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Abstract: Gravitational-wave observations of binary black holes allow new tests of general relativity to be performed on strong, dynamical
gravitational fields. These tests require accurate waveform models of the gravitational-wave signal, otherwise waveform errors can erroneously
suggest evidence for new physics. Existing waveforms are generally thought to be accurate enough for current observations, and each of the events
observed to date appears to be individually consistent with general relativity. In the near future, with larger gravitational-wave catalogs, it will be
possible to perform more stringent tests of gravity by analyzing large numbers of events together. However, there is a danger that waveform errors
can accumulate among events: even if the waveform model is accurate enough for each individual event, it can still yield erroneous evidence for
new physics when applied to a large catalog. We presents a simple linearised analysis, in the style of a Fisher matrix calculation, that reveals the
conditions under which the apparent evidence for new physics due to waveform errors grows as the catalog size increases. We estimate that, in the
worst-case scenario, evidence for a deviation from general relativity might appear in some tests using a catalog containing as few as 10-30 events
above a signal-to-noise ratio of 20. Thisis close to the size of current catalogs and highlights the need for caution when performing these sorts of
experiments.
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I’ve seen a deviation from GR:
do you believe me?

"Extraordinary claims require extraordinary evidence” (C. Sagan)
We have a very strong prior in favor of GR, and rigbtly SOl

The usual suspect: model systematics

In the catalog era. put many events together for better tests
Models are good enough for single events. .

...but can they trick me into thinking I’m seeing cool physics
when putting events together?
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How to put events together?

Depeﬂds What yOUTe ’[eSUﬂg Zimmerman+ 2019

PE— - . » E—— : e —

| Afoundamental parameter j Each event has its own

’ which is the same for all events [ addtional "nair’

| (say the mass of the graviton) | | (say a scalar charge) |
. Multiply the likelihoods . Multiply the Bayes’ factors
L ﬁ

Two extrerma that can be connected with a hierarchical analysis
Isi+ 2019, LIGO+ 2020

N the following | assume GR is rignt (because it is):
| How do waveform systematics combine?
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Single event first
A beyond-GR parameter a such that GRis a =10

e = z i —

sS=n-+ h(OzTr 0; Q’I‘r) + Ah(HTr)
I ’/’ [ l )
| signal NoiSe =R waveform waveform error

Fisher matrix calculation gives:

e (Gaussian posterior P(a) = N(astat + Osys, Talpha)

o 1\ O Oh 1 Signal-to-noise ratio
Statistical offset Ostas = (27) <“La)‘u> 0<; -— v

Directions the
Systernatic offset = E7)° <Ah(9ﬂ W waveforms

COS L
\—_y Systematics are
5 i pushing me to
Stancard deviation  oa = [Zoo - =5 (57)7 5o

5 “» Mismatch
Bayes' factor B/ o &P l (Qstat + Qsys))

Pirsa: 21060069 Page 5/10



Multiply the likelihoods

Same parameters for all the events (mass of the graviton)

‘Redlistic” catalog P(p) « p=* sehutz 2011

A "good” and a "pad"” Goldenevents p > 20
waveform model ;
Systematics cancel out 4 o -
\ Systematics conspire in the same direction
300 L ' - :
e 3 P(M) ox M~ P(M) x M
GRisrghtand 297 __ P(M) o M2 N\ — PM) x M2
| think it's wrong 200 3 g
cost = +1 4 4 cost=1 Daﬂger Zohe
A 150 1 L
§ 100
o
k- Can't realy tell |
T s

GRisrghtand —597
| think it's right  —1001
—1501

Moore, DG+ 2021
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N N

Few events » Large catalog
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Multiply the Bayes’ factors
Different parameters for each event (scalar charge)

‘Redlistic” catalog P(p) « p=* sehutz 2011

A "good” and a "pad"” Goldenevents p > 20
waveform model :
Systematics cancel out 4 o -
\ Systematics conspire in the same direction
300 +— : '
| ] P(M) o M [ P(M) x M1
GRisrightand 2% — p(A) ccwia-2 — P(M) x M-
inle it 200 ] ]
I think its wrong cost==x1 & 4 cost=1 Danger zone
A 1501 o i
- Danger zone
= 1001
o
& 50
o ] T
GRisrightand ]
nk if's 1 —1001 Safe zone
| think Its right Moore, DG+ 2021
120 00 10! 10? 10° 10° 10! 10° 10°
N N
Few events » Large catalog
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Lessons learned arxiv:2103.16486

t's a simple FHsher-like model but it highlights that:

e Systematics can mimic new cool physics, and things get worse when
compining multtiple events

e A waveform model that is good enough for one event might not be
good enough for a catalog test!

Key ingredients:

» Alignment between the waveform and the GR deviation

e The test we're performing (mass of the graviton vs scalar charge)
* [he waveform accuracy (which depends on the GR parameters)

Urgent? Already with O(10) events at SNR>20 |
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Multiply the likelihoods

Same parameters for all the events (mass of the graviton)

‘Redlistic” catalog P(p) « p=* sehutz 2011

A "good” and a "pad"” Goldenevents  p > 20
waveform model :
Systematics cancel out 4 o -
\ Systematics conspire in the same direction
300 L ' - :
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