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» Importance of the Nuclear Symmetry Energy in nuclear and
astrophysics and its uncertainty

» Density and momentum dependence of the symmetry
potential

* here: early emission of nucleons and light fragments as
probe for P < Py

 Possibility to disentangle density and momentum depende
of the symmetry energy




Investigations of the Nuclear Symmetry Energy in differ

ent density regions
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The Nuclear Symmetry Energy in different ,realistic* model
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Even no agreement on ordering of n/p effective masses
between Skyrme, RMF, BHF, DBHF

Why is symmetry energy so uncertain??

-> In-medium p mass, and short range isovector tensor
correlations (e.g. B.A. Li, PRC81 (2010));

-> use heavy ion collisions to investigate in the laboratory




Example of the isovector dependence for a particular para metrization
(used in the following results, BGBD, Bombaci-Gale-Ber  tsch-DasGupta)
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effects of the density and momentum
dependence can be of the same order




Symmetry energy and symmetry potentials (effective masse

S)

B.A. Li, X. Han, arXiv:1304.3368

establish a relation {E ¢, ,L} €2>{Ug,,m*, ,} using the Hugenholtz-Van Hove theorem
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Isospin-related Observables in Low Energy Heavy lon Collis lons
Coulomb barrier to Fermi energies
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Pre-equilibrium particle emission:

n/p ratio

Early emitted neutrons and
protons reflect difference in
esp. ratio Y(n)/Y(p).

more emission for asy-soft,
since symm potential highe

potentials in expanded source,

r

Neutrons difficult to measure,
thus ,Double Ratios”
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Previous studies of t/3He ratios: 197Au+197Au, 400 AMeV
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Study of Light Fragment Emission:

Prelim. data from R. Bougault, et al., GANIL

136,124 @ +124,1125n E = 32..,150 AMeV ,

Cluster recognition by two methods: Coalescence (CO) i
Density cut (DC, ,gas“ (p.n) and ,liquid®)
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Study of Light Fragment Emission:

136,124 @ +124,1125n E = 32..,150 AMeV ,

Yields and spectra in comp. to experiment
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Study of Light Fragment Emission:

136,124 @ +124,1125n E = 32..,150 AMeV ,

Single ratios
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Study of Light Fragment Emission:

136,124 @ +124,1125n E = 32..,150 AMeV ,

Double ratios
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Moments of single ratios:

son: asysoft, m *>m *
stn: asystiff, m_ *>m *
sop: asysoft, m *<m *
stp: asystiff , m *<m *
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Comparison to data 136.124Xe+124.1125n0 E = 32,...,150 AMeV

data R. Bougault, A. Chbihi (Ganil, prelim, IWM11)
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Similar work at MSU: W.Lynch, INPC, Florence, 2013: 124,1125n+124.1125n 50 AMeV
Calculations using P. Danielewicz code with clusters

dM/(dEdQ)
ILRRRLUN ""'”Ir:.’I RRLLL IR

2.5
E/A=50MeV, tritons

® data
ata (w/alphas)
BUU (soft)

N

DR(t/*He)

E/A=50MeV
-4 @ data
10 1 data (w/alphas)
BUU (soft)
] | | BUU (stiff)
107, 10 20 30 40 50 0 10 20 30 40
E. . [MeV/A] E.... [MeV/A]

lllustrate with Danielewicz BUU with
cluster production.

Approx. QM description of cluster

: _ . —
production up to A=3 (but not beyondjaipha prdduttion not included in the model
m'=0.7m, m' = 7', => alphas end up being t #tle

Calculations underpredict the double-"Sheck: combine experimental alpha spectra
ratio with tritons and helium-3 and compare to the

f e model predictions.
Figure courtesy of Z. Chajecki. :
? d J *Need to extend cluster production past A=4.
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Conclusions:

- The nuclear symmetry potential is density and momentum

dependent; both behaviors are not well known from nuclear matter
theories

- both are important for isospin sensitive observables in H IC; one
should study many observables simultaneously to constrali n

the symmetry energy

- the ratios of p/n and light fragment spectra are promisi ng to
disentangle the density and momentum behaviour.
new observable: moments of ratios?

- more experimental data desirable (FRIB!)

- but also improved treatment of cluster production in tra nsport calc.
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Effective masses:

Non-relativistic mass i * —
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-1
Mo * = m+£dUSp :\k\ dE Includes part of the interaction;
" k dk dk| m,, *
relativistically Usp ~_D . +2

*

Parametrizes non-locality in space
(k-mass) and time (E-mass)

k-dependence p-dependence

T~ . A e
nonrelativistic mass Dirac mass

[ T L T T I T L L T I T T T L I T j
[ Dirac mass

B nonrelativistic mass — DEFF (Boan A)

s o--o BHF (Bonn &)
:1 — QHC-l
F -—- NL2

[ ---- DD-TW

1

1

]

"

[=]

a

o

o
s s 1

I

—

|
|
1
|
|
|
(=]
(]

Lar’r MOmaniunm

=,
x""-\
.,
& _.-\. _
S
IIIIIIIIIIIIIIIIIIII

DBHF-(sym. nm)

04

; .";

11
=]
I

1 2 3

Momenium k [EL'I.'I-]] Momentum k [fm-]]

IIIIIIIIIIIIIIIIIII
- -

;
||||Illllllllllllllllll"l
[n ]
! [ |
Ca
n
||||I||||I||||I||||I||||I||||
|
-

[=30
(=]

.

: 11 1 III 11 III 11 1 II -II 11 III III 11 III 1
- — — =
2 3 LY 1 £ e

pe pﬂ P/ I:ll:l

i

* * * *
M ko = M \rop M=, =M D,p

BHF: > No agreement on
RMF (p+9) < < Baran, PhysRep 410 ordering of n/p
>
>

DBHF (ﬁt S) > Sammarucca, PRC67 effective masses!
DBHF (project) < v. Dalen, Fuchs, PRL95



Example of the isovector dependence for a particular part ametrization
(used in the following results, BGBD, Bombaci-Gale-Ber  tsch-DasGupta)

Energy density: kinetic + potential terms
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Study of Light Fragment Emission:  136.124Xe+1241125n0 E = 32,.,150 AMeV ,
Spectra and multiplicities
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Study of Light Fragment Emission:  136.124Xe+1241125n0 E = 32,.,150 AMeV ,
Proton flows

Flows: protons, '*®Xe + '?*Sn, b = 2 fm, CO
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