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The Nuclear Chart

Credit: Edward Simpson
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Masses of Cesium Isotopes

Adapted from Blaum, Phys Rep 425:1 (2006)
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The Nuclear Many-Body Problem

I Three ingredients are needed:
I Nucleon interaction properties
I A way to solve the resultant many-body problem
I Experimental data
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The Nuclear Many-Body Problem

more phenomenological−−−−−−−−−−−−→
Chiral Non-Relativistic

Lattice Perturbation Relativistic Energy Density
QCD Theory Mean-Fields Functionals

Structure Structure and
1 nucleon 2–16 nucleons of dynamics

even nuclei of all nuclei

1 GeV 700 MeV 100 MeV 10 MeV
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Non-Relativistic Approaches

I Uses an Energy Density Functional (EDF) to describe nucleon
interactions

I Needs lots of parameters

I Hence lots of parametrisations
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The Goal

I By studying the origin of nuclear forces in higher energy
physics, can we derive constraints on the non-relativistic EDF?

I At low energies, describe interactions using effective field
theory
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Developing A Toy Model

I Model with two particles
I The nucleon N
I The sigma σ, a scalar meson

⇒
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Developing A Toy Model

I The Lagrangian

L = N(iγµ∂µ −M)N +
1

2
(∂σ)2 − m2

2
σ2 − gσNN

I Use path integral to quantise theory

Z =

∫
DN DN Dσ ei

∫
dx4L[σ,N,N ]
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Developing A Toy Model

I The Lagrangian

L = N(iγµ∂µ −M)N +
1

2
(∂σ)2 − m2

2
σ2 − gσNN

I The low-energy effective Lagrangian:

Leff = N(iγµ∂µ−M)N+
g2

2m2
(NN)2+

g2

2m4
(NN)∂2(NN)+O(m−6)
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Developing A Toy Model

I The low-energy effective Lagrangian:

Leff = N(iγµ∂µ−M)N+
g2

2m2
(NN)2+

g2

2m4
(NN)∂2(NN)+...

I From this we can calculate low-energy properties of nuclear
systems

E INM = Cρ5/3 − g2

2m2
ρ2

I We need extend to more
realistic theories

Credit: http://hubblesite.org/newscenter/archive/releases/2002/24/image/a/
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Challenge 1: Many Mesons

Meson SpinParity Isospin Strangeness Mass (MeV)

π 0− 1 0 135
K 0− 1/2 1 494
η 0− 0 0 548

η′ 0− 0 0 958

ρ 1− 1 0 775
ω 1− 0 0 782
K∗ 1− 1/2 1 892

φ 1− 0 0 1019

f0(500) 0+ 0 0 500
f0(980) 0+ 0 0 980
a0(980) 0+ 1 0 980
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The Chosen Mesons

I The f0(500) or σ, isoscalar-scalar field σ

I The pion, isovector-pseudoscalar field

πa =

π+π0
π−


I The omega, isoscalar-vector field

ωµ =


ω0

ω1

ω2

ω3


I The rho, isovector-vector field ρµa
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Challenge 2: Meson-Meson Interactions

I Need to include self-interaction terms like

Lsigma =
µ

3!
σ3 +

λ

4!
σ4

I Unless µ and λ are small, difficult to quantitatively study
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Challenge 3: Many Interactions

Renormalisable Non-Renormalisable

Order 3 Order 4 Order 5
σ3 σ4 σ5

ω2σ ω2σ2 (ω2)2 (ωµρ
µ
a)2 σ(∂σ)2

ρ2σ ρ2σ2 ρ2ω2 (ρ2)2 (ρµaπa)
2 σ(∂µωµ)

2

π2σ π2σ2 π2ω2 π2ρ2 (π2)2 ...
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Problem Solving

I Expand at low energies

I The low energy coupling constants cannot be computed from
high-energy physics

I But they can be fitted to nuclear data

g(α0, α1, α2, ...)(NN)2 → g(NN)2
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Problem Solving

L(N,N, σ, ω, ρ, π)→ E(ρ, τ, Jij , ...)

I Our model incorporates
I Symmetries
I Energy Scales
I Meson interaction channels
I Existence of non-linear interactions

I But our results are insensitive to details of the mesonic physics
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The Low-Energy Energy Density Functional

E =
1

4m2

∫
dx

3
[
(−3g

2
+ 3λ

2 − 3µ
2
)ρ

2
+ (g

2 − λ2
+ 5µ

2
)ρ

2
a

+
1

2M2

[(
−5g

2
+ 5λ

2
(1− 2µω) + 3µ

2
(1− 2µρ)

)]
ρ∇ · ~Jv

+
1

2M2

[(
−g2 + λ

2
(1− 2µω) + 3µ

2
(1− 2µρ)

)]
ρa∇ · ~Jva

+
1

16m2

(
−56d1 + 24d2 −

m2

M2
(6α

2
+ (µ

2
ω − 4µω + 8)λ

2
+ 3(µ

2
ρ − 4µρ + 8)µ

2
)

)
ρ∆ρ

+
1

16m2

(
8d1 − 72d2 +

m2

M2
(2α

2 − (µ
2
ω − 4µω + 8)λ

2
+ (µ

2
ρ − 4µρ + 8)µ

2
)

)
ρa∆ρa

+
1

4M2

(
(µ

2
ω − 4µω − 12)λ

2
+ 3(µρ − 2)

2
µ
2

+ 6α
2 −

8M2

m2
(d1 + 3d2)

)
ρτ

+
1

4M2

(
(µω − 2)

2
λ
2 − (µ

2
ρ − 4µρ − 20)µ

2 − 2α
2 −

8M2

m2
(d1 − d2)

)
ρaτa

+
1

4M2

(
8M2

m2
(d1 + 3d2) + 6α

2 − λ2
(5µ

2
ω − 20µω + 16)− 3µ

2
(5µ

2
ρ − 20µρ + 16)

)
JijJij

+
1

4M2

(
8M2

m2
(d1 − d2)− 2α

2 − λ2
(5µ

2
ω − 20µω + 16) + µ

2
(5µ

2
ρ − 20µρ + 16)

)
JijaJija

+
1

8M2

(
6α

2 − 3λ
2
(µω − 2)

2 − 9µ
2
(µρ − 2)

2
) (
JijJji + J

2
s

)
+

1

8M2

(
−2α

2 − 3λ
2
(µω − 2)

2
+ 3µ

2
(µρ − 2)

2
) (
JijaJjia + (Jsa)

2
) ]
.
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Inequalities

I We will focus on the central and spin-orbit terms:

E =

∫
dx3

∑
t=0,1

(
Cρt ρ

2
t + CSOt ρt∇ · ~Jvt + ...

)

−1
3C

ρ
0 ≤ C

ρ
1 (1) 5CSO1 ≤ CSO0 (2) CSO0 ≤ CSO1 (3)

CSO0 ≤ −5

8

∣∣∣∣35Cρ0 + Cρ1

∣∣∣∣+ 3

8
(1− 2µρ)

(
1

3
Cρ0 + Cρ1

)
(4)

CSO1 ≤ −1

8

∣∣∣∣35Cρ0 + Cρ1

∣∣∣∣+ 3

8
(1− 2µρ)

(
1

3
Cρ0 + Cρ1

)
(5)
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Inequalities

Name Year (1) (2) (3) (4) (5)

UNEDF2 2014 X X X X X
UNEDF1 2012 X X X X X
UNEDF0 2010 X X X X X

SLy4 1997 X X X X X
SLy6 1997 X X X X X
SLy10 1997 X X X X X
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Isospin Dependence of the Spin-Orbit

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Value of S

UNEDF2

UNEDF1

1/5	≤	S	≤	1

Sfit =
CSO1

CSO0

Scalc =
1

5
+

(1− 2µρ)C
ρ
0

10CSO0

+
3(1− 2µρ)C

ρ
1

10CSO0
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Conclusion

I Using basic properties of high energy physics, nuclear
interactions can be partially constrained

I More sophisticated models have limited utility
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Future Work: Tensor Terms

From Otsuka et al, Phys Rev Lett 95:232502 (2005)
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Future Work: Spin Densities

Figure: Quasifission of 48Ca+249Bk

From Umar, et al, Phys Rev C 92:024621 (2015)
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