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I. Introduction

- Galactic magnetic fields

[Sofue et al., Annu. Rev. Astron.

™~ //I‘ G Astrophys. 24, 459 (1986)]

= Magnetic fields in clusters of galaxies
0.1 —10uG, 10kpc — 1IMpc
[Clarke et al., Astrophys. J. 547, L111 (2001)]
- Voidregion  B>3x 109G, 1Mpc

[Neronov and Vovk, Science 328, 73 (2010)
* Recent reviews (examples) [arXiv:1006.3504 [astro-ph.HE]]]
[Kandus et al., Phys. Rep. 505, 1 (2011)]  [Yamazaki et al., Phys. Rep. 517, 141 (2012)]

[Maleknejad et al., Phys. Rep. (2013)]
[Durrer and Neronov, Astron. Astrophys. Rev. 21, 62 (2013)]



Origin of cosmic magnetic fields
1. Astrophysical process: Plasma instability

(a) Biermann battery mechanism

[Biermann and Schliiter, Phys. Rev. 82, 863(1951)]
[Hanayama et al., Astrophys. J. 633, 941 (2005)]

(b) Weibel instability
[Weibel, Phys. Rev. Lett. 2, 83 (1959)]

[Fujita and Kato, Mon. Not. Roy. Astron. Soc. 364, 247 (2005)]

Origin of cosmic magnetic fields (2)

2. Cosmolosical processes:

" (First-order) Cosmological Phase transitions
(i) Electroweak phase transition (EWPT)

[Baym, Bodeker and McLerran, Phys. Rev. D 53, 662 (1996)]
(ii) Quark-hadron phase transition (QCDPT)

[Quashnock, Loeb and Spergel, Astrophys. J. 344, 149 (1989)]

- Primordial density perturbations before

the epoch of recombination
[Ichiki et al., Science 311, 827 (2006)]

[Kobayashi, et al, Phys. Rev. D 75, 103501 (2007)]



Origin of cosmic magnetic fields (3)

* Coherence scale
- Strength
— It 1s difficult that these processes generate the magnetic
fields on megaparsec scales with sufficient field strength

to account for the observed magnetic fields in galaxies
and clusters of galaxies without requiring any dynamo

amplification.

The most natural origin of large-scale magnetic fields:

Electromagnetic quantum fluctuation
generated at the inflationary stage

Obstacle

- Friedmann-Lemaltre-Robertson-Walker
(FLRW) metric is conformally flat.

- The Maxwell theory is conformally invariat.

=

The conformal invariance of the
electromagnetic fields has to be
broken at the inflationary stage.



Breaking mechanisms (1)

1. Coupling of a scalar field to [Ratra, Astrophys. J. 391, L1 (1992)]
electromagnetic fields Cf. [KB and Yokoyama, Phys. Rev. D 69, 043507 (2004)]

L=— %Lf(q))FuVFMV

Fw’ = aﬂ Av — 61/ Aﬂ - Electromagnetic field-strength tensor

f((I)) — pg—Asd Aﬂ :U(1) gauge field

® : Dilaton field, k = V871G, (G':Newton’s constant ) : Dimensionless constant

Non-minimal coupling of [Turner and Widrow, Phys. Rev. D 37, 2743 (1988)]
electromagnetic fields to gravity

( R / m2) F uuF MY «— Such a term is known to arise in curved spacetime due
to one-loop vacuum-polarization effects.

[Drummond and Hathrell, Phys. Rev. D 22, 343 (1980)]

R : Ricci scalar
m : Mass scale

Breaking mechanisms (2)

3. The conformal anomaly in the trace of the energy-
momentum tensor induced by quantum corrections to

Maxwell electrodynamics
[Dolgov, Phys. Rev. D 48, 2499 (1993)]

Cf. Baryon isocurvature constraints on the primordial

hypermagnetic fields
[K. Kamada, F. Uchida and J. Yokoyama, JCAP 04 (2021) 034]



II. Model
Action: 5 = Bgrau 1 S(“m) + Scn

() Sy = [ 2y 55— 50,20, = V(@) ~ ()G

G=R%— 4RWRW/ + Ryvap RrvaB  V(®):Potential of an inflaton

: Gauss-Bonnet invariant £(P) : Coupling between P and g
R : Scalar curvature

1
(2) Slean) — /d4x\/—g[— ZFWFW] : Maxwell theory

Breaking of the conformal

coupling between

(3) Non-minimal S¢p :/d 33\/_[ f(R,G) [LI/FMV} |:>

. invariance of the
electromagnetlf: f(R,G) = K24 ( RY 4 QQ/ 2) electromagnetic fields.
fields and gravity d : Model parameter

Spatially flat FLRW metric
ds® = a*(n)[ — dn® + d7”]
Field equations (dt = a(n)dn )

a(n) : Scale factor

1 : Conformal time

[\/_h2< ) guocgl/BFw/] —0 h2(R7 g) =1-— 4f<R, g)

S hM(R,G
Al (n, Z) + 2%%1 — 9,0'A; = «—— Coulomb gauge Ay =0
N = ["aH

Quasi de Sitter Inflation 7o : Initial time of inflation J" aH dn
541 : e-folding number

a(n) = (= i = - 11

o b=-l-e==3+15 ‘ow T
: Slow-roll parameter
! = d% H = %/ : Conformal Hubble parameter



[1I. Energy density and spectrum of electric and magnetic fields

Energy-momentum tensor of electromagnetic fields

2 o) 1
Ta[ﬁ’ = _\/T—g 5ga[3 [_ Z vV (1 — 4f(R g)) ,ul/F/ll/:|
Sf(R,
_ _i{gaﬁ(l —4f(R,G)) Fu F* — 4(1 = Af(R,G))g"" Fua Fop + 8F FM” f;gaﬁg)}

1
[:> TO - 2&4 A/) (77> da 4FZ]FZJQ< )

2q1y/ 2
P(n) = 1—4k?1(R1+G9?) — —24(122 " (Rq‘l b g%‘1>

2q / 2
Q) = 1—4k%(R?+G9?) + M(Rq 1+27'l g%—l)

a2

< Quantization of U(1) gauge fields >

. 1 . dk ron BT L (T A* —ik. %
Mode expansion A;(7, ) :/(27()3 Z Eri [b-r(k)Ar(k,n)e""“ + b (k)A* (k,n)e ™
=12
[?) (E) ZA)+(E/)} — 5pT5(E_ E’) E . Comoving wave number

€ri . Polarization vector

b, (E) Annihilation operator ;" (k) : Creation operator
Energy density
. dk k2, , 2 = dk k4 2
- o B) - A,
wB) =P 3 [ o Al oB = 3 [ 3 Gl

Power spectrum

op(E kR ; i ’
R UD I V(0] LR PRI




Equations of motion of U(1) gauge fields

h/
Al (k,m) + TA/ (k) + kA (k,m) =0

Ar(k,n) = h(n)Ar (k,n)

> 4 (k2 _ %ﬁ)flr(k,n) _0

o) = (- 4rro)" = [1- 2(32) ]

"o
v [[65(5 )"+ [ 2408 + 1)3]Q/2]
2B 2
—— h(R, g)—1——<—>

Mo \ "o
- 4Beq 1\ +
A;f(k‘,n) g3 (kz = o5 55 _2>A?“<k7 77) =0 J,, : Bessel function

"o (1 - ;g—q) o

4Beq
ey
"o

Av(kym) = v/—Fn {Dl Jo(—kn) + Dy Jy(—hn)

|
<
V)
I
=
|

» Sub-horizon mode: |kn| > 1

) 2 iy 1
»Initial cond.ition: |k17;g1>1 Ju(=kn) = T [— kn — §(V + 5)]
Bunch-Davies vacuum ; ,
~ lim J_,(—kn) = sin | —kn+ —(v + = 1
(Ar(k,n) = —7ze™™1 ) |kn|>1 (k) m(—kn) { g 2( 2>

lim A,(k,n) = \/ngl cos[—kn—%(u—k%)}#—l?g sin[—kn+g(u+%)]1

|kn>1
_ 2 —ikn D, —z T (v+1) Dy 1 Z(v+31) ikn D, iZ(v+3) D2 —7 Z(v+1)
- Fle ( 2 TR e\ Z e 2



1 /m T (v+3) 1 /7 L5
Dy ==,/= Dy ==/~
2V k co 1/2] 2V k cos|[m(v+1/2)]

i
h(n)

2eq
_4AB ([ =m
2] azv<m> |

- Super-horizon mode: k < %

Ar(k,n)

s e iT(v+3) T ei%(’/‘f'i)
1/2 {\/; cos [m(v +1/2)] =l \/% cos [r(v 4+ 1/2)] J_,,(—kn)}

Ar(k,m) =

: _ 1 D, o \vth Dy oy —wtd
|k1?71|r£1<1 s ) = s [ = 2eqq1/2 {QVF(V +1) (= kn) = 2" T'(—v+1) — o) }
-# () |
op(B) P(n) (v — 1)? H}
olnk 2eq 2(—]€7])
Am [1 — %BE (;—;7) } {Q—VF(—V + 1) cos[m(v + 1/2)]}
9p(B) Q(n) Hg 5-2v
oln k - 2eq 2(_k77)
A !1 - ;lTBq (;—;7) ] {2_VF(—V + 1) cos [m(v + 1/2)]}
e <1
*Energy density of electromagnetic fields during inflation (1 = 7¢) o g <1
Pem (770) e HSL Hy = 10_5MPJ : Energy scale of inflation

—— P & M]%l H? [:> Backreaction in the inflationary
stage 1s negligible.



o vig)vsg

0.500F}; !
a) P\

0.495} |

[ Ho = 10"°Mp;
0.490} e = 0.01 ]
0.485} i

\ Hp = 10_5Mpl ]
0.480F \ . — i .

0.0 0.2 0.4 0.6 0.8 1.0

Op(B)

s : Final time of inflation

1 2Y ar 2 9 —v+5/2
By = L) HE(—
’ V2T { B ( )26q>1/2}<a0> 0( knf)

['(—v +1)cos[m(v+1/2)] (1 - _n_Zf

B = w1 {[68(5+1)]"+ [ 24(8+1)%] V) = x20(120 424072

Present magnetic strength for the case of ;. 10-40¢ev ~ 0.02Mpe!

instantaneous reheating q=0.5
B, ~ 10-92¢3 Ny =58, 1G =1.95x 10"2GeV"
CMB Hf:5.1><10_8Mpl
ion: 10722G < B, <1010
X Observation: 107G < By < 107G Z_? ~ 1030 (Hf/10_5MPl)1/2

Electric fields are screened because the value of the electric
conductivity becomes very large instantaneously.



I'V. Present magnetic strength for the case of the
reheating phase with a non-zero e-folding number

% Growth of magnetic strength at the reheating stage: [Kobayashi and Sloth, Phys.Rev.D 100, 023524 (2019)]

[Dai, Kamionkowski and Wang, Phys. Rev. Lett 133, 041302 (2014)]
[Cook, Dimastrogiovanni, Easson and Krauss, JCAP 04(2015), 047]

e-folds number at the
reheating stage

4 1 45 1| 1195 re k (3H?Mf2>1)1/4
Ne=+—"———|—=-In|——] —=1 : —1 —1 : — N
T (1 Buweg) { T <7T29re> 3 n( 43 > ! (aoTo> n( Ho !

43 \3 [ aoT, .
T — <1lg ) (aok 0) exp [ — (Nj + Ni)] : Reheating temperature

T, = 2.725K : Present temperature of a_ko . 0.0QMpC_l Jsre = Gre ™ 100

the cosmic microwave

background (CMB)
radiation Q. : Present value of

Weft : Effective equation of state

Equations of motion of U(1) gauge fields A€ (k. 1) : Mode function of U(1)
A(re) (k, 77) + ]€2A(re)(k7 77) —0 gauge fields at the

reheating stage

1 , )
_ A(’r‘e) k, _ [C e—zk(’r}—'r]f) +d ezk(’r/—'r]f):|
( 77) \/7275 k k
ek = \[5 Ak,np) + —= A(k,nr), dr = /5 Alk,ny) — —= A'(k,n5)

2 v 2k

2

V2k

% Connection condition at the end of inflation

AV (k)= Ak,ng) , AT (k,ng) = A (k,ny)

v —kny

2eq1/2
- (5) |
N3t 70

Ak, ny) = {Dl Ju(—=kny) + D2 J—u(—knf)}



k
(kg = s |V [ D1 Jovaul—hg) + D Loam (o)
_ 4B [ —Zny
-# () ]
1 1 1
+\/T77f | Di(v - 5) Ju(—kny) _D2(V+§> J_u(—kny)]
% The vacuum of the electromagnetic
Bogoliubov coefficients fields change from the Bunch-Davies
at th heati ¢ vacuum owing to the particle creation
¢ rehcating stage at the reheating stage.
k I(re —1 —
ax(n) = 45 AT (k,n) + \/LQ_]{ AT (k) ax(n) = ¢, e~ HO=n1)
Br(n) = \/g AT (k1) — \/% A" (k) Bi(n) = dy, (1771
—— Solution
1 T e
AT bn) = <= lax(ry) € M0 4 Gu() €O
k/2
= ap(ny) = 73\ vV —kng (D1 o (=kng) + D2 J_,(=kny)]

k)2

2eqq 1/2
-#(3) |
ne? \ 7o

—iy/=kny [ D1 Jorp(=kng) + D2 Jo1_y(—kny)] — \/%W[DI(V %) Ju(=kns) — Da(v + %) Jﬂ/(k"?f)}}

« Br(ng) =

—kny = e N1 | ey Tl = zvr(u+1)(*k")

2k 1 Il _
. k(ﬁ—ﬂf) - (3weff+1) [(IH - CLfo] s n ny _faf a2 H



Spectrum of electric and magnetic fields at the reheating stage

%pl(ni) ) %G_j) )l {Arg[o"f(”f) Br(ng)] —m = <3w::fk+ 1) <a1H N afiff) }2

X (a*H)™ 2

Op(E) 1 (K , »
d1nk F(g Br(np)]” X a

Reheating stage: Electric conductivity IZ> Electric fields induce
o< H magnetic fields.

Spectrum of magnetic fields at the present time

_ | Bre ! 8p(§)
0 Qo Olnk

re

— Bwerr+1
op(B)| 1 k! 2 * 4 k Hy '\ 3@t T3 e
olnk |, =2 (a;‘:e Brlnn)]” | Arglowtng) Bila)] =7 = { 305 aHy ) |\ T, -1
— 3 (1Hwesy)
are 2 a?"e P Nre
Hm:Hf(be) ’ ag ~ °

[> Magnetic fields at the present time

1H3werr

B 22 (aﬁo)zmmn {Arg[amf) Bi(np)] 7~ (3we§ T 1) (afé) Kfff> - 1}}




Present magnetic strength Tre [G eV]
By(Gauss) 8941 hd o Ly

10~'"|-| Magnetic fields with the strength - 1
- consistent with the observations 1

107t can be generated.

10~} % Observation:
10722G < By £10719G

10—17, |
10—19: .
10—21 : .
0.280 0.285 0.290 0.295 0.300
o = 0.02Mpc™" W 0.28 < werr < 0.2965

V. Schwinger backreaction

[Kobayashi and Sloth, Phys. Rev. D 100, 023524 (2019)]

Pp - 1 1 2
P {Arg[ak(nf) Bi(ns)] — (3weff + 1) (aH N CLfo> }
Pg = a (B> , Pp = al(nEk)

{<3%ﬂ+1>< af;gf



a O : Conductivity
GijlajBl = E; + (CLO’ an Z)EZ

€51 - 3-Levi Civita symbol

3 2 .
5 1 |eE| exp [ — Ll ] |0‘| < H | :Condition that
1272 H leE] Schwinger backreaction

B 1208 (o 2 2 g is negligible

2~ &3 <ﬁ> exp {W(127T2 ﬁ;) } Lambert W-function
WeW =

Bl 12 (o B 1 © =7

o~ "3 \H 2@ e WO<z<1)~uz
m? < H*

2Beq |
Br(ns)| = | — kn . g2 1 _ 4Beq
A= [ | L) T G )

B = r2{[68(8 + 1)]" + [ — 24(8 + 1)}]*}

a5 -3 (1—|-weff) N
2 2 €
H :Hf<@) , Hy = Hyexp [ — 7]
1 2B€q %—y a 1—|—3weff COlld.itiOIl that .
1273 | 24(2B _ { (—&ny) P <1 Schwinger backreaction
o (757 1) / is negligible
1 2B 3 ' 1+3werr  The maximum of the
M = ATTE Beq ‘ (—kny)? : (E> left-hand side of the
127 g (W a ) 0y above relation

eq (12 +249/2)\ [ Hy \** 3
— M = ( o )(Mpl) exp{— <§—I/>Nf+(1+3weff)Nre}
—@ — V>Nf + (14 3wet) Nee = —Nf{@ = ,,) + M}

(1 — 3werr)
4(1+3 1 4 1 11 3H2ME)'/4
AL () () (L) ()
(1 - 3weff) 4 = gre 3 43 aoTo Hy




M VS Wes

1072} | Schwinger backreaction l
| | is negligible.

0.280 0.285 0.290 0.295

V. Conclusions

* We have investigated the generation of magnetic fields from
inflation for the case that the electromagnetic fields couple
with the Ricci scalar and the Gauss-Bonnet invariant.

*  We have analyzed the evolution of the quantum fluctuations
of the electromagnetic fields during inflation due to the

breaking of the conformal invariance of the electromagnetic
fields.

e It has been shown that for the case of the reheating phase
with a non-zero e-folding number, the present strength of
magnetic fields can be consistent with the observations.
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based on JHEP10(2021)025
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1/17
Introduction (1)

- Inflation models are the most vigorously studied model of
the early universe.

ex. Starobinsky model, hill-top model, etc...

* A singularity occurs at early stage of inflation due to a
component of Ricci tensor diverges.

—>Does the singularity due to the divergence of a component
of Ricci tensor cause problems?



2/17
Introduction (2)

* From what point of view do you find out "whether the
initial singularity causes problems"?

- Effects of quantum gravity become important on the early
stage of inflation.

- Supposing string theory to investigate the initial
singularity of the inflationary universe.

* The singularity is expected to be resolved by the effects of
guantum gravity if it causes a problem.

3/17
Short summary

* What is a breakdown of theory due to an initial singularity?
- Calculating expectation values of mass of a string
passing through the initial singularity.

- A divergence of expectation values of mass means a
breakdown of theory.

* Our results : Suggesting a method to distinguish inflation
models whether they break down or not due to the initial
singularity.

Starobinsky model X
Cosine type hill-top model JAN
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Contents

1, Introduction v

2, Initial singularity in FLRW space-time

3, String excitation by initial singularity in FLRW
4, String excitation in inflation models

5, Summery

5/17
Initial singularity in FLRW space-time

* Considering flat FLRW space-time in light cone coordinates.
Judrtdz” = —2dudv + a®(u)dv® + a®(u)(v — n(u))>dH?

* Along a null geodesic, a singularity cause at the pastu = 0
by divergence of uu component of Ricci tensor.

Ruu = = 2 A (u) incomplete null geodesic .+
(v = const.)
— = ~
(u) 27 a (u) comoving geodesic \_ .
a (r = const.) ?

past boundary
.‘." (u=0)

- What are expectation values of mass
when strings pass through the singularity?
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Contracting universe

* Constructing a contracting universe using a continuity of

the metric.

* We can compare the mass before the singularity and after
it through Bogoliubov transformation.

“s i+(i =)

completed null geodesic o+
(v = const.) Ry

incomplete null geodesic .+
(v = const.) 4

comoving geodesic
(r = const.)

comoving geodesic
(r = const.) T
" past boundary
(u=0)

=
" pastboundary
(u=0)

. .ﬂ
comoving geodesic
(7 = const.)

1 (t=—o0)

% (t=—o0)

7/17

String theory

- String theory is strong candidate of quantum gravity.

* Thinking of the inflationary universe as a low-energy
effective theory of string theory.

- Excitations of string correspond to expectation values of

mass of particle.
— Calculating effects of the initial singularity to excitation of

string.
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String excitation by singularity (1)

* Considering a quantization of string and EOM in simplified
previous FLRW space-time.

- Afield X (1) determine the motion of strings follow the
following equation.

X

— 3 T V(NX: =E, X", V(1) :=d?p?*Aldpr), E,:=n’
-

* This is Schrodinger-like equation has a potential

determined by A(u = a'pT). y At
X Ryuw = —2A(u

H

pot a(u) “20

A(u) =

9/17
String excitation by singularity (2)

* Considering Bogoliubov transformation from in-state to
out-state.

V(1) o
LN\ \N\N\N\NNNN\
o VAVAVAVAVAVAVAVAVAVA
N\ \N\N\NNNNNNNB
IN Bieinm out
T
(Contracting universe) (Our universe)

A%, BT"l: Bogoliubov coefficients



10/17
String excitation by singularity (3)

* Calculating an expectation value of mass of out-state
looked from in-state by using Bogoliubov coefficients.

(0 \ \o 2 ZC’O 22
— 1n ut in = B 2

* Bogoliubov coefficients B,Q is the following as,

p2oz’2

B! ~
2in

/ dr e~ 27 A(a/pr)e~ %, O : const
—00

so we can calculate the mass when we obtain uu components
of Ricci tensor A(u = a'pr1).

11/17
String excitation by singularity (4)

- In general, A(u) takes the following form in inflation
models. (§ varies from model to model)
K

A(u):—W, k>0:const, 0< (<2

* The expectation value of mass converges for 0 < f < 1 and
divergesfor1 < f < 2.

- { converge 0< B <1,

(M
diverge 1 <8 <2

out

—>We can distinguish models whether break down or not by
reading the value of .
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Inflation model and Initial singularity

* Calculating A(u) and reading £ for inflation models.

Starobinsky model 1<p<2

0<f<lorl<pfp<2

> X

Cosine type hill-top model

* The initial singularity in some inflation models causes the
problem.

13/17
Preparing for the calculation

- A(u) is calculated by potential V(¢).

V() = SMEH? (14 6V (9)
L (o)

a2 dt —  2u?

* EOMs of inflaton ¢ are

A(u) =

. : 1 1.
+3Ho+V'(¢) =0, H?= (‘ Vv )
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Starobinsky model

* The potential of Starobinsky model is
Vi(p) = BM]?ZETQ (1 B ) , 4 : const

* We can calculate A(u) easily as

K

Alu) ~ = u?(log u)?

This correspondsto 1 < f < 2, so the mass diverges.

—>The initial singularity in Starobinsky model should be
removed by effects of quantum gravity.

15/17
Cosine type hill-top model

* The potential of Cosine type hill-top (axion) model is

V(¢): ]; (1+cos?> :Z%]\J;H2 —52—J§;M_2l+...
P

Then, we obtain

A(u) =

6M?2

—K _3 + 9 + f2pl

u2(1=v)’ v 2

- If we ignore the slow-roll condition,

M2y = converge [ < \/éMpl,
)=
. diverge f> \/éMpl
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summery

* The initial singularity causes at early stage of inflation.

— Do inflation models break down due to the singularity as
EFT of string theory?

Starobinsky model X 1<p<2
Cosine type hill-top model JAN 0<p<lorl<sp<?2

* The calculation method can be easily used for other models
as well.

* The strength of the initial singularity is important for
quantum gravity.

17/17
Outlook

* Calculating the time-dependence of excitation without the
contracting universe.

- Taking into account a back reaction of the excitation.
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e Decenton- 2027 @ 7250
PDFs of coarse-grained &6
in stochastic inflation

Yuichiro TADA  Nagoya U.
w/ V. Vennin (APC) 211115280

Stochastic Infl.

Starobinsky ‘86

& Standard QFT

VA

=/4 o "

PDFs of coarse-grained £ & & in stoc. inflation stochastic form. of inflation Yuichiro TADA



Stochastic Infl.

Starobinsky ‘86

& Stochastic approach: H-EF T

PDFs of coarse-grained ¢ & & in stoc. inflation

Stochastic Infl.

Starobinsky ‘86

& Stochastic approach: H-EF T

PDFs of coarse-grained £ & & in stoc. inflation

1%
e
K ] V()
’ </);(t)

stochastic form. of inflation

Yuichiro TADA

%
=
\ /4 V(¢)
. ¢;o

stochastic form. of inflation

Yuichiro TADA




Stochastic Infl.

Starobinsky ‘86

Stochastic-ON formalism

@ StOChaStiC approaCh . H_ EFT Fujita, Kawasaki, YT, Takesako 13, '14

Vennin & Starobinsky 15
Ando & Vennin ‘21

\ .
cf. 8N formalism Starobinsky ‘85 N, _
Cpr = N (X) —(N) ' ;
¢ P10 Y Vig):
. » V ¢

obs. U. J PR

PDFs of coarse-grained £ & 6 in stoc. inflation stochastic form. of inflation Yuichiro TADA

Exp-talil

Pattison+ 17,21, Ezquiaga+ 20, Figueroa+ 20

14
(?) extremely large A/ Py 10}
' 0.100}
v, [ )
< 0.001
S
& 107
1077
e
10~° é
¢ 4 5 6 7 8

PDFs of coarse-grained £ & & in stoc. inflation stochastic form. of inflation Yuichiro TADA



Coarse-graining N

YT & Vennin 21

PDFs of coarse-grained £ & 6 in stoc. inflation graining Yuichiro TADA

Coarse-graining N

YT & Vennin 21

N, (R) = In(RH;) e-folds before

PDFs of coarse-grained £ & 6 in stoc. inflation graining Yuichiro TADA



Coarse-graining

YT & Vennin 21

wa(zé') = In(RH,) e-

PDFs of coarse-grained ¢ & & in stoc. inflation

0 as coarse-shelled £

& (linear) density contrast

~

\

same dyn. until ¢

CrR(X) = N (P = ¢«(X, R))
+(N(P«(X, R))) — (N ()

independent after ¢.

Py = qub* B (W= () — () + )
XP (¢ = @ — N (R))

Yuichiro TADA

& (nonlinear) compaction func.

20 =% [1 —(1+ r(:’(r))z]

(= V23R(k) = k2W<

k7R> k) =y <CR2 - CR1> =1 Al

w/ appropriate R, R,, y

1r

PDFs of coarse-grained £ & & in stoc. inflation

0 as coarse-shelled Yuichiro TADA



Quantum Well

Pattison+17 ...

V()

Nno noise

classical slope

only noise

VO ___________ 7 quantum well " reflective B.
0

o Y

PDFs of coarse-grained £ & & in stoc. inflation J as coarse-shelled Yuichiro TADA 10 /15

Quantum Well

YT & Vennin ‘21 V(g)

1
M: —
6 Vo

~~ 10_10 [

P(AL

10—20 L

PDFs of coarse-grained ¢ & & in stoc. inflation § as coarse-shelled Yuichiro TADA 11 /15



Quantum Well

YT & Vennin 21 V()

_ 1
SN

Vo

—~ 10_10 r ] 0 P

P(AL

10—20 L

10—30 L

PDFs of coarse-grained ¢ & & in stoc. inflation 6 as coarse-shelled Yuichiro TADA 12 /15

Quantum Well

YT & Vennin ‘21 Vig)

_ 1
ST

Vo

— 10_10 I ] 0 Pw

P(AL

10—20 L

10—30 L

PDFs of coarse-grained ¢ & & in stoc. inflation § as coarse-shelled Yuichiro TADA 13 /15



Quantum Well

YT & Vennin 21 =

Sl

1
ﬂ =
V 6 o -10—10

1 S
. . 107
critical behavior “0-contami”
Mppy (€ =€) 10-%
—~ 0.01¢ 1 00 05 10 15 20 25
s
/m
1074
10—6 L
0.01 0.10 1 10 100
u=42 P

M /10%° g F(Ny, = 0) = 6.41 x 10~ Mpc

PDFs of coarse-grained ¢ & & in stoc. inflation 6 as coarse-shelled Yuichiro TADA 14 /15

Summary

& Coarse-graining in stochastic infl. as partial average
& 5 (or €) as a coarse-shelled ¢

& High-mass tail in fpgy due to “Q-contami”

PDFs of coarse-grained £ & & in stoc. inflation Yuichiro TADA 15 /15



Appendices

® P(¢p | N, @, :inflatonis ¢ @ the time N e-folds after ¢,
Fokker—Planck eq.: dyP = 0, —=P ) + a2 [ (2 2P
OKKer—rlanck eq.: Oy~ = P 3H2 > ) o

® Ppp(N | p — ) 1st passage time is A from ¢ to p-

- / 1 (H\
adjoint FPeq.: dyPrpr = — ——0,Pppr + \7 a(/;PFPT
® P, (P | N, :inflatonis ¢ @ the time N,,, e-folds before the end of infl.
Pepr(Now | #) [, AN P($ | N)

Ando—Vennineq.: Py, (¢ | Ny,) =
: " | n, 9 toPrpr( Vo | 49)

PDFs of coarse-grained ¢ & & in stoc. inflation Yuichiro TADA

Appendices

® P(¢p | N, @, :inflatonis ¢ @ the time N e-folds after ¢,
® Pop(N | P — )1t passage time is A from ¢ to ¢p.

® P, (P | N, :inflatonis ¢ @ the time N, ,, e-folds before the end of infl.

P(Cy) = Jdcb* Pepy () = (W) + Co | & — )
X Pyy(s | Noo(R)

PDFs of coarse-grained £ & 6 in stoc. inflation Yuichiro TADA



Appendices

1 T INTY) 1 T — 2N/
V(9) P(x|N) = 3,92 [—E(x —1),e7™ N ] — 582 [—E(x +1),e7 "Nk ]
T T 2 2
Popo( N | x) = = —9, [ =x, e
epr(/ | X) 2 <2 )
classical slope
X b/s
wa(_x | wa) = — —19é <_x, e—ﬂ;szw/ﬂ2>
v | absorbing B, 2 2
0 /' quantum well é reflective B.
R) X ———e *
vzt oyt te>1 (Cplu?)3
' H2rx

PDFs of coarse-grained ¢ & & in stoc. inflation

Yuichiro TADA

Appendices

V(g)
100.000¢ 2
. Ny /u® = 1/4 2 4
— 0.001} — Exact ---- Approx.
-8
classical slope :\j} 107°¢
&, 10719
absorbing B.
Vob------------ 4 .
0 / quantum we" g reflective B. 10—18 _
0 bw ¢ 5 5 : - ; =)
=L =i i 12
w H/27z'

PDFs of coarse-grained £ & & in stoc. inflation

Yuichiro TADA



Appendices

R
Al =1n <R—1> + (N (P(Ry)) — (N ($<(R))))

2
P(AS) = [daﬁi“dcbiz) Py, (aﬁ;l), P2 | Ngig(Rl),Ngfg(Rz>)

) <AC +In <%> + (N (PP)) — (W (¢£“)>>

2

PDFs of coarse-grained ¢ & & in stoc. inflation Yuichiro TADA
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Theoretical bound of primordial
non-Gaussianity in single field
inflation

Jason Kristiano (RESCEU, The University of Tokyo)
Based on arXiv:2104.01953 with Jun'ichi Yokoyama

JGRG 2021

Introduction

Signature of inflation: small quantum fluctuations as the origin of CMB
anisotropy and large-scale structures.

Observed by Planck 2018:
Almost Gaussian.

> Almost scale-invariant.

oo [T D 0 /<

Planck 2018



Introduction

An inflation model predicts:
© Deviation from scale-invariant (spectral tilt).
o Deviation from Gaussian distribution (non-Gaussianity).
Observation (Planck 2018) still allows quite large (equilateral) non-Gaussianity.

How large non-Gaussianity that still can be explained by cosmological
perturbation theory?

k-inflation

Consider k-inflation, the simplest model which can generate large spectrum of
non-Gaussianity, with action

1
s=2 Jd4x\/—_g [MglR +2P(X, ¢)] ,
where g = det g,,, g, is spacetime metric, R is Ricci scalar, ¢ is inflaton, and

1
X - - Eaﬂgb@ﬂqb



Cosmological perturbations

Small perturbations:

P(x, 1) = p(t) + 6p(X, 1), o
ds® = g, dxtdx” = — N?ds* + y;(dx’ + N'dr)(dx’ + N/do).

Gauge fixing condition (comoving gauge):

8¢ = 0andy; = a*(1 + 20)5;;

Some parameters (€,7, s <K 1):
H é é. Py

e=——,1=—,5=——,and ¢’ =

H? eH c,H Py +2XPxx

Feynman-Witten diagram

observed two-point one-loop correction to
functions three-point functions two-point functions
A A A

ity CMB

I Friedmann universe

| bigbang
7] end of inflation

- inflation

scalar fluctuation

.......... propagation to CMB
birth of universe



Cosmological correlators

Two-point functions

Second-order action of {: <, ....... ,
SO = Mgler d3xc%a3 [452 - Z—i(a,.g)zl L
Inflationary power spectrum:
N = 2"—; (0 = <SEZZ;CS€> - Af(k@(ki*)nﬂ,
H
where subscript H denotes horizon crossing ck =aH andn,— 1 = —2e — 5 — 5.

Cosmological correlators

Three-point functions

Cubic-order action of ¢ (for ¢, < 1 or 1 — ¢2 =~ 1):
24 4. € . :
St = [dt d’x [—ﬁcﬁ? *he ag(a,{)zl
where 4 = X2P yy + (2/3)X°P yyx. <+
Primordial non-Gaussianity: space .
1 time
o = (¢80 o — ‘

@y? o



Cosmological correlators

One-loop correction
One-loop correction generated by cubic-order action is computed using in-in
perturbation theory:

1 © &
(C(p)g(_p)>(1) = _4 <C(p)C(_p)>(0)J <§(k)C( k)>(0)

: (2m)?
L dk k™!
....... . s(l)(p) ;(0)(p)I ;(())(k*) k*
P

Q‘ & o

. * 5(0)(17)
space 9(1)(17) | V(O)( ) -1
‘ time v

converge for n, — 1 < 0, based on observation n, = 0.97

Renormalization?

Previous research did not consider spectral tilt to calculate the loop correction,
so they found
J‘OO d3k JOO d3+5k

e
p P

and introducing dimensional regularization to make the integral converge.
As a consequence, pole 1/6 appears and it must be renormalized.

Our study shows that considering spectral tilt n, — 1 naturally makes the
integral converge and we do not need renormalization.



Conclusion

» Requiring perturbativity of one-loop correction compared to the tree-level
power spectrum yields

2
As(O)

— 1.
C?(l - ns)

« Substituting observation results Af(o) =2.1%x10"%and 1 — n, = 0.03,
theoretical bound of sound speed is ¢, > 0.02.

« Such bound overlaps with observational constraint ¢, > 0.021.

» Future observation will reveal the validity of cosmological perturbation theory.
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Eisenhart-Duval lift for
minisuperspace quantum cosmology

Phys. Rev. D104 (2021) 086001

Taiga Hasegawa

(Yamaguchi University)

Collaborators:

Nahomi Kan (National Institute of Technology, Gifu College)

Takuma Aoyama, Kiyoshi Shiraishi  (Yamaguchi University)

1. Introduction

Wheeler-DeWitt (WDW) equation

1 90,0 1 O?
et 0a" Oa  ad 02

+2U(a,¢)| ¥(a,d) =0

= There is a problem of factor ordering.

= [t is difficult to define a positive—definite
probability density.

mmm) Dirac-square-root formulation P.D. D’Eath, S. W. Hawking
and O. Obregon (1993)

= probability density | |‘I’ | |2

Arbitrariness arises due to the presence of U(a, ¢)

in addition to S when replacing it with the Dirac equation.



Our purpose

= We apply the method in Eisenhart-Duval lift to the simple models
and extend the minisuperspace.

» It is possible to describe a system by|geometric treatment]
even in the presence of the potential term.

» There is no arbitrariness comes from S .

*We introduce Dirac type WDW equation in term of the
 covariance|of the extended minisuperspace.

» There is no arbitrariness comes from Ul(a, ¢) .

-We derive a positive-definite probability density.

We obtain the fundamental solution to the Dirac type WDW
equation in the extended minisuperspace of specific models.

2. WDW equation

Einstein-Hilbert action + scalar field action
5= [ a5 |5k 507 - V()

FLRW metric

dr?

2 . 2 3.2 2
dS ——th —I—a [m

+ r%(df* + sin* Qdcpz)]

A scalar field depend only time : ¢ = ¢(t)

v

1 L s
L= ——aa +ﬁa3¢2—NU(a, $) | (k*=6)

Ula,d) = a®V (¢) — %Ka,



2. WDW equation

Quantize @ and gb using the canonical quantization.

Lagrangian
L= —Ladz + La?’@2 — NU(a, ¢)
2N 2N ’

Canonical conjugate momenta

L  aa H_@L_a,g(j)

==~ Mg~ w
Hamiltonian
1112 1115
H=—--294_-"% L {(a,q
2 a T 2 a3 + T au)

2. WDW equation

Replace the momenta with differential operators

.0 o,
Ig— — i IIy— — za—cb
Hamiltonian constraint condition: HJ = ()
/WDW equation )
1 0 .0 1 02
3 — —— 42U v =
S astl Gaa da a3 0¢? +2U(a,¢)| ¥(a, ¢) )

2
S indicates the arbitrariness in factor ordering of ?a :

Arbitrariness arises due to the presence of U(a, ¢)

in addition to S when replacing it with the Dirac equation.



3. Eisenhart-Duval lift for minisuperspace L. P. Eisenhart (1928)
C. Duval et al. (1985)
Extension with a new degree of freedom X .

_ 1 2 1 3.2
L= v 40 —I—2Na,gb NU/(a, ¢)
. 1., 1 ¥
Y J—— . 2 =3 2 = _
2 S ey (N =1
1 \

— _é]\/INXMXAf .—— Theintroduction of x allows
2 us to treat it as a free system

. 11 ”
in @ curved space .

XM = (a, O, X) : The component of the extended minisuperspace

- The metric of the
Y 3 A1—1
Gun = diag.(—a,a”, 2U(a, )] ") extended minisuperspace

3. Eisenhart-Duval lift for minisuperspace

Hamiltonian in the extended minisuperspace

1 = -1 - L
§GMNPMPN =0 -— ] = §GMNXMXN

This Hamiltonian has conformal covariance.

Gun =2U(a,9)GunN e CoOnformal
transformation

= diag.(—2U(a, ¢)a, 2U (a, ¢)a’,1)

Replace the Hamiltonian with differential operators in term of
covariance

1
GMNP]\,{PN —

=G

8}1{\/ —GGMNGN o fR



3. Eisenhart-Duval lift for minisuperspace

WDW equation in the extended minisuperspace

1 / MN _ Arbitrariness S does
{ﬁaM —fnls 8N B 672’] =0 [not exit. }

‘ 2
e — e — (D W — Kar,)aa—x2 + 2_5_7&] U(a,¢,x) =0

~ 2a3[(V')2 = V"V] + Ka[V" —4v] :thescalar curvature of the

K 243V — Ka)? extended minisuperspace

mmm) \We consider two models with R = 0
Model1: V(¢) =0  C Kiefer(1988)

Model 2: K = 0 V(cb) = Vgexp )\gb A. A. Andrianov et al.(2018)

3. Eisenhart-Duval lift for minisuperspace
Model 1 : V(gb) — () C.Kiefer (1988)

o 0 o2 0
L i— — — 4+ Ka*— | =0
“9a"da a2 C a;&] il
2
Constraint condition : ———¥ = p?U
dx?

General solution : y = /dl/A(y)wypeipx

The fundamental solution :

wl/p = K,,;U/Q(\/Elp|32/2)eiy(¢“¢o) (K = 0)

VYup = Jiiv/2(V K ||p|a?/2)e (=) (K <0)



3. Eisenhart-Duval lift for minisuperspace

Model2: K =0, V((b) = Vo exp AQ . a. Andrianov et al.(2018)

o o 02 ) 0?
GJ%GJ% — a—ch — 2a ‘/b exp A¢8—X2] \Il(a,, (b,X) =0
2
Constraint condition : ——— U = p?¥
Ox?

General solution: ¢ = /dyA(u)mpreipx

A2\ 71
c_zw)(l—%)

The fundamental solution :
wyp _ Jiw/g(i\/a|p|63:1:/3)63'1/(3;—90)

Yup = Kiyj3(i/IClIple’® /3)ev—v0) (€ < 0)

(C > 0)

4. Dirac type WDW equation

Dirac type equation in the extended minisuperspace

v Dy =0

Since this equation is defined in term of covariance in extended

minisuperspace, there is no arbitrariness comes from U (a, ¢)

dreibein el = diag.((2U) /2012, (2U)71/247%/2 1)

gamma matrices {44 4P} = —2p4B

1

. . _ AB
covariant derivative Dy = 0y + ZWMABE nAab — —%[7‘4,73]

, : 1
spin connection w45 = 56%(8]\/[6]\[3 — Tt vers) — (Ao B)



4. Dirac type WDW equation Model1: V' (¢) =0

AM Dyl =0

%, %,
1 v o 3 o B
|iO' (aaa—l—l)—l—w a(b—l—m z/ — Ka? X] =0

, G .
By setting the wave functionto ¥ = ( le* ) e"PX

the equation is in matrix form:

4. Dirac type WDW equation Model1: V(¢) =0

K >0
\II:I:,VP — %6:': 1K gy %(\/_|p|a2/2) “’(45 ®0)
K <0
1 ’l,l/
\Ij:l:,z/p — _QJ%:F% \/ ‘K |p|a2/2 (p—0)
1 ?,I/
Vivp ziﬁ iy 1 (V/IK||pla?/2)e(¢=%0)



4. Dirac type WDW equation Model2: K = (),

V(¢g) = Voexp A
’)/ €A D]\/[\If = f)

1 0 3 o 0
|VU (aa—a—l— )+20 (8_gb+ )—I—w V 2Vper? }
L)

E‘E‘

By setting the wave functionto ¥ = (

the equation is in matrix form.

4. Dirac type WDW equation Model2: K =0,

) 2y ! V(¢) = Voexp Ao
C > CZQVO(l——)

36
1 )\
Uiy = 75\ 125 Ty (VCIple™/3)e07)

\pi,,p—i_ 12Ty (VOple®® /3)e0w0)

C <0

1 = /. A
m:l:,l/p — E ‘q 1:|:6 ?r/

(VICTlple? /3)e v

[\.‘.'|>—L



4. Dirac type WDW equation

* the conservation law

O (V—GUAM ) = 0

the probability density
X /12U0]a®2(|¥|? = \/1201a® (|01 > + [ _|?)

mmm) positive-definite

4. Dirac type WDW equation

Comparing asymptotic behaviors of scale factor Yy — OC

The modified Bessel function of second kind in the Klein-Gordon type

[ i 1
Kz (%) ~ Vime T (V? — yz)—i sin (% — 5\/1/2 —y? 4+ gcosh_1 E)
Y

The modified Bessel of second kind in the function in the Dirac type

LT = 5 1
Kigag (%)N dre  FHI (L2 — )1 [ Vz—;y sin (% — 5\/112 —y2 + gcosh—1 g)

— 1
FiJ—Zeos = — = ijz—yz—i—zcosh_lz
4 2 Y

mm=) These wave functions have a common wave packet solution.



5. Summary and Prospects

O Summary

= We have applied the method in Eisenhart-Duval lift to a simple
models and extend the minisuperspace.

We have formulated Dirac type WDW equation in
an extended minisuperspace.

mss) There is no arbitrariness comes from S and U (a, ¢) .

=== The probability density is positive definite.

" For the case of simple models, Dirac type WDW equation can be
solved exactly.

O Prospects
* Applying the technique to the general cosmological models.

*Third quantization and global property of extended
minisuperspace.
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Superradiant instability of
* Myers-Perry black strings

Nihon University

Keiju Murata
with O.].C.Dias, T.Ishii, J.E.Santos, B.Way

What Is superradiant
q instability?




i Superradiance

Wave amplification by the rotating black hole.
C NN\
W W

“Wave version of the Penrose process”

Black hole bomb

Press Teukolsky 72, Cardoso, Dias, Lemos, Yoshida 04

If you put a rotating black hole into a box

Box
(o
- -
/

W
Instability caused by the repetition of superradiance

= Black hole bomb or Superradiant instability




i Massive field in Kerr spacetime

(I) _ /LQCI) The mass gives

an effective potential barrier at infinity.

mm) Superradiant instability petweiker, 80

Im(w / 1)

| Im(w/p) = 107 Te MSME /(M p),

1e110 0‘.2 [ 0{6 A 1I2 DSIan{’E 07148 M: Mass Of Kerr

‘I\/Ip

growth rate

Perturbation of the rotating
W black string




i Rotating black string
R,, =0

2 2 2
ds® = dSMyers—Perry T dz

S

Superradiant instability of
rotating black string

ds® = dsi/[yers_ + dz?

Perry
Perturbation in this geometry

mm) Massive field in d812\/lyers—Perry from KK-mode.

mm) Superradinat instability?

For the scalar field perturbation, D¢ = ()

4d Kerr + 1d: Unstable
Myers-Perry + 1d: Stable

Cardoso, Lemos 05, Cardoso, Yoshida 05

See also Marolf Palmer 04.




Gravitational perturbation of
* Myers-Perry black string

Myers-Perry-string with equal
angular momenta

2 2 2
ds” = dSMyers-Perry + dz

d 2 2
0 1yers porey = — f(r)d T2 + m + L {o? + 03 + B(r)(os +20(r)dr)*)

Invariant 1-forms of SU(2)
01 = —sin xdf + cos y sin 0d¢ % 2a%u 2%y
r)=1—-—=+—, T ,
09 = cos xdf + sin y sin d¢ | e "

r Q 4 aQ ’
o3 = dyx + cos0d¢ . 20t

Symmetry of this spacetime:
SU(2) x U(1) x R, x Ry

x-translation  z-translation



01 = —sin xdf + cos x sin 0d¢ ,

Decoupled

o3 =dx + cosfde .

i gravitational perturbation

hdztdz” = e r25a(r)o? .

1 .
where 0L = 5(01 + 20'2)
Under x-translation,

A\
X — X+ A oL — et oL
O+ has U(1)-charge m==*1.
Above is unique perturbation
which is SU(2)-symmetric and has U(1)-charge m=+2.

Decouple KM&J.Soda 07

i Master equation

hwdatdz” = e r25a(r)o? .

Single ODE

5a,,+{(fgﬁ)’ 3

2fgﬁJr
i B4 (w—4Q)2—fk2}5 B
+{ng6+7“2(1+9 gﬁ)+ fg a=0.

/




i Gregory-Laflamme instability

This spacetime also exhibits
Gregory-Laflamme instability.

SU(2) x U(1)-sym
GL instability

= Instability of the mode with
(< ehz SU(2) x U(1) x

Dias et al 10

We will show the results
for both of GL and superradiant instabilities.

i Unstable region

3.5¢

Superradiant
instability

=
C

L

Wave number k
w
o

2.5¢

|~ Gregory-Laflamme
instability

cHT+
Horizon angular velocity Q



i Results of higher modes

— U(1)-charge m=+4

_—— U(1)-charge m=+3

| U(1)-charge m=+2

1.20 1.25 130 135 140

i Summary

Superradiant instability of Myers-Perry black string was studied.

3.5+
In a wider region in the
parameter space,
3.0t .
bor = | R the black string becomes
1.36 1.37 1.38 1.39 1.40 1.41 _~
Qur, unstable.
C’ ;cfg‘fﬁw\i -
ol
B<>
1.20 1.25 1.30 135 1.40



i Possible end point?

Helical black string? :’
(Both of U(1) and R_z broken.) i/
w==) Ishii's Talk : d

“Helical”’ localized BH?
(Localized BH with broken U(1).)‘

5 30 135
ONs
RM
Lbowa
T T

.é

8 Lehner & Pretorius
PRL 105, 101102 (2010)

N LL. Y,

"Localized” BH? <> aken from
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Helical black strings from
superradiant instability

TakaakiXkhii[R kkyo U[]

To appear

w /O scarJ[|C[]D &s[[Keiln M urata[|Jorge E[[Santos[[Benson W ay

9 Dec 2021[JJGRG 30 [¢nIne[]

Motivation

W e have been nterested i [§raviatbnalsuperradiant
instability and black resonators n asym p AdS space][]

Are there any exam pks i non-AdS space [{& w ithout
cosm obgiralconstant]]]

YES: w e consierthe 6D equally spinning M yers[Peny
blck string [M PBS[]]



Setup

6D pur Ensten graviy

1
S=— [ d%R
167TG6/ o

Murata's talk

The 6D M PBS & supernadant[ds wellas GL[Junstabk to
a decoup kd gmaviatonalperturbation]]

3.5¢

3.0r

ko
2.5

2.
B,

1.20 1.25 1.30 135 1.40

QHrO—

2.0p

Unstabk ©rQu Nextene = 0[B5




6D equally spinning MPBS

Forequalmtatbns[|the M PBS can be gien by a
cohomogeneity-1 metric.

2 2 dr? r’ 2 2 2 2
ds = —f(r)dr® + -5+ [al + 02+ B(r) (03 + 2h(r)dr) } +dz

Bom etres[JRtxRzxSU(2)xU(1)y

SU[2[Jnvarant1[fom s[] o1 = sin xydf + cos y sin fd¢
09 = — cos xdf + sin x sin d¢
03 = dx + cos 0d¢

U[1[} sym m etxy]] a% + Jg B hvarantunder X — X + const.

Coh-1 helical black string

W e ntrtoduce a cohomogeneity-1 metric ansatz that
ralzed a boken U[][] som ety ]

dr? 72
ds®> = —f(r)dr®> + — + —
) glr) 4

+7(r) (dz + q(r)dr)*

= ODEs for8 varabls[[f§[hk&[d[BY

Deformation

A[#fF1[[M PBS w ih RtxRxSU[2[kU[1[{
a(r)#1: helical R(xRzxSU(2)




Helical spacetime

The genemtorofthe horizon s m ade notonky ofdcbut
alko ofdyand 9, Jhelical Killing vector

Ouransatz 5 a wtatihg fram e at [ niy [Foo[ |J1n genemr]]

2

1 2
ds? = —dr? +dr? + TZ o? + 03+ (03 + 2hoodT + §k‘ood2) + d2?

Non-rotating frame at infinity: (¢,y,\) = (7,2, X + 2hoot + 2koo2)
2
ds® = —dt* + dr* + TZ (67 + 75 +03) +dy?

The genemtorofthe horizon [ya=0 forM PBS[][]

K = (9T —|—’UHaz = (9t +vH8y +QH(9>2/2

Thermodynamics

W e w illevaliate them odynam i quantites| w hicth satisfy
the 1staw ofblkhck hok m echants|]

E[lenemy vu[ Jhorzon vebciy abng the string
T [tem perature P[Jpressure abng the string
S[lentopy T tensn
Qu[Jangukrvebciy L[kngth scak L = 27/ks
J[Jangulrm om entum

vg P

dE =TdS + QydJ +vgdP + TegdL Teg =T +

L

W e setP=0 by Lorentz boost forcom paring solitbns|]

W e use L to nom alize din ensionfiilquantites|]




Results 1

0.01 ‘ 1 . 32 07
Onset of instability 3 -
=) 0 2 . 28 ’
i 26 05
—~
2 001 -
% 0.01 24\ S o0s
€3 22 —
| -002 | 2 G L%os3
K 18 0.2
~ 003 | 16 2
0.1 f z
1.4 3 \&L—_/f/'
-0.04 1.2 o4 —
0 005 01 015 02 025 03 0 005 01 015 02 025 03
4
J/L* J/L

Solitbns existeven i the rrgbn ofsupefextrzem e M PBS[]
There seem s to be an S—0 Iin if]

The m axin alQy appears to be Qy =1 as S— 0[]

Results 2

1 1 1
0.9 0.9
0.8 0.8 B 0.8
07 0.7
0.6 0.6 . 06 g
05 VH gy 05 —
0.4 0.4 : 0.4 L
0.3 0.3
02 0.2 . 0.2
0.1 0.1

A | L L I L 0 0 I I I I L L 0

0 005 0.1 0.154 02 025 03 14 16 1.8 2 22 24 26 28 3 32
J/L QuL

vhz0 even for P=0 and reaches the speed of Iight[¥u=1[]as S— 0[]
S—0 wih wvw—1 5 nota rrqulhrgeon||lkel a shgubrpp[v ave[]

Tensbn pereneryy seem s 1 appmwach [Jl as va — 1[]



This is a stationary spacetime

W e can [Ind an asymptotically timeline Killing vector|]
w hirh m eans thatthe spacetin e i stationary(]

Asym p tin elke K ilthg vectorf] ( = koo 0; — 4hoo 0,
¢ — — (k% —16h%) (r — 00)

M eanw hik[ |by Lorentz boost w e couHd ntmduce a
statbnary "tin e" thatthe buk m etric does notdepend on[]

kooT + 4hooz . kooz + 4hooT
= z =

VEZ — 16hZ VK2 — 1602

Butthe Lorentz boostbrings P0.

)

Summary

W e constmucted cohomogeneity-1 helical black strings
branchig off fiom the onsetofa gravitational
superradiant instability of 6D equal-spinning MPBS[]

The helralstrngs are statbnary w ih RixRzxSU(2)
Bsom etrieg[JU[1[)] ofthe M PBS & bmwken by the hstabilitf |

The horzonkss Iin £S—0 appears to be accom paned
by vi—1, and it & notlkek a rrqulhrgeon]
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Adiabatic evolution of the strongly
self-interacting axion cloud

Hidetoshi Omiya (Kyoto U)
Work in progress with
Takuya Takahashi, Takahiro Tanaka

2021/12/9@JGRG

Introduction

- Axion are attracting many interests!

- Solve strong CP problem
- Dark Matter candidates
- Appears in low energy effective theory of string theory

- Can be observed by cosmological/astrophysical
phenomena

Signature of the axion

This Talk!!

GW from
Axion cloud
around Kerr BH

Step in Matter
Power Spectrum

~ 10—20 ~ 10—10

Axion Mass(eV)

~ 10—33 ~ 10—28

(Arvanitaki et. al., 2010)



Axion cloud

Observable Signal

- GW from the cloud
. . . Highly spinning BH is
Energy and angular not allowed

momentum extraction Bounded by
gravitational potential

/M =0.99,uM=0.42,l=m=1
1.0f .

— —i(wt—mep)
¢ =R, (1S, (O)e P+c.c. ol
. . _06f
W =wpr+Ilw 7= a)l‘1 ~ Imin(M = M) :;-% 04l
2 02
w; >0, wp ~ > w;, wp —my <0 Y —
| | Y \
Instability Superradiance condition i 0 0 200

ry/M

Self-interaction

1 L P
— | 74 2 212 o P
S = [d X\/—8& —5(%4)) —uF; 1 —écos I

2
After cloud grows enough, self-interaction works ~—ulp? ——L—op* +
(Arvanitaki et. al.,2010) 2 4!F§
1. Energy dissipation to infinity by exciting 7. P loud 5173
unbounded mode
2. Bosenova, attractive force collapse the Doiond 2 Dunbound
cloud and burst of gravitational wave
3. Energy dissipation to BH by mode Petoua
coupling (Baryakhtar et. al. 2020)
¢SR] ¢SR2
*We neglect third effectin 3. R .

this talk for simplicity . @
¢n0n—S,




Evolution of self-interacting cloud

Bosenova

| & | Collapse of cloud

with burst of GW
Initial condition

of numerical

simulation
(Yoshino&Kodama, 2015)

Break down of
perturbation

Start with
quantum
fluctuation

Accerelation by

self-interaction =P Time

Growth by SR (Omiya et. al. 2020)

. Perturbation theory breaks down when growth is still slow.
. Long time numerical simulation is difficult(wg > w))

Non-Perturbative analysis of cloud

(Work in Progress)

. Because of adiabatic growth (wg > @), locally (At < o;!),

cloud can be approximated to be stationary

Main Idea
Construct the one parameter family of stationary configuration

{9(Ap} 4, Py varying amplitude A, and join them by energy conservation.

(]’)(A2) 4 Time

Stationary /IA

configuration _
: Time scale for growth
gives good

A )
approximation \IMA of amplitude

dE(A))ddo _ . E(Ap):Energy of ¢(Ay)
ddy at = fetldo)

Impose
F, (Ay:Total Energy flux



Ansatz of configuration

P(Ay) = (R 1(r; Ap)Y1(0) + R3,(r; Ap)Y31(0) + Rs(r; A Ys,(0)) e (@0~

+ (R33(r; Ag)Y33(0) + Rs3(r; Ag)Ys3(0) ) e =)
+Rs5(r; Ag)Ys5(0)e ™" @=? + ¢ ¢
- Helical symmetric

. A, is amplitude of R, at infinity

% (Adf:l) . [712(w0(7~2 +Aa'2) — amp)? - #‘2'.‘2 T a2n‘2w8 Rt
2,2 2 9 1—20(1+1)+2n’md] -
+a”(n“wy — p ) ] l
2, 2 9 o, [ (I =1 —nmgp)(l — nmy) z\","_’g“ -
R ( @-@-1) N 2
+(l +2+nmg)(l + 1 +nmg) NJ\5° ~ )
(21 + 3)(20 + 5) e
2 1
- Y, T efinmm,: 7.2 aQIQ LAY — .
+ [ dp [ de Yium @) o062 + 022V (8) =0
For strina axion
Py ~10° o 3M=09.uM=0.42
1500~
Q\
g
(o8 ) 1
E Has maximum only for ]
= 1000- ._
LL? ¢* potential.
e 500 Corresponds to _lp L _
- presence of neutral ]
L L¢2_L¢4+L¢6
H ! !
I perturbation. 27 Ml
I — 1-cos
O_I I I I | I I I | I I I | I I I | I | I ¢| | ]

0o 2 4 6 8 10 12



Total energy flux
/M =099,uM=0.42

0.000 S /
| S—
i Energy dissipation to infinity
balance superradiance

~0.005-

~0.010-— 3¢’ 3¢"

Fiot/(F o/ Myp)?

~0.015 —1=cosp

Time evolution of amplitude

V(¢) = p? (1 — cos ¢)
a/M = 0.99,M=0.42

Non-—perturbative
e Linear




Field configuration at saturation

a/M = 0.99,uM=0.42

1.0 - — Nonlinear
; Linear
0.8 Nonlinear configuration
[ is very different from
E 0‘6; the linear onel
) i
~ 0.4:
0.2 /
o.oj\\\//
—-IIOOI o '—ISOI - 0 - 5|0 - 'l(I)O
r./M
Energy(uM = 0.29)
uM=0.29 V(@) =u"(1-cosg)
3400
: —
~  3300:- I
’:Q i Has local maximum even .
2 3200+ if we include higher order -
3 i term -
% 3100 :
~~ L
aa i _
3000 —a=0.99 |
i —a=09 |
2900". A AT

| IO.SI N

Il.OI N

15 20 25 3.0



Energy(uM = 0.15)

_ uM=0.15 _
14000" :
S 13000- o
goq Non-relativistic self-
< 12000 mteractlng.cloud
1, (small uM) is unstable!
=~ |
11000 — =059
—a=0.9
—a=0.7
IOOOO—l...|...|...|...|...|...|..—
00 02 04 06 08 10 1.2
Ao
I i
4 Becomes unstable by
attractive self- uM determines the behavior.
interaction (small uM) Critical should be around
0.3 <uM < 04.
Shape of cloud Quasi-stationary state
changes throughout realized by balance of
the evolution .
) superradiance and
quantum Accerelation by dissipati | v
fluctuation SR self-interaction issipation (large M)

» Time

instability

Future Work
. (Large uM)Dynamical stability of quasi-stationary state ?

. (Small uM)What happens after instability ? Bosenova?

. Effect of multiple mode?
. Implication on observability ?



Back up

Growth rate

a/M = 0.99,,M=0.42

— Non—perturbative

100~

Ao/ Aojw;




Frequency

a/M = 0.99,uM=0.42

0.41'I ' L L
i — 3¢50
0.40- — 39ttt
i — l—cos¢
3,039 ]
Q
a% _
0.38- ]
\ ]
0.37- \

Ao
Angular momentum(uM = 0.15)
- o pM=0.15" -
0.12
50.10
2 0.08
~N ,
0.06¢ —a=0.99
i —a=09 -
0.04- o
00 02 04 06 08 10 12
Ay

Change of BH spin:A(a/Mgy) ~ 0.1
For small BH spin a/Myy(a/Myy, < 0.65 for this case),

saturation of SR condition occurs before the instability



Energy flux@horizon

(M=0.29

0.00007_ "
~0.0005
~0.0010-
~0.0015
~0.0020
~0.0025"
~0.0030-

Fr/(F o/ My)?

5.x1077¢

N 4.x1077

3.x 1077
2.x 1077
1 1.x 1077
O: '
0.0 0.5 1.0 15 20 25 3.0
Wavelength of unbounded axion AO

>>size of cloud
Emission to infinity is surpressed

int/(Faf Mp

1




Result(energy flux@horizon)

0.00000
~0.00002"
—0.00004"
~0.00006"

Fr/(Fof My)?

—~0.00008"

—0.00010-

3. X 10_10:‘

U 2.5%10710:
o :
= 2.x10710
~~ i
1.5 10710;
1. % 10‘102-
5.x 10711

Finf/(Fa

—a=0.9
— a=0.7 _




Field configuration

1M=0.29,a/M=0.9
: |  4,=0.064
0.8 Ap=0.32 7
L A():072 1
0.6 — Ao=16 |
| — Ap=3.6 |
IQ‘E 0.4;
0.2
0.0 —— — —
100 =50 0 50 100
Vs

Result(configuration)

(M=0.15,a/M=0.7
| | — 4,=0.0039 |
0.30: 49=0.024
; 40=0.064
0.25/ — 4,=0.12
0.20¢ — 4y=0.32
— E — 4¢p=0.52
R 0.15:'
0.10:
0.05
0.00-




Toy model

> 1 2 n ,27’!
SNR=F3/dtd3:e (5(1’ §— ") - M( gl + QZ( /) id )
(f): 1 (ye zpt_|_ [y % +zpt)
Potential energy of the configuration
Vv 7‘ + 302 1 UTp
N 8,u02(r + 02) ,u,(rg + 02) r% + o2
2 N* 3N2 +
P\ 80vEm2(r2 + 02)  4480muB02(r2 + o2)?
r—rgp) . :

P = Ape : 402 )/lomo (;Lt)e'HmO"p N = /d3a: |z,a')|2 ~ 2T 27r0(r§ + UQ)A%

Potential

©M=0.42

0.010
0.005¢
0.000
—-0.005¢

uM=0.15
0.010 : ,
0.005¢
Z 0.000
> — N,=200
—-0.005¢ N800
— N,=1000
-0.010¢ — N,=12001
— N,=2000
20 40 60 80 100 120 140

I'p

. Deep potential well is made for large N.
. Local maximum appear for small uM

1 —0.010!
—0.015
~0.020}

— N,=220
— N,=240 |
— N,=300

20

40 50



Equilibrium

pM=0.15 | uM=0.42
150 20r | | |
15}
100
L 10
50t
5_
ot ‘ ‘ ‘ ‘ : ol | | | | ]
0 500 1000 1500 2000 2500 ™ 500 300 200 500
N, N.
. r, at equilibrium
- Moves from left to right
. For small uM, r, jumps at som N
. No jump for large um
uM=0.15 | pM=0.42
3000} | | | | 1 500
2500 T 400/
*2ooof I 00
= 1500} 12
I 200
1000}
500! 100}
oL ‘ ‘ ‘ ‘ ] o ‘ ‘ ‘ ]
0.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Ap Ay

A, =Ay/\/2u

. Converted previous figure to peak amplitude
. Same behavior as our numerical calculation
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Can we detect the
signature of axion clouds

In black hole binaries?

Takuya Takahashi (Kyoto University, D1)

with Hidetoshi Omiya and Takahiro Tanaka
based on arXiv:2112.05774

JGRG30 Dec 9th, 2021

¢ |ntroduction



Axion and Black Hole

axion mass (eV)

Axion-like particle

107 10720 10710
. Ultralight scalar field . S
. QCD axion/ string axion CMB,LSSetc. BH and GW

. Dark matter candidate

BH superradiance

- energy extraction
- gravitationally bound

Axions form a cloud

Observation

D.Baumann et al., 1912.04932

(D Gravitational Wave

modulation of waveform D)
PN parameter, QNM, etc. A he

f/Hz
10° 10* 10% 10% 10' 10° 107110721072 107*107°

@ BH parameter T it i
0.8 ;‘ et ' j‘;.‘ ’i? E :"'

e {48 14

“forbidden region” E"'S 4 fT | ]
in mass and spin S 4 ST g i
distribution of BHs B || A Yy

161y 10 2 M
?0'1 10° 10' 10% 10% 10* 10° 10° 107 10® 10°
BH mass [M ]

R.Brito et al., arXiv:1706.06311



Axion clouds In binary systems

hydrogen atom-like structure

BH mass M
axion mass u

a=Mu

Wnlm = (wR)nlm .3 i(wI)nlm

Axions initially occupy the
fastest growing mode.

Motivation

Orbital frequency Q

tidal interaction

resonant level transition

energy o |n, L, m,)
> AE

level

|n, [ ml>

- To clarify the detectability with GWs.
- To make the constraints from BH

distribution robust.

Our work

We extended the previous works and clarified
the fate of axion clouds in binary systems.

D Higher-multipole moments
2 Backreaction
@ Axion emission

. no self-interaction
. equal mass binaries




e Qur work

(D Higher-multipole moments

tidal potentail

Ly

. rls R
S S R L et

1. 22 |m,|<l,

In the previous works, the leading L. = 2 has been focused.

energy 4 resonance frequency
level —_— AE
—_— QO _
Nt |k=23 Am
ao? 1 1
[,=2 |Am| <, , AE:N?(N%_NE)

large [, =—» small Q

During the binary inspiral,
higher-multipole moments work earlier.



| evel transition

D.Baumann et al., arXiv:1912.04932

- Two level system

Y = c1(t)p1 + ca(t)p2
Linear orbital evolution

Qt) = Qo + ¢
Transition is described by the Hamiltonian,
Jde;

=12

Am

normalized particle number
+808t 7 |
H= a Am

o

T

o
3
—

transition rate

o
@
———

lca(t)?

o
S
—

o
[N}

|ca(+00)|? = 1 — exp(—272)

o
o

1 — leiv)?
lea(t) 12
n ‘

e—2 ez
-20 0

1
20

4‘0
v [Am |yt

@ Backreaction

angular momentum transfer to orbital motion

angular momentum of the cloud
df? d
— ::i: 3R 0— [777,1’61’2 + m2‘62’2]
dt d
radiation reaction backreaction

non-linear model Hamiltonian.

We describe transition including backreaction by

Am ., 3|Am/|? 12
H: ( ) ,t+72 RJQO|C2|

n

.
:FA2m vt — MRJQOV'Q'Q )
case (1) : orbit sinks

case (2) : orbit floats

— transition rate decrease

—— transition rate increase



2@ Backreaction

1. Analytic derivation of the transition rate
in a strongly non-linear regime

2. Backreaction to the hyperfine split thorough
the change in geometry

Axions are transferred to higher levels with small decay rate
gradually, irrespective of direction of orbital motion.

counter—rotating

107
08}
| only quadrupole
06} . .
e @ L ¢ |  oweewees + higher-multirupole
— 04l ) )
[ =+ higher-multiupole
0.2} + backreaction
0_0- L - | L
107 2x107° 3x107° 4x107°

M2

@ Axion emission

unbound states Axions transferred to higher levels
A can be further excited to unbound

mass b states by tidal interaction.

: 1
(ff)t + V4 2) U = VP
2 r

" (x) = / ([41“'6'(1?,ll")lf’;c”'b(.l‘/)

energy level

normalized particle number flux

2
r

(Y0P — YT OY™)

F= /(19.\&119(1,92
i

XX

Im l.m.

2

3 110 r
/(1 €T R],-[ l’,kn‘/;,l,‘m,*Rnoloylomo



@ Axion emission

Comparison with time scale of the evolution
of orbital frequency

counter—rotating

1010_ .
time scale ~
Q :-g 107_ @& 76—6
0P = o, . 65-5
binary — — X
. Y = ] » 54-4
10%} e

000 005 010 015 020 025 0.30
(0%

Normalized particle number flux is sufficiently
large to deplete the cloud.

Summary

high levels emission

energy level



Conclusion and Discussion

- We studied the dynamics of axion clouds
iIn almost equal mass binary systems.

- Axion clouds disappear through the emission,
without being reabsorbed by BHs.

- It may be difficult to detect the modulation
of the gravitational waveform.

- The constraints from BH distribution will
not be altered.
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Divergence equations and
uniqueness of static spacetime
with conformal scalar hair

Takeshi Shinohara
Department of Mathematics, Nagoya University

Ref. Shinohara, Tomikawa, Izumi and Shiromizu
PTEP 202/ (2021) 9, 093E02, Prog Theor Exp Phys (2021)

|. Introduction
Einstein-conformal scalar system
Setup

Systematic derivation of divergence equation

SIS

Summary



| . Introduction

Introduction

Uniqueness theorem for black hole spacetime is one of important consequence in general relativity.

In Israel (1967) and Robinson (1977), divergence equations are used in the proof of uniqueness
of vacuum static black hole solution.

However, the derivation of divergence equation is non-trivial.

Nozawa et al (2018) gave a systematic derivation of divergence equation.

Meanwhile, using divergence equations, Tomikawa et al (2017) discussed the uniqueness of
static black hole spacetime in Einstein-conformal scalar system.

We will apply Nozawa et al’s procedure for the proof of the uniqueness of static spacetime
in Einstein-conformal scalar system.

vacuum static spacetime with

vacuum static . .
conformal scalar hair outside photon

spacetime surface
Uniqueness proof based Israel (1967) .
on divergence equation Robinson (1977) Tomikawa et al (2017)

Systematic derivation Nozawa et al (201 8) Our work




2. Einstein-conformal scalar system

Einstein—-conformal scalar system

- action Szf d4x\/—_g[(—%+1—12¢2>R+%(V¢)2]

1 K o, R = 2‘7 - 1 V)2 1\7\7 )
- field equations ( —gﬁ'b ) w = K3 u® v¢—gguv( ®) —3 o)
|72q,')=0

Einstein equation is singular at ¢ =+ /6/K =:¢,

- Bocharova-Bronnikov-Melnikov-Bekenstein (BBMB) solution

2 -2
g= —<1 —?) dt? + (1 —%) dr? + r2dn?

m : mass
6 m r=m : event horizon
p=1 |-
kr—m r =2m : photon sphere



Uniqueness of static spacetime in Einstein-conformal scalar

[Tomikawa et al, 201 7]

Asymptotically flat, 4-dimension, vacuum static solution with
conformal scalar field is unique outside photon sphere.

key divergence equation in proof:

p k=D ) _ 1 ( 2 kU + p72D? )
EOM  mm)p N@v-Dp2) = “v—1\P TP
non trivial Di((kf + n)ni) = —( Eijkij + p‘lDZp)f

mm) systematic derivation

3. Setup



Static spacetime and field equations

- static metric ds? = —=V2(x*¥)dt? + g;j(x*)dxtdx/

O*\ . o Kro, .
<1 - —) VD2V = E[V (D$)? + 2¢V D'V D; 9]

5
- field equations # 2
S ¢ _ 2 1 1
(1 - ¢—§) (PR =V IDiDV) =k (guicpujcp —29;j(D$)? - §¢Di0j¢>
D;(VvDi¢) =0
t
I ¢p = i_1 6/K
Spio =y D;: covariant derivative
a on t = const.surface

- asymptotic condition at S,

m 1 _ 2m s 1 (1
V:1—?+0<r—2>, gij=\1+—)0;+ 0|z ¢=0{(=

Relation between V and ¢

[Tomikawa, Izumi, Shiromizu, 2017]

Set P=0+@)V, ¢=¢, O<o<1) (P==2/6/kd) pe

(0,0)-component of Einstein equation, O

scalar field equation

m) D[1-¢p'oj=0 mEEp o=1 mEEp o=VI-1

boundary conditions Sp > V= >

(0|s,, =1, (P|s°o =0, ‘I’|5w =1

D2y =0 vi=InV ‘ v is regarded as “radial” coordinate

— .
instein equation  mmmp @2V —1) ®Ry; = DD + (4V + 1)DwDjw — gi;(Dv)?

p=V"1-1



Boundary condition at S,

- curvature invariant -

2 2
1 1+2V 8(1—-V)?
R R¥Y =I<2(1—V)ku—;hu> +(—2(1—V)k+ 5 ) + ( pZ ) (Dp)?

OloV%% \é >

v = const.surface S,

s

<
X

- regularity at S,

‘ boundary condition at §,: Dip . = 0, ki

4. Systematic derivation of divergence equation



Generalization of the divergence equations

find divergence equation of following form :

(pk=2)n' \ 1 IR
e R e AR
D; (kg +mnt) = =(kykY + )¢

D; J* = [terms with a definite sign]
\ a sum of tensors vanish if spacetime is BBMB solution
+[C )2+ )P ++( )7

setJjas ] =fi(v)g1(p)Dip + f,(¥) g2 (p)D;v

: 2 g1 3 , 1
m) DJi=-p3fig||H —<$+;>|Hilzl+pflng‘vH +—2flg@\
1
0 (control sign)

u DDw 4 3V Db 1%4 _]i’ f_zgz' (4V—1)(3V—1)+ 4pV gy
iy = by T Livliv = ma e i
1=V pPEA-V) 20V g1 4pV? gl[ g 8V =TV 42| Sy

St T ar-na-n Ti-v g,

S|+
Lo vav-n | T h

— —pn2H..DnJ = —
H;:= —p*H;Dlv 52 =17 g, T a-nrg,

H;j vanishes if spacetime is BBMB solution

set gi;=—cp~ D | g, =p~°¢ [Nozawa et al, (2018)]

‘ ordinal differential equations for f; (V) and f,(V)

Generalized divergence equation
/ I/’;};’ Lo :<\“

v = const.surface S,

fi= %(zv - DT A=W (@ + b2V - 1)?)

=) 1
fo= Z(ZV —D'A=V)"%[(a+ b)(2cV — 2V + 1) — 8bcV?(1 = V)] a, b:constant

. Cfi 2
‘ D;Jt = 20° [|20%H;;Dikyv — gijjHig|” + (2c — DH;|?]

1 )
If =0, 025 mm) D;J'>00nQ

divergence equations found by Tomikawa et al (2017), 4mp b =0, ¢ =% , a=0, ¢ =§



Uniqueness of static solution with conformal scalar hair

. Ch 2
DJt = 20 [|20%H;(;Diyv — gigjHig|” + (2c = DIH;|?] = 0

boundary condition of Q l

1-c
4m 1 : Eul b
2 2 X : euler number v = constant surface S,
Py (— S STPpX !

pp Pp = pISp

Consider inequality in range of ¢ (¢ = 1/2) :

c=1givesy>2 m) topology of Sp is spherical (y =2) mp equality should hold

m) DJji=0 mp H;=0 m) 0O :spherically symmetric mmp BBMB solution

[Xanthopoulos and Zannias, 1991]

5. Summary



In Tomikawa et al (2017), for Einstein-conformal scalar system, the divergence equations
were used to prove uniqueness.

We could derive the divergence equation systematically using Nozawa et al’s procedure.

Using the divergence equation, we proved the uniqueness of the static solution with
conformal scalar field outside photon sphere.

The deep physical/mathematical reason is expected to be hidden behind the presence
of such a procedure.

vacuum static spacetime with conformal

vacuum static spacetime . -
P scalar hair outside photon surface

Uniqueness proof using Israel (1967) .
divergence equation Robinson (1977) Tomikawa et al (2017)
Systematic derivation Nozawa et al (2018) Our work

- Kretschmann invariant

uvpo 4 ij 2 2 1 ’
R[,vaO'R == kijk +?(D,D) + k—;

v = const.surface S,

p

+ : ki —=h 2+2(D)2+k4v2 -
v -12p2|\"U " p") T2 P p p*

boundary condition at §,: Dip|l =0, ki
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HUBBLE TENSION
WITH EXTRA RADIATION
AND NEUTRINO DEGENERACY

YO TODA
HOKKAIDO UNIVERSITY

Osamu Seto, Yo Toda Phys.Rev.D 104 (2021) 6, 063019

The A CDM model does well
in explaining the evolution of our Universe.

Q

R ] -~Hubble Tension

A o/}




TODAY | WILL

Focus on the extra radiation and neutrino degeneracy

Treat the extra radiation parameter N,¢ as independent of degeneracy ¢
because we consider the sterile neutrinos or axions under the degeneracy

Conclude that

the combination of extra radiation and neutrino degeneracy
is a promising solution

WHAT IS HUBBLE TENSION?

planck 4 = HH e, e |
BAO+Pantheon-EESIﬁ B:§+;BI% HO[km/S/MpC]

Distant observations suggest e
HO .:. 67 km/S/MpC Freed%wrgiett

Ilseta

jan an .
Reid, Pesce, Riess

Local observations suggest
de Jaeger et al.

Hy = 74 km/s/Mpc Time f‘g\
Hie 831 2620

Standard Sirens
Abbott et al. 2017

y = ray Attenuation
Dominguez et al. 2019

Beyond ACDM Physics?

Di Valentino, arXiv:2011.00246 [astro-ph.CO]




EXTRA RADIATION

The relativistic degrees of freedom N, ¢f

(increased by dark radiation, axion, sterile neutrino ...)

¢
3

7( 4
Pradiation = | 1 + §£ﬁr) Nett * Pphoton

photon Neutrino + a

Negg = 3 + 0.046 + (Extra contribution)

o

ete™ annihilation

ANGULAR SIZE OF THE SOUND HORIZON Directly Measured

~_ = (1.0411 + 0.0003) x 10~2

D+

Angular Size : 6, =

t. csdt : . e
T— fo as(f) : comoving sound horizon at the recombination
to dt . : .
= ft @ : comoving angular diameter distance
*

25

NASA / WMAP Science Team




ANGULAR SIZE OF THE SOUND HORIZON |

Angular Size : 6, = —— = (1.0411 + 0.0003) x 1072
M *

1

x Hy dt B

in the universe -
JP a(t) Hoy/ p(2)/po

p : energy density

TO INCREASE Hj ...

universe

in the
Ex) extra radiation, early dark energy, ... —

EXTRA RADIATION RELIEVES THE'HUBBLE TENSION

~
=

Higher Nq¢s

Holkm/s/Mpc]

~
o

Negr = 3.046 + (Extra contribution)

2.85 3.00 3.15 3.30 3.45 3.60 3.5 3.90
Nerr Planck + Pantheon + BAO + R19




Neggse VS. HELIUM MASS FRACTION Yp MEASUREMENT

Extra radiation increases :
-the expansion rate of the universe,

*the decoupling temperature of the weak interaction,
*the neutron-to-proton ratio

Larger Nq¢s

Aver 2015
0.2449+0.0040

‘ Negs = 3.046 + (Extra contribution)

285 3.00 315 3.30 3.45 3.60 375 3.90

Planck + Pantheon + BAO + R19

NEUTRINO DEGENERACY

v .
The degeneracy parameter &; = % (i=e,ur)
vV
WUy . - chemical potential for neutrino v; AR :
i Distribution functions

1
fv ==
T, - 1
Number Densities of exp@/T, ~$ )+

1
neutrinos and antineutrinos fv = exp(p/T, &) +1

nvi + nVi X Tv3l(2(€l/n.)2 + (fi/n’)4) = Neff
n,, — Ny, X Té(nzfi + &%) > BBN

T, :temperature of neutrinos




Positive electron neutrino degeneracy
3 (2 3
— Ny, X Tve(ﬂ e +&2)

More neutrinos v, than antineutrinos v,

The process p + v, —» n + e* is more suppressed thann + v, > p + e~

Neutron-to-proton ratio (n/p) decrease

Helium mass fraction Yp decrease

Next, | will show the results of analysis of

EXTRA RADIATION AN, ¢
'AND
ELECTRON NEUTRINO DEGENERACY &,




Yo VS. Nege WITH THE DEGENERACY &,

Xie006_Planck+Pantheon+BAO+R19+BBN
xie004_Planck+Pantheon+BAO+R19+BBN
xie002_Planck+Pantheon+BAO+R19+BBN ' Aver 2015
xie000_Planck+Pantheon+BAO+R19+BBN 0238 y 4 0.2449+0.0040

/ _
- -
-

Aver 2015
0.2449+0.0040

0.246

0.2441 ‘ . . .
285 3.00 315 330 345 3.60 375 3.90

Nef

Larger Nq¢s Larger &,

=
»

2.8 3.0 3.2 3.4
Neff

BIESIEIE

Parameter ACDM &=l £.=0.02 | £.=0.04 Fo=11.06

Neg 3.046 3.243 3.31264 | 3.45451 3.63353
H, 68.218  69.632 69.7162 | 70.2582 71.701
Yp 0.2468  0.2497 0.2460 0.2432 0.2410

Yp XCookel7 0.2977  0.1036 0.0611 0.0015 § 6.62848e-06
measurement | X2Aver15 0.2161 1.4540 0.0753 0.1725 0.9673
2
Local (direct) g S OLEIE 16.7501  9.5927  9.2288 | 7.0555 2.6900

H, XjLA 1034.77 1034.74 1034.74 § 1034.75 1034.81
measurement X2rior 4.5083 4.3142 2.3132 3.1993 7.2315
X%MB 2779.73  2781.6 2783.9 2782.84 2783.71

X%AO 0.2445 5.8010 9.4053 5.3761 6.5744

X%odal 3841.52 3837.61 3835.72 | 3833.39 3836.22

e/



TAKE-HOME MESSAGE

* The combination of

a solution of the

. ' is the best-fit

at the combination of and the measurements.

* The
which takes and

is worth constructing. (sterile neutrino +¢, ...)

Thank you for your kind attention!

Osamu Seto, Yo Toda Phys.Rev.D 104-(2021) 6, 063019
y-toda@particle.sci.hokudai.ac.jp
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Improved no-go argument from
Inverse distance ladder

Shao-Jiang Wang

Institute of Theoretical Physics
Chinese Academy of Sciences

JGRG30-D3a2 @ 2021-12-209 @ 14:45-15:00(JST)

Based on 2107.13286 “A No-Go guide for the Hubble tension”
with Rong-Gen Cai, Zong-Kuan Guo, SJW, Wang-Wei Yu, Yong Zhou

Hubble tension

Hubble
-flow
SN la

Distance Hubble
ladders

Riess et al. 2012.08534

-flow Hy=73.2+ 1.3 km/s/Mpc

SN la

Freedman 2106.15656
H,=69.8 +2.2 km/s/Mpc

~
-~
-~
~
~
~
~
-~
~
-~
~
~
~
~
~
~
-~
~s
~

Planck2018 1807.06209
* H,=67.27 +0.60 km/s/Mpc

~
~
~
~
~
~~
~
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Inverse distance ladder

. ACDM

2. Parameterization
based on the cosmic
age: PAge model

A H, ~ 68 km/s/Mpc

3. Set SN la absolute
magnitude as a free
parameter in fitting

D, D,
gt |

HOLiCOW XiIll 1907.04869
H,=73.3*-{ km/s/Mpc

8
TDCOSMO IV 2007.02941 Ho 7 68 km/s/Mpc
oy H, ~ 73 km/s/Mpc
Hy = 67.475, km/s/Mpc Nikki Arendse et al. 1909.07986
1. Cosmic chronometers (CC) data 3/10

Poor Taylor expansion

250
T 300005z %
NCDM-Exact “ 4"
— — ACDM-PAge 25000] & 1.06 Y
200f ~ K
------ ACDM-0(z*) N 1.04 K
2 K
_ ACDM-0(y*) 20000k g 102 %
g 1 e L [ N o
] S e o 173 = ",
> 1 I L = s q 100 LA
- S R | Ry, = 15000f o T e
e L 1T | e e N S S R
= N 0.98
= - 0.001 0.100
N 100F T | e e T || v  |Tmmmmmmmmmmogmommmmmmeoeo H Q
T 10000}
ACDM-Exact
— =— ACDM-PAge
500 H seop et ACDM-0(z%)
73: .......... /\CDM—O(ys)
i
) ) 0.001 0400 10 1000 | OF: . . . . 4 .
s Y] 0 15 20 0.0 0.5 1.0 15 2.0 25
z z
30 AR
—— ACDM — Exact / 7 i —_ —
----- ACDM — PAge 4 7 i
5 : / i
o5l == ACDM — O(z°)
""""" ACDM - O(y”) $  BOSS DRI2 Galaxy @ BOSS DRI2 Galaxy
. . ) 4 eBOSS DR14 Lyo T eBOSS DR14 QSO
|> Y eBOSS DR14 QSO-Lyw B eBOSS DR16 ELG
izo ¥ eBOSS DR16 LRG ® BOSS DR12 Galaxy
© 1 B eBOSS DRI16 ELG 1 eBOSS DR14 Lya
E - { ®  eBOSS DR16 QSO Y eBOSS DR14 QSO-Lya
= ® eBOSS DR16 Lyo ¥ eBOSS DR16 LRG
<15 4 DESV3 ®  eBOSS DR16 ELG
¥ 6dFGS ®  eBOSS DR16 QSO
T SDSS DR7 MGS ® eBOSS DR16 Lya
— DM(Z)/Td\/E
10 — Dv(2)/ravz
= 2Dy (2)/rav/z
0.1 0.2 03 04 05 1 2 3

z 4/10



PAge model

PAge : parameterization based on the cosmic age

H 2 Hyt 1 1 _ o
—=1+=|1-y — P, = Hyly (Zhigi Huang 2020 ApJL 892:L28)
Hyt Py

H, 3 Page

1 dz ® .

H(Z) = - I : E(Z, ;7’ Page)
1 +z dt
2 N N
page 3 l(1_H0f)<3p +rlﬂ_rl—2)
1+ 7= Ht PE Page age Page > (HOI)(Z; 7], Page)
0

PAge model representation

H 2 Hyt 1 1 1772 3

age age

Q;wcp CDM Phantom DE transition model
E(a)* = Qma_3 + Qka_z

B
2 (- (=)
+(1 = Q, — Qa3 (1= Hor = Qm)<1 o >

3 Q,

1 3 =-l+=
G0 =501 = Q)+ (1 = = 2w, %0 21+(1-Q,)A
5/10

PAge model

WO_Qm A-z Qk - CPL - CDM WCpL(d) =Wy + Wa(l - a)
Wo—Qk — A 1
9=~ (1—Qp+3w(1 —Q,—Q,))

Qm-Q Zc

Wo=Wa wCDM
T Wo oLCDM

Wa

1.05

1.00} Qg -

— Qm /O\NQON\

0% N — PDE

George Efstathiou /
(2103.08723) “To

0.90} HO or notto HO ?” i

P age

0.1 0.2 0.3 0.4 0.5 0.6 0.7

6/10



PAge model

Table 1. PAge approximation: maximum relative errors in angular diameter distance (0 < z < 2.5)

model parameters Page 7 max ADIZ‘ 4
CDM Q=1 2 0 0
nonflat CDM Qp =0.3,Q =0.7 0.809 —-0.128 0.011
flat ACDM Om =03 0.964 0.373 0.0045
nonflat ACDM O = 0.5, = 0.2 0.797 0.0955 0.0013
flat wCDM Qp =03,w=-1.2 0.991 0.647 0.0060
nonflat wCDM Qp =0.33,Q2, = —0.25,w = —0.8 0.967 0.269 0.014
flat wo-w, CDM Qp =0.3,wp = —-1.0,w, = 0.3 0.953 0.387 0.0025
nonflat wo-w,CDM 2, = 0.25,Qr = 0.1,wpo = —1.2,w, = —0.2 1.009 0.572 0.0050
GCG Q, =0.05,A=0.75,a = 0.1 0.956 0.409 0.0041
DGP Q=03 0.907 0.146 0.0011
Ry, =ct - 1 —% 0.056
Advantages

Cosmic chronometers is cosmological-model-independent calibration of inverse distance ladder
Global parameterization of cosmic history, valid beyond the Taylor expansion domain
Covering a large class of late-time models to high accuracy over a large range of redshift

No need inputting rs, MB priors when fitting to standard candle+standard ruler+standard clock
7/10

Results

TABLE I. The cosmological constraints from fitting the datasets SNe+BAO+OHD(BC03) and SNe+BAO+OHD(MS11) to

the ACDM and PAge models with free parameters {Q.,, Mg, Ho,74} and {7, page, M B, Ho, T4}, respectively.

Parameter|Prior range BOO3 MS11
ACDM PAge model ACDM PAge model
Q. |015~05]| 0.288+0.011 — 0.282 4 0.011 —

n -2~ 2 - 0:334 0007 - 0.34115-0%9
Page | 015~ 2.0 - 0.97510:012 —~ 0.97810-009
Mp  |—20 ~ —19|—19.374 £ 0.047|—19.37970 95} | —19.3090-52% [ ~19.322 + 0.063
Hy 60 ~80 | 69.38911577 | 68.9587 1178 | 71.501F19%0 | 70.79913 729

T4 120 ~ 160 | 146.5631735-203 |146.46673 505 | 142.57315 750 | 142.8851 1287

= 0.9724 0.9708 0.9803 0.9789
1.10
— BCO03 wo-Qm Az,
—— MS11 wolx — &
Qm=-Qy Z;
1.051
Woms wCDM
W oLCDM

Wa




Results

[ PAge — PAge
—— NACDM —— NACDM
SN+BAO+CC(BCO03) SN+BAO+CC(MS11)
£ $

\J\O
.\5;’

ra

rq
O, e %
2 Yo s

2,
Yl =
g, fummmma—-
%,
%5

N\

1 3 () > Q \e) Q “
R R S N
/O\’ /N /‘\

2
k)

3

%

LS S B
N
7

Ho Mg rq HO Mg ra

2

No evidence for going beyond ACDM model at late-time

9/10

Conclusion and discussions

Inverse distance ladder (SN+BAO) calibrated by sound
horizon from CMB+LCDM is early-time model-dependent

Improved inverse Inverse distance ladder (SN+BAO) calibrated by gravitational
distance ladders lensing time delay is cosmological model-dependent

Inverse distance ladder (SN+BAO) calibrated by cosmic
chronometers is cosmological model-independent

Taylor expansion for late-time model is bad
A good late-time model representation is PAge : parameterization based on the cosmic age

Fitting PAge model to SN(standard candle)+BAO(standard ruler)+CC(standard clock)
favors no evidence beyond LCDM model at late-time

T — e

f/%{/m

10/10
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Model-Independent Techniques to
Reconstructing Late-Time Cosmological Data

Jackson Levi Said, Jurgen Mifsud, Reginald Christian Bernardo

Based on: arXiv:2106.08688, arXiv:2103.05021,
arXiv:2009.14582, arXiv:2105.14332

Outline

Using Gaussian Processes (GP) for cosmology
Estimating H value using GP

Improving GP with

Utilizing to approximate H

L-Universita
ta' Malta



What are Gaussian Processes?

Definition: A GP is a stochastic (random) process where any finite subset is a
multivariant Gaussian distribution with mean u(x) and covariance k(x, x")

Setting the each u(x) to zero, the covariance function can be used to learn
the behavior that produced the data points

_ 1 1 Xi—Uu 2
y(xl-)—o_mEXp[—E( = )]

0.5 H H ey 0'5
0.0 {{HWHM ¥ ‘ |
> “Hlﬂﬂ \ >
h -
f
-1.0 | g |
~5.0 -25 0.0 2.5 5.0 —5‘O

Gaussian Processes Regression

* The covariance function contains non-physical hyperparameters 6
which define the distribution k(8, x, x")

* lterating over these values using Bayesian inference (or others) can
produce better hyperparameters

* Theresultis a (physics) model-independent reconstruction of the
behavior of some parameter

* This is superior to regular fitting because it is nonparametric and so
assumes no physical model whatsoever




The Covariance Functions

* Squared Exponential (Radial basis function - RBF)

2
1/x—x'
it = oo 57 |

* Rational Quadratic (RQ)

—-a
k(x,x") = of < (x ok )
Zalf
1

Cauchy (CHY) occurs fora =

*  Matérn (M)

ke x') = , 217 <\/2v(x — x’)z) : <\/2v(x — x’)z)

O'
I T(v) I s

Hubble Data (H(2))

e Cosmic Chronometers (CC): Spectroscopic dating that depends on stellar evolution and
differential aging but independent of cosmological models

* Snla: 5 compressed redshift gaussian points (z < 2) based on 1048 Snla at z < 1.5 from
Pantheon data + 15 Snlaat 1 < z < 2.3 from CANDELS and CLASH programs obtained by
the Hubble Space Telescope

* Baryonic Acoustic Oscillations (BAO): 10 model dependent points from SDSS for z < 2.4

Priors

* Planck Collaboration (18): ACDM Model dependent — H, = 67.4 + 0.5 km s~ *Mpc ™!

e SHOES Survey [HE 1 Riess et al. (2019) mainly using Cepheid variables - H, = 74.03 +
1.42 km s~ Mpc~1




Hubble Data (H(z)

i B

o ACDM using
Planck
parameters

100

/

Lt
50 50
0.0 0.5 10 15 2.0 0.0 0.5 1.0 15 2.0
250, 250 —— ACDM
SNla
HE
200 CC + BAO

200

H(z) [km/s/Mpc]
3
H(z) [km/s/Mpc]
o}
S

100 100

The Hy Tension

flat ACDM

L .
< 67.4111 /
.. _————

Planck Mission /’

(predictions from 74.017] ¢

the CMB) . ‘ : : _
@ Planck (Planck Collaboration 2018) 73.37 14 The SHOES Project (mainly Cepheid
@® DES+BAO+BBN (Abbott et al. 2018) & d . bl )
@ SHOES (Riess et al. 2019) ot variables
@® HOLICOW 2019 (this work) 73.8 l:l

: ’ —— e

@ Late Universe (SHOES + HOLICOW)

(visible and near-infrared survey) 68 70 72 74
:Z KP GW170817 Foraeast HU [kmsil Mpcil]
s "G Wong et al. (2019)

CPH HST+
SHoES | GAIA2
g 750 { ¥
=
8 725 %
3 w5 II

5- 30— tension HOLICOW (strong lensing -

15 x BNS
67.5 wr W I 3|E ki
w1 P15 P18 P+54
650 pid BA cosmography)
62.5 % Dist. Ladder e ACDM X Std. Sirens

2000 2005 2010 2015 2020
year




Square Exponential Hy GP

— cc — cc+BAO GaPP code from
250 — CC + SNia 4 = CCHBAOHSNIa Seikel et al. (2012)
100 P 1 _ _ o */ | -1 -1
gt Hy = 67.539 £ 4)772km s 1Mpc I et Hy = 71.277|x 3.734km s~ *Mpc
% Hy, = 66.998 + 11§653km s~ *Mpc~}| = Hy = 67.479+ 1.455km s~ *Mpc~?!
250. — CC+H§ » = — CC +‘BAO-;-H§ ‘ ‘ ‘
—— CC + SNla + H§ —— CC + BAO + SNla + H§
A Hy = 73.782 + 1{374km s~ Mpc~Y 7 Hy = 73.754]+ 1.333km s~ Mpc~?
o Ho = 72.021 + 1J076km s~ *Mpc~1| *  Hy = 71.635} 1.030km s~*Mpc™?

Cauchy H, GP

- 50 F -
=—1CC —— CC + BAO

250F —— CC + SNla —— CC + BAO + SNla

200

100 - i 100 i /

Lt T Hy = 69.396 + 5[186km s~1Mpc=! | e Hy = 71.464 + 3{873km s~*Mpc~*
5" Hy, = 67.083 + 14682km s~ *Mpc~! | *» Hy = 67.501 + 1§479km s~ *Mpc~!
m‘ — CC +‘Hg ‘ ‘ i — CC +"BAO:+H§ } - '

—— CC + SNla + H§ —— CC + BAO + SNla + H§

100

Hy = 73.802 + 1§376km s *Mpc~! | T Hy, = 73.766 + 1)337km s~ *Mpc~?
” Hy = 72.057 + 1}083km s *Mpc™?t | * Hy = 71.644 + 1}037km s~ *Mpc ™!

0.0 0.5 1.0 15 2.0 0.0 0.5 10 15 2.0




Testing the H Fit

Distance (in o units) between the H, arguments:

d(HO,i’ HO,j) =

Hy; — Hyp,j
2, 2
g + 0j

Square Exponential kernel Cauchy kernel

Data set(s) d(HO, H(l)z) d( Hy, H(l)’lancle) d( Ho, Hglanckls)

d(Ho, Ht')

cC 67.539 + 4.772 -1.304 0.029 69.396 + 5.186 -0.862 0.383
CC+HR 73.782 + 1.374 -0.126 4.364 73.802 + 1.376 -0.115 4.374
CC+SNla 66.998 + 1.653 -3.227 -0.233 67.083 + 1.682 -3.156 -0.180
CC+SNIa+HE 72.021 + 1.076 -1.128 3.896 72.057 £+ 1.083 -1.105 3.905
CC+BAO 71.277 + 3.734 -0.689 1.029 71.464 + 3.873 -0.622 1.041
CC+BAO+HE | 73.754+1.333 -0.142 4.463 73.766 + 1.337 -0.135 4.460
CC+BAO+SNla | 67.479 + 1.455 -3.222 0.051 67.501+1.479 -3.184 0.065
CCEBAO+SNIa 71.635 + 1.030 -1.366 3.700 71.644 + 1.037 -1.357 3.688
+Hy

Genetic Algorithms (GAs)

Fitness function: Score to characterize the performance
of each generation (BIC inspire)

keggInN
F=lng-—L——
Selection: Population that will survive
Crossover: Inheritance of kernels
Mutation: Changes in addition to crossover
s RBF s CHY s M52 . M72
1.0 C
0.8 — PYyGAD code from
2 [ Ahmed Fawzy Gad
506 etal. (2021)
s r
5 0.4 -
021 CC dataset
0.0 o I m <
generation




Trials for GAs

[ ««++ Hybrid RBF-RQ
, , , , , 300 amg

Trial | Population Selection Mutation No. of Best fitness H— Mgt FEMER

size rate rate generations L X cc
1 10% 0.5 0.15 10! —143.5 g s
2 10* 0.3 0.30 10! —148.5 -
3 103 0.1 0.10 102 —143.4 U
4 103 0.3 0.50 10?2 -141.8

0.0 5 L5 ( 2 3.0

Kernel | H, InL x  fitness  Penalty =
Hybrid RBF-RQ 70.6 +55 [—131.49 | 13.1 | —143.5 12.0
Hybrid RBF-RQ- 669+ 6.3 |—131.38| 12.0 | —148.5 17.2 KegeIn N
M52 Penalty = T
Mostly RQ 66.7+ 6.4 |—131.36| 11.7 | —143.4 12.0
Hybrid RBF-M52 69.8+5.8 -131.48| 12.7 | —-141.8 | 10.3

Artificial Neural Networks (ANNSs)

o

Cosmological

Output 2 parameters
. (ex. H(2), 04(2))

Redshift (z)

v ’v : Output 1
M7 ~ N
LIS SE
.Ah %’i ‘ﬁ Q'

Input Layer Hidden Layers Output Layer
<50
OSSR
$
A

hy hs
S
X

RefANN code from
Wang et al. (2020)




Training Data for the ANN

CC+BAO dataset

0.0 0.5 1.0
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-
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-
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-
-
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-
-

o

-
L
-
-
-
-
-
-

-

————

1.5 2.0 0.0 0.5 1.0 1.5

a

A
P(z,a,1) = )

This observes the gamma distribution:

z Z
Mean: oy = 14.25 + 3.42z
Upper error: oy = 21.37 + 10.79z
7L 2 Lower error: oy = 7.14 — 3.95z

Designing the ANN

* Risk — Optimizes the number of hidden layers and neurons in an ANN

N

N
risk = Z(Biasi2+Variancei) = z ([HObS(zi) — Hprea (zl-)]2 + a,%(zi))

=1

=1

* Loss — Balances the number of iterations a system needs
1. L1 (Least absolute deviation)

N
L1 = ZlHObs(Zi) - Hpred(zi)l
i=1

2. Smoothed L1 (SL1)
3. Mean Square Error (MSE)
N

MSE = %Z (Hobs(zi) - Hpred(zi))z

i=1




Building t

10% . - ;il ;
1.025 | i
...... MSE
103
1.020 | ]
102
1.015 1w
R 3 10
1.010 ] 1
1.005 b 10-1
1'000 [ 1 1 ] 10_2 1 1 1 1 E
102 103 104 10 102 103 104 10°
Number of neurons Iteration
Risk function for one layer (number of neurons = 2"
n € {7,..14})
250 ' ' : ' . — .
200
200 8
— =
Y Z 150
Z 150 £
) = 100
1S I
X
E 100 50 —— 1layer 3 layers ]
I ~== 2 layers i CC+BAO
0.0 0i5 le ljS 2j0 25
50 L1 MSE z
. , T fd ? Seia One layer is preferred
0.0 0.5 1.0 1.5 2.0 2.5
V4
MSE: H, = 69.76 + 14.82 km s~ *Mpc~!

L1:
SL1:

Hy = 68.93 + 11.90 km s *Mpc~?
Hy = 69.18 + 13.92 km s *Mpc~!




What about priors?

250

.................................................

1 H:  Ho=70.24 +10.08 km s~ Mpct
; HIRGB . H = 69.47 +12.37 km s~ 'Mpc~!
'm
€
Y4
N
T
§  CC+BAO
- --- R20 I HE®
TRGB  ;  pmes
0.0 0.5 1.0 1.5 2.0 2.5
z HR%P = 69.8 + 1.9 km s~*Mpc ™!

Conclusion and Prospects

* GPs offers an interesting approach to tackling tension in H,

* GAs provide a model independent approach to resolving the kernel
selection problem

* Using ANNs, we can determine a completely nonparametric
reconstruction of the Hubble diagram



Thank You
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CMB constraints on

Takashi Hiramatsu
Rikkyo University

Motivation / Goal

(single) scalar-tensor theory

: e ThlS Work gDHOST Langlois, Noui, JCAP 1602 (2016) 034
"o‘;\cmBQnd TH, Yamauchi, PRD 102 (2020) 083525

\
Quartic GLPV
S
3
'z Quartic Horndeski
[<2]
o > Many works on the observational constrains
Quartic Galileon (CMB, LSS, stellar objects, ...)
(GR)
J

How well can the Planck results put constraint on the model
parameters in DHOST theory with MCMC sampler ?

CMB in DHOST 2/12



DHOST theory

(Shift-symmetric) quadratic DHOST theory Langlois, Noui, JCAP 1602 (2016) 034

a N

5
S = /d4a; V=9 |P(X) +Q(X)0¢ + f2(X)PR+ > aa(X)La|,
A=1
Ly = ¢ ¢" Ly:=(0¢)* Lz:=(0¢)¢"due” X = 0,00"¢
Ly = ¢'u,d™ dy  Ls = (8" 30"

/

arbitrary functions : P, Q, fo, a1, as, as, a4, as

2 _ —
LIGOIVirgo/FermilINTEGRAL, ApJ 848 (2017) L13

d .
oy ) ag = au(f2, a2,a3; X)
P7Q7f27a3 \ a5:a5(f2’a2’a3;X)
CMB in DHOST -

Crisostomi & Koyama model 75:'

Parametrisation proposed by Crisostomi & Koyama  crisostomi, koyama, Pro 97 (2018) 084004
(simple extension from cubic Galileon, realising self-acceleration)

c3 M2 X2 B+ 8c4
P=cX Q:FX ]['2:71;)14_64F a3:_T

arbitrary constants (dimensionless) : ¢5, ¢35, c4, 3

normalisation ¢9 =1

avoid graviton decay [ = —8c4 (a3 = 0)
C3 Creminelli, Lawandowski, Tambalo, Vernizzi, JCAP 12 (2018) 025
Y
DHOST

6/5x
fa

CMB in DHOST 4/12

(Only asLy = "' DL’ ¢, survives even if c1=c3=0.)




Compare with LCDM

Background equations

550 a 580 550 —0
SN P T3%a P g oy, L
H dt
Hex /Hacpm Bi(t), arr (t), g (t), ap(t), g (1), dol(t)
1 T T 0.6 T T T
0.98 = 0.5 [~ f; = 4|
il | i HK/?J;; —
2 0.94 - 4 % - 2
@ 0.92 - t‘_ -
T & 02+
% sl d ! .
:UO:: g o1l i e,
83 - 1 i
0.86 - = E oI
0.84 - | -0.1
0.82 1 1 | | -0.2
0 1 2 3 4 5 5 | | | |
redshift 0 1 2 3 4 5
redshift
(c2,c3,¢4, ) = (1.00,1.68,0.179, —1.43)
TH, Yamauchi, PRD 102 (2020) 083525
CMB in DHOST

Viable parameter region in CK

- Existence of tracker solution c3 >0 ¢4 > 0

Action for curvature perturbations :

- Avoidance of gradient instability

- Avoidance of ghost instability

4 A

CMB in DHOST

Crisostomi, Koyama, PRD 97 (2018) 084004

M2
£2—CL —_—

- 4+ Ziacr]

Byp <0, Bps <0 15 4

0<C3,0<C4<—

AMD > O,ADS >0 32

viable

LSS S S ST T ’ C3

6/12



Markov-Chain Monte-Carlo simulation

Method : Metropolis sampling

Likelihood : Planck 2018 likelihood code

* commander (¢ <29),

*Plik lite TTTEEE (30 < ¢ < 2508)
# of chains : 6

# of params : 8 (CK), 6 (LCDM)

4 N
e T A, amplitude of curvature perturbation
Mg spectral index
h reduced Hubble parameter

h?Q. CDM density parameter
R, baryon density parameter
T optical depth  (prior: 7 = 0.067 & 0.023)
In c3 cubic Galileon term (CK)
Incy Einstein-Hilbert term (CK)

N J
Best-fit
K2
(K7 cTT
6000
best-fit parameters
5000
CK ACDM
£ 4000 cs 1.661 =
™
= ca 0.003294 -
O 3000
o e’T10°4, 1.918 1.910
= 2000 ns 0.9633 0.9595
h 0.7524 0.6601

1000 k R*Q. 01262 0.1251

h2Qy, 0.02031  0.02041
T 0.1360 0.05311
InL -697.6 -686.0

o S 2= .,__‘_,..".4.—.2:

c/crenM
LO000 oo
~BRERoRR

10 100 1000

Large-scale anisotropies are a little bit suppressed. The Hubble parameter is
enhanced, which is observed in the cubic Galileon theory.

CMB in DHOST 8/12



Parameter distribution in LCDM

= B, =e¢ 2TA,
B, we = h%Q.
Wp = h2Qb

097
096
Ng 035
094
058
067
0.66
h 055
054
063

Nchain = 184803
Nbin =20

L

o3l - 1+ ar E
We o1t o 1+ oW T 1
01231 - 1+ ar 1
0.020% T T 1 T 1T T === =t
0.0206 [ 1+ aF 1F &

Wp ooz - g 1 @ 1 & W

pooo + 1+ 1+ g

015 Frot oo

T oo | I 1+ 1+ HF g

ogs .

1.03x109 [
0.94
0.85
0.95
0.97
0.63
0.64
0.65
0.67
0.68
0123
0127
0131
0.0206
0.0208
0.08
0.10
015

1.01x10¢ | '
;

-
T

: L
:

L.
:

oons - i
:

1.80x10% [

By Ng h We wp T

CMB in DHOST 9/12

' ' — 2T
In c3 B, =e “T A,

T Tt
0 F |

Iney j wy = W2,
-

1.05x10°%
1oaa0? |

1.93x10 :: . :
By e |- Nenain = 740448
I ] Npin = 20
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ns 096

085

018 [ T

h o7s |

074

o131 [T

0123

0.0209 FT
0.0206 |
w b 00203 b
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0.74
076
0.78
0123
0127
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oows |
00208 ko
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0.10
0.15
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Constraints

Crisostomi-Koyama (gDHOST Lambda-CDM
Gal3 0 a6
DHOST-__ €3 1.5315791
TRAe) <0045
10946727 1.9193F0010, 10°4,e7%" 1912470353
s 0.9592+0.0053 N 0.955370 0058
h 0.7524+0:0075 h 0.651070 0086
we 0.1255670-0025 we 0.1263*5,0070
g 0.02033+0-00015 wp 0.02029+0-00017
T 0.05919:034 T 0B g

- It is the first time to put constraints on ¢4 from CMB.

- Basically, the standard 6 parameters are not changed even in CK.

- Cubic Galileon model indicates i ~ 0.75 227 ittt vonianar, aseirs AP 10 (2017) 020
... is consistent to this study.

- The orbital decay of the Hulse-Taylor pulser gives stronger constraint,
1mply1ng |Xf2X/f2| ~ oy < 0(10—3) Hirano, Kobayashi, Yamauchi, PRD 99 (2019) 104073

Crisostomi, Lewandowski, Vernizzi, PRD 100 (2019) 024025

CMB in DHOST 11/12

Summary

- MCMC simulation : constraints on ¢4 in Crisostomi-Koyama model

(a concrete model of a subclass of DHOST theory with ¢y =1)

(0 <) ¢4 < 0.045

- Need to take other stuffs like the matter power (or os) into account to
improve the constraints from the cosmological observations

CMB in DHOST 12/12
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Maximum Force and Black
Hole Thermodynamic
Instability

Based on the article arXiv:2108.13435 [gr-qc] by Sofia Di Gennaro, Michael R. R. Good, Yen Chin Ong

The maximum force conjecture F 1

e Initially proposed by Gibbons and Schiller:
C. Schiller (1997-2004), "Maximum force a simple principle encompassing general relativity", http://www.motionmountain.net, Sec. 36.
C. Schiller (2005), “General Relativity and Cosmology Derived From Principle of Maximum Power or Force”, https://doi.org/10.1007/s10773-005-4835-2, Int J Theor Phys 44, 1629-1647.
C. Schiller (2006), “Simple derivation of minimum length, minimum dipole moment and lack of space-time continuity”, doi:10.1007/s10773-005-9018-7, Int. J. Theor. Phys. 45, 221-235

G.W. Gibbons (2002), “The Maximum tension principle in general relativity”, doi:10.1023/A:1022370717626 [arXiv:hep-th/0210109[hep-th]], Found. Phys. 32, 1891-1901

e Challenged by Jowsey and Visser:

A.Jowsey, M.Visser (2021), "Counterexamples to the maximum force conjecture”, arXiv:2102.01831 [gr-qc].

e Restricted to black holes by Faraoni, who proposes a connection with cosmic censorship:

V. Faraoni (2021), "Maximum force and cosmic censorship", arXiv:2105.07929 [gr-qc].



The Hookean Force

In four dimensions, for Kerr black holes:

1 1
T=—(@g—k = —
k= MQ?2 iy — —
+ + r_2+_+a2
1 1 1
lim F; = — [ I = =,
somz 1T AM (Arﬁz r*) AM 4

Based on the article “Are Black Holes Springy?” arXiv:1412.5432 [gr-qc] by Michael R. R. Good, Yen Chin Ong

In five dimensions, for Myers-Perry black holes:

1 1

L _
“ Ly =gy re=Va-a@

2wy’ a i e

1 (vE-vE=a@\ o
o () e

T —

2 2 |
Fy=kry = 1—0‘—(1— 1—a—)§—
7 4



For singly-spinning higher-dimensional Myers-Perry black holes in the

ultra-spinning limit:

Temperature and Hookean force:

_1)a-3_ d—3(r_+)%—3_d—5_7“_+
27 | oy 2ry \a 2ry a2
=k
d—38 fronds d—-5 713
F:—<_> 82 <01
! 2 a 2 a?

(result obtained numerically).

Emparan-Myers fragmentation limit:

2 <088

w

2 <136
T'+

=

results in the following bound in d=6:

Thermodynamic Geometry

We introduce the Ruppeiner metric:

1 (d—3
— [ —— | < =
12 (d—5)—F2 52

J2

gi; = —8i9;8(M, N*)

<1 d—3
4\d—-5

10

8-




Interpretation

AL

104 ’
/
/
/
8+ g
/
/
/
6+ &
e
s // '
/ i
44 / !
£ '
/
/ 1
27 // < Hooke's law
/’ obeyed
—— Elastic region ———*
0 - . ,
0 2 4 8 10
Conclusions

N F
Fracture
Permanent

deformation

e The maximum force conjecture always holds in all the cases analysed,;

e itis not related to cosmic censorship in general.

e The bound on the Hookean force corresponds to the fragmentation limit.

e The value % holds some significance in the thermodynamic properties of the

black hole.
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Testing equaforial reflection symmetry
of rotating black holes

Che-Yu Chen mh
v

Institute of Physics, Academia Sinica, Taiwan v

- CYC, JCAP 05 (2020) 040, arXiv:2004.01440 ' ~’7*'

- CYC, HYY, arXiv:2109.00564 ‘ JG RG 30

Testing equatorial reflection symmetry
of rotating hlack holes

7 ul
Che-Yu Chen m

i
-
Institute of Physics, Academia Sinica, Taiwan v V
Py R

- CYC, JCAP 05 (2020) 040, arXiv:2004.01440 ' X
- CYC, HYY, arXiv:2109.00564 2 o
arXiv - J G R G 3 0




Black holes without Z., symmetry

(Pontryagin scalar)

Sers = f d*x\=g2M5[R + aCC + ¢p(BiRgp + P2C) + ], C = RapysR¥PY® C = Ryp, sRWPYO

= Parity violating EFTs

= ECOs inspired in string theory Endlich, Gorbenko, Huang, Senatore (2017)

Sennett, Brito, Buonanno, Gorbenko, Senatore (2020)
Cano, Ruipérez (2017)

Cardoso, Kimura, Maselli, Senatore (2018)

Induced by spin

= Theory-agnostic metric with Z, asymmetry
* Non-Kerr metric designed to probe this asymmetry

(Principled-Parameterized approach)

()

The Kerr-like metric

We want...
= Asymptotically reduces to Kerr
» Single deviation parameter e: Equatorial reflection asymmetry
= possibility induced by spin
» Separable geodesic equations (Carter constant)
Chen (2020)

©



Curved accretion disk

-40

-20 X
0
20
40
0.15
0.10
Z
0.05
J0.00
40

= When r — 0, the orbits approachy - 0 (asymptotic flatness)
Chen,Yang (2021)

What happen to ISCO?

,y Constant ISCO contour

20 i < 7 = Prograde ISCOs are
18} : N . shrunk by e
16t : RE B » A generic feature when
RS : N deviations from Kerr are
141 >~ . PN
SS [N small
12 B RN : \\\
w 10} : h ,
i S~ » Shaded region: Part of the
2 3.5M 3:|\‘/| - disk becomes singular
\ \\\\ -
4t I ——
2 2.5M
O 1 1 1 1 1 1 1
06 065 0.7 075 0.8 085 09 095 1

Chen,Yang (2021)
a/M

€



Radiative process is enhanced

= The radiative efficiency:n =1 — Ej5co

n

— aM=06
0.4
alM=0.9
— a/M=0.95
0.3;/ — a/M=0.99

— a/M=0.9982
o2p

0.1F

5 10 15 20 '
= We neglect the photon capture effect
= One needs a reliable thin disk model for “curved” disk to consider that

Thorne (1974) @

Gravitational redshifts

* Redshift g-factor: g = 14z E, t(1-1,9)

20 B : N :
! 5 i ISCO = naked
18} : § singularity
16| 0.8 » Assuming Kerr, all spin measurements
14| : M, based on redshifts would overestimate
S : the true spin of Kerr-like BH
121 : 0.6
_ - : » For example: g = 0.164 when
=101 ' = a = 0.99M for Kerr BH
8 0.4 = a = 0.85M and |¢| = 17.37 for Kerr-like BH
6 ~—u_| = This is ~16.4% difference!
41 \\ -
1 0.2
2
0

0.6 065 0.7 0.75 0.8 0.85 0.9 095 1

: @
aM



Shadow critical curve

6 6
4 ] 4
2| ] 2|
az 0 | T2 0 | -
=R A U
-4} ] -4}
g g
(+)
Shadow critical curve
6
|
)
ws o f B\ T_Seso 1 T o
R U § =t U he
Remark:

» The critical curve is symmetric w.r.t. the horizontal-axis, no matter what 6, is!

* e changes the shadow size, but does not change the shape much

©




Symmetry w.r.t the horizontal axis

* Mathematically... ”
(4 +B6/E = /60, 5m,  f=lim (25)

= It is related to the separability of the geodesic equations (Carter symmetry)
Grenzebac, Perlick, Lammerzahl (2014), Cunha, Herdeiro, Radu (2018)

To,eo

= Physically...

Chen (2020)

(o)

Conclusions

= Kerr-like metric: testing Z, symmetry

= Astrophysics implications: Black Hole Shadow
= Curved accretion disk

* Smaller prograde ISCO radius

» The shadow critical curve:
= Symmetric w.r.t the horizontal axis (regardless of the inclination)
= The deviation parameter is more sensitive to the apparent size

= Future:
» Curved thin disk model, luminosity, temperature...
. Photon Ring
* plunging processes S5

» How the Z, asymmetry manifests in sub-ring images (n < o)

Full Image

Black Hole




Thank you for your attention!
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“Modification to the Hawking temperature of a dynamical black hole by a time-dependent = e,
supertranslation,” JHEP 20 (2020) 089 arXiv:2004.05045 £

> “Implanting soft hairs on the black hole horizon through gravitationa
' wave implosion,” will be online this year (?) ‘
“Probing the structure of dynamical soft hairs through
scalar field quasinormal modes,” will be online this year (?)

“Extracting energy from a dynamical-soft-hair-induced ergosphere via the %
Blandford—Znajek process,” will be online this year (?)

Would GW Implosion around BH
Generate Horizon Deformation

akin to Super-translation?
Hsu-Wen Chiang

based on works in collaboration with

Yu-Hsein Kung, Che-Yu Chen, Feng-Li Lin and Pisin Chen

Leung Center for Cosmology and Particle Astrophysics (LeCosPA)
National Taiwan University (NTU)

How to Kick a Black Hole?

High strain region
* Numerical GR result near singularity?

GW self-interaction

Nothing
happens
here?

Driving GW




Intuitive Derivation of Soft Hair

* Doppler effect on Gravitational attraction.
* Moving toward us = Blueshift > More attraction.

* Moving away from us = Redshift = Less attraction.

* Net result 2 Permanent displacement: soft hair.

Constant r Surface after 2 Particles
toward and Staying at the Center
1.0¢

0.57

0.0+ : —

-0.5¢

=0.8°




Soft Hair...or Soft Wig?

* Most general large r coor. transform w/ asymptotic
flat condition w/o rigid boost, rotation &translation
is supertranslation (static anisotropic translation)

(Abelian) v = f(64),6r = —%szf,59‘4 = %CD‘A@Lensing Pot.

» Supertranslation can be generated by matter flow.

Dy = 1Pg2VpPs2 _—| Bondi news aspect 1948157

0,M = Amr?(TH + @ + D?(D? +2)d,f/4

I~

* Hawking, Perry, Strominger (HPS) extended it to
near horizon region (no GW).

How to Kick a Black Hole?

High strain region
* Numerical GR result near singularity?

GW self-interaction

Nothing
happens
here?

Driving GW




Gravitational Wave Implosion
around Black Hole

* Gravitational wave? = Solution of linearized EFE
R(l) [g(l) = 0 (polar/axial perturbation).

* Soft hair? 2 2"d order DC effect!
1 2 2 1
T [g2] + 12 [g] =

. T2 gﬁ) is our target of interest.

* Could it appear as HPS envisioned?
* What should be the i.b.c. of GW?

90 ft. Vertical Spike Wave in Slow Mo

- Gav: It looks like--

it looks like a wormhole.
- ...computer generated.




UV & Coarse-graining Limit

* Implosion radius ~ inverse of GW freq. w™! « 2M.
Metric perturbation is small even inside horizon.

e 2nd order term bilinear in GW form = Complicated
except for special cases.

* We choose squeezed triangle limit.

l.e., coarse-graining: [,s > j ~ 0. 7
[ (GW)

j (2" order term) —>
= s (GW)

* Only free parameter is the
scaling relation between [ and wM ™1,

Scaling Relation and the
Emergence of HPS Soft Hair

Parametrizing wM~1 as [™.
e n > 2 : Soft hair, i.e., focused beam 0 (r~2).

*n = 2 :GW self-interaction between polar and axial
mode dominates.
Breakdown of the perturbation series.

*1>n> 2:Polarized GW only.
Inter-mode self-interaction diverges.

*n = 1: Axial mode generates soft hair
but the polar mode breaks down.

en<1: Tﬁ) [gﬁ,)] diverges insider = O(M [1™™)




Conclusion and Future Work

* GW implosion leads to either soft hair or strong
gravity region outside BH, validating HPS.

* Near-singularity behavior? = Implosion core or
supertranslation singularity perhaps.

* Nonstationary setup such as ShOCkwaMﬁﬁn?ua

* AC (time-domain) dﬂﬂkﬂ;?jﬂm Iegekku[ eden!n; =
Z”d order effect? —_— Iﬂms?ﬂﬁ:@sﬂ”lh” i || 120K ]E ”m'maunﬂﬂ =

ahlo

nanni

vaﬂa\aa ﬂﬂﬁﬂll

jiracias® =

H

* Fine-grain i dzc_’fl"(é*‘ E “m 'E"‘~"‘"Uh3h3km|£§ﬂ'u§m
horizon 2 m[”f- SlIHllHYH uukunkrasgmign raibh maith agat
deformation?  ODrifado=1= % i, 100 S f‘mﬂﬁ'j”lﬁ’ﬂp'é"f”

s‘m¢-ﬂ'—ﬁ— 7HAbER xmxleome[cl
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ITMP,/

Disforming the Kerr metric

December 9t 2021,
30t" Workshop on General Relativity and Gravitation in Japan

Timothy Anson
Institute for Theoretical and Mathematical Physics, Moscow

= TA, E. Babichev, C. Charmousis and M. Hassaine, Disforming the Kerr metric, JHEP 01 (2021) 018
= TA, E. Babichev and C. Charmousis, Deformed black hole in Sagittarius A, Phys. Rev. D 103 (2021) 124035

Introduction

= There is growing evidence that exist in Nature: observation of
stars around Sgr A* [GRAVITY]; detection of gravitational waves
[LIGO/VIRGO, 2015,...]; imaging of M87* [EHT, 2019]

= |n general relativity, rotating black holes are described by the Kerr metric

= |t is interesting to construct deformations of the Kerr spacetime, in order
to and find

= Usually, deformations of the Kerr spacetime are constructed
[Psaltis+, 2011; Johannsen, 2013; Papadopoulos+, 2018; ...]

= Using the disformal map, one can construct deformed versions of the Kerr
spacetime which are to higher-order scalar-tensor theories



Stealth-Kerr solution in higher-order gravity

L= ¢, X)R+ K(¢, X) — Gs(¢, X)O + A1(6, X) 400" + Ax(9, X) (O¢)
+ As(¢, X) by ¢ 6”0 + As($, X) buad™ 8" du + As(d, X) (¢uvd®o”)?

+ degeneracy conditions on the A;, X = (9¢)?

= DHOST theories [Langlois+,Crisostomi+,2015] contain higher derivatives in the
action but are free of the Ostrogradsky ghost

» A stealth-Kerr solution was constructed [Charmousis+, 2019], where the
scalar field is the Hamilton-Jacobi potential of the Kerr spacetime

8 = 8Kerr

¢=—FEt+ ngoj:/—vz(r)dri/\/@(e)de

= The scalar defines a geodesic direction because

V., (VF4V,¢) = 0= V ¢V, V,¢ =0

Stability of the DHOST la class under the disformal map

|

DHOST | : RHOST

cx)hv R | C(X,0),D(X,¢)
Beyond Homdeskl:
\ o / C6).D(X,0)

Type | Type Il
[Langlois, 2018]

= The la subclass can be obtained from Horndeski theories by a disformal
transformation of the metric [Ben Achour+; Crisostomi+, 2016; ...]:

g/,w - C(¢7 X)g;w ol D(d)»X)a,u(baud)
= The theories are different because of the matter coupling:

DISFORMAL
=

58, @] + Sm [E1r, V] S[8uv, ¢l + Sm [y Vim]



Disformed Kerr metric

- D
8uv = 3);1/ - ? 09,

= We start from the Kerr solution g, and perform a disformal transformation

2 2N — 2MrD(1 + D)(&° + P 4y/T+ DMarsin® 6
4@ = — (1 _ 7;) a2 4 P r (AZ+ o +7) o + k sl
P p

sin? 6

Py 2Mr(a + rR)
= |:(r2 s az) — a*Asin® 9] dga2 + p2d0272[)\%
P

~dtdr

with M = M/(1 4 D) and the rescaling t — /1 + Dt
= ais the black hole spin, A = # + a®> — 2Mr, p?> = P + a* cos 0

= If 2— 0, we recover the Schwarzschild metric with mass M [Babichev+, 2017]

Regular solution

= The disformed metric has the following curvature scalars

DMl +3c0s(20)] =  =uas M Q,(r, 6)
_ s R,U.VozﬁRM = g eee
(14 D)p° p?(rP + 2°)(1+ D)?

/?\’:

= The solution is not Ricci-flat, but the only singularity is at p = 0, like Kerr.
To verify this, one changes coordinates to

2Mr dr
t—>v—r— le’, go—)—fb—a/z

= The metric components are regular in these coordinates, and the scalar
field reads

dr
bl RaRas By
1+ ZLr

= The spacetime is stably causal (¢ is a cosmic time function)



Properties of the disformed metric

= We still have axisymmetry (two commuting Killing vectors 9; and 9,)

= However, defining £ = gr.dx" and {(,) = g,,dx", we now have

4a° Mr\/2Mr 2 + ) cos Osin® 0
D

iy NE(p) Ny = — p

dt AdrAdo Ade

= This noncircularity means we cannot write the metric in a form that is
invariant under the reflection (t,p) — (—t, —¢)

= |t also has an impact on the separability structure of the spacetime, and
we no longer have a nontrivial Killing tensor [Benenti+, 1979,1980]

= Interesting because noncircular spacetimes can exist even in GR (for
instance in the presence of toroidal magnetic fields), and the circular
ansatz fails in certain situations [Van Aelst+, 2019]

Asymptotically similar to Kerr

= Asymptotically, the Kerr metric can be written

o _ 2 1 o [4aM 1 _
b=~ [1= (3] a7~ [ 0 (2] -y
+ {1+0 Gﬂ [dxz—&-dyz—&-dzz]

= The physical parameters determined from the asymptotic expansion are

~ M ~ —
MfH—D, a—a 1+D

= After a coordinate transformation, one can write the disformal metric as

=2 =2 13/2 ) =2 ]
d? = ds2 D <a,3M> dT2 + (%) d Tdx + (%) gfjd)adx/]

Kerr T 11D

with aj, Bjj ~ 0(1)



Stationary observers

= Consider constant (r,8) observers, with a 4-velocity
u= at + wav

= The condition v < 0 implies w € [w—,w+], where

1 . /- -
Wt = —— (—gnp + gip - gtt&w)
Bop

= Inside the static limit defined by g = 0, one necessarily has w_ > 0
= These observers no longer exist when gip — 8tt&op = 0, which happens
when

2MDa%rsin’ 0 o

_ 2 2 %
P(r,0)=r +a —2Mr+ 2(r,0)

= The outermost surface r = Ry(6) which satisfies P(Ry(0),0) = 0 is called
the stationary limit

Nature of the stationary limit

2MDa?rsin’ 0 _

— 2. R2_of
P(r.0)=r +a" —2Mr+ 200)

= When D = 0, the stationary limit coincides with the event horizon

= In the general case, the normal vector N to this surface is
N, = (0,1,—Ry(6),0)
= One can check that

NZ‘r:RO _ é_rr gﬂ@ 02 >0

= Hence the surface is timelike and cannot be the event horizon in the
general case

All Killing vectors of the form 0, + wd,, are spacelike inside this surface, so
if there is an event horizon, it cannot be a Killing horizon



Event horizon ?

= For Kerr, the horizons are found by solving g = 0 = A = 0 which
admits constant r solutions. In our case, we have g7 = 0= P =0, which
doesn’t admit constant r solutions when D # 0

= We look for more general null hypersurface of the form r= R(6). The
normal has components

n. = (0,1,—R(6),0)
= The condition n” = 0 yields

2MDa*Rsin®0

R (0)* + P(R,0) = R(0)’ + R + a° — 2MR + 2(R.0)

= To have a smooth solution, we must have

= This puts bounds on the rotation parameter a < a.(D)
10

Hypersurfaces in the disformed Kerr spacetime

N

— Ergosurface

Ergoregion

— Stationary limit
= Event horizon
---- Ring singularity

11



Limit D — oo and D = —1, simpler noncircular spacetimes

= In the limit D — oo, we obtain with ¥ = 3/M (noncircular Schwarzschild)

) 2M 20 sin0 .\’
dZ :—<1——) <dT+ L
N r o

2
~ o —1 ~
n (1 - &’) dr—1/ 2™ ¢ in?gde | + 2 (d92 n sin26d<p2>
r r
= In the limit D — —1 (quasi-Weyl)

2 2Mr 2 P+ 2 cos? 0 ,
= (1= 28" P +a’cos’ 0
e ( P+ a%cos? 0 C 2+ 2 dr
2
T2\ ey ;2dtdr+ (rz +a cos” '9) d6® + (r2 + az) sin? 0dy?

= Examples of noncircular spacetimes which may be useful to understand
some properties of the disformed Kerr metric 12

Conclusion

= We constructed deformations of the Kerr spacetime using the disformal
transformation. While asymptotically very similar to Kerr, the solution
presents many interesting properties: noncircularity, horizon not located at
constant r and not a Killing horizon, the stationary limit is distinct from
the event horizon

= In another paper, we have calculated the secular variation of orbital
parameters for stars around a deformed black hole, and shown that the
no-hair theorem of GR is violated in general for these spacetimes. The
1PN corrections are modified if D ~ —1

= Other papers have studied some aspects of these solutions: the particular
DHOST theories that these objects are a solution of [Achour+, 2020];
shadows of this black hole [Long+, 2020]; testing noncircularity with pulsars
orbiting Sgr A* [Takamori+, 2021]; ...

13



Thank you for your attention.
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Introduction

Higher-derivative theories have attracted revived interests in
theoretical physics.

Degeneracy among higher-derivative EOMs can avoid Ostrogradsky
instabilities

Motohashi, Noui, Suyama, Yamaguchi, and Langlois (2016)

@ Degenerate higher-order scalar-tensor (DHOST) theories have been
constructed and applied to cosmology and black hole (BH) physics

Langlois and Noui (2015)

Extended vector-tensor theories are degenerate vector-tensor theories

Kimura, Naruko and Yoshida (2016)

We investigate static and spherically symmetric vacuum solutions in
extended vector-tensor theories.

BHs in EVT theories December 9, 2021 2/11



Extended vector-tensor theories

5= / A5/ E (V) + b (V)R + CP7T A AL Y = g ALA,

Kimura, Naruko, and Yoshida (2016)

CcHvro al y gu(pgo’)u a y gy.ugpa’ as y A;/,Augpo' ApAo’gp,u
oy Y (AMA(IJgU)V AVA(PgU)M) as YV APAYAPAT g Y gu[f)gG]V
a7 Y (AMA[PgU]V _ AVA[PgU]M> ag YV AFAPGTY — AV A ghP

@ symmetric contractions a; — as

= quadratic DHOST theories in the limit of A, — d,¢
@ antisymmetric contractions ag — ag

= interactions with F,, = J,A, — 0, A,

o Maxwell term —1F#”F,, from ag = —1 = only U(1)-invariant
BHs in EVT theories December 9, 2021 3/11

Degeneracy conditions

e Class A (a1 + ap = 0);
disformally mapped from generalized Proca theories

o AL a1 = —0n = &, oy = X6-250%)
e A2: a1 = —ap = % a;;z%é—ag, b= —2a6 — a7
o A3, a1 —Q aﬁ»a; y=5
a3 ﬁ o ogY—08 -8 fz,y oy — as ag b
o Ad; an -

—2f2Z3+2V 0154+ 575
Q4 =

oo o3 h
a3 oy a5y — Y Y /

L Yoo

@ Class-B (a1 + a2 #0)

BHs in EVT theories December 9, 2021 4/11



Static and spherically symmetric solutions

o
h(r)
Audxt = Ag(r)dt + A (r)dr

guwdxtdx” = —f(r)dt® +

+ r? (d6? + sin® 0dp?)

© Reissner-Nordstrom [-(anti-)de Sitter] solutions with ) = ) := const

f(r)=nh(r)= —T——r+ A(r)=q+ —

= Q= F(ai,az,--)Q

charged stealth Schwarzschild solutions if F = 0.

@ Black hole solutions with non-GR metric and )(r) # const
obtained via disformal mapping from generalized Proca theories

RN [-(anti-) de Sitter] solutions (Q # 0)

_ 2
@ Jo=—¢q
2 A 2
fo =2A(f qai), fhy —|au— hy ¢ o oay|,
a2 —a1, a2y —O0y,
2
ag -[as— as—a7 oay— @y ( (a4,y az,y Oéa,y)}y

0 \/al q® as  az agfaeQ

H q?o1 q* a3 o1,y
° Vo # —¢°
0 q
fo —2AR, fhy=A(- fy oy ,
a a2 /, @y -—oay, a3 — 01y,
ag  —— a ar— o1y Xy Mo Qay

oy o7 ag Yo Qe
Q - Q
\/ fr Vgouy

@ compatible only with Class A (a1 4+ ap = 0)
BHs in EVT theories

December 9, 2021

ary sy

December 9, 2021

5/11

6/11



Disformal mapping from generalized Proca theories
generalized Proca theories
Lov = VoE[G) + G@R- FFu
265D { (@ VuA)" ~ 82 (VuAd) (V5A) } ]
{ disformal transformation

g/w =g + B(y)Ay,Ay

extended vector tensor theories

HY) = GI)\/BIV)Y+1, (V) =G(P)\/BY)Y+1,
2G,5(Y) + B(Y)Ga(V)(B(Y)Y + 1)

(V) = —x)= (BOYY + 132
28y () (G(P)BO)Y +1) — 2VG,5(P))
a3(Y) = —auY)=-— BOYY 11372 , as(Y) = ag(Y) =0,
a6(Y) = —(1+2G, 5(I))/BOY)Y +1 - BV)G(I)/BO)Y +1,
C2(2ABO) + YBy()Gp(P) + G(P)BY + DEW — By(V)  28() (1 + 26y (D)
)= R T By 1
BHs in EVT theories December 9, 2021 7/11

Seed model Gy()) = —m?Y — 2CA, G4(Y) =¢ — 2V

N[

(1) Charged asymptotically AdS BHs (3 = %)

B 4r2¢(m? + BA)
m2r3(1 + 4BoC) + 453(6 + r?BoCA)

, V()=

=10-

Figure: h r fr/hr Bo 1.,—1.,0 B 1. m ¢ M 0, A= —1.

Vector disformal transformation modifies the inner:structure-of BHs.

BHs in EVT theories December 9, 2021 8/11



(2) Charged asymptotically flat BHs 3 # }1 and m=A=0

2 _ 2 _ a2
) = 1- M Q7 28(-2+q°By) + (1~ a*Bo)(1 +4BoC) (i) ,
ro2 2[2¢+ (=36 + 862 — 25C))] r

oM Q2 1682 — 2Bo (—1+q?Bo) ¢ — 48(1 + 4BoC) + ¢2BBo(L + 16B0C) 1
Hr) = 1-—-= *O(*)»
P 48 [2C + 2(~36 + 857 — 2Bo0)] a
B Q @ q(l —48)B L
A(r) = q+7+,722§+q2(—36+8,32*2304) O(ﬁ)’

Vi) = — -

2 (1—48)(1 — ¢°By) (2¢ — ¢2(B + 2Bo¢
Q@ (1-48)(1 — ¢Bo) (2¢ — ¢ 0))+O<1)'
r2 48 [2¢ + ¢q?(—38 + 882 — 2By()]

distinguished with future near-horizon observations

10
0.05
08
s z‘o 4‘0 s‘a ;o 1(‘10 !
0.6 "l’
br
-uosf,'
0.4 1
1
1
=0.10
02
L -0.15
20 40 60 80 100
; . f(r)
Figure: 8 7. hr roRs By /.,—1.,0 r (¢ Af Wi
a1 — .
BHs in EVT theories December 9, 2021 9/11

Seed model Gy()) = 2 and G4()) = ¢ +

<Ll

h(r) — _T’%ﬂ; cosmological horizon (% > 0)

—7¢ 2. ;
h(r) — T8(c 658, "+ BH event horizon (C+668By<0)
) 0
Figure: h r fr/hr Bob — ,—d,— 7.7 ¢ m m B 1.

Vector disformal transformation maps a cosmological horizon to a black
hole horizon.

BHs in EVT theories December 9, 2021 10/11



Summary

Summary

@ Static and spherically symmetric BHs in extended vector-tensor
theories

© BHs with constant spacetime norm are compatible only with Class-A.

© Vector disformal transformation could modify the internal structure of
black holes and the charachter of the horizon.

Future direction
O stability?

@ rotating solutions?

| \

© other compact objects; neutron stars, warmholes, and Proca stars ?

Thank you.

v

BHs in EVT theories December 9, 2021 11/11



Session E 10:00-12:00

[Chair: Ken-ichi Nakao]

Yoshimune Tomikawa

Matsuyama University

“On uniqueness of static spacetime with conformal
scalar in higher dimensions”

(15 min.)

[JGRG30 (2021) 121002]



JGRG30 12/6-10 (2021)

Uniqueness of static spacetime with
conformal scalar in higher dimensions

Yoshimune Tomikawa
Faculty of Economics, Matsuyama University

based on

K. Izumi, Y. Tomikawa, T. Shiromizu, PRD 104, 104025 (2021)
(arXiv: 2108.02588 [gr-qc])

Contents

1. Introduction

2. Setup
3. Uniqueness of static spacetime with conformal scalar in n-dimensions

4. Summary & Comment



1. Introduction

BBMB bIaCk h0|e SO|Uti0n Bocharova, Bronnikov, Melnikov (1970),

(Bocharova-Bronnikov-Melnikov-Bekenstein) Bekenstein (1974, 1975)

n=4 static and spherically symmetric

metric : ds” = — (1 - g)zdﬂ +(1- g)_zd# +r2dQ2

6 M

scalar field : ¢ ==/ ———

event horizon : r = M scalar field diverges at event horizon, but curvature does not

BBMB black hole has photon surface at » = 2M
_ photon surface r = 2M > 1 — %@2 =0-> 5,

event horizon + = M

S, : surface specified by ¢ = ¢, := +£/6/x



Uniqueness of BBMB solution

Tomikawa, Shiromizu, lzumi, PTEP (2017), CQG (2017),
Shinohara, Tomikawa, Izumi, Shiromizu (2021)

n=4

The outside region of Sy, for the static and asymptotically
flat spacetime in the Einstein-conformal scalar field system

is unique to the BBMB solution.
(dose not mean uniqueness of black hole!)

S, : surface specified by ¢ = ¢, := +4/6/x
.| unique to BBMB solution .
8, corresponding to photon sphere

@)

| event horizon

Einstein-conformal scalar system in higher dim.

Xanthopoulos, Dialynas (1992), Klimcik (1993),
Martinez, Nozawa (2021)

For n>4, static and spherically symmetric solution exist, but not black hole

No singularity outside S, ~ photon sphere

e

Uniqueness outside S, such as 4 dim.?



2. Setup

Einstein-conformal scalar system in n-dim. -
g '=det(g,
R :Ricci scalar

Einstein gravity + conformal scalar field ¢ : scalar field
e ln —2
ST 4n—1

action: 5= %[d”x\/—_g]%—fd”x\/__g(%(vqbf_i_ §R¢2)

Einstein eq. is singular when this part vanishes

field equations : W =% [Vﬂov,,@ - 5_@;#_[,(Vo)2 +-&(0;VF° — Ve Yot

Vi =0 (R=0)

¢=¢p:==

A=
CanY



Static and Asymptotically flat spacetime

metric : ds? = —V2(z")dt? + g, (2" )daz' da?

event horizon: V =0

asymptotic boundary conditions : -

Field equations
static, n-dim.

= Einstein equation

r m

VT

n—3

o 2 m
9ij = +ENT

L P — O(l/?"n_S)

(0,0) DQV =K [(% = 25) V(D¢)? + 25@})*’1/‘}3@@5]

=0 when ¢=¢, = iﬁ

=scalar field equation
Di(VD'¢) =0

(n-dim.)

+0(1/r"2)

3) i+ 0(1/r2)

T . mass

P o= |5ij$i$j|1/2

D; : covariant derivative on 2

("=1 R : Ricci tensor on

DD, V) e [{1 — 2€)D;¢D;p— (% - 25) (D¢)2g;; — zgg';pipjgﬁ}

[ S, : surface specified by ¢ = ¢, := +

1

5




3. Uniqueness of static spacetime
with conformal scalar in n-dimensions

n>4

Relation between p andV  n>4

(1— k€H) D = :[(——25)1(}3@) +2§oD1Dc] {(VD'¢) =0

Y

D [(1—- (1+ p)n=2 le{ 1+ @)=V H —0

© =\ KEQ
Q g @ integration over (2, boundary conditions
(O
t =const. [ ]
1 Vs, =27 72 =1V,

S, : surface specified by ¢ = ¢ = T—=

JE fls, =1



Curvature invariant & Regularity at Sp

p = (D'wD;v)~1/2 hj : induced metric of S,
n>4 I V_%

kij : extrinsic curvature of Sp

4n-2)2 1 0 Vs, = 2772 =V, D, :covariant derivative w.r.t. h;;

Unigueness theorem  n>4

The outside region of S, for static and asymptotically flat
spacetime in the Einstein-conformal scalar field system is
spherically symmetric spacetime.

1
S,, : surface specified by @ =gy =

JRE



Proof (1/2)

(€2,9)
Sp
Q B QtuQ- u{q}
(n—l)R -0
/ "_':___»q’_»f’.i;\
V=0 l flat gp
(€2, g) is conformally flat
q : spatial infinity Sy is totally umbilic in flat space
1
S, : surface specified by ¢ = ¢, 1= &
VKE

Proof (2/2) (@0

(J
n—2

AsV "2 =0 inflatspace (2",

Ayj : flat Laplacian

Sy is totally umbilic in the flat space.

N N

Sp is spherically symmetric in the Euclid space.

g

The electrostatic potential problem tells us that (€2, ¢)is spherically symmetric.

Spacetime outside Sp is unique!



4. Summary & Comment

We proved that the region outside S, of static and
asymptotically flat spacetime in the n-dim. Einstein-

conformal scalar field system is unique.
S,, : surface specified by ¢ = ¢p, := iL

VKE

future work
However, the uniqueness inside of S, in the 4/higher dim.
spacetime has not been proven because the analyticity
at S, might not hold.
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Wash-in Leptogenesis
and its application

Based on : V. Domcke (CERN), KK, K. Mukaida (KEK), K, Schmitz (CERN), M. Yamada (Tohoku),
Phys. Rev. Lett 126 (2021) 201802 (arXiv: 2011.09347[hep-ph])

Kohel Kamada
(RESCEU, U Tokyo)
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Sakharov's condition (67 sakharov) - necessary condition for the BAU.

1. B-violation
2. C & CP-violation
3. Deviation from thermal equilibrium

Heavy particle decay in B/C&CP-violating way easily satisfies this condition.

e.g.) GUT gauge boson/Higgs boson decay

(78 Yoshimura, ’78 Dimopoulous & Suskind, '79 Toussaint+, ‘79 Weinberg, '79 Barr+, )

Well-motivated model.
We have understood the origin of the matter-antimatter asymmetry of the Universe,

though difficult to prove it experimentally---?
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Courtesy: H. Oide
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Sakharov’s condition (67 sakharov) -+ necessary condition for the BAU.

1. B-violation
2. C & CP-violation
3. Deviation from thermal equilibrium

Heavy particle decay in B/C&CP-violating way easily satisfies this condition.

e.g.) GUT gauge boson/Higgs boson decay

(78 Yoshimura, '78 Dimopoulous & Suskind, '79 Toussaint+, '79 Weinberg, '79 Barr+, )

Well-motivated model.
We have understood the origin of the matter-antimatter asymmetry of the Universe,

though difficult to prove it experimentally---?

The story is not so simple.
— —— —

Courtesy: H. Oide

e = — —

Electroweak sphaleron (s4 «inkhamer & Manton)

-~ washes out B+L asymmetry (ss kuzmin, Rubakov & Shaposhnikov).
killed SU(5) GUT baryogenesis.

E

s VAVE

NCS

ANCS x AB =AL

B

arydge

Sphaleron 28
“e.. B=-=—L
(/J’ e B
L0 Be nesis
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Electroweak sphaleron (s4 «inkhamer & Manton)

-+ washes out B+L asymmetry (ss kuzmin, Rubakov & Shaposhnikov).
killed SU(5) GUT baryogenesis.

E
AAA Popular option thus far:
W / . - Generate B-L asymmetry (much) before EWSB.
I NCS
ANcs x AB = AL This option:---
needs to violate B-L symmetry,
B -
/> e exact (non-anomalous) symmetry of the SM.
\ \/ B=-28
— e — —
Courtesy: H. Oide
— = — —

Electroweak sphaleron (s4 «inkhamer & Manton)

-~ washes out B+L asymmetry (ss kuzmin, Rubakov & Shaposhnikov).
killed SU(5) GUT baryogenesis.

E
AﬂA Popular option thus far:
W / . - Generate B-L asymmetry (much) before EWSB.
I NCS - -
ANgg o AB = AL This option---
needs to violate B-L symmetry,
B

/ e exact (non-anomalous) symmetry of the SM.

n Lo B“L Right-handed neutrinos can be naturally introduced.

£ (Leptogenesis; ‘86 Fukugita & Yanagida)

\—// B=-28, 2 b
eptogenesis e 81 But BAU from their decay needs severe conditions
: on the CP-violation and right-handed neutrino mass.
(See e.g., '05 Buchmuiller, Di Bari, & Plumacher)

—- e — o —

Courtesy: H. Oide
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Electroweak sphaleron (s4 «inkhamer & Manton)
-+ washes out B+L asymmetry (ss kuzmin, Rubakov & Shaposhnikov).

E

VAVAVAWE

ANCS x AB=AL

B

B-L=0

'haryogr:nr‘.s\s

Sphy>

L —

Popular option thus far:

killed SU(5) GUT baryogenesis.

- Generate B-L asymmetry (much) before EWSB.

This option:--

needs to violate B-L symmetry,

exact (non-anomalous) symmetry of the SM.
Right-handed neutrinos can be naturally introduced.

Other ways?

- p— —

< —

Electroweak sphaleron (s4 «inkhamer & Manton)
-~ washes out B+L asymmetry (ss kuzmin, Rubakov & Shaposhnikov).

E

NAN,

ANCS x AB =AL

Spha\%
B

B

aryggenesis

Popular option thus far:

killed SU(5) GUT baryogenesis.

(Leptogenesis; ‘86 Fukugita & Yanagida)

=

Courtesy: H. Oide

- Generate B-L asymmetry (much) before EWSB.

This option:-:

needs to violate B-L symmetry,

exact (non-anomalous) symmetry of the SM.
Right-handed neutrinos can be naturally introduced.

Other ways?

e —

(Leptogenesis; ‘86 Fukugita & Yanagida)
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An issue in the B+L washout by EW sphalerons.

It completes when the electron Yukawa gets in equilibrium @ 7' < 100TeV

('92 Campbell+)
Approx. conserved quantities prevents from the completion of washout.

@lower temp., the SM has only B/3-Li as a global conserved quantities
@higher temp., many other global conserved quantities appear, depending on temp.

Weinberg op.
o 7|—;enk sph.
T1GeV] y s Ya Vs Ysb Y Ve y Vb WS S8 v
strong sph.
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7il-ﬁmom o stranéefi down O] (10'3, 1015) qe Gu-d Gd-s 4qB,-B, Gu Gu-c q qd-b qp Gu v

107 1615 08 100 10° 167 105 10° : ree .
List of conserved quantities at several temperature regime

T [GeV] ]
Equilibrium temperature of Yukawa/sphalerons {21 Domgle Jeise
(Figure from '20 Domcke+) =
Courtesy: H. Oide
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An issue in the B+L washout by EW sphalerons.

It completes when the electron Yukawa gets in equilibrium @ 7' < 100TeV

= _ ('92 Campbell+)
Approx. conserved quantities prevents from the completion of washout.

@lo Something can be implemented after the generation of asymmetry
@hi¢ with B-L=0, before the completion of washout for net B asymmetry.d on temp.

Weinberg op.
777|-Veaksph.
T[GeV] Ve Vs Ya y Vsb Vu Ve Ve Vb WS 8§y,
strong sph. —
) (10°,10%) q. v v v v v v v v v v v
tau muon electron (iv) (10°,10%) de  @B-By-B,  Yu-d v 4 4 4 v v v v v
— 777|-y ,,,l.y (iii) (10°,10"-12) q. 92B,-B,-B; Gu-d Qd—s 4qB,-B, Gy v 4 4 4 v v
top charm up (i) (10112, 1013) qe 92B,-B,-B, Gu-d a-s qB,-B, 4y Qu-c q: qa-b qp v v
’"|'§,m,m ’"l‘;an;,g ’hﬁwn @ (10"3,10'%) de  DB-BiB, __ Gu-d___dd-s___ 9B-B, Gy qu=c 9r  4a-» [ [T
107 10 108 10" 10° 107 10° 10° : o .
List of conserved quantities at several temperature regime
T [GeV ]
_— [GeV] (21 Domcke, KK+)
Equilibrium temperature of Yukawa/sphalerons
(Figure from '20 Domcke+)
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For concrete calculation---

Once initial asymmetry is generated by a “genesis” mechanism,
one can determine the conserved charges and evolution of each particle asymmetries
redistributed in a la Turner & Harvey ('90)’s way.

Hi = Z Sictc i : chemical potential for each particle
@

Hc : chemical potential for conserved charge

Yukawa: Mup = HHy + Uup >
or

Sphaleron: 3Ny Z“q x Z“:O M : chemical potential for approx. conserved
q 1

Ho = Z Sacpic charge, such as B or B+L
C
: o 2 28 ini
From this calculation we obtain the well-known formula #B = ZgHB-1L
after the electron Yukawa equilibration.

— s — ——

Courtesy: H. Oide
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Once we introduce the right-handed neutrinos,
the way how asymmetries are redistributed changes.

We might expect the L asymmetry is induced.
(also see '02 Fukugita & Yanagida)
New equilibrium condition:

ML, + HH = [N

When the right-handed neutrinos are almost massless,
the L-violating effect should not be relevant.

_ —g—- ——

Courtesy: H. Oide
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Once we introduce the right-handed neutrinos,
the way how asymmetries are redistributed changes.

We might expect the L asymmetry is induced.
(also see ‘02 Fukugita & Yanagida)
New equilibrium condition:

Ur, + g = KNG — O when T ~ my,

When the right-handed neutrinos become massive,
the L-violating effects should be effective.

At this point, A, = B/3— L, are not conserved charge.

(=L, + H)
fo = Sactc 0= )" Sactic+ > Sanpin uay =Y S;A Sachic
i C#D, i c
We name it

B-L asymmetry is induced in the system (and fixed quickly)! “wash-in” process.

- e —
Courtesy: H. Oide
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Once we introduce the riaht-handed neutrinos.
the V ‘ Tp-1 [GeV] Hlndexa‘ Me  M2B,-B,-Bs Mu-d Md-s MB,-B,  Hu  Hu-c Mt Hd-p KB lJu‘HAL
W] (0%10%) || emr | -5 X ) S S X X X X X x| x
| (10%10% || ewr | -& 0 -5 X X X X X X x x|x
(i (10%,1011712) | .7 142;2}351), 0 i w1 142;2;51% X X X X x|z uced.
i) |(10M712,1019) |y | =EEE 3 -2 -5 -6 ET &% BT & 8§ x| 8 ugita & Yanagida)
Newe ool ||y [ =g f 4 4 s g s g
BLo, T HH = UNi —> O when T ~ my,
When the right-handed neutrinos become massive,
the L-violating effects should be effective.
At this point, A, = B/3 — L; are not conserved charge.
(@ =iLg <5 1E0)
fo = Sachc 0= > Sactc+ Y San.ta, uar= Y S;A Sachic
c C#A; i @

We name it

B-L asymmetry is induced in the system (and fixed quickly)! A S B

P e — o
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The way how B and L asymmetry is redistributed

A genesis mechanism —

Sphaleron wash-out — (e = EEEE Asymmetry genesis|= === -
Wash-in leptogenesis —
Sphaleron wash-out —

T~My, ——-==--- |Wash—in leptogenesis | = = = =

(If relevant charges survive)

Lepton number L

1| [ Wash-in leptogenesis at T’ € T ~ 10°GeV —F— - - |Electron Yukawa equilibration I' '

| —— (102, 10") GV
(D (10'712,10"%) GeV
(107,10 °12) GeV EWSB

Elo?l[}:; GeV T ~130GeV —f=====~ ~sphaleron freezeout T
10°,10°) Gev

Baryon number B

(21 Domcke, KK+)
— Time

Courtesy: H. Oide

e = — —

Advantages of wash-in leptogenesis

- Sakharov’s condition does not have to be satisfied simultaneously.

C&CP-violation/Deviation from equilibrium: asymmetry genesis @high temp.
(not have to be B-L)

B-L violation: Right-handed neutrino decoupling @ 7" ~ m .
# RHN sector does not have to violate C & CP.

- Depending on the initial asymmetries, wash-in works with relatively light RHNs.

can be consistent with naturalness muy, < 107GeV  (Vissani bound ('98))

and also the neutrino option (17 Brivio & Trott)

c.f.) The vanilla leptogenesis requires muy,, 2 10°GeV (Davidson-Ibarra bound ('02))

_ ‘——g—— ——

Courtesy: H. Oide
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Applications/Realizations
- SU(5) GUT baryogenesis from the GUT Higgs decay
B+L but not B-L asymmetry is generated.

Wash-in helps to avoid the sphaleron washout.
Lowest RHN mass for the wash-in depends on the decay ratio of the GUT Higgs.

- s — —

Courtesy: H. Oide

Applications/Realiz:

- SU(5) GUT baryogene

inflation

B+L but not B-L as!
Wash-in helps to av
Lowest RHN mass -

- of the GUT Higgs.

He 10° GeV

- Axion inflation

[plot by E. Morgante]

¢V, Y™ coupling generate both B+L asym. and hypermagnetic helicity through chiral anomaly.
They can annihilate each other at a later time.
Wash-in prevents from the complete cancellation of B+L and helicity.

Final baryon asymmetry is the summation of the B+L with wash-in
and hypermagnetic helicity decay at EWSB. (Domcke, KK+, in prep.)

e —g. ——

Courtesy: H. Oide



Summary
- Wash-in leptogenesis is a new framework for baryogenesis.

- It uses the redistribution of the asymmetries with the RHN mass term,
between the asymmetry generation and completion of would-be sphaleron washout.

- The idea is based on the fact that the Sakharov’s condition does not have to be
satisfied simultaneously.

- Relatively light RHN can be useful, consistent with naturalness problem
and neutrino option.

- SU(5) GUT baryogenesis and baryogenesis from axion inflation is rescued,
but the idea does not have to be limited to these examples.

— - e — —

Courtesy: H. Oide
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Dynamical p~brane on
orbifolds

Kunihito Uzawa
(Hirosaki University, Kwansei Gakuin University,
Keio University)
with
Munero Nitta (Keio University)

[1] Introduction and our results

* We construct a dynamical p-brane solution on orbifold
(the complex line bundle over CP* space) as a solution.

* There are interesting properties when branes are located at an orbifold.
(M.R. Douglas and G.W. Moore, hep-th/9603167)
(M.R. Douglas, B.R. Greene and D.R. Morrison, Nucl. Phys.B 506 (1997) 84 [hep-th/9704151])

- Orbifold singularities are resolved in the D-brane world volume theory.

~ One can expect that the spacetime itself becomes regular without any
naked singularity once p-branes are placed at the orbifold singularities.



* This is important when one finds hints that the gravity theory giving a
p-brane on the orbifold is known and well-defined supergravity, thus
giving a handle on the strong coupling dynamics of string theory.

* Black hole on the Eguchi-Hanson space
(H. Ishihara, M. Kimura, K. Matsuno and S. Tomizawa,Phys. Rev. D 74 (2006) 047501 [hep~th/0607035])
(Hideki Ishihara, Masashi Kimura, Shinya Tomizawa, Class.Quant.Grav.23 (2006) L89 [hep-th/0609165])
(Chul-Moon Yoo, Hideki Ishihara, Masashi Kimura, Ken Matsuno, Shinya Tomizawa, Class.Quant.Grav. 25
(2008) 095017 [0708.0708 [gr-gc])

* Black holes on the complex line bundle over CP" space
(M. Nitta, K. Uzawa, Eur.Phys,J.C 81 (2021) 6, 513, [arXiv:2011.13316 [hep-th]])

* (Static) Black p-brane on the orbifolds
(M. Nitta, K. Uzawa, JHEP 03 (2021) 018, [arXiv:2012.13285 [hep-th]])

% Plan of my talk

* Black holes on Eguchi~Hanson space in 5D Einstein~-Maxwell
theory

. * Black p-brane .

* Extension to dynamical p-brane

* Summary and discussions




[2] Black holes on Eguchi-~Hanson space in 5D Einstein-Maxwell theory
(H. Ishihara, et al., Phys. Rev. D 74 (2006) 047501 [hep-th/0607035])
¢ 5D-metric

2
mq ma m Hio
ds2 — — [ 1 dt? 1
’ ( +7“2—a200826’+7‘2—|—a200829) +( +T2—a2‘30529+7‘2+a2C0529)

at\ ! e a* 2
X (1——> d’i"z‘l—z{(l——4> (d‘l[i—I—COSQde) +d92+81n20d§b2}
r

rd

o 1-f, tential Eguchi~Hanson space (4D)
-iorm gauge potentia Complex line bundle over CP!

V3 mq mo !
Anwn=4+—11 dt
(1) 2 T r?2 — a2 cos? 0 T r?2 4+ a2 cos? 0

s ©

Nt
o (i) Extension to p-brane
ds? = —h~2(y)de? bt h(y*u?;j(Y)dyidyj
(2) Extension to orbifold

A R )



[3] Black p-brane

Gravity and antisymmetric tensor fields of arbitrary rank in D-dim.

* Action in the Einstein frame
(K. S. Stelle, [arXiv:hep~th/9701088 [hep-th]])

1 D / 1 2
* Einstein €eq.: Ruyn = ; —(p -I-Q)FMrA BFNAMB - p+1 QJWNFQ
" 2-(p+2)! | =32 (p+2)

* gaugefieldeq.: d [«F,.2)] =0

* Bianchi identity : dF(, ,) =0

¢ Solution

(M. Nitta & K. Uzawa, JHEP 2103 (2021) 018, arXiv:2012.13285 [hep-thl])

(G.W. Gibbons, G.T. Horowitz and P.K. Townsend, Class. Quant. Grav. 12 (1995) 297
[hep~th/9410073])

* metric

C1

"m v D—p-—3 2 y
ds? = (CO L. m) q_W(X)dm“dw T (C() T m) uz‘j(Y)dy dy’

- p~-form field strength

2(D — 2 c1 =1
= \/(p+ 1)((D —;—3) ! (C“ i W) dl el



[3] Extension to dynamical p~brane on orbifolds

* Metric of dynamical p~brane in D dimensions
(Pierre Binetruy, Misao Sasaki, Kunihito Uzawa, Phys.Rev.D 80 (2009) 026001 0712.3615 [hep-~th])
(Kei-~ichi Maeda, Nobuyoshi Ohta, Kunihito Uzawa, JHEP 06 (2009) 051, arXiv: 0903.5483 [hep-th])

-

ds® = h*(, y) quv (X) da’dz” + h®(z, y)lui; (Y) dy'dy’

D—-p-3 p+1 Lorbifold
D—-2 ~ D—-2’

=

* (p+2)-form field strength
Fipyoy=d(h™") Adt Adzt A« A da?

* It is straightforward to check that with such an ansatz the
Bianchi identity is trivially satisfied.

* The field equation for the antisymmetric tensor becomes

(Kei~-ichi Maeda, Nobuyoshi Ohta, Kunihito Uzawa, JHEP 06 (2009) 051,
arXiv: 0903.5483 [hep-th])

0,0h =0, Ayh=0,

— h(z,y) =ho(z) + h1(y), Ayh1 =0,



* Einstein equations
. a, _ .
R, (X)—h™'D,D,hq — §h Y (Dxcho + R~ Ayhy) =0,

b _
RU(Y) =— §q}ul’ (Axho + h lﬁyho) = D,

1
= RMU(X) — O, REJ(Y) = §b(p + 1) )\uij(Y), DMDV]’LO = )\ny(X) :

* The space Y is not Ricci flat, but the Einstein space such as CP" if A#£0,

and the function h can be more non-trivial.
(Pierre Binetruy, Misao Sasaki, Kunihito Uzawa, Phys.Rev.D 80 (2009) 026001 0712.3615 [hep-th])
(Kei-~ichi Maeda, Nobuyoshi Ohta, Kunihito Uzawa, JHEP 06 (2009) 051, arXiv: 0903.5483 [hep-th])

If we set
Q;W(X) = nuf/(X) ) Duho 7£ O: (Dﬁﬂho) (D“ho) 7& Oa
the solution for h, is given by

A
ho(x) = §xuw“ +a,xt +a

* When the space Y is Ricci flat like orbifold, the function h, is linear
in the coordinates /' because of A=0.



4 Dynamical p-brane on the orbifold

cf) Black holes on Eguchi~-Hanson space :
(H. Ishihara, M. Kimura and S. Tomizawa,
Class.Quant.Grav. 23 (2006) L89 [hep-~th/0609165])

Eguchi~Hanson space — complex line bundle over CP! (2-sphere)

* p-brane on orbifold

wi; (Y)dy'dy' = dr? + r?

If we impose hy = hq(r), the field equations become for

b
Axhi(r) =0, = hi(r)=bi+ =
the solution for h(x,r)is given by
_ by
ha,r) = apet + by + rD—p—3

* There is a naked singularity at h=0.
(1) r — O : static p-brane solution.

(2) r — o0 : asymptotically Kasner geometry

. 1 ’
{dp + Sln2 Sn—l (d"pn—l + 2(n — l)wn) } + ds((ziPnll



4 Dynamical solution on the CP" space

* Metric CP" space
ds® = h*(x, y) gup (X) detdx” + hb(:r, y)|wi; (Y) dy'dy’ |

D—p-—3 B
D—-2 7 D-2’

a =

* For the CP! space

dstpr = uij(Y)dy'dy’ = (1+ ?“2)_2 (dr* + r?d6?)

* Solution

A
h(x,r, 0) = §xua‘:‘” + But" 4G
. . C o .
—cr+cilnr + 59 + ¢y 0
For the CP? space
dstps = uij(Y)dy'dy’
02, 2, P 2\ —2 2
— (1—|—p ) dp —I—Z(l—l—p ) (dy + cosBdo)
2

P - ;
_I_Z (1 + pz) (d6’2 + sin? 6’dd)2)



* Solution

A
h(z,p,0) = 53:”3;“ +a,zt +a

0
+In (L) + ¢lnsin @ + ¢; Intan 5

1+ p?

[4] Discussion and remarks
(1) Extension to dynamical p-brane
* Dynamical p-brane on the complex line bundle over CP* space.

* We will be able to describe p-brane collision.

(2) Black hole

* Black hole on orbifolds (complex line bundle over CP" space).

* Time dependent black hole.




For Kei-~ichi Maeda san,

Wishing you a new journey of success and happiness in the new page of your lifel
* Kei-ichi Maeda, Kunihito Uzawa, Phys.Rev.D 68 (2003) 084017, arXiv: hep-th/0308137.

* Kei~ichi Maeda, Nobuyoshi Ohta, Kunihito Uzawa Journal of High Energy Physics, JHEP 06 (2009) 051,
arXiv: 0903.5483 [hep-th]

* Kei-ichi Maeda, Masato Minamitsuji, Nobuyoshi Ohta, Kunihito Uzawa, Phys.Rev.D 82 (2010) 046007,
arXiv: 1006.2306 [hep-th]

* Kei~ichi Maeda, Kunihito Uzawa Physical Review D, Phys.Rev.D 85 (2012) 086004,
arXiv: 1201.3213 [hep-th]

* Kei~ichi Maeda, Kunihito Uzawa Physical Review D, Phys.Rev.D 94 (2016) 12, 126016,
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A new class of vector-tensor
theories and its cosmology

Based on 2110.14327 with C. de Rham, L. Heisenberg and V. Pozsgay

Sebastian Garcia-Saenz
SUSTech

Why vector-tensor theories?

* Massive vector condensate as candidate for dark energy

De Felice, Heisenberg, Kase, Mukohyama, Tsujikawa, Zhang (2016)

Massive vector particles as candidate (light) dark matter
Arkani-Hamed, Weiner (2008)

Natural alternative to scalar-tensor theories

Interesting astrophysical solutions with vector hair

Important differences with scalar-tensor theories, e.g. no tachyonic growth

of hair
SGS, Held, Zhang (2021), Silva et al. (2021)

S. Garcia-Saenz (SUSTech)



Catalogue of theories

We define a consistent massive vector-tensor theory by an action S[g, A]

with 2+3 degrees of freedom

Generalized Proca

Beyond Generalized Proca

Extended vector-tensor theories

Proca-Nuevo

Extended Proca-Nuevo

S. Garcia-Saenz (SUSTech)

Tasinato (2014), Heisenberg (2014)
Heisenberg, Kase, Tsujikawa (2016)

Kimura, Naruko, Yoshida (2016)

de Rham, Pozsgay (2020)

de Rham, SGS, Heisenberg, Pozsgay (2021)

Generalized Proca vs. Proca-Nuevo

* Generalized Proca theory

4
Lop= ), BX)Z,[0A] + ...

n=1

Properties

—Polynomial in 9,4,

X x AFA,

— Constraint structure: A, non-dynamical

— Covariant theory includes non-minimal curvature terms

S. Garcia-Saenz (SUSTech)



Generalized Proca vs. Proca-Nuevo

U
* Proca-Nuevo theory X o ARA,

4
Lo =Y, a,X)Z,[H]

n=1

| F=+/n"'f -1

Properties

‘ Jow =My +20,A,,+9,AP0,A,

—Non-polynomial in d,A,
— Constraint structure: non-trivial functional of A,

— Covariant theory not completely known

S. Garcia-Saenz (SUSTech)

Extended Proca-Nuevo X o« AFA,
L M) xe€M M
| 4 -
- LN = Z a,(X)ZL [F]+ p,(X)Z,[0A] K=+/n"'f -1
] T fu = 1+ 20,,A,) + 0,AP0,A,

Remarks ( Extended PN \

—Non-trivial because of constraint structure &

—Interesting link between GP and PN

—Caveat: not all GP class included I
GP

S. Garcia-Saenz (SUSTech)

>,




Extended Proca-Nuevo

Minimal coupling prescription does not work in general

4 )
gEPN = Z an(X)gn[%] + ﬁn(X)gn[ VA] + | non-minimal curvature terms ?

n=1

Remark: OK if background is curved but non-dynamical

Two options

* Restrict the theory by (partially) fixing the  —— “special model”
free functions «,,, f3,

¢ Add non-minimal couplings — “general model”

S. Garcia-Saenz (SUSTech)

Extended Proca-Nuevo

« Our two covariantization schemes are only partial ones

* They are consistent for linear perturbations about any background such that
V,A,=V,A,

* This is sufficient for cosmological solutions with background

g, dxtdx" = — di* + a*(D5dx'dy , A dx' = — Pp(r)dt

 For more general backgrounds one typically has gy, ~ Mp

S. Garcia-Saenz (SUSTech)



Cosmology of the special model

M? 1

+a,(X) (LA H1 = L, VA]) + a3(X) (Z5[H] = Z5[VA])

X AVA,
Remarks Z Ml xee MM
K =7/n""f -1

* Relatively simple model
Jow =M +20,A,+0,A70,A,
 First instance of a generalized vector-tensor
theory with only minimal couplings

S. Garcia-Saenz (SUSTech)

Cosmology of the special model

Set-up

* Flat FLRW background, general linear perturbations (scalar, vector, tensor)

» Perfect fluid matter with general equation of state

Results

» Correct number of degrees of freedom (2 tensor, 2+2 vector, 1+1 scalar)
* Exactly luminal GWs
* Window of parameters with no instabilities (ghost/gradient) or superluminality

* Consistent Big Bang solutions with late-time dark energy

S. Garcia-Saenz (SUSTech)



Cosmology of the special model

1.0[- 1
Q. —— radiation
05 .
I Wef Q, —  matter
0.0l Qppy —> dark energy
» Wege effective EoS
0.5 ] parameter
-1.0 ;1 | | | | | | | E
0.1 100 109 108
zZ+1
S. Garcia-Saenz (SUSTech)
Cosmology of the general model
Mg 1
+((X) + Sr(X))R + oy (X)L F ] + P x(X)ZH[ VA]
+(3(X)FEH + Br(X) V”A”)(jﬂ + a3 x(X)ZL5[ K] + 3 x(X)ZL5[ VA]
X o A¥A,
Remarks LM xe €M M.
* Non-minimal couplings to curvature H=/n""f -1

_ _ £ =n,, +20,A,+0A% A
+ Includes Generalized Proca as particular case po e T T

S. Garcia-Saenz (SUSTech)



Cosmology of the general model

] . De Felice, Heisenberg, Kase,
Results (like Generalized Proca) Mukohyama, Tsujikawa, Zhang (2016)

» Correct number of degrees of freedom (2 tensor, 2+2 vector, 1+1 scalar)
» Window of parameters with no instabilities (ghost/gradient) or superluminality

* Consistent Big Bang solutions with late-time dark energy

Results (unlike Generalized Proca)

» Non-linear dispersion relation for vector mode

» Modified speed of sound for perfect fluid

S. Garcia-Saenz (SUSTech)

Take-home message

 Extended Proca-Nuevo: new class of vector-tensor theories

* Interesting link between structurally dissimilar theories
(Generalized Proca vs. Proca-Nuevo)

« Two partial covariantization schemes, both allowing for consistent
cosmological solutions and linear perturbations

* Interesting differences with Generalized Proca

Thank you

S. Garcia-Saenz (SUSTech)
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Exact solutlon for
‘wave scatterlng from
bIaCk holes *

Hayato I\/Iotohashl .
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General Relativity

Kerr
YA

Today’s topic EM

Modified gravity

Stealth Kerr Disformal Kerr

% —_

Same EM<4 _—" Deviation in.

" Deviation in GW _ Deviation in GW

Geometrical optics

source Rays Geodesic equation
T
)
| observer
Black Hole —
N . /

Sa
~
Sa
~




Wave optics
m Teukolsky equation
A N
& . observer
\

(, )

Analytic formulation of
BH scattering using
exact solution for
\Teukolsky equation )

Kerr-Newman-de Sitter spacetime

dr? do? >

ds® = +
> A 1 + acos?6

~ AT % (dt — asin?6d¢p)? + p? <
(1 + acos?8)sin?0

T [adt — (r? + a?)d]?

2
AG) = (2 +a?) (1 - =) — 2M7 + Q2
Aa?

a=— p? =12+ a%cos?6

Assumption: A > 0.

A(r) = 0 has four roots: ry., 7y

A
Ar) ==z (=) —r)r—)r—mn)

!/

r. N o Ty

%

BH horizon = Cosmological horizon

> T



Teukolsky equation

For a massless test field on KNdS background, the

Teukolsky eq is separable: y; = Ry ()5, (0)e~wttime

Spin 0, 1/2, 1, 3/2, 2 fields on the Kerr-de Sitter
Spin 0, 1/2 fields on the KNdS
4sx(1+ a)[ma — c(1 + a)]

d d
edl 2Y(1 — +2) _ o 2
I A+ ax)(1—x )dx+/1 s(1—a)—2ax*+ 1+ a2

(1+ a)?[m+sx — (1 —x?)c]? c =0 . ; -
- s = . Separation constan
(1+ax?)(1—x?) X = ch)s Q,Ic = aw
-a=0:,Yn(0,0), A= +1)—s(s—1) J) =1+ a)[w@? + a?) — am] — eQr

- A = 0 : Spin-weighted spheroidal harmonics

Radial part
d d J?—isjA 2
_S_ S+1_ ] Y —_—— 2 —_— — ol
A drA I + A + 2is/ 3Ar s+1)2s+1)+2s(1—a)—A|R, =0

Both eqgs can be transformed to Heun equation.
Suzuki, Takasugi, Umetsu, PTEP 100 (1998) 491

* Teukolsky

d d J?—isJA
—S ___AS+1
[A dr A dr T A

+ 2is]’

2
— §Ar2(s +1)2s+1)+2s(1—a) — /1] R =0

Va N\
» Schrodinger yoe(Ls 5 )y

(dz > Ne— ZB z—1 z-—a
V)Y = 0 aBz —q

> s | Ys _
ar; te-Dz-a’ "




Teukolsky — Heun

Transformation: R, (1) — y,(2)

re —r_Tr—r,
7 =

!
T, =Ty T — T

R.(r) = zB1(z — 1)P2(z — z,.)B3(z — ZOO)ZS“yS(r) (2)

BH horizon = Cosmological horizon

. |
r! R o ry
} } i } > T
CO
01 a

Heun equation

A & € , afz —q
Y +(E+Z—1+Z—a)y +Z(Z—1)(Z—a)y=0
e=a+p—y—06+1, a=+01
Two indep. solutions around z = 0 are

Yo1(z) = Hl(a,q; o, B,V, 6; 2)
vo2(2) =z VHI(a,(@6+ )1 —V)+qa+1—-v,f+1—-v,2—7V,8;2)

Local Heun function Three-term
/ recurrence relation

Hl(ar J4 «, B;Y; 5; Z) — 2 Cka
k=0

* Hl = "HeunG’ in Mathematica 12.1 or later.
* Python implementation Birkandan et al, 2106.13729



Scattering problem in terms of Hl

Two indep. solutions around z = 0,1
< Ingoing and outgoing waves at
BH/cosmological horizons.

AN
|z
R01(Z)
Ro2(2) 0
BH horizon)<

vo1(z) = Hl(a,q; o, B, Y, 8; 2)
Voo(2) = 2V YHI(@@, (a8 + &)1 —y) +qga+1—vy,B+1—v,2—vV,82)

yll(z) = Hl(l_araB_q!alBl(SIYil_Z)
Vi12(2) = (1—2)1‘8H1(1—a,((l—a)y+£)(1—8)+ocB—q;oc+1—8,[3+1—6,2—8,y;1—z)

Cosmological horizon

in Chrzanpwski, Misner (1974)

Boundary condition
CEmINE, (o)

Ri..— -
in,s Cs(ref)ABz n CS(IHC)A_BZ_S' (r—-r{)

DS(uP)ABl + DgreDA_Bl_S; (T' - 7,.+)
Ds(trans)ABZ,

Rup,s -

(r—>ry)



in Chrzanpwski, Misner (1974)

Exact solution

,
_ Roz,s) (r-ry)
Rin,s

. /
\621R11,S + Cy5Rq55,) (r-ry)
(

D11Ry1 s + D12Roz s, (r-ory)

R —
b \ Ri1s (r—->ry)
_ Wilyo2,y11] S
where C,, = N etc. W, v] = u 2 — &y
QNM frequencies Hatsuda, 2006.08957

* QNM boundary condition on radial solution:
w, [y& 2] = o

» Regularity condition on angular solution:
W, [ysd ] =0

. . j1(m+s<0)
with ¢ _{Z(m—s<0) and j _{2(m+s>0)'
Finding root of two equations determines (wqgnm, 4)
simultaneously (~ 0(1) sec for 20 digits of precision).



Reflection / absorption rate

W[y 25y 65s] (Wz[yi?,-s'yé?,-s '
|

(r) () ) @
W, [y Og,s'y 12,5] W, [y 02,—5'3' 12,—5

Absorption rate (=greybody factor) 7; = 1 — R..

Reflection rate R, =

Simple and fast.
No approximation.
Arbitrary-precision arithmetic.

cf.
Gregory, Moss, Oshita, Patrick, 2103.09862

_ Schwarzschild-de Sitter AM? = 1073
Reflectionrate s=o0,¢=246
1.0 - N —"

Tea = & = o

0.8

0.6}

2

0.4}

027, —3v3Mw

0.0 0.5 1.0 15
Mw

Our exact formula

----- Numerical integration




Kerr-de Sitter AM? = 1073,a/M = 0.9
Reflectlon rate s=0¢ =2
1.0

0.8}

o 0.6

S

0.4

0.2

0.0t

Our exact formula
----- Numerical integration

Kerr-de Sitter AM? = 1073,a/M = 0.9
Reflect|on rate s=0,8=2
1.0!

0.8

o 0.6:-

8

0.4

0.2

0.0t

Our exact formula
----- Numerical integration



_ Kerr-de Sitter AM? = 1073,a/M = 0.9
Superradiance s=o0¢=m=2

1.0005 _—
£ 1.0000 _
|
- |
I eQr’ eQr I
0.9995} Mt e T
i T‘_{_z + a? r_E + a? :
I u x :
: 6.23x10™* 6.25x107" |
09990b . o . v o N -
0 02 03 04 05 06 0.7
Mw
Our exact formula
----- Numerical integration
source
w /2 —6
(Q?Sv 908) T's |l
\ 1 observer

Black Hole




Green function

G (x xs)
z Z —A%(15) [Rin(rs)Rup(Ts)@(T 1)+ (@ © TS)]
=0 m=—~ AS-I_ll/Vr[Rinr Rup]

><sS{’m @, (P)SS;m (s, 9s)

No approximation such as
e 1,1y > 1
e Y, K1
e Mw>» l1lorMw K1 of

Nambu, Noda, 1502.05468
Nambu, Noda, Sakai, 1905.01793

_ s = 0 wave on SdS AM? = 1073
Forward scattering (r,9,¢) = (20M,0,0)

(75, U, (ps) = (6M 0, 7T)

0.0010
0.0008 |
o~ 0.0006}
S|
0.0004 | A
. Unstable circular orbit
0002/ <
0.0002| Mo ~ (333) " ~ 02
0.0000 - . . |
0 1 2 3 4 5
Mw

Our exact formula
----- Numerical integration




Slightly off forward scattering
(r,9,¢) = (20M,0,7/10)
(rg:ﬁSr @s) = (6M,0,m)

0.00006
0.00005 |
0.00004
O [
& 0.00003}
0.00002|
0.00001 f
[ Interference
0.00000 R : : —
0 1 2 3 4 5
Mw
Our exact formula
----- Numerical integration

Angular dependence
0.0012 | |
0.0010
. 0.0008
O 0.0006
0.0004
0.0002
00000 "0 15 20 25 30
o [degree]




Summary

« We have established the exact formulation of the
scattering problem of massless field on KNdS
background by using the exact solution of
Teukolsky eq. in terms of local Heun function HI.

« Simple and fast formulae with arbitrary high
precision w/o any approximations.

« Applications include:
- QNM
- Reflection / absorption rates, greybody factor
- Green function
- S-matrix, cross section, BH image, ...and more!
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Quest for realistic
non-singular black-hole geometries
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This talk is based on
e-Print:2107.04791 [gr-qc]: HM “Quest for realistic non-singular black-hole geometries: Regular-center type”

Black Holes in General Relativity

& GR is successful
& Exact BH solutions in GR
¢ Vacuum: Schwarzschild, Kerr
¢ Einstein-Maxwell system: Reissner-Nordstrom, Kerr-Newman
& Curvature singularity inside a BH is generic
¢ Quantum Gravity effect should dominate around there
& Belief: A regular description of spacetime must be possible in QG

& But we still don’t know a complete theory of QG




Singularity resolution: A belief in Physics

& We assume: Non-singular BH is realized in the low-energy CLASSICAL theory of QG
¢ A bold assumption
& Such a theory should be a modified gravity: Higher-curvature terms, non-minimal coupling, etc
¢ Deviation from GR should be small in asymptotically flat regions

& Central problem in this talk: What is a physically reasonable model of non-singular BHs?
¢ A bottom-up approach
¢ Actually (too) many models have been proposed since the pioneering work by Bardeen in 1968

® We propose 7 criteria for model construction

7 criteria for realistic non-singular BHs

& C1: Any kind of non-coordinate singularity is absent Feisr 2= iy

72728

& Weak version of C1 (W-C1): Curvature singularities are absent Effective
energy-momentum tensor

C2: Closed causal curves are absent

(5% Tuv satisfies the standard energy conditions in asymptotically flat regions

C4: Tuv satisfies the standard energy conditions on the event horizon of a large BH
C5: The limiting curvature condition (LCC) is respected

C6: Realized for a set of non-zero measure in the parameter space of the BH solution

C7: Dynamically stable

C1-C5 are purely geometric and can be examined without specifying a theory
We seek non-singular BH geometries satisfying C1-C5




Limiting Curvature Condition (LCC)

¢ Curvature invariants are bounded in the parameter space of the solution
(Frolov "16 based on works in 80s by Markov, Polchinski, & Morgan)

& LCC ensures that singularity resolution is completed within the theory under consideration
¢ LCC violated — Even higher-order corrections needed or resolution is possible only in full QG

& Suppose that a spacetime around a regular center (r=0) is given by

ds® ~ —(1 = A(m, D)r*)dt? + —————— + r?(d#? + sin® 6d¢?)

¢ Ricci scalar near r=0 is R=12\(m,])

¢ According to LCC, the function A should not blow up in the parameter space of [ and m

Spherical non-singular BH with a regular center

® Metric ansatz: ds2

l‘)
= — f(r)dt? +f(_+’ 2(d6? + sin? 0do?),

Flr) =1 — :’- functon of r

& Effective energy-momentum tensor: A particular Hawking-Ellis type I matter

Tl .= T BRI RS — diag(pe, p1, p2.v3),

¢ Energy conditions

Jrop+pi>0(i=1,2),
3C: p >0 in addition to NEC, DEC € WEC c NEC and SEC c NEC
) S0 (i =1.2) in addition to WEC NEC violation = All energy conditions are violated
ia—im 20 =12 In addivon o DEC holds » WEC & NEC are respected as well

O p+p1+2p2 > 0 in addition to NEC.




4 non-singular BHs with a regular center

g ? 12
1s? = — f(r)de® + -

( f(r)dt” + )
2M(r)

r

& Parameters: m & [
¢ f(r)=0 determines Killing horizons
& Two horizons in general
¢ M(r)-»m as r— oo (Asymptotically flat)
® M(r)xr? as r—0 (Regular center)

& de Sitter core

+ 7r2(d#? + sin? 6de?),

[ ¢ Bardeen (1968):

¢ Hayward (2006): -

Mr)= ——.
) r3 4+ 2ml?

¢ Dymnikova (2004):

M(r) = = {axctan ( % ) R

L

¢ Fan & Wang (2016):

Only Hayward BH satisfies LCC
(the metric reduces to de Sitter as m — )

How to avoid singularity theorem

& Penrose's singularity theorem (*64):

A spacetime is null geodesically incomplete if

1. The spacetime is globally hyperbolic and admits a

non-compact Cauchy surface S,
2 T,, (=G, satisfies the NEC,

3. S contains a trapped surface

& These non-singular BHs are not globally hyperbolic

¢ Assumption 1 does not hold

@ S in the figure is just a partial Cauchy surface




Where are Energy Conditions respected?

T NeC | WEC | DEC | SEC | r—0 | BlackHol |
[ Bardeen G > 0)__| overywhere | everywhere |__0<r <2 | > /2/31 | Analyic | > 3v/31/4]
 Baden(n<0) | 0 | 0 [ 0 | 0 | Awyic| wh |
everywhere |0 < 1 < (nl)" | 7> (mP)"" | Regular | > 3v/31/4 ]
Hayward (1, < < 0) | overywhere | everywhere | 0 | everywhere | wa | wh |

Dymnkova 0n > 0)_| everywhere | everywhere | _everywhere | > (| Awlyic |_n 2 2217 |
i< |00 0|0 [Awbic| wh
" Fan-Wang (n > 0) | everywhere | everywhere | _everywhere | 7> 1 || Regular | > 9718
T 7 R N T2 T

¢ Bardeen & Hayward BHs don’t respect DEC at infinity: Discarded
¢ Dymnikova & Fan-Wang BHs respect DEC everywhere

© We will focus on the rotating counterparts of these two BHs

Rotating counterparts: Metric ansatz
& Gurses-Gursey (GG) metric ("74): M(r) is a function and A(r)=0 is a Killing horizon

dtdo

2M ( I')/')(lf2 B daM (r)rsin? 6
(

X(r,0) %(r,0)
0 . . o o 2a2M(r)rsin?0\ . , .
. dr2 + 2(r.0)d0% + [ r2 + a® + % sin? fd¢?,
=172 + a®cos? 6, A(r) == r?+a—2 M(r)

rM"Y + 2M'a? cos? 0
pp=pp=————




Stable causality with rM(r)=0

¢ Doran coordinates in a region with rM(r)=0 in the GG spacetime:

ds® = — df? + X(r,0)dé? + (r? + a®) sin? Hdp?
Y(r. 0 YN S [2 B d2)
(r,0) {(l 4 )

2

,.),-(]-~ + a“ ((1{_ - .\'ill;) Hd;)} .

3 (r,0)

Zd

r2 4+ a2

¢ If rtM(r)=0 holds everywhere, the maximally extended spacetime is stably causal

¢ Due to g®=-1, V,t is everywhere timelike and hypersurface-orthogonal one-form
& T=t is a time function

& The spacetime is stably causal by Prop. 6.4.9 in Hawking-Ellis textbook
(No closed causal curves appear even under small perturbations)

Rotating counterparts with GG metric

¢ Rotating Dymnikova BH: ¢ Rotating Fan-Wang BH:

2m | g2 Ir
: a.rf_"tan( el
") e

¢ Singularity-free in -co<r<oco & Curvature singularity at r=-1(<0)

except at the ring (r,0)=(0,7/2) S Do e

S S LSS ecteC at St ahinicy ® All ECs are respected at spatial infinity
& DEC is respected on & outside the event S SRhL bl
horizon

S e ¢ Discarded by its singular nature

Note:
* (1,0)=(0,m/2) is NOT a scalar polynomial curvature singularity (Torres & Fayos'17),
but still a conical singularity as Kerr
« Still not clear whether the ring (r,0)=(0,7/2) is a p.p. scalar curvature singularity or not




Rotating Dymnikova BH for m>m_,

violated
identify

4 non-degenerate Killing horizons in -co<r<oo
The ring (r,0)=(0,m/2) could be a p.p. singularity

No Killing horizon in -co<r<oo
(Wormbhole)

2 degenerate Killing horizons in -co<r<oo
(Extreme BH)




Summary: Which 1s better?

¢ ClI: Singularity-free in any sense ¢ C4: ECs on EH of large BH
& Weak-C1: Curvature singularity-free @ C5: LCC is respected
& C2: No closed causal curves & C6: Without fine-tuning in the solution

¢ C3: ECs in asymp. flat regions @ C7: Dynamically stable

C1 (op) C3 C4 C5 cé6 C7
ey

Dymnikova BH is preferable but LCC is not satisfied
Still not clear if the ring (r,0)=(0,7/2) is a p.p. scalar curvature singularity or not

Remaining problems

& QI: Clarify whether (r,0)=(0,7/2) is a p.p. singularity or not

¢ Q2: Find better models

¢ Q3: Find well-motivated theories which admit such non-singular BHs solutions
& Q4: Clarify stability of inner Cauchy horizon

© Mass inflation instability of Reissner-Nordstrom BH in GR (Poisson & Israel "89)

¢ Different groups have obtained opposite results for spherically symmetric non-singular BHs
(Bonanno et al. "21, Carballo-Rubio et al. *21)

Final take-home message
» If you use a model in astrophysics, check energy conditions at least at spacelike infinity
« If LCC is violated, you need even higher-order corrections or full QG
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in a force-free magnetosphere of a Kerr black hole
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Relativistic jet & BH

M87

Collimated stream of plasma

speed ~ C

Energysource = BH'srotational energy
of jets/gamma ray bursts

—— Energy extraction processes

BH Shadow (EHTC)

Penrose Process

ergoregion

\

Energy (Killing energy)

E = —pufé)
Energy conservation
= |
E‘ B+ EL!

Timelike Killing vector is spacelike in the ergoregion

— [/, canbe negative. (It depends on D)

From the energy conservation law, _
energy gain

EL: E‘_ I El> £
<0

by Vishveshwara




Superradiant wave scattering (superradiance)

reflected wave

¢ = /dw e Whe'™? f(r, 0)

Rotating BH
’% For wave modes satisfying w < m{y
will be amplified by scattering. \
angular velocity of the horizon

Superradiant wave scattering is possible for

scalar wave Y. B. Zel'dovich Zh. Eksp. Teor. Fiz. Pis'ma Red. 14, 270, (1971)
A.A. Starobinsky Zh. Eksp. Teor. Phyz. 64, 48 (1973)
EM, graV|tat|onaI waves A.A. Starobinsky and S.M. Churilov  Zh. Eksp. Teor. Phyz. 65, 3 (1973)
acoustic wave in fluids M. Visser, Class.Quant. Grav, 15 1767 (1998)
magnetosonic fast wave S.N etal., Phys. Rev. D 95 104055 (2017)
Alfvén wave S.N etal., Phys. Rev. D 101 023003 (2020)

S.N, etal. arXiv: 2111.01149, press in PRD (20217 20227?)
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Blandford-Znajek process |BH’s rotational energy = jet ?

Blandford & Znajek (1977)

1. Kerr BH
2. Stationary axisymmetric rotating magnetosphere  (plasma + electromagnetic field)

3. Force-free magnetosphere (magnetically dominated) Grp —
QH =-—_

Poynting flux 9oo r—ry
"o Qp(Qu — QF) If 0 < Qp < Qy, nonzero outward flux!!

EEEE» Rotational energy is extracted by magnetosphere

2/ By \°( M \°
Pry ~ 10%° (i) _20 _
b7 8/s\3r) \ioa) 100z,

Questions

- Non-stationary magnetosphere case ?? magnetic field
- Wave propagation ?? Fast & Alfven

- Essence of the BZ process ??




Force-Free Electromagnetic Field

Maxwell eq.

V[anc] =0 vbT(aEl;)M) = _Fabjb
VP = dnj® Yy (Tah + T%) —0

If the EM fields are dominant, V,T(jn) ~ 0 — Fj, ~ 0. (Force-free approximation)

V[anC] =0 , FavaFbc =0 , ja X vaab % 0

Carter (1979)

q ‘F = do1 A dos ‘ D1 , @2 : Euler potential Uchida (1997)

Gralla & Jacobson (2014)

Force-Free EM field eq.

0a10y [V =g (8°910°p2 — 0°$10%¢2)] =0

0020 (V=9 (0°¢10°¢2 — 8°$10%¢2)] = 0

Euler potential & FF-Magnetosphere

For stationary and axisymmetric (rotating) force-free magnetosphere

¢1 = \:[11(’)“, 0) , . . - .
This can be derived with Killing vector [e.g. Uchida (1997)]
P2 =@ — Qp (Y1)t + Wa(r,0)

¢1— const. defines magnetic surface Axisymmetric magnetosphere
- ' 9 is foliated by magnetic surfaces

¢2 = const. magnetic field line on a magnetic surface

wave modes

Alfvén waves propagate on the magnetic surface

Fast magnetosonic wave can across the surfaces

To obtain global magnetosphere in the
Kerr spacetime is very difficult (Grad-Shafranov eq)




Background magnetosphere

etic surfac®
Magnetosphere near the equatorial plane. magh
\j \
Ansatz ¢ = ¢ (g) L P2 = —Qpt + \If(z) Structure of mag field = Monopole-type
Maxwell equation = Oy (¢1sinf) =0, 0,.(0"¢p2) =0
¢1 = qcos ) Regularity at horizon
2 2 2
T . TH + a
¢2=SO—QFt—|-C'/Z C= 2 (Qu — Qr)
The BZ process for this solution
Poynting flux
energy flux vector: P* = —T* ¢ N r% + a® B2
N P e el
H

timelike Killing vector &f;) := (9;)"
0 < QrF < Qg = outward flux

Perturbation & Mode decoupling

Definition of the perturbation

CG
M ¢1 = qcosb
. — ) _ r?
% 5¢’L — C 8M¢Z P2 = QFt+C/A

displacement vector

On the equatorial plane magnetic surface...

maneﬁ
82 <Surface Fast magnetosonic wave
0; (V=99 d¢3) =0

longitudina

maneﬁ
[@
¢ SUrface

Alfvén wave
@ 0,920, (\/_—ga[mﬂavl@) =0

propagate along magnetic surface

transverse



Wave equation for Alfvén wave

Separation of variables
2

@V¢28” (\/—_98[“5¢18”]¢2> — ) 6p1 = A(p)y(t,r) PIsO—QFt+/ dr%

Choice of A(p)

p = const gives a magnetic field line.

A(p) : configuration of the perturbation in ¢ direction

A(p) =1 = axisymmetric

magnetic surfaceé A(p) =0(p—po) = only p= po is perturbed

Wave equation

Cr? Cr? C?*?2 T
[F (ar - %(Q - Qﬂ@) w} = %(Q Q)+ Ly

r

r2g
+A_(2W [02 2 =T+ gpp(Q -~ QF)Q} Yue =0,

Coordinate transformation

Transformation reflecting the structure of magnetic field line

X —T_C /dX X9, Q- QF) to eliminate of the cross term (tr-term)
’ . I'A " inthe wave eq.
X? 0 —Qp)? X2 T
dx (TOx ) + —Ag;“’ (X2 T {1 _ ool - r) ] brr+ =0

(%) I'=0:Light surfaces (inner LS and outer LS) T := g x"x" X" =¢&4 +Qré,

- Light surfaces are one way boundaries for Alfvén waves (+ shown by ray motion)

* The inner LS is an effective horizon for Alfvén waves ( purely ingoing
Wave eq in tortoise coordinate coordinate singularity
rio r . . .
dx — _l r | n out ) = e~ wl'p stationary scattering

ﬁ_ r xl—OO ..... “+00

[gwso(Q —Qp)? - F]

2R ) _ X7 lr L WX 0
A



Alfvénic superradiance

0.05 ‘/eA
i i Aou
Asymptotic solutions o O@ ) “Lout

d2R _ -0.05 @
W - ePfR - 07

-10 0 10 20 30 40 50

i
exp [—ij / %X2ggw(9 _ QF):| _ purely ingoing at inner LS for = — —oo.
R p—
d d

Ainexp [z’CoJ/ Kszg@@(Q - QF)] + Aoutexp [z’cw/ K:CXQg@@(Q - QF)] for x — +oo0.

Boundary Condition should be given at the inner LS for energy extraction

Superradiant condition not BH horizon !!
2 P
Aout fin ‘ Q|rin QF 1

. .2
Wronskian = const. =1 Sinjout = 7790/ Alrin o

Ain

reflection rate e

Q.. <Qp < Q. = reflection rate exceeds 1

Dragging effect at light surfaces
/ vs
angular.ve_locity = — Jte Angular velocity of magnetic field line
of magnetic field line Tin/out G

T=Tin/out

13

Superradiant condition and the BZ process

o Oy 0T

0.06} | I11 IT I '
0.05} :
0.04; |

o 003}
0.02} |
0.01} !
0.00
~0.01L . P .

~0.2 ~0.1 0.0 0.1 0.2
Qp
Superradiant condition Condition for the BZ process!!!!
Q‘Tout(QF) < Qp <Q Tin (QF) 0< QF < QH

14



Reflection rate (Numerical calculation)

1.005}
[ o QF = Qg
Q 1.000
ElE |
< |
0.995_
ogooltnl [ NN N
-01 0.0 0.1 0.2 0.3
MSQp
0<Qp <Oy
Reflection rates exceed unity when the
superradiant condition (condition for the BZ process) is satisfied.
15
Resonance of Alfvén waves
Contours of | Aout /Ain|?
0.25 r y 0.05 V.
02\ —35.00 / e onut

0.20+

o O-O@ @n

-10 0 10 20 30 40 50
X

0.15F

Mw

® Ay, ~0 resonant reflection

0.10 ® A, ~ 0 resonant absorption

1 1 Searching A;, in Re[w]-Im[w] plane,

0070 <005 000 005 0.0 Ain =0 at Mo =0.167-0.002 .

MQg

“QNM of magnetosphere”

Resonances of Alfvén waves makes some observable phenomena?
(burst-like emission of EM wave?)

16



Summary

Force-free magnetosphere & Alfvén wave Magnetic field lines
v, (T + T%) —0, F=dp, Adby
—> 0,020, (V=90"6610"0) =0

Alfvén wave eq

Alfvén wave

d’R
dx?

Alfvénic superradiance & Resonance

—VegR=0

1.005

@ 1.000
<<€

0.995

-0.1 0.0 0.1 0.2 0.3
MQp

Superradiant condition & BZ process

Q‘Tout < QF < Q

rm & 0<Qp < Qn

What’s next ?
Plasma effect (Magnetohydrodynamics) Vo (T(%M) Tglgsma) =0
Extracted energy by Alfvén waves ——> Kinetic energy of plasma = Jet
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GLPV theory Gleyzes et al.(2014)

ag — —as, —2b1 = b2, b3 = —2b4/3 = 2b5
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Antipodal correlations of the inflationary
primordial gravitational waves

Zhen-Yuan Wu Collaborators:

Yamaguchi University Ryo Saito and Nobuyuki Sakai

Introduction

Motivation: Distinguish Primordial Gravitational-Waves (PGWs) with the other types
of Stochastic Gravitational-Wave Background (SGWB).

How? By the special property—the antipodal correlation—of PGWs.

¥

PGWs are generated on » They form standing waves » PGWSs possess a special
super-horizon scales after horizon re-entry angular correlation——-the

antipodal correlations

« The problems:. m The problem seems to be the phase so

# Due to the finite frequency resolution, might the intensity map method (Bartolo

the angular correlation is undetectable

et al, 19; Contaldi 17)be work?
(Allen et al, 00).
¢ Phase decoherence problem due to the m We show that even in the homogeneous
gravitational time delay (Margalit et al, universe, the intensity map method will

20; Bartolo et al, 19). not work in revealing the antipodal

correlation of PGWs.




Antipodal correlations of PGWs

(D Characterizing SGWB:
hij(t. X) = Z.f df szﬁ hy(f, 1) eif‘}(ﬁ) e~ i2nf (t=x-1)
A —00

> h;j(t, %) and hy(f, ) are random variables

» A =+ is chosen to be the circular polarization basis

X

ie. eff = ef; +iej;

9]
- _ o+ . X
eij = eij - leij

» 71 represents the propagation direction of each mode

Antipodal correlations of PGWs

(@ Assumptions on SGWB:

Usual assumption on SGWB:

1
(Ri(f1 Ak (fo, 2)) = 7= 845 (1 = £2) 53, (F1)6% (7, Tiz)
*

No angular correlation
PGWs:

1
(Wi (fu Ak (fo, 72)) = 25,7 (1) 8an 8(fy = f3) 6%(Ra, z)

L (D) 205 =
+ Sa-py 6(f1 + f2) A}, (f1)8% (g, —Tiz)
*

Antipodal correlation .
# The upper index D means the

quantity is defined as double-sided.



Antipodal correlations of PGWs

(3 Where does the antipodal term A;D )( f) come from?

1. Standing wave nature of PGWs:

!

R 42 h oy k2h, =0
Bk a Bk Bk —

« B=+4x
* a = a(n): the scale factor
+ ''=4/4,: derivative with respect to the conformal time

Point:

> hy+ is non-zero on super-horizon scales, n - 0, h, 3 —constant

=>h

1 i —i s
B = Z(age"‘” + aze”™1) = | Standing wave! ]

Antipodal correlations of PGWs

(3) Where does the antipodal term A;D )( f) come from?

2. Propagation to the observer

, gikn ik = | he(f,A) = —eW™Mopg (—f, —A)
Present time 7o [ D TP S ——— =
FA%AN k U
One-to-one
g‘elél dosic correspondence
between GWs from
| opposite directions )
ﬁikr] ","lefikn eikn‘\‘.“ e—ikn
= —p = =P . M
Horizon reentry g L /A/AAAAAAAAAAA AL A standing wave
(two traveling waves with the same
amplitude and opposite directions)

2kno cycles



(Un)Detectability of the antipodal correlations
@ The AP (f) term

e The A%D)(f ) term has the same amplitude with the S,(lD )( id)
term :

(hI(f, 7)) hog(—f,—R)) = —e™™/ Mo (W] (1, A1) hp(fz, Aiz))

= AV (f) = —e4nmosP)(f)
o
Highly oscillate!

“period” (Af)~1/n, ~ Y Tage ~10718Hz

(Un)Detectability of the antipodal correlations

(2 Un-observability of h,(f, i)

/Due to the finite observational time, T, the actual observable quantz’ty\
iS hA,T(fl TAl)

b (f, ) = f df ha(F R) Wr(f — £,

where Wy (x) is a window function of the width ~ 1/,

\ eg Wr(x) = % etmTx, /

[hA,T(f, A1) is the superposition of modes within |f' — f| < 1/T. ]




(Un)Detectability of the antipodal correlations

@ The A”)(f) term is un-observational

The antipodal correlations in the observational quantity h, r(f, 7) is
A = o) s (—F, =) = [ af' W7 = PIPAD ()

= | Af Wy (F — FI2SP (£ cos(4nf o)
\f~F'ls1/T

1 1 the integrand is
3 = | rapidly oscillating over

0 the integral range

[ The antipodal correlation disappears in Obsefvatzbn/]

(Allen et al., 00; Bartolo et al., 19)

Antipodal correlations in the intensity map

e The definition of the intensity I,y(f, n):

o 12
IA,T(f: ) = |hA,T(f ) n)l vk
e el Py E ¢ 1 Pr
[o A note on the definition: ]
Realization: Expectation value: ‘-_t... hypersurface
AN ~\[2 VS. _ N2 -
IA,T(f' ) = |hA,T(frn)| IA,T(f) = (|hA,T(f' n)| ) Py
. » Arrows represent the realization of
intensity of PGWs. They have directional
> Frequently used dependence.
(Bartolo et al, 1 92 but » Radius of the shaded circles represents
not good to cons_1der the expectation value. The directional
angular correlations! dependence is lost due to the statistical
Isotropy.



Antipodal correlations in the intensity map

e The antipodal correlation in the intensity map can be calculated from:

(I (f, W (=f, =A) — (I (f, D)) (Ir (—=f, =)= (kL (= f, D (= f, =) (R}.(= f, =D R (= f, 7))
.

( hl (f, ) he(f, ) hl (—=f, 1) hy(—f, =) [Both equal 0, because there is no antipodal ]

correlation for the same frequencies.

» Under the assumption of Gaussian

distribution, it can be written as the + ~ A tr ¢ _ =& A
sum of each pairs of 2-point function. + <hT(f’ hr( f n)) <hT( f n)hT(f' n))

Both equal AE:,)T) ~ 0 due to the finite
frequency resolution.

» The antipodal correlation also
disappears in the intensity map!

Conclusion

& PGWs form standing waves after its re-entry of the horizon, this
property gives PGWSs a special angular correlation—the antipodal
correlation.

& However, as shown by Allen et al. (2000), the antipodal correlation
term we see today in the power spectrum is highly oscillating, and
since the observational time is finite, the antipodal correlation is
undetectable in the correlation of GW strains.

& In order to get rid of the highly oscillating phase factor in the
antipodal correlation, we tried another method: the intensity
correlations. Unfortunately, it turns out that the intensity correlation
also will not reveal the antipodal correlations in PGWs.
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Neutron Star Cooling in Scalar-Tensor Theories
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ooy sTRSUTON

Motivation to modify general relativity (GR)

= Early inflationary universe
= Dark Energy or Possibility of

Modified Gravity in Large Scale =

= Cassini experiment (Bertotti+03) =
=> Screening mechanism of fifth womumarn
force mediating scalar field Fe. 1 Proportion of Matter in

= GW observation (Abbott-+16,17)
= Constant light speed caw = cpy
m As the healthy scalar-tensor (ST) theories to satisfy the above
observations, we adopt f(R)-gravity theory as
M
5= [ o/ (0 + Sl

m For the scalar potential to cause the screening ( Chameleon)
mechanism, we adopt V(¢) = 1A¢" with a parameter A.

the Universe (taken from NASA)

Cooling Scenario of Isolated Neutron Stars (NSs)
= Most isolated NSs: Slow cooling
processes + nucleon superfluidity
(minimal cooling scenario, Page+04)

m Some cold isolated NSs: Rapid v/
cooling process, above all the Direct 0
Urca (DU) process (¥}, ceuter = 1/9)
= However, Prohibiting the DU

process is highly possible (AD+19)
= Exotic States or Modification of
TOV Equations due to fifth force

Purpose of this study

u In ST theories which could explain the early inflationary universe,
we investigate how the fifth force affects the cooling curves.

g T (0

5 6

e
ea ()

Fig. 2 Age and redshifted surface
temperature observations of
isolated NSs (Lim+17). At least,
17 and 19 require an enhanced
cooling process (e.g., Page-+04)

merical Setup and Method

= 1D spherically metric: ds? = — f(r)di? + h(r)~'dr? + 12d02?
m BSk21 EOS (Goriety+10): Extended Skyrme func. with AME2010
Modified TOV Equations in ST theories
M (h — 1)s = 2F AP — V) + o [(6Q — 1o — SQM,]
WM (M — Qr)

M = 4rF 7 (1= 2Q%p+ 6Q°P + (1
2QMM +5Q My

"

Fig. 3 ADM mass as a function of central density (Left) and radius (Right).
fo= 1675 x 10" g - e~ indicates the approximate density of the NS core surface.
= Higher central density, but larger radius compared with GR
m Chameleon screening does work from GR-like behavior with higher
A, but clear difference between GR and A = 10°.

Cooling Curves in ST Theories

For simplicity, we assume “Fe envelope and no nucleon superfuidity in this poster.
(see our paper for the superfluidity effect on cooling curves in ST theories)

T s 45 6
log )
Fig. 6: Similar to Fig. 5, but for the
ADM mass around DU threshold (1)
= Smaller Mpy from GR
< Due to higher central
density in a same ADM mass
= If X is higher, Mpy is also
higher and the cooling curve
approaches to that with GR
(1.6 < Mpu/Mg < 1.7) (but
My is different by > 0.1M,,
from that with A = 10°)

Fig. 4: Cooling curves in GR

Fig. 5 Cooling curves in f(R) gravity
theory, i.e., difference of screening effect

The effect of scalar force on NS structure and cooling

m Since fifth force is more
screened with higher A, NS
structure and cooling curve

00=81x10% glee

I S
FREAFHQY + Ve Qe 3P

220 Q = 1,

/\/G for f(R) gravity theory

Boundary Conditions < <<

Jr=0) =0
H(o(r = 00)) = 0.

cm
Fig. 7: Characteristic physical amount of
fifth force 5 = (&) "2 (p — 3P) %
as a function of radius with A = 10”
(purple), 107 (blue), and 107 (green),

approach to GR.
m The fifth force becomes more
effective near the surface, they
do not match with GR even
with higher A
> Breaking of Chameleon
Mechanism in Cooling Curves

= Runge-Kutta+Shooting Method (Kase & Tsujikawa 19)
= Cooling Transport Equations (without heating source)

dr 1 { W2 d (L, f)

CVE: TR 3wrp dr

Here, L is the photon luminosity, ,is neutrino emissivity, and C is the speclfic heat.
> Boundary Conditions < <<
T=0)=10"K, Lr=0=0, Lr=R)=7x10"egs" (R/10km)aTh,
(R.: NS Racius in Jordan frame, a: Stean-Boltzmann constant, T Suface temperature in uits of 1° )
= To obtain the cooling curves, we use the public code NsCool
(Page 89,16) as the post-process calculation of NS structure.

)

Conclusio

u We investigated NS cooling curves in ST theories.
Compared with GR, My is lower at most 0.4Mo.
= Possibility to solve the “No Cooling” Problem (AD-+19)
& If X is higher, cooling curves approach to those with GR.
1 Due to the fifth force near the NS surface, Chameleon
mechanism is broken. This implies that NS temperature
observations are useful for probing modified-gravity theories.
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I. Introduction

O The higher order perturbation theory in general relativity
has very wide physical motivation.

- Cosmological perturbation theory
e Expansion law of universe : “"Back-reaction?”
(ACDM ?, inhomogeneous cosmology ?, or modified gravity ?)
¢ Non-Gaussianity in CMB (beyond Planck)

- Gravitational-wave physics
¢ Black hole perturbations
- Radiation reaction effects due to the gravitational wave emission.
» GW from SgA* EMRI. --> LISA target.
e Binary coalescence through the post-Minkowski expansion
- LIGO-Virgo detected GW from BH-BH binary coalescence !!!

— Perturbation of a star (Neutron star)
¢ Rotation - pulsation coupling (Kojima 1997)

Gravitational physics is now toward a precise science.

There are many physical situations to which higher order
perturbation theory should be applied.




However, general relativistic perturbation theory
requires very delicate treatments of “gauges”.

It is worthwhile to formulate the
higher-order gauge-invariant perturbation
theory from general point of view.

e According to this motivation, from 2003, we have been formulating a
general-relativistic higher- order perturbatlon theory in a gauge-invariant
manner.

- General formulation :
gfgeral framework of higher-order gauge-invariant perturbation theory : K.N. PTP110 (2003),723; ibid. 113 (2005),

Construction of gauge-invariant variables for the linear-order metric perturbation and the proposal of the “zero-mode
problem” : K.N. CQG28 (2011),122001; PTEP2013 (2013),043E02; IJMPD21 (2012), 1242004.

The nth-order extension of the definitions of gauge-invariant variables : K.N. CQG 31 (2014), 135013.

- Appllcatlon to cosmological perturbation theory :
Einstein equations : K.N. PRDZ4 (2006), 101301R; PTP117 (2007), 17.
Equations of motion for matter fields : K.N. PRD80 (2009), 124021.
Consistency of the 2" order Einstein equations : K.N. PTP121 (2009), 1321.
Summary of current status of this formulation : K.N. Adv. in Astron. 2010 (2010), 576273.
Comparison with a different formulation : A.J. Christopherson, et al., CQG28 (2011), 225024.
Summary of current status updated 2019 : K.N. Book "Theory and Applications of Physical Science Vol.3”, Chapter I,
(2020); arXiv:1912.1280v2 [gr-qc].
- Application to Black Hole perturbation theory :
. Proeosal of a gauge-invariant treatment of 1=0,1-mode perturbations on Schwarzschild
background spacetime: K.N. CQG 38 (2021), 145010. [arXiv:2102.00830v3[gr-qc] ].

Formal solutions of the any-order mass, angular-momentum, dipole perturbations on the Schwarzschild background spacetime:
K.N., LHEP 2021 (2021), 215. [arXiv:2102.10650[gr-qc] ].

Full Paper-Series of these short papers: PartI : --- Formulation and odd-mode perturbation --- K.N., arXiv:2110.13508 [gr-qc];
Part IT : --- Even-mode perturbations --- K.N., arXiv:2110.13512 [gr-qc];
Part III : --- Realization of exact solutions -- K.N. arXiv:2110.13519 [gr-qc]. 3

Our general formulations for the higher-order gauge-invariant perturbation
theory is based on the following conjecture:

— Conjecture (Decomposition conjecture):

If the gauge-transformation rule for a tensor field /&, is given by ghyp, — 7hg, =
£58ap» With the background metric g5, then, there exist a tensor field .%,;, and a vector
field Y? such that hyy, is decomposed as h,, = Fup + £ygup, Where F,, and Y are
transformed as o.% ., — 2 Fap = 0, Y — Y% = ¢ under the gauge-transformation
&, = 2.7 0%, respectively.

In [K.N.(2011); K.N.(2013).], a proof of this conjecture was discussed, but the existence of
Green functions for some elliptic differential operators was assumed. For this reason, the kernel modes
(zero modes) of these elliptic differential operators were ignored (zero-mode problem).

In the perturbations on the Schwarzschild background spacetime,
1=0,1 modes correspond to these kernel modes!!

If we found a gauge-invariant treatment of 1=0,1 modes,
our general framework of the higher-order gauge-invariant
perturbation theory becomes applicable to any order.

In this poster, ....

I propose a gauge-invariant treatment of I=0,1-mode perturbations
on the Schwarzschild background spacetime.

[K.N. arXiv:2102.00830v3 [gr-qc].-->CQG38 (2021), 145010. ]




I1. “"Gauge” in general relativity

(R.K. Sachs (1964).)

[ There are two kinds of “gauge” in general relativity.

— The concepts of these two “gauges” are closely related to the
general covariance.

— “General covariance” :
There is no preferred coordinate system in nature.

O The first kind “gauge” is a coordinate system on a
single spacetime manifold.

O The second kind “gauge” appears in the perturbation
theory.

This is a point identification between the physical
spacetime and the background spacetime.

- Our gauge-invariant formulation exclude this second
kind “gauge”.

III. Linear perturbations on spherically
symmetric background

[0 The background spacetime has the spherically symmetric.
— Spacetime topology : .# = .# x §*.

— Metric : 8w =Yab+"Vabs Yab =YaB(@X")a(dX®)p,  Yab = Ypg(dxXP)a(dX)p.

Yab = —f(d)aldt)y + £~ (dr)aldr)y, f=1-2

Yao = (d6)a(dB)p +sin® 6(d¢)u(dd)s.

Metric perturbation : 278w = gu + € 2ha + O(€?).
hap = hap(dx*)a(dx®)p + 2hap(dx?) (o (dXP) ) + Bpg (A7 )a(dx9)p.
Conventional decomposition of the metric perturbation : S=Y;,,

hap = ZEABS, hAp—rZ (eaDpS + hio1)4€pD2S]

hpg = 22 qu (0)S + ) (D D, — 7qu> S+ hio2)2€,(, D DS |,

where &y, =€y, Dpyqr =0, and DP:=y"D, .
This conventional decomposition requires the existence of
the Green functions of the operators A:=D'D, and A+2. 6




The conventional decomposition requires the existence of the
Green functions of the operators A= )')H. and A+2.

hap = EE‘ABS; hArJ:rﬁpzﬁ(ﬂl)AS+r£pr]DqEE(ol)ASa

lm L Lim

[ . o . P
hpg = tar” YRS+ (Dqu = nguA) Y hen)S+ 228,00 D" Y FionS.
lm Im 1.
Y hagS = hag,
l.m
. = 1~ 1a = [T
Inverse relation Y, RS = =A7'DPhap, Y hpaS=——A'D,eMhy,.
1, (10 P — 1m,(10) =
= 1 | :
Y heo)S = r_z'}’pthq: Hpg 1= hpg — E'qu?ﬁhm
Im
= Bl = oo e
E he2)S = ﬁA ! [A+2] " D'DPHy,,
Lom, (120,1) E—
< Lsid =1 o
Y hwS = —zzA L[A+2] e*D,DPH,,.
1 (1£0.1) —

- This situation is also seen from the spherical harmonics S=Y;, :
DYoo = €pgDYp0 =0, (Dqu — ZYPQA) Yoo = 28r(qu)DrY()0 =0, (Dqu — Zyqu) Yip= ZEr(qu)D Yim =0.

- Zero-modes are kernel modes of the operators A or A +2 .
---> 1=0,1 mode ( AY,,, = —I(l+1)Y,, ) are zero-modes.

One-to-one correspondence between the variable {z,,,4,,} and
{henashona,heoy b2 hon)} is not guaranteed in 1=0,1 mode.

[[] Proposal to solve this I1=0,1-mode problem (1)

- To resolve the problem of 1=0,1-mode perturbations, we use the
decomposition of the perturbations by S =S5 instead of by S=Y,,.

Yim for 1>2;
S5= k(5+2)m for [=1; kiaraym € Hasa) = {fez)|[A+2]r=0}. | _ (1)
kiay for [=0. k) € Kz = {f € F(*)|Af =0}.
hap = ZhABS& hAp = er Zh(el)AS5 +r8quqZh(01)AS(3,
Im = Im - Im -
1 ovg 2(ppn 1 % 2o0e BN - (1D
hpq = Eypqr Zh(eo)s(s +r Dqu_ Eyqu Zh(ez)s(s +r 28r(qu)D Zh(02)55
lm _ Im — Im —

- This decomposition is invertible if the following conditions are satisfied.
(D57 g)) (Doky) 70, (B"D7)ka) (DpDy) gy 70,
; o Rl 2
kiat2ym = ©(8)e™, (Dquk(a+2)) (DPDqk(A+z)) —2 (k(f)+2)m) 7 0.

A~'A:  Projection operator L?(§%) — L? (Sz)\JE’(A}

[/3. +2] - [ﬁ +2] :  Projection operator 1355 5l (Sz)\.)E’EA+2]



|:| Proposal to solve this I1=0,1-mode problem (2)

Explicitly, we use the following functions.

1

1+z 1
k(A+2) M{)—Z{I-FS( In ]—_Z—E)}y - (III)

1+Z i
k(A+2)m=il—(122)l/2{1+5( In—+7 Zz)}eﬂ.

—z), deR, z=cosH
Iz

These functions satisfy the previous conditions when &#0 .
When §=0, we have kg =<Yoo, k.o > Yim-
These functions are singular except for the case §=0.

— Proposal :

We decompose perturbations h,, on a spherically symmetric background space-
time through Egs. (I), (II), and (IIT). Then, the decomposition (II) becomes invertible
including / = 0, 1 modes. After deriving the field equations such as linearized Einstein
equations by using the harmonic function Sg, we choose 8 = 0 when we solve these
field equations as regularity of solutions.

- Since the decomposition (II) is invertible, we can construct gauge-invariant
variables and evaluate the field equations through the mode-by-mode
analyses including |=0,1 modes.

IV. Construction of gauge-invariant
variables for linear perturbations

[ The gauge-transformation rule of linear-metric perturbation 4, :

arhap — arhay = £e8ab = 2V (5. Vaga» = 0.
- Mode decomposition of the generator &,.
ga—‘gA(de‘) +§p(dxp a &A—ZCAS& gp_rz elD S5+C01 EprD S6)

- Mode by mode gauge-transformatlon of metric perturbatlons ;

. % S _ 1 _
¢ 0Odd modes : ahona— a2hona = rDa (;C(ol)) o @l — b = ——Col Daype =0
A T v L 27 ¥, o
Ey :=hioya +rDahia),  ¥iog) = =r"higay,  a¥i02) — 2¥(02) = r8(01)-
gauge-invariant variable gauge-variant variable gauge-transformation rule
e Even modes : ahag— ahap = 2D Cp),
- - 1 - 1 . ~ 2
henya — 2hena = ;CA +rDy (-C(m) ) — 2 = +;C(e|):
. o 2
o) — 2wy = ——l(l+1)f§ (DA &
” . 5 - . 55 - 5
Vo)1= S hieays  Yai=rhia— 5Dahea),  a¥(en) — Yoy =181y, a¥a—ata=a
gauge-variant variables gauge-transformation rules

- . - . 4 4o 2 i
Fup:=hap —2D V), F:=hyg— ;(DAr)YA + ﬁz(z +1)Y ).

gauge-invariant variable 10



|:| The expression of the original metric perturbation /. :

- Using the gauge-variant variables ¥, Y.2), Y4, we define the vector field ¥, as

Y, :=Ya(dxX)o + Yo (dxP), kYo — 2Y, = &)
iy = E?AS& Y, = Z (?(ez)BpSS +}7(02)8qung) !
[,m Lm

- Using the gauge-invariant variables Fup, Fi, F, we define the variables as
Fap := ZFABS& FAP = ZFASquq55, = ZFSa.
Lm I.m N
- The original components of the metric perturbation fias as

a8 = ¥ hanSs, =D, Y by, rEpeD?Y R4S = A = #IE
han r%] uSs,  Map Dpéf!‘ 1S5+ tmD"Eh 11455 hig = FAB+2D(AYB)H hAp = rFAp +DPYA +DAYP — ;(DAF)YP._

£
I

R (T | s m v s
= Emr[h.,ﬂ,sa +r (anq = ETMA) Y hienySs + 28, ,,pq,ﬁf;}:r:(,,z]sa.
tim fm an

1 _ A
hpg Equ"zFJrzr(DAr)?quA +2D,¥y).

- Identifying the gauge-invariant part .%#,, of the metric perturbation h,, as

1

the original metric perturbation is given by

hab = gzab +£v84b1
- This expression includes not only { > 2 modes but also [ =10.1 modes.

- This is the assertion of the above Decomposition Conjecture!!!

The decomposition conjecture is proved in the perturbations

on the Schwarzschild background spacetime including I1=0,1 modes.

11

V. 1=0,1 solutions to the linearized
Einstein equations

] The linearized Einstein equations are given in the form

1 b __ 1 b
(Neg b = ga(Ng b,
- Here, UgPr=Ug by ,G62 ="k " is the linearized Einstein tensor with the vacuum
background Einstein equation G/ =o.
- Similarly, the linear perturbation of the energy-momentum tensor is given by
Orb=Wgbygrt=0g"b with the vacuum background condition 7,7 =o.
e Here, we consider the conventional Einstein equation. Therefore, the linear metric perturbation
hab is not included in M.7,° .
- The linear perturbation of the energy-momentum tensor should satisfy the equation
a(l b
vellg b -,
o c.f. Identity: :
W(©V,1,%) =v.V7, * + H,* | Z]T,° — H, [FIT. + £VaT,, Hue[F]:= VT — EVc%b.
- Here, we decompose the components of Mg, as
D7 = Y TacSsdx?)a(dxC)e +2r Y {TienyaDpSs + TionatpeD'Ss } (dx*) o (dx”),
L

im

I | - P I~ 2 Py s p
+r1£ {T(GO) 5‘}/'"-,35 + T(eZJ (Dqu - EA) S5+ 1(02)2%{.,10('.)15' 35} (dxp)ﬂ {dxf)(,.

Lm

- The components of v“7,*=0 are summarized as

i 2. . 1) . 1 - .
DCTCB-‘r-;(DDr)TDB—!Uj )T(g[)_;(DBr)T(eO) :0=
— 3. i T I—1)(+2) .
DCT(el)C + ;(DC”)T(el)C + ET(eu) - %T(eﬂ =0,
=11 +2) 12

e 3 i
DCT(OI)C + ;(Dcr)T(ol)C + %T(oz) =0.



[[] Notes on components of (V.g,. when §=0 :
- For 1=0,1 modes, we may choose 7, =T, =0.

- For I=0 mode, we may also choose T, = T(,;)s =0.
e Because of V“(l]ya b=, these conditions for I=0 modes yields Ty =0 for =0 mode.

4-1. |I=1 odd mode perturbations

] 1f we impose the regularity § =0, there is no I=0 mode in odd-mode
perturbation.

] I=1 mode (we concentrate only on m=0 mode):
— Components of the odd-mode gauge-invariant variable:

5 M 1
rFy (dxA)a = X(a) (dt)a+ rzarw(o)(dr)aa 67“1 (t,r) =0, (r_zx(n)) - ararW(o)'

- Einstein equations:

07 (rfa W) — 0, (o, (rfa,W)) + iz 2—3(1— £ (rfaW)) = 16T T o1,
[I=1 version of Regge-Wheeler eq.]

16w ..

16
day(t,r) = __r3fTol 3ral(f,"):—m? (o1t

Constraints

o 3 .
DT e+ (DA T e =0.
et (ol)C Integrability condition

odd-mode of V“(Uﬂ b=

' *——rS fdrr, ,+aip = [d +
() f (o) T 0 ="y [ 4T F Toony ann —— Kerr parameter perturbation

I=1 Odd-mode sol. zﬁAP(d‘xA)(a(dxp (6M /d al ) Sinz B(dt)(a(d(b)b) +£V(m)gab

13

| Viot)a = (B(t )+ W (2, r)) r?sin® @(d@),, B(r) : arbitrary function of t.

4-2. |[=0,1 even mode perturbations

[[] For 1=0,1 even mode, T2y =0. LEinsteineq. > F,” =0.
- Components of the gauge-invariant tensor Fyz :
Fap(dx)a(dx®)p =: X(oy {—(dt)aldt)p — f2(dr)a(dr)p } +2¥ (o) (dt) (a(dr)s;
- Einstein equations: f

_.t\.)l'—' ""—"

Xy + [V (o) + %Y(e) oF = 163‘1’?‘?(91),,
1
Yo+ FOX () + ffx(g + 53S0 F = —16arfT ).
e Moncrief variable &, [ij 417"+ Tf&,f] v A={-1D0I+2)+3(1—f).

2f
i+ VAF = ~8fAd b+ [6(1— 1) — L1+ DA — 642
e Zerilli equations:

2A A+3 . "
{ I+ 1)Y= Ta,cp(,_,) + Lrarfu 16T,

Py r A A=2(2=3/)]+6(1 = N)[(1 =3/)A+3f(1 =)
7?‘1 q)(e) + 0, [farq)(e)] - Vevenq:'(e) = 167IKS(¢(,:))’ Veven = 22
A1 . 3(1—f) 2—f A\ ,x 1, .. fa ~
S(d>(e)): (4f 2) Trt rar-Tz“thT;t+(sz fTrr+§f rarTrr*ET(QO)7l(l+l)fT(el)r'
e Evolution equation for F (1=0):
l 5~ . 31-f)~ 4A 1
_?3r2F+8r(f8,F)+ ( f)F+ CIJ(E)fltSJr[—FT},—&—fT,,—&-ﬁTd ]
=0 version of Regge-Wheeler eq.
" - a(llgr b _ ST R L. i s
Even-mode of V17" =0. {Dfrc“;(oﬂr)rﬁ (, 12, L (pt)7 4 =0,
. 3
D Ty + = (DEN)T, enict 5 TEO)*O

- The consistency of these equations can be check due to the tedious calculations. 14



4-2-1. |=0 even-mode solutions (1)

|:| For I=0 even mode, it is convenient to introduce the variables m(z,r) :

- Mass perturbation definition: m(t,r) = —5(1 —3f)D(,).
oA . : . %
E|nste|n eiias?ors for m(t,r): Bty )= dmpt, Byl :41"2?,[”'
I+ 1)Y, =7 a,qn(e 2} ra,F + 1677 T,,, -
11+ 1)AF = -8 A0, P, [6f(l (= I)A}’-‘IJ( ) — 64 Ty,

Even-mode of val g b

Integrability condition

1i+1) . 1 i
DT ® +;(DDY)T1)B— ( j )7}51)—;(08")%0}—0 >
- 3, 1
DT + ;(D('r)T(cl)c‘JrgT(cO: =0 T(e()) =0.
e |=0 mode Tie1ye =0 ——
o Solution of the mass perturbation m(t,r) : iy (1,7) :475/dr ?T}, + M = 4g;/dt [rsz},] + M,
A A
- . . 7
e Zerilli equations becomes trivial. Schwarzschild mass perturbation
e Moncrief variable definition and F =: g,Y Zm(t =)
Xy = — +— (1 —3f)9,Y — rfa,B,T.
1-f [ I= f
e Integrability of Egs. oo +aXe + f g5 =0 al+oXe+ ’T’X‘” ! if’m:ﬂ with respect to ¥

is guaranteed by the Zerilli equations and evolution equation for £ :

3(1—f)

—%azﬁ +9, (f0.F) +

L 4A
Ft— o) =16n [—;T;;+J‘T,,].

Ve :_/dtmm —(1~f)T~—(1~3f)3T+ ra<far)+8n

xim

fdrT,t+ ré(r) /a’rl—3f () +

where {(r) is an arbitrary function of r, and ¢ is an arbitrary constant.

4-2-1. |1=0 even-mode solutions (2)

15

|:| Then, the metric perturbation for I=0 even mode is given by

2 [ 1 [ 1.z 5
fab = ; (M] +4ﬂ:/dr 7Tn ) ((dl‘)a(df)b+‘?§(dr)a(dr)b) +2 47fr/d1‘ (fT}r+an-) (dl) a(d?’) +£Ve{]gﬂb7
where
Viawi= (§/T+ 5100 +10)) @0t -0 )= f [ar [ (L) - s [art1=30¢0)+ 5
4-2-2. |=1 even-mode solutions
e Solution to the Einstein equations for I=1 even mode:
1672 2 [1+ .
Ty = _3(1_;.) |: szrr‘H'"fa Trr_T(eO) 47‘(61)?’} cos 6(dt)q(dt)s
- 2r
2
+167r [1’}, 3= )arl'},} cos B(dt)(,(dr)y)
8rt(1—3f) [ 2rf
W [Trr = ma 7};:| COSG(d?")a(di")
16mr*
WTHCOS 0Yap
+£V(el)gaba
where 16
Viena = —r0®(cos0(dt)a+ (D) —rd,P,)) cos 0(dr)y — rd () sin0(d6),.



VI. Summary and Discussions on our proposal

We proposed a gauge-invariant treatment of the 1=0,1 mode perturbations on
the Schwarzschild background spacetime.

Harmonics: q (I) =z
Yim for 1>2; (,3):1+5h1(l—+z). deR, z=cosh (III)
85=1 ks for 1=1; ko€ ={reFS)A+2r=0}. |14z 1
k@) for [=0. kg€ ={feFEHar=o} A5 o _Z{l+5(5l“l—{5)}'
3 1. 1+z e +i
(II) '(l‘ﬂ-!Juki‘:(l_zz)uu{l-*—s(i}"l_fz*—lwrj)}rv

Ag = Zh,\ﬂSa, hAr' = rﬁp Eh{el)fis5 -!-rEquq zh(,,ms.;,
— o — —

Ln tom

Decomposition:

1 . ck | " 5 REE o
g = ETr'a"th(rO)Sﬁ"'rz (‘DPDq_i"P-?A)Ekiez)sé+’22€r(pD(nD’):hfﬂ2"55
I

L h— Lin

Proposal :
We decompose perturbations /., on a spherically symmetric background space-
time through Eqs. (I), (II), and (III). Then, the decomposition (II) becomes invertible
including / = 0, 1 modes. After deriving the field equations such as linearized Einstein
equations by using the harmonic function Sg, we choose & = 0 when we solve these
field equations as regularity of solutions.

Following our proposal, we derive the 1=0,1 mode perturbation solution to the linearized Einstein
equation with a generic linearized energy-momentum tensor for the matter field.

Derived solutions include Kerr parameter perturbations and the additional mass parameter
perturbations in the vacuum case, except for the terms which has the form of the Lie derivative of

the background spacetime. --> Our proposal is reasonable!!!

Thus, we have resolved the zero-mode problem in the perturbation
theory on the Schwarzschild background spacetime.

‘Then, we can apply our general formulation of higher-order

perturbation theory to this background spacetime and can develop it
to the any-order perturbations.

17




Poster session

Junsel Tokuda

Kobe U.

“Gravitational positivity bounds on scalar potentials and
applications to the Higgs sector”

[JGRG30 (2021) PA5]



Gravitational positivity bounds on scalar potentials (apologize for changing the titie siightly...) See also:

. . . ) ] ) [PRL127,091602(2021), K. Aoki, T.Q. Loc. T. Noumi, JT]
Junsei Tokuda (Kobe university) Mainly based on [PRD104,066022(2021), T. Noumi, JT]([arXiv: 2105.01436]) [JHEP11(2020)054 JT, K. Aoki, S. Hirano]
A. Motivation & Abstract B-1. background: (1) Positivity bound without gravity
[ Lee—Quigg-Thacker (77)]
* Motivation:  We want to clarify which low-energy effective field theories (EFT) are + S-matrix Unitarity + - - useful for finding new physics  e.g.) W-boson scat. - (perturbative) unitarity requires (Higgs mass) £ 1 TeV
consistent with UV complete quantum gravity. « S-matrix analyticity, unitarity etc + unitarity — More info. of UV theory (new physics)
Analytic structure of M (s, 0)
+ Background: Recently, it has been noticed that “positivity bounds” which are derived from b — dep scat. amplitude M(s, £) Low-energy expansion &Intngrration contour
S-matric unitarity, analyticity, etc, have been useful in this context. " ¢:amassive scalar M (s, t) ~ (s,t,u poles) + 0(s°) + c,52 + - Cor 1S
* Method: We discuss positivity bounds on 4D scalar QFT + GR: ¢ ~ P ¢ © Im M(s,0)
| i
~ M2R — 2 _ i iti 4m? S c
L~ MgR — (0¢)* —V(¢) + -, to derive swampland conditions on V(¢). ¢/v ~ é
. . _ _ Positive! (unitarity) lim |M(s, O)/sz| = 0.“Locality”(Froissart-Martin) Cxs
* Result: It is found that scalar potentials V(¢) cannot be arbitrarily flat. Is>c0
e.g.) V(¢) = m?¢? + 1¢* A:fixed,m? — 0 limit is prohibited:  Separating EFT pieces (4m? < s < A? integral, A: EFT cutoff) and high-energy pieces,

Lower bound on the mass
* See [D. Results] for details.

A2 ®  Im M(s,0) N . o
sw c2(A) ~ f ds———— >0 “Positivity bounds (without gravity)
[Adams et al. (‘06), Bellazzini (‘16), de Rham et al. (‘17)]

B-2. background: (2) Positivity bound with gravity D. Result > X( ji h? ?

+ Under clear assumptions, we can derive positivity bounds with gravity. [JT, K. Aoki, S. Hirano (20)]

A2 Ag? A2 1 g* 1 (45-8my/3 g2 10-1% A2 —21 -2
*see also [Hamada etal. (‘18), Herrero-Valea et al. (20), Bellazzini et al. (19), Alberte et al. (20, ‘1), Caron-Huot et al. (‘21 . (A = = In(=)|-=l+——— — = = = >—0(M M_).
(*see also [Hamada et al. (‘18), Herrero-Valea et al. (‘20), Bellazzini et al. (‘19), Alberte et al. (*20, ‘21), Caron-Huot et al. (21)]) Results 2( ) Ten? A% o2 A\6 mZ % 1222 A6 Mgl T e ol pl s

*Additional assumptions (motivated by perturbative string amplitude) (Nongravitational terms) >0 (Gravitational terms) <0

v In the limit (1, g/m): fixed, m — 0, we have (Gravitational terms) — —oo, leading to the violation of an inequality.
This implies that V(¢) cannot be arbitrarily flat.

+ E.g.)A¢*theory: m = 0.0068 A*/My,

1. Mild high-energy behavior |llim |JV[(S, t< 0)/SZ| =0
S|—00

all

!

ocf
f
M;: scale of Reggeization ~ mass of the lightest higher-spin state

, éa’~Ms_2

2+a’t+a t?+-
,
) | a

2. Regge behavior with single scaling  Im M (s, t ~ 0)|g5pz ~ f(£) (%
S

Summary & Prospects

S = =272
© ImMGt) 1 —o(1) _ o - o ¢ (Grav. terms) = MM B | "
) = lim || ds———=+ > approximate) gravitational positivity bounds = _ ~4 RIS 2l el T s i
2() = lim UAZ s3 Myt) "~ MEME (app )9 . / . 10'] \ T derived swampland conditions on V().
S 10 m = 0.0068 A?/Mp, +  V(¢) cannot be arbitrarily flat.
C. Method - Setup g . ( Y
Excluded region ~2.8x10 = GeV
_ , 101> GeV. .
» Consider 4D scalar QFT+GR and compute c,(A). Discuss implications of ¢;(A)> M;’(I;)z. 10" . » 1: Bounds on V(¢) around (¢) 02
2 P ' ‘ —— A=10", M, = 10 GeV « Justification of assumptions? Physical
le 1 m2¢2 ¢3 A¢4 4 6 8 10 12 14 16 is used in this plot. .
= P (0¢)% — V() + (counterterms) V(p) = ——+ g_3l + T s & e i 1/0G " LB meaning of c,(A)?
. . €

. . . B » Applications to other models.
*In this poster, we neglect higher-order terms such as ¢° and (d¢)* just for simplicity.
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Propagation of gravitational waves
in an inhomogeneous universe
in modified gravity

Keitaro Tomikawa
Rikkyo University
Collaborator: Tsutomu Kobayashi

JGRG 30, Online, Dec, 2021

Introduction

In this work, we investigate 3-dim covariant theory.

Lovelock’s theorem We consider following assumptions
e 4-dim e 4-dim
* 4-dim covariance 3-dim covariance
* The theory contains the metric only The theory contains the metric only
* EoMs are 2nd-order

EoMs are 2nd-order (w.r.t time)
— In these assumptions, GR is unique.

Motivations
e Universe has 3-dim covariance, not 4-dim covariance.
e Broken symmetry can be recovered by introducing a new field.(Stiickelberg trick)
e.g. “3-dim covariant theory” is equivalent to the “4-dim covariant theory + scalar field”



Spatially covariant theory

Action (GaO 2014) N : Lapse function Rl] . Intrinsic curvature
h,:,- : Metric of 3D space V,: Covariant derivative
sz : Extrinsic curvature Eijk = \/ﬁeijk, €3=1

S = Jdtd3x M/h LN, hij, Kij» Rijs €ijp> V1)

The property of this theory.

D.o.fs are at most 3.

Include Ghost condensate, EFT of inflation, Horndeski, etc..
Contains higher order spatial derivatives.

Include parity violating terms.

In [Gao and Hong 2020], they found the conditions under which the propagation speed of
gravitational waves is equal to the speed of light in a homogeneous and isotropic spacetime.

GWs in homogeneous and isotropic s.p.

Br|ef I‘eVIeW Of [GaO and Hong 2020] d(d,, d) Operators
0 (0,0) 1

[)Classify the terms in the action by the order of differentiation. 1 .0 «
©1) -
2 20) KK, K?

S= szdxw\/ﬁ(L(O) +LO+ L+ 1O 4+ L®) 02"
3 (30) KKK}, K;K'K, K*
2.1) ;KiViIKH

LO = CI(O,O)U, N) E(l)g Y"AV/K,AJ», V’K, RVK;;, RK
LV = 10Ok 4 (40) K;K*KiK. (K,K'?. K;KK*, K
1 G £V, KL KIMK ™, £, VK, KEK™, £, VIKIKHK
.. 2,2) V,K;V¥K, VK VKK, V,KUVKX, V,KVV;K
2) _ (2,0 j 2,0) g2 0,2) ( WK VK, ViK VKU, ViKUVKS, VKDV K,
LY = ¢ "7K;K J + 67K+ ¢ 7R V.KVK, R,;KiK* RK,K, R,KVK, RK?

(13) & RIVIKS, € V'RIKM
(0.4) VIVIR;, VR, R;RY, R?

[)Consider the tensor perturbation around FLRW spacetime

ds® = — dr* + a*(5; + ydx'dx/
and expand the action up to 2nd-order.

[II)Determine the conditions under which the propagation speed of gravitational waves
equals the speed of light.



GWs in homogeneous and isotropic s.p.

The result of [Gao and Hong 2020]. d(dy dy) Operators
o oo
S = Jdrdxw\/ﬁ(L(O) + L+ LD 4 [O 4 [®) 2 60 kK0, K
1,1) ---
02) R

@) 2.0) 3 (3,0) K;K/*Ki, K;KVK, K3
7(2) _ (20 ii 2,0) .2 2.1) &3 KiVIKH
L( ) = Cq (Kin] e R) + Cy K (1.2) VIVIK,;, V2K, RK;;, RK
03) ---
4 (4,0) K ;K*KiK, (K;KY)?, K;KUK?, K*
B.1) &V, KiK"K*, &,V KLKAK™, &3 VKIKMK

LB = C?’O) (Kinij;'( + RK) + c?’o) (K,-jKij T R)K @.2) VK VEK, VK VAKY, VKIVKE, VKUV K,

V.KV'K, R;KiK"*, RK;KY, R;KYK, RK*
(3.0)

. 1,2) i 1,2 (13) &, RIVIKE, &, VIRIKH
+ C3 K3 + Cg )Vlijij + Cé )sz 04) Ev/tkva[,, [Vzls,/kR”Ié"f, R

} 1
+ &3 PGIK 7 0ics R,

‘The conditions restrict the relation of some terms.

In particular, they found a more general theory in which both the odd and even modes of
gravitational waves propagate at the speed of light even if the theory has parity violating terms.

Inhomogeneous universe

The result of [Gao and Hong 2020] is based on the symmetry of the “homogeneous” and “isotropic”.
— How GWs propagate in less symmetric spacetime?

In particular, how GWs propagate in an inhomogeneous universe.

GWs




GWs in an inhomogeneous universe

GWs: hlj

Difference from homogeneous: d¢(t, x)

We investigate the propagation of GWs in slightly inhomogeneous universe.
— The propagation of GWs can be found in 3-point interactions d¢ghh.

We consider the metric such as
ds® = — N?dt* + 2N,dedx’ + y;,(dx’ + N'de)(dx/ + Ndr)
N=l+a, N=0dy ;= ae* (e") . a, y, ¢ : scalar perturbations
y

and expand the action up to 3rd-order.

GWs in an inhomogeneous universe

For example, we consider the following term.
< = c(t, N)(K;KY + R)
After the expansion, we obtain

1 . 1
Sy = 7 Jdtd3xa3c [hi - ﬁ(akhij)z] ’

1
Son = Zjdtd3xa3c

. 2 . 1 c,
(—a+ 30 - = Outhdhy; = (@ + g);(akh,.j)2 + TNL”h .

We write this action as S, + Sy, = Jdtd3x\/ —Z7"0,h0,h; .
pr . Effective metric for GWs

If the effective metric is conformal to the background metric, i.e., Z,, = Qz(x)g/w ,
the speed of GWs are identical to the speed of light.

In our case, the background metric satisfies,

V—eg¥=-a’ 0 —a+30), /—gg"=ady, \/[—gg"=a(l+a+{)s; * Zuy & 8



GWs in an inhomogeneous universe

Next, we consider the terms
L = Ny/re(t, N)(K;K"K; + RK)
In this case, the action for GWs are

3 o1
L, = 101(3’0)(t,1)a3H [hfj — E(a,(h,.j)z]

3H . . 2
Ly = ae(0 - == | (=a+ 300 = 2470 xhy0u; = (a+ ) (9phy ) | +6QL®
3a GO~ i i B SO 1, ¥y
_TCI B lehlkhkj QX)) =—a +ma +E <§— ﬁ)
This term changes the speed of GWs. Zy= (%—%ﬁiﬁz)%

In FLRW spacetime, the speed of GWs is equal to the speed of light.
But if spacetime is slightly inhomogeneous, the speed of GWs is not equal to the speed of light.

Summary

* We studied the propagation of GWs in an inhomogeneous universe in
spatially covariant theory.

* We have shown that the propagation speed of gravitational waves changes
in an inhomogeneous universe.

* We can test the theories of gravity and inhomogeneity of Universe from the
observations of the speed of GWs.
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Photon escape in the extremal Kerr

black hole spacetime

[P7] Kota Ogasawara (Kyoto Univ.)
collaborator [B1b4] Takahisa Igata (KEK)

emission point

(r,0) = (r+,6)
(2) investigate

null geodesics 3) we obtain PP, ;|
I . Escapable region [ —s -4
= II. Escape probability [ &
0.6-/.7,/””" 7“
& 04l / ]

—a=09
=0.99
[1] KO and Igata [2111.03243] 0.2 / @ =099
a =0.9999
[2] Igata, Kohri, and KO [2102.13427] 0.0
1.0 12 14 16 18 20 22 24
r. /M

Introduction Photon escape & \
g ... = Observability

Escape probability

Black hole (BH) observation

it must receive signals from

—
sources near the BH

BH shadow Flux variations

M87*  April 11, 2017 341 Sgr A* 2017 Oct 7, UT 00:16

e 234.0 GHz
P o’
3.3F e 219.5GHz ) ° 0.,.

e 217.5GHz ....'0

Flux density [Jy]

3.0} [lwata et al. (2020)]
6 10 20 ~ 30 40 50 60 70
Time [min]




Introduction

isotropic emitter (source)

< circular orbit
+ plunge orbit B—
%+ rest at LNRF

-—

| (r,0) = (1, 6:)

L/
N
|
(2) photon escape conditions

— investigate the null geodesics

@ observability @nerally . as source approach BHN
. - P decreases
< photon escape probability P(y.; a)

- strongly redshifted
< frequency shift z(y.;a) < ﬂ ’ }

) position (., 0:)
* source orbits y. photon escape cone shrlnks

| .
. BH spin a proper motion

I . Photon escape in the extremal Kerr
black hole spacetime

[1] KO and Takahisa Igata
arXiv: 2111.03243




we use units in which

Photon Motion in Kerr BH W USE units i

Kerr metric (mass M, spin a)

SA 5 A 2Mar \”
BV — 2 2 2 i 2 .
guvdatdx dt® 4+ —dr* + X2df E sin“ 6 <d<,0 dt)

Y=r?+a%cos’l, A=r?>—2Mr+a? A= (r2+a2)2 —a?Asin?6

Constants of motion Impact parameters

:_gak_ kt,LE¢a _k * :£ :2
2 _E’q_Ez

Q = Kuypkk? — (L — aE)
Killing vectors: £ and ¥, Killing tensor: K,

[Equation of motion

k:?“:f:ﬁx/ﬁ kﬁ:g:%\/@

R(r) = (1" +a® —ab)” ~ Afg+ (b - a) Allowed regions
@(Q)Eq—60829< b2 —a2> *C(T>0 e(0) >0]

sin

Photon Dynamics

Radial eq: 72 = % [b — b1(r;q)] [b — ba(7; q)]

—2ar + \/T‘A (3 — q(r — 2)]

bi12(r;q) =
2(r:0) r(r—2)
o b
emission 4 _ ' b1
forbidden region
inward outward : —
o . >
¢
barrier? barrier? T
no . \Yes ry . yes S o
s " ./ forbidden \ 02
E region

fall escape!! fall



Allowed Parameter Region of b

Turning points: R =0
— b="0b1(r;9) and b = ba(7;q)

Allowed region of b derived from R > 0

b<by, b <b for rgy<r<?2
bg S b S bl for r Z 2
r-motion: necessary conditions

for photons to reach infinity

b
forbidden region

b n

1 ' /"'2

T :

‘ ba

] ——.
forbidden region

Typical shape of b,(r; g) and b,(r; q)
by(r; ¢) in the range ry; < r < 2 is not plotted

Allowed region of b derived from @ > ( \ necessary & sufficient

bl < B(0:;q) = tan6 + a? cos2 6
b] < B(0;q q

g-motion: further restricts the allowed
region of photon motion

/

conditions
“escapable region”

NIfe=7/2,0>0=¢>0
= no restriction of »

Spherical Photon Orbits (SPO)

Spherical photon orbits: R = R =0

r3 —3r? + a’r 4+ a?

b=1> = —
spo(r) a(r —1)
(r) r3 (fr?’ — 612 4+ 9r — 4a2)
q = gspo(r) = —
SPO a? (r — 1)2

Radii of SPO: solving g = ggp(r) for r

forbidden region

r2

forbidden region

r = r(q): extremal point of b,

r = ry(q): extremal point of b,

Impact parameter for SPO

bi(q) = bgpo(ry): extremal value of b,

1§

rn 2

(i) a = 0.999

b5(q) = bgpp(r,): extremal value of b,

. . 2
circular photon orbits: 7{ = 7;(0) =2+ 2cos {g arccos(

Relation between ¢ and the radii r; (i = 1,2)
of the extremum points of b,

27
a)—g

2
r5 =712(0) =2+ 2cos {5 arccos(a)]




Necessary Conditions for Escape

b b b
bT ________________________________ _——
[ —
2 2 bi> .
r r : r
TH [ r TH r2 s TH{T+I'L r
| , | 5
B§fp------- i > — " /
2 L —_
() ri <rm <7« <72 (b) "1 <7H <72 < T (¢)ra <re <1
b b b
7 T 4
1 By pmmmmmmmm e 4
bl
b T
L : r r
r'u ry ryl Iy
e :
(d) ra <ri <7y <72 (e) ra <ri < 1o <71y (f) ¢ =27

O photons emitted inward (s, = —) can escape O forbidden region

photons emitted outward (¢, = +) can escape

Necessary Conditions for Escape

lixing r. determines the necessary conditions for escapable region (b, )

TABLE I: Necessary conditions for photon escape from r = 7. to infinity. Here “n/a” means not applicable.

Radial position of an emitter ¢ b(or=4) b(or=-) Shape of b; dx = 4sSpO (T’*)
(i) ra <re <3 0<¢g<3 b5 <b<bi 2<b<b} Fig. 2(a)
3<qg<qg« b5 <b<by bl<b<b] Fig. 2(d)
g <q <27 b3 <b<b n/a Fig. 2(c)
(i) 3<re <7 0<g<3 5<b<bl 2<b<b} Fig. 2(a)
3<q<qa b <b<b bl<b<b Fig. 2(d)
g« < q <27 by <b<b by <b<bi bl <b<bl Fig 2(e)
27<q < gmax b3 <b<bl b3 <b<bi Fig. 2(f)
(iil) 7 < re < 4 0<q<qe by <b<bl 2<b<b} Fig. 2(a)
g« <qg<3 b5 <b<b b3<b<bs2<b<bi Fig 2(b)
3<qg<27 b3 <b<b by <b<by bl <b<b] Fig 2(e) (0 =+)
27 << guax b3 <b<Hl b3 <b<bi Fig. 2(f) r
(iv) rv > 4 0<¢g<3 b5 <b<bl b3<b<b2<b<b; Fig 2(b)
3<qg<27 b5 <b<bl by <b<bs by <b<b Fig 2(e)
27 < q < Gmax b5 <b< b by <b< b Fig. 2(f) Q (0r=i)
q q q q
\2 — b g ) g
3 [That] o :
(©) q*\ —n;w) (e &Z © ™
— bi(ru; 9) UL ()
(d) / () / b
3 ) 3 3 3
@17 | p @I/ | p @TTF | p 17 | b
-7 -2 2 -7 —2by 2 -7 -2 by 2 -7 -2 by 2

(i) ru < 7e < 3 (i) 3< re < 7 (iii) 7 < rv < 4 (iv) re >4



Necessary & Sufficient Conditions

o Il < B(6.:q)

. 13 i ”» 143 ”»
Fiscapable region: “necessary conditions” + “@ > 0 _ tanf.\/q T a? cosZ0.
depends on 4/ q

{dmax
r. and 6. ] /
— Di(r - 27
R=0 | P09 ~ .
— b3(r; ) N
—_— bs
spo | @ ;
— b(q)
— bi(ru; @) ‘ b
@ = O — iB(H*: q) 3 / / -2 Gmin 2
| e ‘ b Gmin = —a” cos” 0,
-4 |-2 by 0 2 4

photons emitted only radially outward
(6, = +) can escape to infinity

photons emitted both radially outward & inward
O (6, = =) can escape to infinity

Critical Angles

Critical angles: special intersections of b = b5(g), b = b(r+; q) and b = £ B(6; q)

= the classification of the escapable region varies qualitatively

q q

Solving © = 0 for 4, we obtain

|[VO+1)24q—/(b—1)2+|
2

0 = 0(b,q) = arcsin [

0 = 6(—2,27) = arcsin <3 - ﬁ) ~ 20.7°

0y = 6(2,3) = arcsin (\/§ - 1) ~ 47.1°

b




Critical Values of q

Critical values of ¢:
special intersections of b = b,(ry; ),
b(r«; q), b¥(q) and £B(6s; q)

= the classification of the parameter

ranges varies qualitatively

bi(ﬂ; Q) = B(Q*S Q)

TABLE II: Definition of special points P on the b-g plane and

the values of ¢ and b at these points.

P Intersection q

b

P(@ b=2andb=B q(6:)
P(q}) b=1b} and b= B

2= B(0.:9)

@4 (74, 04) bi(r5q%) = B(6s;qY)

P(¢") b=1b and b= —B ¢" (r.,0.) b (rs;q%) = —B(0.;q%)

P(gi) b=0bi andb=B ¢ (6s)
P(¢®>) b="bj and b= —B ¢ (0.)
P(g.) - (7<)

bi(q}) = B(0+;q3)
bi(q2) = —B(0+;q2)

b1 (r4;q4) for rv < 3
b5(re;qi) for 3<r, <4

t

2=B(0:q)

71'/2 F 1 i TABLE III: Definition of each Class and the characteristic
' ! —q.=q. values of ¢ that appear in the classification in each class.
93 e i qt =q Class Range of (s, 6.) characteristic ¢’s
i *
¢ . I r« <3 and 0, € (0,01) g, ¢4, and ¢
i _Qiqu II r« <3 and 0. € [01,02) g, g}, and ¢&

- -Q— =q+ v

III 7. <3and 6, € [02,03)

A% r« > 3 and 0« € (0,061)
VI  r,>3and 6, € [61,02)
VII 7. >3 and 6. € [02,03)

q*7 qa q:»a qia and 3

T < 3 and 0* € [9377(-/2) x5 (?7 qf|—7 qs—7 and 3

q% and ¢%
'ED) q‘::k7 q:ta and 27
G, (?7 Q;a qs—7 37 a‘nd 27

J/ p— VIIL r. >3 and 0. € [03,7/2) ¢, q, 4%, ¢>, 3, and 27
0 ; q =2
1 , o
S --=g =27
l" _e*zem
O’n | - 1 | 1 I I
1 2 3 4 5 6 7 8
¥

Escapable parameters are different for each region separated by each curve,
i.e., the shape of the escapable region is different. — 37 cases in total.



Escapable Region: Classlll (» <3 and 6, <6.<6,)

see [1] for other classes
Relationship of characteristic ¢'s

—— . There are four cases according to the

* relative values of ¢} and 3, and ¢* and g..

% :

3
s
(re,6:)=(1.8,50°

Case q b(or=+) b(or=-)
()—(iv) gmin <¢<q§-B<b<Bmu/a )

(i) and (ii) §<¢<3 —-B<b<B2<b<B
3<g<q¢, —-B<b<BUb<b<B
(iii) and (iv) §<g<¢} —-B<b<B2<b<B
¢ <q<3 —-B<b<b2<b<}

i ¢ <q<q —-B<b<bl bi<b<b (i) ¢t >3and ¢> > ¢ (i) ¢} >3 and ¢ <q.
+

.t t s q q

(m) T =a<a- (00 = (14,60 (.00 = 22,600

(iii) 3<qg< g

(iv) 3<qg<q

(i) and (iii) ¢« <g<¢> —B<b<bi n/a
¢S <qg<27 b5<b<b] n/a

(ii) and (iv) ¢ <g<g« b3 <b<b} b} <b<b}
g« <q<27 B3 <b<b} n/a

-6 -4 -2

(iii) ¢4 <3and ¢®> >¢. (iv) ¢} <3 and ¢ < q.

II. Photon emission from inside the
iInnermost stable circular orbit

[2] Takahisa lgata, Kazunori Kohri, and KO
Phys. Rev. D 103, 104028 (2021). [2102.13427]




Source Dynamics (isotropic emitter, 6. = z/2)

Plunge orbits: r.(7) < r o *. Q LNRF

innermost stable circular orbit (ISCO) — horizon .
gently leaves the ISCO and falls into BH

r?/2—2rll/2+a
r?/4(rf/2 —37"11/2 + 2a)t/?
(0<ex 1) )

I TI—2ar11/2+a2
=
rf’/4(rf/2 —37"11/2 + 2a)t/?

ro(Ti) =ri—e E=

Circular orbits: r. >

LNRF: r. > r

Locally Non Rotating Frame
— no proper motion

Step 1. construct comoving frame {¢*}

R
¢V~ _pdt— %dr + Ldg

plunge

AY
0 0 /
Cc(ir)cular = —FEdt + Ld(p, IEI\)TRF = Tdt

Step 2. specify tetrad components of k

(v — C(g“)k:“

Step 3. define the emission angles (a, #)

(1) k(2 E(3)

cosasin ff = 7:(0) cos 8 = POR sinasin § = 20

Step 4. integrate over the escapable region

P(ry;a) = %ﬂgdadﬁsinﬁ




plunge

Results: Photon Escape Probability

------ circular
@ ISCO
0.8
0.60 __ —
Y/
RN 04 Cueo
a=0.1
0.2 a0
—a=05
[ —a=07 ]
0.1l
1.0 1.2 14 16 1.8 2.0 22 24
T
+ P monotonically decreases as r. decreases 6F ,
. : r
« P > 50% for any stable circular orbits !
« P - 0 in the limit r. - ry &4'
3
- Radial position where P = 50% N ]
SO Sl 1’3{\
0= 2 00 02 04 06 08 1.0
a

Early stage: P > Py \gr

proper g-motion is dominant

S
@)
.
1
1
1
v
1AA|A

— outward relativistic

----

S04t S T 1 beaming is significant
........... plunge
02F . T e circular |
[ @® isco
0 O,/," ............ LNRF |
' 1.6 1.8 2.0 2.2 2.4

T
Final stage: P < P;xgrr

proper r-motion is dominant
— Inward relativistic
beaming is significant




Results: Proper Motion Effect (P vs P )

02f/ 1 02

02f 7

BT S T 45 6 7
(@a=0 (b)a=0.1 (c)a=0.3
1.0~ : : : 1.0 , 08 ,
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04t 0.4}
023/' 02,/” 02'ﬁ,*
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- There are always blue shifted photons

in the early stage and P > 50%.

Zmax — IMax (1 + k(o))

Early stage: z,, > 0

Doppler effect > Gravitational redshift
— outward relativistic beaming

Final stage: z . <0

Doppler effect < Gravitational redshift
— inward relativistic beaming

=
- P =50% in the middle stage, but z > 0 still exist. =

- At the final stage, there are no blueshifted

photons and P — 0.
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SUMMARY 1. [1]1KO and Takahisa Igata, arXiv: 2111.03243

We have completely classified the range of impact parameters (b, g) necessary
and sufficient for photons emitted from an arbitrary spacetime position of the
extremal Kerr black hole to escape to infinity, i.e., “escapable region”.

Main calculation
*R(r) 20 >_’ necessary conditions necessary and sufficient

- SPO (R=R'=0)/ for photon escape _‘* conditions for photon escape
- 0@ >0

“escapable region”

Collision belt, Harada & Kimura (2011)

e

l‘n‘ﬁ‘%
92 ~ 42940

nonzero escape
probability?

[2] Takahisa Igata, Kazunori Kohri, and KO

SUMMARY 1I. Phys. Rev. D 103, 104028 (2021). [2102.13427]

- Evaluated the escape probability and maximum blueshift of photons
along the orbits of a source falling “gently” from ISCO.

- P(r.) gradually decreases as the source falls into BH.

- P =50% is halfway between the ISCO radius and the horizon radius.

* Due to the effect of proper motion,
v P(r:) tends to be larger and z,,, > 0 in the former half of falling

v P(r.) tends to be smaller and z,,, < 0 in the latter half of falling

— a=03
— a=05

— a=07
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