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Theory activities at RISP

Boundaries of the nuclear landscape

— Covariant density functional theory

Production of exotic nuclei and heavy elements

— Reaction models (DNS, ...), reactions for astrophysics
Equation of state of dense matter

— New vibrational modes and asymmetric matter
— Symmetry energy of dense matter

Neutron stars

Nuclear structure and reactions from first principles
— Ab initio NCSM ...

— Unitarily transformed realistic interactions
Nuclear transport: quantum molecular dynamics
Chiral effective field theory, parity doublet model, ....



Covariant Density Functional Theory

* Nuclear energy density functional has played an important role in
the self-consistent description of nuclei

« Simple idea : particle exchange — point coupling

Point Coupling

Meson Hm']langv

« Successful to describe the properties of finite nuclei, neutron rich
nuclei (PC-LA, PC-F1, DD-PC1, PC-PK1)



« Lagrangian density of the point-coupling model
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« Numerical equations (for finite nuclei) to solve within RCHB forma
lism (Relativistic Continuum Hartree Bogoliubov )

> (h&"ﬁ 200 Bap ) (Uﬁ#) _E (Uap)
3 _&;,ﬁ _h;_ﬁ + Aap Vs m A Va u



The pairing potential reads,

Aww(r,r') = =) Vi e () rge (r.r)

with the pairing tensor k = U*V7T and a density-dependent delta pairing force

, . L o r
VPP(rq,r2) = Vod(ry — rz), (1 — P7)(1 — p(pﬂl)

).

V, = 685 MeV fm3: fixed by experimental odd-even mass differences of Ca isotopes,
Sn isotopes, N=20 isotones and N=50 isotones.



First mass table using PC-PK1 : 1D code

- 9035 Bound nuclei from Z=8 to Z=120

- For 234 exp. known nuclei (Z=8 to Z=22) : ¢ = 2.23 MeV
- For 2331 exp. known nuclei (Z=8 to Z=120) : o = 7.91 MeV
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Number of more bound nuclei than FRDM
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Mostly, due to the proper treatment of pairing correlations in the continuum, the
neutron drip line predicted by RCHB theory are more neutron-rich than other mass
models; also, our mass table differs from the others (1) functional (PC-PK1,
relativistic), (2) symmetry (deformed or spherical), etc.



 Application of CDFT (PCPK1)

- Proton emission phenomena were investigated
(Z,A)->(Z—-—1,A—1)+p+e+v
- 1D spherical, Potential from PC-PK1, WKB approx.
- More than 80% of data was explained within factor of 2
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DNS (dinuclear system)

Inelastic b>b_ =

Projectile scattering
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Two distinct ways

<Adiabatic way>




DNS

A configuration of two touching nuclei which keep their individuality. In this framework,
the compound nucleus is formed by a series of transfers of nucleons from the light
nucleus to the heavy one. Important degrees of freedom are the mass asymmetry 7/,
the relative inter-nuclear distance R, deformation (rotation) of the fragments, etc .

n=(A1—A2)/(A1+ A2)

The dynamics of the DNS is considered as a combined diffusion in the degrees
of freedom of the mass asymmetry n and of the relative distance describing
the formation of the compound nucleus and the quasi-fission process (decay
of the DNS), respectively.



Fusion in DNS

° Evaporation Residue: Orn(Eem.) = ‘T::gg{Er.m-]'Ft’.-“f*r’{Er.m.}H';Iﬂ{Ec.m.]'

i aF 1.25 exp |—(B%,. — Byr)/Ton
* Fusion Probability: Pen = - |—(Bjus — Ba)/Tons]
1 +1.25 exp [—(Bj,, — Byr)/Tpws]

A. S. Zubov, G. G. Adamian, N. V. Antonenko, S. P Ivanova, W. Scheid (2003)
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9  Jmax
« Effective Capture Cross Section: o2 (Eem) = h Z (2J + )T (Eem.)

* Transmission: T,(E.,,) = q
| 1+ exp[2r{Vp + B*J(J 4+ 1)/2uR3, — Ecm.}/hwp]
D. L. Hill, J. A. Wheeler (1953)
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Influence of entrance channel on the production of hassium isotopes
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Effects of entrance channels on reactions leading to 2°°Th compound nucleus
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B(E1)T (e°fm?)

Vibrational modes and asymmetric matter
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Giant and pygmy resonances in ordinary and
exotic nuclei

Symmetry energy as a restoring force?

Theory of choice: random-phase approximatio
n and extensions

ZUSPb(p’p.)

| Tamii et al., PRL107,062502 |
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Vibrational modes and asymmetric matter
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Nuclear response “from first principles”

Realistic nuclear interactions: precise fits (e.g., Argonne V18) or ch
iral interactions — for more predictive power

Softening through unitary transformations (UCOM, SRG)
Application to second order: Second RPA
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Symmetry energy and the nucleon mass
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Quantum Molecular Dynamics

« RAON

» Exotic beams at low and intermediate energies
v Effect of nuclear structure is important in these energies.
v" Some transport model codes (AMD, CoMD, ...) are available, but they are still not good
enough to describe rare isotope beam.
v" Good event generator for RAON is needed for both theoretical and experimental

purposes.

Transport model : Model to treat non-equilibrium aspects of the temporal
evolution of a collision.

 QMD (Quantum Molecular Dynamics) model
Many-body problem with nucleons
Numerical simulation (event generator)

Early time region in a collision

N N NN

Different methods with different energies

21



Transport Model

* Ca Stability T,,,=200fm/c
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Central and Peripheral Collisions

<Central collision>

Density Evolution-RAQMD b=1fm *'Ca+'Be (140 MeVin) T,,=140fm/c
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Ab Initio approaches and interaction

ab initio approaches :

to understand various nuclei “from first principles” only
considering nucleon interactions

Interactions :

» Realistic NN interaction comes from meson-exchange(AV18,CD-
Bonn), chiral EFT or inverse scattering(JISP16).

» 3N forces are also important but need large computing resources.

PETs(phase equivalent transformations) can be helpful to
obtain more useful NN interactions.



(JISP16 vs) Daejeonl6

ISTP N3LO interaction
(inverse scattering tridiagonal potential)

SRG
(similarity renormalization group)

SRG-evolved N3LO

PET (phase equivalent transformation)

JISP16
(/matrix inverse scattering potential)

Daejeonl6




Daejeonl6

» Fitted to g.s. energies (including several excited states) of 3H, “He,
6Li, 12C, 160 and éHe
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Parity doublet model

Introduce two nucleon fields that transform in a mirror way under chiral transformations:

SUL(2) x SUR2)g
ViR = RyYng, YL — Ly,

Vor — Lyng, Yo — Ryn;.

”-’D(Tf_fj}/'ﬁlffl — “Jf] ysyr2)

— ”?D“ﬁ_("zﬂfflﬁ — "f_'fzm!’flL — "#_{flLﬁfER + 13‘1&'#‘212}

the decay width T'y_ for N*(1535) >N +m, my=270 MeV

“Linear sigma model with parity doubling,” C. E. DeTar and T. Kunihiro, Phys. Rev. D
39, 2805 (1989)
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The state N+ is the nucleon N(938). while N- is its parity partner conventionally
identified with N(1500).
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Cold, dense nuclear matter in a SU(2) parity doublet model
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If the N’ is identified as the N'(1535), the parity doublet model shows a first order phase transition
to a chirally restored phase at large densities, p &~ 10py, defining the transition by the degeneracy of the masses
of the nucleon and the N'. If the mass of the N’ is chosen to be 1.2 GeV, then the critical density of the chiral
phase transition is lowered to three times normal nuclear matter density,

D. Zschiesche, L. Tolos, Jurgen Schaffner-Bielich, Robert D. Pisarski, Phys.Rev. C75 (2007) 055202



Parity doublet model with HLS

Motivation:
® lower m;?
® Non-zero isospin density (chemical potential)

® Lower T_ for (chiral) transitions?



TABLE I. Determined model parameters for given mo. Here
M, = 783 MeV, m, = 776 MeV and me = mz f.

mo[MeV]|| 500 | 600 | 700 | 800 | 900
a1 154 | 14.8 | 14.2 | 13.3 | 12.3

g2 8.96 | 8.43 | 7.76 | 6.94 | 5.92
gunn | 1141912 | 7.31 | 5.67 | 3.54
JpNN 8.05 | 6.97| 7.46 | 7.75 | 8.75
ft[MeV] 435 | 434 | 402 | 316 | 109
A 40.5 | 39.4 | 34.5 | 225 | 4.26

A6 16.3 | 154 | 13.5 | 8.66 | 0.607

Note that in free space m,=(270-500) MeV



slope parameter J. Phys. G: Nucl. Part. Phys. 41 (2014) 093001

: HIC(Sn+Sn)
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Phase diagrams for m; = 900 MeV
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Summary

* Boundaries of the nuclear landscape
Covariant density functional theory
* Production of exotic nuclei and heavy elements
Reaction models (DNS, ...), reactions for astrophysics
* Equation of state of dense matter
New vibrational modes and asymmetric matter
Symmetry energy of dense matter
* Neutron stars
* Nuclear structure and reactions from first principles
Ab initio NCSM ...
Unitarily transformed realistic interactions
* Nuclear transport: quantum molecular dynamics
*Chiral effective field theory, parity doublet model, ...

The key word is international/domestic/theory-experiment collaborations!



