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challenges ih :
- astro populations & GW waveform
- models for testing fundamental physics

-~ Maximiliano Isi

Center for Computational Astrophysics
. Flatiron Institute | New York City

Gravitational Waves Beyond the Boxes |
Perimeter Institute | Apr 6, 2022
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observe fascinating aspects of gravity:

strong & dynamical




test general relativity




testing GR with GWs

general relativity makes very specific predictions

radiation properties source dynamics

.f\/\A/\/\ W ' { ) K \\ /\\/\/\\/\/\f\/\/\/\m\w—
500 precise phase evolution

polarizatic
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testing the model

model

GR + approx + source + instrument

derive prediction
efficiently

type of system
priors

statistical behavior
calibration
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testing the model

model

GR + approx + source + instrument

derive prediction type of system statistical behavior
efficiently priors calibration

example null hypothesis

signal from a non-eccentric binary BH within GR,
in stationary Gaussian noise of well-calibrated detectors
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tests of GR with GWVs

H consistency ”) source dynamics

residuals test 4= parameterized deviations

IMR consistency spin-induced quadrupole

remnant /I propagation i other

ringdown — )

dispersion ~/  polarizations

echoes damping birefringence

purple = not traditionally LVK
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tests of R —ssich VAL

Hanford data

248

consistency 5 1o

residuals test 64
IMR consistency 32

Hanfard residual

remnant
ringdown

echoes
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tests of GR with GWVs
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Abbott et al (2016) [arXiv.1 602.03837)
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tests of GR with GVWVs

consistency

residuals test : total
n=0

IMR consistency | .. n=1

/_\\.__/—'-’"*--_
——— median

remnant \A 90% Cl

ringdown GW150914
T T T T T r)r]g
(.000 0.005 0.010 0.015 (0.020

echoes
2CN0ES time from peak (s)

ringdown.readthedocs.io | Isi et al (2019) [arXiv,1205.00867)
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tests of GR with GVWVs

remnant

| propagation other
ringdown

dispersion polarizations
echoes e
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tests of GR with GVWVs

remnant

| propagation other
ringdown

dispersion polarizations
echoes _ |

irsa: 22040032 Page 13/54



tests of GR with GVWVs

remnant

| propagation other
ringdown

dispersion polarizations
echoes e
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tests

consister
residuals te!
IMR consist

remnant
ringdown
echoes

bVVs

- Hynamics

vector x vector y

sonsitivity 1o each polanzation for sky locations relative

1o interlerometer arms (black ines)

~zed deviations

ed quadrupole

other

polarizations

Nremrmnyence
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Isi et al (2017) [arxiv:] 703.0/530]
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tests of GR with GWVs

] consistency ”Y source dynamics
‘ / . -

L residuals test 4= parameterized deviations
IMR consistency spin-induced quadrupole

~ remnant

) Sl /! propagation 4, Other
) ringdown ¢ i propag

" dispersion ~’ polarizations

echoes damping birefringence

purple = not traditionally LVK
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tests of GR with GWVs

v

ﬂ consistency 7y source dynamics
L residuals test 4=/~ parameterized deviations D
R

IMR consistency spin-induced quadrupole * *\

femnant /&~ propagation 4, other /
ringdown _— "

" dispersion ~’ polarizations

echoes damping «_ - birefringence

purple = not traditionally VK e.g,, see N. K. Johnson-McDaniel et al (2022) [arXiv:2109,06988]
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tests of GR with GWVs

H consistency 7Y source dynamics
, / , i
residuals test 4= parameterized deviations

IMR consistency spin-induced quadrupole

~y remnant / ; =
;’[N propagation N other

" dispersion ~/ polarizations

_) ringdown =
echoes - o
damping birefringence

purple = not traditionally LVK
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parameterized tests
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orbital dynamics [ o
o/
express inspiral phase as a series expansion in the orbital velocity v
(or, equivalently, GW frequency f & v'/M by Kepler)

¥ ik % V 2 % V S Vv
C C C C C C

(g5
G R M= i__jf'_?ﬁ q =my/m (spins X1 & X starting at |.5PN)
my + my

(quadrupole formula)
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orbital dynamics [ o
o/
express inspiral phase as a series expansion in the orbital velocity v
(or, equivalently, GW frequency f « v'/M by Kepler)

2% L4 v\’ 1 v\’ V
c c C e e C

(mymp)¥5
G R M= Tt q = mylm, (spins X1 & X starting at |.5PN)
my + my

(quadrupole formula)

parameterized deviations
Y — (l + 5@:) P;
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orbital dynamics

express inspiral phase as a series expansion in the orbital velocity v
(or, equivalently, GW frequency f o v*/M by Kepler)

2

v\ " v v\~ %
D(v) = () @y + @y ( ) + ...+ @5In (4
¢ ¢ C C

{nqm-,)m
G R W= == q = mylm, (spins X1 & Xz starting at |.5PN)
Sy T )

(quadrupole formula)

parameterized deviations
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merger-rd

I
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merger-rd
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parameterized tests

GWIC-2 results: 90%-credible upper limit on each deviation parameter

Y g \
~ [~ (dipola)

1 I'N il 1N Ty 15 N v [N PERLY PN | CRTLY hH'ﬂ.\'y
L i 1 i I i i

- single event

(*GW -3 resulls ~same, excepl for x2 improvement in - 1FN)
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how do we pool

multiple events!
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combining events

traditionally, either:

(1) multiply likelihoods —— shared parameter

(2) multiply Bayes factors — independent parameters

generally not what we expect!

Zimmerman e t al (2019) [arXiv:1903.11008]
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shared GR deviation

EF

pref GR

g

how does
joint BF scale!?
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Isi, Chatziioannou, Farr (in prep.)

Pirsa: 22040032 Page 29/54



~ Ty

shared GR deviation

meth

how does
joint BF scale!?

BF has wrong scaling
unless deviation is

Af’raubs

GR is wrong but BF
Increasingly confident
- It's right!
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solution: learn the distribution

hierarchical analysis




shared GR deviation

meth

how does
joint BF scale!?

BF has wrong scaling
unless deviation is

uncertainty
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solution: learn the distribution

hierarchical analysis




hierarchical analysis

. model true values as drawn from some unknown distribution
2. measure distribution parameters from whole set of events

p(x | dy)

X
single-event
posterior
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hierarchical analysis

. model true values as drawn from some unknown distribution
2. measure distribution parameters from whole set of events

p(x | dy)

X
single-event
posterior
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combining PN results

deviations from GR are likely to affect
each system differently

(e.g, as a function of parameters) Phenom

cannot simply multiply likelihoods or
Ba)/es f-aCtO 'S Zimmermann+2019 [arxiv: 1903, 1O08]

model the distribution of observations

(hierarchical Bayesian inference)

-y

op’

= Sﬁf[n”‘ event | ~ A (u,;, 6;)

infer u; & o; from all events at oncel!

lsi+ 2019 [arxy: | 904.0801 1]
|

Abbott+2020 [arxivi2010.14529]
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parameterized tests

GWIC-2 results: combined posteriors

0.010

000

(0. 000

0.005
Phenom

SEOB

0.010
Bs
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hierarchical analysis

inferred
population std

inferred
population mean

1 A L » 'l 1 L

10° 10° 10" ‘ 10° 10°

_-\

B e P I S

number of events In catalog number of events in catalog

always correct scaling!

Isi, Chatziioannou, Farr (in prep.)
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how about selection effects!




selection effects

we detect signals with GR-based pipelines:

could we have missed non-GR signals!

can we apply our constraints broadly?

how much are GR tests teaching us?

need to map selection biases




Colorbar is Fitting Factor; assuming fiow = 15 Hz

OPN

selection biases

would a non-GR signal have
been detected’

~d

check non-GR signals against
GstLAL template bank

(varying injected GR parameters)

Injected GR deviation (percent)
et
L (=]
Ftting Factor

o
S

usual fitting factor threshold T 3 o M il [ 0
FE ~0.97 _ | K (preliminary) |
107 bad

Template Mcip (Mo )

R. Magee, M. lsi, K. Chatziicannou, 5.Vitale + (in prep.)
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Colorbar is Fitting Factor; assuming fiow = 15 Hz

OPN

selection biases
are (likely) bad!
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waveform mismodeling!




can we handle large deviations?

(.05 (.04 00.03 0.02 (.01 .00 (.01 (.02 (.03
10

plot by Geraint Pratten based on GW 90814 posterior from Abbott+2020 [arxiv:2010.14529]
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can we handle large deviations?

dxr =4.5;¢=10.2

—10

—0.05 —0.04 —-0.03 —0.02 —0.01 0.00 0.01 0.02 0.03
t(s)

maybe not! some draws from posterior clearly problematic

plot by Geraint Pratten based on GW 190814 posterior from Abbott+2020 [arxiv:2010.14529]
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can we handle
large deviations!

maybe not! some draws from
posterior clearly problematic

can introduce artificial
structure to the
posterior

and cause sampling
problems

T H‘ T s :
0.05 0.00 0.05
+1.2498% 0225 Ve
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we need sensible priors!
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need astrophysical
modeling "j

our inference about
astrophysics (masses, spins,
redshifts, ...) can affect what

we think about GR!

we need to simultaneously
model astrophysical Pt RS ThSEis
populations and GR deviations!

(with reasonable, theory-motivated priors)

g —0.05 0.00 0.05
+1. 249822579
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can benefit from astrophysical
modeling

— GR (cp =0)

astro is not just a nuisance: —— Beyond GR (cy #0)
—:= BBH

can also leverage astrophysics
to access new physics!

p(z | detected)

for instance, look for deviations
from expected redshift
distribution

e.g, Ezquiaga (2021) [arXiv:2104.05139]
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can benefit from astrophysical
modeling

astro Is not just a nuisance:

PISN gap beyond GR
. max(m?®®) (e # 0)
== Lower edge (car # 0)
N —+= Upper edge (epm # 0)
PISN gap GR (epr = 0)

can also leverage astrophysics

to access new physics!

for instance, track features in
the mass spectrum across
redshift to detect GW damping

e.g. Fzquiaga (2021) [arXiv:2[04.05139)
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challenges

* waveform systematics and model breakdown
(e.g., merger attachment and sampling issues)

*selection biases and ad hoc selection criteria
(making it difficult to interpret pop constraints)

e cffect of astrophysical assumptions (correlations
between non-GR and GR parameters)
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challenges [already!]

e B

nm

In Fig. 6, we present the 90% upper bounds on the deviation \
coethicients obtained from the combined distoibution of events
from GWTC-3, under the assumption that deviations take the
same value for all the events. While the combined bounds
aré fully consistent with GR, we do note that for a number of
events 6¢; = 0 falls outside the 90% credible interval of the
deviation coefMicients distributions. We find that the addition
of an extra degree of freedom can enhance the weight of sec-

Abbott et al (2021)
[arXivi2 | 12.06861]
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ondary modes observed in GR parameter estimation runs, os
can be seen for GWI91216 213338 and GW200316_215756,
where o secondary mode in mass ratio present in the GR pa
rameter estimation runs dominates the results when inspiral
deviation parameters are included. This is partly due o the
singular behavior of the parametrization employed here, and

indeed the application of reweighting alleviates the problem,

Still, the presence of a secondary mode remains and so do the
broad posteriors for the deviation coeflicients, Appendix A
eontainy a1 more extended disenwaion on the imnact nf e

ol Crannn all A% welected events (V1 @vieiils o
pre=O0 ail 12 O events), Poar ginine of the o valiies,
Wi primsterhons shivw Blases with fespect (o the previoas e
wabbi 00 [tk e thie fncbiasiom oF CXAR dvenin, We lave dentl
(bl ihve vt CEWIOOELTG ORAA 1S wind CHWSIORS O 2 ] s

et pait et Ui events with e Dowesa neslloal
SN povmlues wmong sl e O30 events (we Table 110)
CWIN0225 060421 vhowy p-value of 0,05 with fiing fe
tor Flfyg = 0.80 and OW200219.084413 hue p-value = 0.1
with IMey = 0.74, These eventa reguire detalled analyein 1o
understand the raasons for the oheerved doviations, whigh we
loave Tor follow up work. Far COMPAnon, In |||| L, we

EEE— —
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things will only get harder

lots to do!
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