Why is the symmetry energy so uncertain at high densities?
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1. A quick overview of many-body theoretical predictions
(frustrating but also stimulating!)
2. What are the controlling parameters?
(very uncertain but they are the most important underlying physics!)
a) Effects of the tensor force and short-range correlations
b) Effects of the 3-body force
3. Is the super-soft symmetry energy physical based on known physics?
4. How to experimentally probe the high density symmetry energy?
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E., (p) predicted by microscopic many-body theories
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Dirac-Brueckner-Hartree-Fock Calculations

P.G.KRASTEV ANDF SAMMARRUCA ~ PHYSICAL REVIEW C74, 025808 (2006)
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Can the symmetry energy become negative at high densities?
Yes, for example, due to the isospin-dependence of the nuclear tensor force

At high densities, the energy of pure neutron matter can be lower than symmetric matter leading to negative symmetry energy

Pandharipande V R and Garde V K 1972 Phys. Lett. B 39 608
Wiringa K B, Fiks V and Fabrocint A 1988 Phys. Rev. C 38 1010

Kutschera M 1994 Phyvs, Lers. B 340 |

Example: proton fractions with interactions/models leading to negative symmetry energy
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Neutron star and -stable ring-diagram equation of state
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FIG. 9: Proton fraction of 3-stable neutron star from realistic
NN potentials. Symbols are BonnA(+), CDBonn(c), Argonne
V18 (O) and Nijemgen (x). The interaction "Vigu—i plus
TBF’ is used.



What are the most important underlying physics determining the

symmetry energy at high densities?

Based on the Fermi gas model (Ch. 6) and properties of nuclear matter (Ch. 8) of the textbook:
Structure of the nucleus by M.A. Preston and R.K. Bhaduri (1975)
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Symmetry energy and the isospin-dependence of strong interaction
ESym — Ekin + Epﬂfl + Epof?
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Correlation funct: f,.,.(r)=1-— (3J1(kp-r)

kpr )? in the Fermi gas:

or feor(r) = 0/1 for v smaller/larger than a “healing radius” depending on the density;
: . . . o= ,f,( 3 )1;‘3
more advanced approaches depending on (S.T) and the interactions .... e N1mp

We are probing the in-medium isospin-dependence of strong interaction
Vo = L’;ip (n-p pair in the T=0 state)

7 FO O S e IS TR DN, I DT — 1 cb et
Vi1 = Vo =V, = Vi (charge independence in the T=1 state)



Dominance of the isosinglet (T=0) interaction
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small values of », there is no compelling theoreti-

Parametrization of the Paris N-N potential
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few degrees of freedom. Along this line, we pro-

cal reason to believe the validity of our potential posed’ to describe the core with a very simple
in the region » <0.8 fm since the short range (SR) . Phenomenological model; namely, the long and
part of the interaction is related to exchange of intermediate range (7+2r+w) potential is cut off
heavier systems and/or to effects of subhadronic rather sharply at internucleon distance » ~ 0.8 fm

constituents such as quarks, gluons, etc. At pres- and the short range (» <0.8 fm) is described sim-
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ply by a constant soft core. This introduces the

1.0 o 2,0 r(frn)

(1) including only pion contribution to the tensor force
(2) using a hard-core cut-off distance of 0.8 fm

Tensor PoTENTIAL
(=0 5=1)



The short and long range tensor force
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' ' Tensor Force: First evidence from the deuteron
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In-medium properties of the short-range tensor force
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Effects of the tensor force and short-range correlations on the HdEsym
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The Gogny force:
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TWO-BODY AND THREE-BODY EFFECTIVE INTERACTIONS
IN NUCLEI"!

NAOKI ONISHI ' and J. W. NEGELE '**

Nuclear Physics A301 (1978) 336-148

D. Vautherin and D.M.Brink, Phys.Rev.C5, 626 (1972)

+ MANY other papers starting from the same 3-body force,

V3(€1€283) = t30(ry —ry)o(r, —r,)

Reduced to different 2-body force with a=1/3, 2/3, 1, etc

Y
{1 +Iqu)pﬂ(%)ﬁ(ﬂ -7,)

E. Chabanat?, P. Bonche®, P. Haensel ¢, J. Meyer®!, R. Schaeffer®
Nuclear Physics A 627 (1997) 710-746



Skyrme Interaction parameterizations of two+three body force

K - kinetic energy term, H, zero-range term,

H, - density dependent term, H , — effective mass term
n — particle number density, 7— kinetic energy density
Dependent on 9 parameters &, t,, t,, t;, X, X4 Xy X3

Ho=3to[(2+x¢)n°— (2x,+ 1)(;?§+1?i)],
Hs= 57130 (2+x3)n"— (2x5+ 1)(1’3f)+n§)],

Heff=%[r1(2+x1)+r2(2+x2)]m
+%[r2(2x2+1) 1‘1(2114-1)](7' n ‘|‘T}.II?H)

D. Vautherin and D.M.Brink, Phys.Rev.C5, 626 1972



Effects of the 3-body force on the symmetry energy

The 3-body force contribution to the T=1 and T=0 channel potential energies
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Density dependence of the symmetry energy is the main criterion
for distinction between Skyrme parameterizations (87 tested)
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Some observations:

Why is the symmetry energy so uncertain especially at high densities?

* In-medium properties of the short-range tensor force in the

n-p (T=0) channel, controlled by the in-medium rho-meson mass
* |Isospin-dependence of short-range nucleon-nucleon correlations
* Effects of many-body forces

Can the symmetry energy becomes super-soft or even negative at high densities?

- There is NO first principle forbidding it

* It happens when the repulsive short-range tensor force due to
the p-meson exchange in the n-p singlet channel dominates.

* The Lane potential U,-U, flips sign when the symmetry energy
starts decreasing with increasing density



A challenge: how can neutron stars be stable with a super-soft symmetry energy?
If the symmetry energy is too soft, then a mechanical instability will occur when
dP/dp is negative, neutron stars will then all collapse while they do exist in nature

TOV equation: a condition at hydrodynamical equilibrium

dP my + 47 P
~ Symmetric matter e — = —(e+ P)- g. :
e dr r(r—2my)
100 ; Gravity
£
> ) — AR
S 10 & weee MDI e Nuclear pressure
Y /A DBHF+Bonn B
p I Experiment | For npe matter - :
:' . i
; P(p.3) = Po(p) + Pay(p.9) = 2 () + gt
1 A . ~ /s 4
0 1 2 3 4 5 1
0/pg = p2 [Ef(p, b =0)+ E;ym (p)ﬁz] + 58(1 - 5):0E53rm(!9)

P. Danielewicz, R. Lacey and W.G. Lynch,

Science 298, 1592 (2002)) dP/dp<0 if E'sym is big and negative (super-soft)



Astrophysical implications
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Using the EOS for symmetric
matter consistent with the
terrestrial nuclear reaction
data up to 5rho_0,

the softest symmetry energy
that the TOV is still stable is
x=0.93 giving M_max=0.11
solar mass and R=>28 km.
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Is the super-soft symmetry energy
“unpleasant”, “unphysical” or ?

Unpleasant, unwelcome, annoying !

E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R. Schaeffer,
NPAG627, 710 (1997); NPA635, 231 (1998).

Repeated by several others in some other papers

Unphysical !
Norman Glennding, Compact Stars, Springer, ISBN: 0387989773.

Quoted by several people in a number of papers
Gravity ?

It is unphysical and you are crazy!

Nuclear pressure



Do we really know gravity well at the Fermi distance?

“It's remarkable that gravity, despite being the first to be discovered, is by far the most
poorly understood force”, Roland Pease, Nature 411, 986 (2001)

In grand unification theories, conventional gravity has to be

modified due to geometrical effects of extra dimensions at short
length, a new boson or the 5" force

mym; String theorists have published TONS of papers
Fir)=G——. on the extra space-time dimensions
}_,'I;_.+E /

N. Arkani-Hamed et al., Phys Lett. B 429, 263-272 (1998); J.C. Long et al., Nature 421, 922 (2003);
C.D. Hoyle, Nature 421, 899 (2003)

In terms of the gravitational potential Yukawa potential due to the exchange of a
~new boson proposed in the super-symmetric
/ extension of the Standard Model of the Grand
Vo) = —G Y201 4 @e—/*1 | Unification Theory, or the fifth force

el

Yasunori Fujii, Nature 234, 5-7 (1971); G.W. Gibbons and B.F. Whiting, Nature 291, 636 - 638 (1981)
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Neutron stars as a natural testing ground of grand unification theories of
fundamental forces?

gravity

weak l E&M

Nuclear force

Stable neutron star @ 6-equilibrium

Requiring simultaneous solutions in both gravity and nuclear force!
Grand Unified Solutions of Fundamental Problems in Nature!



Influences of the Yukawa term on Neutron stars
J. Audouze et al. (eds.), Large Scale Structures of the Universe, 471-477.

Yasunori Fujii @' oeehy the IAU.

I next emphasize that the 5-th force is simply part of the matter

system in general relativity. Consequently Einstein's equation remains
The only change one expects to occur is in the equation of

unchanged.
And probably the first reasonable thing to do is to appeal to

state.
the mean field approximation.[11]
1 g% e Hr Lol 1 g2 5
uB — 21 J”(il) r J”( )d 1d;1?2 — 5“_210 !
1. 990 Assuming a constant boson mass mdependent of the
Pirp = 3 9% 5 ( — —f%) _ density, the extra pressure 1s then
(L [ dp
1g% .
Pyp=cyp =-—=p° 4
UB UB 2 5P (4)



Nuclear pressure including the Yukawa contribution
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Promising Probes of the E,( ©) in Nuclear Reactions

At sub-saturation densities
e Sizes of n-skins of unstable nuclei from total reaction cross sections
e Proton-nucleus elastic scattering in inverse kinematics
e Parity violating electron scattering studies of the n-skin in **Pb at JLab
e n/p ratio of FAST, pre-equilibrium nucleons
e [sospin fractionation and isoscaling in nuclear multifragmentation
e Isospin diffusion/transport
e Neutron-proton differential flow
e Neutron-proton correlation functions at low relative momenta
e t/’He ratio

Towards supra-saturation densities
o n’/n" ratio, K'/K" ?
e Neutron-proton differential transverse flow
e n/p ratio of squeezed-out nucleons perpendicular to the reaction plane
e Nucleon elliptical flow at high transverse momentum
o t-’He differential and difference transverse flow

(1) Correlations of multi-observable are important

(2) Detecting neutrons simultaneously with charged particles is critical



The multifaceted influence of the isospin dependence of strong interaction
and symmetry energy in nuclear physics and astrophysics

J.M. Lattimer and M. Prakash, Science Vol. 304 (2004) 536-542.
A.W. Steiner, M. Prakash, J.M. Lattimer and P.J. Ellis, Phys. Rep. 411, 325 (2005).

(Effective Field Theory) Isospin Dependence of Strong Interactions (QCD)
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Hyperons, Deconfined Quarks
Kaon/Pion Condensates



Pion ratio probe of symmetry energy (¢ =
at supra-normal densities coefficients T 7 |7
nn 0 1 B
a) A(1232) resonance model ppl 5 1 10
in first chance NN scatterings: np(pn) 1 4 1
(negelect rescattering and reabsorption)
T~ _ 5N 2 + NZ C (a2
r* 5272 ? + NZ N ‘

R. Stock, Phys. Rep. 135 (1986) 259.

b) Thermal model:
(G.F. Bertsch, Nature 283 (1980) 281; A. Bonasera and G.F. Bertsch, PLB195 (1987) 521

L« exp[zwn . )/kT]
/4 m+1 m

H.R. Jagaman, A.Z. Mekjian and L. Zamick, PRC (1983) 2782.

¢) Transport models (more realistic approach):
Bao-An Li, Phys. Rev. Lett. 88 (2002) 192701, and several papers by others



Symmetry energy and single nucleon potential used in the IBUUO4 transport model

80 . y . . ; ; .
| MPlinteraction ‘ ,.’-'2/ i The x parameter is introduced to mimic
097 "3\.\" -5 1 various predictions on the symmetry energy
g 40_3 e 5T -1 by different microscopic nuclear many-body
CH _ /4/’\ theories using different effective interactions

W o] it soft  x=1
| 2 ’:.//'/ f\ Default: Gogny force
So o3 10 15 20
Density p/p, »
Vip,o) = ;110,02 + ;.153)'0252 + O_:?_ 1 P,O(C)r (1 — x67)
Potential energy density 1, N ,f«r(r 5) frr (7o )
*EZC” f/ P )7 /A

Single nucleon potential within the HF approach using a modified Gogny force:

o,

U(p,s,p.r.x)=A,(x)2=—+ A (x) 2=+ B(L)°(1-x52)-8zrx —_5p ..
P o P o 0 o +1 p,
f (r,p' 2C . , f_.(r,p'
T( rlJZ) 2+ ’ Idgp ( PZ) 2
1+ (p-p)° 1A o 1+ (p-p)° 1A
rrte LA (x) = —1214 2BX A (xy=—96-2BX Kk - 211Mev
2 o +1 o +1

C.B. Das, S. Das Gupta, C. Gale and B.A. Li, PRC 67, 034611 (2003).
B.A. Li, C.B. Das, S. Das Gupta and C. Gale, PRC 69, 034614; NPA 735, 563 (2004).



Formation of dense, asymmetric nuclear
E(p,6)=E(p,0)+E,,(p)5"
23 T T T T T T T ! T
Central density
20} D 1 TP
8 7
< 15F / |
“é 1328n+1248n
1ol E_=400 AMeV
b=1fm
@'l
5 -
12 f | ) | ) | 1 | ) ] f
0 5 10 15 20 25 30
t (fm/c)

—> n/p ratio at supra-normal densities

matter

(n_jﬂ+)like

3.0

2.8

2.6

24

2.2

2.0

~ |Symmetry energy

v

-/ 1* probe of dense matter

“Sn+'*sn, E_ =400 AMeV, b=1 fm
I i 1
x=0
...... x:_“]
- X=-2
10 15 20 25 30

t (fm/c)



N

ear-threshold 1r/11* ratio as a probe of symmetry energy at supra-saturation densities

W. Reisdorf et al. for the FOPI collaboration , NPA781 (2007) 459

IQMD: Isospin-dependent Quantum Molecular Dynamics
C. Hartnack, Rajeev K. Puri, J. Aichelin, J. Konopka,

S.A. Bass, H. Stoecker, W. Greiner
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corresponding to E_, (p) =
Po

Lo
Need a symmetry energy softer than the above

to make the pion production region more neutron-rich!

E(p,6)=E(p,0)+E,,,(0)5"

(high) density region is more neutron-rich

with (soft) symmetry energy

Bao-An Li, Phys. Rev. Lett. 88 (2002) 192701


http://xxx.lanl.gov/find/nucl-th/1/au:+Hartnack_C/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Puri_R/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Aichelin_J/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Konopka_J/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Bass_S/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Stoecker_H/0/1/0/all/0/1
http://xxx.lanl.gov/find/nucl-th/1/au:+Greiner_W/0/1/0/all/0/1

Circumstantial evidence for a super-soft symmetry energy at high densities

Transport model analysis using IBUUO4 100 ———F——1—+—71——1——
Z. Xiao, B.A. Li, L.W. Chen, G.C. Yong L b PCRV
and M. Zhang, PRL 102, 062502 (2009) - . i
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