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 - Superstring theory is the “fundamental theory”. How are the black holes and the early
universe described in such theory?


 - Can the unsolved problem such as the singularity and dark energy are resolved in 
such theory?


 - Will the string theory be verified by the observation and/or experiments?

Introduction
GR String theory

quantum gravity?
singularity?

BH?
Early Universe?

contrast to four dimensions. This is presented in § 6. We find that properties of the solution

in D = 6 through D = 10 are very similar so that we present results only for D = 6 and 10

cases in § 7 and § 8, respectively. In these sections, we also make detailed comparison with

the non-dilatonic case.

In § 9, we investigate the thermodynamic properties of the dilatonic black holes with the

GB term. Here again, we find that the five-dimensional black holes have quite distinctive

properties from other-dimensional solutions. The heat capacity of the non-dilatonic black

hole is negative for large mass but changes sign to be positive for smaller mass in five-

dimensional solutions. However, it is always negative as the mass is varied if the dilaton

field is added. In dimensions other than five, the heat capacity is always negative for both

the dilatonic and the non-dilatonic black holes. Section 10 is devoted to conclusions.

§2. Dilatonic Einstein-GB theory

We consider the following low-energy effective action for the heterotic string:

S =
1

2κ2
D

∫
dDx

√
−g

[
R− 1

2
(∂µφ)2 + α2e

−γφR2
GB

]
, (2.1)

where R is the scalar curvature, φ a dilaton field, R2
GB = RµνρσRµνρσ − 4RµνRµν + R2 the

GB combination, κ2
D = 8πGD a D-dimensional gravitational constant, and α2 = α′/8 (> 0)

is a numerical coefficient given in terms of the Regge slope parameter α′.

Here γ is the coupling constant of the dilaton field. There is ambiguity in the choice of

this constant. If we first make dimensional reduction of the system in the string frame to D

dimensions and then change to the Einstein frame, we would get γ =
√

2/(D − 2). This is

the choice, for example, γ = 1 in Ref. 18) for D = 4. However, if we first go to the Einstein

frame in ten dimensions with γ = 1
2 and then make the dimensional reduction, we get the

value γ = 1
2 in any dimensions. Both choices have their own right, but it is convenient to

take the same value for our analysis of black holes in any dimensions. So in this paper we

take the second viewpoint and choose γ = 1
2 mainly in our following study of the black hole

solutions. In order to see how the results depend on this choice, however, we also examine

the black hole solutions for both the values of γ = 1 and 1
2 in four dimensions in § 5. This

also serves to check the consistency of our results with Ref. 18). In fact we will find that

the solutions exhibit quite similar behaviors although there is some difference in details. In

order to make our formulae valid for any case, we will keep γ wherever possible.

Varying the action (2.1) with respect to gµν , we obtain the gravitational equation:

Gµν−
1

2

[
∇µφ∇νφ−

1

2
gµν(∇φ)2

]
+α2e

−γφ
[
Hµν +4(γ2∇ρφ∇σφ−γ∇ρ∇σφ)Pµρνσ

]
= 0, (2.2)

4

Regge slope parameter
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I. INTRODUCTION

II. DILATONIC EINSTEIN-MAXWELL-GAUSS-BONNET THEORY

A. Action and basic equations

We consider the following low-energy effective action for a heterotic string in one scheme [12–14]:

S =
1

2κ2
D

∫
d10x

√
−ge−2φ

[
R + 4(∂φ)2 − 1

4
F 2 − 1

12
H2 + α2

{
R2

GB − 16
(
Rµν − 1

2
Rgµν

)
∂µφ∂νφ

+16!φ(∂φ)2 − 16(∂φ)4 − 1
2

(
RµνσρHµναHσρ

α − 2RµνH2
µν +

1
3
RH2

)
+ 2

(
Dµ∂νφH2

µν −
1
3
!φH2

)

+
2
3
H2(∂φ)2 +

1
24

HµνλHν
ραHρσλHσ

µα − 1
8
H2

µνH2µν +
1

144
(H2)2

}]
, (2.1)

where κ2
10 is a D-dimensional gravitational constant, φ a dilaton field, F gauge field, H a 3-form, α2 = α′/8 is a

numerical coefficient given in terms of the Regge slope parameter, and R2
GB = RµνρσRµνρσ − 4RµνRµν + R2 is the

GB correction. In the original derivation of the effective action, it was first derived in the Einstein frame from the
S-matrix calculation in string theory and then transformed into the string frame [12]. Also it is convenient to interpret
our results in the Einstein frame. So we transform this into the Einstein frame, reduce to D dimensions, and use
the field redefinition ambiguity δgµν = a1Rµν + a2∇µφ∇νφ + gµν [a3R + a4(∇φ)2 + a5∇2φ] [12, 15], to obtain, up to
higher derivative terms,

S =
1

2κ2
D

∫
dDx

√
−g

[
R− 1

2
(∂φ)2 − 1

4
e−γφF 2 + α2e

−γφ
{

R2
GB − 16µ(∂φ)4

}]
, (2.2)

where γ = 1/2 and we have set H = 0 because we look for solutions in which this field is zero. The constant µ is
introduced to see the difference of the solutions with and without the higher order term of the dilaton field. We have
also included a cosmological term with the dilaton coupling λ though we study asymptotically flat solutions in this
paper. ［笹川君の論文の式 (2.5)の Gµν のところは Gµν∇µφ∇νφ？］

In the above process, higher order terms are dropped. This is allowed because the effective low-energy action can
be determined up to field redefinition when it is read off from the scattering amplitudes computed in string theories.
Also note that the effective action was originally computed in the Einstein frame. All this means that there is no
absolutely preferred form of the action if they are related this way, and one cannot claim which system is better. We
study the system (2.2).

Let us consider the metric and field strength

ds2
D = −Be−2δdt2 + B−1dr2 + r2hijdxidxj , F0r = f ′, (2.3)
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contrast to four dimensions. This is presented in § 6. We find that properties of the solution

in D = 6 through D = 10 are very similar so that we present results only for D = 6 and 10

cases in § 7 and § 8, respectively. In these sections, we also make detailed comparison with

the non-dilatonic case.

In § 9, we investigate the thermodynamic properties of the dilatonic black holes with the

GB term. Here again, we find that the five-dimensional black holes have quite distinctive

properties from other-dimensional solutions. The heat capacity of the non-dilatonic black

hole is negative for large mass but changes sign to be positive for smaller mass in five-

dimensional solutions. However, it is always negative as the mass is varied if the dilaton

field is added. In dimensions other than five, the heat capacity is always negative for both

the dilatonic and the non-dilatonic black holes. Section 10 is devoted to conclusions.
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take the same value for our analysis of black holes in any dimensions. So in this paper we
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2 in four dimensions in § 5. This

also serves to check the consistency of our results with Ref. 18). In fact we will find that

the solutions exhibit quite similar behaviors although there is some difference in details. In
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§1. equations

µ = 0, 1 (1.1)

Λ = 0 Λ != 0 (1.2)

φ(rH) (1.3)

M̃0 ∝ |Λ̃|γ/(γ−λ) r̃ D−1
H (1.4)

ds2
D = −Be−2δdt2 + B−1dr2 + r2hijdxidxj (1.5)

B = k − 2Gm(r)

rD−3
+ b2r

2, Be−2δ = k − 2Gmg(r)

rD−3
+ b2r

2 (1.6)

D, α2, Λ, γ, λ (1.7)

k (1.8)

rH , M0 (1.9)

D = 4, 5, 6, 10 (1.10)






b̃2 > 0 (adS) λΛ < 0

b̃2 < 0 (dS) λΛ > 0
(1.11)

&̃ =

√
b̃2 (1.12)

&̃ = b̃−1/2
2 (1.13)

B(r̃) = k +
1

2(D − 3)4

(
1∓

√
1− 4(D − 4)Λ̃ +

8(D − 3)4M̄

r̃D−1

)
r̃2, (1.14)

δ(r̃) ≡ 0 (1.15)

2

gauge field

 Effective theory of superstring theory   (heterotic string, Metsaev & Tseytlin 87)
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Introduction
 We will study ...


 - the black hole solution in the effective string theory with


 　■ Gauss-Bonnet term ＋ dilaton（higher order term）


 - and compare them with the previously known solutions such as


 　■ Boulware-Deser solution（　　　）

 　■ the solution with the model without higher order term of the dilaton

（Guo, Ohta & Torii, 2008）

φ ≡ 0 (1.11)

φ(rH) (1.12)

M̃0 ∝ |Λ̃|γ/(γ−λ) r̃ D−1
H (1.13)

ds2
D = −Be−2δdt2 + B−1dr2 + r2hijdxidxj (1.14)

B = k − 2Gm(r)

rD−3
+ b2r

2, Be−2δ = k − 2Gmg(r)

rD−3
+ b2r

2 (1.15)

D, α2, Λ, γ, λ (1.16)

k (1.17)

rH , M0 (1.18)

D = 4, 5, 6, 10 (1.19)






b̃2 > 0 (adS) λΛ < 0

b̃2 < 0 (dS) λΛ > 0
(1.20)

&̃ =

√
b̃2 (1.21)

&̃ = b̃−1/2
2 (1.22)

B(r̃) = k +
1

2(D − 3)4

(
1∓

√
1− 4(D − 4)Λ̃ +

8(D − 3)4M̄

r̃D−1

)
r̃2, (1.23)

δ(r̃) ≡ 0 (1.24)

3

 We find that ...


 - The dilaton field affects the structure of the black hole solutions much.


 - There is the lower limit for the mass (and the horizon radius) of the BH solution in 
D = 4, 5.


 - The fat singularity appears at non-zero radius in D = 4, 5.


 - The higher order term of the dilaton field does not affect the solutions so much 
except for the 5-dim case.


 - For the charged solution, there is no extreme solution when the dilaton field is 
included.
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