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[ A - " Neutron stars:
10/16/2017 €he New York Eimes ;

« Remnants of core-collapse
supernovae .

» Typical masses of 1.4 M

 Typical radii of only 6(10) km |

LIGO Detects Fierce Collision of
Neutron Stars for the First Time

SLEER 77 (AT 1L, A0 ~ Neutron star mergers:

- Coalescence of two neutron stars

« Can be detected in gravitational
waves and EM spectrum '
(Multimessenger astrophysics)

« Explore highest densities in the
Cosmos!

Credit: ESO/L. Calgada



M A neutron star” T = S~ N

What are Neutron Stars? NN o Amos.: . He, €

freq. = 4.2 X 10~° — 720 Hz k
Neutron star physics is extreme: = N XN |
« Highest densities in the cosmos! Bgur ~ 1075 G
+ Extreme magnetic fields, extreme gravity, extreme : :
spin frequencies, ... e Vs
* Can not be realized in terrestrial experiments!
ay s
Example: iron block, shrink x = 104 x with constant mass.
/S =

2 | \.
= 2 2 2z gc A =(0.2—6)x10% g cm? s
X = -
e BN T I =50 — 200 Mg, km®
R O <o = 500 — 1600 MeV /fm’
< outer crust § inner crust §, NBmax = 0.6 — 1.3 fm 3
11.7km 11.5 BICiS5, 13415°010.9 Myin~1IMg ; Myax > 2Mg
11.6 11.4’» {12 Jord I \ - = X

‘;::;‘; 132012/‘;090”0)( g;f,\g’?‘k. — ; 4 ’ " S
s €4 4 s WS Gandolfi, Lippuner, Steiner, IT et al., J. Phys. G (2019)




\ N \ \ i /i - -
A neutron star” T = = X
? mos.: H, He, C
What are Neutron Stars™ ~ NN \
) ) frogqe=— 4.2 % 102 ~720 Hs
Neutron stars are ideal laboratories for fundamental ~ N X i
phyS|CS Bsurf = 107—15 G
* Atmosphere: atomic and plasma physics,
» Outer Crust: Solid state physics (lattice of nuclei), /
* Inner Crust: Neutron superfluidity, P o
« Core: Strongly interacting matter, may exhibit
exotic phases of matter. s F 7 -
'S . \\ ~——
Due to their extreme properties, neutron stars provide |2 & & 2t =2 = ¢ A= (0.2—6)x10% g cm? 57
information complimentary to experiments on Earth. S R O S I =50 —200 Mg, km?* !
R O <o = 500 — 1600 MeV /fm’
< outer crust § inner crust g NnBmax = 0.6 — 1.3 foi
) ) ) ) 11.7km 11.5 BICiS5, 13415°010.9 Myin~1IMg ; Myax > 2Mg
Data from astrophysical observations is crucial to learn 11.6 11-4f 112 s 3180 I N

about fundamental physics! Ty
Gandolfi, Lippuner, Steiner, IT et al., J. Phys. G (2019)




(Short) History of neutron stars
« 1932: Discovery of the neutron by Chadwick.

» 1933/34: Proposition of the existence of neutron stars by

Baade and Zwicky as engines for supernovae.

COSMIC RAYS FROM SUPER-NOVAE

By W. BAADE AND F. ZwicKY

MOoUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

In addition, the new problem of developing a more detailed picture of the
happenings in a super-nova now confronts us. With all reserve we ad-
vance the view that a super-nova represents the transition of an ordinary
star into a neutron star, consisting mainly of neutrons. Such a star.may
possess a very small radius and an extremely high density. As neutrons
can be packed much more closely than ordinary nuclei and electrons, the
‘“‘gravitational packing” energy in a cold neutron star may become very
large, and, under certain circumstances, may far exceed the ordinary
nuclear packing fractions. A neutron star would therefore represent the
most stable configuration of matter as such. The consequences of this
hypothesis will be developed in another place, where also will be mentioned
some observations that tend to support the idea of stellar bodies made up
mainly of neutrons.

Fritz Zwicky



(Short) History of neutron stars Ohiliassive Neuteon Cores

J. R. OppPENHEIMER AND G. M. VOLKOFF
1932 DISCOVGI'y Of the neUtron by ChadWICk Department of Physics, University of California, Berkeley, California

- 1933/34: Proposition of the existence of neutron stars by i s A

Baade and ZWiCky as engines for supernovae. V. DiscussION—APPLICATION TO STELLAR

* 1939: Tolman, Oppenheimer and Volkoff calculate neutron- Mariee

star mass limit of 0.7 M, for cold, degenerate neutron gas. NE Love e, that fon & Colc, HeChion, tore
there are no static solutions, and thus no equi-

FAWRRE ; librium, for core masses greater than m~0.70.

The corresponding maximum mass M, before
collapse is some ten percent greater than this.
Since neutron cores can hardly be stable (with
respect to formation of electrons and nuclei) for
masses less than ~0.10, and since, even after
thermonuclear sources of energy are exhausted,
= they will not tend to form by collapse of ordinary
matter for masses under 1.50 (Landau’s limit),
it seems unlikely that static neutron cores can

play any great part in stellar evolution;® and

J. Robert Oppenheimer George Volkoff Richard Tolman
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(Short) History of neutron stars

« 1932: Discovery of the neutron by Chadwick.

» 1933/34: Proposition of the existence of neutron stars by
Baade and Zwicky as engines for supernovae.

» 1939: Tolman, Oppenheimer and Volkoff calculate neutron-
star mass limit of 0.7 M, for cold, degenerate neutron gas.

» 1967: Bell finds regular pulse repeating every 1.3 s in data
taken by radio telescope built with A. Hewish, called it “Little

Green Man-1" — Discovery of pulsars (PSR B1919+21).

DEFRAM - PANIS VA

IR e ey {0 Jocelyn Bell (1967)
: i;ii‘%'i‘lfi?"."}v'c:sk«‘}tﬁtqtv; TR

« 3 Eyeh
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(Short) History of neutron stars i E
« 1932: Discovery of the neutron by Chadwick. O -
» 1933/34: Proposition of the existence of neutron stars by é —10 —

Baade and Zwicky as engines for supernovae. c ]

- 1939: Tolman, Oppenheimer and Volkoff calculate neutron- 3 ~ 1 ]
star mass limit of 0.7 M, for cold, degenerate neutron gas. o i

« 1967: Bell finds regular pulse repeating every 1.3 s in data o = E General Reldtivity pred.C.\.Op/ \ B
taken by radio telescope built with A. Hewish, called it “Little = - \ .
Green Man-1" — Discovery of pulsars (PSR B1919+21). g = \ —

* 1974: Hewish wins Nobel prize for the discovery of pulsars. :? - \\ ]
€ -30 — —

» 1974: Discovery of the Hulse-Taylor pulsar PSR B1913+16, & B *\ ]
first binary neutron-star system. Tests of General Relativity, F \ ]
e.g., gravitational waves lower orbital frequency — observed! i '\_

+ 2010, 2013, 2019: Discovery of 2 M, neutron stars. a0 Do e g i L e L E\K

' 1975 1980 1985 1990 1995 2000 2005

Weisberg and Taylor, 2004
®



(Short) History of neutron stars

« 1932: Discovery of the neutron by Chadwick. 10/16/2017 @he New Lork Times

» 1933/34: Proposition of the existence of neutron stars by
Baade and Zwicky as engines for supernovae.

LIGO Detects Fierce Collision of

* 1939: Tolman, Oppenheimer and Volkoff calculate neutron- . .
bp Neutron Stars for the First Time

star mass limit of 0.7 M, for cold, degenerate neutron gas.

» 1967: Bell finds regular pulse repeating every 1.3 s in data
taken by radio telescope built with A. Hewish, called it “Little
Green Man-1" — Discovery of pulsars (PSR B1919+21).

» 1974: Hewish wins Nobel prize for the discovery of pulsars.

» 1974: Discovery of the Hulse-Taylor pulsar PSR B1913+16,
first binary neutron-star system. Tests of General Relativity,
e.g., gravitational waves lower orbital frequency — observed!

« 2010, 2013, 2019: Discovery of 2 M, neutron stars.

« 2017: First discovery of gravitational waves from neutron-star
merger, GW170817!

(<

=S R S
Barry C. Barish (Caltech)

2017 Nobel Prize in PhysSics



What stabilizes Neutron Stars?

Neutron stars are stabilized against gravity by pressure
of strongly interacting matter!

Neutron star: Atomic nucleus, e.g., 2°8Pb:
M ~14Mg =3-103%kg M ~3-10"% kg
R~ 10 — 13km R~ 6fm=6-10"""km
p ~[10*g/cm? p ~10'g/cm?

L Nuclear saturation density J

Although the corresponding scales differ by many orders
of magnitude, properties of neutron stars and nuclei are
strongly connected.

. . —_—p  Gravit
Nuclear interactions exert outward pressure that ity
stabilize both nuclei and neutron stars!

(<

— 3 Pressure



Why study neutron stars?

Same nuclear interactions among same constituents (nucleons) in the lab and in astrophysics.
A measurement or observation has immediate consequences for the other domain.

01 02
How does the neutron- What are current
star structure depend on observational
nuclear interactions? constraints?
» What are the fundamental + Constraints from mass
interactions that govern measurements, gravitational waves,
strongly interacting matter? and NICER.

03

What do observations tell
us about nuclear physics
and nuclear interactions?

* Multi-messenger astrophysics as
test for nuclear physis.

5/3/21



The equation of state

Neutron Stars described by Tolman-
Oppenheimer-Volkoff (TOV) equations,
equation of state (EOS) only ingredient.

* Neutron stars have typical temperatures
of T=107-108K - E4, = 8 keV « Eg

* Therefore, neutron stars can be
considered to be objects at T=0

» Then, EOS relates pressure p and energy
density €

(<

P (MeV /fm?)
=

H
=2

107!

2.0 .
Psat 1\ Maximum Mass
= ]
o 1.0—_
0.5—_
' L L A L 0-0_'|""|""|'
0 500 1000 1500 10 15 20
e (MeV /fm?) R (km)
Equation of state Observation

Tolman-Oppenheimer-Volkoff eqns.

4P G (14.2) (1442222 (126 ™

m r

< 1—1 correspondence —



The equation of state

Neutron Stars described by Tolman-
Oppenheimer-Volkoff (TOV) equations,
equation of state (EOS) only ingredient.

* Neutron stars have typical temperatures
of T=107-108K - E4, = 8 keV « Eg

* Therefore, neutron stars can be
considered to be objects at T=0

» Then, EOS relates pressure p and energy
density €
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. 1 Psat 2'0_: * Maximum Mass
The equation of state —
E — 1.5—_
Neutron Stars described by Tolman- =10t =]
Oppenheimer-Volkoff (TOV) equations, = I
equation of state (EOS) only ingredient. = o ) B
* Neutron stars have typical temperatures 10 e 00t
0 500 1000 1500 10 15 20
of T=107-108K —» Eth =8 keV « EF e (MeV /fm?) R (km)
* Therefore, neutron stars can be Equation of state Observation

considered to be objects at T=0
» Then, EOS relates pressure p and energy

Tolman-Oppenheimer-Volkoff eqns.

density € P__ G P 4n Pr3 2Gm\ 1
y 4P~ _Gne(14£) <1+”TT> (1-2m)
< 1—1 correspondence —

(<



pressure [MeV /fm”]

The equation of state

103

Large number of neutron-star equations of state
available in the literature, but which ones are “good”?

They do not provide any theoretical uncertainty
estimates.

They are not constructed based on some
fundamental guiding principle; hence, it is not
clear how to improve them systematically.

101

Ll 1

Quark
hybrid star

Traditional PR
star 10¢ g/cm®
,4x1011
/7 101

Hyperon
star

Strange
quark star
(no crust)

Strange
quark star

ol vl vl

Kaon
condensed star

| Ll

103
energy density [McV/fm?]

10*

N

Mass (Msun)

0.5F

.....

PSR J0348+0432 SLy4 H4

BPSR J1614-2230 505
PSRUT946+3417 pq

sQM1 sQm2

SQmM3

Credit: N. Wex
7 8 9 10 11 12 13 14 15 16
Radius (km)

Constraints:

At low densities from nuclear theory and
experiment.

« At very high density from pQCD.

see, e.g., Kurkela, Vuorinen et al.

No robust constraints at intermediate densities
from nuclear physics!



3() T T T T l T T 1 T I T T T T [ L] T T T ] 1 T T

g 3
. | | mmm Neutron matter |
The eq uatlon Of state 2 - M Sym. nuclear matter A
Neutron-star structure depends on the EOS, given by p = p(e) [ ]
. A ~— B L T
» Baryon density: n = % s Neutron stars —
> Energy densit Y n- 2 ; ]
nergy density: €= —=mn-— 1
¥ Y 4 A ) ok Symmetry energy 1
OE  OFE/A OE/A i ]
> Pr re: = =1 = I 1
eSsUre P="9v = avja =" T d
) i Empirical ]
In neutron star, we have neutrons, protons, and electrons in -101 saturation 7
beta equilibrium. Therefore, we need a function I " vpoint -
E’ i 1 | 1 | I 1 1 | | I ] 1 1 _I._F-I_.I— | I | | 1 |

1 (n, ) 0 0.05 0.1 0.15 0.2

where x is the proton fraction, z = n,/n. n [fm”]

« x =0.5: Symmetric nuclear matter: Connection to laboratory experiments.
« x =0.0: Pure neutron matter: Connection to astrophysical observations.
« Difference is called symmetry energy: Connection to heavy-ion collisions, neutron skins, ...



The equation of state @
Many different approaches to calculate %(n, x) but | will
focus on microscopic calculations. We need: @
O Atheory for the strong interactions among nucleons 7 ’
Chiral Effective Field Theory @ @

O A computational method to solve the many-body
Schrédinger equation.

e.g., many-body perturbation theory, @ —————
quantum Monte Carlo, coupled
cluster, self-consistent Green’s

function, ...

(>



Example: “He

Chiral Effective Field Theory tructure within

the Atom
Quark
Size <10 %m

» Atomic nucleus consists of strongly interacting
matter.

Nucleus et Electron

Size < 1078 m

* Made up by quarks and gluons (Quantum
Chromodynamics).

« Extremely complicated to solve!

Size « 107'%m

If the proton and neutrons in this picture were

10 cm across, then the quarks and electrons

would be less than 0.1 mm in size and the
ptire atom would be about 10 km acros

'
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Chiral Effective Field Theory

» Atomic nucleus consists of strongly interacting
matter.

* Made up by quarks and gluons (Quantum
Chromodynamics).

« Extremely complicated to solve!

» Probing a nucleus at low energies does not
resolve quark substructure of nucleons!

* We can describe the nucleus in terms of
neutrons (udd) and protons (uud).

Example: “He

tructure within
the Atom

Quark

Size <10 %m

Nucleus Electron
Size = 10~ m Size < 10-%m

e

Neutron
and
Proton
ira = 10-15088
~—_ Atom Size = 10

Size « 107'%m

If the proton and neutrons in this picture were

10 cm across, then the quarks and electrons

would be less than 0.1 mm in size and the
ptire atom would be about 10 km acros




Chiral Effective Field Theory

Holt et al., PPNP 73 (2013)

4 : '
1 ¥ SRR ¢ S I
1 T R
g | 1 : 2 3
Q M 1 1 1 1 1 L.
o | : : >
o : !
n 1 1
z| I s
Z | : 7
\ : : two-pion
! ' exchange N N
! v\:\ T one-pion
short ! ' ** T exchange
distance : : rrmagmnet?
: ' T
b N N

NN 3N 4N

N2LO O %2) - *::I:] —
(2 LECs: 3N) }X >K

¢ - 15 IH

veeo of%)| KR
o X | e

(15 LECs) 5

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, Meilkner, Hammer ...




Chiral Effective Field Theory NN il 4N

. : : Q°
Systematic expansion of nuclear forces in momentum LO OF) >< 1 == ==
Q over breakdown scale Ay : (2 LECs)

- Based on symmetries of QCD NLO 0(%22) ) H —_ -

« Pions and nucleons as explicit degrees of freedom (7 LECS) |
|
« Power counting scheme results in systematic | L. |- k%{
. . . I N2LO O Xs) - +] \ -
expansion, enables uncertainty estimates! D/ )
s: \
 Natural hierarchy of nuclear forces S T
« Consistent interactions: Same couplings for two- N3LO 0(@) X*::::* X Hi IH
A* -
nucleon and many-body sector ‘. [>< ., .
(15 LECs) o
« Fitting: NN forces in NN system (NN phase shifts),

. .y . . Weinberg, van Kolck, Kaplan, Savage, Wise,
3N forces in 3N/4N SyStem (Blndmg energies, rad”) Epelbaum, Kaiser, Machleidt, Meildner, Hammer ...

(<



Neutron-proton scattering phase shifts

......... S 0
- -10_ w
20F

-30F

8 [deg]

30
20F
10}

0 [deg]

€ [deg]

0
0
1k
2
3
-4
0 100 200 300 0 100 200 300
Elab [MeV] Elab [MeV] Elab [MeV] Elab [MeV]
AXNLO _ oo (Q4 |XLO . Xfree‘ Q? |XNLO _ XLO} .‘

0 |XN2L0 _ XNLOD
Epelbaum et al., PRL (2015)
See also Carlsson et al. PRX (2016)

Can work to desired accuracy with error estimates!

(<




0 T 0 T T ! !
2nd order 4 1\ > 1 2L this work N
n 20 -~ gx'c‘iiorger - . Pav. (HF) 1 . - Rl(l_! :‘)V\?Z)rlvcd
Uncertainty - TR
L 3 — — Pav. (free) H 25
6o ] =5 F P=0 (free)
-80 - - T\
> 100 1 = \ | -~ 2
Q Lo12 > N s
S 10 s \ i =
< ——t——t—+—f—+—F+—++—H 2 -10 | N s ,
e ok - 2020@M+PWA) | B L N ] 215
) i 20025 (EM) 5 | N >
3 ol . 2220(EM) 1 5 | N
L — 20/2.0 (EM) | | AN 1
801 — 1820(EM) ] _15 [ N
a0k ] L N o
i o 1 L ~ o 05
1601 == - = 0.50 S~
2000 oy oy 1T _ N T PR S
8 0 12 14 16 18 20 20 0g m 3 ]’4 T
Neutron Number N 0.00 0.05 0.10 0.15 0.20 -
n [fm—:i] Radius [km]
Simonis et al., PRC (2016) Drischler et al.,PRC (2016) Krueger, IT et al.,PRC (2013)

Present theoretical predictions for nuclear systems are limited by:
« our incomplete understanding of nuclear interactions,
« and our ability to reliably calculate these strongly interacting systems.

For nucleonic matter and nuclei, we need a consistent approach with:
» a systematic theory for strong interactions
* advanced many-body methods
« controlled theoretical uncertainty estimates.

Microscopic studies of
nucleonic matter and nuclei
using chiral EFT.

'



Chiral Effective Field Theory NN il 4N

BUT: There are still many open questions and LO 0%) >< 1 — —
problems! (2 LECs)
« What is the breakdown scale? Does it change in XI:: M
the many-body system? NLO o(%i) Mo — _
(7 LECs) : t 1

pr(As | D)

[ N’LO /\ . 1]
E/N —a———— N2LO O(%) L - +:: 1 R
/__.X

= o D
(2 LECs: 3N)
- I KA [T
wno o X
+ -

E/A —e 5
M|
(15 LECs) “
| R ]
/\ Weinberg, van Kolck, Kaplan, Savage, Wise,
Both L a— Epelbaum, Kaiser, Machleidt, Meilkner, Hammer ...
Drischler et al., /\
-
‘5 PRC (2020) 0 300 600 900 1200

Ay [MeV]



Chiral Effective Field Theory i
BUT: There are still many open questions and LO 0(%) >< 1 — —
problems! (2 LECS)

« What is the breakdown scale? Does it change in 2 >< I::: }:::1

the many-body system? NLO Of%) e — —
* How do results depend on the regularization gLy | PN H

scheme (explicit fprm of the interaction) and scale 3 ‘ }+{

(cutoff necessary in many-body methods)? N2LO o(%) - +:::;] -
« Does this series converge in the many-body (2 LECs: 3N) }X >K

system? . b H{ lH
« How to best determine all unknown coefficients? NLO O3 Xﬁ* X [>< )

(15 LECS) " i

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, Meilkner, Hammer ...



N >}§ Y {i -2 i % }
[ ] [ ] ] 4 ¢ 3
Chiral Effective Field Theory } P Fago
6| ; ; P
Results for chiral EFT calculations of nuclei: SO :
= 1ol * Exp
B t I | I | I I I I I | I | i A= LO
-130 = ry obtained in large many-body spaces - el
- - N°LO Ex
140 g Oxygen _ M e NLoBI () Ro=10fm
% - - Hebeler et al., ARNPS (2015) E 16
\% —150 __ ! __ 357 ¥ Exp (a) Ry = 1.0 fm
- - == 1O
a [ é ] 30 +~v NLO
5 -160 - © MRIM-SRG & . i
= - B IT-NCSM - - 800 1 oo
™ 170 ¢ SCGF xS 3 g | e % .
- % Lattice EFT . i Fore i
C A CC — AME 2012 l e i
-180 o I I I I I = { o { s i
16 18 20 22 24 26 28 "’ } }
Mass Number A 1o}
Excellent description of properties of nuclei up to the o e e ‘Ho o g T

~
<) medium-mass region. Lonardoni et al., PRL and PRC (2018)




Chiral EFT and neutron stars

L—— T 4—— ———
20 == FSUgold -
NL3
3 _|
15
= o \
= + —
10 = o+ _
= ~
= | = _ !
i TOV egs. Wi ]
AR
AN
Neutron matter
b \ [ 0 I I .
0.00 0.04 0.08 0.12 0.16 6 8 10 12 14 16 18

n [ Pt

» Selection of a few EOS models that are used in astrophysics.



Chiral EFT and neutron stars

- T T 4 T
20 == FSUgold —
NL3 p
o 1| How to extend to
15 ——- SFHo gl higher densities? ]
————— SFHX ,
= Chiral EFT ‘ —
= Z
< 10F . f 2
=) =
5 /,,,/// // -7 B TOV eqs . 1
S
f Neutron matter
0 i ! - - ‘ OL— |

L. . .
0.00 0.04 0.08 0.12 0.16 6 8

[~ Pt

» Selection of a few EOS models that are used in astrophysics.

* Chiral EFT puts constraints on the EOS of neutron matter.
* Provides systematic and reliable uncertainty estimates!
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UG constraint: IT, Lattimer, Ohnishi, Kolomeitsev, APJ (2017)

Chiral EFT and neutron stars

— T ; 457 T T
20 == FSUgold / — [ == FSUgold
NL3 / 40F == NL3
-—-- DD2 | --- DD2
~~~~~~~~~~~ 15220 . 33 e 15220
151 ——- SFHo / - [ ——- SFHo
e SFHx Pty 30 - SFHx
= Chiral EFT *T: ------- Eug
=} 2 Chiral EFT
10 - '
= T 20
K 53]
15
* 10
5
Neutron matter
ol L L | | | | | |

S 9 :
0.00 0.04 0.08 0.12 0.16 000 005 010 015 020 025  0.30

n [fm_ﬂ n fnf;;]

» Chiral interactions are limited in range of applicability due to breakdown of the
theory, rapid increase of theoretical uncertainty.

+ Extend results to neutron-star densities using general approach without strong
model assumptions (e.g., polytropes, speed-of-sound extension, meta-EOS,
<) nonparametric inference)!



1.0

Chiral EFT and neutron stars e G e

 Extend results to beta equilibrium (small Y, ) 08
and include crust EOS.

« Extend to higher densities using general I
extension schemes, e.g., in the speed of sound. 06

Speed of sound:

Op(e
s = 8(e>

0.4

« Assume some general form for speed of sound
above transition density, e.g., linear segments, etc.

0.2

« Sample many different curves in allowed region
(gray band) and reconstruct EOS.
oo="1._ L 1 1 1 1 .1 ;.1 ,|

« Can easily include phase transitions and LA

additional information on cg. Ner n o

+ Extend systematic uncertainties to higher IT, Carlson, Gandolfi, Reddy, ApJ (2018)
__ densities!
9

10
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Chiral EFT and neut
‘ l - —
20 == FSUgold T
NL3 .
~—— DD2
~ 15220 4
15 ——- SFHo
——— SFHX
= Chiral EFT
z
< 10—
~
- g
& __f/'fi/"///
(A Neutron matter
! ‘

. [
0.08 0.12

n [fm_g}

0.16

Psat

ron stars

TOV egs.

U\ L‘uﬂ

i Chiral EFT

I I =

Selection of a few EOS models that are used in astrophysics.

Chiral EFT puts constraints on the EOS of neutron matter.
Provides systematic and reliable uncertainty estimates!

Uncertainty band can be extended to higher densities using general extension schemes.



Neutron-star masses

P e I Y
- [0 Chiral EFT PR
° i
; i
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37 3 /’/ '1'7 |
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Heaviest observed neutron-stars provide
constraints, because all EOS have to be able to
reproduce observation.

-
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Pulsar mass observations
Since 2010, three pulsar-timing observations of heavy

pulsars with masses close to 2 M,
* PSR 1614-2230: 1.908(16) M,

Demorest et al., Nature (2010), Arzoumanian et al., ApJS (2018)

- PSR J0348+0432: 2.01(4) M Z
Antoniadis et al., Science (2013) é
(%]
[0
- MSP J0740+6620: 2.08(7) M, -
Cromartie et al., Nat. Astron (2020), Fonseca et al., arXiv:2104.00880 E
1 1 1 1
T 1 [ | 1 1
0.22 0.24 0.26 0.28 0.30 1.6 1.8 2.0 22 24 26
88.5 88.5
88.0 r 88.0
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Neutron-star masses
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A two-solar-mass neutron star measured using

Shapiro delay

P. B. Demorest', T. Pennucci’, S. M. Ransom', M. S. E. Roberts® & J. W. T. Hessels

(2010)

(2013)

A Massive Pulsarina
Compact Relativistic Binary
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Thomas R. Marsh, Maura A. McLaughlin, Timothy T. Pennucci, Scott M. Ransom,
Ingrid H. Stairs, Joeri van Leeuwen, Joris P. W. Verbiest, David G. Whelan

Relativistic Shapiro delay measurements of an
extremely massive millisecond pulsar (2019)

H. T. Cromartie ®'*, E. Fonseca©2, S. M. Ransom ©3, P. B. Demorest*, Z. Arzoumanian®,
H. Blumer®’, P. R. Brook®’, M. E. DeCesar?, T. Dolch?®, J. A. Ellis®, R. D. Ferdman ®", E. C. Ferrara'",
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J. K. Swiggum™ and W. W. Zhu®
white dwarf-

R [km]

reproduce observation.

Heaviest observed neutron-stars provide
constraints, because all EOS have to be able to
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NS (multimessenger) observations

First neutron-star merger Ehe New York Eimes
observed on Aug 17, 2017 :

LIGO Detects Fierce Collision of
Neutron Stars for the First Time
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Neutron-star mergers

Gravitational waves from neutron-star merger offer possibility to “measure” the neutron-star radius!

LIGO/VIRGO:
« During merger, neutron stars deform under gravitational field of partner.
« This deformation is measured as “tidal deformability” from gravitational waveform during
inspiral phase of neutron-star merger, and probes radius.

Credit: Tim Dietrich t [ms]

lllustration: (Top) NASA; (Bottom), Alan Stonebreaker



Neutron-star mergers

Gravitational waves from neutron-star merger offer possibility to “measure” the neutron-star radius!

LIGO/VIRGO:
« During merger, neutron stars deform under gravitational field of partner.
« This deformation is measured as “tidal deformability” from gravitational waveform during
inspiral phase of neutron-star merger, and probes radius.
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Neutron-star mergers

Gravitational waves from neutron-star merger offer possibility to “measure” the neutron-star radius!

LIGO/VIRGO:
» During merger, neutron stars deform under gravitational field of partner.
» This deformation is measured as “tidal deformability” from gravitational waveform during
inspiral phase of neutron-star merger, and probes radius.

LIGO Hanford

LIGO, Caltech, MIT, NSF

Credit: LIGO/T. Pyle
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Neutron-star mergers: Mass limits
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» Constraints from the EM signal determined by M,4:
Max too small: prompt collapse

% M.ax t00 large: remnant deposits too much energy into ejecta
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Multi-step analysis of NS observations

Consistently combine constraints from low-energy nuclear theory, gravitational-wave
observations and electromagnetic observations using Bayesian methods.

(A) Starting point:

EOS samples derived within the chiral

EFT framework

(B) Maximum-mass constraints:

Add information from pulsar mass

measurements and GW170817
remnant classification
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Multi-step analysis of NS observations

Consistently combine constraints from low-energy nuclear theory, gravitational-wave
observations and electromagnetic observations using Bayesian methods.

(A) Starting point: (B) Maximum-mass constraints:
EOS samples derived within the chiral Add information from pulsar mass
EFT framework measurements and GW170817

remnant classification

31 Ryy= 1137 %km

3{ Ry = 1151 8km
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NICER: Mass-radius measurement

credibility (o)
(

M (Mo)
M
-
o

1.2

. 1.0
10 12 14 16 18 20 10 12 14 16

R (km) R (km)

Miller et al., ApJL (2019)

Recent mass-radius measurement of pulsar PSR J0030+0451 by Neutron star Interior
Composition Explorer (NICER) X-ray telescope:

R=12711115km, M = 1347012 M, [Riley etal,, AplL (2019)]
R =13.02"124km, M = 1.447015 My, [Miller etal,, ApJL (2019)]

Still large uncertainties because of unknown number and properties of hot spots,
unknown pulsar mass, and statistics -> new observations expected soon!
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Multi-step analysis of NS observations

Consistently combine constraints from low-energy nuclear theory, gravitational-wave
observations and electromagnetic observations using Bayesian methods.

(A) Starting point: (B) Maximum-mass constraints: (C) NICER constraints:
EQOS samples derived within the chiral Add information from pulsar mass Add information from pulsar
EFT framework measurements and GW170817 mass-radius measurement

remnant classification

Ryy = 11375 T km 31 Riq = 11517 3lkm 31 Ry = 12.07}5%km
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Multi-step analysis of NS observations

Consistently combine constraints from low-energy nuclear theory, gravitational-wave
observations and electromagnetic observations using Bayesian methods.

(C) NICER constraints: (D) GW constraints: (E) Kilonova constraints:
Add information from pulsar Add information from GW170817 Add information extracted from
mass-radius measurement (IMRPhenomPv2_NRTidalv2) modeling the observed lightcurves of

associated kilonova AT2017gfo

| B4 = 120775 31 Riy = 1167 jigkm 31 Riy = 11677 ¥km

8 0 12 14 16 U3 10 12 14 3 o 1 14
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‘59 Dietrich, Coughlin, Pang, Bulla, Heinzel, Issa, IT, Antier Science (2020)



Multi-step analysis of NS observations

Consistently combine constraints from low-energy nuclear theory, gravitational-wave
observations and electromagnetic observations using Bayesian methods.

(E) Kilonova constraints:

Add information extracted from
modeling the observed lightcurves of
associated kilonova AT2017gfo

31 Ry =11.670%km
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(F) GW constraints:
Add information from GW190425
(IMRPhenomPv2_NRTidalv2)
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Multi-step analysis of NS observations
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Analysis of gravitational-wave and electromagnetic signals constrains radius of NS and orientation and

distance to the source, constraining Hubble constant

- Stringent constraints on NS radii: Ry 4 = 1175755 km

- Constraints on the Hubble constant: o = 66.27375 km Mpc ™ 's™

Hubble tension: competing determinations of H, from supernovae and from Cosmic Microwave
Background (CMB). Our approach in agreement with CMB measurement.
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Summary

Multimessenger detections of neutron-star mergers will provide important constraints for nuclear
physics:

What are the fundamental interactions that
govern strongly interacting matter?

a

\ 4

How does subatomic matter organize itself and
what phenomena emerge?

a

\ 4

How can we understand and what can we learn

Credit: Robin Dienel/ . 5
R i Institution foR from astrophysical phenomena*

Science

To tackle these different questions precision studies of neutron-rich systems (matter and nuclei)

e are very important.
“9 5/3/21
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Summary

» Neutron stars represent ideal laboratories for nuclear physics
and help to improve our understanding of nuclear interactions!

» Uncertainty in neutron-star EOS can be reduced by
* Nuclear-physics constraints at low densities.
* Multimessenger observations of NS and NS mergers.

» Multimessenger constraints and nuclear theory find
Ri4=11.8 + 0.8 km (90% confidence),
Ho =66 +4 km Mpcts?

» GW observations favor soft, EM observations (kilonova and
NICER) favor stiff EOS, but have large uncertainties, also Z£0.08) " Planck CAIB® " NI
systematic (depend on information from simulations with
limited number of EQS, more EOS need to be explored).

» Even if can obtain EOS, we need to understand it (exotic
matter?).

60 70 80
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Outlook

GraceDB — Gravitational-Wave Candidate Event Database

Observing run O3 complete: 50-60

[rowe | rusicaierrs | seance [IEAREST I oo
Latest — as of 9 September 2019 22:44:52 UTC eve ntS !
Test and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and superevents in those categories.
o : —— 02
Search for: | Superevent v —e— 03 NS-NS
Search Jan —o— 03 NS-BH
utc v
uID Labels t_start to t_end FAR (Hz) ~ Created
5190901ap  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251415878.837767  1251415679.837767  1251415880.838844  7.027e-09  2019-08-01 23:31:24 UTC
5190820y PE_READY ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251147973.281494  1251147074.283940  1251147975.283940  5.151e-09  2019-08-29 21:06:19 UTC
S190828]  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251010526.884921  1251010527.886557  1251010528.913573  4.629e-11  2019-08-28 06:55:26 UTC
5190828 PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1251009262.739486  1251009263.756472  1251000264.796332  8.474e-22  2019-08-28 06:34:21 UTC
$190822c  ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1250472616.589125  1250472617.589203  1250472618.589203  6.145e-18  2019-08-22 01:30:23 UTC
S190816i  PE_READY ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1249995888.757789  1249995889.757789  1249995890.757789  1.436e-08  2019-08-16 13:05:12 UTC
S190814bv  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1 996787 124 012057 1 021731 2.033e33  2019-08-14 21:11:18 UTC
S1908082e  ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1249338098.496141  1249338099.496141  1249338100.496141  3.366e-08  2019-08-08 22:21:45 UTC
S190728q  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1248331527.497344  1248331528.546797  1248331529.706055  2.527e-23  2019-07-28 06:45:27 UTC
$190727h  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1248242630.976288  1248242631.985887 1248242633.180176  1.378e-10  2019-07-27 06:03:51 UTC
S190720a  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1247616533.703127  1247616534.704102  1247616535.860840  3.801e-09  2019-07-20 00:08:53 UTC
S190718y  ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1247495729.067865  1247495730.067865  1247495731.067865  3.648e-08  2019-07-18 14:35:34 UTC
51907070 PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1246527223.118308  1246527224.181226  1246527225.284180  5.265e-12  2019-07-07 09:33:44 UTC Apr
519070621  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1246487218.321541  1246487219.344727  1246487220.585038  1.901e-09  2019-07-06 22:26:57 UTC
5190701ah  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1246048403.576563  1246048404.577637  1246048405.814941  1.916e-08  2019-07-01 20:33:24 UTC
519063020  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1245955942.175325  1245055043.179550  1245955044.183184  1.435e-13  2019-06-30 18:52:28 UTC -
519060229  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1243533584.081266  1243533565.089355 1243533586.346191  1.901e-09  2019-06-02 17:59:51 UTC
51905249  ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242708743.678669  1242708744.678669  1242708746.133301  6.971e-09  2019-05-24 04:52:30 UTC
S190521r  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242450856.453418  1242459857.460739  1242450858.642090  3.168e-10  2019-05-21 07:44:22 UTC
$190521g  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242442966.447266  1242442967.606934  1242442968.888184  3.801e-09  2019-05-21 03:02:49 UTC
5190519b)  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242315361.378873  1242315362.655762  1242315363.676270  5.7026-09  2019-05-19 15:36:04 UTC
5190518bb  ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242242376.474609  1242242377.474609  1242242380.922655  1.004e-08  2019-05-18 19:19:39 UTC
S190517h  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242107478.819517  1242107479.994141  1242107480.994141  2.373e-09  2019-05-17 05:51:23 UTC
S190513bm  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241816085.736106  1241816086.869141  1241816087.869141  3.734e-13  2019-05-13 20:54:48 UTC
S190512at  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241719651.411441  1241719652.416286  1241719653.518066  1.901e-09  2019-05-12 18:07:42 UTC
51905100 ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241492396.291636  1241492307.201636  1241492398.293185  8.834e-09  2019-05-10 03:00:03 UTC
51905036f  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240944861.288574  1240944862.412508 1240044863.422852  1.636e-09  2019-05-03 18:54:26 UTC
S190426c  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240327332.331668  1240327333.348145  1240327334.353516  1.947e-08  2019-04-26 15:22:15 UTC . )
51904257 ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1240215502.011549 1240215503.011549  1240215504.018242  4.538e-13  2019-04-25 08:18:26 UTC Additional Observations:
5190421ar  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1239917953.250977  1239917954.409180  1239917955.409180  1.489e-08  2019-04-21 21:39:16 UTC GW190910d: NS-BH (632 + 186 Mpc)
5190412m  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 146717 168 9492 1.683e-27  2019-04-12 05:31:03 UTC
S190405n  PEREADY ADVOK SKYMAP_READY EMBRIGHT READY PASTRO_READY DGOK GCN_PRELIM_SENT 123702690.06620  1238782700,067958  1236782701,359863  2811e-18  2015-04-08 16:18127 UTC GW190923ly: NS-BH (438 =+ 133 Mpc)
S190405ar  ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1238515307.863646  1238515308.863646  1238515300.863646  2.141e-04  2019-04-05 16:01:56 UTC
Lo M@JIVIRGO
NS

O4 scheduled in 2022 after LIGO upgrades.
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