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* Brief overview: neutron star equation-of-state
@ Constraints from 2 M stars and mergers (GW signals)

@ Neutron star matter as a (relativistic) Fermi Liquid

* Strangeness and baryonic matter

@ Hyperon-nuclear interactions and three-body forces

@ “Hyperon puzzle” in neutron stars



Role of STRANGENESS (Kaons/Antikaons, Hyperons)

Key Issue: in DENSE BARYONIC MATTER (Neutron Stars)

@ Several heavy neutron stars observed with masses around M ~ 2 M,

@ Hyperon puzzle (strangeness puzzle)
in neutron star matter:

Appearance of hyperons

(or kaon condensate)

Y

neutron star

equation-of-state

1 far too soft !
10 12 14 <

@ Basic requirements:
— > Many-body theory of dense baryonic matter
t— > Theory of hadronic interactions including strangeness (guided by QCD symmetries)
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Part 1.

Status cf Neutron Star
fcluation-@[-Smte

Stiffness constraint:
EoS must support massive (2.17 M) neutron star

Compatibility with GW neutron star merger signals
(tidal deformability)

Microscopic EoS and Landau Fermi-Liquid theory
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NEUTRON STAR MATTER Equation of State l

@ Comparisons with EoS reconstructions from neutron star data

1000

e utilising machine learning
(neural network) methods

Y. Fujimoto, K. Fukushima, K. Murase

100 } ; arXiv: 1903.03400
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@B

NEUTRON STAR MATTER Equation of State

@ incl. M,,,.. = 2Mg + GW constraints and extrapolation to pQCD limit
A.Kurkela et al.: Astroph.].789 (2014) 127 A.Annala et al.: PRL 120 (2018) 172703  A.Vuorinen : Nucl. Phys. A982 (2019) 36
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@ ... recent news: msec pulsar J0740+6620 with M = (2.17 +0.11) M
H.T. Cromartie et al.  arXiv:1904.06759 [astro-ph.HE]
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NEUTRON STAR MATTER : Chiral FRG Equation of State

@ Chiral Nucleon-Meson Field Theory & Functional Renormalisation Group

M. Drews, W.WV.

Phys. Rev. C91 (2015) 035802

Prog. Part. Nucl. Phys. 93 (2017) 69

@ Consistent with (perturbative) ChEFT at low densities

@ Reproduces nuclear matter properties (incl. liquid-gas phase transition, ...)
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EoS incl. beta equilibrium

core region of
massive neutron stars

[ max. range of (pert.) Chiral EFT)
neutron matter calculations

Y. Lim, J.W. Holt
PRL 121 (2018) 062701
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Non-perturbative
FRG calculations :

@ multi-pion
exchange processes

@ nucleon-hole
excitations

@ multi-nucleon
correlations

@ NO chiral phase
transition
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DENSE BARYONIC MATTER in NEUTRON STARS
asa RELAVISTIC FERMI LIQUID

B. Friman, W.W. arXiv: 1908. 09722 [nucl-th]

@ Neutron Star Matter : Fermi liquid
dominantly neutrons + ca.5 % protons

@ Quasiparticles:
nucleons “dressed” by their strong interactions
... and imbedded in multi-pion field o<

@ Neutrons as relativistic quasiparticles | ls{
Fermi momentum in neutron star core region :

—

1.0 2 \1/3

pr = (31° p) /3 ~0.5—0.6 GeV/c 2 My(p)
0.8} ]
0.6} 1\ﬁm | @ Landau effective mass m”* = \/ p% + M?2(p)
04| ] @ Chemical potential

Chiral FRG
0¢ o\ E(p) _
A ewmame | M T 5, T Mo + (1 + Pap> G =m(p) + (//\'(p)
0.0 : . : .
ool et ‘repulsive many-body correlations ]

Tt
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Relativistic Fermi-Liquid Theory (contd) I

@ Quasiparticle interaction expanded in Legendre series

Coefficients: Landau Fermi-liquid parameters Landau
effective mass
@ Leading Landau parameters (T=0) : | incompressibility ] V
prm*(p) O?E(p) — m*(p) I Fi(p) _ m*(p)
+ Fo(p) 3 972 3p2. (p) +— ”
strongly
@ Speed of sound repulsive
correlations
- L(m) L ™
3 v 1+ §F1 Cs > ﬁ
0.0

[ . . . | . . . | . . . | . . . | . . . | . . . | . . . | ]
0.0 0.2 04 0.6 0.8 1.0 1.2 14
£ [GeV -fm 3

B. Friman, W.W. arXiv: 1908.09722
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LANDAU FERMI-LIQUID PARAMETERS

@ Deduced from neutron star matter EoS calculated using
Chiral Nucleon-Meson Field Theory & Functional Renormalisation Group

neutron
star
matter

strongly
correlated
Fermi liquid

but not
“extreme” !

sl M strongly
Al repulsive
many-body
3r correlations
ol
1L
0 :
decreasing
—1r effective
—2} . . . o . Fermion mass
0 1 2 3 4 5 6 |

P/ Po
B. Friman, W.WV. arXiv: 1908. 09722

@ Low densities p S p, : good agreement with (perturbative) ChEFT results

J.W. Holt, N.Kaiser, W.W.: Phys. Rev. C87 (2013) 014338
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LANDAU FERMI-LIQUID PARAMETERS (contd.)

Comparison with atomic liquid helium-3 in its normal phase

at low temperature (3 K)

Interaction between He-3 atoms:

attractive van der Waals potential plus strongly repulsive short-range core

Landau parameters of liquid helium-3 at pressures P = (0 - 30) bar:

FO(SHG) ~ 10— 70 F1(3He) ~o—13

... much larger by order of magnitude than
Landau parameters of neutron star matter !!

Intermediate conclusion :
Neutron star matter at central densities

is a strongly correlated Fermi system
... but not as extreme as one might have thought !
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Part II.

ﬂ-lyjoeron-‘l\/uc[ear Tnteractions
and
Stmngeness in Dense ‘Matter

@ Chiral SU(3) Effective Field Theory
of Hyperon-Nucleon Interactions

@ Hyperon-NN Three-Body Forces

@ “Hyperon Puzzle” in Neutron Stars ?
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NEUTRON STAR MATTER including HYPERONS

ChEFT
calculations

“conventional”

n-star matter

T. Hell, W.W.

PRC90 (2014) 045801
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computations
(hyper-neutron matter)

M PSR J1614-2230
M,
B Quantum Monte Carlo
AN
+
ANN(l)
AN P LR - P ;

D. Lonardoni et al.: PRL 114 (2015) 092301
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Brueckner
——— calculations

H. Djapo,
B.-). Schaefer,
J.Wambach
PRC8I (2010) 035803
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Inclusion of hyperons: EoS too soft to support 2-solar-mass n-stars
unless: strong repulsion in YN and/or YNN ...
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BARYON-BARYON INTERACTIONS from
CHIRAL SU(3) EFFECTIVE FIELD THEORY

BB interactions

@ Systematically organized
hierarchy in powers of Q/A

(Q: momentum, energy, pion mass)

3 — body forces

KK

o | X Jo

wol X 14 b b 1
vrol 14 b

X j b -

]
SIS e B

o | 4] B R

4 — body forces

o [HEL PR

@ NN interaction : has reached N4LO level

@ YN interaction:

so far very limited empirical data base

—> restriction to NLO plus YNN three-body forces
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Coupled-Channels Lippmann-Schwinger Equation l

@ Partial waves (LS)J , baryon-baryon channels o, 3

T30 (s, 05 V/'8) = Via(p5,pi) +

> dp p? J 2/ J
Z/O (27r)3vﬂ’y(pfap)p’2y — p2 + 4e T'ya(p) Pis \/g)
Y

Input V from chiral SU(3) EFT baryon-baryon interaction at NLO

@ Momentum of intermediate channels 7y determined by :

Vs = \/M3,1 +P3+\/M3,2+pf2y

@ Momentum space cutoff: 0.5 - 0.6 GeV
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1O Hyperon - Nucleon Interaction
) from CHIRAL SU(3) Effective Field Theory

G (mb)

\
N A f A m [N y
K T A
S t ) 1< 1t 1
7[_ \\\\ ’,,' S
N A N A N AQ— ------ .N 1 4 ¢ A T
4 N /
200 Ap -> Ap Ap 1So .
—_—— M @ moderate attraction

401 i

e Sechi-Zormn et al. |
o Kadyk et al.

o Alexander et al.

at low momenta
—> relevant for

200 .
hypernuclei

O (degrees)

@ increasing repulsion

| at higher momenta

—> relevant for

| ' dense baryonic

PR B P l L
- I I :
400 600 800 205 200 400 600 800

plab (MeV/C) plab (MeV/c) mattel’

oL 1 .
200

y

J. Haidenbauer, S. Petschauer, N. Kaiser, U.-G. MeiBBner; A. Nogga, W.W.
Nucl. Phys. A 915 (2013) 24
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Hyperon - Nucleon Interaction J. Haidenbauer, S. Petschauer, N. Kaiser,
U.-G. MeiBner, A. Nogga, W.W.

(Contd.) Nucl. Phys. A 915 (2013) 24

@ 3N elastic and charge exchange scattering

Zp>2p Zp>Zp 2p->2n
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m  Kondo et al. 200 - |
150 — —
100 —

150 = —

o iED o

E 100} . E E

o © o
100 —

~
= 50 —
50 — —
50 — —
I I I I q 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 I I I I
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 00 120 140 160 180 O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 MeV/ 100 200 300 400 500 600
pIab ( € C)

P, (MeVic) P, (MeVic)

| —
| — | ———— T —

@ Quest for much improved hyperon-nucleon scattering data base !
(... looking forward to J-PARC E40)
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Hyperon - Nucleon Interaction : recent update |

J. Haidenbauer, U.-G. MeiBBner, A. Nogga arXiv:1906.11681 [nucl-th]

@ Reduce no. of independent contact terms at NLO by imposing symmetries

ting NN and YN S-
connecting NN an waves blue: NLO 19  red: NLO I3

3
A . . .
PS; including Ap <+ XN coupling
30 phase shift
L
300 ——————————————— 70 : — :
Sn>ii< %
20~ : ilee(;(':ai;fi%rrne?ta?L ] 60~ o Kadyk et al.
Z Eiaelll(l:::;?gcekt al. I ¥ o Hauptmanetal. |
i 1 i i Ap — Ap |
10F 200 Ap — Ap :
_,il NLO 19 | i T\

o (mb)
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d (degrees)

100 — —

A\ [
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0 P IR I BT I R s
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without Ap <> XN coupling

T ——
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Hyperon - Nucleon Interactions from Lattice QCD

Hadrons to Atomic nuclei

H’ AL .

AN('So) = 1[27) + (8]

3000 3000 83)
27) , ' ,
sso0 | V( 100 ' Ve | 2500 | V‘ :zz Vi
from Lattice QCD 2000 \ o 2000 4000 ¢
- 0 : 3000 | !
3 1500 " 1500 2000 |
_-.S - 1% \"-, 0, a9=0,13840
mps — 0.47 Gev 1% 100 ¢ . Xua5=0.13840 1o ‘~_ o . . A - ‘.
500 | 0.0 0.5 1.0 1.5 20 25 500 'fi‘ 00 0.5 1.0 15 20 25
T.Inoue et al. N . - PO
PTP |24 (ZOIO) 59| 0.0 0.5 1.0 15 20 25 3.0 as 0.0 OAS 1.0 15 20 25 3A0 35
Nucl. Phys. A88I (2012) 28 r ] riten]
3 1 * 1
AN("S,;) = 5[10 J+ 5[8a]
Short-range
3000 T ' 3000 °
) g V) TR repulsive core
2500 | : Ve v 2500 { V | .
sof 0f S in all channels
: [ m— T
= 1500 " ) 1500 } i
s d d ; 3
~ 1000 100 | L K, ¢ s=0.13840 1000 400 ) Xucs=0.13840 : 4 o o o towards
500 . 0.0 05 1.0 1.5 2.0 25 500 0.0 05 1.0 15 20 25 | physical
0 [ S————— 1 o= ‘ quark masses
0.0 0.5 1.0 15 20 25 3.0 35 0.0 05 1.0 15 20 25 3.0 s
r [im) r Iim]
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HYPERON - NUCLEON - NUCLEON
THREE-BODY FORCES from CHIRAL SU(3) EFT

S. Petschauer, N. Kaiser, . Haidenbauer, U.-G. MeiBBner, W.VV. Phys. Rev. C93 (2016) 014001

@ Chiral SU(3);, x SU(3)gr Effective Field Theory:
interacting pseudoscalar meson & baryon octets + contact terms

3-baryon
sector at | 8lg8ll L .
NNLO
8] 8]
8]

@ SU(3) symmetry used to restrict no. of independent parameters

@ Further reduction through decuplet dominance

19




Decuplet Dominance
in YNN three-body forces

@ Estimates of YNN 3-body interactions assuming
dominant decuplet (X*, A) intermediate states

-——-@---9 * [10]
Lo @ ... much reduced set of parameters -
Basic vertices :
R— - [10]
Lo 3 One constant
| — [10] 10 8] ---- (C = %gA ~ 1 from A — NW)J
8]

[10] 8]
Two constants
— (H17 H2)
10 (Typical magnitude |H;| ~ f_2)
/1 8] 8] /

A Pauli-forbidden

promotion from NNLO to NLO in NN sector
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Density-dependent EFFECTIVE HYPERON - NUCLEON
INTERACTION from CHIRAL THREE-BARYON FORCES

S. Petschauer, . Haidenbauer, N. Kaiser, U.-G. MeiBBner; W.W. Nucl. Phys. A957 (2017) 347
eff dgk
Vig = Z troy [ = V123 N
I k| <kE (2)
@ Example: A-neutron density-dependent effective interaction Y N
in a nuclear medium (protons + neutrons)
2 2
ff C ga _ .
Van " = 271 A lon +2pp] + F(kp, krip.q)  repulsive
ff CH gA
Vi = Spa oo+ 200+ GKE Kipa) -
ff, ° .
Vet = [on + 20, (H = H, +3H,) repulsive

T 18A

@ Decuplet-octet mass difference A = Mg — Mg = 270 MeV

. 3 1 1 (dim.arguments
o | ters: C=—Jga~1 -5 SHSH
Coupling parameters : C 174 1 F2 f2 natural size)
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Density dependence of A single particle potential

@ Brueckner calculations |

using

chiral SU(3) interactions 4

WG«QJFG

A A

20,  Symmetric 0, heutron |
- nuclear matter l 4 Chiral SU(3) matter
O NLO+3BF & T — 2- and 3-body
_ 71 LU  forces
s ( hypernuclei 1
= | == 2-body only '
D -20

.
.
.
.
.
L
PRI

using NLO13:

J. Haidenbauer,

| | U.-G. MeiBner, '\,'\iljgnceg;f“
-40 - Nijmegen) | N. Kaiser, -40- )
NSC97f ) | W.W.
I S S O A T SO N AN SO SR
05 1.0 15 2.0 Eur. Phys. J. G 0 5 50
P/ P, /
A53 (2017) 121 P/ Po
@ ... towards a possible solution of the “hyperon puzzle” ?

Gw)=V+V

e(w) +

J. Haidenbauer, |.Vidana
arXiv : 1910.02695

Technische Universitat Minchen m

@ see also: finite hypernuclei using NLO13 and NLO19
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Density dependence of A single particle potential (contd.)

@ Chiral NN (N3LO) + YN (NLO) interactions + NNN & YNN 3-body forces
@ Coupled-channels G-matrix including explicit ANN <> 3NN three-body interactions

Q

Gus(w;p)=V +V — G, p(w;
ap(w; p) = Vag(p) "‘"(p)e(w) 3 G8lws p)
@ Constrained by hypernuclear physics:  Ua(p = po) = =30 MeV 5 e t1e) 035004
400 T T T
1 A in N=Z nuclear matter A in neutron matter
300+
| u, Strc.)ng
MeV] additional
200+ 2+3 BE 4 D.Gerstung .
N. Kaiser, ’ I'GPUISK)n
| G W.W. from YNN
(2019)
L00- / three-body
forces
50 -
: 2 BF
I e sy R .
' 4 5 ' - - -
0 ! ? ;0/;003 0 ! % p/py° ! °

@ Range of 3-body-force parameters: —H; = (2.2 —2.5) f-% Hy = (0—1.2) f-

2 Tm
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A Hyperons in Neutron Stars ? l

@ Onset condition for appearance of A hyperons in neutron stars :

Equality of chemical potentials pua = pn

1.5
1.4

o€ 1.3
Hi = 8 p; 1.2

1.1

@ hyperon chemical potential

2+ 3 BF LA fAN—}—ANN

AN+ ANN j 2+3 - body
\LAN 2-body)

in neutron matter from

Chiral SU(3) EFT interactions

D. Gerstung, N.Kaiser, W.W. 2019

P/ Po

@ neutron chemical potential

in neutron star matter from

Chiral FRG EoS
(symmetry energy range 30-34 MeV)

M.Drews, W.W.  PPNP 93 (2017) 69
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3. Hyperons in Neutron Stars ?

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

L [ v 1 s I 5 Ry @ Hyperon
I | -l PR potentials
=050 | | | o R ¢
|- om0 1 ST S rom
| - = | ! _e /// ] Chiral
_‘ T T T | SU(3) EFT
| " et o7 .-~ | interactions
r- - i | S.Petschauer etal. | .
i _~1 1 EPJAS2(2016) 15 |
_ .I.t. .-..l_-.-'--l-' :—— I | I RN | I R I 500
0.6 1.0 1.4 0.6 1.0 1.4 0.6 1.0 1.4 0.€
p/ po =
@ X-nuclear potentials are repulsive -
Q
+
@ Condition for appearance of >~ )
in neutron star matter : L 200
K- = My + e = 21n — Hp 100
o€
Hi = —
api 0 1 4




SUMMARY & OUTLOOK

#¥ Neutron star matter:

EoS constrained by increasing amounts of observational data

o 10.9 C.D. Capano et al,,
> Mo ~22Mg, R~10—-12km (Rianm, =11.0556km) i 908 10352

» Tidal deformability from GW signals of binary n-star merger

ChEFT, (non-perturbative) FRG and Fermi-Liquid Theory
» Conventional EoS consistent with ‘“stiffness’’ constraints
» No chiral phase transition in n-matter up to at least p > 5 p,

» New keywords: continuity of quark and hadron matter ? Superfluidity...
Rept. Prog. Phys. 81 (2018) 056902 arXiv:1903.08963 arXiv: 1908.09360

Strangeness in the core of neutron stars ?

» Hyperon-nuclear interactions from Chiral SU(3) EFT
» Repulsive YNN three-body forces are capable of resolving hyperon puzzle

» But: quest for much improved hyperon-nucleon/nuclear data base !!
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Appendix

Sujojo[emenmry Materials
Chiral Nucleon-Meson Field T} ﬁeory

an
Functional Renormalisation Group

y
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Densities and

Distance Scales in
Baryonic Matter

normal nuclear matter

baryonic core

of the nucleon

S

20 A|verage distanc
b+atw een
1.8
two nucleons
1.6
dnN
1.4
[fm] N
1.2 \\
1.0 \
0.8

@ (Multi-)pionic field in the space between baryonic core sources
@ Quark cores of nucleons overlap (percolate) at baryon densities

PB > 9 Po )
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Mesons, Nucleons, Dense Baryonic Matter
and
Functional Renormalisation Group

@ Chiral nucleon - meson Lagrangian N
_ . 1 ™, 0
L= Niy,0"N + 5((’9“08“0'—%6“#-8”11') + ---4 g
/\ ¢ hd ’ ) N
\ >< S UM o) W e e
N \ N \"1!',0 s "11',0“ )
isoscalar & isovector 4

current-current interactions
mediated by heavy vector fields

@ Nambu-Goldstone boson 7t and “heavy”’ o

@ Potential U (o, T): polynomial in Y = T + 0 constructed to
reproduce vacuum physics and equilibrium nuclear matter

@ Symmetry-breaking mass term + x*log x term

Review: M. Drews, W.W. : Prog. Part. Nucl. Phys. 91 (2017) 347
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Renormalisation Group strategies |

[k—dependentj [ full j
action . . propagator
X Wetterich’s FRG flow equations V
8Pk[<I>] 1 i aRk (2) —1]
k = STr (k2 ( R) | =
T R L A G N L R y
[pr[®] =S
uv T} [®] G.cale regulator Rk)
C.Wetterich:
Phys. Lett. B 301 (1993) 90 ['p—o|®] =T'|P]
IR
y
® Thermodynamics: Non-perturbative treatment of :
k Ok (T, 1) (@ Q \.> @ multi-pion
VAl exchange processes

-~ @ nucleon-hole
- + Q o excitations
~ - T =0 .
7 ' HO @ multi-nucleon
Cnucleons) m correlations
30
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CHIRAL ORDER PARAMETER in NEUTRON MATTER

@ Chiral Nucleon-Meson field theory and Functional Renormalization Group
M.Drews, WW.  Phys.Rev.C91 (2015) 035802  Prog. Part. Nucl. Phys. 93 (2017) 69

@ Chiral order parameter :
sigma field
A

in-medium pion decay constant
(@) = fz(p)

Important role of fluctuations
(pionic, nucleon-hole,

mean many-body correlations)
*, Ist order . .
| field . chiral beyond mean-field approximation:
0.2} ", phase

transition

NO first-order

00— chiral phase transition

density p/po in the n-star density range




