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NS EOS: THEORETICAL MODELS

% Microscopic models (realistic N-N interactions)
- Meson exchange (e.g. Brueckner Hartree Fock models )
- Chiral perturbation theory

% Phenomenological models
- Effective density dependent interactions
- Parameters adjusted to reproduce nuclear and
hypernuclear observables

Nucleon-Nucleon potential V(r)

Non-relativistic (Skyrme interactions )

Relativistic Mean Field Models (RMF) Relative distance r

- baryon-baryon interaction mediated by meson exchange

- nucleonic couplings fitted to properties of bulk nuclear Radial Pro]cile of NN~Potential
matter (GL, GM1) or to properties of nuclei ( NL3, TM]1,

FSUGold)

- hyperonic couplings fixed by symmetry relations and

hypernuclear data



LABORATORY CONSTRAINTS ON EOS

% N-N interaction : fairly well known
- scattering data
- measured properties of nuclei

D.C. and L. Vidaiia, EP)A 52 (2016) 29

* Y-N interaction : poorly constrained " - e e
- short lifetime of Y > 258 s : (EKDQI;I.S)lon_:
- low intensity beam flux Z o ! P, 4 @K 3
- AN and XN scattering events ~ 600 § | A l 1 = -
g 15 . B | 1131*11 =
% Y-Yinteraction : hardly any constraints 2 10 SR g i =
- no scattering data e e P
® ° n =
. g 0 _ﬂ_t.__\'\"q________:_l_' fa L .
% Hypernuclei (YN bound systems) < R g g =
- 40 single A-hypernuclei and few double-A ) SR N TR ST R
. g - 7 25
- no X hypernuclei confirmed yet e W Aﬁf}b e
Strangeness exchange reactions : 1 Energy of a hgpemn in sp orbits
g K- + %2 — 4Z + w
(CERN’ BNL, KEK, J. PARC) 2 S,P,cl,mc,g of hgpemuclei
_ . . * 3 e 5 deduced from (K-, 11-) and
Associate production reactions m + “Z = 442 + K

(BNL, KEK, GSI)

(T, KY) reactions

Electro-production reactions

(JLAB,MAMI-C)
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IMPLICATIONS ON ASTROPHYSICS: NS MAXIMUM MASS

Tolman-Oppenheimer-Volkov equations of relativistic
hydrostatic equilibrium:

dp G (m + 4mpr3)(e + p)

dr 2 r(r—2Gm/c?)

dm €

= 4r—r? EfHect of presence of hgperons on

dr 2

EoS and mass of a NS

450 — L L L L B T | T | 1 s 2
400 — —— nucleons & leptons B = §
[ —— nucleons, hyperons & leptons ] Z

o~ 350 — 2 & 2 g Mmax(theo) > M™%(obs)

E 300 1 =
= 300 :
& H15%
T e ] | NN ST L .ol e S e -

2 2)0 [ &)
< . - =
=~ 200 |- , P
2 . —1 4
: - —
Z2 150 — =
E ool 1 2
= 100~ —{058
5 [ - aid (a - - ';;
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Energy density € (MeV fm.3) Central baryon number density p (fm-s)

D.C. and I. Vidaiia, EP)A 52 (2016) 29



Constraints from Neutron Star masses :

Relativistic binaries

Keplerian parameters
e Orbital period Py
e Projected semi-major axis x = (apsini) / c
e Orbital eccentricity e
e Longitude of periastron w
e Epoch of periastron passage To

Post-Keplerian Parameters
e Relativistic advance of periastron w

e Gravitational redshift and time dilation y
e Orbital decay in period Py
 Shapiro time delay (range r and shape s)

Mass B (Mg,,)
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Constraining the E£o0S

Mmx(theo) > MM (obs)

Awntontadts et al.,

updoted 9 Moy 2013
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SOLVING THE HYPERON PUZZLE: HYPERON-HYPERON REPULSION

RMF EoSs including Y’Y—-repulsion and M-R relation
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SOLVING THE HYPERON PUZZLE: HYPERON-HYPERON REPULSION

B.C. and L. vidaia, EPJA 52 (2016) 29

800 3
—— WCSB ; — WCSB
== 15 .' ' —- CS
---- OPGRI g i ---- OPGR1
OPGR2 : OPGR2Z || v
LM £ / 25 S
—-- CB [ / LM c
‘ . -—- CB = 1
60’0 — ’,‘ / NG .’\': 52
/ .
\\ PSR J03<8+0432 ©
‘ : / de e R ';!;%.!;!;!;!;!;f;!;!;t;!;!;!;!;!;f;!;!;!;!f!;!;f;! —
— \. 'l PSR J1614-2230 «©
> \ |l = 8
- l s
? - o 0000 | e e ) !-L ___________ —152
P T | Hulse Tayloc PSR 2
= . L ©
7 Al =
: =
= h —1 £
! S
200 IJ. j . .“‘é
fL >
[ -] ©
J \“ e 05 (5
J‘ . \
RMF EoSs inclucling ®) k e j
YY~rePu|sion and 0 : | ! | L — ===z
M-R relation 0 500 1000 1500 2000 5 10 15 20
Energy density & (MeV fm ) Radius R (km)

S. welssenborn, B.C. and ). Schaffner-Bielich, NPA 221 (2012); PRC 85 (2012)
Colucel and Sedrakian PRC €7 (2013)

Oertel Providencia Gulminelll and Raduta, ).Phys. § 42 (2015)

Lopes and Menezes PRC 89 (2014)

Char and Banik PRC 90 (2014)



SOLVING THE HYPERON PUZZLE: HYPERONIC 3-BODY FORCES
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SOLVING THE HYPERON PUZZLE: PHASE TRANSITION TO QM

Hadron-Quark Phasc transition
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K* meson production in heavy-ion collisions

Pressure

SOFT EOS FROM HEAVY-ION DATA
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IMPLICATIONS ON ASTROPHYSICS: NS RADI

i ] “ ' * Measurement of R can also serve to constrain
14 I .
13.8 e ) EoS and estimate strangeness content N./Ng
T, = : , , T
138 .- -.L_.'j_j,'o 3 * fora given M, R decreases lmearlg with increase
E 134 - )
= ) in total hgperon content
1321t :
13 Tin * M =1-1.6 M., Ryys >13 km due to Pre-hgperon
. g LS55 sthqening rec:]uirecl for the EoS
P I i Mer.” B¢
0 001 002 003 004 005 006
Ns/NB

Providencia and Rabhl, PRC (2012)

M (M)

Fortiwm et al., (Ro15)




IMPLICATIONS ON ASTROPHYSICS: BH FORMATION

Birth of a Neutron Star and Supernova Remnant

(not to scale)
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IMPLICATIONS ON ASTROPHYSICS: PNS COOLING

Possible sources of cooling

Leptonic weak processes

direct Urca process:

n—p+e + 1,
p+e —n+trve

modified Urca process:

n+N—->p+e +ve+ N
p+e +N—-n+ve+ N

hyperon Urca process :
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IMPLICATIONS ON ASTROPHYSICS: R-MODES

Possible sources of bulk viscosity

¢ Leptonic weak processes

direct Urca process:

n—p+e + 1,
p+e —n+trve

modified Urca process:

n+N—->p+e +ve+ N
p+e +N—-n+ve+ N

hyperon Urca process :
Y - B+1l4+1

= Non-leptonic processes involving hyperons

n+p<<p+ AN
n+n<n+A

co-rotat ng inertial

Generic to all rotating NSs

Unstable by CFS mechanism: amplitude grows
due to own gravitational radiation-reaction,

sources of GW

Damped by (shear, bulk) viscosity, depends on the
composition of NS interior

Shear viscosity: from momentum transport due to
particle scattering

Bulk viscosity: from variation in pressure and
density when the system is driven away from
chemical equilibrium

timescale associated with growth/dissipation
o 5 » Tow . r-mode unstable, star spins down
ey « Tow . r-mode damped, star can spin rapidly



IMPLICATIONS ON ASTROPHYSICS: R-MODES

Possible sources of bulk viscosity 1

= Pure nucleonic star
== == Hyperonic star

Kepler

= Leptonic weak processes

S
(o20]
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C

direct Urca process:

T
|
I
|
|
I
|
|
|
|
I
|
|
I

n—pt+e 4+ ;—f, 0.6
p+e —n+ve Tj o
modified Urca process: % 0.4 — mstabx[:t9 N
., - = S window
nhNopde vt N = / \ ! lePtonic
"+ N — e+ N E L )
pre n et .2 g non~leptonlc > '
hyperon Urca process : O B
Voils By, 0 | | |
o Ll 8 9 B L 11
, X . . 10 10 10 10 10 10
= Non-leptonic processes involving hyperons
P P &P Temperature (K)
n+p<<p+ A = r-mode instability damped by leptonic

n+n<n+4+ A bulk viscosity at high T and
non-leptonic bulk viscosity at low T

= In the intermediate T regime, there
exists an Instability window

D.C. and D. Bawdgopadhgag, PRD 74 (20006)



IMPLICATIONS ON ASTROPHYSICS: R-MODES

Possible sources of bulk viscosity

= Leptonic weak processes

direct Urca process:

n—p+e + 1,
p+e —n+trve

modified Urca process:

n+N—->p+e +ve+ N
p+e +N—-n+ve+ N

hyperon Urca process :
Y - B+1l4+1

= Non-leptonic processes involving hyperons

n+p<<p+ AN
n+n<n+A

Kepler

C

Critical angular velocity €2 /€2
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r-mode instability damped by leptonic
bulk viscosity at high T and
non-leptonic bulk viscosity at low T

In the intermediate T regime, there
exists an Instability window

D.C. and D. Bawdgopadhgag, PRD 74 (20006)



IMPLICATIONS ON ASTROPHYSICS: R-MODES

Possible sources of bulk viscosity

¢ Leptonic weak processes

direct Urca process:

n—p+e + 1,
p+e —n+trve

modified Urca process:

n+N—->p+e +ve+ N
p+e +N—-n+ve+ N

hyperon Urca process :
Y - B+1l4+1

= Non-leptonic processes involving hyperons

n+p<<p+ AN
n+n<n+A

Kepler

C
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r-mode instability damped by leptonic
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In the intermediate T regime, there
exists an Instability window
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GW EMISSION

IMPLICATIONS ON ASTROPHYSICS

ial Oscillations:
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IMPLICATIONS ON ASTROPHYSICS: AXIAL-W MODES

72
72 12
e K =300 MeV ZGEF
Tr ke k== pA
R 7 L +~..+__ A
b —p o s o
\‘ X " +“ + ..... +-.+..+ + 716
68t 1oek-ad 68
T
? g .‘.n._. §
641 ” 64 " 708
62 6o L K=300MeV \\./ K =300 MeV
—np ——
-k, U, = -120 MeV 704 ¢ Coe| ;{})zird family
6} 61—t mpk, U, = -160 MeV g
58 | |
58 ' ' ' 018 022 0.26 03 7 L L .
0.14 0.18 022 026 03 s 015 017 019 021
M/R ' M/R

sk Detection of w-mode ?requcncies can constrain composition of NSs

%k Frequencg and dam[;\)/i‘ng time for different EoSs can be calculated as functions of NS structure
Parameters such as , R and compac‘cness M/R

sk First order Phase transition can lead to a stable third Familg branch of compact stars with higher
compactness (sma”er radin) than NSs. Axial w-mode Frequencies can be used to discriminate between a
neutron star and its comPact twin.

D.C. and D. Bawdgopadhgag, PRD 20 (2009)



IMPLICATIONS ON ASTROPHYSICS: GW EMISSION

t=1.83 ms t =2.59 ms t=3.78 ms

t =6.60 ms t =7.56 ms t=11.34 ms
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SUMMARY

& The presence of hyperons in finite nuclear systems is well established
experimewtau,g, and Lt Ls com:jeotureol that hyperons should also be present Ll NSs

) As NSs possess large densities and n-p asymmeetries beyond the reach of nuclear
and hypernuclear experiments, one must rely ow theoretical models, with parameters
fitted to properties of SNM at nuclear saturation density and thew extrapolated

& f present, hyperons should display particular signatures in astrophysical
phenomena tnvolving NSs. Thus astrophysteal observables may provide constraints
on properties of hyperons in dense matter

&) The appearance of h Yperons relieves the Fermi pressure, softens the Bquation of
State and reduces the maximum M. Thus observations of large NS masses puts
stringent constraints on models of hyperons

& NS Radil may provide estimates on maximum strangeness fraction in NSs

) wrea processes involving hyperons should contribute to additional fast cooling
ln NSs, unless suppressed by hyperon S¥

Q Hyperon nown-Leptonic weak reactions ma Y provide additional bulk \/LSODS(:{:H,
that may help to damp out unstable R-modes in rapidly rotating young NSs, thus
limiting the emission of GWs during spindown to slowly rotating NSs



OUTLOOK

¢ Future experiments on E-hypernuclel planned at )-PARC will help constrain the
E-N interaction as well as double A-hypernuclel produced by decay of = captured
Ln atomic orbit

L) Future experiments planned in BNL, KEK, J-PARC with K beams and at FAIR

with protons and antiprotons will study double-strange hypernuclel which may
constrain A-A interaction

() Forthcoming HIC experiments will provide information on compressed baryonic
matter at tntermediate energies, densities relevant for NS interior where exotic
COMPONENLS Can Appear

) vestigations using lons with varying Z/N ratios may allow the possibility to
probe Lsospin asymwetry of dense matter

) Lattice RCP (HAL @CD) caleulations may provide high precision predictions in

futwre, tn particular for channels where only few experimental data are available,
e.9., the hyperon-nucleon tnteraction
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