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‘—Nuclear Forces

Resolution scale in nuclear physics

Degrees of Freedom Energy (MeV)
e 0%°0
‘E’ quarks, guons
g
2 o Separation of scales
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o » Systematic restriction on relevant
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S proton sepaction
z < p,n
g » Typical momenta within large

1.12

S nuclei: 200 MeV ~ 1 fm~1
o 0.043
rotational

Bogner et. al., PPNP 65 (2010),94-147
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‘—Nuclear Forces

Phenomenological NN potentials (purely local)
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‘—Nuclear Forces

Phenomenological NN potentials (purely local)
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‘—Nuclear Forces

Phenomenological NN potentials (purely local)
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Coupling in Lippmann-Schwinger equation for T matrix:

V/(ka q) T/(qv kl: E)
E —q2/2u+ ie
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Tl(ka klvE): \//(k7k,)+/q2dq
s
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Similarity Renormalization Groups

Unitary transformation

vtu =1
E = (VIH|W)
= ((W|UNUHU'(U|W))
= (V|H|W)
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Similarity Renormalization Groups

Unitary transformation

vtu =1
E = (V|H|W)
= ((W|UNUHU'(U|W))
= (V|H|W)

Desired properties of H:
» Dependent on resolution scale with parameter s or \ = 1/s1/4
» Steady evolution
U= Us, H=H;
U =1
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Parameter flow equation

Differential equation to evolve V:

Hs = UsHUJ



Similarity Renormalization Groups (SRG) for nuclear forces

Parameter flow equation

Differential equation to evolve V:

Hs = UsHUJ

dHs _dHs _dUs, . dul
— — H H

ds ds ds v: +U ds
dU; dul

ds

Ul Us HUT + UsHU! U
dS\,./ N —

1 Hs
= 775Hs + Hsnl = [775> Hs]
_au,

s = ds

Ul = —n}
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Parameter flow equation

Generator G for ns:
Ns = [GSa Hs]
dHs
= Gsa Hs ) Hs
= = (1G5, Hi], H
= GsHsHs — 2H;GsHs + HsHs G
Common choice: Gs = T with T|k) = exlk)
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Parameter flow equation

Generator G for ns:

Ns = [GSa Hs]

dH,
= Sy Hs ’ Hs
2 = [[Ge, He], H

= GsHsHs — 2Hs GsHs + HsHs G
Common choice: Gs = T with T|k) = exlk)

dV. dH

5 S = | S =2(TVLT — VeTV,) + V2T + TVZ2 -V, T? — T2V,
S S

dV,

(k, K') = (K'|Vs|k)
= (¢ — V(K K)
2 o0
+2 [ aPda(en + e — 26q) Velk @) Vela. K)
0

ds
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SRG Examples - Argonne v1g
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SRG Examples - Argonne v1g
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Furnstahl, Nucl. Phys. B. (Proc. Suppl.) 228 (2012) 139-175
» 3S; channel
» Non-local evolved potentials
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Matrix dimensions in nuclear physics calculations

No Core Shell Model calculations

N=5 ’

» H in HO basis with Npyax
shells

» Numerical diagonalization

» Max matrix dim. ~ 10°



Similarity Renormalization Groups (SRG) for nuclear forces

Matrix dimensions in nuclear physics calculations

No Core Shell Model calculations .

N=5 ] 10

R IR T RSN T

Matrix dimension
=

R B AN B AL L B R B

10*
0 e
101 B8 o _
» H in HO basis with Npyax —o'c| 3
2 a—h 1o ]
shells 10

» Numerical diagonalization 10
» Max matrix dim. ~ 10° N

Bogner et. al., PPNP 65 (2010),94-147
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SRG Examples - °Li

16¢ T T T T 3
12 Lithium-6 E
> o8 ground-state energy 3
s L ) 3 |
% °F e e 2 » NCFC calculations
2 4= Vi = N'LO E
g
L§ —8F Original hQ =20 MeV E » Based of EFT
- E otential
@ _16F E P
T 20f . E .
5 S }ftened W‘lth SRG E > Convergence possi ble
&} J=2.0fm . E .
:;37 %1 S ! CXP_E_E with SRG
B T S S S RV u TR Y

6
Matrix Size [N ]
Furnstahl, Nuc. Phys. B (Proc. Suppl.) 228 (2012) 139-175

10



Similarity Renormalization Groups (SRG) for nuclear forces

1N

SRG Examples - °Li

Lithium-6

ground-state energy

M3 Vi = N'LO (500 MeV)
0 2
3 Vo =NLO
he2 =20 Mev
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Furnstahl, Nuc. Phys. B (Proc. Suppl.) 228 (2012) 139-175

— 3-body forces?
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» NCFC calculations

» Based of EFT
potential

» Convergence possible
with SRG




Similarity Renormalization Groups (SRG) for nuclear forces

‘— Applications of SRG

Hierarchy of forces in chiral Effective Field Theory

NN 3N 4N
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Bogner et al., Progress in Particle and Nucl. Phys. 65
(2010) 94-147
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‘— Applications of SRG

Hierarchy of forces in chiral Effective Field Theory

NN 3N 4N

Lo of

R

| » Chiral EFT: Pions are
>'<" 'T ‘ — — incIILded o

NLO 0(%)
‘ > Expansion parameter : (%)
NLO O (%) { H‘/

— Multi-body forces arise
— naturally in EFT
— Consequence of neglecting
higher order interaction processes

wLo 0 (%) R it L "f‘

Bogner et al., Progress in Particle and Nucl. Phys. 65
(2010) 94-147
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‘— Applications of SRG

N-body forces from SRG

Why do 3-body forces and higher increase?
» Consider mixing terms in the 2nd quantized flow equation
» Original Vjn only contains 2-body forces
» T is one-body operator

dd\:s = ([T, V], Hun]
= [[Z ala, Z a'alaal, Z a'alaal
= Z atalaa+ Z alalalaaa+...
2 body 7 3 body
Vo =V, + dd\f . As
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‘— Applications of SRG

Importance of N-body forces

=24 T T T

He N°LO (500 MeV)

Ground-State Energy [MeV]
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Alfm']
Furnstahl, Nuc. Phys. B (Proc. Suppl.) 228 (2012)
139-175
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‘— Applications of SRG

Importance of N-body forces

=24 7 T T T T T
- N'LO (500 MeV) » Binding energy in “He
S » Evolution from right to left
3 =26
P oy » NN-only fails
E o M) — 3-body forces and higher
C B Expty ] increase from SRG

ki Lo — 4-body contribution

1 2 3 45 10 20 . e
N significant
Furnstahl, Nuc. Phys. B (Proc. Suppl.) 228 (2012)
139-175
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‘— Applications of SRG

Heavy nuclei
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Binder et al., Phys. Lett. B 736 (2014) 119-123

» Coupled Cluster > (b) and (d): Triple

» Ground state energy per N correction
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‘— Applications of SRG

Comparison

Furnstahl and Hebeler, Rep. Prog. Phys. 76 (2013)
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Comparison of CC and NCSM

IT-NCSM CCSD
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‘ Furnstahl and Hebeler, Rep. Prog. Phys. 76 (2013)
» CC completely different from NCSM

» Still great agreement
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Conclusion

» Basics of low-energy nuclear physics
» Separation of scales
» Hierarchy of forces
» Phenomenological potentials
» Repulsive core
> coupling
» SRG
Flow equations
decoupling
Higher order forces
Applications
» Open Questions
» 4-body forces
» Alternative Generators
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