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Abstract:

According to general relativity, the remnant of a binary black hole merger is a perturbe
holes emit "ringdown" radiation which is well described by a superposition of damped ex
frequencies and damping times that depend only on the mass and spin of the remnai
radiation emitted by black hole mergers might finally provide direct evidence of black F
interstellar hydrogen. | will review the current status of this "black hole spectroscopy"”
nonlinearities in ringdown modeling, (2) the current observational status of black hole s
the observability of modified gravity effects and nonlinear modes.
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Present and future detectors
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Also “current generation”: PTAs, A+, A#
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Next generation (XG)

Einstein Telescope 2021 ESFRI, site(s)?
Cosmic Explorer Horizon Study, MPSAC

Moon? (LGWA, LILA, LSGA...)
Atom interferometry, NEMO, MHz
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Comments and feedback are invited on this Horizon Study.
5 For the next revision, feedback is most useful if received by
C.SM lc July 15, 2021. Please submit feedback via the web form at

ExpL.R ER https://cosmicexplorer.org/horizon-study-feedback

or via email to ce-questions@cosmicexplorer.org
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Cosmic Explorer

Science] Observatories, and Commu_nity
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From 2G to XG: opportunities and challenges

Factor of 10 in sensitivity
and lower frequency bound 100

ET: triangle, or two L-shaped

CE: CE40 and CE20

Hundreds of signals
every day!

Redshift

Hundreds of BNSs/
thousands of BBHs 1

every year with SNR>100 =1 IGO A+
fai ] w== Voyager
Opportunities:
New synergies, null stream? - C_E (40_km)
New algorithms (MDCs) 0.1 - == Einstein Telescope
! L L ! L | ! L | o
Challenges: 1 10 100 1000 10000

Long waveforms
Overlapping signals
Waveform systematics
Strong foreground [Credits: Sathya]

Total source-frame mass / Mg

Pirsa: 25010068 Page 6/49



Gravitational wave astronomy in the 2030s: Big Data

#Events

0102 O3 04 O5 Voyager CE/ET
BELNS:O
"“1BH-BH: 3
10°- i | 1 __ . I || ©Floor Brockgaarden
2015 2020 2025 2030 2035
time
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2040
[Broekgaarden]
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Space: LISA, TianQin, Taiji, and far future detectors beyond LISA

ower frequencies? Better sensitivity? Decihertz?

)y Science White Paper
Voyage 2050 White Paper A Voyage 2050 Science White Paper Submission

Unveiling the Gravitational Universe et % Sk i THE MISSING LINKIN :
\ at H'HZ Frequendes ro U.Igt e Nature Of- a.c oles. GRAV L'j\lIOI\'L*}L—\'.\'A\-‘h ASIIRONOM&:
‘ Deep in the mHz Gravitational-Wave Sky overies waiting in the decihertz range

20

Contact Scientist: Vitor Cardoso

Primary institution and address: CENTRA, Instituto Superior Téenico, Universidade de Lisboa,
Avenida Rovisco Pais 1, 1049 Lisboa, Portugal

Email: vitorcardoso@lecnico.ulishoa.pt

Phone: 351-218419821
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Abstract: Black holes are unique among astrophysical sources: they are the simplest macro-
scopic objects in the Universe, and they are extraordinary in terms of their ability to converr en-
ergy into electromagnetic and gravitational radiation, Our capacity to probe their nature is lim-
ited by the sensitivity of our detectors, The LIGO/Virgo interferometers are the gravitational-
wave cquivalent of Galileo's telescope, The first few detections represent the beginning of o
long journey of exploration. At the current pace of fechnelogical progress, it is reasonable
o expeet thal the gravitational-wave detectors available in the 2035-2050s will be formidable
mwals o explore these fascinating objects in the cosmos, and space-based detectors with peak
sensitivities in the mHz hand represent one class of such tools. These detectors have a stag-
gering discovery potential, and they will address fundamental open questions in physics and
astronomy, Are astrophysical black holes adequately described by general relativity” Do we
Alberto Sesana™ have empi evidence for event horizons? Can black heles provide a glimpse into quantum

2 gravity, or reveul a classicul breakdown ol Einstein’s gravily? How and when did black holes
lorm, and how do they grow? Are there new long-range interactions or liclds in our universe
putentially related W durk matter and dark cnergy or 4 more fundamental description of gravita
tion? Precision tests of black hole spacetimes with mHz-band gravitational-wave detectors will
prohe general relarivity and fundamental physics in previously inaccessible regimes, and allow
us to address some of these fundamental issues in our current understanding of nature.

3
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The Schwarzschild metric

November 18, 1915:
Schwarzschild metric

—1
ds® = —(1 — %)czdt2 — (1 — 2?%) dr? + r? (d92 + sin? 9dq52)

r = (0: physical curvature singularity

_ 2GM

C2

: “Schwarzschild radius”

7’.

Key questions:

1) Is the Schwarzschild “singularity” the end point of gravitational collapse?
1939: Oppenheimer-Snyder, yes (for dust, in spherical symmetry)
1963: Lifshitz-Khalatnikov, not generically
Wheeler (following Schmidt’s discovery of a quasar): do nuclear forces halt collapse?
Answer: Penrose-Hawking singularity theorems

2) If so, is the Schwarzschild solution stable?
Answer: black hole perturbation theory, quasinormal modes (QNMs) and black hole spectroscopy
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Are black holes stable? The Golden Age (1963-1970s)

1963:
v" Roy Kerr: rotating black holes

v' Maarten Schmidt at Caltech discovers the first
quasar, 3C273 at z=0.15 — extragalactic!

v" Must be compact and outshines the brightest
galaxies: first supermassive black hole

v Giacconi-Gursky propose orbital satellite to
study X-ray sources
1964: Cygnus X-1, first stellar-mass black hole
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Late 1960s and 1970s:

v “Golden Age” of black hole physics

v' Misner-Thorne-Wheeler, “Gravitation”

v" Kip Thorne and students (including Saul Teukolsky) lay the
foundations to understand black hole stability and dynamics

Page 10/49



QNMs and overtones: some milestones. Phase 1 — theory development

1957 — Regge-Wheeler axial (odd-parity) perturbations as a scattering problem, boundary conditions not understood
1970 — Zerilli polar (even-parity) perturbations, much harder!

Scalar, electromagnetic and gravitational perturbations of a Schwarzschild BH: Regge-Wheeler/Zerilli equations

fd( dq))-l—[ﬁ—fVi]CI):O

dr \’ dr

Vs — ?"2 + (1 — S )r—3

vV L(0+1) B 3rH
B - P

- IArZr + 3N rgr? + N2 (A + 2)r° + 973,
+ —_—

r(\r + 3rg)*

[for reviews: Berti-Cardoso-Starinets, gr-qc/0905.2975; EB-Cardoso-Carullo+, to appear]
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QNMs and overtones: some milestones. Phase 1 — theory development

1957 — Regge-Wheeler axial (odd-parity) perturbations as a scattering problem, boundary conditions not understood
1970 — Zerilli polar (even-parity) perturbations, much harder!

1970 - Vishveshwara now boundary conditions are clear: scattering experiment, “ringdown waves”

0-24 T T q T I

0-13 - &

0L o1

A cHoel
” -011 = =
SNEE ZING ANT (-2 l_ 1
—0-34 | ! L '
/A -.aﬁ”co:::qsm —50-0 -—300 —10-0 10-0 300 50-0
'} iy A /A oL - .- ‘l

z
e i AW et ¥ig. 3. The outgoing wave packet wout (z) at spatial infinity correspond-
.Kf::u?f A\ : B ing to the incident Gaussian wave packet win (z)=e-0z2 with a=1.
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QNMs and overtones: some milestones. Phase 1 — theory development

1957 — Regge-Wheeler axial (odd-parity) perturbations as a scattering problem, boundary conditions not understood
1970 — Zerilli polar (even-parity) perturbations, much harder!
1970 — Vishveshwara now boundary conditions are clear: scattering experiment, “ringdown waves”
1971 — Press ringdown waves are free oscillation modes of the black hole
1971 - Davis-Ruffini-Press-Price these modes are excited when radially falling particles cross the light ring
1973 — Teukolsky formalism for Kerr perturbations
ROl fou 107

1078
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QNMs and overtones: some milestones. Phase 2 — overtones and spectroscopy

Ergo-region {  Barrier | Potential Well
! region :

Exponential

i growth region
d? 2 E
— 4w | P=VP 5
dr? g

*
— Black Hole Horizon " [Arvanitaki+Dubovsky, 1004.3558]
Quasinormal modes: Massive scalar field:

* |ngoing waves at the horizon, * Superradiance: black hole bomb when
outgoing waves at infinity 0 < w < mfdy [Press-Teukolsky 1972]

e Spectrum of damped modes (“ringdown”) * Hydrogen-like, unstable bound states
[Detweiler 1980, Zouros+Eardley, Dolan...]
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QNMs and overtones: some milestones. Phase 2 — overtones and spectroscopy
Bq—g T 0.180

Angular momentum removes m-degeneracy

20 4 1 : “Zeeman splitting”
A“
A 0.176
15} N 1—3 -
2Mao, | % o= .
k ‘A‘*. Dominant: 2M50[
107 “;“ quadrupole radiation, | T
ta, longest damping ] .
sl £ =) “, gest damping _
Oe ° . “a A
* . . 5 .
ol ; ] ; ] ; ! e a | i ] L A 0.168
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.6
2Mao,

* One mode fixes mass and spin — and the whole spectrum!

* N modes: N tests of GR dynamics...if they can be measured

* Measurement requires understanding of QNM excitation (as in atomic physics!)
* Retrograde modes, nonlinear modes (not negligible)

[Berti-Cardoso-Will, gr-qc/0512160; EB+, gr-qc/0707.1202]
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QNMs and overtones: some milestones. Phase 2 — overtones and spectroscopy

1975 — Chandrasekhar-Detweiler first numerical calculation of overtones in Schwarzschild, with limited accuracy
1978 — Cunningham-Price-Moncrief observe overtones in perturbative calculation of collapse to Schwarzschild
1979 — Detweiler first complete calculation of the Kerr spectrum, “black hole spectroscopy”

“After the advent of gravitational wave astronomy, the observation of [the black hole’s] resonant frequencies might finally

provide direct evidence of black holes with the same certainty as, say, the 21 cm line identifies interstellar hydrogen.”
(o]

(o)
% /%h/\
DN %
? IR
= il
o v/\ T
’3‘9 o 122 GRAVITATIONAL V \/\,\ v\
- SUBTRACTED CURVE V “w
%o ]l
o ~N
‘o T S r W

(1-15) 74M

Pirsa: 25010068

Page 16/49



QNMs and overtones: some milestones. Phase 3 — excitation, pre-NR

1986 — Leaver Green’s function, continued fractions, excitation factors (also Andersson) — by analogy with H," ion!
1989 — Echeverria quantifies how well you can measure mass and spin from a single mode

1998 — Flanagan-Hughes ringdown may have as much SNR as inspiral

2002 — Hod-Dreyer are QNMs related with Bekenstein’s ideas on area quantization and LQG?

2003 - Dreyer+ revive/rebrand Detweiler’s idea of “black hole spectroscopy”

2005 - Berti-Cardoso-Will SNRs, measurability, QNM frequencies+fits, overtones vs. higher multipoles
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QNMs and overtones: some milestones. Phase 4 — excitation, post-NR

2005 — Pretorius numerical relativity breakthrough: merger simulations. Soon after Brownsville/RIT, Goddard...

2006 — Berti-Cardoso systematic calculation of Kerr excitation factors

2006 — Buonanno-Cook-Pretorius fit overtones to Pretorius’ equal-mass simulations — but are they physical?
Spherical-spheroidal mixing: numerical simulations use the “wrong” basis (Berti-Cardoso-Casals 2005)

2007 — Berti+ quantify excitation of higher multipole QNMs in unequal-mass, nonspinning mergers

2012, 2014 — Gossan+, Meidam+ first Bayesian study of ringdown
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a4 0.05H : —— Res[N=1]| _{] i —— Res[N=2]|]
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M 1
-0.05Z i, e
1
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A new Golden age: GW150914 — SNR~7 in ringdown

T T T
_LIGO Hanford Data Predicted

Strain (10?")

_LIGO Livingston Data Predicted

—
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_LIGO Hanford Data (shifted)

Strain (10?")

| LIGO Livingston Data
|

| |
0.30 0.35 0.40
Time (sec)
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events/year

Earth vs. space-based: ringdown detections and black hole spectroscopy

108 :
10°
104;
10%
102

10"}

10°}
1071}

1072}

10 3L
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events,/year
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Overtones are needed to reduce mass/spin errors
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Nonlinear merger: is it just a superposition of linear QNMs?

“Including overtones allows for the modeling of the ringdown signal for all times beyond the peak strain amplitude,
indicating that the linear quasinormal regime starts much sooner than previously expected. This implies that the
spacetime is well described as a linearly perturbed black hole with a fixed mass and spin as early as the peak”

L B (R,
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Does it? [Giesler+, 1903.08284]
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Is the linear model consistent when we change the fitting window?

h =Y [Ae06M?t cos(w, (x, M)t +[@)
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QNM amplitudes are not constant near the peak

“Fixed-frequency” fits as in Giesler (weaker test). Bands show regions where amplitudes are constant within 10%
N=0 N=1 N=2 N=3
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[Bhagwat+, 1910.08708; Baibhav+, 2302.03050]
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My mom always said life was like a box of chocolates.
You never know what you're gonna get.

.oﬁl"'

P «Mpﬁt
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Why wrong? Spherical-spheroidal mode mixing
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Search for nonlinearities and nonlinear modes

Two stages

Before the 2005 NR breakthrough: perturbation theory to the rescue
Close limit approximation [e.g. Gleiser+ gr-qc/9609022.. ]
“Lazarus project”, second-order Kerr [e.g. Campanelli-Lousto gr-qc/9811019]

After the 2005 NR breakthrough:

Where are all the nonlinearities?

[Zlochower+, gr-qc/0306098; loka-Nakano, 0704.3467 + 0708.0450;
Brizuela+, 0903.1134; Pazos+, 1009.4665]

Y = ey + €
Lipay o i) ~ ArAze’ P9

Pioneering search for nonlinearities in the Georgia Tech NR catalog
[London+, 1404.3197]

Recent explosion of activity — analytical and numerical
[Loutrel+, 2008.11770; Ripley+, 2010.00162; Magana-Zertuche+, 2110.15922; Sberna+, 2112.11168;

Ma+, 2207.10870; Lagos-Hui, 2208.07379; Cheung+, 2208.07374; Mitman+, 2208.07380; Zhu+, 2309.13204;
Kehagias+, 2301.09345 + 2302.01240; Nee+, 2302.06634; Perrone+, 2308.15886; Bucciotti+, 2309.08501...]
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DB: HeadOn2DPlot_001059.2d.hdf5
Cycle: 1059 Time:1129.6

1300

2.020 2.030 2.040 2.050 2.060 2.070 2.080 2.090
X-Axis (x10"3)

[Cheung+, 2208.07374]
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Head-on mergers

Amplitude dependence
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