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Bound on the Lyapunov exponent in Kerr-Newman black holes
via a charged particle
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We investigate the conjecture on the upper bound of the Lyapunov exponent for the chaotic motion of a
charged particle around a Kerr-Newman black hole. The Lyapunov exponent is closely associated with the
maximum of the effective potential with respect to the particle. We show that when the angular momenta of
the black hole and particle are considered, the Lyapunov exponent can exceed the conjectured upper bound.
This is because the angular momenta change the effective potential and increase the magnitude of the
chaotic behavior of the particle. Furthermore, the location of the maximum is also related to the value of the
Lyapunov exponent and the extremal and nonextremal states of the black hole.
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I. INTRODUCTION

The anti-de Sitter/conformal field theory (AdS/CFT)
correspondence [1] is one of the most remarkable discov-
eries in quantum gravity. The AdS/CFT correspondence
first proposed by Maldacena was obtained from the limit of
an N D3-branes system. This system is described by the
D3-brane solution of type IIB supergravity theory from the
viewpoint of gravity. Supergravity is the low-energy
effective theory of type IIB string theory, which is valid
in the large-N limit. In the near-horizon region, this geo-
metry becomes AdSs x S°. This region corresponds to the
weak coupling region of supergravity. From the viewpoint
of quantum field theories, the effective theory on N
D3-branes is described by N’ =4 U(N) supersymmetric
Yang-Mills theory. The weak coupling region on the
gravity side corresponds to the strong coupling region
on the field theory side. We can calculate the physical
quantities of strongly coupled field theories from weakly
coupled gravity theories according to the AdS/CFT duality
[2,3]. For example, the correlation functions of a scalar
primary operator in a CFT are encoded in the scatterings
of a dual scalar field in AdS spacetime. In the AdS/CFT
correspondence, a CFT with a finite temperature is asso-
ciated with gravity with an AdS black hole [3,4]. Here, the
Hawking temperature is coincident with that of the CFT.

In classical systems, when trajectories of dynamics sen-
sitively depend on the initial conditions, the system is
called chaotic, and this phenomenon is called the butterfly
effect. In chaotic systems, close trajectories exponentially
diverge. The sensitivity of classical systems to the initial con-
dition is measured by the Lyapunov exponent. When the
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Lyapunov exponent is positive, the system is chaotic. A
chaotic quantum system is characterized by the quantity [5]

C(t) = =([W(1). V(0)*). (1.1)

where V and W are Hermitian operators, and (---); =

Tre " /Z is the thermal expectation value. /3 is the inverse
temperature, f = 1/7." The quantity C(r) includes the out-
of-time-ordered correlators such as (V(0)W(1)V(0)W(t)) ;.
For early times, the behavior of the quantity C() in chaotic
systems is typically described by C(f) ~e*+!. We can
interpret 4; as the Lyapunov exponent in quantum systems.
In fact, in the semiclassical limit, # <« 1, the Lyapunov
exponent A; measures the sensitivity of the systems to the
initial conditions. This definition of the quantum Lyapunov
exponent is well defined when the collusion time #; and
scrambling time 7, are sufficiently separated, where t,; ~ f3
and ¢, ~ ilog 3

Recently, Maldacena, Shenker, and Stanford conjectured
that the Lyapunov exponent 4; is upper bounded in thermal
quantum systems [6]. They derived the bound by consid-
ering shock waves near the horizon of a black hole via the
AdS/CFT correspondence [7,8]. According to the conjec-
tured bound, the maximum value of the Lyapunov exponent
is proportional to the temperature of the system. This bound
has been studied intensively in the Sachdev-Ye-Kitaev
(SYK) model [9-11], which is the one-dimensional fer-
mionic model with random couplings [12-14]. The SYK
model was also studied via the AdS/CFT correspondence
[15-17]. For example, the Lyapunov exponent in the SYK
model can be calculated for the Jackiw-Teitelboim gravity
[16,18,19].

'In this study, we assume kp = 1.
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The Lyapunov exponent has also been extensively
investigated from the viewpoint of black hole systems
with a probe particle [20-36] (see also [37-47]) and of the
AdS/CFT correspondence [48—55]. According to the AdS/
CFT duality, a probe particle near the event horizon of a
black hole is dual to some operator on the field theory side.
The authors of [56] studied the bound on the Lyapunov
exponent of such a probe particle. They assumed a static
and spherically symmetric black hole and introduced
external forces such as the electrostatic force and the scalar
force. The effective potential of the particle around the local
maximum is described by the inverse harmonic potential,
which causes the butterfly effect (e.g., see [50,57-59]).
They calculated the maximum value of the Lyapunov
exponent of the probe particle. In these cases, they found
that the maximum value coincides with the upper bound
given by Maldacena et al. They also considered the particle
with higher spin forces as the external force. In that case,
they found that the bound on the Lyapunov exponent can be
violated. In [60], the Lyapunov exponents were calculated
for many concrete black holes, e.g., asymptotically flat,
AdS, and de Sitter (dS) Reissner-Nordstrom (RN) black
holes. The authors of [60] found that for an asymptotically
dS black hole, the bound is satisfied only for the near-
horizon region. In other words, the bound is violated for the
dS black hole if the local maximum is located away from
the horizon. In [61], the Lyapunov exponent for a particle
around a black hole with quasitopological electromagnet-
ism was considered. The violation of the bound was also
found.

In this work, we investigate the bound of the Lyapunov
exponent on the particle motion in Kerr-Newman (KN)
black holes. The Lyapunov exponent was expected to be
bounded under the surface gravity in black hole systems,
but the system with an electromagnetic field could exceed
the bound beyond the surface gravity [56]. Here, we
consider the KN black hole and a particle with an angular
momentum to introduce the centrifugal force. Hence, we
generalize the analysis of the Lyapunov exponent to black
hole systems with centrifugal force as an effective force.
Furthermore, the investigated system includes the angular
momenta of the black hole and particle and therefore has a
richer structure and is more complicated than those of
previous studies such as [56,60,61], which motivated our
work. We show that the angular momenta of the KN black
hole and particle play a significant role in the violation of
the bound. This implies that the change in the gravitational
potential owing to the effective force can affect the chaotic
behavior of the system. The angular momentum of the
black hole also makes a huge difference in the case of RN
black holes because its value becomes a constraint on the
location of the maximum in the gravitational potential.

The remainder of this paper is organized as follows: In
Sec. II, we review the physics of the KN black hole, the
chaotic behavior of the inverse harmonic oscillators, and

the bound on the Lyapunov exponent. In particular, we
review that the upper bound of the Lyapunov exponent is
given by the surface gravity in the black hole systems. In
Sec. III, we consider the motion of a charged particle
around a KN black hole. We calculate the effective
potential of the particle, and using this, we obtain the
upper bound on the Lyapunov exponent of the particle. In
Sec. IV, we evaluate the bound on the Lyapunov exponent.
This section consists of three subsections, in which we
consider the KN, Kerr, and RN black holes, respectively.
We also consider the near-horizon region in each sub-
section. Finally, in Sec. V, we summarize our conclusions.

II. REVIEW

A. The Kerr-Newman black hole

The KN black hole is the solution to the Einstein-
Maxwell theory of gravity. It demonstrates a black hole
with spinning angular momentum and electric charge. In
Boyer-Lindquist coordinates, the metric is given as

A
ds* = —= (dt — asin®0d¢)*
p

sin%6

+
P

2
(adt — (* + a?)dg)? + %dﬂ + p2de?,
(2.1)

where A = 12 —2Mr + a*> + Q? and p*> = r? + a® cos? 6.
Here, M and Q are the mass and electric charge of the black
hole, respectively. The angular momentum of the KN black
hole is denoted by J, and the spin parameter is defined as
a =J/M. The gauge potential is

Or
A==dt—

p p

aQrsin%0

" do. (2.2)

The locations of the horizons are given by

re =M=+ \/M* - (a®+ Q?%),

where r, is the event horizon, and r_ is the Cauchy
horizon. At the outer horizon, the angular velocity, surface
area, and surface gravity are

(2.3)

Q ¢ Sair: U 4n(r2 + a?)
TR d K_Z(ri+a2)’ TR T A

(2.4)

The surface gravity is crucial in our analysis of the
Lyapunov exponent, which will be introduced in the
following section.
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B. Inverse harmonic oscillators and the bound
on the Lyapunov exponent

Inverse harmonic oscillators are known to be associated
with the butterfly effect in chaos. The Lyapunov exponent
is a quantity that measures the sensitivity of a dynamic
system to the initial condition. Recently, the bound on the
Lyapunov exponent was proposed by Maldacena, Shenker,
and Stanford [6] via the AdS/CFT correspondence. Here,
we briefly review the Lyapunov exponent in inverse
harmonic oscillators and the bound on the Lyapunov
exponent.

The effective motion of a particle around a black hole is
described by the inverse harmonic oscillator. The equation
of motion for the inverse harmonic oscillator is given by

mi — kx =0, (2.5)
where m is the mass of a particle and £ > 0. The solution to
Eq. (2.5) is given by

x(t) = Cre™" + Cye™, (2.6)

where C,

@ = \/k/m. In classical chaotic systems, the divergence
of close trajectories increases exponentially,

and C, are integration constants, and

520) = PO~ )

where {- - - }pg is the Poisson bracket, and 4 is the Lyapunov
exponent, which measures the sensitivity to the initial con-
dition. The Lyapunov exponent of this system is given by

A=w=1/—.

- (2.8)

In thermal quantum chaotic systems, the Lyapunov
exponent is conjectured to be bounded. The Lyapunov
exponent 4; in a quantum system is defined using out-of-
time-ordered correlators, which is expected as a quantum
|

1 X5
SZ/ﬁkxawwgww(W()

version of the classical Lyapunov exponent defined in
Eq. (2.7). The bound is given by

(2.9)

where T is the temperature of the system. This bound was
originally derived by AdS/CFT correspondence [6]. We
note that (2.9) is the bound for quantum systems without
gravity.

We apply the bound (2.9) to a system of a particle around
a black hole according to the perspective of holography.
The temperature of the system is given by the Hawking
temperature 7y, and we obtain

27[TBH
AL —— =k,
) K
where x is the surface gravity of the black hole. In

particular, if the system is chaotic (i.e., 4 > 0), we can
square both sides of Eq. (2.10):

(2.10)

22 <2,

(2.11)

In the next section, we consider the motion of a probe
particle around a KN black hole in four dimensions. The
inverse harmonic potential will appear as an effective
potential for the radial direction of the particle. Then
Eq. (2.8) provides a maximum value of the Lyapunov
exponent. We simply refer to this maximum value as the
Lyapunov exponent A in the rest of this paper.

III. THE LYAPUNOV EXPONENT OF THE
PARTICLE WITH THE STATIC GAUGE

We consider the motion of a probe particle around a KN
black hole with the static gauge. When the particle is at a
local maximum of an effective potential, the motion of the
particle is described by an inverse harmonic oscillator.

We start with the Polyakov-type action, which is
identical to the Nambu-Goto-type action. The action of a
particle with charge ¢ and mass m in the curved space is
given by

e(X(s))
== (3.1)

m? = qA, (X())X(s) .

where e is an auxiliary field, and s parametrizes the geodesic of the particle. The last term on the right-hand side is the
interaction term between the particle and the electromagnetic force. We work on a static gauge, X° = s. Then the action in

the KN metric (2.1) is

_ 1 1 2ein2 92-2 22
S= [ ds|— ——Z(A—a51n6’)+Xr +pt0° + 7

2e
sin%6

P

P

. . 4
— (P +a%)? - Aazsm26’)¢2> —-m? — g5 +qg———¢]|.

2asin?6

(A= (7 +a))g

QOr  aQrsin’é .
> p p (3.2)
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We focus on equatorial motion of the particle. Assuming 8 = z/2, we find that

1 1 22 .
s= [as]p (-h@-a)+ SR Han (2 +and
+%((r2+a2)—Aa2)¢2> —gmz—qgﬂngd) : (3.3)

The action (3.3) depends on éﬁ, but not on ¢. The action is invariant under translation for ¢. In order to obtain an effective
action, we calculate an angular momentum:

I — oL _ (A - (r2 +(12)) _'_Lz((rz _|_(12)2 —Aaz)d?-f—é]— (3.4)

a aQ
o er? er r’

where the Lagrangian is defined as S = [ ds L. Furthermore, to erase the auxiliary field e from the Lagrangian, we use the
equation of motion for e,

1 2 -1 . 2
_ﬁ(A —a*) + r_;l(A —(rP+d®)¢ —|—ﬁ((r2 + a®)? — Aa?®)* —l—%r2 = —e’m?. (3.5)

Using Egs. (3.4) and (3.5), we obtain the effective Lagrangian,

Lot = L — L¢
m*> 1 (aqQ —Lr)? 1 [A-a® P &A= (r?+d))?
= f|—— — — —_—— —_—
2 2(rP+a*)?—-Aa?]| 2| r? A P2((r* +d*)? - Ad?)

_a(agQ -Lr)(A= (P +a?) qQ

3.6
r((r? + a*)? — Ad?) r (3.6)
l
with and
A~ (P + a2 - AP Ver(r) = !
e=r G , (3.7) ¢ (r? +a*)? - Ad®
a(r
x (ry/a(r) —aLA + (r? + a*)(qQr + al)).

where (3.11)
a(r) = A[m*((r? + a*)? — Aa*) + (agQ — Lr)?].  (3.8) Let us consider the motion of the particle around the
local maximum. The position of the local extrema ry is
Here a(r) is positive when r > r,. obtained by solving V. (r) = 0. We expand the effective

We focus on the motion around the local maximum of a Lagrangian (3.9) around r = r,. With a small perturbation
potential around the local maximum; the initial velocity of r(s) =ry+ e(s), the effective Lagrangian becomes
the particle is quite slow. Thus, the motion of the particle is
described by the nonrelativistic limit for the r-direction by
taking 7 < 1. Then, we find the effective Lagrangian for
the nonrelativistic particle from Eq. (3.6):

1
Eeff = EI((I"O)((:'2 + /126'2), (312)

where we neglect constant terms and higher-order terms.

Log = % K(7)i2 = Ve (r) + O(%), (3.9) Especially, the coefficient of € is the Lyapunov exponent:
Veir(ro)
where = —%, (3.13)
K(r) = r 0;(” ), (3.10) where the second derivative of the effective potential is
A given by
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1

Vle/ff(r) =

8r(a® + r?) — 2a*A’
((r* + a®)* — Aa?)?

C4(PP+a)? - Add)a??

B 2((a* + r*)(aL + qQr) — aLA + ry/a)

(P + &) - Ad®)?

x ((a®> +6r%)((a*> + r?)? — a’A) — (a*A’ — 4r(a® + 1?))?).

Note that when V/(ry) <0, ie., 42 > 0, the extremum
associated with 7y is the local maximum. Then, the
effective Lagrangian (3.12) describes the inverse harmonic
oscillator, which describes a chaotic system.

Because the position of the local maximum is deter-
mined by the equation V. (r) = 0, the Lyapunov exponent
depends on the parameters of the black hole and particle.
However, analytically solving V. (r) =0 is difficult in
general; therefore, we perform numerical calculation in the
next section.

IV. ANALYSIS OF THE LYAPUNOV EXPONENT

Let us analyze the bound (2.11) for the KN black hole
and its two limits: the Kerr and RN black holes. We now
note that the existence of a and L is important because these
parameters contribute to the Lyapunov exponent nontri-
vially. We complete the analysis of each type of black hole
to observe the conditions under which the Lyapunov
exponent can violate the bound.

A. The Kerr-Newman black hole

First, we consider the most general case: the KN black
hole. To find the position of the local maximum, we solve
the equation V. (r) = O numerically. We can rewrite the
bound (2.11) as

0 <« —-2% (4.1)
Thus the sign of x?>— A% is important. We investigate
whether the Lyapunov exponent satisfies the bound or not.

1. The extremal cases

We consider the extremal KN black hole. Because the
Hawking temperature for the extremal black hole is zero,
the bound is simply given by

0<Kk>—22=-2% (4.2)
As mentioned in the previous section, when there is a local

maximum of the effective potential, 1> > 0, the bound is
violated. Thus, an important point is the existence of the

(24qQra®? — rd? + 2a(ra” + 2a')) (3.14)
/
(aqu —aLA +2aLr +3qgQ0r* + % + \/5>
(3.15)

[
local maximum; the bound is violated if and only if there is
a local maximum.

We perform numerical calculation to find the position of
the local maximum. We focus on the angular momenta, a
and L, and the charge of the black hole, Q. For the
numerical calculation, we set

M=1, m=1, g = 10. (4.3)
Existence of the local maximum depends on the parame-
ters. We show the effective potential for L = —10 and L =

10 in Fig. 1. For example, we see that fora = Q = /1/2,
we have a local maximum for L = —10, but not for L = 10.
For these parameters, the local maximum exists
when L < (3v/51 —20)/2~0.712.

The value of x?> — 4 obtained by inserting the numerical
results of the positions of the local maxima into Eq. (3.13)
is shown in Fig. 2 for the given charge and angular
momentum of the black hole. We see from Fig. 2 that
for a large negative value of L, the Lyapunov exponent
becomes large, indicating that the system becomes more
chaotic. For all cases, we find that local maxima exist, and
we observe the violation of the bound.

Next, we consider the bound on the Lyapunov exponent
in the near-horizon region. We can easily see from
Eq. (3.13) that the Lyapunov exponent becomes zero if
the local maximum is at the horizon, ry = r,. Hence, for
the extremal black hole, the near-horizon region corre-
sponds to the vicinity of the boundary of the bound. In this
region, we can perform algebraic analysis.

To analyze the region, we should find the limits of the
parameters corresponding to ry — r,. Supposing ry = r,,
we obtain V. (rg) = 0 as follows:

a*qQ —2alr, —qQr

+r, \/mz(az +7r2)2 +(agQ —Lry)*=0. (4.4)

Note that the equation is valid for some finite value of the
parameters. If the parameters are infinite, we should treat
the near-horizon limit carefully.2

’In fact, we will encounter this situation later.
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Veit

a=y 1/5,Q=\4/5
a:Q:\/1/2
a=\4/5,Q=y/1/5

a=-Q=v/1/2

(a)

FIG. 1.

Introducing a positive small parameter e(> 0) as
ro =r, +e¢€, we expand the Lyapunov exponent around
€ = 0. This gives

2((a® + r)(r l + &) =& —48°r7)

2 =-
Er (@4 A)

e? + O(e"),
(4.5)
where we define

§2 =a*m?® + 2a2m2ri + azq2Q2 —2alLqQr,

I (4.6)
x =a’L +2a*qQr, —2aLrt —qQr’,  (4.7)
¢ =2a’m’r, —alqQ + L*r, +2m?r3.  (4.8)

K2=A?

0.00

-0.01 1

-0.02 |

-0.03 +

—0.04 L

—-0.05 -

a=\/ 1/5,Q=+/4/5
a=Q=\1/2
a=y4/5,Q=/1/5

=y a=-Q=y1/2

(b)

Effective potential of a particle with (a) L = —10 and (b) L = 10 for the extremal Kerr-Newman black hole.

The Lyapunov exponent depends on the distance between
the local maximum and the outer horizon. In particular,
when the local maximum is close to the outer horizon, the
square of the Lyapunov exponent is proportional to €.
Whether the bound is violated or not depends on the
parameters.

2. The nonextremal cases

We consider the nonextremal KN black hole. The bound
allows a positive Lyapunov exponent. For the nonextremal
KN black hole, the square of the bound is given by

_ Q2>

2M?* 4 2M\/M?* — a* — Q?
_ 2
G (4.9)

4(& +a%)?’

/’{ZSK_2:<

a=y1/5,Q=y 4/5

—-0.06 -

a=\[4/5,Q=\/1/5 10 20

=Q=y 1/2

FIG. 2. Numerical analysis of k*> — A2 for the extremal Kerr-Newman black hole. The parameters corresponding to each color are as
follows: The black line represents « = Q = +/1/2. The blue line represents a = /1/5, Q = \/4/5. The red line represents a = /4/5,
Q = \/1/5. The green line represents a = —Q = /1/2. The broken line represents the bound. We find the violation of the bound for

all parameter choices.
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K2_)2
0.03}
a=1/10,0=/1/10
0.02
0.01}
0.00k—mcmmcooooe
a=\2/5,0=y2/5

-0.01F

-0.02+

a=-Q=y/2/5

a=\1/10,Q=\4/5

FIG. 3.

=0 \//o 50 L
~0.03] a=4/5,0=/1/10

Numerical analysis of k> — A? for the nonextremal Kerr-Newman black hole. The parameters corresponding to each color are

as follows: The black line represents @ = Q = 1/2/5. The blue line represents a = /1/10, Q = \/4/5. The red line represents

a=/4/5, Q = 4/1/10. The green line represents a = Q = 4/1/10. The purple line represents a = —Q = /2/5. The broken line
represents the bound. We find the violation of the bound, except for the case of a = Q = /1/10.

To perform the numerical calculation, we set the parameters
as in Eq. (4.3). The numerical results are shown in Fig. 3 for
the given black hole parameters. We see that the bound is

violated except for a = Q = 4/1/10 (the green line). For
a =—0Q = +/2/5 (the purple line), the effective potential
does not have a local maximum for small L. The violation

|

is observed when the parameters of the black hole are close
to the extreme.

Let us consider the case in which the local maximum is
near the horizon. For the nonextremal KN black hole,
Vi(ro — ry) is divergent. To investigate in more detail,
we expand V. (r, + ¢€) around € = 0 to obtain

r = )@ + AP+ (agQ = L))

Vig(ry +€) =

2+ 77

+

The first term on the right-hand side is nonzero, except for
the extremal limit.
To find the near-horizon limit, we assume

Lr,
=—_=, 4.11
=720 (4.11)
Then V. (r, +€) = 0 provides
L="I T o, (4.12)

==

Therefore, in the large-L limit (where ¢ is also correspond-
ingly large), the local maximum approaches the horizon.

a*qQ ~2a'Lr, + &qQr.(ry = r_) +aLri(r-=3r.) = qQrt
(a® +r3)

Oe'/?). (4.10)

|
Expanding the Lyapunov exponent with Eqgs. (4.11)
and (4.12) around € = 0, we obtain

(r. = r P (@Gr, +r) +4r%)

2 _12 —
@+ )

+ O(e?).

(4.13)

Thus, the bound is satisfied in the near-horizon limit
because the coefficient of the leading term on the right-
hand side is positive definite.

B. O — 0 limit: The Kerr black hole

In the previous subsection, we discussed the bound for
the KN black hole and found the violation. In this
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subsection, we focus on the black hole angular momentum.
To identify the effect of the angular momentum, we take the
limit of Q — 0.

1. The extremal cases

We numerically analyze the bound of the Kerr black
hole. To consider the Kerr black hole, we set the charge of
the black hole as Q = 0; the charge g becomes irrelevant.
The Hawking temperature is zero for the extremal black
hole; thus, the bound is given by

0<K*=12=-22 (4.14)
In the same way as for the extremal KN black hole, the
bound is violated when there is a local maximum in the
effective potential.

For the extremal Kerr black hole, the parameter asso-
ciated with the angular momentum of the black hole is
given by

a==+M. (4.15)
In the effective potential (3.11) with Q = 0, a appears in
the combinations a2 or aL; thus, a = +M with L corre-
sponds to a = —M with —L. This implies that the relevant
parameter is just L. Because the choice of the mass
parameters, M and m, is just normalization, our numerical
analysis for the extremal Kerr black hole is physically
sufficient.

The numerical result is shown in Fig. 4. There is a local
maximum for L < —221/3/9. We see from Fig. 4 that the
bound is violated when the local maximum exists. When
the angular momentum L becomes a large negative value,
the Lyapunov exponent becomes large, meaning that the
system becomes more chaotic.

Let us consider the near-horizon limit of the local
maximum. We expand V/,(r, + €) around ¢ = 0 to obtain

P

—-0.005
-0.010

-0.015

-0.020

—-0.025 -

FIG. 4. Numerical analysis of x*> — 1> for the extremal Kerr
black hole with a =M = 1. A local maximum exists for

L < =223 /9. We see that the bound is violated.

L* +4m*r’ + 4m?ri

L? + 417121"?F

Vig(ry +¢€) =

L
+-—€+ O(€?).

(4.16)
4r3L

Solving V. (r, + €) = 0 for small ¢, we find that

_2m

L_—<r++§€> + O(e?). (4.17)

V3

To distinguish between the local maximum and minimum,
we calculate the second derivative of the effective potential
(3.15). This gives

m

2\/§ri

so that the solution (4.33) corresponds to the local mini-
mum. Thus there are no near-horizon limits of local
maxima.

Vie(ry +¢€) = + O(e) > 0, (4.18)

2. The nonextremal cases

We numerically analyze the bound for the nonextremal
Kerr black hole. Unlike the extremal case, the nonextremal
Kerr black hole has a finite Hawking temperature. The
bound is given by

(r+—r_)2

Ari(ro +r)*

The numerical results for a = —/4/5, \/1/2, \/4/5, and

1/9/10 are shown in Fig. 5. We see the violation of the

bound for a = —\/4/5, \/4/5, and 1/9/10. We find the

violation when the parameters of the black hole are close
to extremal, which is the same as in the case of the
nonextremal KN black hole.

Let us investigate the near-horizon region. As before, we
expand Vi(r, + ¢€) around € = 0:

2<i®= (4.19)

\/(rJr - r_)(L2 + mz(r+ + r_)Z) 172
2(ry +r_)?
Lr_(3ry+r_)

R (r )

For a small ¢, we can easily see that there are no real
solutions to V. (r, + €) = 0 when L is real. Therefore, the
local extrema for the nonextremal Kerr black hole cannot
approach the event horizon r,.

Vig(ry +e) =

s+ O0(e?).  (4.20)

C. J — 0 limit: The Reissner-Nordstrom black hole

We investigate the bound for the RN black hole. For the
RN black hole, the effective potential becomes simple;
therefore, we can algebraically analyze the bound of the
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K%-A?

0.04-

0.03-

0.02+

0.00f=mmmmmmm e S o

a:\/9/10
a=-4/4/5

-0.01}

-0.02}

FIG. 5.

Numerical analysis of k> — 42 for the nonextremal Kerr black hole. The parameters corresponding to each color are as follows:

The black lines represent @ = 4/ 1/2. The blue lines represent a = /4/5. The red lines represent a = /9/10. The green lines represent

a = —/4/5. The broken line represents the bound. We find the violation of the bound for a = —/4/5, \/4/5, and

Lyapunov exponent. The bound for the RN black hole
without the angular momentum of the probe particle was
studied in [56,60,61]. Here we include the effect of the
angular momentum L.

1. The extremal cases

As examined in [56], the effective potential for the
extremal RN black hole without the angular momentum of
the particle does not have local maxima. However, we show
here that the effective potential with the angular momentum
has a local maximum.

For the extremal RN black hole, we can suppose that
Q = r, without loss of generality because the effective
potential has only the combination gQ. According to
Vi (ro) = 0, the position of the local extremum of the
effective potential satisfies

L*(2r, —rg) + m*ror}

ryrg L2+ mzr%

(4.21)

where 7 is the position of the local extremum. Because the
square of the Lyapunov exponent is proportional to
Vi (ro), the local extremum is the local maximum when
2% < 0. When L = 0, the dependence of r, is removed from
Eq. (4.21), which implies the nonexistence of extrema. In
other words, the local extremum is located at infinity.

We also consider the position of the local extremum for
large L. In this limit, we have

QZM (4.22)

L Tyt

Thus we obtain ry = 2r, for L — oo.

9/10.
The Lyapunov exponent defined in Eq. (3.13) is given by

LZ(’”O - r+)3(m2r(2)(3r+ — 1) + 2L2’”+)

2=
rS(L? + m?rd)

(4.23)

From Eq. (4.23), we see that the bound 22 <0 is violated
when

L#0 forr, <ry<3r, (4.24)
or
2.2 -3
2 Ml =30 e (45)
2r,

For the extremal RN black hole, we also observe the
violation. In this parameter region, the local maximum
exists, which implies the violation. For the other parameter
region, there are no local maxima.

Next, we consider the near-horizon limit of the position
of the local maximum. To find the near-horizon limit,
assuming ry = r, + €, we expand (4.21) around € = 0:

VL +m?ri 217
0 Qr /L*+m?r’

This implies that when the product of the charges ¢
and Q is slightly smaller than ¢Q = /L? + m*r%, the
local maximum is placed near the event horizon.
Equation (4.24) implies that the bound is locally violated
it L#0.

q= e+0O(e?). (4.26)
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2. The nonextremal cases

The position of the local extremum for the nonextremal RN black hole obeys

L2(—2r% +3ro(r_+ry) —4r_ r+) +m ro(ro( _+ry)=2r_ry)

q , (4.27)
2010/ (o~ r_)(ro — r) (L2 + ')
where r( is the position of the local extremum. In the large-L limit, we obtain
q_ =213+ 3ro(r_+ry) —4r_ry . (4.28)
L 20\/(ro—r-)(ro—ry)
Thus we find
1
ro = Z(3(r +ry)+ \/9r —14r_r. +9r%) (4.29)

for L — oo. In particular, we see that 7y = 37, /2 in the limit of the Schwarzschild black hole, r_ — 0, which coincides with
Eq. (47) in [56].
k> — 2% of the nonextremal RN black hole is given by

LAu + 2L2m2r21j + m4r8(rg — ri)(rJr —r_)?

22 , 4.30
o 4r0r+(L2 + m? ) ( )

where we define u and v as follows:
u:rg(m— _)? 4r0r+(r —I—r+)—|—3r0r+(r +6r_r. +ri) —12ryr_ r+( +r,.)+8r% r+, (4.31)

v=ri(r, — r_)? + 2r0r+ - 6r0r+(r +r)+ 3r0r+(r3 +6r_r, +12) - 10r0r_ri(r_ +ry)+ 61278, (4.32)

To investigate the bound, we introduce a positive parameter § defined by M? = Q? + §°. Using this parameter, the Cauchy
horizon r_ is represented as

r_=r,—26. (4.33)

The limit 6 — O corresponds to the extremal limit, and the limit 6 — r /2 corresponds to the Schwarzschild black hole.
Let us consider the near-extremal region. Inserting (4.33) into (4.30), we expand around 6 = O:

Lz(”o - ”+) (m r0(3r+ — 7o) +2L7 ry)
rO(L2 + m? 0)

N 2L2(ro — r ) (L2 (rg — 4r,) + 3m*r3(rg

rS(L? + m?r3)?

K> =2 =—

=2r)) 51 o). (4.34)

The leading terms coincide with Eq. (4.23). Thus, the bound for the near-extremal RN black hole is violated when Eqgs.
(4.24) or (4.25) is satisfied.
We also consider the Schwarzschild limit. Inserting (4.33) into (4.30), we expand around 6 = r /2,

232 = 4&@2‘; ot r8r3+<L2”+ oz (0= /2 + 0(60- r /2%, (4.35)

where we define
u= LYy —4rori +3rh) + 2L2m*r§(r§ + 2rgrh — 6rory +3r%) + m*ri(ry — r), (4.36)
v=L%ry+2rr3 = 9rort + 6r%) + 2L°m*r}(r + 3rgrl — 9rort + 513) + m*ry (rg — rL). (4.37)
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We can easily show that g > 0. Therefore the bound is
satisfied for the near-Schwarzschild region. We conclude that
the bound for the nonextremal RN black hole is violated
when the parameters of the black hole approach the extreme.

We consider the near horizon. Similarly, according to
Eq. (4.27), we find

\/(”+ - ”—)(Lz + mz”i) 172
20
(L2(8r_ = 5ry) + m?r2.(2r_+ry)) o2
40r \/(ry —ro)(L* +m?r2) '

In the limit ¢ — oo, the local maximum is close to the
horizon, where the angular momentum L is finite.

We analyze the bound for the near-horizon region using
Eq. (4.30),

q:

(4.38)

2 m?(ry, —r_)?
P (L* + m*r%)

e+ 0(e2).  (439)

Because the coefficient of the leading term is positive, the
bound for the near horizon is satisfied even if L # 0.
Our results show that the value of the Lyapunov
exponent can be beyond the conjectured bound, suggesting
the possibility of modifying the bound to another form.
One simple possibility is 4 < Cyk, where for simplicity, we
assume C is a parameter-independent constant. However,
this modification does not work. To see this, we focus
on the near-extremal region, for which the modification
becomes 4 < Cyk ~ Cyd. As we have seenine.g., Eq. (4.34),
the leading term of the Lyapunov exponentis O(&°). Thus the
modification is negligible, and the modified bound can be
violated in the near-extremal region. Another possibility for
modification is 1 < k 4+ Cy, where C; is also a parameter-
independent constant. This modification does not work

TABLE I. Summary of results.“Far from the horizon” means
that the local maximum is located at a general point. “Near-
horizon” means that the local maximum is located near the event
horizon. “Event horizon” means that the local maximum is
located at the event horizon. “O” indicates that the bound is
satisfied for any parameter regions of the black hole and particle.
“x” indicates that we found a violation of the upper bound of the
Lyapunov exponent that depends on the parameters. “—" in-
dicates that the local maximum cannot be close to the near
horizon.

Far from
Bound the horizon Near-horizon Event horizon
Extremal KN X X @)
Nonextremal KN X O O
Extremal Kerr X — —
Nonextremal Kerr X - -
Extremal RN X X O
Nonextremal RN X @) O

either: for example, in the case of an extremal RN black
hole (4.23) is roughly given by 1~ L? for large L, which
implies that the modified bound, 1 < x + C, is violated for
large L.

In this section, we analyzed the bound on the Lyapunov
exponent. The results of this analysis are summarized in
Table I. When the position of the local maximum is located
at a general point, depending on the parameters, the bound
can be violated. When the position of the local maximum is
located near the event horizon, we can analyze the bound
algebraically. In this situation, the KN, Kerr, and RN black
holes show quite different results from each other.

V. CONCLUSIONS

We investigated the Lyapunov exponent for a probe
particle around a KN black hole. The effect of the angular
momentum of the particle was considered in the equation of
motion. With the static gauge, we calculated the effective
potential. The Lyapunov exponent of the particle is con-
jectured to be upper bounded by the surface gravity [6].
Applying the bound on the Lyapunov exponent to the
motion of the particle, we found violation of the bound in
several cases of the KN black hole: the Kerr black hole, the
RN black hole, and the near-horizon limit. Our results are
summarized in Table 1.

In the motion of the particle, the effective potential near
the local maximum can be approximated by the inverse
harmonic oscillator. The inverse harmonic oscillator exhib-
its chaos, and the Lyapunov exponent of the system is
proportional to the second derivative of the effective
potential at the local maximum. Thus, the Lyapunov
exponent depends on the parameters, such as the charges
and angular momenta of the black hole and the particle. In
particular, we found that the behavior of the Lyapunov
exponent changed significantly owing to the contribution of
the angular momenta. In this study, the behaviors are
categorized into three cases depending on the type of black
hole: the KN black hole, which has a finite charge and
angular momentum; the Kerr black hole, which is the
Q — 0 limit of the KN black hole; and the RN black hole,
which is the a — 0 limit of the KN black hole, where Q and
a are the charge and angular momentum of the black hole,
respectively. For the general cases in which the local
maximum is located at an arbitrary place, we investigated
the behaviors of the Lyapunov exponent with various
parameter sets of the black hole and the particle. The
location of the local maximum is closely associated with
the Lyapunov exponent. Because the effective potential
depends on the parameters, the existence of the local
maximum also depends on the parameters. We found that
a local maximum can exist (and the bound can be violated)
for particular sets of parameters. For the near-horizon cases
where the local maximum is located near the event horizon,
the results are remarkable. In particular, we can perform
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algebraic analysis for these cases. In the case of the KN
black hole, the bound can be violated because the second
derivative of the effective potential can be positive. In
contrast, for the cases of the Kerr and RN black holes, the
bound is satisfied except for the extremal RN black hole.
For the extremal RN black hole, the bound is violated if and
only if the angular momentum of the particle is finite.
Therefore, we see that the angular momenta of the black
hole and particle play an important role in exceeding the
bound. When the local maximum is exactly located at the
event horizon, the results change. For the KN and RN black
holes, the Lyapunov exponent coincides with the surface
gravity. For the Kerr black hole, the local maximum cannot
be located at the event horizon.

In this study, we focus on the KN black hole, which is an
asymptotically flat black hole without the cosmological

constant. It is natural to wonder how angular momentum
affects the bound on the Lyapunov exponent when the
cosmological constant is nonzero. In particular, if the
cosmological constant is negative, the relationship between
the Lyapunov exponent and its bound can be studied in the
AdS/CFT correspondence.
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