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MICROSCOPIC NUCLEAR-STRUCTURE
THEORY

1. Start with the bare interactions among the nucleons

2. Calculate nuclear properties using nuclear many-body
theory
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We cannot, in general, solve the full problem in the
complete Hilbert space, so we must truncate to a finite

model space
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No Core Shell Model

Want to solve the A-body Schrodinger equation

H¥Y = E,¥"

Ref: P. Navratil, J.P. Vary, B.R.B., PRC 62, 054311 (2000)



No-Core Shell-Model Approach

* Stant with the purely: mirmsic Hamiltonian

; There are (© phenomenological s.p. encrgies

space:  Argonne V&', AVIE

Can use Niymegen L, 11
NN potentials

space: CD Bonn, EFT Idaho



No-Core Shell-Model Approach

* Next, add €M harmonic-oscillator Hamiltonian

[Defimes a basis (7.e., HO) for evaluatmg



Effective Interaction

* Must truncate to a model space —»

* I general, . 1S an - -body: mteraction

< We want toymake an ¢-body: cluster approximation




Two-body cluster approximation (a=2)
~ H) 4 H®)
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with the restrictions PQS(E)PQ — 025(2)02 =0




Two-body cluster approximation (a=2)

S = arctanh(w — w!) with QuP, =w




EXECT SC
Let B, andll) vz inz 2igensolutions
P L= E e

Lat Jup) & Jug) 92 FlO staies g2longing to
tri2 rriocel sgaice P arid trie 2clicac sgece
o
rasoeactjvaly. Them w is given by: )

(e[ =2 Sl NI Res S Cap| LS
0)f -

Q
| I—
==
e— L
@
H‘
e
|_;_1
Q
=
)
C
L L



NCSM ROAD MAP

IS EChoose aNINFmicractionN (O NINESINININNRISHACHIONS)
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NCSM convergence test

— Comparison to other methods

NCSM

F

+ - N3LO bare

3
H NILO V2efT 7_852(5)

25.39(1)

8 10 12 14 16 18 20 22 24 26 28 30 32 34
N_. - ) —= - N3LD bare
= NILO 36
—+— N3ILOD 32
— —N3LD 28

»>5Short-range correlations = effective interaction
»Medium-range correlations = multi-hQ model space
»Dependence on

»size of the model space (N,,.,)

=HO frequency (hQ)
»Not a vanational calculation
»Convergence OK
>NN interaction insufficient to reproduce experiment

P. Navratil, INT Seminar, November 13, 2007, online




Light drip line nuclei
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C. FORSSEN, P. NAVRATIL, W. E. ORMAND, AND E. CAURIER

PHYSICAL REVIEW C 71, 044312 (2005)
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P. Navratil, J. P. Vary and B. R. B., Phys. Rev. C 62, 054311 (2000)
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P. Navratil and E. Caurier, Phys. Rev. C 69, 014311 (2004)



H. Kamada, et al., Phys. Rev. C 64, 044001 (2001)

PHYSICAL REVIEW C, VOLUME 64, 044001

Benchmark test calculation of a four-nucleon bound state

4 s A e

In the past, several efficient methods have been developed to solve the Schrodinger equation for four-
nucleon bound states accurately. These are the Faddeev-Yakubovsky, the coupled-rearrangement-channel
Gaussian-basis variational, the stochastic variational, the hyperspherical variational, the Green’s function
Monte Carlo. the no-core shell model. and the effective interaction hyperspherical harmonic methods. In this
article we compare the energy eigenvalue results and some wave function properties using the realistic AV8'
NN interaction. The results of all schemes agree very well showing the high accuracy of our present ability to
calculate the four-nucleon bound state.

BE ;= 25.91 MeV BE xp~28.296 MeV



O hQ =22 MeV
O K =28 MeV
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Results for 4He: S. Quaglioni and P. Navratil, arXiv:0704.1336
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52" =
1-|— ?\ /,1 /51’2_ \"‘

! \\-\ 32 + '- 71!2_ ||
J—— 0+ +-\2 + “x ]J[ 2- II".
-3+ | 312— L

\

-4H 6 ‘o7 _
e 512
He GL1 -\_ ls/2- 8He

= 7/2"

/2
iy

Argonne Vg
With llinois-2

GFEMC Calculations
22 June 2004

Exp

o o
12C results are preliminary.




Jact solutlion for w: 3-pocdy clusier level

at £, and|l) oe tre igaensolutions

St ep) S uey 92 rlO statas 92lorngire £y
C

trie ozl sozica P arid tne axclucdad sgece
oF
rasoactivealy. Then (uJJ given by:
<”QIJ >— QI(UI({F)><” IJ/->
of !

<(,( >_ J{><J€|”

) \
_l_

S~

[ h
i*«



Topology of the leading chiral 3NF

2m-exchange part 1 t-exchange/contact Pure contact part
(c-terms) part (D-term) (E-term)



A. Nogga, et al., NPA 737, 236 (2004)
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A. Nogga, et al., Phys. Rev. C 73, 064002 (2006)
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ﬁ'Li _\ P. Navratil, et al. PRL 99,
Quadrupole moment [e fm’] 04250 1 (2007)




P. Navratil, et al., Phys. Rev. Letters 99, 042501 (2007)

N3LO Interaction: D.R. Entem, et al., Phys. Rev. C 86, 041001 (2007)
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H. Kamada, et al., Phys. Rev. C 64, 044011 (2001)

- --- NCSM, bare operator
NCSM, effective operator
GFMC
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Figure 2. NCSM and GFMC NN pair density in




Renormalization of other physical operators

P P>w P Hw Po
HZ = P H,P, = W—Q QL

B P> + P')u..TQ'} P> + Qw P>

OQ) = p,0,p, = 12112 X2




Nucleus Observable Model Space Bare operator  Effective operator

Qo 41 0.179 0.270

B(E2,110 — 310) 2hQ 2.647 2.784

B(E2,170 — 310) 10782 10.221 -

B(E2,2t0 — 110) 2hQ 2.183 2.269
B(E2,270 — 110) 10702 4.502 -
)
)

B(E2,2{0— 010 4hQ 3.05 3.08
B(E2,2{0 — 0t0 4KQ 4.03 4.05
(g.5.| Trellg s.) 8hQ 71.48 154.51

Stetcu, Barrett, Navratil, Vary, Phys. Rev. C 71, 044325 (2005)

small model space: expect larger renormalization
large variation with the model space

three-body forces: might be important, but not the issue

a — A for fixed model space;

P — o~ for fixed cluster.




Range dependence
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Longitudinal-longitudinal distribution function
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Stetcu, Barrett, Navratil, Vary, nucl-th/0601076

Model space independence at high momentum transfer: good renormalization
at the two-body cluster level




1. Understanding the fundamental interactions among the
nucleons in terms of QCD, e.g., NN, NNN, ....
2. Determination of the mean field (the monopole effect).
3. Microscopic calculations of medium- to heavy-mass
nucler:
a.) How to use the advances for light nucle1 to develop
techniques for heavier nuclei.

b.)

4. Extensions of these microscopic advances for nuclear
structure to nuclear reactions.



Many-body P. Navratil and
Hamiltonian S. Quaglioni, INT

short range (localized) matrix seminars fall 2007

NCSM basis

short range (localized)

Over-complete!

Cluster basis
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Microscopic approach to nuclear
reactions

Where is the challenge?

Full and consistent treatment of the FSI also beyond
the 3-body breakup threshold

Channels up to the m—production threshold
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Lorentz integral transform 101
Efros, Leidemann, Orlandini, Phys. Lett. B338, 130 (1994).

R(E) =) (40l Ol)P0(E — Ey)

LIT approach: calculate the transform of R(E) and then invert:

SR ):/R(E)K(a, F)dE

| orentz kernel:

1
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G (E —oRr)>+ J?
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Conclusions

Test calculation of the 4He response functions to the

and excitations by means of the method with
both and

1. benchmarking calculation with a interaction:
the 1s able to obtain results to the

2. opens the door for possible investigations of heavier nuclei

3. however: a more substantial numerical effort will be necessary!!



CONCLUSIONS

2. Sufficiently short-ranged physical operators yield accurate
results even in very small model spaces.

3. EIHH and NCSM approaches yield the same results for
LIT calculations of inclusive cross sections for light nucle1
--> can use the NCSM for taking LIT calculations to
heavier nuclei.



in MeV

el i s ke i e b i d i s a el gdd
O 4 8 12 16 20 24 28 32 36 40 44 48
Nimax




a--46.0
43,0
~+-40.0 —x—40.0
~s--37.0

~0--31.0 —=—31.0




|

I 1 1 1 I 1 1 1 I
p— U G W W W G g S g G

H0=13 MeV

C105Q 8RQ 68Q 9O 7ThO

P. Navratil, et al,, Phys.Rev. Lett. 87, 172502 (2001)
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RMS change using 18 states

The spectra are aligned
with the experimental
first excited 0+ state

J. P. Vary et al., Eur. Phys. J A25,
s01, 475 (2005).




