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1.
C�Oih�M]�qI���j

2.
C	Q]KNY�kHK�j=M�Q]X^OiV�Yd�qY�� ÓiMqt

Hawking
MdKNS%kp�iM

(4 + n) ∆ � b���M^V\jm�K]j.h�b�k�b�kP�qG��^V\[
e ��Mq�dk�ILX���KNbcr^�iM��lopbcG]kpOiS^V'OiM�Q�MPO?kHKqYq��Y^V'ORQH��Kqb�r'�iM��qMN�dkA�ir�Mqt
e ����b;X'ORQ�YH��� E��dk�YP��C!Q]KqY�kPK�jut

3.
C	Q]KNY�kHK�j=M�Q]X^OiV�Yd�qY�� ÓiMqt

Hawking
MdKNS%kp�iM

(4 + n) ∆ � b���M^V\jm�K]j.hHX�Y^V bgKHO¡K��]U�Y^V1��_`G�Y
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��bah�EdV�bcG\��Mqhp�iM.k�b�X�Y^V
John March-Russell (Oxford) PRD ’02, ’03QHMPO�XJY^V

Chris M. Harris (Cambridge) JHEP ’03



���������	��
�������������������	���������� ���"!��#!%$%&'������� �	��(*) �,+	����-���.�-��'� �/-0���213.�-����2��(4�	�����%5��4$46����/78787
1

� �������	� ��


•
C`KHO¡K��]U�Y^V1��I`G^ORQHUct�r^OiMqhPX��qh�bgOit� � OiM Oir�UcM KqY^E KqG�YdX��q�^[dQHb MdKqS X�Y^Edt

Kaluza & Klein
B������������������]v h��dk�opI`VJM k�b X\[]V YdKNYP�iM�� b Q]X�Sqt X�I`V

h�E�Vs[u��Oih�k�UWV�I`V � ��I8G'ORQH_8V.r'OiMNhPX��qh�b�I`V]�6EJKq�NGJ��Y^E�V�Kqb�G'Oih�h�SdX�b�GJb�t�KqY^E rJb V
kPKNYqG�Y��dV�V�M�M^V^Oi��V�bcEd��Y��dV��]S]�qI X�Y^E KqY�����kAORQHG�Y���k�b ��U��dY^E�t�X�Y^Edt

R

R
R•

m O���bcI`G^�ibct �!Kqb�GJ��YqG�r�_`V=B����"!�#%$&�(']v)�

��bcI`G^�ibct �!Kqb�GJ��YqG�r�_`V
hPX^Oit*�%',+.OiMqhPX��qh�bgOit
k�b

R = lP = 10−33 cm

=⇒

��MqG�EJX^ORQqj-��bcI8G'�iM�XJY^E
EinsteinhHX'Oit	./+.OiMNhPX��qh�b;Oit�k�b�Ucn�X�GJM�SqG�Y^Edt

MdKNS�X^Oit�b;KPO¡K]�]UcY^V r'OiMqhHX��qh�bgOit

Z�Y^E�YNrs[���Y��dV�h�b102020

(i) 3 Ucbct546�dh�b;Oit � b���M^VJ_8V1m�Kq_`V"� � bfK���Y^E�hAOiSdX�b�Gs[ rJY�k�j.QHMHO ��MqGJM]Q]X\[]G^O7$hPX^ORQH��MdKNS�X^Oit�M^V�X^�ihPX�YPOi��b�t�Xs[ut	8�bWV^ORQqjut9��bcI8G'�iMqt�X\[ut-����bgX^ORQHSdX\[ XJMNt
:<;%=>;

&
=?;%@�ACBEDCFHGJIJKML

PRD ’95, PLB ’97;:<;%=?;NL%O<;�P5AJQERTSUBCAWVYXCKMLUZ[;U\^]`_aXCKML
E. Winstanley &

=>;U@�ACBbDCFcGcIJKdL
PRD ’96, ’98;:<;U=?;

& E. Winstanley
L
PRD ’00;

(ii) 3 Ucb�tfT�Yqh�k�Y��'Y��pORQHUct����dh�b;Oite� f�KqM�����M���k�UWVJb�t	M�KqS5f�G���ORQHUct�B Big-Bang)jhg�b �^ORQ�Uct�B
Big-Crunch

vifaV�I`kqM]�q�ibct�j%k�b�T��]b;OihPX�Uctkj�GJY^V^ORQHU�t	g�GJY^��OiU�t
:<;U=>;NLUZ[;U\^]`_aXJK

&
=>;U@�ACBbDCFcGcIJKdL

PRD ’99;
:<;U=>;

&
=?;UlmAcneo`XMpYFcGJIJKML

PRD ’99
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•
m O 3 Ucb�t9��b�I`G'�ib�t�k�b�C8KPO¡K��uUcY^V9j�I`G^ORQHUct +.OiMqhHX��qh�bgOit�B ���(� � v^� �!KqYN�dUM$X�Y^EdV.X\[]V ��KqMqG�n\[ X�UgX�YPOiI8V�r^OiMqhHXJ�Nh�bcI8V%k�b�k�U ��b��dYqt�k�b���M��"��X�bcG�Y BDj KqY����

k�b���M��"��X�bcG�YPv MdKqS�X�Y�k�jdQ�Yqt�X�Y^E
Planck

�
lP � Horava & Witten; Arkani-Hamed,

Dimopoulos & Dvali; Antoniadis & ADD; Randall & Sundrum �
T �iV\[^X�G�Y�� 3 M�r�Yq��b ��bcn\jd��[]h�[1hHX�Y�KNGJS����c[lkqM�Xs[ut-Oib�GJMqG����iMqt � MP

MEW
∼ 1016

•
��bcI`G^�ibctak�b � b ���]�]bct�C8KPO¡K]�]U�Y^V +.OiMNhPX��qh�b;Oit � lP ≤ R ≤ 1 mm

• � OiM .�+ � bckH�qG��^Vs[.k�baS���M�X�M�Kqbcr^�iM�XJY^E
Standard Model

QHMPO bWV�bcG\��bgOiM�Qqj�Qq�q�ikNM�QHM
�pOiM�X\[uV��qMqG��JX\[ XJM

MP = 1019 GeV

• � CFVJM (4 + n)
+ �¡CFn�XJG�M,j�_`G�Y�� B

Bulk
vFk�b

�qMqG�EJX�S^V^OiM QHMHO?bWV�bcG\��bgOiM�Qqj�Qq�N�ikqM�QHM��pOiM
X\[]V��qMNGU��Xs[ X�M

MEW = 103 GeV

•
Z�G�YJQ �JK�X�bgO?SdX^O �

M 2
P ' Rn M 2+n

EW
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•
��bcI`G^�ibctak�b��¡TfMqkPKNE'�uI`k�UWV�bct	�6C`KHO¡K��uUcY^V1+.OiMqhHXJ�Nh�bgOit �

lP ≤ R ≤ ∞

•
+ �dY � bckH�qG��^VJb�t�b �iV�MPOpMdKNMqG�MP�¡X\[^X�bct

•
m � CFn X�G�M%��_`G�Yqt�b��iVJMPOA��bck��dX�Yqt�k�bakA�iMMqG�Vs[ X'ORQNj�Q�Yqh�k�Y��'Y��pORQqj.hPX�Mq�db�GJ�

ΛB

•
m ��I8GJS^��G�Y^VJYNt�b �iV�MPO�QHMNkPKqE^�]I`k�UWV�Yqt

• 
 h�� ��bgO?S�X'O � MP = ekL MEW

y = 0 y = L

ΛB < 0

MP MEW
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•
��bcI8G'�ib�t�k�b � b������]b�t�C`KHO¡K��]U�Y^V1+.OiMqhPX��qh�bgOit � Z�_`t kHKqYqG�Y��dV V�M

h�E�VJr�EdMNhPX�Y��dV-k�b�X\[uV OirJU�M�X�I`V � b ��M^V�_`V m�KN_`V��

•
46��h�bgOit � b ��M^V�_`V m�Kq_`V"� TaMdX���X\[�r^Oi�qGsQ�bgOiM�X\[]t �qMqG�EJX^ORQqjut Q�MdX��qGJG�bcE�h�[ut�'��[]t b;Kq�^V�I hPX\[ k�bckH�qG��^Vs[l�8M^V�Mqk�UWVJY^E�k�b�QHMPO0KNM��^O0X�Y^V h��P[lkqMdX^Oih�k�S kAOiMqt
k�b���M^V\j]t�YdK]j]t

�!X^Oit . r^OiMqhPX��qh�bgOit^� YPO � b���M^V�Uct m�KNUct bck�opMqV'�i��Y^V X�MPO�hHXs[uV o^��h�[ k�b kAOiMk�b������c[�KNYPORQ�OR�q�iM%YqG^Oi�JS^V�X�I`V��
rH = (1014 − 10−33) cm

⇓CF�^V1bgKHO¡K��]U�Y^V1r'OiMNhPX��qh�b;Oit�k�b
R � lP

EJKq�NGJ��Y^E�V��
⇓

• � b ���]�]bct�k�b ��M^V�Uct�Y�KqUct k�b rH � R
b��iVJMPO .�+ M^V�X^ORQHb �ik�bWVJM

• � ORQHG�Uct�k�b ��M^V�Uct�Y�KqUct�k�b rH � R
b��iVJMPO

(4 + n)
$&+ M^V X^ORQHb��ik�bWV�M

•
+�[�kpOiY^EPG\�p�iM � b ��M^V�_`V m�KN_`V � m Ouk�b ��M^V�UctFY�KqUct�rs[lkAOiY^EHGs��Y��dV�XJMHOdM�KqSaXs[�qMNGJE�X'ORQNj�QHM�XJ�NGJG�bcE�h�[h�'�c[ut
$ hPX�Y�MqGJ��U���Y^VJY%h���kPKqM^V"�	r'OiMdX�MqG�Mq��U�t�hPX\[]V�KNE'QHV�SdX\[^X�M�bWVJU�Gs��b;OiMqt
$ hPX�Y�h�[lk�bcG^OiV�S=h���kPKNM^V��	h�QHU�rJMNh�[�h�I`kqMdX^Oir^�iI`V�E���[d��j]t�b VJU�Gs��bgOiMNt
hPX�Y^Edt�bgKPO¡X�Mq��E�V X�U�tfQHMPO�Xs[uV1MdX�k�Sqh�opMPOiGJM�X\[]tf��[ut
� Banks & Fischler; Giddings & Thomas; Dimopoulos & Landsberg �
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•
� [lkqM^V�X^ORQqjh+.OiMNoAYNGJ��� � OiM k�b���M^V\j Y�K�j kPKNYqGJb�� V�M k�b��]b;Xs[u�db��8Qq��MqhpORQH�bc�^V�[.k��q�cM�X\[]t b �iV�MPO?k�b ��M����JX�bcG\[�MdKNY�X\[%k��q�cM�X�Y^E

Planck

e hPX^Oit . +.OiMNhPX��qh�b;Oite�
MBH > MP ' 1019 GeV

e hPX^Oit
4 + n

+.OiMqhHX��qh�bgOit�
MBH > M∗ ≥ 1 TeV

r (s)
i

j

3-brane

h

CF�^V
b < rH

�P�pOiM X\[]V�bWV�UcG\��bgOiM�QHU V X�G�Y^E�k��q�cMqt √
s
X�I`V-h�I`kNMdX^Oir'�iI`V]�]X�SdX�b

�dM�r\[�kpOiY^EPG\��[]��b �AkAOiM�k�b���M^V\j.Y�K�j=k�b�k��q�cM
M = (0.58 − 0.84)

√
s

� Penrose; D’Eath & Payne; Thorne; Eardley & Giddings; Yoshino & Nambu �

• �
�qh�bgOit�X\[ut���I5j]t�kpOiMqt�k�b���M^V\j]t�YdK]j]t � � CFV�M MqG���ORQH� k�[ h�Edk�k�b;XJG^ORQHS��Kqb�G'OihHX�GJb�oAS�k�bWV�Y.M^V�X^ORQHb �ik�bWVJY�KqY^E�b�nJb��q�ih�h�bgX�MPO%�

� Giddings & Thomas)

$
�
�qh�[ MdKqY�� ��kqV�I`h�[ut � MdKNSqG�G'O ��[)S]�]I`V�X�I`V�bgKHO¡K��]U�Y^V1Qu�qM^V�X'ORQ�_`V�MNG'Oi��$
k�_`V%B

M, Q, A
v8e � MNSqGJM�Xs[=bWV�UcG\��bgOiM�� B �U#�� Xs[ut�h�E�VJY]�^ORQqj]t�b VJU�Gs��bgOiMNtsv

$
Spin-down

op�qh�[ ��f KN_5�]bgOiM hPX�G�YqopYqG]k�jut�e � YqGJM�Xsj b VJU�Gs��bgOiM ��B �(#��
X\[]t�h�EdV�Y��^ORQqjutabWVJU�Gs��b;OiMqt\v
$
�
�qh�[

Schwarzschild
��f�Q]X^OiVJY��qY��N�iM

Hawking
e � YqG�MdX\j bWV�UcG\��bgOiM��

B �('�� X\[]t�h�EdV�Y��^ORQNj]t�bWV�UcG\��bgOiMqt\v
$
�
�qh�[

Planck
� faG����i�Jb;O SdX�M^V

MBH ' M∗
e �N�R��M Qu�q�^V�XJM E �l[��djut

bWV�UcG\��bgOiMqt

CERN 9;:=< 1>���	+@? A�������B���)C����D����E�@F
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• �
op�qh�[

Schwarzschild
� kpOiM%h�opMPOiG'ORQ��.h�E�k�k�b;X�G'ORQqj

(4 + n)
$ r^Oi�qhPX�MdX\[

k�b���M^V\j.Y�K�j

3-brane

Black hole

k�bak�bgX�G'ORQ�S�X�M^V�EdhPX\j
� Myers & Perry �

ds2 = −−


1 −
(rH

r

)n+1


 dt2 +



1 −
(rH

r

)n+1




−1

dr2 + r2dΩ2
2+n

SdKNY^E

dΩ2
2+n = dθ2

n+1 + sin2 θn+1

(

dθ2
n + sin2 θn ( ... + sin2 θ2 (dθ2

1 + sin2 θ1 dϕ2) ... )
)

•
f�QuX'�iV�M�m�G'�i��Y^V X�M��

rH = 1√
πM∗

(

M
M∗

) 1
n+1





8Γ(n+3
2 )

n+2





1/(n+1)

•
��b�G�k�YJQHG�MqhA�iM��

TBH = (n+1)
4π rH

CERN 9;:=< 1>���	+@? A�������B���)C����D����E�@F
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•
f�Q]X^OiVJY��qY��N�iM

Hawking
� +�[�kpOiY^EPG\�p�iMa�JbJ� ��Y^Edt h�I8kqMdX^Oir'�iI8VFUcn�I MdKNS�X�Y^V

YqG^�i�cY^V�X�M e=X�Y�M^V X^Oih�I8kqMdX^�ir'OiY KqU�o�XJb;O?hPX\[ � m �qX�Y)h�I`kNMdX^�ir'OiY r'OiMqopbJ� ��bgO
Z��^V X�M � � m���O5M�QHG^O¡�q_`t02020 CF�^V��dbcI8Gsjuh�Y^Edk�b UWV�M �NMq�dk�ILX�S h�I`kqM�X'�ir^OiY X\[]tk�YNGJo�j]t�

φ (t, r, θi, ϕ) = e−iωt Rω`(r) Ỹ`(Ω)X�SdX�bJ�




− d2

dy2
+ r2n+4





−ω2 +
`(` + n + 1)h(r)

r2











R(y) = 0

SdKNY^E
y ∝ ln h(r)

b��iVJMHO�[
“tortoise”

h�E�V X�b;XJM]��k�UWV\[�k�b

h(r) = 1 −
(rH

r

)n+1

-5 -4 -3 -2 -1

-40

-20

20

R
� faG�M��lhHX\[]V�Kqb�G'OiY^�Pj r > rH

��EJKN�qG���bgO?UWV�M�oAG�����kqM�r�EdV�MqkAORQ�Y��
bcn�MqG�XJ_8k�bWV�Y%M�KqS�XJM

(ω, `, n)

f�EJX�S KNY^EFX�b �^ORQH��KqMNGJMdX\[lGJY��dk�b�b �iV�MPO^U VJMfop�qh�kqMfM�Q]X^OiV�Yd�qY]�q�iMqt�bWV�Sqt`h���bcr�S^V
k�U���M^V�Yqt�h�_8kqMdX�Yqt�k�bfG�Ed��k�S%b Q]KNY�kPK]j]t

dE(ω)

dt
=

∑

`

σ`(ω) ω

(exp (ω/TBH) ∓ 1)

dn+3k

(2π)n+3

SdKNY^E
σ`(ω)

b �iV�MPOpY h�E�V X�b �ubchHXsjut���QHG^�i�cY^E�h�_`kNMdX�Yqt 02020

CERN 9;:=< 1>���	+@? A�������B���)C����D����E�@F
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020200j%M��d�^Oi_8t'��[ bWVJb�Gs��SNt�r'OiM�XJY�k�j.r'OiU��]b�Edh�[ut � B
Gubser, Klebanov & Tseytlin �

σ`(ω) =
2nπ(n+1)/2 Γ[(n + 1)/2]

n! ωn+2

(2` + n + 1) (` + n)!

`!
|A`|2

A`

� h�EdV�X�b �ubchPX\jut�r'OiU��]bcE�h�[ut XJY^E�h�I`kqMdX^Oir^�iY^E1�pOiM�X�Y�KqMqG�MdKq�^V�I EJKqS��qMq��GJY

•
��I8kqMdX^�ir'OiM%hPX�Y^V � C n�X�GJM,j�_8GJY � ��Mq�dk�ILX�����I`kqMdX^�ir^OiM��H��MqGJE�X�S^V'OiM B �Rv

•
��I`kqM�X'�ir^OiM=hHX\[ � bckH�qG��^Vs[ � � MN�dk�I�XJ� ��I8kqMdX^�ir'OiM Q�MPO � MNGJE�XJS^V^OiM

B �NMqhAORQqjut�QHMdX��qhHXJMNh�[]t\v��
�
b�G�kpOiS^V'OiM�QHMPO � KqYN�JS^V^OiM���Mq�dkp�irJMqt B √ v

g�M h�I`kqM�X'�ir^OiM hPX\[ k�b�kP�NGJ�^V\[ �cY^E�V h�b.U VJM
4∆

EJKNSd�qMN�dG�Y $�KqG�Yd�qY���j XJY^E
(4 + n)

$ r^Oi�qhPX�MdX�Y^E���_`GJY^E�b;Kq�^V�I hHXs[=k�bckP�NGJ�^V\[ �
θi = π/2

�pOiM
i ≥ 2

ds2
4 = −



1 −
(rH

r

)n+1


 dt2 +



1 −
(rH

r

)n+1




−1

dr2 + r2 (dθ2 + sin2 θ dϕ2)

�!X^Oit . r'OiMqhHX��qh�bgOit^��Y h�E�V X�b �ubchHXsjut)��QHG^�i�cY^E h�_`kqM�XJYNt KNMP�iGJV�bgO!X\[]V MdK���j
k�YNGJo�j

σ̂`(ω) =
π

ω2
(2` + 1) |Â`|2

m
Â`

bcn�MqG�XJ��XJMHO M�KqS X�Y^V MNG'Oi��k�S
n
X�I`V bgKPO¡K]�]U�Y^V r^OiMqhPX��qh�bcI`V KNY^E

KqG�Yd�N���d��Y^V�X�MPO?b;Kq�^V�I hHX\[.k�bckH�qG��^Vs[
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� ��� �����	�
������
Hawking

����� � � ��� �����������	���

•
�im�G�MdX\j f�Q]X^OiVJY��qY��N�iM��"� ��Mq�dk�ILX�� B

s = 0
v �

�
bcG]kAOiY^V^ORQH� B

s = 1/2
v QHMHO

kPKNYq�cY^V^ORQH��Kqb�r'�iM=� Mq��kA�ir�Mqt B
s = 1

v

•
8�b V'ORQqj B

Master
v!CFn'�ih�I`h�[)� f�Q�Y]��Y^Ed��_`V X�Mqt X\[uV k�Uc��Yqr�Y

Newman
$

Penrose
��EJKqYN�dUgX�Y^E�k�bfSdX^O �

Ψs = e−iωt eimϕ ∆−s Ps(r) Sm
s,j(θ)

SdKNY^E
Y m

s,j = eimϕ Sm
s,j(θ)

b �iV�MPO�YHO
spin-weighted

h�oAMHOiG'ORQHU�t MqG]k�Y^V^ORQHUct
h�E�VJMNG X\j]h�bgOit^�PQHMPO

j
Y.Q]�qM^V�X^ORQHSqt�MNG'Oi��k�Sqt�X\[]t�Y��^ORQqjut�hPX�G�YqopYqG]k�j]t

�
��bWV'ORQNj�bcn^�ih�I8h�[ Q��iV\[]h�[]tfbWV�Sqtah�I`kqM�X'Oir^�iY^E k�b�hHKPOiV

s
hPX�Y^V�QHMqkHK��'�'Y

4∆��I`G�S^��GJY^V�Y�X\[ut�k�b�kP�NGJ�^V\[]t�kHKqYqG�b �pV�M=��GJMNoAb�� B
Harris &

:<;%=?; �

∆s d

dr



∆1−s dPs

dr



 +







ω2r2

h
+ 2iωsr − isωr2h′

h
− Λsj





Ps(r) = 0

SdKNY^E
∆ = hr2

QHMPO
Λsj = j(j + 1) − s(s − 1)

0

�
M�Q]X^OiV^ORQqj MqE�Xsj bcn^�ih�I`h�[ b��iVJMPO r��dh�Q�Y���Y V�M �sEd�db�� M^VJM]��EJX^ORQH�

⇒M�Q�Y��'Y^Ed�dY��dk�bfkAOiM�KqG�Yqh�b ���pOihPX^ORQqj.k�U��dYqr�Y�� B :<;U=>;
& March-Russell �

•
�qG^�ih�Q�Y^Edk�b X\[����dh�[ T1Y^V X���hPX�Y^V m�G^�i�cY^V�X�M

(r ' rH)

•
�qG^�ih�Q�Y^Edk�b X\[����dh�[ � M�QHG^Oi�=MdKNS�X�Y^V�m�G'�i��Y^V X�M (r � rH)

•
bWVJ_8VJY^E�k�b X^Oit�rU��Y����dh�bgOit�k�bah�EdV�bc�Pj XJG�SdKNY�hHX\[]V1bWV�r'Oi�Nk�bch�[ KNbcG^OiY^�Pj
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� ��� �����	�
������
Hawking

����� � � ��� �����������	���

•
T�Y^V�XJ��hPX�Y^V m�G'�i��Y^V X�M�� f��d�'M���j�k�bgX�Md�]�c[^X\jut

r → h(r)
�HQ�MPO��

e ��EdV�YqG'OiM]Qqj.��EdV��'j�Qq[ � h�b
r ' rH

��k�S^V�Y%bgOih�bcG���S�k�bWVJb�t�QHMdX�MqhPX��qh�bgOit

⇓

PK(h) = Ah hα (1 − h)β F (a, b, c; h) ' Ah e−iωy

SdKNY^E
a = α + β + s+n (1−s)

(n+1)

�
b = α + β

��QHMPO
c = 1 − s + 2α

��k�b

α = − iωrH

n + 1
, β =

1

2(n + 1)

[

1 − 2s −
√

(1 + 2j)2 − 4ω2r2
H − 8isωrH

]

• � M�QHG^Oi�=M�KqS�XJY^V�m�G^�i�cY^V�XJM � ��U;XJY^E�k�b r � rH

j
h ' 1

�]QHMHONKNMP�iGJV�Y^Edk�b
kAOiM

confluent
EJKqb�Gs��b�I`k�b;X�G'ORQqj�bcn^�ih�I`h�[�k�b��"�dh�[

PM(r) = e−iωr rj+s
[

B+ M(j − s + 1, 2j + 2, 2iωr)

+ B− U(j − s + 1, 2j + 2, 2iωr)
]

SdKNY^E
M
QHMPO

U
YPO h�EdV�MqG�X\j]h�b;Oit

Kummer
0 �!X�Y%�dKNbgOiG�Y��

lim
r→∞ PM(r) −→ A(in)

∞
e−iωr

r1−2s
+ A(out)

∞
eiωr

r
+ ...
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� ��� � ��� �
������
Hawking

� ��� �  �
(4 + n)

� �

m�O rU��Y%MNh�EdkHKdX�ILX^ORQHU�t��"�dh�bgOit�r�b �i��V�Y^EdV�r^OiMqopYqGJb;X^ORQHUct�M����]� 02020

• �
UWVJI8h�[�X�I`V1rU��Y����dh�bcI`V"� f�V�MdKdX��dh�h�Y^E�k�b�Xs[����dh�[ T m hPX�Y�SqG^OiY

r � rH

��M^VJM�KdX��dh�h�Y^Edk�b X\[����dh�[ � m hPX�Y)SqG^OiY
ωr � 1

�HQHMPO �

PK(r) ' C1r
j + C2 r−(j+1) , PM(r) ' C̃1r

j + C̃2 r−(j+1)

�
X�M���X'Oih�[ X�I`V M^V X^�ihPX�YPOi��I8V-h�EdV�X�b �]b�hPX�_`V�KqG�Yqh�r'OiYqG^�i��bgO�X�Y^Edta�uS���Y^Edt�

B+

Ah
=

1

rj+s
H

Γ(1 − s + 2α) Γ(−2β + 1−2s
n+1

)

Γ(α − β + 1 − s) Γ(α − β + 1−2s
n+1

)

B−
Ah

=
rj−s+1
H (2iω)2j+1 Γ(1 − s + 2α) Γ(2β − 1−2s

n+1
) Γ(j − s + 1)

Γ(α + β) Γ(α + β + s+n (1−s)
n+1

) Γ(2j + 1)

•
��E�V X�b��]bchHX\j]t5+.OiU �ubcEdh�[]t� m�G'�i��bgX�MPO I`t�

|Aj|2 =
ingoing energy flux at horizon

ingoing energy flux at infinity

QHMPO b QHopG��q��bgX�MPOph�EdV�MqG X\juh�bgO�X�I`V �uS��NI`V
B±/Ah
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� ��� �����	�
������
Hawking

����� � � ��� �����������	���

•
m�O M^VJM��sEJX^ORQHU�t�b QHopG��qh�b;Oit Oih�� ��Y^EdV1k�S^V�Y �pOiM���MNk�[d�uUctfQ�MPO?bWV�r^Oi�qk�b�h�bct
bWV�UcG\��bgOibct e hHXs[uV1UWV�I`h�[�X�I`V �"��h�b�I`V1EJKNYq�dU�h�Mqk�b�SdX^O

ωrH � 1
Z10�� 0`�pOiM�X�M�oAb�G]kAOiS^V^OiM��qG^�ih�Q�Y^E�k�bfSdX^O Y

σ`(ω)
Uc��bgO�X\[]V1k�YqGJo�j

0.2 0.4 0.6 0.8 1

1

2

3

4

5

σ
(1/2)
abs (ω) [πr

2
H ]

n = 6

n = 4

n = 2

n = 0

ω rH

•
8�OiM MdKNYdX�b �]U�h�kqM�XJM KqY^E Oih�� ��Y^EdV h�b)S��ubct.X^Oit bWV�bcG\��bgOiM�Q�Uct=Qq�q�ikNM�QHbct^�
��Gs[uhAOik�YdKqYPOiY��dk�b�MqG^Oi�dk�[ X^ORQqj�M^V�����E�h�[ B

Harris &
:<;�=?; �

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1.0 1.2

σ(1
/2

)
ab

s 
(ω

) 
[π

r2 H
]

ω rH

n=6

n=4

n=2

n=0
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� ��� �����	�
������
Hawking

����� � � ��� �����������	���

• � b X�Y^V��ir'OiY�X�GJS�KqY����pOiM�X�M��qMq��k�ILX��%h�I`kqM�X'�ir^OiM��q�NG'�ih�Q�Y^Edk�bU�

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1.0 1.2

σ(0
)

ab
s(

ω
) 

[π
r2 H

]

ω rH

n=0

n=1

n=6

•
02020�QHMHO��pOiM�X�M%kHKqYq��S^V'OiM��qMN�dkA�ir�Mqt�

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1.0 1.2

σ(1
)

ab
s(

ω
) 

[π
r2 H

]

ω rH

n=0

n=2

n=6

•
+.OiMqopYqG�bgX^ORQqj h�E�kPKNbcG^OioAYNGJ� hPX^Oit ��Mqk�[d�]U�t bWV�UcG\��bgOib�t'� �ir^OiM

h�E�kPKqb�G'OiopYqG�� hPX^Oit�E���[��]Uct�bWV�UcG\��bgOib�te�
σ̂ → πr2

c(n)
B
Sanchez; Emparan,

Horowitz & Myers �
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� ��� �����	�
������
Hawking

����� � � ��� �����������	���

•
� E��dk�SNt�C	Q]KNY�kHK�j]t f�Q]X^OiV�Yd�qY��N�iMqt �

�
MNG'Oi��k�[^X^ORQqj.M^V�����E�h�[.kqMqt�r^�iV�bgO �

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 1 2 3 4 5

d2
E

(1
/2

) /d
td

ω
  [

r-1 H
 ]

ω rH

•
m GJE��dk�Sqt�b QuKqY�kHK�jut�M�Q]X^OiV�Yd�qY]�q�iMqt b V'Oih�� �dbgX�MPO Sqh�Y.X�Y

n
MqEdn��^V�bgX�MPOle

�]S��NI X\[]t�M��dn\[]h�[ut Xs[ut���bcG]k�YJQHG�Mqhp�iMqt
TBH

•
g SNh�Y X�Y ���pYqt�Sqh�Y QHMPO X�Y K��u�dX�Yqt-X�I`V.QHMqkHKqE^�]_`V.MNEdn��^VJb;XJMHO6Q�Mq�d_`t
X�Y

n
k�b ��M��u_`V�bgO

•
Z�MqG�MdX\[lGJb��¡XJMHO kAOiM k�b;X�MdX�SdKPOih�[ X���KqY^E

Wien
Xs[ut Q�YNGJE�oljut=X\[]t QH�q�db

QHMqkHK��'��[]t�KNGJYqt k�b���M��"��XJb�GJb�t X'Oik�Uct�b VJU�Gs��bgOiMNt

•
g0Y KNYqh�S X\[]t M�Q]X^OiVJY��qY���Y��dk�b Vs[ut bWVJU�Gs��b;OiMqt MdKNYdX�b �]b�� h�EdV��qG X\[uh�[ XJY^E

MqG^Oi�dk�Y��-X�I`V bgKPO¡K]�]U�Y^V1��I`G'ORQ�_`V r^OiMqhHXJ�Nh�bcI8VaKNY^E�EJKN�qGJ��Y^E�V�hPX\[]V1o �dh�[
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� ��� �����	�
������
Hawking

����� � � ��� �����������	���

•
����b;X^ORQ�YP���FEd�dk�YP��C!Q]KqY�kPK]j]t � Z�_`t�M��d�u�q�cY^E�V-k�b�X�Y

n
�
B
Harris &

:<;U=?; �

0.0002

0.0004

0.0006

0.0008

0.0010

0 0.2 0.4 0.6 0.8 1.0

d
2
E

/d
td

ω
  

[r
-1 H
 ]

ω rH

s=0

s=1/2

s=1

0

0.002

0.004

0.006

0.008

0.010

0.012

0 0.5 1.0 1.5 2.0 2.5

d
2
E

/d
td

ω
  

[r
-1 H
 ]

ω rH

s=1

s=1/2

s=0

B
n = 0

v
1 : 0.55 : 0.23

B
n = 2

v
1 : 0.91 : 0.91

0

0.02

0.04

0.06

0.08

0.10

0 1 2 3 4 5 6

d
2
E

/d
td

ω
  
[r

-1 H
 ]

ω rH

s=1

s=0

s=1/2

B
n = 6

v
1 : 0.84 : 1.06

• TfMPOlX�Y)b �ir�Yqt X\[]t b Q]KNbckHKqS�k�bWV\[]taM�Q]X^OiV�Yd�qY��N�iMqt�bcn�MqG�XJ��XJMHOpMdKqY�X�Y n
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� ��� � ��� �
���  �
Hawking

� � � �
(4 + n)

� � ���

•
C	Q]KNY�kHK�j�� Mq��k�ILX�_`V�h�I8kqMdX^Oir'�iI8V<�

�
MdK]��Y��dhHX�bcG\[ KNbcG^�¡KdX�I`h�[)0

�!KqYq��UgX�Y^Edk�b QHMPO�KN���^O�SdX^O �
φ(t, r, θi, ϕ) = e−iωt Rω`(r)Ỹ`(Ω)

QHMPO]KNMP�iGJV�Y^Edk�bU�

h(r)

rn+2

d

dr

[

h(r) rn+2 dR

dr

]

+
[

ω2 − h(r)

r2
` (` + n + 1)

]

R = 0

8�OiM X\[uV�bc�HGJb�h�[-M^V�M���E�X^ORQqj]tf���dh�[]t �NM�Q�Y���Y^E��dY���k�b!Xs[uV��ir'OiM-KqG�Yqh�b����pOihPX^ORQqj
k�U��dYqr�Y

•
T�Y^V�XJ��hPX�Y^V m�G'�i��Y^V X�M��

RK(h) = A− hα (1 − h)β F (a, b, c; h)

k�b
a = b = α + β

Q�MPO
c = 1 + 2α

��S�KqY^E

α = − iωrH

n + 1
, β =

1

2
− 1

n + 1

√

√

√

√

√(l +
n + 1

2
)2 − (ωrH)2

• � M�QHG^Oi�=M�KqS�XJY^V�m�G^�i�cY^V�XJM �

RM(r) =
B+

r(n+1)/2
J`+(n+1)/2(ωr) +

B−
r(n+1)/2

Y`+(n+1)/2(ωr)

•
g�M MdKNYdX�b �]U�h�kqM�XJM Kqb�G'OR��G��qopY^EdV k�b ORQHM^V�YdKqYHOR[^X^ORQqj M�QHG^�¡�qbgOiM Xs[

h�E�kPKNbcG^OioAYNGJ��X�Y^E
σ`(ω)

Q�MPO'X�Y^E G�Ed��k�Y���b�Q]KqY�kPK]j]t k�Uc��G^O�bWV�r'Oi�qk�bch�bct�X'Oik�Uct
bWV�UcG\��bgOiMqt
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� ��� � ��� �
���  �
Hawking

� � � �
(4 + n)

� � ���

•
faG^Oi�dk�[^X^ORQqj�M^V����sEdh�[ � g�M%M�Q�G'O¡�]j�MdKNYdX�b �uUch�kNMdX�M=b �iV�MPO �

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

0 0.2 0.4 0.6 0.8 1 1.2

σ (
0)

ab
s(

ω
) 

[A
H
]

~
~

ω rH

n=0

n=1

n=2

n=4
n=6

0

0.0005

0.001

0.0015

0.002

0.0025

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

d2 E
/d

td
ω

  [
r-1 H

 ]
~

ω rH

n=0

n=1

n=2

n=3

• � C n�X�GJM j�_8GJYqt�j � bckH�qG��^Vs[ � Z�Y���b�Q]KqU�kPKNbgX�MPOq[�KNbcG^Oih�h�SdX�bcG\[-bWV�UcG\��bgOiM �

n = 0 n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
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• �
M^V'�i��V�bcE�h�[ X\[]t M]Q]X^OiVJYd�NY��q�iMNt

Hawking
MdKNS kp�iM k�b �'M^Vsj YdK]j �dM

b �iV�MPO�U VJM KqY���� h�[�kqM^V�X^ORQHS M�KqYdX�U �ubch�kqM�� b�QHr\jd�]I8h�[ b VJSqt [lkAO7$ Qq��MNhAORQ�Y��
opMPOiV�Y�k�U VJY^E

•
CF�^V bgKHO¡K��]U�Y^V1��I`G^ORQHUct�r^OiMqhPX��qh�bgOit EJKN�qG���Y^EdV]� Y GJE��dk�Sqt b Q]KNY�kHK�j]t

M�Q]X^OiV�Yd�qY]�q�iMqt MdKqS kAORQHG�Uct^� KNY���E�r'Oi�qhHX�MdX�bct k�b���M^VJU�t YdKqU�t kPKNYqGJb���V�M kqMqt
MdKNYJQHM��"� �pbgOlKNSqh�b�t�XJU;X�YPOibct�r^OiMqhHXJ�Nh�bgOit�E�Kq�qG���Y^EdV�hHXs[%o ��h�[

• �
bJ�PG�bch�[ X�Y^E h�E�V X�b��]bchHX\j���QHG^�i�cY^E�h�_`kqMdX�Yqt �pOiM�QH�q�db0X��JKNY h�I`kqMdX^Oir^�iY^E

b �iV�MPO MdKqMqG�MP�¡X\[^X\[��pOiM�X�Y^V M]QHG'O¡�]j�KqG�Yqh�r^OiYqG^Oih�k�S�XJY^E�op�qh�kqMdX�Yqt

•
g�Sqh�Y X�Y KqYqh�S SNh�Y Q�MPO�X�Y b �ir�Yqt X\[]t b�Q]Kqb�kPKNS�k�b Vs[ut M]Q]X^OiVJYd�NY��q�iMNt

bcn�MqG�XJ��XJMHO?MdKNS�X�Y^V MqG^Oi�dk�S�X�I`V1��I8G'ORQH_8V-r^OiMqhHXJ�Nh�bcI8V

• �
b�Q]KqY�kPK]j bWV�UcG\��bgOiMqt1hHX�Y^V � CFn X�G�M j�_`G�Y%KqMNGJMqk�UWV�bgO KN�^V X�M kAORQHG�SdX�bcG\[MdKNS MqE�X\j hHXs[ k�b�kP�NGJ�^V\[ S�k�I`t ��M KqG�UgKNbgO�V�M �'MqkP�N�^VJb;XJMHOaEJKNS � OiV hHXJY^V

KqG�Yqh�r'OiYqG^Oih�k�S X�Y^E KqMqG�MdX\[lGsjuhAOik�Y^E�op�qh�kqM�XJYNt
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