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» LIGO-Virgo-KAGRA = EHT

Solar Masses

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

GWs catalogue and the first shadows of BHs. Top: M87* BH. Bottom: Sgr A* BH.

Strong evidence for the existence of BHs: LIGO-Virgo-KAGRA + EHT

Graphic representation of the masses of announced GW detections in a Stellar Graveyard
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4| [ntroduction and Overview () L ARG a0y .

= Prime results: GR @ QFT

o Hawking effect

he?

Ty = ——
H = QrksGM

Pictorial representation of Hawking radiation.
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4 [ntroduction atld oVerview C) | R 41>

* Prime results: GR %\‘ QFT

o Hawking effect:

hk

Ty = ——
H 2mckp

o Unruh effect:

ha

Ty = ——
v 2mckp

Representation of Hawking radiation in the vicinity of the BH.
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A pictorial representation of the Unruh effect. This term first appeared in Bose, S. N. Z. Physik 26, 178181 (1924);

(Or| Ng |0ar) = n(w)
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Adapted from web
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O Radiation in flat spacetime

Accelerated observer: Inertial observer:

7
(O~=

The response to the quantum field must be equal!

-+ Unruh effect:

ha

Ty = ———
v 2mckp
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Gravitational bremsstrahlung and the
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-+ Unruh effect: I T
[
ha
Tv = 2mckp -

All observers must agree with the response rate:

o0 Ak |12 —~
Rk dw% AL = (O8] e 1e, ) Sint [OF)
0

Interaction term describing the one-graviton processes:

N N 4

Sint = VSWG/TWhW\/—gd T
We are analyzing gravitational radiation OR how the
source interacts with gravitons from the thermal bath.

VI Amazonian Symposium on Physics Thursday the 21st of November, 2024

Fulling-Davies-Unruh thermal bath

Jodo PP. B. Brito , Luis C. B. Crispino , and Atsushi Higuchi 9



.

o G

avatationalBremssiranling msilat Spacerime 4 Bennssbezinlibhats -
Theoretical description of bremsstrahlung:
Spontaneous emission 1
n(UJ) — 2w
| A)\kJ_ |2 e a —1 Polarization Transverse momentum

=0

0 1 k. 12
PHYSICAL REVIEW D VOLUME 45, NUMBER 10 15 MAY 1992 | J_ |

R)\kJ_ — d
eIn 0 W—FF7 T

Ak
Rem

Bremsstrahlung and zero-energy Rindler photons

Absorption/induced emission
o0 A)\kJ_ 2
R)\k _ dw—— ' | |

A. Higuchi, G. E. A. Matsas, and D. Sudarsky
The University of Chicago, The Enrico Fermi Institute, 5640 Ellis Avenue. Chicago, lilinois 60637-1433
(Received 29 January 1992)

The bremsstrahlung effect is analyzed in the frame coaccelerating with the charge. In particular, it

PHYSICAL REVIEW D YOLUME 46, NUMBER 8 15 OCTOBER 1992

0 Bremsstrahlung and Fulling-Davies-Unruh thermal bath
A. Higuchi, G. E. A. Matsas,” and D. Sudarsky'

The Enrico Fermi Institute, The University of Chicago, 5640 Ellis Avenue, Chicago, [llinois 60637-1433

N¢ of Rindler photons with zero energy Receivd 20.May 1992
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A pictorial representation of the bremsstrahlung.
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J Minkowski coordinates:

(t,2,2,y)

Future Wedge

*  Right Rindler wedge:

t = a le*sinhan,

z = a e coshan, AN N

where z > |t| and —o0 < 7, £ < 0.
Left Wedge

. Accelerated-observer spacetime:

dr? = e** (dn? — d&?) — da® — dy?

Proper acceleration o := ae™%.
Proper time 7 = e%7).

Minkowski spacetime diagram depicting hyperbolic trajectories and the
four Rindler wedges.
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Ol Gravitational Bremssirahling imsilat spacetime J Coi d Stress-IEnergy Tensor
* Inertial observer (Minkowski coordinates): ¢
T = puleosh®and() +af(€)] 5P (x.), ValVa
T%* = usinhancoshand(€)6® (x),
T = p[sinh?and(€) —ab(€)] 53 (x).
*  (Conservation equation:
vV, 7" =0 -
*  Accelerated observer (Rindler coordinates): Lof Wedge \\\w
171 = 1 [5(6) + (1~ Bae~ZHP86(6)] 5 (),
TEE — —ua,e_(2+5)“59(£)5(2) (x1).
Past Wedge

Minkowski spacetime with the stress-energy depicted in the right Rindler wedge.
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o Gravatational™

*  The total emission probability:

A3k
27)32k

]

Ty (k) EANA

. With fixed transverse momentum:

dk
M L z
P = / (27)32k

Gravitational bremsstrahlung and the

_ 1—
(Twn,, - 5frfr)

o (G TP 2T ).

VI Amazonian Symposium on Physics

Where efly is the Minkowski polarization matrix:
Considering k* = (k,0,0, k)

R SR VA VAR
€11 = —€2 = €13 = €21 = /2

T‘Lw(k) _ fei(kt—k-x)Tpu(w) dr

Thursday the 21st of November, 2024
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*  The differential response rate: M ’Pﬁf
k| _ TO
= u? /_oo [/_OO cosh 2ac exp {Ez [k' sinh (%J)} } da] 4k’(2jr)3

Convergence factor by letting o — o + 21¢

> > %k, 1a€ _ao —ia€  —ao dk;
7?,11\(/1L = },L2/ {/ cosh 2ao exp {? (e e®/2 _ ¢ e /2)] da} 1 (27)?

Sy = ——e
kL > ip B -
f dss” ' exp [5 (s — —)] = 282K, (Bpu)
0 S
. The differential response rate:
2 2
1 k1
Ry = Ky —
ki ™ grdq | ( a )
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*  GWs in Rindler spacetime:

PHYSICAL REVIEW D 103, 083503 (2021)

Gravitational waves in Kasner spacetimes and Rindler wedges
h (w ’ki ) ( 5 X ) — H (Ld ? k:L ) (5) e o %wn+1ki XL in Regge-Wheeler gauge: Formulation of Unruh effect
jing TI 1S 1) — L

Yuuki Sugiyama®’
Department of Physics, Graduate School of Science, Hiroshima University,
Higashi-Hiroshima 739-8526, Japan
L. f a and Department of Physics, Kyushu University, 744 Motooka, Nishi-Ku, Fukuoka 819-0395, Japan
Positive frequency (9,) Kardhiro Yamamot®'
Department of Physics, Kyushu University, 744 Motooka, Nishi-Ku, Fukuoka 819-0395, Japan

Tsutomu Kobayashi*
Department of Physics, Rikkyo University, Toshima, Tokyo 171-8501, Japan

Parity: Even | Odd.

— K:i’gg;‘ (pR,e _ xl_? (GJZ(pR'e + 2085‘;0&&} _% ((‘){f(pR,e _ G(PR.e) 0 0
~ _plafRe 2 (¢ Re _ 02 Re
Even-parity modes: i< = * et — 5 (a0p"c = Oz9"c) 0 0
* * QOR'E 0
* * * goR'E

0 0 —%}agQR-O %a‘f(pﬂ.o

wk. Ro wk, Rpo
- " — @k R, :
hﬁﬁ’ — 0 2P = d
® % 0 0
T ® 0
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*  Explicitly, we have:

a (wki) _
VeViem = HER)(©) = HE™ ()

(w,k) _ H(w,k1) —iwn+ik x| 1 u 2 o
V2 kT

Normalized scalar modes: \/5
w.k | w w.k L
5 HEM(©) = Y5 (0 —a) 6= (0),
. k’ a 1
(b(w,m)(g) _ \/S1nf;(71w/a) Kiu/a ( L€ ) R Oij ,(wiky)
T a Hij &) = ——=0 (),

V2

. The differential response rate:
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*  The consistent description of physiscs (in |0y)) in the accelerated frame requires the Unruh
effect.

* In particular, we have fundamentally described the bremsstrahlung in relation to the
Unruh effect.
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