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Neutron stars... OHIO
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Recent neutron star observations

Radio timing
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What is the maximum
neutron star mass?

GW170817
GRB170817A
AT2017gfo

v,
A iy e

{ h+Virgo (taly) |
_+ KAGRA (Japan)

M = 2.08 £ 0.07 Mg
Shapiro delay: Cromartie et al. (2020)
Roo = 12.3915 00 km
Riley et al. (2021)
RQ,O = 1371_%2 km
Miller et al. (2021)

New Window to the Universe:
multi-messenger astronomy
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ai‘ Facility for Rare Isotope Beams UNIVERSITY

FRIB and FRIB Science

at Michigan State University
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+ other beam facilities: ARIEL, CEBAF, FAIR, GANIL, RHIC,



nuclear precision How do nuclear phenomena emerge from
multi-messenger fundamental principles?
exascale

How are stars born? And how do they die?
FRIB

ANEW ERA

THE 2023 LONG RANGE

PLAN FOR NUCLEAR SCIENCE

https://nuclearsciencefuture.org/

Nuclear theory:

nuclear 3
experiment e interpret these observations & experiments microscopically

e predict outcomes when experiments are not feasible

e quantify & propagate our theoretical uncertainties
neutron

e nuclear Major efforts:

\ theory
observation Bayesian methods for calibration, UQ and propagation, EOS inference,

experimental design, sensitivity studies, fast & accurate emulators ... Boehnlein et al.,
RMP 94, 031003




ADb initio workflow (idealized)
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(structure, reactions, astrophysics, ...)
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(CalLat, HALQCD, NPLQCD, ...)

CD & Bogner, Few Body Syst. 62, 109

Here: nuclear equation of state (EOS)
energy per particle (and derived quantities)

E baryon density n
—(n,d,T)  neutron excess &
A temperature T

Lattice QCD

|,, % i gluons
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theory of strong interactions
QCD is nonperturbative at the low energies

relevant for nuclear physics (cf. pQCD & LQCD)
CD, Haxton, McElvain, Mereghetti et al., PPNP 121, 103888




Ab initio workflow (idealized) OHIO
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Here: nuclear equation of state (EOS)
nuclear observables . . ]
energy per particle (and derived quantities)
E
many-body theory 1 (n’ J, T)

exact QMC, NCSM, ...
approximate CC, IMSRG, MBPT, SCGF, ...
phenomenological SM, DFT, ...

solves the (many-body) Schrodinger equation
| renormalization group I requires a nuclear potential as input

chiral effective field theory
provides microscopic interactions consistent with

the symmetries of low-energy QCD
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(Weinberg, van Kolck, Kaiser, LENPIC, Idaho, ...)

theory of strong interactions
QCD is nonperturbative at the low energies

CD & Bogner. Few Body Syst. 62, 109 relevant for nuclear physics (cf. pPQCD & LQCD)

(CalLat, HALQCD, NPLQCD, ...)




Modern theory of nuclear forces | ' OHIO
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Hierarchy of chiral nuclear forces up to N*LO t,

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Krebs, Machleidt, Meiltner, ...

multi-nucleon forces_

NN forces 3N forces 4N forces

Chiral effective field theory

solid: nucleons dominant approach to deriving

dashed: pions . . . . .
microscopic interactions consistent with

the symmetries of low-energy QCD

NLO (Q2)

degrees of freedom: nucleons & pions

N2LO (Q3) EFT expansion enables uncertainty

quantification (EFT truncation errors)

N3LO (Q4)

A B P B

For recent reviews of delta-full EFT, see, e.g.:
Piarulli & Tews, Front. Phys. 7, 245; Piarulli & Schiavilla, Few Body Syst. 62, 10

fit the unknown couplings to
experimental (or lattice) data

® NN: phase shifts & deuteron

® 3N: binding energies, charge radii
(only 2 couplings through N3LO)

Increasing accuracy

-




Correlated EFT truncation error model Visienaesz, SHmelahl eter. OHIO

PRC 100, 044001 UNIVERSITY

want full prediction: ¥ = yx + dyx

need to infer theory uncertainty from
the computed EFT orders

| yo—Ayl—Ayz—Ays| | o =——c1 —c —C3|

15

LO (Q9)

natural coefficients

p)
NLO (Q4) Bayesian estimation of

the kernel hyper-
parameters (guided
by prior information)

N2LO (Q3)

Here: RBF (stationary)

N3LO (Q%)
model all coefficients as
independent draws from a
single Gaussian Process

predict observable y,
order by order in EFT

Ayn = UYn — Yn—1
differences

N4LO (Q5)

Gy

https://github.com/bugeye/gsum

correlations
Note: c, are not the EFT’'s LEC ~ Model checking



First rigorous uncertainty quantification i va 25 202708 OHIO
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NN forces 3N forces 4N forces

{ , 1 predict observable y
1o(e Yo, Y2, Y3, - - - Yk in the chiral expansion

NLO (Q2) make a falsifiable
for the convergence pattern

N2LO (Q3)
model all ¢, as independent

N3LO (Q%)

| | learn hyperparameters of that GP &
NALO (05) R 8 I LA 0 S5 SR S0 Qe R LS 44 compute

af WA Bayesian

" Uncertainty
Quantification:
Errors for
Your

Open-source software & tutorials (Jupyter): https://bugeye.github.io BUQEYE Collaboration | EF T
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First rigorous uncertainty quantification ;i va 25 202708 OHIO
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NN forces 3N forces 4N forces

{ , 1 predict observable y
1o(e < Yo, Y2, Y3, - - - Yk in the chiral expansion
= max —

NLO (Q2) = make a falsifiable
for the convergence pattern

N2LO (Q3) How can we know that the theory
works as advertised = model all ¢, as independent

N3LO (Q%) ' Furnstahl, Hammer, and Schwenk,

[ fewiBodyiSysti62 72N S 2a) learn hyperparameters of that GP &
N4LO (Q5) NS — — - . e compute

An example:
symmetric matter

-
y_A’

k=4 (NLO)

N

Uncertainty bands depict N

68% credibility regions A 0 [ NLO ° [ N2L0 [ N3Lo
Y = Yk + 0Yk

R
~1

0.1 0.2 0.3 0.1 0.2 : 0.1 0.2 i 0.1 0.2
Density n [fm ™7 Density n [fm ™7 Density n [fm™?] Density n [fm™?]




First rigorous uncertainty quantification i se it somms QIIV'}RISQ

NN forces 3N forces 4N forces

{ } predict observable y
L0 (Q) ( D m,r) Y0, Y2, Y35 - -+ Yk in the chiral expansion
= max

Ay’ Ay
k
NLO (Q2) — — o n make a falsifiable
Yk = Yref Z cnQ for the convergence pattern
n=0

N2LO (Q3) How can we know that the theory

works as advertised _
| GP [0, 22 r(z, g l)] model all ¢, as independent

N3LO (Q%) ' Furnstahl, Hammer, and Schwenk,

u Few Body Syst. 62, 72 (INT-19-2a) learn hyperparameters of that GP &
N4LO (Q5) : — — | STy compute

Gnech, Marcucci, and Viviani, arXiv:2305.07568
Acharya & Bacca, Phys. Lett. B 827, 137011
Hu, Jiang, Miyagi et al., Nat. Phys. 18, 1196

Baker, McClung, Elster et al., Phys. Rev. C 106, 064605




Ab initio workflow (idealized) OHIO

UNIVERSITY

Here: nuclear equation of state (EOS)
nuclear observables . . ]
energy per particle (and derived quantities)
E
many-body theory 1 (n, J, T)

exact QMC, NCSM, ...
approximate CC, IMSRG, MBPT, SCGF, ...
phenomenological SM, DFT, ...

computationally efficient
renormalization group allows estimating many-body uncertainties
accelerated by RG-softening of nuclear interactions

Widely applicable:

chiral forces & currents
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v’ arbitrary neutron excesses
v’ finite temperature

quantum chromodynamics v finite nuclei

v’ optical potentials, ...

Other frameworks include Quantum Monte Carlo and

CD & Bogner, Few Body Syst. 62, 109 Coupled Cluster theory



Many-body perturbation theory (MBPT) in a nutshell

® 6 66 6 66 6 6] 96
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second order

i) = |kioi7i)

involved partial-wave decomposition

see Coraggio, Holt et al., PRC 89, 044321

third order

particles:
a b,c,...

effective potential

genuine NN forces

OHIO
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normal-ordered
3N forces

required uncontrolled approximations | involved at N3LO

E/N [MeV]

N2LO 3N  N3LO 3N :

ii\ CD, Carbone et al.,]
'\ PRC 94, 054307

v {/£\§ \{{ _

\
k s, ~ ]
\F%/ ]

EM 500 MeV MBPT(3) vs |
T=0 MeV SCGF

HF 2nd 3rd  SCGF

E/N [MeV]

- Gezerlis et al.,
' PRL 111, 032501

potential =

T T

>
o

potential

o QMC (2010)
e— AFDMCNLO | |
0.8 fm (2nd order)
S 0.8 fm (3rd order) | 7
3 1.2 fm (2nd order) |
B 1.2 fm (3rd order) | |

MBPT(3) vs
AFDMC

| S TN T G [ N, Ay

0.05 0.1 0.15
n [fm™)

nonperturbative benchmarks in neutron matter




Renaissance of M BPT CD, Hebeler, Schwenk, PRL 122, 042501 O H I O

CD, McElvain et al., in prep. UNIVERSITY

high-order MBPT
calculations of the EOS

automated code
efficient evaluation of MBPT diagrams generation
with NN, 3N, and 4N forces

® implementation of arbitrary MBPT diagrams has become
straightforward (numerically exact)

P, A\ analytic expressions
multi-dimensional momentum integrals: improved VEGAS £\S% WA\ interaction & MBPT diagrams

GPU-accelerated normal ordering of 3N interactions

propagation of importance sampling distributions

controlled evaluation of 1000s of MBPT diagrams @{ =gy | automated diagram
} | ' generation

Ground-state energy of the dilute Fermi gas at fourth order (complete): Arthuis et al.,
Wellenhofer, CD, Schwenk, PRC 104, 014003 & PLB 802, 135247  Comput. Phys. 240, 202



High-order MBPT for nuclear matter OHIO
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The number of diagrams increases rapidly!

1, 3, 39. 840, 27 300, 1232280,

n= 2 3 4 5 6 7

Integer sequence A064732:
Number of labeled Hugenholtz diagrams with n nodes.

with automated diagram generation

Stevenson, Int. J. Mod. Phys. C 14, 1135
Arthuis et al., Comput. Phys. 240, 202 for residual 3N contributions, see Xu, Li, and Xu, arXiv:1810.08804

to MBPT for' nuclear matter




ADb initio workflow (idealized)
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(structure, reactions, astrophysics, ...)

many-body theory

exact QMC, NCSM, ...
approximate CC, IMSRG, MBPT, SCGF, ...
phenomenological SM, DFT, ...

I renormalization group I

chiral forces & currents

quantum chromodynamics
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CD & Bogner, Few Body Syst. 62, 109

Here: nuclear equation of state (EOS)
energy per particle (and derived quantities)

%(n,é,T)

Uncertainty quantification

robust estimates of theoretical uncertainties using
Bayesian machine learning via Gaussian Processes

uncertainties in EFT-based calculations due to:

e truncating the EFT expansion
e applying many-body (and other) approximations
e fitting LECs to experimental data (not included)

e.g., see CD, Melendez et al., PRC 102, 054315
Furnstahl, Natalie Kico et al., PRC 92, 024005
Cacciari & Houdeau, JHEP 1109, 039
Bagnaschi, Cacciari et al., JHEP 1502, 133



Isospin asymmetric nuclear matter OHIO
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Nuclear Equation of State at 7" =0

25 T T T T ] T T T T ] T T T T l T T T T
20 i Hebeler et al., ApJ (2013)
— L Tews et al., PRL (2013)
% 15 - Lynn et al., PRL (2016)
= = 20 [ Drischler et al.,PRL (2019)
; 10 S e Drischler et al., GP-B (2020) J
~ > | ¢ Gezerlis, Carlson, PRC (2010) ]
= 5 E 15 |- == Unitary gas (£ = 0.376) .-
%’ g [~ ASY-EOS + FOPI g
2 0f g ]
o] A () L 4
P aior ]
& [ g B 4 o 6 = 1
>} : g B /,.,"‘ X % b -
%D -10F A i V 4 neutron matter g
= F - %
2 _q5 :. ................................. - L Wi :
_20 : TN T T T T T T N [N N Y N @ L1 0 ? RN VI CHNEY GO NS N NN CHNNN N N TN M N AN A TN GO VR ]
0.00 005 010 0.15 0.20 5 s L oo =
_3 Number density n [fm ™)
Density n [fm 7]
CD, Holt, and Wellenhofer, Annu. Rev. Nucl. Part. Sci. 71, 403 Huth, Pang et al., Nature 606, 276
Great progress in microscopic EOS Pure neutron matter < n, is well-
calculations at densities < 2n, and constrained by scattering data

neutron star EOS modeling 3N forces are weaker than in SNM



Isospin asymmetric nuclear matter

Nuclear Equation of State at 7" =0 Nuclear Saturation

- -12 T gy
20 C @4‘” \Jo
— - @) $°
= 15 F o —13 / =
2 C [5) O o)
~ 10F 2, = i ¥
< - 14 F 49 (@)
~ - o Q\
= 5 F n g -
N =15
< G5 e 8%
5 0f S —16F |j '
& : - : [ /e
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‘i - ‘é =17 g 7
5 10 F g | emaco 0
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_20 - PR TR TN T NN W NN TN T NN NN SO TN @ MR _19 - 1 1 1 ! 1 1 1
0.00 0.05 0.10 0.15 0.20 0.14 0.16
Density n [fm ] Saturation Density ng [fm™’]

CD, Holt, and Wellenhofer, Annu. Rev. Nucl. Part. Sci. 71, 403

Great progress in microscopic EOS Saturation: fine-tuned cancellation in the
calculations at densities < 2n, and nuclear interactions (ideal for benchmarks)

neutron star EOS modeling Annotations: (A / Agy) in fm™ or (A) in MeV

p (fm?)

OHIO
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Ol———T 71— T1 7
— 0.12fm |
- (.16
- (.22

0.08 neutrons - 028
- 0.32

protons

r(fm)

Piekarewicz & Fattoyev, Phys. Today 72, 7

Needed: improved NN+3N
interactions with good saturation
properties and robust UQ



Nuclear saturation point: EFT predictions OHIO
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magic 1.8 / 2.0 (EM) agrees well
MBPT!( n) 2 3 - with experimental data!
Excellent MBPT convergence I
(with these soft chiral potentials) P
> Tk
o L
S |
T T T | LI T T <\C 8 '_ E
@ MBPT(2) | M7 mm20200wa) _q:’
] 2.2/2.0 (EM
o B MBPT(3) ] I HZ.O/Z.()(EM; @
S i 1.8/2.0 (EM
E i ’ MBPT(4) 1] 9 ?AMEZB]Z )1 g
L o " extrapol.
; 8 : @ MBPT(5) | L1 8
N | |:| 1 F T T T T 3
& -15F (A Agy) s <
5| : @
g i 3s5F S
m = b
g —16 | MBPT “(2.0/2.0) /g [ <
kel [ ' g ir 2
e i O ] = f B8 2.02.0 (PWA) =
= i ] o i 92220 (EM) 1 =
= r 2.5 > » 2.0/2.0 (EM) .
& 17T commonly used R “ ] ; <« 18720 (EM) ] L.
L chiral potentials: R ] i IM-SRG e e ]
[ Hebeler+ interactions: Agra/AsN 2 _ Simonis, Stroberg et al., _
-8t s e e L L i PRC 96, 014303 1
YV R N R ¥ A KRN ,5 b L, PRGOS 014305,
. . _ 4 22 36 48 54 48 . 68, .
Saturation Density ng [fm ™7 He O, G "G "G "N N

chiral EFT: constrained by two- and few-body data only



Nuclear saturation point: EFT vs DFT
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MBPT( n ) 2 3 L @]
- Saturation box:
Excellent MBPT convergence
(with these soft chiral potentials) —15.6 [ S Hebele;’;g%? cg;vlg;l:‘ i
—13 RN T T R R % [
_ @ MBPT(2) ] S —158F with UQ
- UO B MBPT(3) ] ° ;
— s v 0 1 b
2 —14p @ MBPT(4) T ?B b~
% 8 : ® MBPT(5) ] 5 _16.0 F "
< [ O sy a7 = L Skyrme
S 15| o (A1 A ] A 8 i
Ef’ — ..(2.2/24» ] 4?6;
) p] o - .
A - MBPT ® Inconsistencies at high C.L.s:
g —16T “(z.wzm ] DFT constraints are precise but not very accurate
= O . (systematic uncertainties are difficult to estimate)
@ —17[ commonly used o2 Iy ‘ § —16.4 ' C.L. -
L chiral potentials: e ] R S ... SR ) ). WO 1, S
[ Hebeler+ interactions: Asra/Asn 1 0.150 0.155 0.160 0.165 0.170
Y~ I R 1 1 Loy oy NP

0.14 0.15 0.16 0.17 0.18 0.19

Saturation Density ng [fm ™7

Not an observable!

chiral EFT: constrained by two- and few-body data only

Sat. Density no [fm™?]

DFT: calibrated to nuclear observables

and extrapolated to infinite matter



Nuclear saturation point: Skyrme vs RMF models OHIO
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Skyrme models systematically predict (ny, Ey) higher than
RMF models, causing a distinct separation between the
two model classes. This has been long observed.

e.g., see Furnstahl, NPA 706

Inconsistency may be due to the different functional
forms and/or the parameter estimation protocols

Significant progress in UQ for DFT:

Schunck, O'Neal, Grosskopf, Lawrence, Wild, JPG: NP 47, 074001
McDonnell, Schunck, Higdon, Sarich, Wild, Nazarewicz, PRL 114, 122501
Neufcourt, Cao, Nazarewicz, Olsen, Viens, PRL 122, 062502

Chen & Piekarewicz, PRC 90, 044305; and more

Sat. Energy Fo [MeV]

Dutra+ (°12) RMF028 (95%)
Kortelainen+ (’14) RMF032 (95%)
Brown (’21) [ SV-min (95%)
Dutra+ (’14) 1 TOV (95%)
FSUGarnet (95%) [ McDonnell+ (’15, 95%)
—
—

Recently: UQ is driven
by emulators

@
©
(€]
Bonilla, Giuliani, Godbey, Lee, @
PRC 106, 054322 1
Giuliani, Godbey, Bonilla, B FSUGold2 (95%) Schunck+ (20, 95%)
==
—

V|ens1 P|ekareW|CZ, RMFO012 (95%) Giuliani+ (’22, 95%)

Front. Phys. 10 RMF022 (95%)

=10:6

—15.8

-16.0

—16.4

1

—

-

1

-’
...

. N ’ & Skyrme

—16.2

IR (N S R B B (N BN BN S B N S BN B B L R B RN N R

Saturation box:
SVM hyperplane CD, Hebeler, and Schwenk, -
PRC 93, 054314

with UQ

95%
C.L.

PR W [T TN TN TN WU [N TN UMY TR S Y TN SN WA TN N T TR S S S
0.150 0.155 0.160 0.165 0.170
Sat. Density no [fm™?]

DFT: calibrated to nuclear observables
and extrapolated to infinite matter
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Bayesian inference: empirical saturation point S OHIO

UNIVERSITY

SUMMER RESE

P(p,X|D) < P(D|p,3) P(p, )

posterior

_n 1 < _
P(D|p, %) o [E]72 exp [—5 d yi—-wE "y — p)

1=l

v sub-model b,

-3 _ o osterior same as the but with updated
no [fm™]  credit P. Giuiiani . hyperparameters (analytic expressions)

Model assumption: DFT samples are random

draws from a bivariate normal distri_bution with posterior P(y*|D) x /dN A P(y*|p, =) P(p, S|D)
unknown mean vector p and covariance matrix X' [ESYPSIFEIVS Hodel posterior

y* = [no, E(no)/A] ~ N(u, X) (marginalization) (evaluates to a )
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All DFT constraints: joint MC analysis (preliminary) SR@P OHIO

UNIVERSITY

SUMMER RESEARCH OPPORTUNITIES PROGRAM

Uncertainties in the DFT constraints break conjugacy! 0.157 & 0.009 fm ™" (95%)
LR LI LI L UL B BN |
Mixture modeling comes to the rescue! Use simple MC sampling... : : %’Ej{iﬁgogef;edm“’e
0 prior predictive posterior predictive 1 1
=15: ..‘..,'A'r:.,..'r,'r.., ——T :”""'”l"”]r(_m;ﬁr(l'(_;l(r_(:];)".(:I" Set#1 : : ___to obtain the o
5o f Stendard Prior - (gata-agnostic) i 3 9% [ 80% ] I "
1 ’ D% D oo% ) set #2 I I joint posterior
> —154F 1 - ] | | . g
=) /—\ ; ] set#3 I I predictive
I -156F - . 1 1
R [ o i ] I I
; e : ] ] o R T I —15.96 + 0.34 MeV (95%)
':-‘,1(;,()- . ] LSRRI B DL | I L BB BLELELE BLELELE B
E: : [ ] = »? [ confidence level (fit) ]| 1 I
" 162} 1 | ] 2 AL 3 9% £ 80% ] : :
; = [ 3 5% 3 50% ]
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r a1 N i 1 " i L il L " i i P | P 1 ) ' P | PN ] m
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: TRy
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All DFT constraints: joint MC analysis (preliminary) S OHIO

UNIVERSITY

SUMMER RESEARCH OPPORTUNITIES PROGRAM

Uncertainties in the DFT constraints break conjugacy!

Mixture modeling comes to the rescue! Use simple MC sampling... _1oF™
prior predictive posterior predictive i
B N T e e e e T T ) t#1 [
tardard Prior . A confidence level . —13 F
5o f Stendard Prior - (gata-agnostic) | | e es] o i i
[ % CCas50%] set#2 i
> _15.4 A i ] _1af
< ; [ 1 set#3 _— i
< X [ ] % [
T —-156F - ) B
:'\:, ] ; _15 |
:éc —-158 | . L‘S [
j -16.0 ] empirical saturation point is not well Eﬁ -16 ¢
5 . : reproduced by a wide range of chiral g [ Y
102 y NN+3N interactions (high C.L.) =k
—16.4 \._ /. i _ ;Cg [ (ANNLOGQO 394) i
0.145 0.150 0.155 0.160 0.165 0.170 0.175 0.145 0.150 0.155 0.160 0.165 0.170 0.175 —18 :' (ANNLOGO 450) D;\}"\D J
Sat. Density no [fm™?] Sat. Density ng [fm ™7 [ (ANLOGO 450) &o\“ i
is approx. t-distributed and consistent with -1 ]
the known box estimate but shifted toward lower (ng, Eo/A) 20: 1 99% 1 95% [ 80% [ 50%
- PP BT BT BT BT SRR SRR
Might help construct chiral NN+3N interactions for emulators, see: 0.13 014 015 016 017 0.18 0.19
P . Jiang, Forssén, Djarv, . _3
that are predictive for medium-mass to heavy and Hagen, Sat. Density ng [fm ]

arXiv:2212.13216 Simonis et al., PRC 96, 014303; Ekstrom et al., PRC 91 051301; and more



Emulators: game changers for UQ in nuclear physics! OHIO
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N high-fidelity space|

¥ frontiers (edagogical review artile

BUQEYE Guide to Projection-Based Emulators in

Nuclear Physics Front. Phys. 10, 92931 (open access)
Parametric eigenvalue problem

; 1,2, 3 3 a3 e 2
C. Drischler, J. A. Melendez,” R. J. Furnstahl,” A. J. Garcia,” and Xilin Zhang H(8:) i) = E(0:) [v0)
ABSTRACT with interactive Jupyter notebooks on GitHub!
The BUQEYE collaboration (Bayesian Uncertainty Quantification: Errors in Your EFT) presents
a pedagogical introduction to projection-based, reduced-order emulators for applications in low- |
energy nuclear physics. The term emulator refers here to a fast surrogate model capable of reliably ] see a_ SO
approximating high-fidelity models. As the general tools employed by these emulators are not yet our Literature Guide
well-known in the nuclear physics community, we discuss variational and Galerkin projection methods, Melendez, CD et al.,

emphasize the benefits of offline-online decompositions, and explore how these concepts lead to ~ J. Phys. G 49, 102001
emulators for bound and scattering systems that enable fast & accurate calculations using many
different model parameter sets. We also point to future extensions and applications of these emulators
for nuclear physics, guided by the mature field of model (order) reduction. All examples discussed et
here and more are available as interactive, open-source Python code so that practitioners can readily ® Trucvalu
adapt projection-based emulators for their own work.

Keywords: emulators, reduced-order models, model order reduction, nuclear scattering, uncertainty quantification, effective field theory,

variational principles, Galerkin projection

Companion website with lots of pedagogical material: https://qithub.com/bugeye/frontiers-emulator-review
see also Duguet, Ekstrom, Furnstahl, Konig, and Lee, arXiv:2310.19419

BUQEYE Collaboration



Nuclear symmetry energy OHIO
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excellent agreement with other constraints
(but: not all at the same density)

100

| DL N B B B B B

ab initio calculation of

[ HIC (n/p) - )
5% HIC (isodiff) e | 208Ph neutron skin + UQ:
Y 50 | M Mass (Skyrme) 80 F ‘ ‘ ' 208
S | @ Mass (DFT) = R%5 = 0.14 — 0.20 fm
= [ 1as §
é 40 ‘ an — I£I—|
& | ¥ PREX-II 'j 60 ;
% L| KA HIC(x) § g ! —-4-#17
2 30 F 1
g L : ' 0.1 0.2 0.3
L; [ | ] Q‘:e 40 Rskin(?°8Pb) [fm]
< 20 7] g electromagnetic
g - — {1 =2 gravitational waves hadronic
i - Lim ’18 (1lo|20) . T 20 o,
& 10F 4 W Carbone '14 - UG Anaiytic |  Hu et al, Nat. Phys. 18, 1196
[ 4 £ Lonardoni '20 (E; E,) |] Se—> :
Q= EEE— A EE— : — At . 0 . . . H )
000 005 010 015 020 025  0.30 2 28 30 32 34 constraint “H” (PNM)
Density n [fm ] Symmetry Energy S, [MeV] Hebeler, Lattimer et al.,
based on CD, Holt et al., ARNPS 71, 403 based on Lattimer & Lim, APJ 771, 51 PRL 105, 161102
pr(S,, L| D)= / pr(Ss, L | D, o) Correlations are |mporta|?t: uncgrtamhgs 0 L (n—ng
can be smaller than one might naively think  [RESEHUIEREIE S 7'10

~0.17 +0.01 fm 3 between PNM & SNM



Nuclear symmetry energy (at saturation density) OHIO
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208Pp neutron skin constraints with £0.03 fm or better are needed: MREX @ MESA (~2030) L (n—ng
s T T T T T Esym(n) =5, T g (
L = 106 + 37 MeV ! ! ! ! ! 03
~ PREXHI informed . xEFT (2020) L
80 B s00 <\ ' - XEFT (2013)
s . Ab-initio(CC) |
Z " (GP-B 450) Skins(Sn) E 0.2 _—
§ QMC xa \\ E
ap(RPA) = o0 -
CJE 140 o= 0.1 /‘
oy i ]
= Reed et al. C
20k PREX-II informed a r
H (_):*-IllllIIlI]lI|lIIlIlll:llllll.l:lllll:ltlllllII—
I I consistent r not? 0 0.1 02 03 0.4
A i R 1 - 1 1 208 .
T 30 32 34 0 50 100 150 200 250 Rp=Bpt Ehi)
Symmetry Energy S, [MeV] L(MeV)
CD, Giuliani, Viens et al., in prep. Reinhard et al., PRL 127, 232501 Adhikari et al. (PREX-IIl), PRL 126, 172502
Reed, Fattoyev et al., PRL 126, 172503 Adhikari et al. (CREX), PRL 129, 042501

Piekarewicz, PRC 104, 024329 a4 jnjtio calculations predict small “¢Ca skin,
“Tension” between PREX-Il and theory predictions at the ~68-95% level  in agreement with CREX
Current DFT models have difficulties in reproducing CREX and PREX-Il  predicted dipole polarizability also agrees with
Ideas: Salinas et al., PRC 107, 045802; arXiv:2312.13474; Alford et al., PRC 106, 055804 €xperiment (RCNP) Birkhan et al., PRL 118, 252501
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XEFT at N°LO + causal EOS linear EOS
E LI LN L R LA O IO L [N L AL N R
or(Ay | D) -
B l:‘ N2LO /—-—\ 5 = max. R T = 2nsat E ”"
= N°LO /\ 3.05 min. R(Mmax = 2.0Mg) Ae =0 /’,r’ —
ol N g min. R(Mmax = 2.6 Mg) ap ' de
< 25F \
= J0740+6620 (68%)
y - |
| — o 1l = 15 -
10F
Both 1 -
0.5 F
/--—\ g Ptrans
0 300 600 900 1200 8 EFT p
Ay [MeV] Radius R [km]
CD, Han, Lattimer et al., PRC 103, 045808 Han & Prakash, APJ 899, 2
CD, Melendez et al., PRC 102, 054315 CD, Han, and Reddy, PRC 105, 035808 Alford et al., JPG: NPP 46, 114001
Bayesian inference of the derived bounds on the neutron star radius extend EFT EOS at n,, to linear EoS with
in-medium breakdown scale (and sound speed), assuming chiral EFT finite discontinuity (softening)
But: at what density does breaks down at a given density (here: 2n,) continuous match sets upper bound
i ? . .

_ _ Riley et al., AJL 918, L27 i in R...
Roo= (114 —16.1) koo 7 2 2 18 128 to adjust As and constrain Ry,



New SNM predictions at intermediate densities OHIO
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10 F . = :
0.8 | o [
s 10°F 3
g o6 . f C ]
& i i
& § ! 4
04 | - T
& 10 3 B This work B
: RG 5
0.2 |- FRG, approx.: 7 - Chiral EFT .
Chiral EFT N2LO/N3LO j | ) ) ) i
(m, = mg, no s quark) PQCD (Nr=2) l‘f / = Danielewicz et al., Science (2002)
00 I1 , 100 W T N N YR TN TN W N TN NN NN N NN N TN WA U NN TN WO TN U NN U NN U U NN U NN AN
10 10 10 1| 2 3 4 5 6 7 8
n/no n/no
Leonhardt, Pospiech, Schallmo, Braun, CD, Huth, Wellenhofer, and Schwenk, PRC 103, 025803
Hebeler, and Schwenk, PRL 125, 142502
functional Renormalization Group (fRG): remarkable consistency between theory
ab initio constraints at intermediate densities (~3—10n) predictions, experiment, and astrophysics
major advances in pQCD calculations of cold strongly Goal: global QCD-based EOS models
interacting matter: all but one term at O(a3) calculated with fully quantified uncertainties

For pQCD, see: Gorda, Kurkela, Vuorinen et al., PRL 131, 181902; PRL 121, 202701; ApJ 950, 107; PRD 104, 074015; and more
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Correlated EFT truncation error model (revisited) .. & OHIO

want full prediction: ¥ = yx + yx

need to infer theory uncertainty from
the computed EFT orders

N pQCD D

LO (Q9) A
[== L0 &= NLO &= N’LO &= N’LO| IE LO === NLO S 1\'2L0| Truncation error estimation:
T Ll T v T v T ' T 1.2 T T = T T— = T —
L \ c 1 1 1 1 ] Nf .
NLO (Q2 , PE1 = —a, (A
Q%) 20rF MeV ﬁnd_s] UQ as before 4 § : 1 Q T S ( (MFG))
':g 15 F "0_' ] Yref = PFG(n)
N2LO (Q3) z <09k d
= 10F s} Kohn-Luttinger-Ward
£ & 08F 3 inversion:
o ap =
N3Lo (Q4) ? s LooThk ~ P(ILL) % P(n)
& O
- - == 06 [P(n)/Pp(;(n)ﬂ:lrr] il ;
N4LO (Q5) [ : 1 J e o pQCD prediction: ~
—10 k L . 1 L L k L . . I R T T (@)
005 010 015 020 025 030 o 20 A0 30 30 700 ( )
\ Density n [fin=?] J n/no P M ; )

cf. Bayesian analysis using the MiHO framework: Gorda et al., PRL 131, 181902; JHEP 06, 002



Mixing of random variables (pointwise) Philime PR 106, 044002 OHIO
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Y F + 5Y 1 M] 1: Chiral EFT

/ \\

random variable corresponding truth, with BUQEYE truncation error
to the predictions of model i :
F ~ N[(), O.?] 5}/2 ~ N[07 0-12] (all oi's are known

and uncorrelated)

y={yitiz, K, = diag(o7) pr(f |y, Ky)

Zzigiiated at each point and . pr(g‘ f, Ky) pr(f)

F | g, Ky, Kf 2 N[,u, E] estimation of a common mean from measurements of different precision

-2
oy — 0
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Pointwise Bayesian Model Mixing & % ’ semposid, o0, Fumstan, () H [ O

= Melendez and Phillips, in prep. UNIVERSITY
\ &

Bayesian Model Mixing combines the two predictive models in different
density regions into one overall predictive composite model!

]

Open-Source Software:
Taweret (BAND framework)

o D ARNLI

1.4
(‘d) (b) - Bay! Analysis of Nuclear Dy
1:2 ci(n) £ 1o
10.8 .
mixed model
1.0
Sound Speed Squared
0.8} 10.6
0.6 —— YEFT (N3LO) mixed model 10.4 5 1
04 —— pQCD (N2LO) | Y et > Cg = o
' —— Mixed Model —— EFT (N3LO) ;
0.2 === Danielewicz et al. (2002) — pQCD (N2LO) 1
----- Leonhardt et al. (2020) —— Mixed Model pQCD
; ; two massless
0-90 10 102 10° 107 102

n/ng n/ng quark flavors

The FRG & HIC constraints are A non-constant mean functionis  The two limits are well-reproduced, but
only shown as references as needed to extend chiral EFT in  the HIC and fRG constraints do not favor
they do not provide a C.L. densities (series in the density) the observed rapid stiffening of the EOS



Correlated Bayesian Model Mixing 3 %
: X Y

Promising method for constructing globally predictive, QCD-based EOSs
with full UQ to study the structure and evolution of neutron stars

o

Much-needed microscopic input for simulations of supernovae and mergers

Semposki, CD, Furnstahl,
Melendez and Phillips, in prep.

OHIO
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Open-source software
soon available via:

.I.l ] (J() Qesmn Aﬁys:s of&e!r Dynam
@ (P(n)/Pre(n) 1) | | © 2(n) £ 1o
| )YQCD | 0.5
EEEEE—— mixed model
1.0+
Pressure Sound Speed Squared |, 1
I (SN o
0.8f /i sy S . S P
Y : 0.3 S
| VAT —— xEFT (N*LO) .
0.6 i X
iy L0CD (N2LO) mixed model .
! & i 10.2
0.4+t I 7 : —— Mixed Model
./'/ o ——= Danielewicz et al. (2002) —— xEFT (N3LO)
0.2} " > S e Leonhardt et al. (2020) —— pQCD (N2LO) | 10.1 QcD:
s [ Training points / —— Mixed Model P .
0.0 t o , . two massless
2y 10° 102 10° 10° 10?

quark flavors

n/ngy n/ng

Requires only a few GP training points in
the regions where the to-be-mixed
theories are predictive (cf. error bars)

New GP-based mixing uses the
two models’ covariance structure
and GP prior on the truth

The FRG & HIC constraints are
only shown as references as
they do not provide a C.L.



Take-away points OHIO

nuclear precision
multi-messenger

Many thanks to:

UNIVERSITY

unique opportunity to obtain a
fundamental understanding of
strongly interacting matter, with

— era
exascale great potential for discoveries

FRIB

Upcoming observational and experimental campaigns will provide
stringent constraints on the properties of neutron stars. g

Chiral EFT enables microscopic calculations of nuclei and infinite matter at K
n S 2n, with quantified uncertainties to interpret these empirical constraints. Q’

Automated MBPT: efficient EOS calculations across a wide range of densities,
isospin asymmetries, and temperatures, as well as nuclear interactions. 2 W Pro

Bayesian methods: powerful tools for quantifying & propagating correlated
uncertainties in EFT calculations (facilitated by fast & accurate emulators).

R. Furnstahl S.Han J.W. Holt J.Lattimer Y.Lee K.McElvain J.Melendez ‘
D. Phillips M. Prakash S. Reddy A.Semposki C.Wellenhofer X.Zhang T.Zhao BUQEYE Collaboration



More details? Recent review article OHIO

UNIVERSITY

Chiral Effective Field Theory and the

LatticeQCD «° < .

= 200 I o) k-2 . . ;

2 Ry ol Hioh-Density Nuclear Equation of State
5 Critical ' la P 0

© _~Point? P8, 0, o0 R.¢

Q@ Annual Review of Nuclear and Particle Science

E Vol. 71:403-432 (Volume publication date September 2021)

First published as a Review in Advance on July 6, 2021
https://doi.org/10.1146/annurev-nucl-102419-041903
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