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. S UNIVERSITYOF
Introduction (a 9am refresher) ni BIRMINGHAM

* Gravitational-wave observations distinctive avenue for probing behaviour of ultra-dense matter in extreme environments
* Goal: study behaviour of nuclear matter across wide range of temperatures, densities, and asymmetries

* Probe QCD inaccessible to collider experiments!
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Introduction (a 9am refresher) «,'.:' BIRMINGHAM
» Strong synergy with many avenues of exploration including terrestrial, astrophysical, and theoretical

o PREx-Il: measurement of neutron skin thickness

* Heavy lon Collisions

e Pulsar timing (e.g. NANOGrav): mass of millisecond pulsars = important information on upper mass limit

* Gravitational-wave observations: masses, spins, tidal deformability, post-merger, ...

e X-ray observations (NICER, XMM-Newton): measurement of mass and radius of massive pulsars

e QCD d.o.f? Phase transitions? Chiral EFT? Quark deconfinement? Strange behaviour in NS core?

8.9 ||'-,-'}u:'|:|.:. 1+ s and u/d)

* Focus on gravitational-waves but the combined insight from all the above will be key!
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: UNIVERSITYO!
Introduction (a 9am refresher) g BIRMINGHAM

e Tidal signatures in GW signal arise from response of matter to spacetime curvature sourced by companion

* Static, spherically symmetric NS in static external tidal field [e.g. Thorne 98 or Hinderer 07]

tidally incluced quadrupale: €, j A .L'”

1-— m 3 Qi W
gtt ] - Qz? T’alﬁffr;‘)‘ — ‘5 6%:; + 0(?'_4) ~ potential nigher oraar mu .!I.."..Il. moments

definition of tidal deformability

2 r 2l
188 , .
~ perturbing tidal field 4 5 Llj']“],l‘nj -+ O(']"g) ~ potential external higher order tidal fialds
.rr-

» Change in multipole structure of NS's exterior spacetime due to external tidal field imprinted in GWs

* Calculation of tidal response needs metric in asymptotic regime + equation of state

(P, p) = (m,)

4
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_ Sl UNIVERSITYOF
Introduction (a 2am refresher) I BIRMINGHAM

* Equation of state of ~ pure neutron matter highly uncertain at densities, pressures and asymmetries in NS's

* New goal: forensically reconstruct EoS from observations + theory

2.4

GW190425

lowimme] |\ U N

0.8 10 11

Chatziioannou, arXiv:2006.03168 If kI’Il
5
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Anatomy of an inspiral...
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UNIVERSITYO
BIRMINGHAM
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' SE  UNIVERSITYOF
BNS Waveform Models BIRMINGHAM

* Post Newtonian [PN]
* Stationary phase approximation + closed-form expressions in frequency domain — fast

* Analytical expressions breakdown as v ~ ¢

*» Effective One Body [EOB]
* Semi-analytical + resummed PN + calibration against NR = natural framework Not ‘i‘":'”"-:rj tRC’ t}:”"[\jbm't
[, NR, AD
* Solve computationally expensive ODEs in time-domain = slow Hamiltonian, PM,

* Phenomenological [Phenom]
* PN baseline + terms calibrated to EOB/NR = closed form frequency domain expressions
* ~ accuracy of EOB but speed of PN [best of both worlds|

9
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Post Newtonian
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' SN UNIVERSITYO!
Post-Newtonian Models '.1 UNIVERSITY O

e Orbital dynamics approximated by PN expansion € ~ GM/rc* ~ v*/c? <« 6(1)
* Finite-size corrections included via tidal expansion @ = R/r
* Tidal deformability ~ coupling constant in effective action for dynamics

e Multipoles arise in response to external tidal field — excites NS oscillation modes

» Basic picture: 7 = 2 fundamental mode of star treated as forced damped harmonic oscillator driven by
tidal field of external companion [e.qg. Flanagan + Hinderer]

= Spp + fdtZ[ ﬂQLSL -ﬁml]

£>2

.U'M int __ 1 A (:L _ 2 C ( L
e /dt[ : ] O = - [€00F ~ w210

Paoint-particle tearms ~ orbital motion Internal dynamics of multipoles ~ response to external tidal field
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. BEE  UNIVERSITYO!
Post-Newtonian Models .i BIRMINGHAM

e Adiabatic limit is when NS internal time scale fast compared to variation in tidal field

i =l [ p3 -1 3
rNs s wﬂﬁ R RNS/???’NS T()rb i w{)l’h i \/T /M [,Jl".Jl!||iI'|l.'|I Ir ||..'|||.Ii structure | lJ,(TJ!

2

_ ke R+
o e : 20 — 1)
* Most of inspiral in adiabatic regime as 2 @4, <« @y, = 1Y

* In this limit quadrupole ~ instantaneously tracks external tidal field Q‘Ld =

» Kinetic terms in Lagrangian drop out Q, =0

* Internal Lagrangian reduces to ~ elastic potential energy of deformation

L
int QLQ - A L
[':d(i. = 2‘€!AF S&ttl. Lqpp o f‘dt |i2f' ELE ]
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Post-Newtonian Models BIRMINGHAM
* Derive GW phase by imposing flux balance + stationary phase approximation (SPA)

*Upal

‘:I'J(f) a 2Wft1'0f - ¢I‘0f + 2/ ((U:ﬁ e 'U' = (Mwnrh)lzn
‘Uf
 Leading order tidal contribution at 5PN [Flanagan & Hinderer]

9 ° me M
) N | L N T, (PR
16 M K m1+m1) L W

* But the oscillation modes evolve towards a resonance as m_,, ~ @,

TMNS NS radius Dai+, Kokkotas+, Hinderer+,
* Resonant f-mode frequency Woe ™~ R3 Steinhoff+, Schmidt+,
NS e —

Ferrari+, Maselli+, Landry+,
Ho+, Ma+, Andersson+, ..,

* Tidal driving frequency Orbital separation
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| UNIVERSITYOF
rostHewonin Hoge BIRMINGHAM

» Analytical form of f-mode excitations via regularisation [Schmidt+19]

(10y/37m — 27 — 301log(2)) A4 X8 - 1875(5 — 61og (2)) AMXE;U”,
96n (Q24)2 16 (34)?

Newt. fa-mode Newt. fz-mode

(1565 — 147X 4) v

’ L™

T
lIme__

L

fow [Hz]
10 25 S0 100 200

DT typically relevant

I

Schmidt+19 from ~ few 100Hz

-~ Newt.ad

— Newt. integral

== 1.5PNad

— 1.5PNad + Newt. f;

<=« 1.5PNad + Newt. f & f3
— 1.5PNad T2

=~ 1.5PNad T4

T e e 1

010 015 02 02 030

Olfew rad) rephrasing if
neglecting DT [later]
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. BN UNIVERSITYOF
Post-Newtonian Models ..i BIRMINGHAM

e What is the state-of-the-art?

* Lagrangian for relativistic binaries complete up to NNLO [e.g. Henry+20]

 Einstein-Hilbert action + Effective matter action

H'( 2) p_‘,( 3)
LA —= —mAc: A GA G,tw A HA Huy A GA G“,,n

Ny v AV

2 Gma\" (2 _ 2, A » A
}',u,fq) —( 2 ) A, }i R,-l Mass quadrupole Gf-”’ = zhﬁpl,auAuA

Tidal 1
y_(2) _ 3pA
polarizabilities Go A= 48 HA Current quadrupole H“U = 2¢ R{u.,uu)u :uiauﬁ

Gﬂrﬁ) " f q)R-}l

15

Mass octupole p W ex V( R ’U,A'U.A

wpv)o

Rotational tidal love numbers, see also: Pani+, Landry+, Vines+...
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. Bl UNIVERSITYOF
Post-Newtonian Models BIRMINGHAM

e Up to NNLO including tails the tidal phase is complete

Pridal Mass Quadrupole Current Quadrupole Mass Octupole

5PN (L) [6,7,18,44,45] v/ X

6PN (NL) [18,44.,46] v [46,47] v

6.5PN (tail) [18,46] v X

7PN (NNL) v v [46,48] v
7.5PN (tail) v v v

Henry+ PRD 102, 044033 (2020)

0Piidal = -Af=2,A‘-’ﬁ’“ 54 (1 o Ciq-'b' i n Cé/zma/z I 0:241132 + ‘:§/2:’;5/2) +Ae B
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. UNIVERSITYOF
Post-Newtonian Models @ BIRMINGHAM

* What about spins?

* Multipole moments that couple to tidal field generated by NS spin — EOS signature
* Rotating BHs in GR have simple multipolar structure due to no-hair theorem

MPY +iSPH = m(ixm)*
e For finite-size objects the quadrupole + higher order moments depend on EOS

3

Méisz ~ —Kx°m

\ Matter dependent coefficient, the rotational Love number

.

Introduces EoS dependence!
* Leads to a spin-induced quadrupole-monopole at 2PN [Poisson 97]

30 s B i h
Yqu(v) =~ pe oawv™'  oqu=—5MY% AX3 3(xa-L)-1]+46 B

17
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. BN UNIVERSITYOF
Post-Newtonian Models ': —

e EOS-dependent quadrupole-monopole terms known up to 3.5PN [e.g. Marsat+15, Bohé+15, Nagar+19]

Dietrich+19

T3 =

TA i 1
—W&g 2PN YCon,3.5PN !

p "A "1
Y5, 3PN — ':i‘

3PN term 3.5PN term

A — A,
—¥§8,3.5PN s

I L

0.10 0.15

A

W

Cu ?(A
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: SN UNIVERSITYO!
Post-Newtonian Models BIRMINGHAM

* |n reality rich spectra of normal modes beyond just the fundamental mode are excited...
e Interface (i-) modes? Interaction of fluid core and crust — crust meltdown ~ @(10? Hz) [Pan+20]
* Inertial modes [Lockitch+99; Poisson+20] ~ perturbation to NS velocity field?
* Frequencies ~ NS rotation angular frequency
* rr-modes are a subset of inertial modes [Papaloizou+78, Flanagan+07]
e Fastest known pulsar in binary ~ 60Hz? [Andrews+19]
* Nonlinear fluid instabilities? [Venumadhav+14, Weinberg+16, Essick+16]
* Non-resonant coupling between equilibrium tide p-mode and gravity supported g-mode?

e g-modes fully excited but phase shifts G(107*) or smaller? [Yu+16]
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NR Tidal Models
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' S UNIVERSITYO!
Post-Newtonian Models ;{.*‘ BIRMINGHAM

* |n reality rich spectra of normal modes beyond just the fundamental mode are excited...
e Interface (i-) modes? Interaction of fluid core and crust — crust meltdown ~ G(10? Hz) [Pan+20]
* Inertial modes [Lockitch+99; Poisson+20] ~ perturbation to NS velocity field?
* Frequencies ~ NS rotation angular frequency
* rr-modes are a subset of inertial modes [Papaloizou+78, Flanagan+07]
e Fastest known pulsar in binary ~ 60Hz? [Andrews+19]
* Nonlinear fluid instabilities? [Venumadhav+14, Weinberg+16, Essick+16]

* Non-resonant coupling between equilibrium tide p-mode and gravity supported g-mode?

* g-modes fully excited but phase shifts G(10~%) or smaller? [Yu+16]
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NRTidal Models R UNIVERSITYOF

e BIRMINGHAM

» NRTidal [Dietrich+] is a closed form approximation with terms calibrated to NR [see also Kawaguchi+]
e Baseline is just analytical terms up to 7.5PN

¢r = _RALN£Hi2(1+t1m+quguv’f + i +L5f2.Lﬁx2)+[A(—}B]

* Introduce an effective tidal coupling constant

r_ 2 XB Xa\’, 4
ﬁ;eﬂ»_w[(l 12 G, kf+A & B

plaillailide phase Constrained by analytical PN

¢r(z) = —Klg ——a°/* Papr(a) =

8 et 8v

r 13 15/2 [1 F iz “’*“':i/',zib'wh‘g b nox? 4 ﬂsﬁww"! F ngxd

1+ dlm =+ da/gﬂ?sfz -+ d-z-’l?z

Free coefficients fit to NR
» Why? NR contains all [strongly caveated] physics including non-perturbative

21
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. UNIVERSITYOF
NRTIda| M()df?ls @ BIRMINGHAM

lidal Phase Contribution Dietrich+19

1000 Hz Jurg

i T

170
7.

——-TEOBResum$S
— =7 5PN
— =TPN
6PN
NRTidal
Kawaguchi
===NRTidalv2

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200

W

_____________________...__’.
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. UNIVERSITYO!
Eftective One Body g BIRMINGHAM

* In EOB we replace two-body dynamics (m, m,) with dynamics of particle of mass p in effective metric gﬁﬂ'(u)

LT

[z
my o omy
. EOB Mapping 5
e
. Hial = .’H\/l b 2w (}j:h |) -
1

* EOB equations of motion

i = (A/B)"/? 8y, Hron v, = —(A/B)" 8, Hron

¢ = Oy, Hron p, = F,

e FOB waveform

f?};:ﬁf” - (tm = t) hi’t;:hlunﬁu (f) A 0 (t » tm) hriug‘duwu (f)

m

24
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' UNIVERSITYOF
Eﬂecnve One BOdy E BIRMINGHAM

» Effective Hamiltonian can be written in terms of metric potentials

r2

2
A Py P
Heﬂf = \/pgt + A(T) (1 e +2V(4 JU) ”)
* Adiabatic tidal effects incorporated through tidal contributions to potentials

A=Ag+ AR
4
AP = -3 [sQu43 40D + (A & B)] ALV (w) =1+ 0w +af’u*  [PN NNLO]
£=2

* Also need additive tidal contribution to dissipative sector [e.g. Damour+12]

— 10 4
hﬂm = h’ﬂ'm + hﬂm
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Effective One Body @ UNIVERSITYO!

BIRMINGHAM

e There are two main variants of EOB in the literature

« Different Hamiltonians, gauge choices, gyro-gravitomagnetic couplings, calibration, ...

* SEOB [Buonanno, Hinderer, Steinhoff, ... |

* Includes both adiabatic and dynamical tides [Hinderer+16, Steinhoff+16, Steinhoff+21]

e Octupole terms [Bini+12]
* Leading order 2PN spin induced quadrupole
 TEOBResumS [Damour, Nagar, Bernuzzi, ...]
» Adiabatic tides informed by GSF limit [Nagar+, Ackay+] + recently dynamical tides [Steinhoff+]
e ¥ = 2,3,4 gravitoelectric and 7 = 2 gravitomagnetic tidal terms

* Spin induced quadrupole terms up to 3.5PN
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Effective One Body

* Dynamical tides incorporated through ~ redressing of tidal Love number ky — ky fcf_,*-"’"

* Leads to enhancement of tidal love number [Hinderer+16, Steinhoff+16; also Ma+20]

7. dyn be E:Eﬁ E—;L f.’]
Ky = 0 +

QAT ik QAT
Trk

m— _’P
o' @ of
m OF— (mﬂ}?' 2(mQ)%er Q' (¢ — ¢y)

e [

Equilibrium solution that Fresnel integral capture

increases correction long near resonance dynamics

A

before resonance lt=1t | < \\;'f;ra"Q,
)
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UNIVERSITYOF
BIRMINGHAM
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: BRI UNIVERSITYO!
Effective One Body BIRMINGHAM

* Dynamical tides incorporated through ~ redressing of tidal Love number k, — k¢ fcg-"’"

* Leads to enhancement of tidal love number [Hinderer+16, Steinhoff+16]

0 1000 2000 3000 4000

0.2

S o
o O

____—_-.
_-

_ NS-NS H4

L ad. tides 2PN
w—ad. tides Bernuzzi+

[ == = ad. tides GSF
[ dyn. tides
4100 4200
(t—rHM

S
Q)
"E_]
o1
o
3

28
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. B UNIVERSITYOF
S e BOdy ¥y BIRMINGHAM

* Spin also leads to an induced shift of the modes ~ Coriolis type term [e.g. Steinhoff+21]

~ quasi-universal spin-tidal coupling
3 3
Awp = wg — wp ~ \m! 51 — 59

rotation frequency of body

* Propagates into effective Love number

2
ko{'f &bl 1 — (Awor)? 114
= G 4 2 2 (gworh (o Aw0£)2 NS-N§, solid curves : new model, dashed : existing model

woe Woe —
B 9 MS1b y = 0.1

Wy.e ; - MS1b y = 0.1
— — MS1b y = 0.15 =

2/t || (1-+ 828t ) (Bwors)? Sty x = 0.1
- wy e =woe+Awoe SLy x = 0.05
& i H4 y = 0.1

W}
- , ' 10°
\,/a(&‘-J'l::url))2 (1 i ﬁwgt) Qﬂz(ﬂ (to — t)/M
woe

wy e=woe+Awoe

+
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Brief Summary
TaylorF2 TEOBResum$S

e.g. 2PN in A potential +

Adiabatic Tides 2.5PN* in phasing GSF

Dynamic Tides

Complete NNLO adiabatic
tides derived in Henry+21

DNV = Damour, Nagar & Villain, arXiv:1203.4352

Pirsa: 22040029

UNIVERSITY®O
BIRMINGHAM

SEOBNRvAT NRTidal

Incomplete 2.5PN in

.g. 2PN in A ial
e.g in A potentia phasing [DNV]

NNLO (PN)

*Inc. spin dependent *Dynamical tides partially
corrections [Steinhoff+21] absorbed in NR calibration
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Impact of Tidal Information on Gravitational-Wave Observations?
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3 U UNIVERSITYOF
Bayesian Inference ™S BIRMINGHAM

* Bayesian inference allows us to extract information on the binary parameters

2 pe : Compare theoretical waveform against the data
Likelihood Priors

2

Posterior p(e | d) — E(d I 9)’}1‘(9) .C(dlg) — 1 ( : (H)I )

Probability

b 2Ta

Evidence
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: UNIVERSITYOF
Bayesian Inference: GW170817 E BIRMINGHAM

* GW170817 provides excellent constraint on tidal deformability but also shows subtle systematics

s PhenomPNRT m— PlhenomDNR] === SEQOBNRT == TaylorF2 Prior
0.0035 1

-
3 BBH baselines ; o
using NRTidal show (.0030 4

broad agreement

0.0025 1

. 0.0020
0

% 0.0015]

0.0010

TaylorF2 favours
larger tidal 0.0005

deformabilities?

— — —.———_—-_

0.0000 F—== , — ——
0 200 400 600 800 1000 1400 1600

A
33
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Model Systematics?

* Can we understand what is going on?

* Introduce gauge invariant expression

w dlnw

L de(t)

* Interested in differences AQ,, = Qﬁ - Q£

e For fixed w if AQ,, > 0 then @® > &*

» Tidal effects in model B more attractive than A

o BONUS €,4iahaic = @5 ~ validity of SPA

Pirsa: 22040029

B UNIVERSITYOF
" BIRMINGHAM

Maore attractive

AQ}, - Q{IFl’)HR[‘knmS e Q,,- than TEOB

I I ‘

Dietrich+18

0.00]0.00
H41.37+1.3‘r

0.04 005 006 007 0.08 ¥

w

Less attractive
lllL‘“l [LL‘)'_J?

laylorF2 more negative than TEOBResumS and
NRTidal, i.e. less attractive and hence need larger
tidal deformability to produce same impact...
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: BE  UNIVERSITYOF
Model Systematics? B BIRMINGHAM

 Both point-particle and tidal sectors matter

0.016

TF2NRT SEOBNRT - IMRDNRT —— IMRPNRT |

Cretary 1 -
Fix tidal sector Systematics from PP

and vary PP

density

couple to tidal

I".[lfll‘.l]{:l‘.

prob

6PN | 0.012 6PN
g £ 6.5PN 6.5PN
Fix PP sector 7PN 0.008 \ 7PN
and vary tidal z : ‘ll : T.f}]l—‘N 0.004 ',' . A 7.5PN deformabilities
— NKI % WA T NRI required

Insight into TaylorF2

so larger tidal

00 600 g00"-000; “400 600800 1000
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~ - W UNIVERSITYOF
Can We Measure Dynamical Tides? BIRMINGHAM

* What about dynamical tides?
Pratten, Schmidt+ arXiv:1205.00817

» Consider optimally oriented GW170817-like binary

HLY
3 A+

* In high SNR limit invoke linear signal approximation , _ Eiyaron

CE (HP)
ET (triangle) + 2 CE[(HP)

* Tentatively suggests that we could measure the f-mode
frequency to ~ 6(10" — 10> Hz)

* Reality check

* Need to include all missing physics: spin-tidal
couplings, higher-order PN effects, precession, ...

* Need to understand correlations/degeneracies
between parameters
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. . . B UNIVERSITYOF
Bayesian Inference: GW170817 + Dynamical Tides B BIRMINGIHAM

* Analyse public strain data with TaylorF2 + dynamical tides [Schmidt+19]

* Place lower bound on the f-mode frequency without assuming universal relations f; ; = 1.39 kHz

* Consistent with predictions using Universal Relations
NS EoS |b'.'||'_i],

Massive boson star [dashed]: (m,/m,, , Pratten, Schmidt+ arXiv:1905.00817

L

= Nb APR4 Combinad : (t)
s N% MPAI

— NS |14 Combined - UR : (1)
- BS (44, L87) s Adiabatic + UR : (i)

== K (1.24, 1047) Uniform Prior
= NS (1,00, 440)

-
]

".5., N1

1200 ] 1000

Distavours hyper-

excited dynamical tides
a7
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| I B UNIVERSITYOF
Impact of Dynamical Tides on Future Inference? q s

e Shift focus from measurability to impact of dynamical tides on our inference of NS EoS
» First consider a systematic series — vary the chirp mass but fix the mass ratio to be ~ 0.85

* Fix the SNR to be ~ 50 (500) for a canonical O5 (3G) detector network

* Reminder: point-particle + adiabatic + dynamical contributions

(:O(f) — (Ppp(f) 1 (P.'u].(f) t Sodyu.(f)

» Synthetic injection with all physics and recover with adiabatic or full dynamical model

* What would we expect a priori?
* Adiabatic and dynamical tides more excited in lighter binaries and f-mode frequency is smaller

* As dephasing scales as 6 @,,(f) &« Ay, / .Q%A the dynamical tides should have increasingly large
contribution relative to adiabatic term as we decrease the chirp mass...
38
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: : B UNIVERSITYOF
Impact of Dynamical Tides on Future Inference? Y  BIRMINGHAM
Lighter NS = more excited tidal effects

0.0101

¢ Dashed (adiabatic + dynamical)
* Solid (adiabatic)

750 1000 1250 1500 1750
A

S ' 3G/ET Neglecting dynamical
|i[‘J(?.‘§ |'|;|.'§ I[][[flfl:ljf'fffl ol
bias ~ O(400) on A for

the lightest binaries

(m; ~ 1.1M_,)

—

Heavier binaries have

a smaller but non- ]
~—0.04

<
e

negligible bias

f ~ S5M .
(m; ~ 1.5M) =002

\ 0,00 + . : . e :
( 500 750 1000 1250 1500 1750

LM, = 0.949 LM, = 1.186 B, = 1.423 LM, = 1.660
CIM, = 1.067 LM, = 1.305 LM, = 1.542
Pratten, Schmidt+ arXiv:210%.07566 - o 39 '

Tt L

2
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: - BN UNIVERSITYOF
Impact of Dynamical Tides on Future Inference? §  BIRMINGHAM

* Will not observe a systematic series in real life...
» Consider impact of dynamical tides on semi-realistic population?
* Gaussian m; ~ N(u,, 6,) where y; = 1.33M_, and 6, = 0.09M,, [e.g. Ozel+19]
* Broadly consistent with low-mass peak in Galactic population [as per yesterday - caveats]
* Large uncertainty in NS mass distribution, are NS masses lighter in BNSs? [Broekgaarden+21]
* Assume EM bright ~ small inclinations [e.g. Rezzolla+12]
* Use current BNS merger rate and 2yr Obs. In O5/A+ network (2025+) ~ 30 BNS mergers within 250 Mpc

e ~ 40% target of opportunity for Vera Rubin Observatory = 12 EM bright BNS
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- - g UNIVERSITYO!
Impact of Dynamical Tides on Future Inference? BIRMINGHAM

» How should we combine information from a population?
e Full hierarchical inference? Recent work towards this, e.g. Golomb+21

» Non-parametric or parametric model for EoS-sensitive observables? E.g. Del Pozzo+13, Agathos+16, ...

* Taylor expand A(m) around (m — m,)/M_ to linear order about reference mass m,. = 1.33M_, [Del Pozzo+13]
» Difficult to impose a priori information on the functional form of A(m)
* Higher order coefficients in expansion are poorly constrained
Ay — A

» Calculate extrapolated tidal deformability Ay33 ~ (1.33 —mo) — + As
mo — MMy

N
e Use population to estimate joint likelihood ~— L£(A1.33) ~ 1[ p(Ay.33|dn, H;) p(Aq.33| H;)~?

41 n=1
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» Tidal information ~ weaker per event but systematics compounded in population
» Even in the O5/A+ network (2025+) systematic biases problematic and catastrophic by 3G/ET/CE

® Adiabatic only

A‘:":I;m ~ 340 Bias from neglecting DT * Adiabatic and dynamical tides

0.020- 081 3G/ET

s, 1O
o
o

= 0.010

= 0.005- 021 J

0.000 == : | 0.00 {=— \ . _

300 400 500 300 400 500
Ay 33 N33

Pratten, Schmidt+ arXiv:2109.07564
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* Goal: infer EoS parameters E = {p,,I'|,I',,I'3} from the population = follow Lackey+14
* Piecewise polytrope: p(p) = K, pi

* ['; adiabatic indices and K; enforces continuity of pressure at boundaries

* Easier to impose meaningful a priori constraints on the functional form of EoS
* EoS to be thermodynamically stable: dp/de > 0
* Impose causality constraints: v, = y/dp/de < c
* Maximum NS mass compatible with heaviest pulsar (PSR J0740+6620) requires: M., = 2.14M,

max

* Discussion yesterday: beware correlations in phenomenological models [Legred+22]

43

Pirsa: 22040029 Page 43/47



: : BEN  UNIVERSITYOF
Impact of Dynamical Tides on Future Inference? B BIRMINGHAM

* Define pseudo-likelihood marginalised over all extrinsic and nuisance parameters

£(ds, Onis H, T) = f B p(Our.s|H, T) p(dils, H, T)

» Hypothesis H denotes adiabatic or dynamical model
* I denotes a priori information on EoS or binary parameters

» Marginalised posterior for the EoS parameters using joint-likelihood for all events marginalised over masses

p(Eldn, 1, ) = (W 7 [ aMdap(er.D),

X HP(MHQ‘&'S H I)E( 19 111 HH I)

~ conditional prior ensuring masses i=1

A, z\(M i EOS)

:.llp[:ulh![i l]‘f' the EoS

See Lackey & Wade, arXiv:1410.8866
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e From posteriors for E = {p,,I'},I'5,I';} generate mass-radius curve

» Key message: the results induce a bias in the inferred radius ~ 0(0.5km)

Pratten, Schmidt+ arXiv:2109.0/566 = Equation of State
Adiabatic
Dynamical

o

]
M

=
—
—t
w2
—
.=
-
(o s

1.6 1.8

Mass ( M, )
45
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* Inspiral of BNS is a playground full of rich spectral features and physical effects
* Significant advances on numerous fronts:

* Modelling of point particle baseline

» Higher order adiabatic tidal effects + extension to dynamical tides

* Spin effects such as spin-tidal couplings or spin shifts

* Have not talked about: post-merger, microphysics, full spectrum of tides, magnetic fields, Universal
relations, ...

» Systematics will be important in future BNS observations

* Sensitive to higher-order tidal effects e.g. dynamical tides

46
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Thank You!
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