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skipped details:
• transformation to single-particle coordinates
• isospin
• antisymmetrization
• decoupling of center-of-mass motion
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in practice many-body frameworks are typically formulated in a 
single-particle basis:
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Basis size and matrix dimensions

Overview RG Basics Resolution Forces Filter Coupling

Many short wavelengths =) Large matrices
Harmonic oscillator basis with Nmax shells for excitations
Graphs show convergence for soft chiral EFT potential
(although not at optimal ~⌦ for 6Li)
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Figure 3: Top: The Argonne ⌫18 potential in the 3S1 channel is evolved with SRG. Bottom: The local
projections of the ⌫18 and a higher order contribution to an EFT potential are shown. The e↵ects of
SRG can be seen in both plots [1].

Figure 4: Left: The dimension of matrices that occur in NCSM calculations for selected nuclei depend-
ing on the number of available shells. Matrices larger than 109 cannot be diagonalized with nowadays
computational possibilities. Right: Calculations for 6Li using a SRG evolved potential converge and
yield a ground state energy close to experimental results [1].

4

SRG
evolution



Nuclear forces for different ab-initio many-body frameworks

Hyperspherical harmonics

coupled cluster method

no-core shell model

Faddeev,
Faddeev-Yakubovski

Many-body
perturbation theory

Self-consistent
Greens function 

In-medium SRG
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One-body Green’s function (or propagator) describes the motion of quasi- 
particles and holes: 
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Green’s functions in many-body theory 
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FIG. 1: (Color online) Left. One of the diagrams included in the correlated self-energy, Σ̃(ω). Arrows up (down) refer to quasiparticle
(quasihole) states, the Π(ph) propagators include collective ph and charge-exchange resonances, and the gII include pairing between two

particles or two holes. The FRPA method sums analogous diagrams, with any numbers of phonons, to all orders [21, 25]. Right. Single-

particle spectral distribution for neutrons in 56Ni, obtained from FRPA. Energies above (below) EF are for transitions to excited states of
57Ni (55Ni). The quasiparticle states close to the Fermi surface are clearly visible. Integrating over r [Eq. (4)] gives the SFs reported in Tab. I.

poles give the experimental energy transfer for nucleon pickup

(knockout) to the excited states of the systems with A+1 (A-1)

particles. The propagator (2) is obtained by solving the Dyson

equation [g(ω) = g(0)(ω) + g(0)(ω) Σ"(ω) g(ω)], where

g(0)(ω) propagates a free nucleon. The information on nuclear

structure is included in the irreducible self-energy, which was

split into two contributions:

Σ"(r, r′;ω) = ΣMF (r, r′;ω) + Σ̃(r, r′;ω) . (3)

The term ΣMF (ω) includes both the nuclear mean field (MF)

and diagrams describing two-particle scattering outside the

model space, generated using a G-matrix resummation [24].

As a consequence, it acquires an energy dependence which

is induced by SRC among nucleons [23]. The second term,

Σ̃(ω), includes the LRC. In the present work, Σ̃(ω) is calcu-

lated in the so-called Faddeev random phase approximation

(FRPA) of Refs. [21, 25]. This includes diagrams for particle-

vibration coupling at all orders and with all possible vibration

modes, see Fig. 1, as well as low-energy 2p1h/2h1p configu-

rations. Particle-vibration couplings play an important role in

compressing the single-particle spectrum at the Fermi energy

to its experimental density. However, a complete configura-

tion mixing of states around the Fermi surface is still missing

and would require SM calculations.

Each spectroscopic amplitude ψA±1(r) appearing in Eq. (2)

has to be normalized to its respective SF as

Zα =

∫

dr |ψA±1α (r)|2 =
1

1 −
∂Σ"
α̂α̂
(ω)

∂ω

∣

∣

∣

∣

∣

∣

∣

∣

ω=±(EA±1α −E
A
0
)

, (4)

where Σ"
α̂α̂
(ω) ≡< ψ̂α|Σ

"(ω)|ψ̂α > is the matrix element of

the self-energy calculated for the overlap function itself but

normalized to unity (
∫

dr |ψ̂α(r)|
2 = 1). By inserting Eq. (3)

into (4), one distinguishes two contributions to the quenching

of SFs. For model spaces sufficiently large, all low-energy

physics is described by Σ̃(ω). Then, the derivative of ΣMF (ω)

accounts for the coupling to states outside the model space

and estimates the effects of SRC alone [33].

In general, the SC self-energy (3) is a functional of the one-

body propagator itself, Σ" = Σ"[g]. Hence the FRPA equa-

tions for the self-energy and the Dyson equation have to be

solved iteratively. The mean-field part, ΣMF [g], was calcu-

lated exactly in terms of the fully fragmented propagator (2).

For the FRPA, this procedurewas simplified by employing the

Σ̃[gIPM] obtained in terms of a MF-like propagator

gIPM(r, r′;ω) =
∑

n /∈F

(φn(r))
∗ φn(r

′)

ω − εIMPn + iη
+
∑

k∈F

φk(r) (φk(r
′))∗

ω − εIMP
k
− iη

,

(5)

which is updated at each iteration to approximate Eq. (2) with

a limited number of poles. Eq. (5) defines a set of undressed

single-particle states that can be taken as a basis for SM ap-

plications. This feature will be used below to estimate the im-

portance of configuration mixing effects on the quenching of

spectroscopic factors. The present calculations employed the

N3LO interaction from chiral perturbation theory [26] with a

modification of the tensor monopoles to correct for missing

three-nucleon interactions [27].

Results.— The calculated single-particle spectral function

[S 56Ni(r,ω) =
1
π
|g(r = r′;ω)|2] is shown in Fig. 1 for the case

of neutron transfer on 56Ni. This picture puts in evidence the

quasiparticle and quasihole states associated with valence or-

bits in the 0p1 f shell. The corresponding SFs are reported

in Tab. I, including both protons and neutrons. The first col-

umn is obtained by including only the derivative of ΣMF (ω)

when calculating Eq. (4). Since N3LO is rather soft com-

pared to other realistic interactions the effect of SRC is rela-

tively small. From other models one could expect a quenching

up to about 10% [16], as confirmed by recent electron scatter-

ing experiments [14, 15, 28]. This difference would not affect

sensibly the conclusions below. The complete FRPA result for

SFs is given in the second column. For the transition between

the 56Ni and 57Ni ground states, our result agrees with knock-

C. Barbieri, PRL 103,202520 (2009)

3BF beyond the EoS

Shear viscosity with CBF

Benhar & Valli, PRL 99, 232501 (2007)
Benhar & Carbone, arxiv:0912.0129

PNS dynamical evolution with BHF

Burgio et al., arxiv:1106.2736

• Many-body modelers are aiming at complete descriptions!
• Consistent description of transport coefficients
• Response of nuclear & neutron matter
• Transport coefficients & dynamical evolution of NS 27 / 30
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Details!

Introduction

VNN
V3N

V3N

V3N

VNN

VNN

V3N

V3N

VNN

V3N

Required inputs:

1. consistent NN and 3N forces in partial-wave-decomposed form

2. softened forces for judging approximations and pushing to heavier nuclei



Calculation of 3N interactions for many-body frameworks

|pq�⇥ i � |piqi; [(LS)J(lsi)j]JJz(Tti)T Tz⇥

p
q

p

q
p

q

|pq��1 |pq��2 |pq��3

1

2

3

22

11

33

Due to the large number of matrix elements, the traditional way of 

computing matrix elements requires extreme amounts of computer resources.

Np ' Nq ' 15

N↵ ' 30� 180
dim[hpq↵|V123|p0q0↵0i] ' 107 � 1010

Optimized algorithm allows an efficient calculation for large basis spaces
KH, Krebs, Epelbaum, Golak, Skibinski, PRC 91, 044001(2015)



Calculation of 3N forces in momentum 
partial-wave representation

traditional method:
• reduce dimension of angular integrals from 8 to 5 by using symmetry

• discretize angular integrals and perform all sums numerically

hpq|V123|p0q0i = V123(p� p0,q� q0)

= V123(p� p0, q � q0, cos ✓)

much more efficient method:
• use that all interaction contributions (except rel. corr.) are local:

       allows to perform all except for 3 integrals analytically

• only a few small discrete internal sums need to be 

performed for each external momentum and angular momentum

hpq↵|V123|p0q0↵0i ⇠
X

mi

Z
dp̂ dq̂ dp̂0 dq̂0Y m

l (p̂)Y m̄
l̄ (q̂) hpqST |V123|p0q0S0T 0iY m0

l0 (p̂0)Y m̄0

l̄0 (q̂0)

KH, Phys. Rept. 890, 1 (2021)



Calculation of 3N interactions for many-body frameworks
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RG evolution of 3N interactions in momentum space
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|pq�⇥ i � |piqi; [(LS)J(lsi)j]JJz(Tti)T Tz⇥

dVij

ds
= [[Tij , Vij ] , Tij + Vij ] ,

dV123

ds
= [[T12, V12] , V13 + V23 + V123]

+ [[T13, V13] , V12 + V23 + V123]
+ [[T23, V23] , V12 + V13 + V123]
+ [[Trel, V123] , Hs]

• represent interaction in basis

• explicit equations for NN and 3N flow equations

Bogner, Furnstahl, Perry PRC 75, 061001(R) (2007)



RG evolution of 3N interactions in momentum space
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• explicit equations for NN and 3N flow equations
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dVij

ds
= [[Tij , Vij ] , Tij + Vij ] ,

dV123

ds
= [[T12, V12] , V13 + V23 + V123]

+ [[T13, V13] , V12 + V23 + V123]
+ [[T23, V23] , V12 + V13 + V123]
+ [[Trel, V123] , Hs]

details in the SRG 
exercise session!



SRG evolution of 3N interactions in momentum space:
Results for the Triton

KH PRC(R) 85, 021002 (2012)
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Results for the Triton
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       It works:
Invariance of        within            for consistent chiral interactions at            E

3H
gs N2LO
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SRG evolution of 3N interactions in momentum space:
Results for the Triton
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       It works:
Invariance of        within            for consistent chiral interactions at            E
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SRG evolution of 3N interactions

KH, PRC(R) 85, 021002 (2012)
KH, Phys. Rept. 890, 1 (2021)
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Systematically changing the resolution:                    
the Similarity Renormalization Group

Resolution
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Equation of state of symmetric nuclear matter,
nuclear saturation

Overview RG Summary Extras Physics Resolution Forces Filter Coupling

Why is textbook nuclear physics so hard?

VL=0(k , k �) ⇤
�

r2 dr j0(kr) V (r) j0(k �r) = ⌅k |VL=0|k �⇧ =⇥ Vkk � matrix

Momentum units (� = c = 1): typical relative momentum
in large nucleus � 1 fm�1 � 200 MeV but . . .

Repulsive core =⇥ large high-k (� 2 fm�1) components
Dick Furnstahl RG in Nuclear Physics

l̄S

nS � 0.16 fm�3

Ebinding/N ⇥ �16 MeV

empirical nuclear 
saturation properties

l̄S � 1.8 fm

KH, Bogner, Furnstahl, Nogga, PRC(R) 83, 031301 (2011)
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Relativistic Electron Scattering
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Differential Cross Section

Heavy, spinless
nucleus
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Neglecting recoil, form factor F(q) is 
the Fourier transform of charge 

distribution

As Q increases, nuclear 
size modifies formula

and nuclear size

Q2: -(4-momentum)2 
of the virtual photon

€ 

q2 = −4E # E sin2 θ
2

4-momentum transfer

Uniform interior is a clear  
manifestation of nuclear 
saturation, namely the 

existence of an equilibrium 
density   

Nuclear Saturation  
A Hallmark of the Nuclear Dynamics

Batty et. al, 
Karlsruhe (1987)
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Equation of state of symmetric nuclear matter,
nuclear saturation

Overview RG Summary Extras Physics Resolution Forces Filter Coupling

Why is textbook nuclear physics so hard?

VL=0(k , k �) ⇤
�

r2 dr j0(kr) V (r) j0(k �r) = ⌅k |VL=0|k �⇧ =⇥ Vkk � matrix

Momentum units (� = c = 1): typical relative momentum
in large nucleus � 1 fm�1 � 200 MeV but . . .

Repulsive core =⇥ large high-k (� 2 fm�1) components
Dick Furnstahl RG in Nuclear Physics

l̄S

“Very soft potentials must be 
excluded because they do not 
give saturation; 
they give too much binding and 
too high density. In particular, a 
substantial tensor force is 
required.”

Hans Bethe (1971)
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they give too much binding and 
too high density. In particular, a 
substantial tensor force is 
required.”



Implement a routine that allows to solve the SRG flow equations. 
For this you can use the NumPy routine odeint. You can use the 
upper limit                    as an upper limit for the resolution scale.

Familiarize yourself with the first version of the code. This code 
allows you to read in matrix elements                     and visualise 
them. Take a look at different coupled and uncoupled channels. 
In addition, a routine for computing the deuteron binding energy 
and phase shifts is included. Reproduce the experimental 
observables using the provided interaction matrix elements.

The SRG transformation of the 
Hamiltonian is defined by: 

Show that the flow equation is 
given by:

<latexit sha1_base64="glR6P1DhYVscO5GdPIHiJVT0NYQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoiim6EopsuK5i20MYymUzaoZNJmJkIJXTpxl9x40IRt36CO//GSZqFth643MM59zJzjxczKpVlfRulpeWV1bXyemVjc2t7x9zda8soEZg4OGKR6HpIEkY5cRRVjHRjQVDoMdLxxjeZ33kgQtKI36lJTNwQDTkNKEZKSwPzsAlr8gReQSfvTejcp30fDYdETDNlYFatupUDLhK7IFVQoDUwv/p+hJOQcIUZkrJnW7FyUyQUxYxMK/1EkhjhMRqSnqYchUS6aX7IFB5rxYdBJHRxBXP190aKQiknoacnQ6RGct7LxP+8XqKCSzelPE4U4Xj2UJAwqCKYpQJ9KghWbKIJwoLqv0I8QgJhpbOr6BDs+ZMXSfu0bp/XrduzauO6iKMMDsARqAEbXIAGaIIWcAAGj+AZvII348l4Md6Nj9loySh29sEfGJ8/uZGWpA==</latexit>

H(s) = U(s)HU
†(s)

with the unitary operator        ,
the Hamiltonian 
and the resolution scale    .

<latexit sha1_base64="t5T8EaqO3Oo5avh79nbiDsvI5ik=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoiih6LXjxWMG2hDWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpk4yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLR3cxvPaHSPJGPZpxiENOB5BFn1FjJ90lVn/fKFbfmzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzslZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYluggmXaWZQssWiKBPEJGT2OelzhcyIsSWUKW5vJWxIFWXG5lOyIXjLL6+S5kXNu6q5D5eV+m0eRxFO4BSq4ME11OEeGuADAw7P8ApvjnRenHfnY9FacPKZY/gD5/MHokCN6Q==</latexit>

U(s)

<latexit sha1_base64="la1ucDPIGuxUc2FoRKazbcJiwDE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU0P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3/eM+w==</latexit>s

with the anti-unitary generator
   <latexit sha1_base64="rtGZoJTQC+i8vHYPKMpk2Hrle4Q=">AAACK3icbVDLSgMxFM34rPVVdekmWIS6sMyIohuh1I3LCk5b6NSSydxpQzMPkoxQhvkfN/6KC134wK3/YabtwrYeCJyccy7JPW7MmVSm+WksLa+srq0XNoqbW9s7u6W9/aaMEkHBphGPRNslEjgLwVZMcWjHAkjgcmi5w5vcbz2CkCwK79Uohm5A+iHzGSVKS71S3QFFKvIEX2PHF4SmHrb1NUs9mWH7IXU80u+DyPAkc4rz/KzcK5XNqjkGXiTWlJTRFI1e6dXxIpoEECrKiZQdy4xVNyVCMcohKzqJhJjQIelDR9OQBCC76XjXDB9rxcN+JPQJFR6rfydSEkg5ClydDIgayHkvF//zOonyr7opC+NEQUgnD/kJxyrCeXHYYwKo4iNNCBVM/xXTAdGVKV1vUZdgza+8SJpnVeuiat6dl2v1aR0FdIiOUAVZ6BLV0C1qIBtR9IRe0Dv6MJ6NN+PL+J5El4zpzAGagfHzC1AdpUs=</latexit>

⌘(s) =
dU(s)

ds
U†(s) = �⌘†(s)

<latexit sha1_base64="g8mm8+hG4mKESjCooHI1qUE3eEs=">AAACG3icbVBNS8NAEN34bf2qevSyWAQFKUlR9CKIXnqsYKuQhLLZTNrFzQe7E6GE/g8v/hUvHhTxJHjw37hpe9Dqg2Ee782wOy/IpNBo21/WzOzc/MLi0nJlZXVtfaO6udXRaa44tHkqU3UbMA1SJNBGgRJuMwUsDiTcBHeXpX9zD0qLNLnGQQZ+zHqJiARnaKRuteFFivEipM19fTAsQj2kZ9STEKFLPUBGjXxIm2WjnhK9Pvrdas2u2yPQv8SZkBqZoNWtfnhhyvMYEuSSae06doZ+wRQKLmFY8XINGeN3rAeuoQmLQfvF6LYh3TNKSKNUmUqQjtSfGwWLtR7EgZmMGfb1tFeK/3lujtGpX4gkyxESPn4oyiXFlJZB0VAo4CgHhjCuhPkr5X1mwkITZ8WE4Eyf/Jd0GnXnuG5fHdXOLyZxLJEdskv2iUNOyDlpkhZpE04eyBN5Ia/Wo/VsvVnv49EZa7KzTX7B+vwG9lWe2g==</latexit>

dH(s)

ds
= [⌘(s), H(s)]

The generator specifies the RG 
transformation and can be chosen 
suitably, such that the desired 
decoupling is achieved. The by far 
most common choice is:

<latexit sha1_base64="v0wtyRsqJCrOgyYZy8ilYurPRsE=">AAACEHicbVBNS8NAEN34WetX1aOXxSJWkJKIohdB9OKxQqtCEsJmO2kXNx/sToQS+hO8+Fe8eFDEq0dv/hs3tQetPhh4vDfDzLwwk0KjbX9aU9Mzs3PzlYXq4tLyymptbf1Kp7ni0OGpTNVNyDRIkUAHBUq4yRSwOJRwHd6el/71HSgt0qSNgwz8mPUSEQnO0EhBbccDZLShd+kJ9SRE6NJ2UCiQwz16UcqeEr0++kGtbjftEehf4oxJnYzRCmofXjfleQwJcsm0dh07Q79gCgWXMKx6uYaM8VvWA9fQhMWg/WL00JBuG6VLo1SZSpCO1J8TBYu1HsSh6YwZ9vWkV4r/eW6O0bFfiCTLERL+vSjKJcWUlunQrlDAUQ4MYVwJcyvlfaYYR5Nh1YTgTL78l1ztN53Dpn15UD89G8dRIZtkizSIQ47IKbkgLdIhnNyTR/JMXqwH68l6td6+W6es8cwG+QXr/QtbFJrr</latexit>

⌘(s) = [Trel, H(s)]

Where the kinetic energy operator 
is diagonal and hence hermitian. 
Show that the resulting generator 
is anti-unitary.

<latexit sha1_base64="86ETrRpeUdISNhbbRRj/yBtwIls=">AAACL3icbVDLSgMxFM3Ud31VXboJFkFByowouhGKgnRZoVWhM5RM5k4bmnmQ3BHKMH/kxl9xI6KIW//C9CH4OhBy7rnnktzjp1JotO1nqzQzOze/sLhUXl5ZXVuvbGxe6yRTHNo8kYm69ZkGKWJoo0AJt6kCFvkSbvzBxah/cwdKiyRu4TAFL2K9WISCMzRSt3LphorxPKCNPb1f5IEu6Bl1JYTY+bpa3VyBLA7GFuoq0eujZyr6rexWqnbNHoP+Jc6UVMkUzW7l0Q0SnkUQI5dM645jp+jlTKHgEoqym2lIGR+wHnQMjVkE2svH+xZ01ygBDRNlTox0rH6fyFmk9TDyjTNi2Ne/eyPxv14nw/DUy0WcZggxnzwUZpJiQkfh0UAo4CiHhjCuhPkr5X1mAkQTcdmE4Pxe+S+5Pqw5xzX76qhaP5/GsUi2yQ7ZIw45IXXSIE3SJpzck0fyQl6tB+vJerPeJ9aSNZ3ZIj9gfXwCi+um5w==</latexit>

dH(s)

ds
= [[Trel, H(s)] , H(s)]

<latexit sha1_base64="9mgoOGQ3tT6RzISv2HW6LfA1qTY=">AAACC3icbVDJSgNBEO1xjXGLevTSJAiKEGZE0YsQ9JJTiJBFSIahp1OjjT0L3TViGObuxV/x4kERr/6AN//GznJwe1DweK+Kqnp+IoVG2/60Zmbn5hcWC0vF5ZXVtfXSxmZHx6ni0OaxjNWlzzRIEUEbBUq4TBSw0JfQ9W/OR373FpQWcdTCYQJuyK4iEQjO0EheqVzf1Xv0lLa8TIHM6T7teFkf4Q6zRiPPqXG9UsWu2mPQv8SZkgqZoumVPvqDmKchRMgl07rn2Am6GVMouIS82E81JIzfsCvoGRqxELSbjX/J6Y5RBjSIlakI6Vj9PpGxUOth6JvOkOG1/u2NxP+8XorBiZuJKEkRIj5ZFKSSYkxHwdCBUMBRDg1hXAlzK+XXTDGOJr6iCcH5/fJf0jmoOkdV++KwUjubxlEg26RMdolDjkmN1EmTtAkn9+SRPJMX68F6sl6tt0nrjDWd2SI/YL1/AQp6mSs=</latexit>

H(s) = Trel + VNN(s)

<latexit sha1_base64="JS2VO4fZjCXCwri6c2zoaMWDM+Y=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURRTdC0Y2rUsE+oA1hMp22QycPZm7EEOKvuHGhiFs/xJ1/47TNQlsPXDiccy/33uNFgiuwrG+jsLK6tr5R3Cxtbe/s7pn7B20VxpKyFg1FKLseUUzwgLWAg2DdSDLie4J1vMnN1O88MKl4GNxDEjHHJ6OADzkloCXXLLfdtA/sEdJGI8twVV1ZJ65ZsWrWDHiZ2DmpoBxN1/zqD0Ia+ywAKohSPduKwEmJBE4Fy0r9WLGI0AkZsZ6mAfGZctLZ8Rk+1soAD0OpKwA8U39PpMRXKvE93ekTGKtFbyr+5/ViGF46KQ+iGFhA54uGscAQ4mkSeMAloyASTQiVXN+K6ZhIQkHnVdIh2IsvL5P2ac0+r1l3Z5X6dR5HER2iI1RFNrpAdXSLmqiFKErQM3pFb8aT8WK8Gx/z1oKRz5TRHxifP65BlCA=</latexit>

VNN(s = 0)

<latexit sha1_base64="PaeSu+Uwl3UWsk4VAJ8Q4GiWBcQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgKiRSUVwV3bisYB/QxDKZTtqhM0mYuRFLKG78FTcuFHHrV7jzb5w+Ftp64MLhnHu5954wFVyD635bC4tLyyurhbXi+sbm1ra9s1vXSaYoq9FEJKoZEs0Ej1kNOAjWTBUjMhSsEfavRn7jninNk/gWBikLJOnGPOKUgJHa9r7GvuYSu46H/QvsA3uAPJLDu3LbLrmOOwaeJ96UlNAU1bb95XcSmkkWAxVE65bnphDkRAGngg2LfqZZSmifdFnL0JhIpoN8/MIQHxmlg6NEmYoBj9XfEzmRWg9kaDolgZ6e9Ubif14rg+g8yHmcZsBiOlkUZQJDgkd54A5XjIIYGEKo4uZWTHtEEQomtaIJwZt9eZ7UTxzv1HFvyqXK5TSOAjpAh+gYeegMVdA1qqIaougRPaNX9GY9WS/Wu/UxaV2wpjN76A+szx/46ZXk</latexit>

s ⇠ 0.1 fm4

Visualize the SRG-evolved interaction matrix elements using 
coloured contour plots and verify that the off-diagonal matrix 
elements get successively suppressed with increasing flow 
parameter. Verify that the deuteron binding energy remains 
invariant during the SRG evolution within numerical accuracy.

Modify the routine for the deuteron binding energy such that you 
can control the momentum range of the matrices. Show that you 
can reduce the dimensionality of the eigenvalue problem by cutting 
away high-momentum modes, without changing the binding energy 
for sufficiently large flow parameter values   .<latexit sha1_base64="la1ucDPIGuxUc2FoRKazbcJiwDE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU0P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3/eM+w==</latexit>s

Compare the results and run times of the code for the two 
interactions AV18 und EM500.
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Verify that also the phase shifts remain invariant under SRG 
transformations.5


