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The punch line

“lucoming gravitational waves can
eastly cause exofic compact obyects
fo collapse nto black holes, (eaving
NO gravitational-wave echoes
towards wull tnfinity! ~



Why questioning black holes?”

O Quantum gravity
O Quantum information considerations

O BH interior has pathology due to the Cauchy horizon

O ..

Also because we can!

O Advanced LIGO, LISA, future GW detectors...

O Event horizon telescope... precision GW astrophysics!



Black hole (BH) vs Exotic compact object(ECO)

Black holes Exotic compact objects
solutions to GR nspired by quanfum gravity
event horizon horizonless

tnformation paradox no tnformation pParadox
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Ringdown Ringdown + Echoes




The ECO models
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Instability of ECOs
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The GW echoes

O Ringdown signal generated near
the potential barrier

O Ingoing waves get reflected at the
ECO surface, giving rise to echoes

O Echo amplitude depends on the
surface reflectivity

O Further filtered by the potential

barrier
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The GW echoes
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More than one echo!
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Search these signatures in the LIGO datal
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Motivations

O There are claims that echoes exist in the LIGO signals (still being debated)
O ECO can be unstable due to accreting matter [Rubio et al 2018]

O Let us consider a star or a particle plunging into an ECO...

How does the ECO respond to the tncoming GW signals?

Back-reactions on the ECO spacetime?

Will the ECO simply collapses into a black hole?



The “Hoop Conjecture”

O Black hole forms when all matter are within the “hoop”

O The “hoop” is placed at the Schwarzschild radius

I”hoop — 2(M+ E)

O More compact ECOs are easier to be put into the hoop

O Upper bound on the ECO compactness

|Thorne 1972]
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Estimates on the bound

O GW pulse with duration T and Energy E

re =1+ 2M log(r/2M — 1)

V{4 . . J/
Fortfoise coordinate

O At any given moment (in Schwarzschild time)

max rmin — T

T>l< X

O Black hole can form for a critical 1.

ro o =2(M + F)
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Estimates on the bound

O To avoid black hole formation

28
T'<2E 4+ 2M ]
* 5 (TECQ — 2M>

O Ringdown energy

E(t) :aHnM(l — e—Q’yt)

3%-107% [magtnary part

of the QNM frequency
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Estimates on the bound

O To avoid BH formation, the location of the ECO surface must satisty

M’y OCH
_ oM > 0.015nM ( )
TECO i (0.1 ) 0.05

O Typical values M~ ~ 0.1, apx ~ 0.05

O Far from Planck scale!

reco — 2M > lp

O Rough estimates, no back reactions
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Estimates that includes back reactions

O In-going Vaidya spacetime _advanced time

ds® = — |1

dv? + 2drdv + r*dQ?

dM /dv

A2

O A spherically-symmetric spacetime absorbing null dust 71, = Lalp
O Back reaction included

O Still an approximation

e GW energy is not spherically symmetrically distributed

e Does not capture GW oscillations



Ingoing Vaidya spacetime

O Location of the trapped surface

r=2M(v)

O Location of the event horizon

rea(v) = 2M(v) + d(v)

O Event horizon’s teleological nature

outgoing null geodesic

2dr/dv=1—2M(v)/r(v)

Final condition

rEH (Vmax) = 2(Mo + Fiot)

Um aAX

Umin

ed surface
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Three scenarios for static ECOs

O Type (a): ECO promptly collapses
rECcOo < 2Mmpmin + €tn
O Type (b): ECO does not collapse

rECO > 2Mmax

O Type (c): ECO collapses after a while

2A]\41rni1r1 + €th < TECO < szaX

Umax

Umin

ed surface

tra
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Type (a)

O ECO promptly collapses

O All GWs cross the event horizon first

O No reflected waves—no GW echoes

O Consistent with our previous argument

Very compact ECOs are umstable aganst tncoming GWs!

Umin

Umax

ed surface

tra
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Type (b)

O ECO does not collapse

O Conventional echoes form

O Subsequent echoes also exist

More than one echo!
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Type (c)

O First part of GWs gets reflected

O Echo arises until the last ray to escape

O No subsequent echoes due to collapse

O Reflected waves seen “frozen”

redshifted due to gravitational collapse

O Observer sees a weakened QNM
Filtered by the potential barrier

trapped surface
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Upper bounds on ECO compactness

O Using the Vaidya spacetime, we obtain the threshold compactness as

€Cth

. OH 1]
:56x103< )( )
Wi 0.05/ \0.25

O In terms of proper length

OH
A = 0.6/ M M
th % 12V%05

O For both CBCs and EMRIs, both distances are much larger than the Planck length

O For stellar mass CBCs, the proper length of the bound is at least Kilometer-scale
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Expanding ECOs

O So far we only assume a static ECO

O ECOs may expand in response to

future incoming energy (exotic physics,

etc)

O ECOs with Planck-scale compactness

need to expand accordingly with the

event horizon ! fe{eofogica‘ﬂ

non-local tnteractions

¥~ begin of ringdown
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Issues with small compactness

e ~ 1071
0.2p—mmm———————————— ———— ,
O Dist; h l h ' £ | distinct echoes
1Istinct echo pulses when spacing o ot I -
echoes is larger than the echo duration 5 0.00f
—0.01} | .
| — x9=-50M, R=1 ;
o
0 200 400 600 800 1000
U — ULR
e~ 1074
v ,
. . o ” echo tnferference]
O Echoes can interfere with each other 0.01f A ol -
. . . % 0.00E‘
when their spacing is comparable to the !
—0.01:' V | “ .
echo duration N S — @ =—20M, R=1 :
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|[Mark et al 2017]




Issues with small compactness

O Wavetorm resembles a single decaying e ~ 0.15
| | 0.02p ———mm—m™m™m™Mm™MmMmMmM™ ™ ——————————————————
sinusoid j
0.01f /\
O Coherent superpositions of the late echoes —. 000k 4—-
almost the same frequencies |
|
—0.01}
O No distinct echoes can be found
difficult For extractions from GW waveforms! ~-992(__ .~ . . .
~50 0 50 100 150 200
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Quantifying the distinguishability

O Define a ratio between the two time scales

spacing of echoes

Aleeo M
~ 4Mylog—
Techo €

R =

ringdown fime scale ~ 1/

O The echo is separated from the main wave when

R>1

O Otherwise echoes can be indistinguishable

24



Quantifying the distinguishability

O Connecting two bounds for type (b) ECOs

threshold compactuness

"'ECO €th ( —R
2 — | eXp

M M AM~
© LIGO CBCs:
M, ~ M, R, ~19
O LISA EMRIs:
M,/M, = 107° R, ~ 7.8

(ess distinct echoes

distinct echoes
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Summary of GW-echo phenomenology

, | [
1077} Comparable No-echo region
IMRI i
1074 |
< —
S - |
. With-echo rpgion
© : :
10 EMRI i i
-8 i
10 i Mo EQ:} <{:/\
10~ 10~/ 107> 0.001 0.100
reco/M—2

LIGO only sees

/" . )/ .
a fine-funed region

LISA can see a much

[arger region
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Limits of our arguments

O Only focused on the echoes of reflective type, without considering

those of transmissive type
model dependent!

O The ingoing Vaidya spacetime does not capture the backreaction of

the reflected GW waves

can be tmportant for large reflectivityl

O Did not describe what happens as the star impacts the ECO

takes place roughly as the ringdown signals tmpinge on the final obyect!
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Details

arXiv:1902.08180

Reflected waves for type (c) ECOs ?

Back-reactions of reflected waves?

SPinning cases? Echo waveform from Teukolsky equations?

Numerical relativity simulations?

28


https://arxiv.org/abs/1902.08180

