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Quest for the density dependence of Nuclear Symmetry Energ y (NSE)

- now for more than 20 years of intensive research,

- still not well known, esp. at higher density

- but important for very asymmetric nuclear systems (exotic nuclei),
and in astrophysics

Logo:
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Why?

Since cannot be reliably calculated, one needs to look for observables in nuclear
physics and astrophysics,

strong interdependence of theory and experiment,

-- experiments and observations: future prospects brigh t
(see talks of E. Brown, G. Verde, Y. Leifels and Bill  Lynch).

-- theory: more expansion desirable, esp. in Europe



challenges in theory:

- microscopic calculation: effective forces and many-bo dy theory
- theoretical interpretation of experiments

a) nuclear structure beyond mean field

b) HIC: transport approach

C) astropysics: structure of NS and dynamics of CCSN Astrophysics

Note 1: the NSE is a rather simple, stationary concept (  a piece of the nuclear EoS)
the way to study it involve much more complex systems
(finite, dynamical, non-equilibrium)

Note 2: all the above also true for the EOS in general, l.e. for symmetric nuclear
matter. However, the NSE is a subdominant component of the EoS,
and thus more difficult to observe and more difficult to calculate.

We are now in the quantative era of the study of the NSE!

This talk: try to identify the challenges in the theoreti cal treatments of the NSE
and the possible future directions:

illustrative and incomplete, qualitative, highly per sonal,
but not supposed to be a summary.

Evolved during workshop but special distracting event
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In this expression, f(r.p.f) can be viewed
semi-classically as the probability of finding
a particle, at time 7, with momentum p at
position r. The single-particle energies ¢ in
Eq. 1 are given in a local frame by
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The symmeiry eae gy describes bow ke eoemgy of Duckear maber de sas ome poes oway fome qual oumbe s
of peurons and protons. This is very imponan o dewrite geuion fich maner in aseoplysics This anicle

reviews aur knovl

of the symime iy energy From ibearetoal calenlaiare, nck o sSTCnire me 1soemens,

beay don calisions, and asranamical cheeraiion:. We iken present a roadmap o make progees: in ameas of
relevance b he SymimEe try enery har promot s collaboration be v esn the asmaplry sics and 1k nuciear physics

commaniiies.
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L INTRODUCTION

The Liquid-drop formul of Bede and Weizsticker[1, 2]
mode ks the nucleus as an incompressible quanum drop con-
sisting of Z protons, N neuirons, and mass nomber 4 = Z+N.
In particular, the nuckar binding erergy is expressed in terms
of 1 handful of empincal paramebers thai capiure the physics
of a quanmm drop. That is,

B! —q—ﬂ—a;ﬁ"'-acﬁ—mj—i-... (1]
The volume term gy represents de bhinding energy per nu-
cleon of a large svmmeiric drop in the shsence of long conge
Coalomb farces In turn, the next dree £ms denoe binding-
energy correciions resulting from the development of a nu-
chear surface, the Counlomb repulsion among protons, and e
Panli exclusion principe and strong imeracticns char favor
symmetric (Y = £ syseme. Although mefinements o de
mas formula have been made to acoount for ihe e mengence
of nuclkear shells, de stucture of this 75 wear-odd formula has
remaired practically unchanged

In the thermodvramic limit in which beth the numker of
mkleons and the velume are taken fo infinite but their ratio
remains fieed ai ihe saioration density, te hinding enecgy per
mEleon may ke written a5
BZM

A

il = — ——n.n—J'n:z, [ ]

where J = gy and @ = & = ZWA is ihe peutron-proion
wymmelry. Noe thitwe hive neglected longsmnge Coulomb

“Elecrmsic sddsae boeowit @irciann ac
TUcint ki For Nackar Asropkysicn

forces (which would render the drop unstable ) and hane as-
sumed thl boih £ and ¥ ame individwlly conserved  Such
o simpk expression suggpests that the binding energy per nu-
cleon of a large symmeiric drop of density go = 0.15fm™ &
ay = 16 MY nd that there is an energy cost of F = 32 Me¥
in comverting all protens into neurons. Howeser, in realiry the
liquid drop is not incompressible, so the semi-empirical mass
formula, whik highhy insightful, fails to describe the response
of the liquid drop to density fluzmations. This informafion is
conmined in te equation of stae (B0 ) which dictabes the
dependence of the energy per nuckeen on both the density and
the peuron-profon asymmeine' Fallowing Eq ¢2), we may
write the equation of staie of Ly mmetric mater as

Elp, o) = B, e om D)+ Fighar + ... 3

where &g, o= 0) is the EOS of symmetric nuclear mater and
Sighis the srmmetry energy:

Siiz L FBREN e - Bpoa = 0 &
L=

Alibough the value of the symmetry energy at a density of
oo DLLFm? is friry wee Il constrained by the masses of heavy
nuckid, it pEsent its density dependence is poorly known
Mote thai the EOS of asymmetrk maiker is mainty charac-
eried by the demsity dependence of te symmein energy
18 s whiich is essential for the understnding of the struc.
ture of neutren-ich mucki, pantick viekls in bewy-jon col-
lisions, and properties of nentron stars To chancierze the

1 The BOS and thesefore i syoomsivy soengy, soo defimed without madel.
dvpradiat conoepre. They inchade the affeors of i kind of comelaicanin
ouwbar maewe, ek ar e closer comelations tat e impanise s ow
drnmitis

at constant entropy per nucleon s/p in the
colliding system. The pressure developed in
the simulated collisions (Fig. 1) is computed
microscopically from the pressure-stress ten-

.... difficult to say something new

sor 7Y, which is the nonequilibrium analog of
the pressure [see supporting online material

22 NOVEMBER 2002 VOL 298 SCIENCE www.sciencemag.org




What do we want to know about the NSE?

E(,OB,J)/A:Enm(PB)+Esym(pB)52 +O(0*)+... o= Zn ;gp
n p
2 ways to define: E. (p)=4% o E(p.9)
sym 2052 !

o=0

Eoym () =E(p,5=1)-E(p,5=0)

not necessarily the same: - higher ordersin 9o

- change of composition, with (solid) and
without (dashed)

clusters

e.g. clusterization stronger in SNM

physics independent of definitions.
but dependent on how this SE is used: Astro (y), HIC (no )

Need further information about the NSE, because
of non-static systems

U(p.k; 8)=Uy(p.k) +Us, (0, )(18) +...

internal binding energy per nucleon E, [MeV]

U, (p.k)
-1

m*, _ 1+.M ou,

m n°k ok

-10
in— ) -1.0 -0.5 0.0 0.5 1.0
O(NIS med )(k ) 10 ) asymmetry 0
Connected in a microscopic theory, or in a energy densi ty functional.

Also: Composition of asymmetric matter: important for a strophysical applications



Special representations of the SE:

E<p3,5>/A=Enm(pB>+Esym<pB>52+o<54>+...

Y, S, [MeV]

o
o

Symmetry ener

4}

(p)=S Q 0- po + p- po expansion around p,
sym 18 po
2/3 pot split into kin. and
— %‘5} ( ,0/ Po ) Esym (P) pot. symm energy

ES, =C(p/ p, )Q') polynomial behavior implies
continuity between low and

T T T T T T T T T T high densities: not necessarily so
40F Total AV18

- 5 }Ifélrﬁtlfa] kinetic energy in a theoy with correlations
30F o not Fermi Gas

C a question of mapping microscopic theories to
20 :' phenomenological approaches
oF Z(k,p) = {m*U(p)}

u a2

0 ;:l‘.l.!l ....... T e

0O 008 0.16 024 0.32
Density, p [fm_g]

Carbone, et al., EPJA50;13



The Nuclear Symmetry Energy in ,realistic models

The EOS of symmetric and pure
neutron matter in different many-
body approaches

C. Fuchs, H.H. Wolter, EPJA 30(2006)5,(WCI book)

The symmetry energy as the
difference between symmetric
and neutron matter:

UU|

Esym = Eneutr matt Enucl .matt
SE ist also momentum dependent
SO T I T T | T | T
=—a [DBHF

B a—a BHF

Rel, Brueckner — CEHE
Nonrel. Brueckner o—a var AV, +dv+3-BF
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2
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More work has been done since then: Review by Marcello Bal

50 N |
BHF v18 + TBF mic --------
I BHF Bonn B + TBF mic -
~ or AR i
2 [ DBHF Bonn A ---------
= chiral ---------
= F |
é L
(6]
a-q -
°® 20 ]
£ L
£
5‘ 3
10 ]
0 I L 1 N 1 X | .
0 0.05 0.1 0.15 0.2

density (fm-3)

Low density symmetry energy behave similarly and are consi

structure and HIC.

0.25

However, at high densities large differences. -- 3-b

9
i BHF v18 + TBF mic -------
80 - BHF Bonn B + TBF mic B
o I KPR«
% f DBHF Bonn A - ----
= 70 BBG Fujiwara b
‘; s
8
2 [ o
S 60 ]
2ot
g i
£ 50 ]
5 B
a0 [ ]
sl L
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further work requred!

05

-- short range tensor force (cut-off r

S(p) (MeV)

do
# 0O Brown I /
O TZhang i Horowitz, et
{777 IAS al., JPhysG,
30 L 1A5+R,, - 2014
HIC(Sn+5n)
20 T
107 .
U | i
0.0 0.5 1.0
Density p/p,

stent with analyses from nuclear

ody forces? (Baldo); scaling with density?

) and in-medium

mass scaling (parameter n) (B.A.Li)
500 =
n=0.1 n=1.0 'I," n=10
#20 ,,20.00 ’/ N
2,,=0.06 / Rl
300 T0-10 et
a =0.15 fﬁ
B ué%:0'20 [y
200 £ s
— ﬁf ® /'/
100 {:/_//-/ -_j;/ r//
ol i .

Note: attempts to derive directly from QCD (QM-BB, QCD

sum rules, holographic QCD, Skyrmions)



__ Symmetry energy at very low density (< 0.1  p,) determined by cluster correlations

(Typel, et al., PRC81,015803(2010))
RMF model with explicit cluster degrees of freedon
with thermal Green function approach to calculate mediu m modifications of clusters:
NSE at p->0 finite, because cluster low density symmetric matter g ains energy by cluster formation
4 O Brown I I
O Zhang
T IAS 5 3 — — = 30 . ]
| 1 IAS+R, il ] L — s 1d = as ]
30 HIC(Sn+Sn) = — IsoMev 9 2 _[:; e
& - — T=loMev || 32 —
2 @ — T=15Mev 4 T 45 ]
Z 90 ] B T=20MeV | g 0 E
o 2 H 135 - ]
@ EOLU e e — 2 -
10} i 2 12 ° T
. E _ i "-I 1 | = .5 1 ! |
¢.00 0.01 0.02 00 0.01 0.02
0 | | density n [fm ] density n [fm’]
0.0 0.5 1.0 0
De[lsity p/,ﬂo 10 :rl-l'l'l'l'lq T II|'|'I'1 T ||I'I'I'q T ||I'I'I'q T ||I'I'I'11: Mott denSIty:
4O B T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII IIIIIIIII T IIIIIIII !IIIIIE C|USters meltl
| 3 homogeneous p,n
B 35k — E i 1 matter;
2.k =it ] SR TN 3 T here heavi lei
Svmmetr 2 30 sze\: E b 2 H 3 ere eaV|er. nuciel
Ey y B S T 3 3 Fl— ’me ] (embedded into a
nergy 5 F e . S L 'me ] ogas) become
2 nf 3 a3 important
- ] 2 100F =
. . dn = C ]
finteat T=0 ~} ¢ : [ i
due to cluster | F E - -
correlations sk 3 107k
N ] 10
r .z ] ) 3
?0_7 - ""'1"('}74"‘“073 ""'1':371' : 1'::171 I1“n° density n [fm ]

density ng [fin™]



Investigation of very low density NSE in Heavy ion coll

e.g. experiment 64Zn+(92Mo,197Au) at 35 AMeV
S. Kowalski, J. Natowitz, et al.,PRC75 014601 (2007 )
J. Natowitz, G. Ropke, S. Typel, .. PRL 104, 202501 (2010)

15
G @ : Lrajectory"
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« Q g | s
= | g
|

L A
ot
| 5 f
\/
1 1 1 Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il 1 ‘ 1 Il 1 Il
0 0.01 0.02 0.03 0.04 0.05

o (N fm?)

nucleon

.differential“ freeze-out analysis:

source reconstruction,

analysis in terms of v ;~time of emission
determination of thermodyn. properties as fct of v
determination of symmetry energy

surf

Assumptions need to be checked in transport calculations

Eym (MeV)

B(p,T), MeV

25
[ C Data, Wada ef al.
[ m Data, Kowalski et al.
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Symmetry energy around saturation density:
Determination from nuclear structure and low energy heav y ion collisions

Correlations between characteristic quantities of the SE re.0.S, L, Kgyn
and experimental observables (e.g. neutron skin, pola  rizability, isospin diffusion,...)

50 i -- €.¢. SE that fit nuclear masses cross below saturatio  n density,
D (some average densitiy of a finite nucleus)
a/ -- induces a correlation between value and slope at Por
_ Vi within the model., L Kym I
2 eg. in lin. approx. SW=2p/3)=t-G+t =+ xJ-5

--different observables are sensitive to different den sities

(or ranges of densities) and thus induce different corr elations
-- crossing point will hopefully fix S and L, which are
4 independent
(e (not easy to see, how neutron skin of Sn induces anti-
correlation, in contrast to 208Pb)

sym b

E

-- Represents an extrapolation using a model with
different density dependences
In some cases a wide extrapolation, eg. in NS

L (MeV)

Use models beyond mf models for this extrapolation,
since observables are sensitive to correlations.




Heavy lon Collisions: Transport Theory

-> Especially interesting questions, like the
is still not equilibrated.

- Reliable transport approaches crucial to extract physics

/" Au@1.0AGe

central

= =
11 O\ —
T T 1
3
oy

-> Transport approaches neccessary if system is not always in
- Many observbles are determined during the evolution and no

high density phase,

T T T
10 20 30 40 50 60

time [fm/c]

equilibrium.
t only at the end.
occur when the system

from heavy ion experiments




Transport equations: 2 families

1. BoItzmann-UehIing—H-hleﬁ-beek BU)

D(r)f —‘r)l:l(p)f(r )= IdV dV de V21 277')35([)1 +p, =P —Py)

b, -t -1,)-f,f, (1-f,)(2-F,")]

Derived:

->Classically from the Liouville theorem or semiclassically from THDF, collision term added
(and fluctuations)

- From non-equilibrium theory (Kadanoff-Baym); collision term included

mean field and in-medium cross sections consistent,

e.g. from BHF |2 I .

. —_~ . in—-med ) —C e — e .

2, p)=Tr (TH); o™ (k; p) =[T?|

Spectral fcts, off-shell transport, quasi-particle app rox. (QPA) @ é

21 (x,
ACCp) D B [ gpa [0 8(p 7 -m ) 0(p )

r(x,p)y=m*imx;-p,*Im x4

: -
2. Molecular Dynamics (QMD) dr, _ otk dp, —{p, o} H= Zt £V,
classical molecular Dynamics with dt dt i<j

Gaussian patrticles to reduce fluctuations

+ collision term i
2b) Antisymmetrized MD (AMD,FMD) Gaussians are antisym  metrized wp =

collision term with stochastic features (wave packet spli tting)

Transport theory is on a well defined footing, In principle — but in practice?




Examples of microscopic input into transport calculation

In-medium cross sections

density and angular :
dependence e

1000 o

elastic np from DBHF:

LU LA B S B B B B S B N S

——— k1340w’

k=17 fm"
o pn-data

|

)

- L
150 200 250 300 350

Ew MVT lab energy

z
7
S

g
a
g
2
z
©
S

— free E, =250 MeV -
0.5p, ]

30060 9 120 150
G)l‘,m, [deg]

cm scatt. angle

[17] C. Fuchs, et al., Phys. Rev. C 64 (2001) 024003.

Decomposition of DB self energy

Y(p) =

2'(p) = 1°2°(p) +7 - PZ".

Density (and momentum) dependent
coupling coeff.

M (k,p)=| -
m P

| =0,w, p,0

T _5(k.p)

250
__ 275
&
=
§ 250
£
3 225 : :

200 " 1 " 1

0.20 0.24 0.28 0.32
pe (GeV/c)

g5/my)’ (@eV?)

g,/mf (Gev?)

80

70 .

60

50

90

70

60

50

03

Z/A = 0.2
-- Z/A=0.3

80

0.24 0.28 ©.27)

ps (Gev/c)

Motivation for density dep. RMF model

and inclusion of &meson (J ™=0+,T=1)




Practical transport approaches: somestimes a ,fight b etween MD and Boltzmann models:

BUU: Ideal procedure: solve BUU eq. with N p=2>inf, and add flucuation term
into a Boltzmann-Langevin eq. with physically determine d fluctation strength.

approximations: ,gauged“ numerical noise, BOB, stati stical fluctuations (SMF)
Bauer-Bertsch-method (collisions of swarms of TP, BLOB ) df _ | .
E ~ lcoll fluc

MD-models: fluctuation inherent, but determined by a pa rameter for width of wp

-> Issues now discussed intensively
differences mainly in nature and amount of fluctuatio ns



Comparison of simulations:

SMF-AMD:

SMF 0 fm/c

Q
O

1125n+112Sn,

40 fm/c

.7;7‘20 fm/c|

= 200\4|fm£c - o

-240 fm/c

v

50 AMeV

40 1m

40 fm/c

— 40 fm ——

Stopping: similar

200 ——T T —
—— AMD
150 - b

Comparison, SMF-ImQMD:

more transparency in QMD
(M. Colonna, X.Y.Zhang)

3
|

P [fm

Radial density at different times: SMF more bubble lik

e e e e e L |
o —bgbd. =40 | ]
0.25F ——-bgbd, =60 |
----- bgbd.i=100
020 -=-- bgbd. 1=160| ]
0.15F 7
o1f SMF
0.05F 7
0 :_ i, -"l.‘ ""-'{-“:_‘-- L ]
0 10 15

r [fm]

SMF = dashed lines
IMQMD = full lines

d<N/Z>/dy (per event)

ISR

[
o]

(Rizzo, Colonna,Ono, PRC76(2007); Colonna et al., PRC 82 (2010))

SMF (BGBD)

AMD

e

—t=40 | |
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..... =100
-—--t=160

._.
o

f—
=

—
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Code Comparison Project:  Trento, ECT*, 2006 and 2009
Shanghai, Jan. 2014, (Lanzhou 2014)

check consistency of transport codes in calculations wi th same system (Au+Au), E=100,400 AMeV,
identical (simple) physical input (mean field (EOS) and Cross sections)

idea: establish sort of theoretical systematic error or transport calculations
(and hopefully to reduceit )

1. step: Initialize colliding nuclei. usually not exact ground states

20 — : : IIBUU, Jlun Xu 8: Lie-WeIn Chen |& B?O-An Li, b :| 20|fm —r— —— pr g
free ’é“ i T T T T i T i * 8%
propagation 5_;, 0 — t=0fmc —1t= %@c—— t@mm—— t = 60 fm/c—— t = 80 fm c—ijmo fmfc——t = 120 fm/c—{—t = 140 fm/ §§
(Iarge 20 L |Q AN Q . O| . | >. | ) Cl §§
ImpaCt -20 0 20 -20 0 20 -20 0 20 -20 0 20 10

CIAE-ImQMD without drdp, Ying-Xun Zhang, b =20 fm
T T T T T
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Examples of results: Au+Au, PRELIMINARY

E/A=100 MeV E/A=400 MeV
BUU models QMD models BUU and QMD models

Graphs eliminated, since results are preliminary
and are still under review of the participating code owne rs.
It is planned to make them available publicly in the near fu ture

- considerable differences

-> partly due to initialization, but mainly to collision te rm

-> no essential difference between BUU and QMD models

-> 100 MeV sensitive region for flow because of competitio n between mf and collisions,
better at higher energy



Treansport Calculations in a (periodic) Box

test collision routine and Pauli blocking under control
reveal important features of the semiclassical approach.

One effect: Initialization, T=0.

Graphs eliminated, since results are preliminary
and are still under review of the participating code owne
It is planned to make them available publicly in the near fu

Broader applications:

1. intialization in spinodal region:
fragment formation, check of
fluctuations

2. intialize expanded or two
interpenetrating Fermi system (two
Fermi spheres): check of equilibration
3. others

-> interesting for a detailed study

led conditions;

->Fermi statistics is lost quickly!

see significant

differences between

codes!
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Fluctuations in Phase Space

f(r,p,t)=f(r,p,t)+of(r,p,t)

Mean field evolution Fluctuations
(dissipative,deterministic) (from collisions and higher order correlations)
Boltzmann-Langevin eqn. — =l * e o
dt 04 r 16 12
03+ o 8
— 0.2 P '-: “-(_)_e)ffs‘fe 4
mE 01 / \\ .“ C;"-.. ‘Cf.!
> 00 2 %3
= 01f 3
o = PG
02} 2, 12
3 T=0
03 0.3 - :
: 04} !
govern evolution

00 0.02 0.04 0.06 0.08 0.10 0.12

in stable region p [fm?]

dominant in
Instable regions




Fragment and light clusters in transport calculation

A fragment represents a many-body correlation,
which is not contained in approaches for the one-body densi ty. How to describe anyway?

Distinguish Intermediate mass fragments (IMF) and Light Clusters (LC:d,t, 3He,a)

a) IMF's: formation dominated by mean field
which favors matter at normal density
e.g. BUU calculation in a box (periodic boundary
conditions) with initial conditions inside the
instability region:  p=p,/3, T=5 MeV, B=0

b) Light clusters (LC:d,t, 3He,a)

Correlation dominated (esp.Pauli-Correlation). not goo d in BUU and MD models,
except(!) for AMD: can define realistic wave functions for LC with reasonabl e BE;

Solution for BUU models:

LC distribution functions as explicit degrees of freedo m coupled to nucleon
distribution functions by 3-body collisions

of type NNN ->ND >
-> P. Danielewicz and Q. Pan, PRC 46 (1992) ‘(>_>
(d,t,3He, but no a!) coupled transport equations /\Deutron (in-medium)

Caveat: Medium properties of LC: see discussion of low density matter,

refs.. C. Kuhrts , Beyer, Danielewicz,..PRC63 (2001) 034605, Typel, Ropke, et al., PRC81 (2010)




Particle production: pions, Kaons,

Particularly interesting in view of the search for the hig h density symmetry energy
1. direct effects”: difference in proton and neutron (o r light _ o
cluster) emission and momentum distribution in two limits  Te/re+
2. ,secondary effects": production of particles, isosp in partners should be a good
T+ KO+ probe!
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- al., .
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Mass-radius relation of neutron stars and NSE

Rutledge+Guillot:

ApJ v.772 (2013)

Rys = 9.1717 km (90%-confidence)

Y.
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Small radii together with 2 solar mass NS seemed to impl
(soft at ~ 2 py and stiffer afterwards, like WFF1.

Diskussion by A. Steiner seems to make this conclusion |

However, a non-polynomial behavior of E

ess stringent.

sym (P) IS seen also in other cases (e.g.DB)

y a special behavior of the NSE




The NSE energy in Core-Collapse Supernovae (CCSN)

Workshop: Simulating the Supernova neutrinosphere with heavy ion collision,
Trento, ECT*; April 2014

5k

2 4 6 8 10 12 14 -1 0 20 30 4,0-50
10"

S [k, ]

Radius [km]

5]

-1
bounce

m—p COTE COllAPSE m— ost bounce evolution e a
g iHiEiSS BECrtoH) (proto)neutron star deleptonization
conditions of neutrinosphere: Main processes:

densities 1/1000 to 1/10 p,
temperature T=4-5 MeV

Ve+n 2 p+e
asymmetry Y ,=0.1 — 0.25 V,+p2n+et




Correlations & Neutrino Scattering

* Neutrinos “see” more than one particle in the medium.

* Nature of spatial and temporal correlations between
nuclei, nucleons and electrons affect the scattering rate.

o= E1-Es

Es ks

E1,kq

Neutrinos Scatter From Fluctuations of
Density & Spin

E3 ks Qo= Ei-E3
q=ki- ks

SN o Y

\
\\

(S. Reddy)

At small go and q the
neutrino cannot resolve
single particles.

Sawyer (1975, 1989)

wamoto & Pethick (1982)
Horowitz & Wherberger (1991)
Raffelt & Seckel (1995)

direct interface with nuclear physics

Differential Scattering/Absorption Rate:

dl'(E1)  G% RPA
dcos@ dgy  4m? Sv (a0, 9)

(Ex — q'o)2 [(1 + cosf

"4

spectrum of density
fluctuations

(3 — cosf) SRPA (g0, Q‘H

4

spectrum of spin
fluctuations



Neutrino opacities and neutrino spectra dependent on lo w density symmety energy
RRGRE BT EqUATIONT OF SEAte e HEGETone Sl pTOToNe A OmTREaTaetE "
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Interesting to consider Homework from ECT* workshop:

1. Use transport model (calibrated on HIC data) to simulate warm matter at low
density in box calculation and extract dynamical neutrino response functions

2. Check freeze-out densities from coalescence and particle correlation
methods. (Re-)analyze more data sets of HIC.

3. Explore themodynamical conditions of freeze-out configuration for larger N/Z
to come closer to neutrinosphere conditions

4. Improve light cluster description in transport codes

5. Establish a kind of collaboration:
- website,
- white paper for the Texas low energy community meeting,
- another workshop in about 2 years

Important point:
Opportunity, where nuclear physics can make a concrete contribution

to an important astrophysical problem!



Final Remarks:

NSE: a field of strong exchange between theory and exper  iment

largest uncertainties at very low  (p<0.1py) and at high density ( p>2p,)

(clusters) (strongly correlat ed)
mapping of microscopic models to phenomenological appro aches
(both in nuclear structure and in transport calculation ):

(e.g. effective masses, mean field potentials, kinetic energies, medium
cross sections, medium modification of clusters)

development of transport approaches:
fluctuations and fragmentation
dynamical role of light clusters

Direct confrontation with astrophysical questions:
NS, e.g. mass radius relation and other observables
CCSN: neutrino opacities in the  v-sphere

many things to do in the future



