TECHNISCHE

UNIVERSITAT
MUNCHEN

Hadron-hadron interactions and the physics of
neutron stars

12 Eabbietti

Technische Universitat Miuinchen
http://www.denseandstrange.ph.tum.de

Indian Summer school 2022, Prague



http://www.denseandstrange.ph.tum.de

'P—-,—

TUTI

TECHNISCHE
UNIVERSITAT
MUNCHEN

O S — e ——

Nuclear Equation of State

Experimental determination of the nuclear equation of state
considering only nucleons

Use nuclei to first asses the equation of state of normal
nuclear matter and then extrapolate to higher densities
Measure dense baryonic systems via heavy ion collisions at
different energies and look for obetvables able to constraint
the EoS

Start from nucleon-nucleon scattering and nuclear
spectroscopy where the binding energy of nuclei are
determined and constrained an effective field theory for many
nucleon interactions that is then extrapolated to high densities
( without any connection to experiment with large baryonic
densities)

In particular: how to measure three- or four-body forces ?
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EOS from Nucleil

« We want to learn something about the equation of state around normal nuclear
density

» Therefore we consider normal (well known) nuclei.
« Their density profile can be measured by electron scattering
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« All nuclei reach the same core density p,=0.16fm= =1/(6fm?3) with a binding
energy of about -16 MeV

« At p=0 the binding energy is 0 MeV because nucleons are completely separated.




oo Incompressibility of the EOS
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« With this we know already two points of the EoS:

» The incompressibility K quantifies how
much energy per nucleon you need to
compress matter.

« K is defined as the 2"d derivative of the
energy E with respect to p.
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» Fitting a simple parabola through the two points would result in K=290 MeV.

« However the EoS could also be anything else than a parabola
* In General: E0S is called soft if K<290 MeV
EoS is called stiff if K>290 MeV
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Measure Incompressibility

» How to measure the incompressibility K?
» One can study the radial vibration of the nucleus!
 This can e.g. be done by shooting a particles on a nucleus.

*

*The excitation energy has the following form:
AmN<r2 >AR2
2

2
MV

E,.. :Idfp

+%AK(R—RO)2 = +%AK(R—RO)2

K
mN<r2>A

» Corrections are needed due to Coulomb interaction etc.
« Finally the K factor for infinite matter compared to K measured for nucleus:

Kinf=3/ 2Knucl

:>E*=ha)=h\/
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Measure Incompressibility

« Task for the measurement: Measure radial excitation, i.e. vibration angular

momentum L=0 (s-wave)! A
@
L=0 =

rotation L=1 L=2

symmetry

« To isolate L=0 one has to measure at very forward angles! Why?

L<|p-p|R=ApR= psin(®)R~ pOR

L<lh = ®<i

PR
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Measure Incompressibility

PRL 39, 19 (1977)
Results of measurement (Sm target):

E,=389 MeV

1448 m( oo
Pronounced L=0 resonance s e OO )

at E*=15.5 MeV

E *2mN<r2>

4 =138MeV

h2

It follows:
K=Ks"/0.67=210MeV

Compared with the value extracted before (290 MeV).
EoS seems to be soft around p,
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Measure Incompressibility

PRL 39, 19 (1977)
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Simultaneous fit of angular
distribution and energy spectrum
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Measure Incompressibility

Knom obtained by comparing GMR energies and RPA calculations with
Gogny interaction.

Knm=231+-5 MeV

208

240 -

Pb

-+

dhy et al. PRL82,691 (1999)
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All measurements of giant monopoles speak for a rather soft
nuclear equation of state at saturation density
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Starting point: EoS of cold nuclear matter
Pn — P
E(p,0) = Eo(p,d = 0) + S(p)d*, & = ?

4 %

nuclear symmetry term

expansion around saturation density:

S(p) = So — Le + Koyme® + Ole’] e = '003_ i
Lo

slope parameter T

curvature e

- symmetric nuclear matter

dS ( 10) Symmeltry energy

L = 3po dp ‘po = [3/po] Po

E,—-16 MeV| +——— Nuclear saturation

0

Fo : Pressure in pure neutron matter p,=0.16 fn”
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iftd Experiments connected to the Symmetry Energy

Saturation Density:

* P-Rex (JLab), M-Rex(Mainz)
* MSU Experiments

|

Beyond Saturation Density:

* * ASY-EOS (Catania)
* HIC ( for nuclear matter EOS)
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Parity violation and neutron density
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Matter and charge radii

+ SACLAY 76
« STANFORD 69

0.1/ 0.003845
0.7/0.009724
1.6/ 0.033093

1|0.000120
2.7(0.0831 07 ——— E+M charge

10080869

220139957 —— Weak charge
5.1(0260892 - _

6.0/0336013 Proton
6610033637

760018729 ; Neutron
8.710.000020

Density (fm ™)
g

g(fm)~*

Pressure forces neutrons out against surface tension
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P-REX results

Measured A,

Correct for Coulomb
Distortions

Weak denMat one Q?

Small corrections for
G: G MEC

Neutron de}s{tv at one Q?

Assume surface thickness
good to 25% (MFT)

P

Beam Energy = 1 GeV

ALY = 656 + 60(stat) £ 14(syst)ppb

R, = 5.78101¢

Hpeasured with
electron scattering

0rnp = Rn — Rp = 0.3315 7
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Neutron matter pressure

Density dependence over pressure for pure neutron matter

P=(141+041)-10%bar

Pressure (10%" bar)

| Density | 2/Po

Calculations: Without 3N nuclear forces With 3N nuclear forces
Experimental value: average among all measurements
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iftd Experiments connected to the Symmetry Energy

Saturation Density:

* P-Rex (JLab), M-Rex(Mainz)
* MSU Experiments

|

Beyond Saturation Density:

* * ASY-EOS (Catania)
* HIC ( for nuclear matter EOS)
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it Symmetry energy at subnormal densities

Parametrisation of the symmetry energy used in transport models:

Tools:

measure neutron/proton yields
measure Isospin diffusion

in collisions involving '2Sn and 124Sn nuclei at kinetic energies of 50 MeV/A

1128n: 62 neutrons 50 protons -> neutron pootr
124Sn: 74 neutron 50 protons -> neutron rich

The parameter ") is extracted by comparing the experimental data to
transport models
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Neutron to Proton Ratios

DR (Y(n)/Y(p)) = Ry1p(A)/ R,/ »(B)

_ d“:’n (A),/db'c.m. d"wl’(‘B:)//d Ec.m.

dM (A)/dE,,, dM, (B)/dE

C.IIL

R
o
purt

|
??j.;
NNRNNER A
| |

. e . A

=

COO~NE
_ $Lovoo
\

C
—
o
G
z
o et
A

PRL 102, 122701 (2009)

b

A= 124§+ 124§
B: 112811 -+ 1lzsn

Measured neutron energy

spectrum for the colliding system
A

DR> 1 since more neutron than
protons

Increasing DR value as a function
of energy: Neutron pushed
because of the symmetry energy
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Neutron to Proton Ratios

DR (Y(n)/Y(p)) = R, ,(A)/R,;,(B) A= 124§n+ 124§

nyp
_dM(A)/dE ., dM,(B)/dE B= 112Sn + 112Sn

“c.m.

M (A)/dE,,, dM,(B)/dE,,,

C.IIL
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Explanation: since for these esp.
P < Po

the number of neutron is larger
for smaller values of 7Y
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But for very small 7)Y the system
disintegrates so that the ratio
goes towards the limit 1.2

PRL 102, 122701 (2009)
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Isospin Diffusion

measured fragments

PRL 102, 122701 (2009)

R/(X) =2
XA+A o XB+B

X — (Xg44 + Xp4)/2

’
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SYMMETRY ENERGY AND PRESSURE
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PRL 102, 122701 (2009)

(Jwi/AeW) °d

- symmetric nuclear matter
== pure neutron matter

!
-

Symmetry energy

E“ = -16 MeV| +——Nuclear saturation

0 p,=0.16 fm”

P-REX
P=(141%041)-10 % bar
— P =224+0.64MeV/fm>
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iftd Experiments connected to the Symmetry Energy

Saturation Density:

* P-Rex (JLab), M-Rex(Mainz)
* MSU Experiments

|

Beyond Saturation Density:

* * ASY-EOS (Catania)
* HIC (for nuclear matter EOS)
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i Symmetry energy at supra-normal densities

—— DBHF

varAV18 + Oov + 3-E
—— NL3
Slope Parameter at 00

Not constrained at large densities. Three-
body forces unknown at large densities

Fuchs and Wolter,
EPJA 30 (2006) p/p0
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iitd Heavy Ion Reactions at Intermediate Energies

132 + 124gp —— 1000AMeV

. b =1 fm —— 400AMeV
reaching 2-3 oo . —— 200AMeV

non-equilibrated, dynamical
system

access to properties

® microscopic transport models

n/p ratio in dense phase depends
on Esym

10 20
t / fm/c

Study observables sensitive to the ,

. : - :, 400 AMeV, b = 1 fm
difference in neutron/proton : 3L t = 20 fm/c
densities/potentials | |

® n/p ratio and flows
e t/3He ratio and flows
e 7-/m* ratio, KO/K* ratio ....




TUTI

TECHNISCHE

Definition of Flow

Again push and pull.. But respect to a reaction plane

Reaction plane: plane on which the reaction occurs © —
Reacting nuclei trated like spheres partice P=P;—Wg

elliptic flow v,
OFF plane emission

side flow v,
bounce off

impari porome’er b~

counts

OFF plane emission

The strength of the interaction is extracted
from the comparison with transport
models
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Flow in HIC at low (<GeV) energies

If matter is pushed out
of plane becaue of the
spectator presence it
Reaction plane: plane on which the reaction occurs © I means that matter is

push and pull of particles.. But respect to a reaction plane

: : . A )
Reacting nuclei trated like spheres counts stiff

elliptic flow v,

OFF plane emission >
-1%? -90° 0° 90° 180°
side flow v, o
bounce off

impaci poromeer b,

For us the question is whether
neutrons are pushed out more
than protons because of the
symmetry energy!

OFF plane emission

The strength of the interaction is extracted
from the comparison with transport

models
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Reaction plane and angular variables

detector
Projectile Target

? Which is the angle yy

ﬁ
-

Q= Sum of the P, of all particles Pr = \{px +p,

Event Plane!! Beam Direction=z

0'= ¢-Pr

¢ = Azimuthal Emission angle of one particle
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Flow: sideward and elliptic

Beam Direction  Different pressure gradient in in-
plane and out-of-plane.
Expansion in in-plane

X (fm)
—mill
-100 10-100 10-100 10-100 10 -100 10

1 1 1 "

10} 0x10™s } 30+ < 3 ORI B 3,
Spectators Participants
‘ | | (Fireball)
‘ : -d

Ll 1

1 High Pressure Area in the

i, : collison zone:
9" Y 1€ " % \ Specator shade angular areas
-100 10-100 10-100 10-100 10 -100 10

X (fm)
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Flow in low energy HIC

OFF plane emission

side-splash
bounce off

impoc porometer b,

7

hounce off
side-splash

OFF plane emission

0
0.1

02 03 04 0H 06 07 08
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Particle flow: v2

@ 1+ z 2v, cos[n(@ — yp)].

d(¢ - wR) n

N=2 Eliptic flow

V2=0.2; Enhancement in the reaction plane
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Particle flow: v2

N

~1+ 2 2v, cos[n(gp—y,)].

d(¢ - lpR) n

N=2 Eliptic flow

V2=-0.2; Enhancement out of reaction plane
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Results compared to Models

P. Rusotto et al PLB, 267 (2011)

Comparison to models, used parametrization
of Esym for densities beyond saturation
density
g 2/3
Esya = B2, + ESLY = 22MeV - (ﬁ) + 12MeV - <ﬁ>
PO PO

= UrQND for n

>
()
=
-~
s
w

FP2: wcighzed mean 1 — 0.38(35)

04 06 T
py/A (GeV/c)




Tum
ASY-EOS Experiment

charged particles

Impact parameter

reaction plane reaction plane

background

o Ball ///// CHIMERA
“’ AToF

Start Beam axis

detector ... A\

n/charged particles

ARYERS

» background measurements for
neutrons (shadow bars)

> 400A MeV Au+Au, 9%6Zr+Zr, 9%Ru+Ru at GSI
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Results compared to Models |
courtesy Y. Leifels

Comparison to models, used parametrization of Eisy M for densities beyond
saturation density

__ rpot KIN
FEsym = Egy oy + Esyur

NN
o

>
()
=
-~
e
(N

20

y 2/3
— 22MeV - <£> L 12MeV - (ﬁ)
Po P0o

y=0.77£0.17

asy-stiff
¥=1.5

+ asy-soft
v=0.5

04 05 06
o/A |/ Gev/c

0.7
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Current Situation

courtesy Y. Leifels

Only limited experimental data available at

supra-normal densities . Do nich flow

e FOPI: n-/=nt, t/3He (Aut+Au) Reisdorf 3 HIC Sn+Sn
NPA 781 (2007) = Russoto

e FOPI+LAND: n+H/p,Russotto PLB 267 W ASTEOS
(2010) >

e ASY-EOS: n/charged particles

n/p differential elliptic flow leads to robust
constraints for the density dependence
of the symmetry energy. ;

n-/7* (Ebeam) promising but sophisticated OO 81 8 g )
treatment of pion interaction in medium £hang: PLB 726 (2013)
needed.

for t/3He observables: models have to
account for clusterization

K09/K* ratio sensitive to high densities
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Several different experiments ( mostly very model dependent) suggest that
the Equation of state of nuclear matter up to 2p, is rather soft

This is not so well in agreement with stiff nuclear EoS used for neutron
stars

Additionally: if hyperons are added the EoS might become even softer

1) Measure three-body forces including hyperons via hypernuclei and
correlations

2) Continue on experiments at low energies to study dense baryonic
matter, although the studies are very model dependent !

3) Consider the possibility of axion fiels within neutron stars able to
stiffen the EoS

What is the way of the future |




