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Nucle1 bound by strong interactions
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Multi-messenger era: neutron star merger GW 170817

gravitational wave signal: provides constraints on neutron star radi

LIGO-Hanford LIGO-Livingston
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Structure within
the Atom

Nucleus
Size = 10*m

Proton

Size ~107°m ‘

from Watts et al., RMP (2016) NASA/Goddard/LIGO/Virgo



Structure within
the Atom

Neutron
Size ~ 10-5m
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GSI and FAIR — The Fac"ity slides from Giubellino/Leifels @ 2021 KHuK meeting

FAR ==

GSl, existing (upgraded

to integrate with FAIR)
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SIS 100
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Intensity

CRYRING

ESR, CRYRING, & HITRAP §/
are part of FAIR
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Precision

FAIR “Gain factors” rel. to GSI
100 — 10.000 x intensity
10 x energy
antiproton beams

Storage rings

FAIR GmbH | GSI GmbH



2021 2022 2023 2024 2025 > 2027 » 2028 4

FAIR Phase-0 FAIR
since 2019 Early Science| R operation
SIS18 beam | |htermediate

objective

L FAIR full
Top priority for European operation MSV:

Nuclear Physics Community p-linac, CSEasns

depending on
availability of
funding







PANDA physics case F-\IR iI=5= 1L

Gluonic excitations
Hybrids, glueballs

hadron structure and
dynamics

Charmonium states

Precision spectroscopy
Time-like

Form factors, nucleon structure
In medium mass modifications

Extension to the charm sector
Extension of nuclear chart

Double hypernuclei

And much more...

Strong involvement from Sweden
(Lund, KTH, U Stockholm, Uppsala)

Production and decay of hyperons
in HADES using PANDA technology:
4 week physics run in March 2022




C.B.M.

T g Soa Compressed Baryonic Matter
Rk, . . . .
~ /5 .| heavy-1on collisions to create matter at high baryon densities

explore QCD phase diagram and properties of dense matter

QCD phase structure and
properties of QCD matter
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NUSTAR

nuclear structure and
nuclear astrophysics

2n halos: 'Li="Li+n+n,... in light nuclei
only known examples of Borromean states in nature

unveiling two-proton halo-nucleus '"Ne using

proton knock-out reactions M one proton halo ol N
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NUSTAR e
IRy - l NUSTAR: heavy and superheavy elements #&8
° high-resolution a-photon nuclear spectroscopy s O
of superheavy decay chains: TASISpec+
nessssmine= 0 1s]land of stability not at Z=114 samark-Roth et al., PRL (2021) (LUND)
BB B Chart of superheavy nuclei

Future FAIR: heavy + neutron-rich | "4

towards the r-process waiting points 108
at the N=126 shell closure
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Hierarchy of degrees of freedom

Physics of Hadrons
o 0

Physics of Nuclei
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Degrees of Freedom

0 %° 0

quarks, gluons

t

constituent quarks

6@

ab initio™

baryons, mesons

protons, neutrons

nucleonic densities

COI I@Ct|ve and currents

models

collective coordinates

Energy (MeV)

scale

separation

940

neutron mass

770

P Mmeson mass

140

pion mass

8

proton separation
energy in lead

1.12

vibrational
state in tin

0.043

rotational
state in uranium

Resolution

Emergent phenomena:

Protons and neutrons from QCD
Nuclear forces

Nuclear structure

Large scattering length
(universal) physics

Can we describe these
phenomena quantitatively
with theoretical uncertainties?

Can we connect each level
in the tower back to QCD?



Hierarchy of degrees of freedom

Degrees of Freedom Energy (MeV)
LQCD 0. O |
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Resolution

Tower of effective field theories
Chiral EFT: nucleons, pions

Pionless EFT: nucleons only
(low-energy few-body) or
nucleons + clusters (halo EFT)

EFT for heavy nucler:
collective degrees of freedom

EFT at Fermi surface:
Fermi liquid theory,
superconductivity

EFT for nuclear DFT?
densities as degrees of freedom



Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®
NN 3N 4N |

wo Y | — | — interaction (QCD)

* long-range interactions governed by
pion exchanges

\

Weinberg (1990,91)



Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®
NN 3N 4N

0 0(%) X - = = powerful approach for

many-body interactions

’,’v‘\‘l ' | é 7{- ,/T 7r

N2LO 0(%—) }#

derived in (19;4 /Pog all 3- and 4-neutron forces
predicted to N3LO

NLO O (%) m
... 5(2011*)... f(zood)...

Weinberg, van Kolck (1992-1994), Kaplan, Savage, Wise, Bernard, Epelbaum, Kaiser, Meissner,...

| C1, €3, C4 CpD CE

only 2 new couplings at N?LO




Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®

10P Publishing Journal of Physics G: Nuclear and Particle Physics

J. Phys. G: Nucl. Part. Phys. 42 (2015) 034028 (20pp) doi:10.1088/0954-3899/42/3/034028

A recipe for EFT uncertainty quantification
in nuclear physics

R J Furnstahl’, D R Phillips” and S Wesolowski'

o (mb)

Bayesian uncertainty estimates
and model checking

— NPWA B4 NLO B4 N2LO B4 N°’LO B4 N*LO

0 100 200 300 O 100 200 300
Elab (MQV) Elab (MGV)

Furnstahl, Phillips, Klos, Wesolowski, Melendez (2015-)



Great progress in ab 1nitio calculations of nuclel
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Great progress in ab 1nitio calculations of nuclel
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Nuclear landscape based on a chiral NN+3N interaction
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Stroberg, Holt, AS, Simonis, PRL (2021) Neutron number N

ab initio is advancing to global theories, limitations due to input NN+3N




Nuclear landscape based on a chiral NN+3N interaction
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ab initio is advancing to global theories, limitations due to input NN+3N



First ab initio calculations of 298Pb

Hu, Jiang, Miyagi et al. [Chalmers, ORNL, TRIUMF], arXiv:2112.01125

enabled by 3N advances
L Wy O MBPT(), emm=14 -
-1060 | 3 O IMSRG, emax =14

-1080 r

-1100

—1120

statistical methods via history matching
to explore uncertainties in NN+3N

predicted
agrees with most experiments!

Q(?H)
Rp(*H)
E(?H)
E(3H)
Rp(*He)
E(*He)
Rp(1€0)
E(1%0)
Rp(*8Ca)
E,+(%8Ca)
E/A(*8Ca)
ap(*8Ca)
ap(2°8Pb)
Rp(?%8Pb)

E/A(?°8PD)

(Oth — Oexp)/Otot
-2 0 2
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|
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Extreme matter in neutron stars

governed by the same strong interactions

1| OUTER CRUST

NUCLEI
ELECTRONS

INNER CRUST

NUCLEI
ELECTRONS
SUPERFLUID NEUTRONS

CORE

SUPERFLUID NEUTRONS
SUPERCONDUCTING PROTONS
HYPERONS? ‘
'DECONFINED QUARKS?
COLOR SUPERCONDUCTOR?

Watts et al., RMP (2016)




Chiral EFT calculations

of neutron matter

good agreement up to saturation density for neutron matter

different NN+3N interactions and different many-body methods

slope determines
pressure of
neutron matter

25 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I 1 1

i Hebeler et al., ApJ (2013)

| Tews et al., PRL (2013)

F Lynn et al.,PRL (2016)

Ly Drischler et al., PRL (2019)

= ssses Drischler et al., GP-B (2020)

| O  Gezerlis, Carlson, PRC (2010) ]
= 15 = === Unitary gas (£ = 0.376) =
e _ J
2 E o
! ]
<
R 10+ -

T S i
R
L. 05 4
L -
0 g AR NN NN T NN NN TN SN SN NN SN NN SN S N S S S |
0 0.05 0.1 0.15
n [fm ]

from Huth, Wellenhofer, AS, PRC (2020)

o
)



Neutron star masses

from Jim Lattimer

AZ10%(PSR J0348+0432)
R ~ A3 fm=10km

three 2 M, neutron stars obs.
Demorest et al, Nature (2010),

Antoniadis et al., Science (2013),
2.08+0.07 M,, Fonseca et al. (2021)
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Why are neutron stars stable?

due to their mass, stars would undergo gravitational collapse

stabilized by the pressure of matter they consist of:
equation of state — hydrostatic equilibrium

For neutrons:

‘ pressure of Fermi gas
gravity plus strong interactions
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Impact on neutron stars Hebeler, Lattimer, Pethick, AS, PRL (2010), ApJ (2013)

constrain high-density EOS
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predicts neutron star radius: 9.7 - 13.9 km for M=1.4 M,
1.8 - 4.4 nymodest central densities

16

speed of sound needs to exceed 1/3 ¢ to get 2 M, Stars Greif et al., ApJ (2020)




Neutron star radius from GW170817
chiral EFT + general EOS extrapolation: 9.7 - 13.9 km for M=1.4 M__,

GW170817: Measurements of neutron star radii and equation of state eXCellent a greement Wlth

The LIGO Scientific Collaboration and The Virgo Collaboration GWl 7 08 1 7 from LIGO

( compiled 30 May 2018)

/Virgo
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Neutron star radius from
pulse profile modeling

JO030 and J0740

here: Amsterdam analysis
Riley et al., ApJL (2019), (2021)

similar results from

[llinois-Maryland analysis
Miller et al., ApJL (2019), (2021)
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Combined merger and NICER constraints

Raaiymakers et al.,
AplJL (2020), (2021)

for mass-radius

equation of state
at 1.5 and 2 n,

astro prefers
h1gher pressures
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Constraints from heavy-10n collis10ns muth, pang et al., Nature (2022)

Bayesian multi-messenger framework using EOS draws

based on chiral EFT

Prior construction

(A) Chiral effective field theory:
EOS derived with the chiral EFT result
and M. = 1.OM,.
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(B) Maximum Mass Constraints:
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Constraints from heavy-10n collis10ns muth, pang et al., Nature (2022)

include constraints from heavy-ion collision experiments
ASY-EOS and FOPI at GSI for neutron and symmetric matter

at

1 2 3 4 5
Number density n [nsat)

25 L L L I L SR D — 1 1. 1.1 111 1.1 111 T 1T ° 1 11
B Hebeler et al., ApJ (2013) ' B ]
E Tews et al., PRL (2013) — 102k _
5 Lynn et al., PRL (2016) i 3 .
= 20 s Drischler et al., PRL (2019) & i .
O R Drischler et al., GP-B (2020) > i i
; [ ¢ Gezerlis, Carlson, PRC (2010) 1 = I 1
E 15 == Unitary gas (£ = 0.376) / < E
g : = ASY-EOS + FOPI & : Q:D 101 = e
“10f 1% F = FOPI ]
‘:: F ] & i mmmm Danielewicz et al.,Science (2002)
2 L ! I Drischler et al., PRL (2019) ]
pﬁ ~ _' 100 [N N [N TN TN SN SN NN NN TN (RN SN NN SN S M

[N TN NN SN NN SN TR NN SN [N SN SN SN S N S S S
0 0.05 0.1 0.15
Number density n [fm ™

o
B



Constraints from heavy-10n collis10ns muth, pang et al., Nature (2022)

inclusion of HIC constraints prefers higher pressures, similar to NICER,
overall remarkable consistency with chiral EFT and astro constraints

(A) Chiral effective field theory: (B) Multi-messenger astrophysics:
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Exciting era in strong interaction physics

Effective field theory of strong interaction + powerful many-body theory

New experimental frontiers New observations in astrophysics

 Extreme neutron-rich matter

*

Thanks to our group
and collaborators!




