i oo Neutron-rich matter In
Heaven and Earth
A% [aostes of Vuclear Physccs

- Pb 'J. P/ekarew/pz |
, Florida State University
Radlus

EXperiment

and Neutron Rich Matter At Tastes of Nuclear Phyaics® ™
in the Heavens and on Earth > 9.00-18:00 (SAST): except for
Plenary Talks on Tuesday aFr:td Thurday PhYSiCS GOIng GIObaI Z EZ:Z:%‘:Z&\C’:‘:;:“; b

August 17-19 2008  No Registration Fees 30 November - 4 December 2020 2 World-wide Engagement

geffé’gon Lab

Newport News, Virginia

g

s . "' LAt : o. 'l” ; New 3 Y o S AN bl J - "'l / 1 - N c / ) 4 A ' ‘_-,,', :
*\‘”"E el _ 81 K-  TasT N , - g\ b,
A~ = — l- (] ﬂ Kl I I mm © oA " — )\ |

£ric NORMAN (Berkeley, US) John WOOD (Georgia Tech, USA/ UWC, 8A)
Sifsc NTSHANGASE (UNIZU1U, 1) Alfrede POVES (‘Universidad -Auténoma Madrid, Spain)
Nice ORCE (UWC, $4) Alex BROWN (MSU, ‘USA)
Steven YATES (UKY, USA) S Lzl ik DO ON (CERN, Suiitzerland)
‘Peter %"U']"L{_"ﬁ :’Lwerpo(i, UK \ P(llu @r(!’ﬁ‘ﬂ?’T’r :(;lllf'qh. Canada / U\\(.' 5a) %rish BHARUTH-RAM (UKZN, SA)
Maria Jesé GARCHI BORGE (CSIC, Spain) Dmitry VOSKRESENSKY (MEPRT/JINR, Russia) David JENKINS (York, UK / UWC)
John SIMPSON (UKR1STFC UK) 44-\ ‘M(lfh lH,lrLt\ I':Fl(.'fl.dﬂ SlﬂlE'..'Ub'(ll o Vivek DATAR [T']’F'R, India)
Aleis DHAZ TORRES (Surrey, ‘UK) Tomas RODRIGULZ (Universidad Auténoma Madrid, Spain) —— ring aNDREOTU (Simen Fraser, Canada)
Rudrajyoti PA1IT (T1FR, India) Carled BERTUKANT (TAMU, USA) s ol AWLARR (C s !
ajy ( ) ok, _ AT ‘Nigel W-1RR (Cologne, Germany)
Berta RUBTO (171G, Sp(liﬂl 7 'NCN(?bE'hif ih’H'AU-'M'tlitO (NNR, §) , Alison BRUCE "tSrlthm. UK)
Dan WATTS :'\C‘d\'. UK Pawel NAPTORROWSHK1 | W araqaw, ‘F (Ttaﬂdl Ronald Fernande (;}“'HC'}(] RUZ :[an" USA)

‘Dean 1€€ (MSU, ‘USA)
‘N (Chalmers, Sweden)
CERN, Switzerland)

PREX Is A FASCINATING EXPERIMENT THAT USES PARITY
VIOLATION TO ACCURATELY DETERMINE THE NEUTRON
RADIUS IN 2°8PB. THIS HAS BROAD APPLICATIONS TO
ASTROPHYSICS, NUCLEAR STRUCTURE, ATOMIC PARITY NON-

CONSERVATION AND TESTS OF THE STANDARD MODEL. THE Thifhelimbilu BUCHER (UWC/ UNTZUIU, $A Seng GUO (Academy of Sciences, China) iEE amarn et A i S
CONFERENCE WILL BEGIN WITH INTRODUCTORY LECTURES .M(;J;\;ﬂ ZRVINS KA ;Saﬁaq.’Frunm L 3l .'-:LlllEjandr(r -(I‘lg'gfwﬁ”{,”,lc'spam‘ : wlj;'b(blil}:-xi)\sd :qu \\.l(.be’(}I{‘l
AND WE ENCOURAGE NEW COMERS TO ATTEND. Makilo 01 (Senuhu, Japan) Jena DNIANG (TRTUMF, Canada) ot 1]’03']@]‘\\ \\r}"‘rb ‘l'mf"‘;'l]t\n Upf;g, 3“"
FOR MORE INFORMATION CONTACT Balaram DEY (‘Bankura, ndia) Nikita BERNIER (UWC/UNTZUY, 54) " Simen CONNETL (V). sn:
Zsoll PODOVYAK (Surrey, UK) Azvinndini MURONGA (Neloon Mandela, S4) 19 VAN ZYL(SU, $4)
| Petar MAREVIC (Tivermere, USA) Martin VENHART (Slovak icademy of Sciences, Slevakia) Ramon WYSS (KTH, ‘Swa'lml
ToPICS 7 : F e Paulus MASTTENG ::](mmvabwq‘ s Quis ROBLEDO (‘Universidad -Auténoma ‘Madrid, Spain) Werner 'ﬁ’lC’i‘iT(‘R SU. $A)
ORGANIZING COMMITTEE Tiber K¥BED (AN, -Auatralia) Jacek DOBACZEWSH (York, UTK) Coatel PETRACHE (Oraay, France)
=t CHUCK HOROWITZ (INDIANA) | Sally HICKS (Dallas, ‘USA) D Jorge PICKAREWICZ (Florida Slate, USA)
_ THEORETICAL DESCRIPTIONS OF NEUTRON-RICH NUCLEI AND o ‘Daniel DOHERT'Y (Surrey, ‘UK) Janne PARARINEN ;;mvmkqw. Finland) : Tom ’L("(l’l)‘lﬁ{‘rl’ri"ﬂ UCT. 80
N 4 BULK MATTER KEES DE JAGER (JLAB) =i emanuele VARDACT (Naples, Taly) John SHARPEY-SCHATER (UNIZUTU, §A) Jason HOIT ’T'R'T’U’M’i' Can'ada‘u
i: LABORATORY MEASUREMENTS OF NEUTRON-RICH NUCLEI JIM LATTIMER (STONY BROOK) S Gordon BA(TRIUMT, Canada) Adriana ‘BANU (James Madison ‘Univeraity, ‘USA) : Xawier ‘RO(({ Maza MLL'OIL Taly)
of hnoRATeRY MEA : Alessandro PASTORE (York, UK) ‘David eduin AVVIREZ CASTTLO (TN, PAS & JINR, Poland /Russia)  gp o (o AMRDT (Sellenbgae S
WITOLD NAZAREWICZ (UTK, ORNL) +TAUKS by the NEXT GENERATION ! . /CX
A NEUTRON-RICH MATTER IN COMPACT STARS / ASTROPHYSICS JORGE PIEKAREWICZ (FSU e E@j FD N MaNuS/ MatSci Honours/MSe @ UWC/UNIZULY & & /“ i m
: a4 - - ; » / -
weBssITE: http://conferences.jlab.org/PREX SPONSORS: JEFFERSON LAB, JSA 7 WS yians k"j‘s“("‘ e http://nuclear.uwc.ac.za/index.php/tnp2020 — - %”“ f\/"“—

= R e

e ——




Heaven on Earth
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Testing General Relativity
in the Strong Coupling Limit

Black Hole Photo Confirms Einstein’s Theory of Relativity
|

|8 Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)
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ElevenScience Questions = comecing

Quarks s

for the Next Century i€

1. What is Dark Matter?

2. What is the Nature of Dark Energy?

3. How did the Universe Begin?

4. Did Einstein Have the Last Word on Gravity?

5. What are the Masses of the Neutrinos and How have
they shaped the Evolution of the Universe?

6. How do Cosmic Accelerators Work and What are they
Accelerating?

/. Are Protons Unstable?

8. What are the New States of Matter at Exceedingly High
Density and Temperature?

9. Are there Additional Space-Time Dimensions?
10. How were the Elements from Iron to Uranium Made 9

11. Is a New Theory of Matter and Light needed at the
Highest Energies ? 3




"We have detected gravitational waves; we did it"
David Reitze, February 11, 2016 GW170817
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8 The dawn of a new era: GW Astronomy
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® |nitial black hole masses are 36 and 29 solar masses S
® Final black hole mass is 62 solar masses: o A
1 1 1 y of cre AR
3 solar masses radiated in Gravitational Waves! T
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Equations of state
(EOS) that
predict very large

neutron star radii
are ruled out!
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Neutron Stars as Unique
Cosmic Laboratories for
the Study of Dense Matter

1. What is Dark Matter?

2. What is the Nature of Dark Energy?

3. How did the Universe Begin?

4. Did Einstein Have the Last Word on Gravity?

5. What are the Masses of the Neutrinos and How have
they shaped the Evolution of the Universe?

6. How do Cosmic Accelerators Work and What are they
Accelerating?

/. Are Protons Unstable?

8. What are the New States of Matter at Exceedingly High
Density and Temperature?

9. Are there Additional Space-Time Dimensions?
10. How were the Elements from Iron to Uranium Made ?

11. Is a New Theory of Matter and Light needed at the
Highest Energies ?




The Anatomy of a Neutron Star

8 Atmosphere (10 cm): Shapes Thermal Radiation (L=4ncR2T4

8 Envelope (100 m): Huge Temperature Gradient (108K < 106K

& Quter Crust (400 m): Coulomb Crystal (Exotic neutron-rich nuclei
8 Inner Crust (1 km): Coulomb Frustration (“Nuclear Pasta”

8 Quter Core (10 km): Uniform Neutron-Rich Matter (n,p,e,u

2 Inner Core (7). Exotic Matter (Hyperons, condensates, quark matter

' . BALe 3 Ke:3 L : o | A | 2 ) A NEUTRON STAR: SURFACE and INTERIOR
2 ’ . Y ’ 3 . . ’ 4 ) . ‘Swiss ‘Spaghetti’
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NEUTRON STAR ILLUSTRATION o T Neutron Superfluid +
, - gy Neutron Vortex  Proton Superconductor

Neutron Vortex
Magnetic Flux Tube




Neutron Stars: Unigue Cosmic Laboratories

8 Neutron stars are the remnants of massive stellar explosions
Satisfy the TOV equations: Newtonian Gravity to Einstein Gravity

8 Only Physics that the TOV equation is sensitive to: Equation of State

8 |ncrease from 0.7 — 2 Msun transfers ownership to Nuclear Physics!

Status before GW170817

E(r) Many nuclear models that account for
] ] the properties of finite nuclei yield
2GM(r) enormous variations in the prediction of
r neutron-star radii and maximum mass

Need an EOS: P=P(&) relation Only observational constraint in the
form of two neutron stars with a mass

Nuclear Physics Critical in the vicinity of 2Msun

10 11 12 13
Radius (km)




The Equation of State of Neutron-Rich Matter

Equation of state: textbook examples Equation of state of neutron-rich matter:
NON-textbook example “

8 Non-interacting classical gas

(30

Strongly-interacting quantum fluid

Pl b gg

Two “quantum liquids” in p-equilibrium =1

30

(30

2 Non-interacting (UR) quantum gas Charge-neutral system (neutralizing leptons)

30

Density dependence and isospin asymmetry

1 of the EOS poorly constrained

P(n,T=0) = n*3 & P(E) = =3

|

3

| | .
| Penm & §Lp0 (Pressure of PNM)
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E/A-M(MeV)

| “Stiff”"— L large
| “Soft”— L small |




Heaven and Earth R

O Mean Field

Laboratory Constraints on the EOS

FSUGold

— Rys[0.8]
—— Rysl14]

Roca-Maza et al.
PRL106,252501(2011)
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8 Laboratory experiments constrain the EOS of pure
neutron matter around saturation density: Ppnm=L

8 Although a fundamental parameter of the EOS, L is not
a physical observable — yet 1s strongly correlated to one:
the neutron-rich skin of a heavy nucleus such as 298Pb

8 Parity-violating elastic electron scattering is the cleanest

experimental tool to measure the neutron radius of lead
(PREX, PREX-II, and MREX)




Electric Dipole Polarizability o

& Electric dipole polarizability a powertul electroweak complement to Rskin
Important contribution from Pygmy resonance (inverse energy weighted sum)
‘ & Low-energy strength of relevance to (n,y) reactions in stellar environments

FSUGold —— Linear Fit, r =0.979

O Mean Field
— 52MeV
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—  12MeV
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Roca-Maza et al.
PRL106,252501(2011)
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Heaven and Earth

8 Strong correlation emerges between the neutron skin thickness of 208Pb and L

& L controls both the neutron skin of 208Pb and the radius of a neutron star

18 orders of magnituwole!!

0=0.98 Pr<we. 252501 (2011) ) . ESUGold

— Rys[0.8]
—— Rysl1.4]

O
(\®)
o0

CAp=0.988

(fm)

208
skin

RNS [M/ Msun] (km)

02 04 06 038
Correlation with skin of *

i



Tidal Polarizability and Neutron-Star Radii

8 Electric Polarizability:

® FElectric field induced a polarization of charge
® A time dependent electric dipole emits
electromagnetic waves: P, = v E; g

8 Tidal Polarizability:

® Tidal field induces a polarization of mass
® A time dependent mass quadrupole emits

> 5 5
R T - ko P
gravitational waves: ();; = A&;; 2GM I3

GWLFOLLF , ' ¥
rules out Very Large The tioal ‘POLDI VLZQ4 bLLLtg

(or stiffness)of a neutron
star against deformation
0 500 1000 1/5\010 2000 2500 3000 12

Neutrowm Stars
must be compact




Progress on the EOS since GW170817
O IWREX et . . -

: — RMF022 - . Most massive neutron star ever.
PREX FSUGold2 detected strains the limits of physics
RMF032 e R |

——— ——PREX-II

16 22 25 28 30 .33
I I I I I I I -

208 J0740 (2019)
Rskin(fm)| O Bl . J0348 (2013)

" (1939)
Oppenheimer-Volkoff

~ (b)
|

Tantalizing Possibility

e [ aboratory Experiments suggest large neutron radii for Pb
e (Gravitational Waves suggest small stellar radlii
e Flectromagnetic Observations suggest large stellar masses

Exciting possibility: If all are confirmed, this tension may be evidence of a
softening/stiffening of the EOS (phase transition?)




How were the Elements
from Iron to Uranium Made?

The Origin of the Solar System Elements

. ,
dying low mass stars exploding white dwarfs -

43 46 47 48 50 52
Tc Pd § Ag j Cd
80 81 82 83
Hg Tl Pb

Astronomical Image Credits:
ESA/NASA/AASNova
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1. What is Dark Matter?
2. What is the Nature of Dark Energy?

3. How did the Universe Begin?
4. Did Einstein Have the Last Word on Gravity?

5. What are the Masses of the Neutrinos and How have
they shaped the Evolution of the Universe?

6. How do Cosmic Accelerators Work and What are they
Accelerating?

/. Are Protons Unstable?
8. What are the New States of Matter at Exceedingly High

Density and Temperature?

9. Are there Additional Space-Time Dimensions?

10. How were the Elements from Iron to Uranium Made ?

11. Is a New Theory of Matter and Light needed at the

Highest Energies ? 14




The New Periodic Table of the Elements

Colliding neutron stars

revealed as source of all the
gold in the universe
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Astronomical Image Credits:
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Graphic created by Jennifer Johnson

The optical counterpart SSS17a
produced at Lleast 5% solar
masses (102 kg!)
of heavy elements -
demonstrating that NS-mergers
play a role tn the r-process
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The Composition of the Outer Crust oot oo ™R

TLE mlgw 84 118Km/ 125 |

Enormous sensitivity to nuclear masses gg;: / =l T3

8 Composition emerges from relatively simple dynamics

® Competition between electronic and symmetry energy
3 by

Bl AN 0 L 4Y§” Sk + lattice

8 Mass measurements of exotic nuclei is essential
® [or neutron-star crusts and r-process nucleosynthesis CERN
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Nuclear Theory meets ,
Machine Learning SNCY e

input layer

hidden layer

8 Use DFT to predict nuclear masses
8 Train BNN by focusing on residuals

N,Z)=Mppr(N,Z)+oMppnnN(N, Z

& Systematic scattering greatly reduced Train with AME2012
2 Predictions supplemented by theoretical errors  then predict AME2016

The paradigm

WS3 (1.12MeV)
FRDM-2012 (0.88MeV)
DZ-Bare (1.21MeV)
DZ-BNN (0.37MeV)

Re-generating Richard Feynman e Duflo-Zuker + BNN




LIGO-Virgo O3 Run i
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Neutron Star - Black Hole (S190814

LWave Events
=0

=

GraceDB — Gravitational-Wave Candidate Event Database

HOME PUBLIC ALERTS SEARCH LATEST DOCUMENTATION

Superevent Info

UTC| ~
Submission
FAR (yr~ 1) t_start t o0 t_end time

MassGap
Compact biwarg
sgstems
with at least one
compact object

Superevent FAR
ID Category Labels (Hz)

2019-08-14
1249852255.996787  1249852257.012957 1249852258.021731 21:11:18 UTC

PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 2.033e- 1 per 1.559e+25

S190814bv Production = GCN_PRELIM_SENT 33 years

Preferred Event Info

GPS Time| v UTC ~

Group Pipeline Search Instruments Event time Submission time

gstlal AllSky 1249852257.0130 2019-08-14 22:35:49 UTC

* Superevent Log Messages

~ Sky Localization

Mollweide projection of bayestar.fits.gz
bayestar.png. Submitted by LIGO/Virgo EM
Follow-Up on Aug 14, 2019 21:31:29 UTC

event ID: G347292
distance: 236253 Mp

-

N\
®

185 Mpc

Volume rendering of bayestar.fits.gz
bayestar.volume.png. Submitted by
LIGO/Virgo EM Follow-Up on Aug 14, 2019
21:32:00 UTC

Mollweide projection of bayestar.fits.gz
bayestar.png. Submitted by LIGO/Virgo EM
Follow-Up on Aug 14, 2019 22:58:20 UTC

event ID: G347305
distance: 276+56 Mpc

@& L

208 Mpc ‘ l

Volume rendering of bayestar.fits.gz
bayestar.volume.png. Submitted by
LIGO/Virgo EM Follow-Up on Aug 14, 2019
23:00:50 UTC

Mollweide projection of
LALInference.v1.fits.gz LALInference.vl.png.
Submitted by LIGO/Virgo EM Follow-Up on
Aug 15, 2019 09:07:14 UTC

@& @

201 Mpc ' |

Volume rendering of LALInference.v1.fits.gz
LALInference.vl.volume.png. Submitted by

LIGO/Virgo EM Follow-Up on Aug 15, 2019

09:08:18 UTC

Terrestrial | <1%
NSBH | 0%
BNS | 0%
BBH | 0%

Source classification visualization from
p_astro.json p_astro.png. Submitted by
LIGO/Virgo EM Follow-Up on Aug 14, 2019
21:31:37 UTC

Terrestrial [ <1%
NSBH | 0%
BNS | 0%
BBH | 0%

Source classification visualization from
p_astro.json p_astro.png. Submitted by
LIGO/Virgo EM Follow-Up on Aug 14, 2019
22:58:54 UTC

MassGap | <1%
Terrestrial | 0%
BNS | 0%
BBH | 0%

Source classification visualization from
p_astro.json p_astro.png. Submitted by
LIGO/Virgo EM Follow-Up on Aug 15, 2019
10:16:43 UTC

whose
mass Ls L the
hypothetical
“mass gap”
between neutron
stars and black
holes, defined
here as 2-5 solar
Masses.




It is all Connected!

Binary Neutron Star Merger -

/ Ww

X-rays/Gamma-rays

FHII
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My FSU Collaborators My Outside Collaborators
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Wei-Chia Chen M.A. Pérez-Garcia (U.

e R U New capabilities tn heaven and earth

Erlangen-Nurnberg)

0 Vieenar (0. Zageb) will unravel nature’s oeepest secrets

The New Generation
¢ Pablo Giuliani
¢ Daniel Silva
¢ Junjie Yang




