there is a correspondence between black hole states and
highly excited string states [14]. The correspondence has been intensively studied in [14722]E|
to identify the microscopic origin of black holes.

Our next mission will be reconciling the laws of strings with macroscopic phenomena. Its
key lies in black hole chaos. Chaos often refers to the irregularity of microscopic dynamics
which causes thermalization on macroscopic scales. Black holes can be regarded as chaotic
scatterers in the spirit of black hole S—matrixﬁ When a particle is shot into a black hole,
its initial condition is apparently forgotten due to thermalization, and it takes a long time
to evaporate due to the redshift near the event horizon (See Fig. |1). These two macroscopic
features imply that there are microscopic irregular dynamics in black holes. The idea of black
hole chaos is supported by the fact that a light ray passing near the event horizon is sensitive
to perturbation of the horizon [7,8,[24]. In the AdS/CFT correspondence, such sensitivity in
the gravity side corresponds to quantum chaos on the holographic side [25-31].

From the viewpoint of chaos, black holes are distinguished objects. The point of black
hole chaos is that it is associated with an event horizon. Indeed the Lyapunov exponent, a

measure of chaos, is related to surface gravity. It is also conjectured that black holes are the

1See also an overview |7] and related works [8,9)
2Tt was named after an idea to implement the equivalence principle. While a distant observer sees a

phenomenological surface, called the stretched horizon, near the event horizon, an infalling observer sees
nothing when crossing the event horizon. Apparently, these two observations contradict each other. However,
there is no way for the infalling observer to report the absence of the stretched horizon to the distant observer.

In this sense, there is complementarity between the two observers.
3See also a review [23].
4Chaos on the stretched horizon was already mentioned in [10].



Figure 1: A highly excited string and a black hole are expected to be chaotic scatterers.
When a particle is shot into a black hole, its initial conditions are apparently forgotten due
to the thermalization, and it takes a long time for a particle to escape due to the redshift
near the event horizon. Actually, initial condition sensitivity and a long delay-time are typical
features of chaotic scatterers. We look for its microscopic origin in scatterings of a highly

excited string.

fastest scramblers [32]f] and saturate chaos bounds [35[36], implying that black holes are the
most chaotic systems in the universef| These features distinguish black hole chaos from the
chaos in ordinary many body systems.

From the reasons above, there is a motivation to look for chaos in highly excited strings.
Recently it has been shown that, even at tree-level, scattering amplitudes of highly excited
strings are erratic functions [43| 44][] which was thought to be a sign of chaos. However, the
precise mechanism where chaos shows up has not yet been identified, nor has a quantitative

evaluation of chaos been made.

Research

In this Ph.D. thesis, we look for chaos in string scatterings. As the first step, we study open
bosonic strings at tree-level. In order to extract chaos in erratic scattering amplitudes, we
resort to an established method: the transient chaos analysis.

Transient chaos is a type of chaos in which chaotic behavior lasts only for a finite time. For

®See also [33,34].
SPrecise definitions for scrambling and chaos in quantum systems are still in progress. While these con-
jectures motivate us to study black hole chaos, we should deepen our understanding of chaos to explain the

thermal nature of black holes from microscopic viewpoints. See also [37H42].
See also related works [45-47].



example, classical pinball scatterings are classified as transient chaos since a particle escapes
from a chaotic scattering region within a finite time. In classical scatterings, there are two
diagnoses for chaos: fractal structure in scattering data, and non-trivial geometrical structure
in scattering region.

Firstly, the analysis of the fractal structure we employ is summarized as follows. Consider
a particle scattered by a potential. The scattering data consists of a pair of the incoming
and the outgoing angles of the particle motion, and we shall name it (6,60"). For a sufficient
number of numerical experiments of the scattering, one finds a lot of the pair data, which is
translated into a one-dimensional function #’(6). For chaotic scattering, one should be able to
find a fractal structure in this function #’(#). Like in the chaotic dynamics produced by the
baker map, the fractal structure detects chaotic dynamics within a scattering region [48-52].

We apply the transient chaos analysis described above to string scattering amplitudes. In
particular, we consider scattering amplitudes of a tachyon and a highly excited string (HES),
i.e. amplitudes of HES-tachyon to HES-tachyon, which mimic a scattering of a tachyon by
a HES. To describe the in- and out-HES state, we follow the method adopted in the chaos
analyses [43] using the DDF states [53] F] To obtain the scattering data ¢’(6) from the quantum
scattering amplitudes, we extract the outgoing angles of the largest pole ¢ of the amplitude
for fixed incoming angles . Since generically string scattering amplitudes have multiple poles,
we regard the largest pole as the most probable scattering in the quantum treatment.

Secondly, the analysis of geometrical structure is summarized as follows. Consider a clas-
sical pinball scattering. When a particle is shot into a scattering region, typically, it bounces
between pins many times, and eventually escapes from the scattering region. Such irregular
bounces are the source of chaos [48-52]. However, if the pins are aligned along a straight line,
such irregular bounces do not occur. Thus the geometrical structure in a scattering region
detects chaos.

In this research, we study the geometrical structure of a string scattering region. Since the
geometrical structure is not given as the pins in classical scatterings, we reconstruct images
of a scattering region from string amplitudes. We employ a formula used in [58,59]. The
reconstruction method is basically a Fourier transformation of string amplitudes, mimicking

ordinal imaging technologies such as tomography.

Results and future works

Our results show that there is no fractal structure in the scattering data, nor non-trivial

geometrical structure in the string scattering region. Thus we have concluded that there is no

8The calculation of the HES amplitudes was developed in [54]. See also [55,/56] for HES states studied from

the viewpoint of cosmic strings, and a recent paper [57] for a classical limit of HES amplitudes.



sign of chaos, at least, in open bosonic strings at tree-level.

Nevertheless, we have not yet excluded all possibilities. We expect that chaos shows up if
we include higher loop corrections, or if we consider closed strings, 5-point or 6-point scattering
amplitudes, based on physical interpretations of our results. Studying such cases is left for
future works.

Another task might be a refinement of our strategy to extract chaos. One caveat is that the
absence of the fractal structure may originate in the quantum nature of the string scattering
amplitudes. As described above, our strategy to obtain the scattering data is to pick the
largest pole in the amplitude. There could be a refined strategy to extract the scattering data
by taking some classical limit of the scattering amplitudes.

Our ultimate goal is to pin down where chaos shows up in string scatterings, and to describe
the thermal nature of black holes from microscopic viewpoints. Strings are finite-size objects
and thus have exponentially large number of excitations. Those features cause complicated
patterns of zeros and poles in scattering amplitudes, which distinguish strings from ordinary
point particles. Only strings might be able to generate the most chaotic systems, and that
might be the reason why a black hole horizon emergesﬂ We hope that this research serves as

a step toward the formulation of chaos, and bridges a gap between strings and black holes.

Organization of this thesis

This paper is organized as follows. In Sec. [2] we review black hole chaos. The point of black
hole chaos is the redshift near the horizon. Later we review the correspondence principle to
motivate us to look for the origin of black hole chaos in highly excited strings. Then we review
recent studies on erratic scatterings of highly excited strings.

In Sec. [3, we review transient chaos. We introduce basic concepts and measures to char-
acterize chaos. We can detect chaotic dynamics from the fractal structure in scattering data
and the geometrical structure in a scattering region.

In Sec. [ we look for a fractal structure in scattering data of a highly excited string. We
compute a scattering amplitude of HES-tachyon to HES-tachyon. Although its scattering
data are highly erratic, we could not find any fractal structure. We discuss the possibility that
chaos shows up if we include higher loop corrections.

In Sec. [5, we study geometrical structure in a scattering region of highly excited strings.
We employ an imaging method: Fourier transformation of string amplitudes. Our results

show that strings look like double-slits. We discuss the possibility that chaos shows up if we

9 Just showing that a given system is chaotic is insufficient since typical systems in the universe are chaotic.
This research will become truly valuable when we identify specific dynamics of strings which explain the

development of black holes.



consider closed strings, b-point or 6-point scattering amplitudes.

In Sec. [6 we conclude this paper and discuss future prospects.



2 Black hole chaos

In this section, we review black hole chaos, which is a bridge between the thermal properties
of black holes and the microscopic dynamics of strings. Black holes are regarded as chaotic
scatterers due to the event horizon. A particle orbit near the event horizon is sensitive to
its perturbation due to the redshift. Such a sensitivity corresponds to quantum chaos in
the AdS/CFT correspondence. Also, a phenomenological description of black holes shows
that black holes are the fastest scramblers. It is conjectured that black holes saturate chaos
bounds. These features distinguish black holes from ordinary chaotic systems.

The microscopic origin of black hole chaos is expected to lie in highly excited strings. There
is a correspondence between black hole states and single string states. A transition from a
highly excited string to a black hole implies that the geometrical structure of a string is highly
complicated just before black hole formation. Recently, it has been shown that scattering

amplitudes involving highly excited strings are erratic functions.

2.1 Redshift near horizon

Sensitivity to horizon perturbation

Let us consider a D = d + 1 = 4 dimensional Schwarzschild black hole, whose metric is given
by

—d72:—<1—2iM) dt2+<1—2€M> ldr2+r2d§22. (2.1)
This metric is useful for a distant observer. A clock at infinity records the Schwarzschild time
t. Although the metric is singular at the event horizon r = 2GM, it is just a coordinate
singularity. Indeed the curvature near the horizon is finite ~ x* < co. Here k = 1/4GM is the
surface gravity. Also, a free falling observer reaches the event horizon within a finite proper
time.

The Rindler coordinates (w, p) are useful to describe the near horizon behaviors. It is given
by

dw = kdt, (2.2)

2GM\
dp:(l— ¢ ) dr. (2.3)

r

The Rindler time w is just the dimensionless version of the Schwarzschild time, and p is the

proper distance. The metric near the event horizon p ~ 0 reduces to
—dr? ~ —p?dw?® + dp? + r*dQ?. (2.4)

8



We can find the Hawking temperature Sgg by Wick rotation and by removing its conical
singularity wg ~ wg + 27. Then the Euclidean time at infinity is periodic as tg ~ tg + 27/k,
which tells us that the Hawking temperature is Sy = 27/k.

The Minkowski coordinates (T, Z) are useful to describe a free falling observer. It is given

by

T = psinhw, (2.5)
Z = pcoshw. (2.6)

Writing the S? part as X2 + Y2 = r2dQ?, the metric reduces to
—dr? = —dT?* +dZ* +dX* +dY?>. (2.7)

Consider a free falling particle 1 =d7T" /dr, 0 =dZ /dr. Its momentum and position behave

as

p ~ 6+Ht’ (28)
pr~ et (2.9)

at late time st > 1. Due to the redshift, a free falling particle asymptotically approaches
the event horizon. Although the particle cannot reach the event horizon within a finite
Schwarzschild time ¢, it acquires exponentially large momentum, causing a high energy shock
wave.

The Kruskal-Szekeres coordinates (U, V') extend the patch into the region inside the event

horizon. It is given by

U=—e "t (2.10)
V = fetrltt), (2.11)

where r* is the Tortoise coordinates, or Regge-Wheeler coordinates, such that

~1/2 +1/2
(1 _ 2GM> dr — (1 _ QGM) | (2.12)

T T

Paths U = const./V = const. describe outgoing/incoming light rays, respectively. The metric

1s rewritten as

—dr? = —2AdU AV +r*d0?, (2.13)
where
16(GM)* _ .
A= BCM)Y (2.14)
r



Now let us analyze sensitivity to horizon perturbation. Consider an incoming light ray
V' = Vi, = 0 with momentum py;, shot into a black hole. Due to the redshift factor (2.8)), the
momentum of the incoming ray exponentially increases, causing a shock wave near the event

horizon. Its shock wave geometry is computed in [7,8]. The result is
—dr? = =244V (dU — F(V,Q)dV) + r*dQ?, (2.15)
where
—Ag2F + F = 81G(—pvn) 6(V — Vin)0*(Q2 — Q). (2.16)

It shows that the shock wave delays a clock around it, causing a shift of U coordinate. If

another outgoing ray U = const. crosses the incoming ray V' = 0, its path shifts as
AU = /dU: /dV F(V,Q). (2.17)

Then the arrival time at infinity is also shifted [7,8,24]. It is

_ de _ =1 _k(t—r*)
At = @AU =K e AU. (2.18)

Remark that the exponential factor e comes from the redshift near the event horizon. For a
distant observer, who describes a black hole phenomenologically as a standard object, a small
shift AU grows exponentially with respect to time.

An exponential growth of a small deviation is a necessary condition for chaos. One of the
important measures characterizing chaos is the Lyapunov exponent. Consider a dynamical
system with a phase space {qi,...qq4,p1,--.,pa}- The Lyapunov exponent Ay, is defined by the

rate of expansion of a small deviation as
5qi(t) ~ 6qi(0)e! (2.19)

at late time A\t > 1. The Lyapunov exponent measures how the system is sensitive to an
initial condition. More precise definitions of chaos and other important measures will be
introduced in the next section Sec. Bl

The result is also interpreted as follows. When an incoming shock wave crosses the event
horizon, the horizon grows due to an injected energy into a black hole. Then another light
ray travels a path closer to the new horizon. It takes an exponentially longer time to go away

from the horizon due to the redshift.

10



Holography

The authors of [25-31] related a shock wave geometry to an exponential growth of out-of-time-
order correlator (OTOC) [60] in the AdS/CFT correspondence. They considered a thermofield

double state corresponding to a two sided black hole

1 _
0) =~ D e )y )y (220

n

and considered a correlator corresponding to shock wave geometry
(U V(t1)W (to)V (t1)W (L) |V) . (2.21)

Here V (t1) and W (ty) create light rays inside the bulk whose endpoints are at boundary time
t1,ts respectively. The correlator was computed by interpreting it as a scattering amplitude.
The S-matrix to compute bulk scattering amplitude was constructed by [7,[8]. Let us

rewrite the shift due to an incoming shock wave as
F(V,9Q) = (—8Py)3(V — Vi) F(2, D). (2.22)

The shift in the U-direction must cause a phase shift for an outgoing state. Then the state

must be replaced as

|Pout> — eXp |:Z / d2Qout PoutAU:| ’Pout> )

— exp [z / A% Qout, Pous f(Qout,Qm)(—(SPV,in)} | Pout) - (2.23)
Summing over incoming particles, the S-matrix for a shock wave geometry is constructed as
(Pout| Pn) = N exp {—i / d*Qin A*Qous Pout f(Qout,Qm)Pm] . (2.24)

Its perturbative expansion at the leading order
S~e 14148 (2.25)

can be roughly evaluated by noting that

A
f(Qouta Qin) ~Gn~ rea? (226)
BH

AU ~ erti=t2) (2.27)

Using this S-matrix to compute the bulk scattering amplitude, we find that the OTOC grows

as

(U V(£ (b2)V ()W (t2) |0 ~ ée”(tl_”). (2.98)

11



The rate of the growth of OTOC is a quantum version of the Lyapunov exponent. For example,

consider an ordinary quantum mechanical system, and its OTO(

—([a(t),p(0)]?) . (2.29)

Taking the semi-classical limit, we can replace the commutator with the Poisson bracket. Then
we find that

dq(1) \*

—([a(®),p(0)]*) ~ {q(t),p(0 2=(—

(fa),pOF) ~ a0 = 55

~ 2, (2.30)

Thus the exponential growth of OTOC is understood as the quantum version of the Lyapunov

exponent.

Fast scrambling

For a distant observer who phenomenologically describes a black hole as a standard system,
a black hole looks like the fastest scramblerﬂ We review the fast scrambling conjectured
by [32].

Let us consider the near horizon geometry of a Schwarzschild black hole, and write its S?
part as X? = X2 +Y? = r2dQ?. We consider free falling charged particles: 1 =dT /dr,0 =
dZ /dr, X, = 0, and observe their electrical field at infinity. When the charged particles

approach the stretched horizon, a distant observer sees an electrical field

Z— 7,
(Z — Zo)2 + X2)°?

w

e
~ 052

P P (2.31)

where we defined a dimensionless coordinate £, = X /¢p on the stretched horizon. The
stretched horizon is a phenomenological surface r ~ 2G M + ¢p on which microscopic degrees
of freedom live for a distant observer [10-14]. The distant observer can phenomenologically

understand that charges are distributed as

o(w, &)~ E,. (2.32)

10This is also called the out-of-time-order commutator, which is roughly equal to the out-of-time-order
correlator plus some trivial terms.
UPrecise definitions for scrambling and chaos in quantum systems are still in progress. See also [37H42)].

12
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Figure 2: Surface density of charges for a distant observer. Charges are spread out on the

stretched horizon at an exponential rate.

This surface charge density is plotted in Fig.[2] As the time at infinity progresses, the charges
are spread over the stretched horizon. Note that for a fixed &, local charge density reaches

the maximum at
w~Ing;. (2.33)

Then we can evaluate the time w* when charged particles are fully spread over a black hole.

Substituting £, ~ rgy ~ S}é/}?
w* ~ In Spx (2.34)

Remark that this scrambling time is faster than ordinary systems w* ~ S#, and that the
logarithm came from the redshift factor. In this sense, a black hole is regarded as a fast
scrambler.

Black holes are distinguished objects from the viewpoint of chaos. It is conjectured that
black holes saturate chaos bound [35]

27
Ben

Another type of chaos bound is proposed in [36], which is consistent with the above chaos

bound at the high temperature limit.
From the fast scrambling conjecture and chaos bounds, we may expect that there is a

distinguished dynamics which realizes the maximally chaotic systems.

2.2 Correspondence principle

In the context of black hole complementarity [10H12], the author of [14] speculated that there
is a one-to-one correspondence between black hole states and single string states. In this part,

we review a correspondence between a microscopic black hole and a highly excited string.

13



Let us consider a D = d + 1 = 4-dimensional Schwarzschild black hole. Its Schwarzschild

radius and the Bekenstein-Hawking entropy are

ru = 2GM, (2.36)
Area
— = ArGM?. 2.
SBH 10 G ( 37)

When the black hole size is of the order of string scale, the black hole entropy is compatible
with the string entropy as follows.

Consider a string with mass M. Let o/ ~ 1, for simplicity, so that string tension is of the
order of unity. Then the total length is L ~ M. The string mass is expressed by its excitation
level N as M ~ N'/2. For a fixed excitation level N, there are as many string states as the
number of partition of N. Thus string state degeneracy grows exponentially as n(M) ~ 1M,
Here a constant Sy > 0 is called the Hagedorn temperature.

The effective size of the string is [ ~ L'/2. This is understood by a random walk picture of
a string, in which a string is regarded as the path of a random walk. Using the microcanonical

ensemble of string states, we find that the string entropy is S ~ Inn(M). Thus

[ ~ LY? ~ NV (2.38)
S~ M~ N2 (2.39)

When a black hole is string scale size 1 ~ rgg ~ GM, the black hole entropy and the string

entropy are compatible as
Spu ~ M ~ S. (2.40)

Interpreting the gravitational constant as the string coupling G ~ ¢2, such a correspondence

occurs at
g~ GY2 o M2 0 N7V (2.41)

However, the effective string size [ ~ N/ is apparently too large for N > 1, comparing to
the black hole size 1 ~ rgy. Actually, a string contracts from the random walk size to the string
scale due to its self-interactions. Although the string coupling g is small at the corresponding
point, there is a non-perturbative effect which causes the contraction of a string. Since

0S(M)
T oM
we shall analyze a region slightly below the Hagedorn temperature 0 < 5 — fg < 1. See also

s

~ B, (2.42)

e.g. |61] for the thermodynamics of strings. As we will see below, self-interactions decrease

the temperature of a string.

14



Let us use the canonical ensemble below. We will follow computations by [19]. Consider
strings wound on a thermal circle. Near the Hagedorn temperature, two winding modes
with the winding number +1 become massless, and eventually become tachyonic above the
Hagedorn temperature. Thus strings near the Hagedorn temperature are effectively described
by two real scalar modes on a thermal circle. Combining the two scalars into a single complex

scalar y, its action is

118;x] = B / dz (|0x[2 + m2(B)|x[2) (2.43)
where

m2<5) ~ Mz(ﬁ)|winding mode ~ ﬁ2 B BIQ{ (244)

Its first quantization gives a single string contribution.
We can check that this thermal scalar formalism reproduces the single string degeneracy
n(M) ~ €M and the random walk size (M) ~ NY/* ~ M2 Let us define a partition

function as
7= / Dy e 118, (2.45)

Its single string contribution is its logarithm Z = InZ. Critical behavior m?(8) < 1 is

dominated by the zero mode as

Z ~InZ
~ —Indet(—8* + m*(8)) ~ —In(8 — Bu)
N/ ﬂe_(ﬂ_ﬂH)M:/ dM M lePuM —BM (2.46)
o M 0

Then the single string degeneracy n(M) ~ e/ is reproduced.
Since the random work size is ~ (M), the distribution of strings are approximately ~

e®? /(M) Tts thermal ensemble is

/ AM n(M)e M == /B o=Cm(B)e (2.47)
0

where C' is a constant ~ O(1). Note that its typical size m(8)~! agrees with the correlation
length of the thermal scalar. Thus the thermal scalar formalism is consistent with the random
walk picture.

Now let us introduce self-interactions. Including the lightest modes, dilaton and graviton,

actions are
IB;x] = =BV Grr / A’z \/det Gij e [G70;x*0;x + m*(B)x*x] ,

15



e

118;G, @] = == — 2= [ A"z \/det Gy e7** [R + 4G 0,00;®] , (2.48)
where the mass m() is modified to
m*(8) ~ B°G., — B (2.49)

since gravity changes the proper length.
[19] solved this problem by mean field approximation. The thermal scalar y obeys the
Schrodinger equation with an effective potential due to self-interactions. Rescaling y and

coordinates, it becomes

[—5—;2 - /ddfl %] (&) = e¥(§), (2.50)
where
&= (¢*M)"/ g, 2.51
$(€) = (¢* M)~V E2Dx (), (2.52)
and where
e~ —(g*M) /DB (Be — Bu). (2.53)

Here [£]. is defined as the greater of [£] and [£'|. Its term is interpreted as an effective potential
due to gravitational sources inside a region [0, ¢]. The gravitational constant is identified with
the string coupling G ~ ¢?. Also 3. is the local temperature around an effective potential
region. It is determined by consistency of mean field approximatior[2] The size of the wave
function is of the order of the potential size £ ~ O(1). Imposing a bound state condition
e ~ —0(1), we obtain

I ~ (g2M)—1/(4—d) ~ (g2N1/2)_1/(4_d). (254)
Then the effective size of a string at the transition point ¢ ~ N~/ is
[~ 1. (2.55)

This agrees with the black hole size 1 ~ rgy, thus the discrepancy of two sizes of a black hole
and a string is solved.

It is remarkable that a string can contract to the string scale size | ~ 1 while its total
length remains L ~ N2 > 1. It shows that the long string is confined to a tiny region, thus
the geometrical structure of a string must be highly complicated when self-interactions are

included. It motivates us to look for the origin of black hole chaos in a highly excited string.

12This is improved in [22] to study phase transition between a string and a black hole. The authors introduced
another scalar to describe the radius of thermal circle. While its radius is fixed to 8 at infinity, locally the
radius changes.
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2.3 Erratic string scattering

Recently, [43 44]@ studied on scattering amplitudes of highly excited strings. The authors
employed the DDF operator construction method to obtain a general formula. Its physical
interpretation is that a highly excited string is constructed by shooting many photons into
a tachyon. The photons supply energy and angular momentum to the tachyon, and finally
picking out a pole, we find a contribution from a highly excited string.

In this part, we review the result by [44]. Let us consider open bosonic strings. We shoot
J photons, into a tachyon, with momentum {—N,q},—1.. s and with the same polarization
)\E Here ¢ is a unit null vector perpendicular to the polarization vector. Picking out a pole,
we can construct a highly excited state with mass M? = 2(N — 1), N = 3.7_ N,, and with
angular momentum J.

Then we can compute a decaying amplitude of a highly excited string into two tachyons.

Denoting the tachyon momentum by p, the amplitude is

F(Na + Nap : Q)
A=11Cr Vv v o

a=1

J

(2.56)
Note that this amplitudes has many poles and zeros due to the Gamma functions, which
corresponds to a distinguished feature of a string that strings have many excitations. The
authors of [43,44] evaluated amplitudes numerically for generic partitions of the excitation
level N = Zi:l N, and showed that their behaviors are highly erratic.

13See also [45-47]
14See [43,/44L[54] for more general cases.
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3 Transient chaos

In this section, we review transient chaos. Transient chaos is characterized by three properties:
unpredictability, aperiodicity, and fractality. These are generated by three key mechanisms:
stretching, folding, and escape.ﬁ We demonstrate how transient chaos is generated in a simple
toy model called the gluttonous baker map. We see that fractality in the phase space is a
good probe of chaos. Other measures of chaos are also introduced later.

Next, we review classical scatterings of a particle by multiple disks. Typical scattering
systems show chaotic behavior and generate a fractal structure. However, when all disks are
aligned along the same straight line, the system does not show chaotic behavior since the
folding mechanism is absent in such a case. In this sense, the geometrical structure in a

scattering region is a good probe of chaos.
This review is based on [40/-42}48}52].

3.1 Basic concepts

Transient chaos is a type of chaos whose chaotic behavior lasts only for a finite time. By
contrast, ordinary chaos which lasts for an infinitely long time is called permanent chaosm

Transient chaos is characterized by three properties in the phase spacelﬂ:
e Unpredictability
e Aperiodicity
e Fractality™
These are generated by three key mechanisms:
e Stretching
e Folding
e Escape

The unpredictability means that the deviation of the initial condition grows exponentially.
When it comes to simulating a chaotic system numerically, we need an exponentially powerful
computer to improve the precision. Thus it is practically impossible to know the long term
behavior of a chaotic system. The mechanism which expands a deviation is called stretching.

15Compared to the stretching and folding mechanisms, the word “escape mechanism” is not popularly used.
However, we use these three words on an equal footing in this paper so that we can clearly understand how

fractal structure appears from transient chaos.
16 Also, there is another classification: dissipative/conservative chaos.
1"These properties are not independent. Indeed measures of chaos are related to each other as we will see

later.
18Permanent chaos also shows fractal structure, but it does not originate in the escape mechanism of transient

chaos.
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The stretching mechanism is iterated by the folding mechanism. Then the expansion of a
deviation lasts for a long time, resulting aperiodic phase space. The expansion rate is measured
by the Lyapunov exponent. Its topological versions are called the topological entropy and the
metric entropy.

The fractality means that the chaotic sets in the phase space have a self-similar structure
and fill only the partial of the phase space. It is associated with the escape mechanism where
some regions in the phase space escape from chaotic regions. The measure for the fractal
structure is called the fractal dimension.

In the following parts, we demonstrate how these characteristics and key mechanisms are

related in simple toy models: the baker map and its modification, the gluttonous baker map.

Stretching and folding

The baker mapﬂ is one of the simplest and analytically tractable examples of chaos. It contains
all the key mechanisms for chaos: stretching and folding.

Suppose that we have a piece of bread dough with a unit length [0, 1). We put a teaspoon
of flavor powder at x on the dough, and knead it so that the powder is distributed uniformly.
The kneading process consists of stretching the dough to twice its length, cutting it, and

folding them to the original size. The position = of the flavor powder is mapped by a function

) 2z 0<z<1/2
fb@_{ 2r—1 1/2<z<1’ (3.1)

Repeating the same process n times, it is mapped to

b (@) = fo(fol-- - fol@))), (3:2)

where on denotes the n-th iteration.

We can easily confirm that the flavor powder is distributed randomly. It is convenient to use
binary representation. Suppose that the original position of the flavor powder is represented
by

o = (O§1§2 .. -§n+1§n+2 e )2, (33)

and that the lower digits &,11,&,+2 ... are not specified since they are much smaller than the

size of the teaspoon. By the definition of the map fi,(x), the position z( is mapped to

Tp = (0-§n+1§n+2 ce )2 (34)

19The baker map often refers to a two-dimensional map. It generates a fractal structure in a one-dimensional

direction on a two-dimensional sheet to which the map is applied. In this paper, we analyze a one-dimensional

version of the baker map, ignoring the fractal structure which does not originate in transient chaos.
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after the n-th iteration. Since the smaller digits cannot be specified, effectively the flavor
powder is randomly distributed. Remark that the sequence x,, — x,,1 — - -+ is not periodic
and that the deviation of the smaller digits &,11,&,12, ... grows exponentially by the iterations
of the stretching and the folding. The chaoticity of the baker map originates in the stretching
and the folding mechanisms. The stretching of the bread dough expands a small deviation,
resulting in shifts of the digits &; to the left. The folding of bread dough keeps it in its original
size and allows iterations for a long time.

Also, there is another version of the map ')

) 2z 0<z<1/2
ft(x)_{ 21—2) 1/2<z<1’ (3:5)

Similarly this map shows chaotic behavior.

Escape

Transient chaos is a type of chaos in which a chaotic process lasts only for a finite time. Its
essence is also understood in a simple toy model, the gluttonous baker map. We can clearly
see that a fractal structure in the phase space is associated with the escape mechanism.
Suppose that we have a piece of bread dough with a unit length [0,1]. We knead the
bread dough with a teaspoon of flavor powder. However, this time the baker is so gluttonous.
Kneading processes are as follows. The bread dough is stretched to triple its length, and cut
into three pieces. The gluttonous baker eats one of the three pieces, and folds only the two

pieces into the original size. The position = of the flavor powder is mapped by a function

) 3 0<z<1/3
fgb(x)_{ 3(1—2) 2/3<a<1 " (3:6)

Here the middle piece 1/3 < x < 2/3 is eaten by the baker.

This map also generates chaos in the same way as the ordinary baker map fi,(x). However,
in this case, some subset of the bread dough [0, 1] escapes from the chaotic processes within
a finite time. Let us denote, by C, a subset of the original dough [0, 1] which is not eaten by
the baker. By the definition of the function fg,(x), we can find a subset C,, C [0, 1] which is

not eaten the baker until the n-th iteration. For each n, we find that

Co = [0,1], (3.7)

- Jod]o 2], o

20This is called the tent map.
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o folo2 [ T o] o9
P (3.10)

The set C' is the limit C' = lim,, ,,, C,,. This is nothing but the Cantor set. The Cantor set is
a typical fractal set, which has a self-similar structure and non-integer dimension.

Remark that transient chaos generates a fractal structure in the phase space. The original
interval Cy = [0, 1] is mapped to a unit interval but with a hole at the middle Cy = [0,1/3] U
[2/3, 1] since the middle region [1/3,2/3] escapes from the mapping (or is eaten by the baker).
The same processes are performed iteratively due to the stretching and folding mechanism,
resulting in a self-similar structure of intervals with a hole.

Inversely a fractal structure of phase space probes chaos. Its self-similar structure means
that there are some iteration mechanisms. For each iteration, the bread dough needs to be
stretched more than the unity in order to compensate for the loss of the bread dough. The

stretched dough needs to be folded to keep its original size.

3.2 Measures

We introduce measures of chaos. As explained before, fractality is a good probe of chaos. It
is measured by the fractal dimension. We will see that the fractal dimension determines the
Lyapunov exponent. Although we will use the gluttonous baker map as an example in this
section, the following measures and relations between them can be generalized to other fractal
sets.

Let us consider the gluttonous baker map

-1
gl 0<z<eg
= : 3.11
9e0(7) {52_1(1_95) l—eg <2< (3.11)

We assume 0 < g1 < g5 < 1 without loss of generality. This map generates the Cantor set as
the limit of

10 =0,1], (3.12)
=1y, (3.13)
@ =1PurPurdur?, (3.14)

(3.15)

We denote the length of an interval I by &\™.
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Natural measure

A chaotic set consists of small pieces of different sizes. The natural measure characterizes
how often each piece appears in a chaotic set. Let € be the resolution to measure length. For
example, if we choose £ ~ (™ < 7, we can measure the length of an interval Ii(") with good
precision. We denote, by N;(¢), the minimum number of small boxes with length & necessary
to cover the interval IZ-("), and by N(¢) to cover the whole set (™. The natural measure is
defined by

Pye) = ==, (3.16)
In the case of the gluttonous baker map (3.11]),

Pi(e™) = m (3.17)

Escape rate

The escape rate characterizes how quickly randomly selected initial conditions escape from a

chaotic set. It is defined at late time by
(chaotic sets) ~ e "". (3.18)

In the case of the gluttonous baker map (3.11)), it is given by

(1 +e2)" ~ve ™, (3.19)
or equivalently

eMerm o Py (™), (3.20)
Then we find that

k= —1In(e; + &3). (3.21)

Box counting dimension

The fractality of a given set is measured by fractal dimension, which is a generalization of the
ordinary dimension. One way to measure a dimension is to count the number of boxes which
cover a set. Suppose that a given set is embedded in a d-dimensional space. Let N(e) be
the minimum number of small boxes with length ¢ necessary to cover the set. For sufficiently

small e, the box counting dimension is defined by

N(e) ~ <1>DO | (3.22)

€
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This definition is a generalization of an ordinary dimension since d dimensional spaces satisfy

Dy = d. Rearranging it we can write also as

_ In N(e)

D
0 —Ine

, (3.23)

for the limit ¢ — 0. Noting that the Cantor set generated by (3.11)) has a strict self-similar
structure,

G) N - Z Ni(e)
= Z:N(e/si)

~ (6/15)% . (3.24)

Thus the box counting dimension is also determined by an equation

Y e =1 (3.25)

Information dimension

The information dimension is another type of generalization of the ordinary dimension. While
we used identical boxes to define the box counting dimension, we may use boxes of different
sizes to cover segments of different lengths and define an effective number of boxes to cover

the whole set. An effective number of boxes can be counted by using information
I(e) = =) Pie)lnPi(e). (3.26)

Let us explain its meaning quickly. For example, consider a two-sided coin whose head or
tail appears with the equal probability {P;} = {1/2,1/2}. Since the head and tail can be
distinguished, we may say that the coin has a size two, and has 1-bit information. Indeed the
information defined above satisfies 2 = e!. Next, consider a super unfair coin {5} = {1,0}.
Since the coin always shows its head, we may say that the coin has an effective size one, and

1

has 0-bit information. Indeed 1 = e’ is satisfied. Thus the exponential of information can

define an effective size of a system.

The information dimension is defined by

1\"
ef(€>~(—> : (3.27)

3
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When the probability distribution is uniform, the effective number of boxes e/ reduces to
N(e). Rearranging it we can write as
In e!(®)

D, = 2
YT ne’ (3.28)

for the limit ¢ — 0. We can easily show that the information dimension is no greater than the

box counting dimension
Dy < Dy, (3.29)
Noting that —Ine ~ — 3. P;(¢/)In 5§n) holds for sufficiently high resolution,

=¥ P(E™) In B(e™)
— Y, Pi(e) el

In the case of the gluttonous baker map (3.11)), it is given by

Dy =

(3.30)

€1 €1 €2 €2

D, = _61+62 e1teg €1+€2 £1+e2
1=
Ine; — Ineg

€1+€2 €1 +€2

_ —eilner —elney + (€1 +e9) In(ey + 52) (3.31)
—e1lne; —eylney

Lyapunov exponent

The Lyapunov exponent characterizes how fast the deviation of initial conditions grows. Let

(n)

us consider a small interval AE") C I, Its expansion factor Ay;(n) is given by

(n)
Ai Aqi(n) )

OB (3.32)

The Lyapunov exponent is defined as the average of the local expansion factor by

AL = sz'(g)

In the case of the gluttonous baker map (3.11)), it is given by

}:P —me>' (3.33)

&1 E9
)\1 = — 1H61
£1+ &2 €1+ €9

In 9. (334)

Topological entropy

The topological entropy characterizes how fast the original segments in a set are divided into

smaller segments at each step. Let us allocate a sequence of symbols for each interval IZ»(").
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For example, we can allocate as {I®©} — {0}, {Ii(l)} — {0,1}, {]i@)} — {00,01,10,11},....
The topological entropy K is defined by

(#allowed symbolic sequence) ~ o™, (3.35)

In the case of the gluttonous baker map (3.11)), each interval is divided into two smaller

intervals at each step. Thus

Ko =In2. (3.36)

Metric entropy

The metric entropy is a generalization of the topological entropy. We use an effective number

of allowed symbolic sequences which is counted by the information /(¢). The metric entropy
is defined by

¢~ SeREMPED) | K (3.37)
We can easily show that the metric entropy is no greater than the topological entropy

K < K. (3.38)

Relations

Chaos can be detected by fractality in the phase space as explained before in the gluttonous
baker map. It can also be understood from relations between measures of chaos. From (3.20)),
(3-30), and (i3.33)), we find that the Lyapunov exponent is determined by fractal dimension as

K
A= . 3.39
T 1D (3:39)

From (3.37)), we find that the metric entropy is determined as
K1 = )\1 — R = /\1D1. (340)

3.3 Chaos in scatterings

Classical scatterings on many disks are typically chaotic. When a particle is shot into a
scattering region, it collides with the disks many times. Then the deviation of an initial
condition, say, of the impact parameter grows exponentially. Within a finite time, a particle
escapes from the scattering region. Then the chaos is transient.

We will see below that three-disk scatterings are chaotic while two-disk scatterings are
not. This is because there is no folding mechanism in two-disk scatterings. The geometrical

structure in a scattering region determines whether a scattering system is chaotic or not.
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Figure 3: Classical two-disk scattering. The two disks with radius » = 0.75 are placed at

(x,y) = (0,£1). The gray circle indicates a scattering region. Particles are shot from the left
with impact parameter b > 0. They collide with disks and escape from the scattering region
within a finite time. The right panel is a plot of scattering angle 6’ with respect to impact

parameter b. It is singular around b, ~ 0.37; small segments are accumulated around b = b..

Scattering on disks

Let us consider a classical scattering on two disks as illustrated in the left panel of Fig. [3|
We put two disks of radius » = 0.75 at (z,y) = (0,%£1). A particle is shot from the negative
x-axis with the impact parameter b. Its scattering angle #’ with respect to b is plotted in the
right panel of Fig. [3|

As the figure shows, the scattering is irregular around a critical value b, ~ 0.37. This is
caused by an unstable periodic orbit: bounces between two disks along the y-axis. When the
impact parameter is tuned around the critical value b ~ b., a particle bounces between the
two disks many times. Since the bouncing orbit is unstable, a slight change of the impact
parameter b discontinuously changes the scattering angle §’. In this sense, scatterings by two
disks stretch the deviation of initial conditions.

However, this system is not chaotic. Indeed, when we zoom into the plot, the number of
small segments does not scale exponentially. Thus the plot cannot be fractal. The absence
of fractality is clearer in the plot of the delay-time as shown in Fig. 4 From the plot, we
can find a subset of all possible impact parameters for which a particle does not escape the
scattering region no later than T = T, > 0. This subset is analogous to a subset I C I in
the gluttonous baker map. Thus the subset of impact parameters is a fractal set if scatterings
are chaotic. The plot is clearly not fractal. It just has a peak at b ~ b., which is caused by

bounces of a particle between the two disks.
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Figure 4: Escape time (or delay-time) with respect to impact parameter in two-disk scattering,.
The plot has a single peak at b = b. which corresponds to bounces between the two disks,

thus it cannot be fractal.

Next, let us add another disk in the scattering region as illustrated in Fig. fl We put
three disks of radius r = 0.75 at (z,y) = (—1/2,%v/3/2),(1,0). In this system, a particle
scattered by disks bounces back by another disk, and is confined in the scattering region for a
longer time. Such bounces give the folding mechanism. Then the scattering becomes chaotic.
Indeed, the plot of the scattering angle in Fig. || is fractal. When we zoom into the plot, a
similar structure re-appears and the number of small segments scales exponentially. Fractality
is clearer in the plot of delay-time as shown in Fig.[6] When we zoom into the plot, a similar

structure re-appears and the number of small segments scales exponentially.

Scattering on four-hill potential

Finally, we review particle scatterings by a four-hill potential and see that the scattering data,
the plot of incoming/outgoing angles, has a fractal structure.

Consider the motion of a single particle scattered by a potential (see Fig. . A potential
is localized around the origin of the space into which the particle is shot and then scattered
to reach the spatial infinity. The scattering data could be, for example, the incoming angle
and the impact parameter b for the initial state of the particle and the outgoing angle 6’ and
the impact parameter b for the final state of the particle. Thus the data consists of a set of
values (0,b,0',0') with many numerical experiments, for a fixed potential and fixed energy of
the particle. In other words, the data is a set of functions ¢'(6,b) and (6, b) ]

If one chooses a potential whose complexity is large enough, then it happens that the
particle which was shot in can be trapped for a certain period of time and then escapes to

the spatial infinity. During this trapping time, the particle is scattered many times by the

210ne can choose = 0 and ignore measuring &', then the scattering data is only #'(b), which was used
in [62].

27



Figure 5: Classical three-disk scattering. Three disks with radius r = 0.75 are placed at
(z,y) = (—1/2,4£v/3/2),(1,0). The gray circle indicates a scattering region. The right panel
is a plot of scattering angle 8’ with respect to impact parameter b. It is singular not only

around a single value of b. Actually, there are infinitely many unstable periodic orbits.

inner structure of the potential and loses its initial information (which is 6 and b). This causes
chaos, the sensitivity to the initial condition.

In Fig. [7, two examples of the scattering of a particle which goes through the four-hill
potential with the Lagrangian

1 1 2,2
L= 5;1’:2 - 53’/2 — 2?yle Y (3.41)

are presented. The particle is shot from the right hand side with the initial angle § = 0.125
and 0.127 respectively, with b = 0. The outcome is drastically different, although the initial
conditions differ just slightly.

Generic scattering processes are different from the case of the bounded systems for which
the standard definition of chaos applies: one cannot measure the chaos for infinite duration of
time, because the particle can escape from the chaotic region. Therefore the chaotic nature is
hidden in the scattering data of the particle which goes through the potential.

In Fig. [ the scattering data of the particle which goes through the four-hill potential
is presented. We have chosen b = 0 for simplicity, and look at only the function 6'(9).
The top-left panel is the whole view of the data. The scattering data obviously finds a lot of
jumps, and in particular, the jumps are accumulated to form a dense part. If one magnifies the
dense part, as seen in the other panels, one finds a similar dense structure in the scattering
data. This is the fractal-like structure, which shows the transient chaos of the scattering

process.
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Figure 6: Escape time (or delay-time) with respect to impact parameter in three-disk scat-
tering. When we zoom into the plot, a similar structure re-appears and the number of small

segments scales exponentially. Thus the plot is fractal.

The existence of the fractal structure means that a single destination of the particle motion
can have two or more paths. It is nothing but the initial condition sensitivity, that is the
definition of classical chaos.

In summary, for classical scattering, there are two diagnoses for chaos: the fractal structure
in the scattering data ¢'(6) and the non-trivial geometrical structure in the scattering region.
In the followings section, we obtain scattering data and a picture of a scattering region for

string scatterings, in particular highly excited strings, and look for chaos.
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Figure 7: The classical scattering of a single particle in two spatial dimensions. The scattering
potential is the four-hill potential whose equal-height slice is plotted as four circles.
Left: Initial condition is § = 0.125 with b = 0. Right: Initial condition is 6 = 0.127 with
b = 0. For both plots, the energy is fixed to £ = 0.045.
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Figure 8: The scattering data of the particle for the four-hill potential model . The
particle energy is fixed to £ = 0.045, and the impact parameter is also fixed to b = 0. Top-
left: the whole view of the scattering data 6'(f). The top-right, bottom-left, bottom-right
panels are the magnified plots of the scattering data, while the top-left panel is the whole view
of the scattering data. In the top-left panel, one finds connected lines and scattered plots.
Interestingly, also in the magnified plots in the top-right, bottom-left and bottom-right panels,

one finds a similar structure. This is the fractal-like structure of the self-similarity.
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4 Fractal structure in string scattering data

In this section, we look for a fractal structure in scattering data of a highly excited string
(HES). First of all, we generalize an idea of classical chaotic scatterings to quantum scatterings.
Then we compute scattering amplitudes of HES-tachyon to HES-tachyon.

Our results show that the scattering amplitude is highly erratic. However, we could not
find any fractal structure, which is necessary for chaos. Finally, we discuss the possibility that

chaos shows up if we include higher loop corrections.

4.1 Generalization to quantum scattering

The transient chaos in classical scattering is well-understood, as we have reviewed in the
previous subsection. However, string theory is built out of quantum scattering amplitudes.
How can we generalize the classical analysis to the quantum scattering amplitudes? Here, let
us explain our strategy to apply the transient chaos analysis for classical scattering processes
which we reviewed in the previous subsection to the quantum scattering processes.

First of all, we need to note that in quantum scattering processes, due to the Heisen-
berg uncertainty principle, we do not have all the information which the classical scattering
has. Thus here we start with a discussion on what parameters are suitable for the quantum
scattering processes.

The quantum scattering in standard quantum field theories is normally described by plane
waves, as any particle state is a superposition of quantized plane waves. This means that, the
initial state and the final state are specified only by the momenta of all the particle states,
incoming and outgoing. They are the parameters for quantum scattering, and we can further
reduce the number of the independent parameters by considering some limit, as follows.

In the analogy of the physical set-up of the transient chaos in classical scattering, we
suppose a scattering of a light particle by a potential. In the standard 2-to-2 scattering
processes in quantum field theories, this potential scattering is realized if one requires a limit
where the other particle is much heavier than the light scattered particle. Thus, in this limit,
what specifies the scattering amplitude is only the combination (pﬁj“i),pff“)), which is the
momenta of the light scattered particle. Furthermore, once we specify the mass m of the
light particle, then with the energy conservation, we find p(()ini) = p(()ﬁn) = /p* +m? for the
momentum magnitude p (> 0). The scattering is specified by p and the pair (6,6") where
0 and 0" are the angles of the incoming and the outgoing momenta (pﬁi“i), pﬁﬁ“)). Thus, the
scattering data is given by the scattering amplitude A(p, 6,6").

Next, we present our procedures to extract the scattering plot similar to Fig. [§| from the

quantum scattering amplitudes, to find the transient chaos of the system. Note that the
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classical scattering data is given by a map (b,0) — (V/,0') for a given energy, where b is
the impact parameter. In the quantum scattering we consider plane waves, meaning that
the impact parameters are uniformly integrated. Once the impact parameter dependence is
integrated, the classical scattering is specified by a map 8 — 6, i.e. a function 6'(6) for a
given energy.

We can relate this classical scattering data ¢'(6) and the quantum scattering amplitude
A(p,0,0") as follows. The absolute square of the scattering amplitude A describes the proba-
bility. When the amplitude has a pole at some value of ', we can say that the value is most
probable in the scattering. Since the position of the pole depends also on the other data (p, 6),
it gives 0" as an implicit function of (p,#). When the amplitude has multiple poles at §' = 6/,

for given p and 0, as
: Ry.(p,0)
A0~ 3 gl

then we can say that the value 0/ (p,0) which gives the largest residue |R,,(p, )| among all
poles is the most probable scattering. In this manner, we can extract the function &' (p, ),
which is 0/ (p,0) with the largest |R,,(p,0)|, from the scattering amplitude A(p,0,6"), and
regard 0'(p, ) as a quantum counterpart of the classical scattering data 6'(6).

Note that the obtained function &'(p,f) can be discontinuous, since the largest pole, or
equivalently the label m of the largest residue, may differ for different . In general, when
there are multiple poles in the scattering amplitude, the scattering data ¢’'(6) for a given value
of p, which is a single-valued, consists of a set of segment functions whose domains are disjoint
with each other.

In the following part, we use this definition of () for the scattering data of the string

scattering amplitudes.

4.2 HES-tachyon to HES-tachyon scattering

We study a scattering of a tachyon by a highly excited string (HES) in open bosonic string
theory:

HES + tachyon — HES + tachyon. (4.2)

We compute its scattering amplitude A(p, 0, 6’), and find that it has multiple poles at ¢ =
0’ (). We regard the angle associated with the largest pole as a quantum counterpart of
the classical scattering data. We show that the scattering data 6'(6) consists of disconnected

segments, and look for the fractal structure.
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Figure 9: String amplitude for the process: (tachyon + J photons) + tachyon — (tachyon + .J
photons) + tachyon. The external lines on the left /right hand side are the incoming/outgoing
strings. After picking out poles labeled with v, v, it describes the scattering of a tachyon by
a highly excited string (HES).

4.2.1 Setups

To construct the HES-tachyon scattering amplitude, we start with a scattering:
(tachyon + J photons) + tachyon — (tachyon + .J photons) + tachyon. (4.3)

Its diagram is shown in Fig. @ The external lines on the left /right hand side are the incom-
ing/outgoing strings. J photons have momenta {—N,q},—1,. s and the same polarization A
is shared by all the photons. The tachyon with momentum p, can form an intermediate HES
state by absorbing all these J photons. By picking out a pole labeled with v, we focus on
the HES state. A similar construction of a HES state has been used, for example, in [43]44].
The HES scatters another incoming tachyon with momentum p;. The outgoing strings are
constructed in a similar but opposite processes. The incoming strings decay into an outgoing
tachyon with momentum p} and a HES corresponding to a pole labeled with v'. The outgoing
HES state is constructed from a tachyon with momentum p,, and J photons which have mo-
menta {—N/q'},—1.. s and share the same polarization X', or equivalently, the HES decays into
a tachyon and J photons successively. The resulting amplitude with the poles v, v" extracted
describes the desired process (4.2]).

Let us summarize the setups and some assumptions to simplify computations. The mo-

mentum conservation law is

0=p1+ (p2— Ng)+ (py — N'¢') + 1}
=pi+p+py+0i—N(+d), (4.4)
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where
J J
N=> N,=Y Ny=N, (N,Nj>1) (4.5)
a=1 b=1

is the total excitation level of HES, and here, the total excitation number N’ of the outgoing
HES is taken to be the same as that (N) of the incoming HES. The mass M of HES is given

in terms of the total excitation number N as
M? =2(N —1). (4.6)

Since all photons have the same polarization, the number of photons J equals to the total
angular momentum. Here note that V] is not necessarily equal to N;. The on-shell conditions

for the tachyons and photons are

pi=ps =py =pf =—(-2), (4.7)
and
¢ =q”=0, (4.8)
respectively. For simplicity, we assume that ¢ < ¢ and A = —\'. Then the photon momenta
and polarization vectors satisfy
q-q =0, A =)N2=)-XN=0,
g A=q¢ N=qg-N=¢ -)2=0. (4.9)
We also assume that
(pr+p2) A=) +py) N =0 (4.10)

for simplicity. This is satisfied without loss of generality, for example, by taking the center-

of-mass frame of the incoming/outgoing strings. We define the Mandelstam(-like) variables

as
s=—(p1+p2—Ng)*=—) +py— N'¢)? (4.11)
t=—(p1+py—N'¢)*=—(p) +p>— Ng)*, (4.12)
u=—(pi+p)?=—(p2— Ng+ph— N¢). (4.13)

Also we define variables to describe the HES poles as

v=—(p2 — Ng)?, (4.14)
V= —(py — N'¢)%. (4.15)

These satisfy an identity
s+t+u=4-(-2)+2-(1+v/2)+2-(1+"/2). (4.16)
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4.2.2 Amplitude and its largest pole

Here, we calculate the HES-tachyon to HES-tachyon amplitude. The amplitude becomes a
four point amplitude after picking out the intermediate HES poles of v- and v'-channels, and
is given in the form of a worldsheet boundary integral over the position of one of four vertex
operators which cannot be fixed by the conformal symmetry. The integral can be split into
three segments. The amplitude contains poles of three channels: s-, - and u-channels, and
each of three segments of the integral contains contributions from two of three channels. Here,
we focus on the segment of integral A,; which contains contributions of s- and t—channels@

Some straightforward computations in App. [A] show that the st-part contribution for the
HES-tachyon to HES-tachyon scattering amplitude is

{Na} (N}

Aae D2 2 2L

{1a=2,2"} {j»=2,2"} {ka=0} {l,=0}
<H(pia ‘A c;;v) (H(pjb ) dgg“) B(—a(s) + k+1,—a(t)). (4.17)
a=1 b=1

Here the coefficients cg), dl(j ) are defined by

4.18
4.19
4.20
4.21

Cl(cz) = +Ck(a2 + 17 a1 + 17 O/Q)a
c,(f/) = —¢_1(ag, a1, ay + 1),
A = —ci1(By, B, B2 + 1),

dl(Zl) = +Cl<5é + 1761 + 17 62)7

A~~~ I~ —~
~— ~— ~— ~—

where

cr(ag, ar, af)
 D(—a+ DI(—a1 + 1) T(ay + k) T(—ag + 14+ k) T'(—as —a; +2) 1

(422
IMN—as —ay +2) ['(ad) [(—as+1) IN—as—a1+2+k)T(k+1) (422)
and

a; =—(=Naq) - pi, B =—(=Nyd) - p;. (4.23)

The last factor B(—a(s) + k + [, —a(t)) in (4.17) is the Beta function

['()l'(y)

B(z,y) = , 4.24
(@) = s (4.24)

22The part A,; originates in the DDF construction of the fourth vertex operator going around one of the
other three vertex operators, see App. [A] for the details. Although this is a part of the whole scattering
amplitude, we assume that this is enough for looking at any possible fractal structure. In fact, the complete
structure of the Veneziano amplitude is determined solely by Ag;.
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and k, [ and « are defined by

a(z) =1+ /2, k= ka 1=l (4.25)

To evaluate the amplitude (4.17), we have taken the following parameterization of the

momenta and polarization vectors,

1 0 ! 1 0
LT AN D et | 0 | —(=d) = V2N-Dtpr—peoso’ | 0 |’
-1 -1
0 0
1 1
A= \% z' -\ = \/% At
0 0
S 2 N (4.26)
| psind , | psin®’ cosy’
br= 0 ’ = psin 6’ sin ¢’
pcosf pcos b
Vs Vs
mtm—Ne=| |, - —py+N'¢ =
0 0
0 0

Here, p stands for the magnitude of the momentum of the incoming tachyon, and the scattering
amplitude is parametrized by the angleﬁ 0, 0" and ¢’. The Mandelstam(-like) variables are

now expressed as

= (V2(N = 1) +p2 + /p? — (4.27)
= (V2(N = 1) +p? — /p? — 2) — 2p*(1 + cosf cos & + sinfsin @ cos ¢'), (4.28)
u = —2p*(1 — cosf cos# — sinfsin @’ cos ). (4.29)

It is straightforward to check that these variables satisfy the identify (4.16)). Also we easily

23In 2 — 2 scattering of scalar particles, one can take the center of mass frame with which the scattering
angle is fixed. However, our HES has a specific spatial orientation which is its polarization. Our spherical
coordinate system respects the polarization of the photons which are used to make the HES. There is no

remaining rotation symmetry which could fix the angular variables.
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find for (4.23]) that
A/ 2(—1)+p2+pcos \/ 2(N—1)4p2—pcos b’

= . — . = —
pr-q= \/Z(N—l)—i—pz—pcosO’ P24 +17 P24 \/2(N—1)+p2—pcose’

\/2(=1)+p2+pcosd’ /2(N—1)+p2—pcosf (4.30)

VY g = 41 L
P-4 +\/2 1)+p2—pcosd’’ P24 Tl p2g \/Q(N—1)+p2—pcos6’”

and for the coefficients in (4.17)) that
—1
A= —py- N = — psinb, 4.31
D2 D2 /2 p ( )

Py N =—py- A= \_/—% pe'? sind'. (4.32)
Under these parametrization, the HES-tachyon to HES-tachyon amplitude is given by the
momentum and the incoming/outgoing angles A = A({N,}, {N/};p, 0,0, ¢").

We apply the strategy in Sec. to this amplitude and find the largest pole, to extract
the scattering data. Let us consider the amplitude for given excitation levels {N,}, { N/}
and magnitude of momentum p. Since the Mandelstam variable s depends only on the total
excitation level N and magnitude of momentum p, the s-channel poles are independent of the
angular variables. On the other hand, the t-channel poles come from the divergences of the
Beta function in , and appear in certain outgoing angles for given incoming angles. The
t-channel poles form a line in two-dimensional space of outgoing angles 6" and ¢'. For a fixed
¢', the positions of poles in the outgoing angle {6/ (0)} is given as functions of the incoming

angle 6. They can be obtained by solving
a(t(0,0)) =n, neZs, (4.33)

as the t-channel poles come from the poles of I'(—«(t)) in the Beta function in (4.17). We
evaluate this equation numerically. Among the data {6/ ()}, we look for their maximum

poles, which has the largest residue of the poles. The residue around the poles is

A, — lim lim lim sin 7 ( ﬁ sin s H sin 7/3) A,
a(t)>n {az}>{Na} {85} —{N}} m gt St
= Ast|B—>B,c—>é,d—>cZ' (4‘34)

Here we have defined

~ sin(—a(t))

B(—a(s)+k+1,—a(t)) = Oé(ltl)rgn - B(—a(s)+k+1,—a(t))

_ D(—a(s) +k+1)
CT(—a(s) —n+k+D)I(1+n)

sin o

(4.35)

celag, ar,ay) = lim cr(ag, g, aq)

ag—Ng
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B 1 F(ag — k4o — 1) T(afy + k)
= T+ D(as — &) o) Ty (430

and have also defined

4.37
4.38
4.39
4.40

6](62) = —6k(052 + 1,@1 + 1a0/2)7

él(fl) = —ékfl(OéQ, A, CYIQ + 1),

Czl(g) = _El—l(ﬂéa ﬁ;’ /82 + 1)7

(
(
(
A = —&(By+ 1,5, +1, ). (

)
)
)
)

Note that the signs of the coefficients @ d@) are flipped since sin (g + 1) = —sinmas.
Numerically evaluating the reside at {6/,(f)}, and finding the largest one among them, we

construct the scattering data 6'(0) of the HES-tachyon scattering amplitudes.

4.2.3 Transient chaos analysis of the scattering amplitude

In this subsection, we show numerical plots of the scattering data 6'(0) for various fixed
parameters, and discuss their fractal feature (the self-similarity).

The results for a scattering of a tachyon and a HES with the angular momentum J = 1 are
shown in Fig. . The top/middle/bottom two panels are the plots for the excitation levels
N = Ny = N{ = 1,5,9. The three panels on the left and right hand side are the plots for
¢ = 0 and ¢ = 7/4, respectively. The momentum is fixed at p = 2.6 so that the energy
squared is positive, E? =p?> —2~7—2> 0.

The plots are highly erratic, for larger excitation levels. The tilted lines in the case N =1
split into smaller segments in the cases N = 5,9. However, we do not see any fractal structure.
In particular, the number of the small segments does not increase exponentially in N. Note
that typical fractal data is produced by a repeated action of an operation creating self-similar
structure, and the number of small structure grows exponentially in the number of the action,
thus also in our case, it is expected that the number of the smaller segments would have grown
exponentially in NV if the scattering were chaotic.

This is further confirmed in Fig. (11, where the excitation level is chosen as N = 27.
This number N = 27 & 4p® was chosen so that as many ¢-channel poles, found in ([£.33),
appear as possible, nevertheless, the fractal feature, or the exponentially smaller structure,
does not appear. Thus we conclude that the scattering data is not fractal. Assuming that the
fractal nature is the sign of chaos in quantum systems, our result means that our HES-tachyon
scattering is not chaotic.

The results for the scattering of the HES with J > 1 are shown in Fig. (12 The top,
bottom-left and bottom-right panels are the plots for the excitation levels {N,} = {N]} = {5},
{3,1,1},{1,1,1,1, 1}, respectively. Other parameters are fixed as ¢’ = 0, p = 2.6. As the
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photons of which the HES with the total excitation level N consists are partitioned into more
photons to form a HES with smaller excitation levels {N,}, {N;}, we find in Fig. [12| that the
small segments disappear. We conclude that even with the HES with J > 1 the fractal nature
is not found, therefore, the scattering amplitudes are not Chaoticﬁ

This behavior on the partitions is explained as follows. As seen from the examples of the
case J = 1, the smaller segments appear for larger N (or Ny, N}). In the scattering amplitude,
there exist several lines of poles. When we pick out the pole with the largest residue, the
largest pole depends on the incoming angles. Thus, the line in the scattering data of the
largest pole is segmented. This magnitude of the residue at each pole is mostly determined by
the coefficients c,(f) (), dl(j ) (B), where «, 8 are proportional to N,, Nj times oscillating functions
(see (£.23), ([£.30)). These coefficients oscillate more rapidly for larger values of {N,}, {N;}.
Then, the largest pole frequently changes from a line to another, and then, the line of the
largest pole is split into smaller segments. The minimum length of the segments is bounded
by the maximum of {N,}, {N/}.

From the reasons described above, we expect that a larger N and a change in J does
not produce the fractal behavior. First of all, for the fractal structure the scattering data
needs to have exponentially small segments. The smallness of the segments is bounded by the
maximum of {N,}, {N/}. Increasing N provides only linearly small segments, which does not
help giving a fractal structure. Increasing J just lowers the maximum of {N,}, {IV}} and thus
reduces the fractalness. The complexity of the J-partitions of N is not related to the fractal

nature@ This is the reason why the scattering data is not fractal.

4.3 Possible cases when chaos shows up

The absence of a fractal structure in the scattering data is a negative result for looking for
chaos. Nevertheless, we have not yet excluded all possibilities. We can expect that chaos
shows up when we include higher loop corrections for the following reasons.

If we regard the multiple scattering in classical transient chaos as multiple scattering in
string theory, it could mean that we need to visit higher loop amplitudes. The scattering
amplitudes which we have studied in this paper is the tree level scattering, which is of the
order of the string coupling constant. However, the particle scattering by a fixed potential

is a non-perturbative process in the sense that the scattering potential can be decomposed

24We have used the typical value of p so that the total energy is positive. Even with other values of p, the

scattering data does not show the fractal structure.
25Note that the exponential growth of the number of states in string excitations is not related to the small

segments in the scattering data. In some other setup of the amplitudes, this exponential growth might produce

some chaotic behavior, though it does not in our case.
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into its radial modes. Therefore, naively speaking, for a possible transient chaos, higher loop
amplitudes would be necessary.

As a first guess, we can use the tree level scattering data given in Fig. [10] Fig. and
Fig. [12| to produce the multiple scattering. For example, we can use the function

0'(6) (4.41)
and apply this map many times, as
0'(0'(0)), - (4.42)

This is an analogy of the popular baker map which produces chaos. Unfortunately, since the
slope of the scattering data in the left panels of Fig.[10]and Fig. [I1] and in Fig. [12is identical
to 1, this map does not work to magnify a part of the scattering data (which is necessary
for any chaotic map). While at this stage, our naive multiple application of the scattering
data map does not seem to produce chaos, the slope of some parts of the scattering data with
¢ = /4 exceeds 1. The measure analysis is necessary to figure out whether the map can
generate chaos or not.
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Figure 10: Scattering data 6'(#) involving a HES with the angular momentum J = 1. The
top/middle/bottom two panels are the plots when the excitation level is N = N; = N| =
1,5,9. The three panels on the left/right hand side are the plots when ¢’ = 0,7/4. The
momentum is fixed at p = 2.6. Although the plots are highly erratic, fractal structure has not

been observed.
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Figure 11: Scattering data 6'(f) when J = 1, N = 27. The excitation level is chosen so that
as many t-channel poles appear as possible. Other parameters are fixed as Fig.[10] Still fractal

structure does not appear.
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Figure 12: Scattering data #'(f) involving a HES with the angular momentum J > 1. The
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{5},{3,1,1},{1,1,1,1,1}. Other parameters are fixed as ¢’ = 0,p = 2.6. As the level N is
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5 Geometrical structure in string scattering region

In this section, we study the geometrical structure of string scattering regions. We employ
an imaging method: Fourier transformation of scattering amplitudes. First of all, we check
that our method appropriately works in the standard double-slit experiment. Then we show
that string scattering regions look like double-slits. It can be explained analytically; the zeros
of string amplitudes coincide with the ones of the standard double-slit experiment. We may
interpret the slits in string images as the end points of strings.

We could not find any non-trivial geometrical structure, which is necessary for chaos, since
the slits are aligned along the same straight line. We discuss the possibility that chaos shows

up if we consider closed strings or multi-point scatterings.

5.1 Double-slit experiment

First of all, we review the standard double-slit experiment, and a method to reconstruct the
image from the amplitude on a screen, to demonstrate that the amplitudes actually encode
the image of the double slit.

Let us put two slits S, Se on (z,z) = (£1/2,0), and place the center of a spherical screen
of redius L > [ at the origin. A wave with wavelength \gs passes through the slits from the
negative to the positive z-direction. An observer P is placed at (z,2) = (Lcos#', Lsinf’) on
the screen. See Fig. [13]

If the screen is sufficiently large, i.e. L > [, the difference of two optical paths is given by

SoP — SiP ~ [ cost'. (5.1)

Thus the condition that the amplitude at P vanishes is

E, )\ds

= (5.2)

cosf ~

where £’ is an odd integer. More precisely, supposing that a spherical wave is emitted from
the two slits with identical phase and amplitude A, the wave amplitude on the sphere placed
at the spatial infinity L(>> 1) is

A8, ") ~ 2A cos <;\Tl cos 0’) : (5.3)

ds

Zeros of this amplitude is given by . The result is independent of another spherical
coordinate ¢’ as the slits are separated along the z-axis in this case.

The wave amplitude itself does not give the image of the slit, as understood in Fig. [14]
Optical wave theory provides a method for the imaging. The popular method is just to put a
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Figure 13: Double-slit is put at S; and Sy, and scattered wave is observed at the point P.
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Figure 14: The amplitude of waves in the double slit experiment, for 7l/Ags = 15.
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lens of a finite size d on the celestial sphere, and convert the wave amplitude with the frequency
w = 27/ \gs into the image on a virtual screen located at a focal point of the lens. The formula
for converting the amplitude to the image is approximated just by a Fourier transformation
for L >> 1 (see for more details and brief reviews of the formula):

A +d <,00+d/sm9 (=80 X ¥)
1(X,Y) = / / e RXHAM A, ). (54)
(2d Sll’le A pp—d/ sin 6]

Here the coordinate (X, Y") is the one on the virtual screen placed behind the lens, so the image
I of the optical wave is produced on that XY-plane. The location of the center of the lens is
at (0/,¢") = (6}, ¢;), and a rectangular shape of the lens region is adopted for computational
simplicity.

The lens size d needs to cover at least several zeros of the amplitude to find a sharp image,
otherwise the image is blur and no structure can be reconstructed from the amplitude. In the

present case of the double-slit experiment, when one takes the limit [ > Ay, the zeros of the
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Figure 15: The lens resolution, seen in the behavior of the function o(x) (5.6)), for 27rd/Ags = 10
(left) and for 2wd/Aqs = 100 (right). For large d/\qs (meaning that the wave length is small
enough so that it detects many oscillations of the amplitude), this function is highly peaked

at x = 0, and the resolution is high.

amplitude are aligned densely, so the lens size d can be taken quite small compared to 27. It
means that the curvature effect of the celestial sphere in the imaging can be ignored and the
formula is validated.

Let us substitute the double-slit amplitude into the imaging formula ([5.4]) and check

if the image reproduces the shape (location) of the slits. The result is

[(X,Y) = A(~1Yo(Y/5in6}) <a (X ! Sig 96) +o (X . Si;l 96)) (5.5)

where we have defined

sin <§ﬁlw>
—p (5.6)
>\ds

o(x) =

See Fig. [15] for the meaning of this function o(x). The calculation is straightforward but we

have just assumed that the center of the location of the lens satisfies the condition

l

ds

costy =k eZ (5.7)

to simplify the result. It can be met easily because we can find such an integer in the limit
{ > A\gs which we took as described above.

The density plots of the image function are shown in Fig. . One clearly finds the
position of the double slits. The parameters are chosen as: 2wd/Ags = 30 and | = 1. The
left figure is the image of the lens put at (6}, ¢y) = (7/2,0). The location 6, = 7/2 means
that the lens is put at the right hand side in Fig. [I3] facing the double slits head-on, and
the distance between the images of the two slits should be the largest. On the other hand,
when the location of the viewer is shifted in the z direction in Fig. [13] the distance between
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Figure 16: The X-Y images of the double-slit experiment, reconstructed from the wave am-
plitudes at the spatial infinity. Left: seen from the head-on point (6}, ¢f) = (7/2,0) facing the
aligned slit. Middle: (6}, pp) = (7/3,0). Right: (6}, ¢;) = (7/4,0). As the viewer shifts from

the head-on point, the distance between the slits decreases by the function sin 6, consistently.

the images of the slits should decrease. In fact, as seen in the middle and the right figures in
Fig. for (6;, ¢p) = (7/3,0) and for (0), ¢y) = (7/4,0) respectively, one finds a consistent
behavior.

In the next part, we apply this method for string scattering amplitudes, and see the images

of the fundamental string.

5.2 Images of string via Veneziano amplitude

In this part, we obtain the images of a fundamental string by using the Veneziano amplitude,
and show that the fundamental string is a double-slit.

More specifically, we point out that the zeros of the Veneziano amplitude match the ones
of the double-slit amplitude described in the previous Sec. Then we reconstruct images
of a string by the Fourier transformation of the Veneziano amplitude. The images show two

columns (which are “slits”) standing apart at a distance of a typical length of strings.

5.2.1 Veneziano amplitude and its zeros

First, we describe our notation of the Veneziano amplitude, tachyon-tachyon to tachyon-
tachyon scattering amplitude.

We label its four vertices with 1,2,2’,1’. The momentum conservation law is
0=p1+pa+ph+py. (5.8)

Since each vertex is a tachyon, we have the on-shell condition

Py =ps=py =pF=—(-2). (5.9)
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Here, we conventionally chose o/ = 1/2. In the following computations, we will use the same

unit. The Mandelstam variables are defined as

s=—(p1 +p2)* = —(p} +pb)*, (5.10)
t=—(p1i+ )" = (0} +p2)*, (5.11)
u=—(p1+pi)° = —(p2 +15)° (5.12)
These satisfy an identity
s+t+u=4-(-2). (5.13)

The Veneziano amplitude [63] is given by

AVer = 2 [AV™ + AP+ AT 51
where
ven _ L(=a(z))I'(—a(y)) alz) = x
Az = I'(—a(z) —aly)) i o

The amplitude has s-channel poles at s = 2n for integers n > —1. Since we are interested in
the images of a string formed at the scattering, we pull out one of the s-channel poles and
look at the residue of the pole of the Veneziano amplitude. Using the reflection formula of the
Gamma function and the identity , the residue of the s-channel pole is

sinm(—1 — s/2)

AL = lim - (AY" + AT
1 D(—1—t/2) 1 [T(=1-1/2)
TT@2+n) |[T(—2—n—t/2) +(tH“)} T T(2+n) { Tatug) T
(5.16)

To evaluate this amplitude, we denote the magnitude of the momentum of the in-coming

tachyons is p. In the center-of-mass frame, the momenta can be generically parametrized as

VP2 VP2

o= psinf = psin @’ cos ¢’
0 ’ ! psin @’ sin ¢’
pcosf pcos b
(5.17)
V=2 VP2 -2
| —psind ;| —psin® cos¢’
b2 = 0 ’ b= —psin @' sin ¢’
—pcosf —pcost’
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The parameter 6, which measures the angle of the incoming tachyon against the z-axis, will
be fixed later for the convenience in numerical computations. Under this parametrization, the

Mandelstam variables are expressed as

s = 4(p* —2) = 2n, (5.18)
t = —2p*(1 + cosf cos @' + sin Osin & cos '), (5.19)
u = —2p*(1 — cosf cos ' — sin @ sin @’ cos ¢'). (5.20)

Let us look for zeros of the residue of the s-channel pole of the amplitude ((5.16]). It is zero
if and only if
0=T(-1-¢t/2)T(24+t/2) + (t <> u)
7r

BT e R G (5.21)

This condition is equivalent to
(=1 —1/2) + n(—1 —u/2) = 2Zr, (5.22)
or m(—1—1/2) — (-1 —wu/2) = (2Z — 1)7. (5.23)
If n is even, the first equation is satisfied for any angles. Then the amplitude is trivially zero.
In the following discussion, we assume that n is odd. The second equation reduces to
27 — 1
n+4
Fixing § = 0 makes clear a comparison of this result to the double-slit experiment in Sec. [5.1}

cosf cos 0 + sinfsin ' cos ¢’ = (5.24)

In the present case the zeros of the amplitude are at
2k+n

cost = TR (5.25)
for an integer k € Z. Rewriting this as
K K
cos ) ~ nd 2 (5.26)

where k' is an odd integer, k' € 2Z — 1, we find that the location of the zeros is exactly the
same as that of the double-slit experiment, (5.2)), with the replacement
2 L

>\ds

Here p is the magnitude of the tachyon momentum in the Veneziano amplitude, while [ (Ags)

P (5.27)

is the slit-separation (wave length) in the double-slit experiment.

We have found here that the zeros of the Veneziano amplitude coincide completely with the
double-slit experiment. In the next subsection, we look at the Veneziano amplitude in more
detail and will find that indeed the imaging of the fundamental string results in a double-slit

in the n — oo limit.
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Figure 17: Images of a fundamental string, extracted and reconstructed from the s-channel
pole of the Veneziano amplitude. The incoming angle is chosen as § = 7/2. Various figures are
for different choices of the viewer’s location (lens location) specified by (6, ¢f). Brightness of
these density plots is normalized in each plot. The red points in the images are the brightest

points.

5.2.2 Imaging of a fundamental string

Here first we present images of a string by straightforward numerical evaluations, and after
that, we analyze the images analytically in a certain limit to extract the structure.
The imaging formula described in Sec. [5.1] is

1 0y+d p+d/ sin 6], (00 X (S )YV) TV

I(X)Y) = —/ d@'/ dp' e\ Tlo) xRl ) Aren (g o). (5.28)
(2d)2 S 66 0y—d pp—d/ sin b

Here d is the size of the lens whose center is put at (6, ") = (6}, ;). The lens is applied to

the wave signal AY"(#', ') which reached the asymptotic infinity with the angle (¢',¢') in

the 2-dimensional spherical coordinate. The frequency of the wave, appearing in the formula

(5.4]), is now given by the tachyon momentum p. The wave amplitude is taken as the residue
of the s-channel pole at s = 2n, of the Veneziano amplitude (5.16)).
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Figure 18: Images of a fundamental string, with 6 = 7 /4.

A straightforward numerical evaluation of the imaging produces the images shown
in Fig. [17]and Fig. Since the tachyon scattering is in the center-of-mass frame, we can fix
0 without losing generality. Fig. and Fig. are for § = /2 and 0 = 7/4, respectively,
with n = 11. We find that in fact the images of the fundamental string are those of the double
slits.

Analytic estimation of the image, which is useful to study the structure of the images, is
possible. Let us investigate in particular the separation between the two slits. For simplicity
let us take # = 0 to eliminate the ¢’-dependence of the amplitude . We find

1 F(%—l—l—"T“cosQ’) F(g—l—l—f—"THcosH’)

(n+1D!| T (-2 -2 cost) * I'(—%+ 2 cost)

AVen — (5.29)
To perform an analytic evaluation of the imaging formula for this amplitude, we need to find
a simplified expression of the amplitude. A simplification occurs when we take a large n.
Indeed, in the large n limit the zeros are very close to each other, thus a small lenz is sufficient
for the imaging. This means that we need only a local expression of (5.29)) around a certain
value of 6'.

Below, we obtain a simplified local expression of the amplitude around a zero specified by
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Figure 19: A plot of the amplitude (5.29)) for n = 11, magnified around ¢’ = 7/2.

the integer k given in ([5.24]). We present two expressions; one is for the region around the
zero with k = —(n +1)/2, which means the expression for ' ~ 0 in the large n limit, and the
other is for a generic value of k.

First, notice that the amplitude (5.29) can be locally approximated by
AVer ~ f(6) cos(ch'), (5.30)

where ¢ is a constant dependent on the choice of k of the central zero, and f(#') is some
smooth positive function giving the magnitude of the oscillation. This is obvious if we look at
the plot of the amplitude given in Fig. . The amplitude has zeros at and does
not diverge, so it can be approximated by the form ({5.30)) with a very simple function f(6").
The derivation of the explicit form of f(#') and the constant ¢ is simple. The latter can be
fixed by the distribution of the location of the zeros given in , and the magnitude function
f(0') can be fixed by evaluating the slope of the amplitude at those zeros. A straightforward

calculation shows

AV () ~ +

2 lw(FE-D) wenem e

This expression tells us that the magnitude function f(6’) is constant around 6’ = 7/2. And

for a generic k (which means 6’ ~ 6 for generic 6}), we find

/

9 1— o (nsin 6 /2)(0"—6() in g
( cos 0) cos (w(e/ — 96)) . (5.32)

anC%(l_COS%) 1+ cos 96 2

AV () ~ +

We can see that the magnitude function f(6’) is an exponentially growing function. As a
consistency check, if one puts f) = /2 in this expression (5.32)), it reduces to (5.3I)]

26Note that the difference factor 1/n is irrelevant as it comes out by just how the combinatoric factor

,LC%(l,COS ¢;) is evaluated in the sub-leading order in the large n expansion. In any case, the overall constant
factor is not the issue to look at the structure of the images.
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Let us evaluate the imaging formula (5.28)) with these large-n approximated amplitudes
(5.31)) and (5.32). For the case 8’ ~ 7/2, the expression (5.31)) is completely the same as that
of the double slit ([5.3)), and we find

Logy=r/2(X,Y) o o(Y) [0 (X —7p) + 0 (X + 7p)] (5.33)
where
_sin(pdx)
o(z) = “ods (5.34)

The function o is, as was described for the case of the double-slit experiment, is highly peaked

at x = 0 in the limit p — oco. Thus the bright spots in the image are localized at
(X,Y) = (£mp,0). (5.35)

This is in fact a double slit. In the limit n ~ 2p? — oo, the image consists of just two bright
point-like spots, and the coincidence with the double-slit experiment is exact.

The distance A between the two bright points in the image is given by
A =7V2n (5.36)

in the string length unit I, = 1/v/2 which we took throughout the paper. The behavior
A ~ /nl; is consistent with the approximate length of a fundamental string at the excitation
level n, as we will discuss in Sec. [5.4]

Next, let us evaluate the images with the generic 6], using . The result is

> {o— <X — A(Q%) + z‘XO) + 0<X + A(296> + z’f(o)] (5.37)

Igoz%(X, Y) XX O'<

sin 6},
where
. 5 n, . 1+ cos 6
A(6y) = mV2nsing,, X, = \/;(sm 6p) log TOSHZ' (5.38)
This means that there are two slits which are located, in the complexified coordinates,
A -
(X,Y) = (i¥ + z’Xo,0> : (5.39)

The imaginary part contributes to make the peak of o(z) smoother, as the pole deviates from
the real axis. The real part gives a physical consistency with the spatial location of the double-
slit: the distance between the bright spots in the image is A(¢]). The factor sin@ in this
A(6)) is expected from the spatial consistency since the position of the viewer is shifted from
the equator and thus the two slits should be seen at an angle, exactly giving the factor sin §;,.
Thus we conclude that the images seen at angle are spatially consistent with each other, which

is a nontrivial check for the image slits to be present in the real space.
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Figure 20: String amplitude of three tachyons and J photons. Picking out a pole at the

internal line labeled with v leads to the amplitude of a HES decaying into two tachyons.

5.3 Images of highly excited string

In this part, we show that the slit-like behavior of a string is not limited to the Veneziano
amplitude. As another clean example, we study a highly excited string (HES) decaying to two
tachyons.

The amplitude formula for a HES decaying to two tachyons was computed in [43,44]. We
will briefly review their results but with slight modifications. Later, we list the location of the
amplitude zeros, and point out that its amplitude zeros also match the ones of the double-
slit in Sec. Then we reconstruct images of a HES by the Fourier transformation of the

amplitude. The images show multi-slits, which are understood as convolutions of double-slits.

5.3.1 Amplitude and its zeros

Following [44], we start with a string scattering amplitude for
tachyon, J photons — 2 tachyons

as depicted in Fig.[20] After computing the amplitude, we pick out a pole which corresponds
to an intermediate HES state. Momenta of one incoming tachyon and two outgoing tachyons
are denoted by pi, po and p3. Momenta of J photons are chosen to be proportional to a null
vector, ¢, and are given by —N,q, where N, are integers and a = 1,--- ,J. The momentum

conservation law is

0= (p1—Nq)+p2+0ps (5.40)
where
J
N=> N, (N.>1) (5.41)
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When a pole of the intermediate state is picked out, N and J will be interpreted as the
excitation level and the angular momentum of the HES, respectively. The on-shell conditions

for the tachyon momenta are
pi=py=p;=—(-2). (5.42)

For simplicity, polarizations of photons are taken to be equal to each other and denoted by .

Then, the conditions for the photon momenta and polarizations are given by
=0, N=0, ¢-A=0. (5.43)
For simplicity, we assume that
(P2 +p3) - A=0. (5.44)

This condition is satisfied, for example, in the center-of-mass frame. Then the amplitude is

factorized as

AHES _ ﬁAa, (5.45)
a=1
A, = (—=p2- ) ; (—=p3-A)
o +DM(=a”) _ D(=ay”)0(=as”) | Ta)(=at?+ ] oo
I(—al” — ol +1) I'(—al® — al) Ir(—al” -l +1) |’
where
ot = Nopi - q. (5.47)

Each factor of the amplitude, A, has poles when 1 — aﬁ“) is a negative integer. Poles at

ol ~ N, (5.48)
are located at the same position in the momentum space,
v=—(p1 — Nq)> ~2(N —1). (5.49)

Picking out this pole, we have a HES at an intermediate state. By taking the residues of A,,
we obtain the decay of the HES with the mass

M? =2(N — 1), (5.50)
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(a)

and the total angular momentum J. Using an identity a( °) —|—a(a) +ay’ = 0, and the condition

of the pole, al ~ N,, we find

AHES — hm (H SH”T% ) AHES

J i (a)
_ (=p2-A) = (=p3- ) [(—ay”)
N H 2 | D(N,)D(—a8” — N, +1) ree 3)]
T N[ Tl
H Tl 1) +(2 4 3)] (5.51)

Here, the first term is a contribution studied in [44].

In the center-of-mass frame, we take the following parametrization of the momenta,

1 0
1 0 111
T : A= — : 5.52
1 V2N =21 0 V2 i (5:52)
-1 0
V2N =2 V2N = 2/2 V2N = 2/2
0 V2N +6/2 sin¢’ —V2N +6/2 sin¢’
p1—Ng= y TP = » D3 =
0 0 0
0 V2N +6/2 cost’ —V2N +6/2 cos b
(5.53)
Under this parametrization, the variables a§“) are expressed as
o\ = N, (5.54)
a N, V2N 46
af =2 (1 + VeV HO s 0’) : (5.55)
2 V2N —2
a N, V2N +6
S — (1 VIR s 9’) : (5.56)
2 2N —2
Let us look for zeros of the amplitude (5.51)). It is zero if and only if
0=(=p2-A) = —(=ps- ), (5.57)
or  0=T(—a{N(” +1) + (2 > 3) (5.58)

for some 1 < a < J. Calculations similar to those in Sec. show that the amplitude is
trivially zero if some N, is even. In the following discussion, we assume that N,’s are odd for
any 1 < a < J. Then we find that the zeros of the amplitude are at

\/2N+6COSG,_ 27 — 1
V2N — 2 N '
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In the high excitation limit N, — oo, it is written as

k/
0 ~ — )
cos N (5.60)

where £’ is an odd integer, k' € 2Z — 1. We find that the location of the zeros is exactly the
same as that of the double-slit experiment, (5.2)), with the replacement

N, l

2 A

(5.61)

Here N, is an excitation level of the a-th mode such that N =" _N,, while I (Ags) is the slit

separation (wave length) in the double-slit experiment.

5.3.2 Imaging of a highly excited string

Here first we present images of a HES by straightforward numerical evaluations, and then
understand the images analytically in a certain limit.
Since the amplitude depends only on the outgoing angle €', we restrict ourselves to imaging

in this single direction. We use the following imaging formula

1 %ord ip(0'—6/)X FHES
I(X)=———— df’ e\ —00)* AR (0. 5.62
%)= Gapang |, 1S ) (5.62)
Here p is now the magnitude of the outgoing tachyon momentum p = v/2N + 6/2. A straight-
forward numerical evaluation of the imaging formula (5.62)) produces the images shown in
Fig. Both of the images are for §) = 7/2, but with different numbers of excitations of
N = 25:1 N,. We find that the images of a HES are those of multi-slits.

Such multi-slit structures can simply be understood by using the results in the Veneziano
amplitude. When N, > 1, the amplitude ([5.51]) reduces to a simple form

J Na / N _ /
AHES Hsin o [(+%(1+cosd)) T (+2(1—cosd ))] (5.63)

I (—2=(1 - cos®)) * I (=22 (1 +cos?))

a=1

up to a constant. Remark that each factor inside H;zl coincides with the Veneziano amplitude
at =0 (5.29) with the replacement n — N,,

J
AHES ~ (sin ')’ H AYen (5.64)
a=1

n—Ng

Thus the reconstructed image of a HES, the Fourier transformation of AEES, is the convolution

of the images of the Veneziano amplitudes with n — N, as,

THES o (sin @) 5 V0| s IV (5.65)
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Figure 21: Images of a highly excited string, extracted and reconstructed from a HES
intermediate state pole of the tachyon-photon amplitude. The size of the imaging lens is
chosen as d = 0.11. The left panel, for a division N = N; + Ny = 19+ 39, shows a 4-slit, while
the right panel, for N = Ny + Ny + N3 = 19 + 39 + 79, shows an 8-slit.

IVer is a double-slit with a slit separation

Recall that the image of the Veneziano amplitude
[/ Ags ~ n/2. With replacements n — N,, Ags — 1/ VN, the image of a HES is the convolution
of double-slits with separations A, ~ N,/ V/N. Then we can conclude that the image of a
HES is a 27-slit. Indeed it can be easily demonstrated that the convolution of double-slits

with different slit separations is a multi-slit. Let

A, A,
I,(X)=9¢ (X — 7) +0 (X + 7) (5.66)
be an ideal image of a double-slit with the slit separation A,. Then its convolution

L% Iy(X) = / T AXT LX) (X — X

o0

= Z 5 (X + 81% + 82%) (567)

s1,89==%1
is a 2%-slit. Performing similar operations recursively, we can show that .J-times convolution

of the double-slit with different slit-separations is a 27-slit ag”’|

[1*...*[J(X):Z(S(X—i—SlAl"'—'—SJAJ). (568)

Sq==%1

We conclude that the image of the highly excited string reconstructed from its decay

amplitude is a multi-slit.

2TParticularly when A,/A; ~ 2%, the slits are equally separated.
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5.4 Interpretation

In this part, we present several observations from the results obtained above, and provide their
possible interpretations.

Firstly, we point out that the slit-like appearance of scattering amplitude images is an
inherent feature of strings. Recall, for example, the Veneziano amplitude. At the zeros of the
amplitude (5.24]), each term of becomes zero simultaneously. There is no non-trivial
cancellation between the two terms. In other words, the zeros of the amplitude originate in
the gamma functions in the denominator. These gamma functions are also the source of poles
which correspond to intermediate excited string states. Thus the existence of a series of zeros
reflects the existence of a series of intermediate states in string theory. Remember that,
contrary to string theory, perturbative quantum field theories have only a few intermediate
states, and scatterings occur at a point.

Secondly, it is remarkable that the order of slit separtions agrees with that of the total
string length. Recall that the slit separations in the Veneziano amplitude and in the HES
scattering amplitude (with J = 1) are

AV~ nly,  APES VN, (5.69)

respectively. Here n is roughly the square of the invariant mass, and N is roughly the square
of the mass of a HES. On the other hand, the total length of a string with a mass M is roughly

estimated as
1
ltotal ~ —,M ~ V le (570)
Qo

since a string has a constant tension o/. Thus, the slit separation and string length coincide
with each other, meaning that the string may extend between the slits.

Thirdly, we stress that slits can only show up on a straight line both in the Veneziano
amplitude and the HES amplitude. Technically, this is because the 6’ dependence of their
amplitude zeros is only in the form of +cosf'. In fact, other types of # dependence with
non-trivial phases cos(f’ — ¥') are required for the slit to show up away from the straight line.
This can be easily demonstrated as follows. Suppose that we have three slits S;, S5, S3 which
are not on a straight line as in Fig. 22 If the location of Sj is (z,z) = (0, —1'/2), the optical
path lengthes are

— l

S,P—OP = ) cos @', (5.71)
N — l
SoP — OP = +5 cos o, (5.72)
- !
SsP —OP = +3 cos(0' — m/2). (5.73)
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Figure 22: Three slits are put at S, So, S3, and scattered wave is observed at the point P.

Y%

Thus the location of the amplitude zeros depends not only on = cos ' but also on the phase-
shifted + cos(' — 7/2).

From these observations, we can provide an interpretation that the location of slits are
the end points of a string. Firstly, we should remark that the order of the slit separation is
not the random walk size | ~ MY? ~ N but rather it is the total length of the string
L ~ M ~ NY2. It motivates us to assume that the string behaves like a simple harmonic
oscillator in the scattering processes.

Then there remain two possibilities: the locations of slits indicate (i) the nodes, or (ii) the
end points, of the vibrating string. The first possibility is excluded since the HES amplitude
with J = 1, N > 1 behaves like a double-slit as discussed in Sec. [5.3] If the nodes of the
vibrating string are the origin of the slit image, the HES image with J = 1, N > 1 would have
been a multi-slit, rather than the double-slit. Since this is not the case, thus we are left with
the possibility (ii): slits are end points of the string.

Such an interpretation is also supported by the following scenarios. Suppose there is a
classical vibrating string with markers attached to its end points, as an analogy of the world
sheet with open string vertex operators inserted at its boundary. The long time average of

the probability that the markers are found at a point X is roughly evaluated by

T

/0 % 5(X — Xosinwt) ~ \/ﬁ (5.74)

Then it becomes maximum at the point where the string is fully extended to its maximum

size. This is consistent with our results where slits appeared with the slit separations of the
order of the total string length.

Another scenario is about the origin of interference patterns. Suppose that incoming two

strings are shot along the z-direction and scattered at the origin. Our results have shown that

if this scattering is observed from the z-direction, the image is the double-slit lined up along
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the z-direction. It would be natural to imagine that a string formed at the origin vibrates
along the z-direction, and is torn apart when the string reaches its maximum length. Each
of two pieces of the broken string can be scattered in any directions, though one must go in
the opposite direction to the other. The observer in the z-direction can detect the scattered
string with a definite probability. At the observation, the observer has two possibilities: the
left one of the two pieces of the broken string reaches the observer while the right one goes
in the opposite direction, or visa versa. The superposition of these two possibilities would be
the source of the interference patterns which appear in the string scattering amplitudes.
These scenarios encourage us to state that the slits are the end points of a fundamental

string.

5.5 Possible cases when chaos shows up

The slit-like structure of highly excited strings is a negative result for looking for chaos. Based
on the interpretations explained previously, the bright spots in string images are understood
as the place from which small pieces of a string come to an observer. Thus string scatterings
we have studied are analogous to classical scatterings on multi-disks but all of whose disks
are aligned along the same straight line. As we have reviewed, such scattering systems do not
show chaos, nor string scatterings.

Nevertheless, it is too early to admit that string scattering has no chaos. In classical
scatterings, chaos shows up when disks are placed away from the straight line. It makes
particles collide with disks many times within a scattering region. Some setups of string
scatterings can mimic such complicated collisions of particles. For example, we can consider
a closed string. Since a closed string has a circle shape, its images may have bright spots on
a circle, not on a straight line. Such a non-trivial geometrical structure could be the source of
chaos. We may also have to consider 2-to-3 or 3-to-3 amplitudes as classical scatterings need

no less than three disks for chaos to show up.
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6 Conclusion and discussions

Summary of results

In this Ph.D. thesis, we have looked for chaos in string scatterings. We have studied open
bosonic string amplitudes at tree-level. Our results showed that there is no fractal structure
in the scattering data, nor non-trivial geometrical structure in the scattering regions. We have
concluded that there is no sign of chaos in highly excited strings within our strategy to extract
chaos and the HES states we have constructed.

In section Sec. [2, we reviewed black hole chaos. The essence of black hole chaos is the
redshift near the event horizon. Also, recent studies on fast scrambling and chaos bounds
imply that black holes are the most chaotic system in the universe”¥ These features distinguish
black hole chaos from the chaos in ordinary many body systems. The correspondence principle
between black hole states and string states has motivated us to look for the source of black
hole chaos in highly excited strings.

In section Sec. 3] we reviewed transient chaos. Transient chaos is characterized by three
properties: unexpectability, aperiodicity, and fractality. These are generated by three key
mechanisms: stretching, folding, and escape. These mechanisms amplify a small deviation
of the initial conditions iteratively for a finite time, causing irregular behaviors of a system.
Transient chaos can be detected by a fractal structure in scattering data, and non-trivial
geometrical structure in a scattering region.

In section Sec.[d] we have studied scattering amplitudes of a highly excited string and looked
for a fractal structure in the scattering data. We considered open bosonic string amplitudes at
tree-level as the first step. The states of a highly excited string were constructed by mimicking
the DDF formalism. Since scattering amplitudes take non-zero values at almost all angles, we
picked out the largest poles to construct scattering data €'(6). Our results showed that there
is no fractal structure in the scattering data.

In section Sec. [f, we have looked for a non-trivial geometrical structure in string scattering
regions. We performed the Fourier transformation of string scattering amplitudes to take
pictures of string scattering regions. Our results showed that the string scattering regions

look like double-slits. Their geometrical structure was too simple to produce chaos.

Future works

Although the results were negative at this state, we have not yet excluded all possibilities. We

need to continue our research to look for chaos in other setups.

28 As explained in the introduction, more precise definitions for scrambling and quantum chaos should be
developed.
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At the end of Sec. [d] and Sec. 5, we have discussed that chaos possibly shows up when
higher loop corrections are included, or when we consider a closed string, 5-point or 6-point
scattering amplitudes. Also, we may need to consider more general states of a highly excited
string. The photons we have shot into tachyons to construct HES states have shared the same
polarization, and they could be generalized. These are left for future works.

It will be a better idea to look for a fractal structure in plots of delay-time with respect
to an incoming angle. As explained in the review part Sec. [3] sometimes a fractal structure
is cleaner to see in delay-time 7°(f) than in the scattering data ¢'(f) we have used. Also, we
may need to modify our strategy to extract chaos. Since our definition of the scattering data
extracts just an aspect of the quantum amplitudes (although we believe that it is a natural
definition), there could be a more sophisticated definition of the scattering data which may
manifest possible transient chaos. For example, we have ignored the impact parameter b in
our definition because usually the quantum scatterings are defined by plane waves. However,
if one considers wave packets rather than the plane waves, the amplitudes would contain more
information about the locality of the HES structure.

We may develop more powerful tools to study string amplitudes. One hint lines in the
works of [64-67]. The authors analyzed the high energy behavior of string amplitudes by
finding saddles of the world-sheet integral. Since their main interest was s — oo dependency,
they focused on a single saddle contribution, ignoring angular dependency. We may improve
their computations by, say, including contributions from other non-trivial saddles. The idea
could be tested by the hyperasymptotics [68,/69] in the the Airy [70] function, the Gamma
function |71], and the Beta function.

It will also be interesting to analyze the geometrical structure of strings more precisely. Its
hint is in the spacetime uncertainty principle [72-74]. Yoneya looked for a string counterpart
of the uncertainty principle in quantum mechanics. He arrived at spacetime uncertainty
AXAT 2 1, and tried to reformulate string theory so that its geometrical structure becomes
clearer [75]. The idea may be developed to study the geometrical structure of a string scattering
region.

These problems are left for future works. By solving these, we will be able to approach

microscopic irregular dynamics in black holes which explains their thermal properties.

Chaos in the future

While we have looked for chaos in this thesis, I hope that the word chaos is replaced with a
more precise word in the future. Chaos is essentially the negation of solvability. It means that
we have little knowledge about irregular dynamics, nor precise words to classify a variety of

chaotic systems.
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Our mission is to pin down the essential dynamics in highly excited strings which describes
the thermal nature of black holes from microscopic viewpoints. The problem would be quite
hard since the problem of thermalization is already challenging and very exciting without
gravity.

We may need to liberate ourselves from the idea of an independent entity, or free quanta
separated from a background. Modern physics assumes the existence of a free particle and
additionally introduces interactions. Although we have eaten a lot of fruits from such a
formulation, typical systems in the universe are not so simple. Around the transition between
a highly excited string and a black hole, counting the number of strings makes no sense since
there are irregular connection/re-connection processes within an interaction region.

I believe that the formulation of modern physics is quite inefficient in describing highly
excited strings. Then what should we do to describe them? I have no idea at all now, however,
I believe that chaos might give us some hints.@ We should know more about chaos to pin
down the essential mechanism, and to classify a variety of irregular systems. Then we may

find a new concept to describe highly excited strings nonperturbatively.

29T also believe that resurgence might tell us a way to liberate ourselves from perturbation.
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A Explicit formulas of HES-tachyon to HES-tachyon

amplitude

We start with a general formula for the bosonic open string tree-level amplitude, and pick out
poles corresponding to HES states as was done in [44]. We use the same strategy to compute
the four-point amplitude of the scattering of the HES-tachyon to HES-tachyon, to obtain the
scattering data 6'(9).

A.1 Channels

The general formula for the tree-level amplitude involving any number of tachyons and photons

is given by

A= /dwzdzal_[huZ |p’p7H|Z b‘papr\wz—Za’p’p“
vol.

1<j a<b
/\a : /\b Di- Aa,
o[y ey
o 225, ” W; — Zg

, (A.1)
O(Xa)

where w;; = w; — wj, 24 = 2, — 2. Here the indices ¢ run over the tachyons, and the indices
a run over the photons. The photon polarizations are denoted by A,.
We focus on the case ¢ o ¢’ but applied to general integer JPY Using the assumption

q x ¢, the amplitude reduces to

~ vol. / H duw H|w”

i=1,2,2",1/ i<j

o e —pi - A
T
~Xa=1 a,i i v a
~ / A Y —_pj'/\,
X Hdzb H |2, — wy]| Z — (A.2)
J

=1 b,j

PiDj

where we defined
ai = —(=Naq) - pis B = —(=Nyd) - ;- (A.3)
The integral over w; can be divided into six parts as in the case of the Veneziano amplitude,

A = (Ast + Atu + Aus) + (Ats + Aut + Asu) ; (A4)

308ee also [54] for a recent study on computation of the amplitudes.
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where

Ast = A|

! !
w =—00,w2=0,w1 =w,wy=1

1 J J
- / dw w2 (1 —w)P# [ 22" (a,p, \w) [ 257 (8,0, X5 w) (A.5)
0 a=1 b=1

Atu - A|w2:—oo,w’2:0,w1:w,w’1:1 = A8t|2—>2’72’—>1’7 (A6)
AUS = A‘wé:foo,wllzo,wlzw,wgzl = ASt‘Z%l’,Z’%27 (A7)
As = Ast|2<—>2' ] (A-S)
Aut = -Atu‘szl/ ) (A-Q)
Asu = Aus|1/<_>2 . (A]_O)
Here we have defined the photon integral
g o0 , , i A =i A —pp- A
Z;]k(og,p7)\;’w) - / dzq |Z‘1lial “a w|7aj|za o 1|7Oék ( . + = " = )
e —2q W — 2, 1— 2z,
(A.11)
A.2 Photon integral
To proceed, we define following integrals and evaluate them.
1 2/
0
2 .1
1 —a2(1 _ )
= / dz wl_‘”_alx ( $), (z = wx)
0 (1 — wx)e
5, — 1
=w!'" [ (—ay + ) (—a; + 1) F ( P T2 'w) , (A.12)

—ozg—al—l—Z’

1 2/
0 0 —ag —a1 —af
a = dza |2a]” % |2a — w| "z — 1|72
2 1

- /1 g T ) (1-2=1/x)
0 (1= (1 —w)z)m

= F(Ozz + oy + O/Q — 1)F(—042 -+ 1) F < E ,
Oél +062
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1
O RS
w

2 1
1 o _
—ah—ay ¥ a2<1 —ZL‘) o
:/0 do (1 =)' o (= (=) —a) + )
/ —ah+1
— (1—w) e (—ah + DD (—ay + DF [ 2 T2y
—qy — o + 2
1 2/
- @ | (A14)
2 1
a 232 werl—w
oL
e e
1
2 1
1 —2+ah+ar+oaz 1— —al,
:/ de & (- 2) (z=1/x)
0 (1 —wzx)=™
: —1
:F(a'2+a1+a2—1)F(—a/2+1)F< Myt ;w)
a1 + Qo
U 2/
- a @ | (A15)
2 1

232/ werl—w

Then the photon integrals are evaluated as follows.

1 2!
w _ _ = ‘A
_/ dza [2a] ™20 — ]|z — 1] L2
0 —Zq
2~ 1

1 2/
= —(=py- \) @ , (A.16)
2 1
a as—rao+1
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1 2/
w _ _ = )\
:/ dzg |2 ™2 20 — ] |z — 1|72 Z2L°2
0 W — Z,

2 1

@ a

1’ 2/
2 1
a al1—a1+1
1 2/
w A
0 1— 2z,
2 7o
1 2/
— s ()
2 1
a ab—alh+1

(A.17)

(A.18)

Other integrals over the intervals (—oo,0), (w, 1), (1, 00) are evaluated in a similar manner.
We are interested in the HES-tachyon to HES-tachyon scattering. Picking out the HES-

pole:

v, V' ~2(N—1), de ay~N,, 35~ N, (A.19)
the photon integral reduces to
/ > —a —a ot [(—DP2 A —p1 A —phe A
2% aup i) = [ ds ol e 0l - 170 (TR g TR T2
e — 2, W — 2, 1— 2z,
1 2/ 1 2/
L
2 .1 2 1
1 2/ 1 2/
o9
o T o
2 1 2 1
¢ __a A
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2 a 1 1
1 2/ 1 2/
2 1 2 1
a ag—ao+1
1 2/ 1 2/
2 T 1 2 1
a1—a1+1

/

v 2/ g 2
cenon|s B o g
2 7 1 2 1

ab—ah+1
(A.20)
Using a formula for the hypergeometric function (see e.g. Eq. 15.8.4 in [78]),
1 2/ iy 2/
S e
2 .1 2 1

|
= w2 N (—ay + D (—a; + 1) F ( P T2t ;w)
—Qg — (] + 2

h—1
+F(CX2+O¢1+C¥IQ—1)F(—O@+1)F<al, Oz2+0414;042 ;1—w)
a1+ Qg

N, — 1
= w2 (—ay + D) (—ay + 1) F ( @ T2t ;w>
—Qg — Q1 + 2

T
+T(ag +a; + o — 1)I(—ag + 1)

sinm(—ag — g + 1)

1 aq, 062+061+O/2—1
X - F ;W
F(OéZ)F(—OéQ + 1) Qo + o
—ao—a1+1 / _ 1
B w : F g, o + ‘w
['(oq)l(ag + o1 +0h — 1) —ag — g +2
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)
—OéQ—Oél—f—Q
T

by — 1
~ w2 M (—ay + ) (—ay + 1) F ( @ T 'w>

T L~ D(—an + 1
(@2 +an +ay = DI(—az + )sinﬁ(—Oéz—CYNLl)

w2t ahy, —ag+ 1
X ; F Tw
F(al)F(QQ + a1 + Qg — 1) —Qg — Q1 + 2

) . ,
= (il — = iy ) [(—ay + DI (—ay + 1) w2 HF A, —Oz+ S
sinm(—ag — g + 1) —ap —ap + 2
1 2/
~ (:i:l —+ (_1)—a2+1) @ (A21)
2 a 1

When N, is even, the integral Z>'? (o, p, \;w) trivially vanishes. Thus in the following com-

putations, we assume that N, is odd for any a = 1,...,J. Then

72 (a, p, A\ w)

1 2!
QO
~Hp N2 (5
2 7 1
as—rao+1
1 2/
X0
Foe D ()
2 1
a a1 —ar+1
1 2/
+ (ph - A)(—2) @ : (A.22)
2 a 1 o
a5 —rag+1
A.3 Tachyon integral
To proceed, let us expand the hypergeometric function as
1 2/
b, — 1
@ =w 2 (—ay + DI (—a; + 1) F < @ —o2t ;w)
—Q9 — aq + 2
2 71
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[e.9]

= o2t Z cr(ag, aq, o) w”. (A.23)
k=0
Here we have defined
cr(ag, aq, ag)
(o + D)l (=aqn + 1) T(ay + k) (e + 14+ k) I'(—as —ay +2) 1
 I(~ag—a; +2) [(ay) T(—ag+1) T(—az—a;+2+k)T(k+1)
T 1 Dlag —k+ay — 1) T(ah + k) (A.24)
sinag [k + DI (g — k) INGD) I(ah) ‘

Then

7% (a,p, A w)
~ (p2 - A)(+2) w e (@ + 1 g, ap) wE - (pr - A)(=2) w2 M (g, an + 1, ) wh

+ (P - A)(=2) w™ ™™ cr(an, an, o + 1) whth
k=0
(A.25)
Now let us assume that
(1 4+p2)- A=y +p1)- N =0 (A.26)

for simplicity. These conditions are satisfied, for example, in the center-of-mass frame. The
first two terms in are rearranged as
az~Nq
Z2% (a, p, \;w) ~ (pa - N)(+2) w2 Z ekl + 1, a1 + 1, o) w”
k=0

ag~Ng

+(ph  A(=2)w ™ Y gy (an, ar,0h + 1) wh. (A27)
k=0

Similarly, by replacements 2 <> 2, w — 1 —w,a — 5, A = X, we obtain

By~
Z3 (B,p, Ny w) ~ (- N)(+2) (L—w) 25 3" (B + 1,8 +1,8) (1 —w)'
=0 ﬁ&VA%
+(p2- N)(=2) (1 —w) =77 N ey (By, B, B+ 1) (1 — w)
=0

(A.28)

Substituting these into ([A.5)), we can perform the integral over w. Noting that
J J
p1~p2—20z2—2a1:—2—5/2, (A.29)
a=1 a=1
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J J
prph— Y Br— Y Bi=—2-1/2 (A.30)
b=1 b=1

the result is
{N.} AN}

Aae D2 2 2

{ia=2.2"} {5, =2.2'} {ka=0} {l,=0}

(H(pia ‘A) cﬁf;") (H(pj,, X)) d}j‘“) B(—a(s) + k,—a(t) +1) (A.31)

a=1 b=1
where
AP = cpo + 1,01 + 1, 0%), (A.32)
o) =~ (a0, 0 + 1), (A.33)
A =~ (B, B, B + 1), (A.34)
A = By +1, 8+ 1, B), (A.35)
and where
Bla.b) = (). ale) =1+ 0/2 (A.36)

J J
k=Y ko =) 1 (A.37)
a=1 b=1

Here ends the derivation of the HES-tachyon to HES-tachyon amplitude, given in (A.31)).

A.4 Another expression for the amplitude

In this subsection, for a consistency check of our amplitude formula (A.31)), we study another
expression of the amplitude.

Similar computations show that

728, p, N, w)

1’ b 2! 1’ b 2!
(- N)(+2) @ (- N)(+2) @
2 1 2 1
Bo—P2+1 B1—p1+1
1 b 2!
(- X)(+2) @
2 1
Bh—B5+1
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2 1 2 1
Ba—B2+1 B1—p1+1
1/ b 2/
e e
2 1
By—B5+1

Using a formula for the hypergeometric function (see e.g. Eq. 15.8.1 in [78]),

b 1/ b 2/

2 1 2 1
Ba2—pB2+1 B1—B1+1

(A o B, Bo+Bi+B ) b+l By+Pi+ P
=D(By+ b1+ B)l (=55 +1) F( B+ Byt 1 ,w) F( B+ Byt 1 ,w)]

Pot Bt fetl

B+ B2 + 2 7
Bi+B+2
—Bp—B+2

=T(By+ b1+ B+ DI(=B5+ 1) (—w) F ( B+ 1,
=1 —w) =Ty + B+ o+ DI(—B5+ 1) (—w) F (

= (L= w) 4 T(=4 + DI + 1) (~u) F (

- (]' - —Fa- ﬂl ch ﬁ27ﬁl7ﬁ2 +1
=
BQNN '
= (1 —w) BN e (85,8, B2 + 1) (A.39)

=0

By—B5+1

:F(ﬁ;‘i‘ﬁl‘FBQ)F(—ﬁ;)F < 517 6é+ﬁl+52 ;’LU)

B+ B
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B1 + B2
= (1—w) % D(—B)T(~ B} F ( b, =0 ;w>

=(1- w)_ﬂé_ﬁl L(By 4 B1 + B2)T(—p3) F ( for =5, ;w)

—fB5 — B
By~Ny
= (L—w) ™% N B+ 1,8 +1,8) w'. (A.40)
1=0
Substituting these into (A.5), and noting that
J J
Prpa—Y =Y ap=-2-15/2 (A1)
a=1 a=1
J J
prph =Y Bh= Y Bi=—2-1/2 (A.42)
b=1 b=1

we can perform the integral over w. The result is

{Na} Ny}

LRI DD IED DS

{ia=2,2"} {jp=2,2"} {ka=0} {[,=0}

(H(ph )(H p;, - N) d(”’> B(—a(s) + k+1,—a(t)) (A.43)

a=1
where
61(432) = Ck(a2 =+ 17 oy + 17 aIQ)a (A44)
o) = —cioa(on, on, 04 + 1), (A.45)
A = —ci1(8%, B, B + 1), (A.46)
d") = ci(By+ 1,8, + 1, B), (A7)
and where
J J
k= ke 1=>_1, (A.48)
a=1 b=1
I'(a)l'(b)
B(a,b) = w—~ =1 2. A4
(a,b) T(ath)’ a(z) =1+z/ (A.49)

In spite of the superficially different appearance of the amplitude formula (A.31) and the
formula (A.43]), they are equivalent. The former depends on /31 and both of the s, t-channels
are shifted, while the latter depends on ] and only the s-channel is shifted.
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