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Parametric EoS Models




Inference of the NS EoS: systematics from parametric models

PRD (2022)

consider a toy model:

— fitting a 1D function (pressure vs. energy density)

without constraints
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Inference of the NS EoS: systematics from parametric models
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10%
1036

w . 1pk

Gaussian Processes

e o =
-
-

=== nonparametric (psr)

nonparametric (astro+pa )

nonparametric (astro)

| 2 3 4 56789
P (Prue)

parametric .-~~~

-

=== piecewise (psr)

—— piecewise (astro+pa)

Piecewise Polytro /

——— piecewise (astro)

0.5

1 2 3 4 56789
p(pnuc)

10%

-
-
-
=

~==spectral (psr)
spectral (astro+ps )

spectral (astro)

0.5

1
P (Puuc)

2 3 4 56789

Speed-of-Sound
- parametric

=== speed-of-sound (psr)

g 2y T
-

speed-of-sound (astro+ps )

speed-of-sound (astro)

0.5

i
P (Puc)

2 3 456789


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.043016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.043016

Non-Parametric EoS Models




Inference of the NS EoS: nonparametric results PRD (2021)
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Inference of the NS EoS: nonparametric results

PRD (2021)
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Future Prospects: EoS constraints PRD (2021)
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Inference of the NS EoS: incorporating low-density nuclear theory PRC (2020)
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Inference of the NS EoS: incorporating low-density nuclear theory PRC (2020)
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Inference of the NS EoS: comparing low-density theories PRC (2020)
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Inference of the NS EoS: comparing low-density theories PRC (2020)
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Exotic TOV Sequences




Exotic Behavior with Efficient TOV Sequences APJL (2024) in press
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Exotic Behavior with Efficient TOV Sequences

ApJL (2024) in press
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Exotic Behavior with Efficient TOV Sequences ApJL (2024) in press
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Exotic Behavior with Efficient TOV Sequences ApJL (2024) in press

2.5

0.0 2.5 5.0 7.9 10.0 12.5 15.0
R [km]

22


https://arxiv.org/pdf/2405.05395

Exotic Behavior with Efficient TOV Sequences
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Extracting Physics without Parameters

Phase Transitions



Inference of the NS EoS: phase transitions PRD (2021)
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Inference of the NS EoS: phase transitions

PRD (2023)

the sudden appearance of new (degenerate) degrees of
freedom produces a sharp drop in the sound speed (c,)

— “loss of pressure support”
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Inference of the NS EoS: phase transitions

PRD (2023)
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Inference of the NS EoS: phase transitions

PRD (2023)
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Inference of the NS EoS: phase transitions

PRD (2023)
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Inference of the NS EoS: phase transitions

PRD (2023)
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Inference of the NS EoS: phase transitions PRD (2023)
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Inference of the NS EoS: phase transitions PRD (2023)
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Future Prospects: phase transitions PRD (2023)
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Extracting Physics without Parameters

Nuclear Symmetry Energy



PRL (2021)

Inference of the NS EoS: low-density nuclear experiment PRC (2021)

Connection to “new” experimental probes: Neutron Skin Thickness (R, )

Reed+(2021) infer L = 100 MeV based on R, = 0.29 + 0.07 fm. Suggest this implies R, , = 14 km.
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PRL (2021)

Inference of the NS EoS: low-density nuclear experiment PRC (2021)

Map from nonparametric EoS in B-equilibrium to nuclear params describing the energy per particle near nuclear
saturation (n,: minimum of E. )
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Inference of the NS EoS
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Inference of the NS EoS: low-density nuclear experiment

PRL (2021)
PRC (2021)
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Inference of the NS EoS: low-density nuclear experiment PRL (2021
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Inference of the NS Eo¢

current R_ . uncertainty
skin

R, uncertainty improved

by a factor of 2

hypothetical perfect

R .. measurement
skin

Ry 4 [km]

Ry 4 [km]

Ry 4 [km]

| S A (PR SN N |, % |
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| | | 1 1 L | Il
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PRL (2021)
PRC (2021)

nonparametric prior

nonparametric astro-only posterior
XEFT+astro posterior
nonparametric astro+R_ . posterior
XEFT+astro+R_ . posterior

improved precision in nuclear
experiments is unlikely to affect our
knowledge of NS radii without
improved theoretical calculations
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Self-Consistent Hierarchical Bayesian Inference




ApJ (2024)

Introduction
Construct a hierarchical generative model that relates the differential astrophysical rate of events
dKC
= Cp(0|A
—g = KplOlA)

to the construction of an observed catalog of discrete i.i.d. events (i.e., detected data)

{d;, D }i—1.

each of which has several latent (unobserved) parameters

{0 }i=1,

(A) population parameters (e.g., minimum and maximum mass, etc.), the

(0;) single-event parameters for the i event (e.g., masses, spins, etc.), the

)
)
(d;) = n; + h(6;) observed data for the i*" event assuming additive noise n; and a signal model h(6;), and an
(D;) indicator signifying that the i*® event was detected.

)

(K) expected number of astrophysical events within the past light-cone spanning the duration of the experiment or,

alternatively,
(K) = KP(D|A) the expected number of detected events 42
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Directed Acyclic Graphs ApJ (2024)

We can represent this model as a Directed Acyclic Graph (DAG), which encodes conditional (in)dependencies
between variables

graph equation

(2
e‘e p(DIB,C) p(C|A,B) p(BIA) p(A)

43
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Directed Acyclic Graphs ApJ (2024)

We use a hierarchical model of the data-generation process

population, EoS, General Relativity, ...

single-event parameters @

detection @

data

or, equivalently,

N
p({D, d;, 0;}|N,H) = II[P(Dz'\dz', 9@)%(611\9@179(91“")]]

likelihood prior 44
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Generative Model (bottom-up approach) ApJ (2024)

For an astronomical survey, the number of events is uncertain (Poisson distributed)

N
P(NIK(A,K)) = B oK

45
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Generative Model (bottom-up approach) ApJ (2024)

For an astronomical survey, the number of events is uncertain (Poisson distributed)
KN
P(N|K(A, K)) = ——¢

and the data are i.i.d.

N
p({d;}[{D;}, A, N) = Hp(di“Dia A)

46
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Generative Model (bottom-up approach)

ApJ (2024)

For an astronomical survey, the number of events is uncertain (Poisson distributed)

and the data are i.i.d. N
p({di}{D;}, A, N) = | [ p(di|D;, A)
so that we can construct a joint distribution l

p({di}, K, A{D;}, N) oc p(K, A)p({d; }{D;}, A, N)p(N|K)

47
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Generative Model (bottom-up approach) ApJ (2024)

For an astronomical survey, the number of events is uncertain (Poisson distributed)

and the data are i.i.d. N

p({di}{Di}, A, N) = | [[p(di|Di, A)

7

so that we can construct a joint distribution
from which we obtain the (hyper)posterior

p(K, KN e K TN [P(D;|A) =1 [ do P(D;|d;, 0)p(d;|0)p(0]A)]]
[ dEKdAp(K, \)KNe= KTV [P(D;|A) =" [ db P(Dy|d;, 0)p(d;|0)p(6]A)]

p(K, A{d;, D;}, N) =

which is a mess...

48
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Simplifying Assumptions ApJ (2024)

p(K,\) = p(K)p(A\) The number of detected events is independent of the shape of the astro population

49
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Simplifying Assumptions ApJ (2024)

p(K,\) = p(K)p(A\) The number of detected events is independent of the shape of the astro population

The inference then factors

p(K, A|{d;,D;}, N) = p(K|N)p(A|{d;, D;}, N)

where
_ P(K)KNe_K
PUEIN) = [dK p(K)KNe=K
p(A|{d;, D;}, N) = p(MTTY [PD;|A)~L [ df P(Dj|d;, 0)p(d;|0)p(A|\)]

[ dnp(N) TN [PDiIA) =L [ 8 P(Di[d;, 6)p(d;16)p(6])]

50
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Simplifying Assumptions ApJ (2024)

p(K,\) = p(K)p(A\) The number of detected events is independent of the shape of the astro population

The inference then factors

p(K, A|{d;,D;}, N) = p(K|N)p(A|{d;, D;}, N)

where
_ p(K)KNe K
p(K|N) = Tk p KKV F
D(Ads Dy ) — PV (PO ] d9 PDid;, 0)p(d{0)p(01)]
) [ dAp(M) T [P A)=L [ df P(D;|d;, 6)p(d;|0)p(6]A)]

We will focus on this in what follows.

51
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Physical Detection Processes
and the
Inconsistency of Unphysical Model Assumptions



Simplifying Assumptions ApJ (2024)

Physical  P(D|d,0) = P(D|d)

DL6|d)
@ DAl D}, N) = P TLY [POIA) ! [ df P(Dild)p(d;l0)p(0])]
o [ dAp(N) TIN [P(D;|A) =L [ d6 P(D;|d;)p(di|0)p(6|A)]
(¢)

53
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Simplifying Assumptions ApJ (2024)

Physical  P(D|d,0) = P(D|d)
(DL6|d) term-by-term cancellation

(v Al Dot ) — —PUTLY [POiIA)"! [ d4P(Dildip(dilf)p(6ln)]
PO = ) T TP (D) T 0B o1 ]
O

54
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Simplifying Assumptions ApJ (2024)

Physical  P(D|d,0) = P(D|d)
(DL6|d) term-by-term cancellation

PN TTY [PD;|A) ™! [ dO|P(Dy;|d;p(d;|0)p(6]A)]

JdAp(M) T [P(D|A) L [ do[P(Di]di)p(d;|0)p(0]A)]

N
0 < pPEI V] [ aspta ool
. PDIA) = [ dop(o|A) / ddP(D|d)p(d|6)

/
= [ aspernpmp)

(») p(A{d,Di}, N) =

55
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Simplifying Assumptions ApJ (2024)

Physical  P(D|d,0) = P(D|d)
(DL6]d) term-by-term cancellation

PN TTY [PD;|A) ™! [ dO|P(Dy;|d;p(d;|0)p(6]A)]

S dAp(M) TT} [P(D;|A) L [ do[P(D;ld;)p(d;10)p(6]A)]

N
0 < pPEI V] [ aspta ool
Z PO = [ dopoln) [ ddPidp(dle

/
= [ aspernpmp)

() p(Al{di, Di}, N) =

Unphysical P(Dl|d,0) = Q(D|0)

(DLd]|6)
S Dy} ) — PV [QEBA) L] B QDi0)p(d;{6)p(6l)]
o o [ dAp(M) TIY [QDyA) =L [ d Q(D;|0)p(d;|0)p(6]A)]
()

(¢) incorrectly models detection as independent of
@ the data given the event’s true parameters 56
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Simplifying Assumptions ApJ (2024)
Physical  P(D|d,0) = P(D|d)
DLé]a) term-by-term cancellation
(%) Al Dot ) — —PUTLY [POiA)"! [ d4P(Dildip(dilf)p(6ln)]
PN D) = ) TTY [P DAY 0P DI Ho(61]
N
0 < pPEI V] [ aspta ool
o - P(D|A) = / o p(6|A) / ddP(D|d)p(d|0)
- [ dopoinPmlo

Unphysical P(Dl|d,0) = Q(D|0)
DLd]0)

no cancellation

N -1
A D 3 — POTIY [N [ ORI fo)p(01)]
@ O ) TLY [QUDAN T ] 48 RUDO( (61
0
(¢) incorrectly models detection as independent of

the data given the event’s true parameters

57
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Simplifying Assumptions ApJ (2024)

Physical  P(D|d,0) = P(D|d)
(DL6]d) term-by-term cancellation

P ITY [ (D'|A)_1fd9P(Di|di> (di|0)p(0]A)]

p(A[{d;, D}, N) = TawM) I D|A )L [ do[P(Didy)p(d;|0)p(6]A
 p(A)P(D|A) NH/depdw (01A)
PO = [ dopoln) [ ddPidp(dle
./‘ - / a6 p(8]A) P(

D|6)

Unphysical P(Dl|d,0) = Q(D|0) _
(D Ld|6) no cancellation

A Dt ) — PO T (RN dBR(DiI6)p(e;16)p(61)]
° q(Al{ 5N) = fd/\p )HZN[ Q(D;|A) 1fd9 (D-|9)lv(d-|0) (0|A)]

N
[ H/dep (di]0)q(0|D, /\% fitting the “detected distribution”

QD[0)p(6|A)
Q(D[A)

q(0|D, A) =
(¢) incorrectly models detection as independent of
@ the data given the event’s true parameters 58
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Common Mistake 1
Physical DAG but unphysical approximation P(D|A) ~

ApJ (2024)

The model

N
A4, B}, ) ox p(AJPOIN Y ] [ dop(aiioypiola)

is replaced by the unphysical approximation

A(A{d;, D}, N) <>NH / 40 p(di0)p(61A) _

which will tend to systematically underestimate the

sensitivity to quiet signals.

1.00 R —
~ 0 50 |
0.1
0.25
PRD 108, 043011 (2023)
0.00 = -
2.0 et — Poerg 2100
JI’V \\\\§ Pret,opt > 9.2
= 1.5 / \ Pnet,opt = 10.0 ~
[
< J
T 10— Y
SF 7,7 -\u:\
0.5F / ‘“\\:\\

0.0

0.0



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.043011
https://iopscience.iop.org/article/10.3847/1538-4357/ad1604

Common Mistake 1 ApJ (2024)
Physical DAG but unphysical approximation P(D|A) ~ Q(D|A)

' truth
1 v P 1A) = Ay 02, )0y < my < M)
. p(m2‘m19A) X @<mmin <my < ml)
unphysical AV
plz|A) o —=(1+2)" 7
rJJ_rr
w
Q- —L
3 ® selection is primarily against high-z systems, so

s

Q
2,

QD|z) < P(D|z) = k1
in order to keep

s g Rj\g ; the bias primarily affects the redshift-evolution

S
% J;[I K =KP(D|A) = IC/d@p(9|A)P(]D|9)
=R 2 approximately constant

arXiv:2310.02017 (2023) 60

Homn,y [1‘1@]
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Common Mistake 2 ApJ (2024)
Fitting the “detected distribution” and then dividing by P(D|0)

Motivated by the observation
p(6|D, A)
A) = P(D|A

61
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Common Mistake 2 ApJ (2024)
Fitting the “detected distribution” and then dividing by P(D|0)

Motivated by the observation
p(6|D, A)
A) = P(D|A

It is tempting to fit for the distribution of true-parameters for detected events p(6|D,A\) from the observed data via

N
() (D} N.2) =T [ doptafonaoipi 1)

with a “flexible enough” model for q(8|D,A\)

62
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Common Mistake 2 ApJ (2024)
Fitting the “detected distribution” and then dividing by P(D|0)

Motivated by the observation
p(6|D, A)
A) = P(D|A

It is tempting to fit for the distribution of true-parameters for detected events p(6|D,A\) from the observed data via

N
() (D} N.2) =T [ doptafonaoipi 1)

with a “flexible enough” model for q(8|D,A) and then estimate the astro distribution

q(0|D, A)
q(f|A) o W

However, this procedure yields q(6|D,A\) that are too narrow, and therefore biased estimates of q(6|A\).
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Common Mistake 2 ApJ (2024)
Fitting the “detected distribution” and then dividing by P(D|0)

wide population (op = 3) narrow population (o) ~ 0.6)
P(D|d¢) ) P(D|6o)
q(dp|A) q(oo|A)
—— |\ —
—_—l
‘ P(D|do) p(éds) ) P(D|iop) il\\ p(5¢)
q(60|D, A) q(6p|D, A) q(0¢|D, A) q(60|D, L))
/™ oA
4 \ / \
/ \ / \
— " / \ ——x | €— / \
/ \ / \
__// \\_ 4’ \;
-5 0 5 -5 0 5 4 2 0 -5 0 5
8 56 6 5
arXiv:2310.02017 (2023)
] 2
2 ) 2 o (0¢ — up)
p(0¢|A) = N(pp, o)) p(6¢log) = N(69,0,)  P(DIog) =exp | ———

0
D 64
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