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Recent neutron star observations
T R
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Ry =12.391; 50 km
Ry =13.7072% km

Riley et al., arXiv:2105.06980
Miller et al., arXiv:2105.06979

Ry4=12.71F115km
Ris— 13.02° ;i kn

Riley et al., APJL 887, L21
Miller et al., APJL 887, L24 £~

PSR J0740+6620
PSR J0030+0451

MICHIGAN STATE
UNIVERSITY

NASA

NICER

+ STROBE-X4
+ eXTP

+ \ /‘.

pre(:ise mass measurements

Cromartie et al., Nat. Astron. 4, 72
Antoniadis et al., Science 340, 6131

\ Demorest et al., Nature 467, 1081
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Nuclear experiments: neutron-rich nuclei, collisions... tib msu.edu

Facility for Rare Isotope Beams
at Michigan State University
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effective field theory and astrophysics
Direct correspondence: M-R relation and EOS

- elqu'atilon'of'stjclte + mass measurements

| Hebeler et al., | constraints | + radius measurements
36 - APJ 773, 11 from | + GW170817, ...

- see also Tsang et al., _ _
PLB 796, 1 + experiment (e.g., skins)

T 4 mass—radius relation
E 35 L I 1 1 1 I I 1 I I 1 1 I 1 1 1 I
8

&0

~ 34 =

extrapolated |
33 4
i 1 . ] 5 1 N 1 4 N
14.2 14.4 14.6 14.8 15.0 dp (e +p)(m + 47Tr3p)
l()gmp [g‘ Clll"‘] % - 7"(7" _ 2m)
for recent reviews, see: dm i e ——
Hebeler, Holt et al., ARNPS 65, 457 = = drle TOV equations; p——— L+ o 11 1 |
Tews, Front. in Phys. 8,153 r hydrostatic equilibrium 10 12 14 16
J

CD, Holt, and Wellenhofer, ARNPS 71, 403 \{ Radius [km]
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Bayesian modeling of the EOS Lim & Holt. PRL 121. 062701

s __ equation of state + mass measurements
| constraints | + radius measurements

500 T II T I T II II | II T II | T T T | T T T 1
L 60l FI’ . | | | | /I’— , from + GW1 70817,
- L rior e p . .
100 of- P + experiment (e.g., skins)
[ wr P ER - mass—radius relation
§3OO:—0_/"'2( ’/::: /,//////f LA L L L L L L L L L L B LB L .
§ B \:5::::::::/:/:_ // /// ////Z .
= [-wf aresaunifE iy A
3 200 L .00 I 0.115 I 0.|10 I 0.|15 I 0.|20 I 0.|25 I 0.I30 //’// ///, P 20r "
= i e ,1,/// /’:/: {1e-02 I 08
100 |- _ o~ ] 150 0.7
- e ] § 0.6
ol . Posterior b —
oo 9L 4e03 E 1.0 40.5
0.0 0.2 0.4 0.6 0.8 1.0
n(fm 3) ~6 n, 104
see also work by 051 1%
Greif et al., MNRAS 485, 45363 102
for recent reviews, see: Raaijmakers et al., APJ 893, L21 -
Hebeler, Holt et al., ARNPS 65, 457 Essick et al., PRC 102, 055803 V0159115353111 ™
Tews, Front. in Phys. 8,153 Xie and Li, PRC 103, 035802 R (km)

CD, Holt, and Wellenhofer, ARNPS 71, 403
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Recent constraints on the
nuclear symmetry energy:
a few examples

<

30 40

E,| How can neutron star observations help

Symmetry energy at 2

FOPI-LAND (2011)

ASY-EOS (2016)

Zhang & Li (2019) —
Chen (2015)

i 1071

1 Nonparametric
] Astro+~PREX-II

R =12.38km 7 : .
— T . Posterior

— — ] PRIY
L0 ppp - 10-2 -+ PREN-1I
] Posterion
0.5 - i Nonparametric Prior
I Nonparametric Astro Posterior
_ xEFT Astro Posterior

PREX-II

improve nuclear effective field theories .;

) 0.10 5=

Baillot d’Etivaux (2019) |

Nakazat & Suzuki (2019)

Xie & Li (2019)
T

Fiduciall value=47 MeV

Xie & Li, APJ 899, 4

Zhou, Chen & Zhang (2019)

NF—T

. : Essick et al.,
L [MeV] arXiv:2102.10074
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MICI'OSCOpIC nuclear forces e.g., Machleidt, Entem, Phys. Rep. 503, 1
Degrees of Freedom Energy (MeV)
@ 0O %° ¢ i Chiral EFT: modern approach to deriving
o uarks, gluons . . . .
3 P | microscopic nuclear forces consistent with
I O ] .
5 G& it [ the symmetries of low-energy QCD
(%) ]
L : : .
2 — ) ® use relevant instead of the
Q :
Q@G 140 [ fundamental degrees of freedom:
pion mass ]
. 3 e.g., nucleons and pions
g 8 ® pion exchanges and short-range
2 eneroynead contact interactions (x LECs)
(o) &
2] rotons, neutrons . .
2 : | ® systematic expansion enables
= AL improvable uncertainty estimates
o p My 1
| — — = ]>=
M @& .:F e (Ab’ Ab> e
ExF . state in uranium
Weir Selpctinremne e, Epelbaum, Kaiser, Krebs, Machleidt, Mei3ner, ...
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Hierarchy of nuclear forces in chiral EFT

e.g., Machleidt, Entem, Phys. Rep. 503, 1

Lo@) ¢

NLO (Q?) |
S. Weinberg

N2LO (Q3) | i

N3LO (Q%) W :.—"~. ‘:/7 fﬁ»..’il no unknown
N [ Y ¢y parameters

N4LO (Q5) | h i B8

v |
Expansion

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Kaiser, Krebs, Machleidt, Meil3ner, ...
September 23, 2021 | NuSym21 | Christian Drischler | 10




Equation of state constraints from chiral MICHIGAN STATE

effective field theory and astrophysics UNIVERSITY
Microscopic calculations of the nuclear EOS

e.g., Hebeler, Holt et al., ARNP 65, 457

great progress in predicting the EOS
of infinite matter and the structure of
neutron stars at densities < 2n,

Ab initio workflow (idealized)

(structure, reactions, astrophysics,...)

many-body theory

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

treatment of 3N forces
improved order-by-order calculations

development of Bayesian methods

renormalization group . .
(SRG. Okubo-Lee gup quantification of EFT truncation errors

Hebeler, Lattimer et al., APJ 773, 11
(Weinberg, van Kolck, Kaiser, LENPIC, Idaho, ...) ’ ot =X s —Dno.oss ossonn.,

see also Anthea Fantina’s talk
Modelling inhomogeneous matter at
finite temperature in compact stars

CD & Bogner, arXiv:2108:03771 . Conardonti, Tews et al., m

Piarulli, Bombaci et al., PRC 101, 045801
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Improved many-body calculations

i A . r
- N3LO 8 great progress in predicting the EOS
= F NNBON : of infinite matter and the structure of
= 15F 1 ¢ neutron stars at densities < 2n,
5 B :g 407“‘|"'|"'|"'""""'"']‘
R 10F 13 o5 [ ™8 N’LO E1 ,
L type x 1@ " NLO Br
e ——— fﬁ e 22 Lonardoni, Tews et al.,
\ Esym =30.5 — $2: 7 MeV - - PRR 2, 022033 |
_10} \ L=583-§8:5MeV | & 2 - < YN
\ p 15 ,
— I 1w N )
> e ERUs ,
Q v < 5
Z ‘T =) .
] Q g
R £ =5
—15 B E r
| CD, Hebeler, 4 —10F
Schwenk, 0 15E
- PRL 122, 042501 :
TR I - R _QO%QMC ]
0.05 010 0.15 0.20 o0t 005 0> 006 03 021 028 0.3
n [fm73] n [fm{)’]
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Equation of state constraints from chiral
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Improved many-body calculations

great progress in predicting the EOS
of infinite matter and the structure of
neutron stars at densities < 2n,

40

U A B e
- N?LO E1
[ s N21 () L'

\ £..—30] needed: statistically robust comparisons
\ L=58| between nuclear theory, nuclear experiment,

and observation

N -
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— 20} g
s | £
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—95 | L . L L]
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Efficient Monte Carlo framework CD, Hebeler, Schwenk, PRL 122, 042501

EOS up to
high orders

efficient evaluation of MBPT diagrams
with NN, 3N, and 4N forces (single-particle basis) s ~

® implementing diagrams has become automatic code

straightforward (incl. particle-hole terms) generation
\S Y,
® multi-dimensional momentum integrals: Y. A
(improved) VEGAS algorithm - =
® acceleration: openMP, MPI, and CUDA ° 4 ~N

analytic form
of diagrams/forces

\_ Y,

® controlled computation of arbitrary interaction
and many-body diagrams

September 23, 2021 | NuSym21 | Christian Drischler | 14
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High-order MBPT

Stevenson, Int. J. Mod. Phys. C 14, 1135

The number of diagrams increases rapidly!

1, 3, 39. 840, 27 300, 1232 230,

n= 2 3 4 5 6 7

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

ADG: Automated generation and evaluation of

many-body diagrams |. Bogoliubov many-body fu I Iy automated
bati h
perturbation theory approach tO MBPT

)" Pierre Arthuis, Thomas Duguet, Alexander Tichai, Raphaél-David Lasseri, Jean-

Paul Ebran Comput. Phys. 240, 202
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New framework for UQ of EFT calculations

equ Correlated EFT truncation errors are important! ity
star . : ation:
unc statistically robust uncertainty estimates -

for key quantities of neutron stars
CD, : y

v . TDUUETE Uunauurauuni
. . I
Effective Field Theory Convergence Pattern of
Infinite Nuclear Matter, PRC 102, 054315
See also: Melendez et al., PRC 100, 044001 uQ framework aval_lable _at
Wesolowski et al., JPG 43, 074001 https://bugeye.qgithub.io
September 23, 2021 | NuSym21 | Christian Drischler | 16




S. Weinberg
(1933-2021) Multi-nucleon forces>

predict observable y,
order by order in EFT

NN forces 3N forces 4N forces

Lo (Q9) — —

k
Yk = Yref Z chn

n=0

NLO (Q2)

Trust, but verify
N2L0 (Q3) framework includes
model checking diagnostics

o RRESESIE IR GRS P

Expansion

treat all ¢, as
independent draws from
a Gaussian Process

learn GP’s hyperparameters
& infer EFT truncation error

<

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum,
Kaiser, Krebs, Machleidt, Meil¥ner, ...

oo
5yk = Yref Z chn

n=k+1

For example: y, = E/A in SNM at chiral order k

ok [E/A£10 MeV] 1 L i

=10 a \J 1

I . ] A ! I NET@.\\. : ] | NZILO .\\l

_N:TLX. —

0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2
Density n [fm™?] Density n [fm ] Density n [fm™?]

0.1 0.2 0.3
Density n [fm ]



predict observable y,
order by order in EFT

S. Weinberg
(1933-2021) Multi-nucleon forces>

NN forces 3N forces 4N forces

k
Yk = Yref Z chn

n=0

Lo (Q9) — —

NLO (Q2)

treat all ¢, as
independent draws from
a Gaussian Process

Trust, but verify
N2L0 (@3) framework includes
model checking diagnostics

_S N3LO (Q%)
% ; ; learn GP’s hyperparameters
u% NALO (Q5) H H H H . LH +H >K. HH *X‘ & infer EFT truncation error
v ’ | - i
Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Yk = Yref Z cn@Q"
Kaiser, Krebs, Machleidt, Meil3ner, ... n=k+1

For example: y, = E/A in SNM at chiral order k

0F EI/A :i:lla [lMeVi | A | y | i Iy //— i T
-l i Q\\ At which density scale does nuclear ?
\ |

S effective field theory break down

Pl N0 [Mmo

0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3
Density n [fm™?] Density n [fm ] Density n [fm™?] Density n [fm ]
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Parameters of the low-density EOS

CD, Holt, and Wellenhofer, ARNPS. 71, 403

Nuclear Equation of State at T" =0

P e LI B S B B B B B B B
20 i Hebeler et al., ApJ (2013)
I Tews et al., PRL (2013)
15 50 i Lynn et al.,PRL (2016)

Drischler et al., PRL (2019)

wk o~ S s e Drischler et al., GP-B (2020)

>

V)

=
E | O Gegerlis, Carlson, PRC (2010)
% 5 = 15 === Unitary gas (£ = 0.376) ",-4l
© = | 1
5 0f = [ :
ol K3 10 -
g -5 i ]
Q‘ - -
% 10 L ]
€S RNERT R A0 W I Huth et al.,
PRC 103, 025803 T
_20 PN SN N N AN Y T Y SN N SO TN NN @ TR SR T S N T TR WU T SR W T T S S S T ]

0.00  0.05 0.10 0.15 0.20 0 0.05 0.1 0.15 0.2
_ _3 n [fm_S]
Density n [fm ]
FFG: free Fermi gas; & = (n,— n,)/n: isospin asymmetry Annotations: (A / Asy) in fm! or (A) in MeV

for nuclear saturation, see also Atkinson et al., PRC 102, 044333; Dewulf et al, PRL 90, 152501
September 23, 2021 | NuSym21 | Christian Drischler | 19




Equation of state constraints from chiral

effective field theory and astrophysics
Parameters of the low-density EOS

20

15

Nuclear Equation of State at T" =0

MICHIGAN STATE
UNIVERSITY

CD, Holt, and Wellenhofer, ARNPS. 71, 403

Nuclear Saturation

>
D)
=
< 10
=) S
g 0 5
2 =
= ' =
i Y 4 -16
5 -5 5
i § -17
0 —10 k=
2 & —18
= _15 i A} -
_20 P T TN N T TN NN T T N T T B @ L1 _19
0.00 0.05 0.10 0.15 0.20

FFG: free Fermi gas;

Density n [fm ]

& = (n,— n,)/n: isospin asymmetry

Illlllllllllllllllllll@‘

(ANNLO@GO 394)
(ANNLOGO 450)
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N

o
O
&

Y.
%

||||JD|

0.14 0.16 0.18

Saturation Density ng [fm_g]

Annotations: (A / Asy) in fm! or (A) in MeV
for nuclear saturation, see also Atkinson et al., PRC 102, 044333; Dewulf et al, PRL 90, 152501
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Parameters of the low-density EOS

Energy per Particle E/A [MeV]

FFG: free Fermi gas;

20

15

10

Nuclear Equation of State at T" =0

||||I||||I||||@||I|

005 0.10 015 020
Density n [fm ]
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= —16

-

S

= 17

—

=

= —18
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& = (n,— n,)/n: isospin asymmetry

MICHIGAN STATE
UNIVERSITY

CD, Holt, and Wellenhofer, ARNPS. 71, 403

Nuclear Saturation

Illlllllllllllllllllll@‘

(ANNLO@GO 394)
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0.14

0.16 0.18

Saturation Density ng [fm_g]

Annotations: (A / Asy) in fm! or (A) in MeV
for nuclear saturation, see also Atkinson et al., PRC 102, 044333; Dewulf et al, PRL 90, 152501
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Equation of state constraints from chiral MICHIGAN STATE

effective field theory and astrophysics UNIVERSITY
Confronting chiral EFT with empirical constraints ~ - 1 ot a1 PRL 125. 202702

60 T = T T
[ ® Akmal '98
| O Baldo 97

50 | A Muether '87

W~
O
LI B N

\)
)
1 I L L L

Lim ’18 (10|20)
= B Carbone ’18 =
:$ # © Lonardoni 20 (Ey;E;) | ]

M GP-B 500 ’20 (1o|20) |-

—_
)

I L B |
>

0 d 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3

Density n [fm™°]

' Excellent agreement with experiment
) Lattimer and Lim, APJ 771, 51

pr(S,, L1 D) = | dno pr(Sz, L | no. D) pr(ng | D)

pr(ng| D) ~ 0.17 4+ 0.01 fm~*

20 ellipse (light yellow) is completely
within the conjectured unitary gas limit

predicted range in S, agrees with other
theoretical constraints; but ~15 MeV
stronger density-dependence of S,(ng)

GP-B (500): two-dimensional Gaussian

us,]  [31.7 s [L11% 327
pr |~ [59.8 ~ 327 4.122
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Analyses of Terrestrial Experiments Analyses of Astrophysical Observations
NStar crust oscillation NStar gravitational
(Gearheart etal. 2011)  binding energy
= . (Newton & Li, 2009)
w04 28 model analyses in total Li, Krastev et al., EPJ A 55, 117 N
Optical Pot.
X DM+ Ki (ZF()) 11;2; © NStar r-mode
Atomic masscs bl d instability NStar M-R analysis1
> | andn-skin of IAS+n-skin Isospin (2009) T TF+Nucl. a-decay Mass.deff (Vidana, 2012)  (Steiner, Lattimer &
5 Sn Isotopes (2013) Iso. Diff. Diffusion PDR (2007) Mass energy ass-detierence Brown 2010)
(2011) 1996) and n-skin
2 (ImQMD, (IBUUO04, (
= ﬁ 2010) 2005) i ﬁ § ® © o
(=} e (- - - -— -— e o= - -— -— - -— s e -.— -— -— -— e - e e on | e e e = — e (r ean| er er e e - -— e e -
Q FRDM n-skin . NStar M-R
VE 30 analysis (012) Isoscaling ‘ PDR (2010) m p-decay analysis2
> of masses Iso. Diff. & (2007) Trans. energy (Steiner &
M ’ (2012) double n/p Nucl. Mass Flow Dipole Gandolfi 2012)
(ImQMD, (2010) (2010) polarizability
2009) Nucl. Mass b
(2012)
SHF+n-skin Fd . | | _ /
. _ . . (2010) iducial value =31.6+ 2.7 MeV \Star orust osoit
With no or incomplete error information ar crust osciliation
s ility con5|de(|n_g neutron
512) superfluidity
(Sotani et al., 2012)
20 Excellent agreement
160 . .
Analyses of Terrestrial Experiments with the fiducial values Bical Observations
1 Tso. Diff. & obtained for S, and L -
double n/p NStar crust oscillation
(ImQMD, 1 m considering neutron
120 9 4 oric masses 2009) Li, Krastev et ars; 99, 117 superfluidity
and n-skin of NStar M-R (Sotani et al., 2019)
| Snsotopes Nucl. Mass NStar r-mode analysis1
(2011) (2(11_2) Nucl. PDR a-decay ins.tability (Ste_iner, NStar gravitational
> . Mass 2010 energy (Vidana, 2012)  Lattimer & binding energy
5 80 IAS+n-skin Isoscaling T (2010) ( ) A Brown 2010) (Newton & Li, 2009)
= (2013) (2007) PDR Tzfg:s- Flow p-decay Dipole :
2 (2007) ( @ energy polarizability ® i
/\O T | - - - -— en e e - Vem o= - -— e e |- - -— e - - - -_—e e e e e e e er en e e e e e e -;- -
\9 ) ﬁ Isospin ' ﬁ . ‘
A 40 4 FRDM n-skin ) Diffusion ' : '
analysis (2012) Iso. Diff. (IBUUO4
ImQMD g TF+Nucl.
of masses ( . 2005) . Mass
1 (2012) 2010) Optlcal Pot. 1996 Mass-defference NStar M-R
~—— DM+n-skin (2010) ( ) and n-skin analvsis? r-mode instability
(2009) _y (Wenetal., 2012)
04 1 (Steiner & I
Gandolfi 2012) NStar crust oscillation
Fi ial 1 fL=58.9+ 16 M (Gearheart et al. 2011)
- With no or incomplete error information SHF+n-skin iducial value of 1.=58.9+ eV
(2010)
-40

Compilation of recent terrestrial and
astrophysical constraints on S, and L

GP-B (500): two-dimensional Gaussian

31.7
59.8

Hs,
123

1.11%2  3.27

2=1397 4192
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PREX-II vs theory and observation

see also Yue ef al., arXiv:2102.05267

0 rr—TT T T T T T 1 T T [ )
. F T® | Parity violating elastic e scattering
> _ —
38 | ® - L |
3 _ g 1 Rekin (*°°PDb) = 0.283 4 0.071 fm
w36 F - : ® PREX collaboration, PRL 126, 172502
> ® = 80 F ® - . <
bD L mgm ]
T 34t ® 4 *g - | Exploiting strong correlations (EDFs)
2 L2 1 g ¢ 1 S, = 38.1 & 4.7MeV
Rl - } s ® { L =105.9 + 36.9 MeV
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Essick et al., arXiv:2102.10074
Take away from PREX-ll-informed results:

e uncertainties are still large Different set of modern EDFs

e allows for stiffer EOS at ~n,, but within the R (*%°Pb) = 0.19 £ 0.02 fm
large uncertainties consistent with chiral EFT S, =32+ 1MeV L =54+ 8MeV

e tension between Apy and ap Reinhard, Roca-Maza et al., arXiv:2105.15050
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see also Yue ef al., arXiv:2102.05267
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' Essick et al., arXiv:2102.10074
Take away from PREX-ll-informed results:

e uncertainties are still large
e allows for stiffer EOS at ~n,, but within the R (*%°Pb) = 0.19 £ 0.02 fm

large uncertainties consistent with chiral EFT S =32+ 1MeV L =54+8MeV
e tension between Apy and ap

Reinhard, Roca-Maza et al., arXiv:2105.15050
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Take away from PREX-ll-informed results:

e uncertainties are still large Different set of modern EDFs
e allows for stiffer EOS at ~n,, but within the R (*%°Pb) = 0.19 £ 0.02 fm
large uncertainties consistent with chiral EFT S, =32+ 1MeV L =54+8MeV

e tension between Apy and ap Reinhard, Roca-Maza et al., arXiv:2105.15050
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effective field theory and astrophysics
New developments: symmetric nuclear matter

103 prrrr
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& | = Huth etal.,
x S PRC 103, 025803 -
04 ) A, 101 3 B This work E
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FRG (N = 2, no diquark gap) = - i Chiral EFT
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pQCD (Ni(= 3) — I . = Danielewicz et al., Science (2002)
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nino Leonhardt et al., n/no
PRL 125, 142502
Functional Renormalization Group: New insights into the high-density EOS:

complementary constraints at > 3n, remarkable consistency between the
(beyond the range of chiral EFT) from constraints, which suggests that they can
the QCD action be combined via simple extrapolations
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Conclusion

multi-messenger
nuclear precision

FRIB

nuclear
axperment unique opportunity to constrain

era ‘A the nuclear EOS, with great

potential for discoveries

nuclear

observation theory

Microscopic EOS constraints statistically robust uncertainties

e excellent agreement of predicted S,—L correlation with experiment
e PNM and SNM show a regular EFT convergence pattern with increasing order
e extracted /\, is consistent with NN scattering e N2LO coefficient may be an outlier

e in future: consistently include uncertainties in the LECs of chiral interactions
e promising: new potentials up to N2LO by Wesolowski et al., arXiv:2104.04441 I
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e full Bayesian UQ: sample over LECs & hyperparameters
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