
 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
B

E
R

G
A

M
O

 o
n 

01
/1

8/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



12843_9789811256615_tp_v1.indd   112843_9789811256615_tp_v1.indd   1 14/4/22   3:44 PM14/4/22   3:44 PM

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
B

E
R

G
A

M
O

 o
n 

01
/1

8/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



January 19, 2018 9:17 ws-book961x669 Beyond the Triangle: Brownian Motion...Planck Equation-10734 HKU˙book page vi

This page intentionally left blankThis page intentionally left blankThis page intentionally left blankThis page intentionally left blank

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
B

E
R

G
A

M
O

 o
n 

01
/1

8/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



12843_9789811256615_tp_v1.indd   212843_9789811256615_tp_v1.indd   2 14/4/22   3:44 PM14/4/22   3:44 PM

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
B

E
R

G
A

M
O

 o
n 

01
/1

8/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



Published by

World Scientific Publishing Co. Pte. Ltd.
5 Toh Tuck Link, Singapore 596224
USA office:  27 Warren Street, Suite 401-402, Hackensack, NJ 07601
UK office:  57 Shelton Street, Covent Garden, London WC2H 9HE

Library of Congress Control Number: 2022906140

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

THE FIFTEENTH MARCEL GROSSMANN MEETING
On Recent Developments in Theoretical and Experimental General Relativity, Astrophysics, 
and Relativistic Field Theories
(In 3 Volumes)

Copyright © 2022 by Editors 

All rights reserved. 

This is an Open Access volume published by World Scientific Publishing Company. It is distributed under the terms 
of the Creative Commons Attribution-Non Commercial 4.0 (CC BY-NC) License. Further distribution of this work 
is permitted, provided the original work is properly cited.

ISBN 978-981-125-824-4 (set_hardcover)
ISBN 978-981-125-825-1 (set_ebook for institutions)
ISBN 978-981-125-826-8 (set_ebook for individuals)

ISBN 978-981-125-661-5 (vol. 1_hardcover)

ISBN 978-981-125-662-2 (vol. 2_hardcover)

ISBN 978-981-125-663-9 (vol. 3_hardcover)

For any available supplementary material, please visit 
https://www.worldscientific.com/worldscibooks/10.1142/12843#t=suppl

Desk Editor: Ng Kah Fee

Typeset by Stallion Press 
Email: enquiries@stallionpress.com

Printed in Singapore

KahFee - 12843 - The Fifteenth Marcel Grossmann Meeting.indd   1KahFee - 12843 - The Fifteenth Marcel Grossmann Meeting.indd   1 14/4/2022   3:19:41 pm14/4/2022   3:19:41 pm

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
B

E
R

G
A

M
O

 o
n 

01
/1

8/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.

https://www.worldscientific.com/worldscibooks/10.1142/12843#t=suppl


April 19, 2022 11:55 WSPC Proceedings - 9.61in x 6.69in b4657-toc page xxix

xxix

CONTENTS

Publications in this Series . . . . . . . . . . . . . . . . . . . . . . . v

Sponsors and Acknowledgements . . . . . . . . . . . . . . . . . . . . vii

Organizing Committees . . . . . . . . . . . . . . . . . . . . . . . viii

Marcel Grossmann Awards . . . . . . . . . . . . . . . . . . . . . . . x

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xviii

PART A

PLENARY AND REVIEW TALKS

Radio Astronomy and the rise of high energy astrophysics:

Two anniversaries

Malcolm Longair . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

The CMB then and now with snapshots of Dave Wilkinson

Lyman A. Page Jr. . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Quasi-local mass at axially symmetric null infinity

Po-Ning Chen, Mu-Tao Wang, Ye-Kai Wang and Shing-Tung Yau . . . . . 31

Black hole entropy from soft hair

Malcolm J. Perry . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

No smooth beginning for spacetime

Jean-Luc Lehners . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

The role of redundancy in blind signal estimation for multiple

gravitational wave detectors

Hao Liu, James Creswell, Sebastian von Hausegger, Pavel Naselsky

and Andrew D. Jackson . . . . . . . . . . . . . . . . . . . . . . . . 71

Status of KAGRA and its science goals

Takaaki Kajita, for the KAGRA collaboration . . . . . . . . . . . . . . 84

The TianQin project

Jun Luo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Analytic approximations in GR and gravitational waves

Luc Blanchet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

DAMPE and its latest results

Fabio Gargano on behalf of the DAMPE Collaboration . . . . . . . . . . 123

A brief review of binary driven hypernova

Jorge A. Rueda, Remo Ruffini, Rahim Moradi and Yu Wang . . . . . . . 136

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
B

E
R

G
A

M
O

 o
n 

01
/1

8/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



April 19, 2022 11:55 WSPC Proceedings - 9.61in x 6.69in b4657-toc page xxx

xxx

IceCube: Opening a new window on the universe from the

South Pole

Francis Halzen . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

Breakdown of the equivalence between gravitational mass and

energy due to quantum effects

Andrei G. Lebed . . . . . . . . . . . . . . . . . . . . . . . . . . 167

Recent results and perspectives on cosmic backgrounds from radio

to far-infrared

Burigana, Carlo; De Zotti, Gianfranco; Fialkov, Anastasia;

Qadir, Asghar; Trombetti, Tiziana; Bonato, Matteo;

Negrello, Mattia; Norgaard-Nielsen, Hans Ulrik; Tahir, Noraiz . . . . . . 189

PARALLEL SESSIONS

• Spectral and Temporal Properties of Black Holes and Neutron Stars

and the Theoretical Models

Chairperson: Sandip Chakrabarti

Understanding accretion flow properties of black hole candidates

after implementation of the TCAF solution in XSPEC

Dipak Debnath, Sandip K. Chakrabarti, Santanu Mondal,

Arghajit Jana, Debjit Chatterjee, Aslam Ali Molla,

Kaushik Chatterjee and Riya Bhowmick . . . . . . . . . . . . . . . . 213

Polarimetry and strong gravity effects from spots orbiting near

a black hole
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Traversable wormholes and Yukawa potentials

Remo Garattini

Università degli Studi di Bergamo,
Dipartimento di Ingegneria e scienze applicate,

Viale Marconi,5 24044 Dalmine (Bergamo) ITALY
I.N.F.N. - sezione di Milano, Milan, Italy

∗E-mail:remo.garattini@unibg.it

Traversable Wormhole are amazing astrophysical objects predicted by General Relativity
which are able to connect remote region of space-time. Even if their existence has not
been proved yet they are object of continuous investigation. From the theoretically point
of view, to exist, traversable wormholes need a special form of energy density termed
“exotic”. Since this exotic source must be concentrated on the throat of the wormhole,
we discuss the implications of assuming Yukawa-like profiles which could be realize such
a configuration.

1. Introduction

Traversable wormholes are solutions of the Einstein’s Field Equations (EFE) which

have the property of connecting remote space-time regions1,2. In Schwarzschild

coordinates, the traversable wormhole metric can be cast into the form

ds2 = − exp (−2φ (r)) dt2 +
dr2

1− b(r)
r

+ r2dΩ2. (1)

where φ (r) is called the redshift function, while b (r) is called the shape function and

where dΩ2 = dθ2 +sin2 θdφ2 is the line element of the unit sphere. φ(r) and b(r) are

arbitrary functions of the radial coordinate r ∈ [r0,+∞). A fundamental property

of a wormhole is that a flaring out condition of the throat, given by (b−b′r)/b2 > 0,

must be satisfied as well as the request that 1 − b(r)/r > 0. Furthermore, at

the throat b(r0) = r0 and the condition b′(r0) < 1 is imposed to have wormhole

solutions. It is also fundamental that there are no horizons present, which are

identified as the surfaces with e2φ → 0, so that φ(r) must be finite everywhere. The

first step to establish if a traversable wormhole exists is given by solving the EFE

in an orthonormal reference frame

ρ (r) =
1

8πG

b′

r2
, (2)

pr (r) =
1

8πG

[
2

r

(
1− b (r)

r

)
φ′ − b

r3

]
, (3)

pt (r) =
1

8πG

(
1− b (r)

r

)[
φ′′ + φ′

(
φ′ +

1

r

)]
− b′r − b

2r2

(
φ′ +

1

r

)
, (4)

where ρ (r) is the energy density, pr (r) is the radial pressure, and pt (r) is the

lateral pressure and using the conservation of the stress-energy tensor, in the same
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orthonormal reference frame, one gets

p′r =
2

r
(pt − pr)− (ρ+ pr)φ

′. (5)

One strategy to obtain solutions for the EFE is represented by imposing an Equation

of State (EoS) of the following forms:

(1) pr(r) = ωρ(r), with ω constant,

(2) pr(r) = ω (r) ρ(r), with ω function of the radial coordinate r,

(3) pr(r) = ωργ(r), with γ ∈ R.

Of course, this list does not exhaust the possibilities of constraining the rela-

tionship between pr(r) and ρ(r). For instance, by imposing the first EoS, one finds

φ′ =
b (r) + ωb (r)

′
r

2r2
(

1− b(r)
r

) (6)

and if we also assume Zero Tidal Forces (ZTF), one gets

φ (r) = C and b (r) = r0

(r0
r

) 1
ω

, (7)

where the condition b (r0) = r0 has been used. The parameter ω is restricted by

the following conditions

b′ (r0) < 1;
b (r)

r
→ 0
r→+∞ =⇒

{
ω > 0

ω < −1
(8)

and the metric (1) assumes the particular simple expression

ds2 = −dt2 +
dr2

1− ( r0r )
1
ω+1

+ r2dΩ2. (9)

It is interesting to note that when ω →∞, one finds

ds2 = −dt2 +
dr2

1− r0
r

+ r2dΩ2, (10)

namely a traversable wormhole with zero energy density and ZTF. The correspond-

ing Stress-Energy Tensor (SET) is given by

Tμν = (ρ (r) , pr (r) , pt (r) , pt (r)) =
r0

2κr3
(0, 0, 1, 1) , (11)

that is it is formed by pure transverse pressure. To establish how much negative

energy density is necessary, it is useful the computation of the “volume integral

quantifier”, which provides information about the “total amount” of averaged null

energy condition (ANEC) violating matter in the space-time3. This is defined by

IV =

∫
[ρ(r) + pr(r)]dV (12)
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and for the line element (1), one can write

IV =
1

κ

∫ +∞

r0

(r − b (r))

[
ln

(
e2φ(r)

1− b(r)
r

)]′
dr. (13)

For instance, for the metric (10), one finds

IV = − 1

κ

∫ +∞

r0

(r − r0)
[
ln
(

1− r0
r

)]′
dr = −r0

κ
[ln (r)]

+∞
r0
→ −∞ (14)

which means that an infinite amount of negative energy is necessary to build such

a wormhole. This was also confirmed in Ref.1. For this reason, we are going to

explore the possibilities offered by the second EoS. The third EoS requires a careful

analysis and it will not presented here. In particular, we would like to consider

Yukawa-type profiles for b (r) and ω (r). The hope is that such a profile concentrates

more the energy density to the wormhole throat and thus minimizes the usage of

exotic matter.

2. The Inhomogeneous Equation of State and the Volume Integral

Quantifier

When we apply the inhomogeneous EoS pr = ω (r) ρ to find the corresponding shape

function, one finds

b(r) = r0 exp

[
−
∫ r

r0

dr̄

ω(r̄)r̄

]
. (15)

The shape function (15) is obtained by imposing φ′ (r) = 0. Since we know the

form of the redshift function and of the shape function, the SET can also be easily

computed

Tμν =
r0
κr3

(
− 1

ω (r)
,−1,

1

2ω (r)
+

1

2
,

1

2ω (r)
+

1

2

)
exp

[
−
∫ r

r0

dr̄

ω(r̄)r̄

]
. (16)

Note that the SET (16) is traceless. We will examine two specific choices for ω (r).

2.1. Two examples for ω (r)

We are going to focus our attention on two examples. The first one is represented

by

ω (r) =
1

μr
=⇒ ω (r0) =

1

μr0
, (17)

leading to

b(r) = r0 exp [−μ (r − r0)] and b′(r) = −μr0 exp [−μ (r − r0)] (18)

satisfying therefore the flare-out condition since b′(r0) = −μr0. The form of the

metric (1) therefore becomes

ds2 = −dt2 +
dr2

1− r0 exp[−μ(r−r0)]
r

+ r2dΩ2, (19)
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which looks like a Yukawa profile, at least on the radial part. From the line element

(19), the SET is easily computed and assumes the following form

Tμν =
r0

2κr3
[diag (−2μr,−2, μr+ 1, μr + 1)] exp [−μ (r − r0)] . (20)

Note that the SET is also traceless as it should be, because it is a particular case

of the SET (16). On the throat the SET becomes

Tμν =
1

2κr20
[diag (−2μr0,−2, μr0 + 1, μr0 + 1)] (21)

and the following property is satisfied

lim
μ→0

lim
r→r0

Tμν = lim
r→r0

lim
μ→0

Tμν . (22)

On the other hand, we find

lim
μ→∞ lim

r→r0
Tμν �= lim

r→r0
lim
μ→∞ Tμν . (23)

In particular, lim
μ→∞ lim

r−r0
Tμν is not defined, while (27)

lim
r→r0

lim
μ→∞Tμν = [diag (0, 0, 0, 0)] (24)

corresponding to the Minkowski space written in spherical coordinates. This can

be confirmed also by looking at the line element (19). The corresponding IV for the

line element (1) becomes

IV =
1

κ

∫ +∞

r0

(
r − r0e−μ(r−r0)

) [
ln
(

1− r0
r
e−μ(r−r0)

)]′
dr

=
r0
κ

(1 + eμr0 Ei1 (μr0)) , (25)

where Ei1 (x) is the exponential integral. Since the integrand is finite, we can easily

evaluate the behavior close to the throat, whose result is

IV � r0
κ

(1− exp (μr0) Ei1 (μ (r0 + ε)) + exp (μr0) Ei1 (μr0)− exp (−με))→ 0

when ε→ 0, (26)

namely IV can be arbitrarily small. The second example we are going to discuss is

the following

ω (r) =
exp [−μ (r − r0)]

μr
, (27)

which has the following properties

ω (r) →
r→∞ 0 and ω (r0) =

1

μr0
. (28)

Plugging (27) into the shape function (15), one finds

b(r) = r0 exp [1− exp (μ (r − r0))]

b′(r) = −μr0 exp [μ (r − r0) + 1− exp (μ (r − r0))] , (29)

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
A

 D
E

G
L

I 
ST

U
D

I 
D

I 
B

E
R

G
A

M
O

 o
n 

01
/1

8/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



April 18, 2022 14:34 WSPC Proceedings - 9.61in x 6.69in ch69-main page 550

550

satisfying the flare-out condition since

b′(r0) = −μr0 . (30)

Even in this case, the SET is easily computed and assumes the explicit form

Tμν

=
r0

2κr3

[
diag

(
− 2

ω (r)
,−2,

1

ω (r)
+ 1,

1

ω (r)
+ 1

)]
exp [1− exp (μ (r − r0))] , (31)

where ω (r) is given by Eq.(27). On the throat, one gets

Tμν =
1

2κr20
[diag (−2μr0,−2, μr0 + 1, μr0 + 1)] (32)

and also in this case we obtain the same behavior of the SET (20). It is interesting

to note that, on the throat, the behavior of the SET in (20) and in (31) are equal.

The corresponding IV for the line element (1) becomes

IV = − 1

κ

∫ +∞

r0

(r − r0 exp [1− exp (μ (r − r0))])

×
[
ln

(
1− r0 exp [1− exp (μ (r − r0))]

r

)]′
dr = − 1

κ

∫ +∞

r0

f (r) dr, (33)

where

f (r) =
r0 exp [1− exp (μ (r − r0))] (exp (μ (r − r0))μ r + 1)

r
. (34)

The exact evaluation of IV is quite complicated but, an estimate when r � r0 is

possible to see if the integral is finite for large r. Indeed, one finds that the integrand

becomes

f (r) �
r→∞

μr0 exp (μ (r − r0) + 1)

exp (exp (μ (r − r0)))

=⇒ IV � −r0exp (1− exp (μ (r − r0)))→ 0 when r→∞ (35)

and therefore IV will be finite close to infinity. On the other hand, close to the

throat, we can write

IV � 1

κ

∫ r0+ε

r0

(μr0 + 1)dr → 0 when ε→ 0. (36)

Note that we might have chosen the following form

ω (r) =
exp (−μr)

μr
, (37)

instead of (27). However, while the properties at infinity are equal to the profile

(27), close to the throat one finds

ω (r0) =
exp (−μr0)

μr0
. (38)
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As a consequence, the shape function becomes

b (r) = r0exp (exp (μr0)− exp (μr)) (39)

while the energy density is

ρ(r) = −μr0
κr2

exp (μr + exp (μr0)− exp (μr)) . (40)

If we compare the energy density obtained with (27) with the one computed with

(37), we can see that, on the throat, the amount of negative energy density is larger

for the choice (37) because

ρ(r) = − μ

κr0
exp (μr0) . (41)

This implies that the choice (27) is favored from an energetically point of view. The

same conclusion can be reached comparing the energy density obtained with (37)

with the one obtained with (17). On the other hand, when we compare the energy

density obtained with (17) and the one obtained with (27), we find

ρω2(r)

ρω1(r)
=

exp [μ (r − r0) + 1− exp (μ (r − r0))]

exp [−μ (r − r0)]
−→
r→∞ 0, (42)

where ρω1(r) is the energy density obtained with the help of (17) and represented

by the first component of the SET (20), while ρω2(r) is the energy density obtained

with the help of (27) and represented by the first component of the SET (31). The

behavior shown in (42) reveals that the negativity of the energy density is really

concentrated in the proximity of the throat. A further investigation inspired by

Yukawa profiles could be related to the Self Sustained Traversable Wormholes, i.e.,

traversable wormholes which are sustained by their own quantum fluctuations4–7.
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