
Jason D. Holt 

Nonperturbative Shell-Model Interactions  
from In-Medium SRG 

A. Schwenk S. Bogner   H. Hergert 

R. Stroberg 



p
ro

to
n

s 

82!

50!
28!

50!

82!

20!
8!2!

2!
8!

20!

126!

neutrons 

Frontiers and Impact of Nuclear Science 

28!

Aim of  modern nuclear theory: 
 

Develop unified first-principles picture of  structure and reactions 
 

   - Nuclear forces (QCD/strong interaction at low energies) 
   - Electroweak physics 
   - Nuclear many-body problem 
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Exploring the frontiers of  nuclear science: 
 

Worldwide joint experimental/theoretical effort 
 

What are the properties of  proton/neutron-rich matter? 
 

What are the limits of  nuclear existence? 
 

How do magic numbers form and evolve? 
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3N forces essential for exotic nuclei  



The Nuclear Many-Body Problem 
Nucleus strongly interacting many-body system – how to solve A-body problem? 
 
 
 

Valence space: diagonalize exactly with reduced number of degrees of freedom 
 

Large scale: controlled approximations to solving full Schrödinger Equation  
 

Medium-mass 
Valence space 

Medium-mass 
Large scale 

Coupled Cluster 

In-Medium SRG 

Green’s Function 

Coupled Cluster 

In-Medium SRG 

Perturbation Theory 

Any nuclei near  

closed shell cores 
 

All properties: 
  Ground states 
  Excited states   
  EW transitions 

Limited range: 

  Closed shell ±1 

  Even-even 
 

Limited properties: 
Ground states only 

  Some excited state 

Hψn = Enψn



Valence-Space Ideas 

Active nucleons occupy  
valence space 

0s 

0p 

0f,1p 

0g,1d,2s 

0h, 1f, 2p 

Inert core: does not reproduce experiment 

“sd”-valence space   
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Nuclei understood as many-body system starting from closed shell, add nucleons 
 

Calculate valence-space Hamiltonian inputs from nuclear forces 
 

Interaction matrix elements 
 

Single-particle energies (SPEs) 
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Nuclei understood as many-body system starting from closed shell, add nucleons 
 

Calculate valence-space Hamiltonian inputs from nuclear forces 
 

Interaction matrix elements 
 

Single-particle energies (SPEs) 
 

Valence-Space Ideas 

Active nucleons occupy  
valence space 

          “sd”-valence space   

Effective Hamiltonian for valence nucleons 
Solution: allow breaking of core 
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Perturbative Approach 
 

1) Effective interaction: sum excitations outside valence space to 3rd order 
 

2) Single-particle energies calculated self consistently 
 

3) Harmonic-oscillator basis of 13-15 major shells: converged 
 

4) NN and 3N forces from chiral EFT – to 3rd-order MBPT 
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Perturbative Approach 
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Limitations 
 

•  Uncertain perturbative convergence 
 

•  Core physics inconsistent or absent 
 

•  Degenerate valence space requires HO basis (HF requires nontrivial extension) 
•  Must treat additional orbitals nonperturbatively (extend valence space) 



 

1) Effective interaction: sum excitations outside valence space to 3rd order 
 

2) Single-particle energies calculated self consistently 
 

3) Harmonic-oscillator basis of 13-15 major shells: converged 
 

4) NN and 3N forces from chiral EFT – to 3rd-order MBPT 
 

5) Need extended valence spaces 
 

 
 
 
 
 
 
 

8 

28   

20   

50   

0p3/2 

0d5/2 

1s1/2 

0d3/2 

0p1/2 

0g9/2 
0f5/2 

1p3/2 

1p1/2 

0f7/2 

8 

28   

20   

50   

0p3/2 

0d5/2 

1s1/2 

0d3/2 

0p1/2 

0g9/2 
0f5/2 

1p3/2 

1p1/2 

0f7/2 

16O 

Philosophy: diagonalize in largest possible valence space (where orbits relevant) 
 

Perturbative Approach 

Treats higher orbits nonperturbatively 
 



Impact on Spectra: 23O 
Neutron-rich oxygen spectra with NN+3N  
 

5/2+, 3/2+ energies reflect 22,24O shell closures 

sd-shell NN only  
  Wrong ground state 
  5/2+ too low 
  3/2+ bound 
 

NN+3N  
Clear improvement in 
extended valence space 
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     NN
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In-Medium SRG continuous unitary trans. drives off-diagonal physics to zero  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Nonperturbative In-Medium SRG: Reminder 

Tsukiyama, Bogner, Schwenk, PRL (2011) 

€ 

H(s) =U(s)HU†(s) ≡ H d (s) +H od (s)→H d (∞)

H od = p H h + pp H hh +!



Flow equation: define U(s) implicitly with particular choice of generator 
 
 
chosen for desired decoupling behavior (Wegner, White, Im. Time, etc) 
 

Solving flow equation (Hamiltonian and generator truncated at 2-body level) 
 
 
 
Drives all n-particle n-hole couplings to 0 for closed-shell reference state 

Flow Equation Formulation 

npnh H (∞) Φc = 0

€ 

η(s) ≡ dU(s) ds( )U†(s)

€ 

dH(s)
ds

= η(s),H(s)[ ]



Open shell systems 
 

Split particle states into valence states, v, and those above valence space, q 
 

Redefine “off-diagonal” to include excitations of valence particles outside v.s. 
 
 
 
 
 
 
 

IM-SRG: Valence-Space Formulation 

€ 

H(s = 0)→H(∞)

2v 1q1v 2q 3p1h 4p2h2v 1q1v 2q 3p1h 4p2h

Tsukiyama, Bogner, Schwenk, PRC (2012) 

8 

28   

20   

50   

0p3/2 

0d5/2 

1s1/2 

0d3/2 

0p1/2 

0g9/2 
0f5/2 

1p3/2 

1p1/2 

0f7/2 

H od = p H h + pp H hh + v H q + pq H vv + pp H hv

h

p

v

q



Open shell systems 
 

Split particle states into valence states, v, and those above valence space, q 
 

Redefine “off-diagonal” to exclude valence particles 
 
 
 
 
 
 
 
 
 
Core physics included consistently (calculate absolute energies, radii…) 
Inherently nonperturbative – no need for extended valence space? 

IM-SRG: Valence-Space Formulation 
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H(s = 0)→H(∞)

2v 1q1v 2q 3p1h 4p2h2v 1q1v 2q 3p1h 4p2h

Tsukiyama, Bogner, Schwenk, PRC (2012) 
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1) NN and 3N forces from Chiral EFT 
 

2) Evolve with free-space SRG 
 

3) Normal-order wrt HF reference state 
 

4) Perform IM-SRG(2) calculation in flow-equation approach 
 

5) Diagonalize with standard shell-model machinery 
 
 
 
 
 
 
 

Nonperturbative Valence-Space Strategy 

NN matrix elements 
   -                               converged 
   - Vary 
   - Consistently include 3N forces induced by SRG evolution (NN+3N-ind) 

Initial 3N force contributions 
    - Chiral N2LO (NN+3N-full) 
          

   - Included with cut: 

€ 

λSRG =1.88 − 2.24fm−1

  

€ 

!ω = 20 − 24MeV

€ 

emax = 2n + l =14

€ 

e1 + e2 + e3 ≤ E3max =14



state have been exchanged and this leads to the exchange of
the final (or initial) orbital labels j, m and j0, m0. Because
this process reflects a cancellation of the lowering of the
SPE, the contribution from Fig. 3(d) has to be repulsive for
two neutrons. Finally, we can rewrite Fig. 3(d) as the FM
3N force of Fig. 3(e), where the middle nucleon is summed
over core nucleons. The importance of the cancellation
between Figs. 3(a) and 3(e) was recognized for nuclear
matter in Ref. [21].

The process in Fig. 3(d) corresponds to a two-valence-
neutron monopole interaction, schematically illustrated in
Fig. 4(d). The resulting SPE evolution is shown in Fig. 2(c)

for the G matrix formalism, where a standard pion-N-!
coupling [22] was used and all 3N diagrams of the same
order as Fig. 3(d) are included. We observe that the repul-
sive FM 3N contributions become significant with increas-
ing N and the resulting SPE structure is similar to that of
phenomenological forces, where the d3=2 orbital remains
high. Next, we calculate the SPEs from chiral low-
momentum interactions Vlow k, including the changes due

to the leading (N2LO) 3N forces in chiral EFT [23], see
Figs. 3(f)–3(h). We consider also the SPEs where 3N-force
contributions are only due to ! excitations [24]. The lead-
ing chiral 3N forces include the long-range two-pion-
exchange part, Fig. 3(f), which takes into account the
excitation to a ! and other resonances, plus shorter-range
3N interactions, Figs. 3(g) and 3(h), that have been con-
strained in few-nucleon systems [25]. The resulting SPEs
in Fig. 2(d) demonstrate that the long-range contributions
due to ! excitations dominate the changes in the SPE
evolution and the effects of shorter-range 3N interactions
are smaller. We point out that 3N forces play a key role for
the magic number N ¼ 14 between d5=2 and s1=2 [26], and
that they enlarge theN ¼ 16 gap between s1=2 and d3=2 [5].
The contributions from Figs. 3(f)–3(h) (plus all ex-

change terms) to the monopole components take into ac-
count the normal-ordered two-body parts of 3N forces,
where one of the nucleons is summed over all nucleons
in the core. This is also motivated by recent coupled-cluster
calculations [27], where residual 3N forces between three
valence states were found to be small. In addition, the
effects of 3N forces among three valence neutrons should
be generally weaker due to the Pauli principle.
Finally, we take into account many-body correlations by

diagonalization in the valence space. The resulting ground-
state energies of the oxygen isotopes are presented in
Fig. 4. Figure 4(a) (based on phenomenological forces)
implies that many-body correlations do not change our
picture developed from the SPEs: The energy decreases
to N ¼ 16, but the d3=2 neutrons added out to N ¼ 20

FIG. 3 (color online). Processes involving 3N contributions.
The external lines are valence neutrons. The dashed and thick
lines denote pions and ! excitations, respectively. Nucleon-hole
lines are indicated by downward arrows. The leading chiral 3N
forces include the long-range two-pion-exchange parts, diagram
(f), which take into account the excitation to a ! and other
resonances, plus shorter-range one-pion exchange, diagram (g),
and 3N contact interactions, diagram (h).
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       valence-neutron interaction
       induced from 3N force

FIG. 4 (color online). Ground-state energies of oxygen isotopes measured from 16O, including experimental values of the bound 16–
24 O. Energies obtained from (a) phenomenological forces SDPF-M [13] and USD-B [14], (b) a Gmatrix and including FM 3N forces
due to ! excitations, and (c) from low-momentum interactions Vlow k and including chiral EFT 3N interactions at N2LO as well as only
due to ! excitations [25]. The changes due to 3N forces based on ! excitations are highlighted by the shaded areas. (d) Schematic
illustration of a two-valence-neutron interaction generated by 3N forces with a nucleon in the 16O core.
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? 
F dripline 

Oxygen Anomaly 

d3/2 unbound at 24O with 3N forces 

First calculations  
using NN+3N 

Isotopes unbound  
beyond 24O 
 
 
First microscopic 
explanation of oxygen 
anomaly 

Otsuka, Suzuki, JDH, Schwenk, Akaishi, PRL (2010) 

3N repulsion amplified with N: crucial for neutron-rich nuclei 

Probe limits of nuclear existence with 3N forces 

In Fig. 2, we show the single-particle energies (SPEs) of
the neutron d5=2, s1=2 and d3=2 orbitals at subshell closures
N ¼ 8, 14, 16, and 20. The evolution of the SPEs is due to
interactions as neutrons are added. For the SPEs based on
NN forces in Fig. 2(a), the d3=2 orbital decreases rapidly as
neutrons occupy the d5=2 orbital, and remains well bound
from N ¼ 14 on. This leads to bound oxygen isotopes out
to N ¼ 20 and puts the neutron drip line incorrectly at 28O.
This result appears to depend only weakly on the renor-
malization method or the NN interaction used. We dem-
onstrate this by showing SPEs calculated in the G matrix
formalism [10], which sums particle-particle ladders, and
based on low-momentum interactions Vlow k [11] obtained
from chiral NN interactions at next-to-next-to-next-to-
leading order (N3LO) [12] using the renormalization
group. Both calculations include core polarization effects
perturbatively [including diagram Fig. 3(d) with the !
replaced by a nucleon and all other second-order diagrams]
and start from empirical SPEs [13] in 17O. The empirical
SPEs contain effects from the core and its excitations,
including effects due to 3N forces.

We next show in Fig. 2(b) the SPEs obtained from the
phenomenological forces SDPF-M [13] and USD-B [14]
that have been fit to reproduce experimental binding en-

ergies and spectra. This shows a striking difference com-
pared to Fig. 2(a): As neutrons occupy the d5=2 orbital, with
N evolving from 8 to 14, the d3=2 orbital remains almost at
the same energy and is not well bound out to N ¼ 20. The
dominant differences between Figs. 2(a) and 2(b) can be
traced to the two-body monopole components, which de-
termine the average interaction between two orbitals. The
monopole components of a general two-body interaction V
are given by an angular average over all possible orienta-
tions of the two nucleons in orbitals lj and l0j0 [15],

Vmono
j;j0 ¼

X

m;m0
hjmj0m0jVjjmj0m0i=

X

m;m0
1; (1)

where the sum over magnetic quantum numbers m and m0

can be restricted by antisymmetry (see [16,17] for details).
The SPE of the orbital j is effectively shifted by Vmono

j;j0

multiplied by the occupation number of the orbital j0. This
leads to the change in the SPE and determines shell struc-
ture and the location of the drip line [16–19].
The comparison of Figs. 2(a) and 2(b) suggests that the

monopole interaction between the d3=2 and d5=2 orbitals
obtained from NN theories is too attractive, and that the
oxygen anomaly can be solved by additional repulsive
contributions to the two-neutron monopole components,
which approximately cancel the average NN attraction on
the d3=2 orbital. With extensive studies based on NN
forces, it is unlikely that such a distinct property would
have been missed, and it has been argued that 3N forces
may be important for the monopole components [20].
Next, we show that 3N forces among two valence neu-

trons and one nucleon in the 16O core give rise to repulsive
monopole interactions between the valence neutrons.
While the contributions of the FM 3N force to other
quantities can be different, the shell-model configurations
composed of valence neutrons probe the long-range parts
of 3N forces. The repulsive nature of this 3N mechanism
can be understood based on the Pauli exclusion principle.
Figure 3(a) depicts the leading contribution to NN forces
due to the excitation of a !, induced by the exchange of
pions with another nucleon. Because this is a second-order
perturbation, its contribution to the energy and to the two-
neutron monopole components has to be attractive. This is
part of the attractive d3=2 " d5=2 monopole component
obtained from NN forces.
In nuclei, the process of Fig. 3(a) leads to a change of the

SPE of the j, m orbital due to the excitation of a core
nucleon to a !, as illustrated in Fig. 3(b) where the initial
valence neutron is virtually excited to another j0,m0 orbital.
As discussed, this lowers the energy of the j, m orbital
and thus increases its binding. However, in nuclei this
process is forbidden by the Pauli exclusion principle, if
another neutron occupies the same orbital j0, m0, as shown
in Fig. 3(c). The corresponding contribution must then be
subtracted from the SPE change due to Fig. 3(b). This is
taken into account by the inclusion of the exchange dia-
gram, Fig. 3(d), where the neutrons in the intermediate
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FIG. 2 (color online). Single-particle energies of the neutron
d5=2, s1=2 and d3=2 orbitals measured from the energy of 16O as a
function of neutron number N. (a) SPEs calculated from a G
matrix and from low-momentum interactions Vlow k. (b) SPEs
obtained from the phenomenological forces SDPF-M [13] and
USD-B [14]. (c),(d) SPEs including contributions from 3N
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N2LO [25]. The changes due to 3N forces based on ! excitations
are highlighted by the shaded areas.
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In Fig. 2, we show the single-particle energies (SPEs) of
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interactions as neutrons are added. For the SPEs based on
NN forces in Fig. 2(a), the d3=2 orbital decreases rapidly as
neutrons occupy the d5=2 orbital, and remains well bound
from N ¼ 14 on. This leads to bound oxygen isotopes out
to N ¼ 20 and puts the neutron drip line incorrectly at 28O.
This result appears to depend only weakly on the renor-
malization method or the NN interaction used. We dem-
onstrate this by showing SPEs calculated in the G matrix
formalism [10], which sums particle-particle ladders, and
based on low-momentum interactions Vlow k [11] obtained
from chiral NN interactions at next-to-next-to-next-to-
leading order (N3LO) [12] using the renormalization
group. Both calculations include core polarization effects
perturbatively [including diagram Fig. 3(d) with the !
replaced by a nucleon and all other second-order diagrams]
and start from empirical SPEs [13] in 17O. The empirical
SPEs contain effects from the core and its excitations,
including effects due to 3N forces.

We next show in Fig. 2(b) the SPEs obtained from the
phenomenological forces SDPF-M [13] and USD-B [14]
that have been fit to reproduce experimental binding en-

ergies and spectra. This shows a striking difference com-
pared to Fig. 2(a): As neutrons occupy the d5=2 orbital, with
N evolving from 8 to 14, the d3=2 orbital remains almost at
the same energy and is not well bound out to N ¼ 20. The
dominant differences between Figs. 2(a) and 2(b) can be
traced to the two-body monopole components, which de-
termine the average interaction between two orbitals. The
monopole components of a general two-body interaction V
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Vmono
j;j0 ¼

X

m;m0
hjmj0m0jVjjmj0m0i=

X

m;m0
1; (1)

where the sum over magnetic quantum numbers m and m0

can be restricted by antisymmetry (see [16,17] for details).
The SPE of the orbital j is effectively shifted by Vmono

j;j0
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leads to the change in the SPE and determines shell struc-
ture and the location of the drip line [16–19].
The comparison of Figs. 2(a) and 2(b) suggests that the
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obtained from NN theories is too attractive, and that the
oxygen anomaly can be solved by additional repulsive
contributions to the two-neutron monopole components,
which approximately cancel the average NN attraction on
the d3=2 orbital. With extensive studies based on NN
forces, it is unlikely that such a distinct property would
have been missed, and it has been argued that 3N forces
may be important for the monopole components [20].
Next, we show that 3N forces among two valence neu-

trons and one nucleon in the 16O core give rise to repulsive
monopole interactions between the valence neutrons.
While the contributions of the FM 3N force to other
quantities can be different, the shell-model configurations
composed of valence neutrons probe the long-range parts
of 3N forces. The repulsive nature of this 3N mechanism
can be understood based on the Pauli exclusion principle.
Figure 3(a) depicts the leading contribution to NN forces
due to the excitation of a !, induced by the exchange of
pions with another nucleon. Because this is a second-order
perturbation, its contribution to the energy and to the two-
neutron monopole components has to be attractive. This is
part of the attractive d3=2 " d5=2 monopole component
obtained from NN forces.
In nuclei, the process of Fig. 3(a) leads to a change of the
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nucleon to a !, as illustrated in Fig. 3(b) where the initial
valence neutron is virtually excited to another j0,m0 orbital.
As discussed, this lowers the energy of the j, m orbital
and thus increases its binding. However, in nuclei this
process is forbidden by the Pauli exclusion principle, if
another neutron occupies the same orbital j0, m0, as shown
in Fig. 3(c). The corresponding contribution must then be
subtracted from the SPE change due to Fig. 3(b). This is
taken into account by the inclusion of the exchange dia-
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obtained from the phenomenological forces SDPF-M [13] and
USD-B [14]. (c),(d) SPEs including contributions from 3N
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IM-SRG Oxygen Ground-State Energies 

 
 
Valence-space interaction and SPEs from IM-SRG in sd shell  
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Large-space methods with same SRG-evolved NN+3N forces 
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Large-space methods with same SRG-evolved NN+3N forces 
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Compare to large-space methods with same SRG-evolved NN+3N forces 
 

 
 
 
 
 
 
 
 
 
Robust mechanism driving dripline behavior 
 

3N repulsion raises d3/2, lessens decrease across shell 
 

Similar to first MBPT NN+3N calculations in oxygen 

Dripline Mechanism  

(Fig. 1) is over bound at !130:8ð1Þ MeV but in close
agreement with the !130:5ð1Þ MeV obtained from
IM-SRG [11], giving further confirmation of the accuracy
achieved by different many-body methods. Note that the
energies of 15O and 23O can be obtained in two different
ways, from either neutron addition or removal on neigh-
boring subshell closures. Results in Fig. 2 differ by at most
400 keV, again within the estimated uncertainty of our
many-body truncation scheme. The c.m. correction in
Eq. (10) is crucial to obtain this agreement. For @! ¼
24 MeV and !SRG ¼ 2:0 fm!1, the discrepancy in 15O
(23O) is 1.65 MeV (1.03 MeV) when neglecting the
changes in kinetic energy of the c.m. but it reduces to
only 190 keV (20 keV) when this is accounted for. This
gives us confidence that a proper separation of the center of
mass motion is being reached.

Figure 2 also gives a first remarkable demonstration of
the predictive power of chiral 2N þ 3N interactions:
accounting for the precision of our many-body approach
and dependence on !SRG found in Ref. [28], we expect an
accuracy of at least 5% on binding energies. All calculated
values agree with the experiment within this limit. Note
that the interactions employed were only constrained by
2N and 3H and 4He data.

Figures 3 and 4 collect our results for the oxygen, nitro-
gen and fluorine isotopes calculated with @! ¼ 24 MeV
and !SRG ¼ 2:0 fm!1. The top panel of Fig. 3 shows the
predicted evolution of neutron single particle spectrum
(addition and separation energies) of oxygen isotopes in
the sd shell. Induced 3NFs reproduce the overall trend but
predict a bound d3=2 when the shell is filled. Adding pre-
existing 3NFs—the full Hamiltonian—raises this orbit
above the continuum also for the highest masses. This
gives a first principle confirmation of the repulsive effects
of the two-pion exchange Fujita-Miyazawa interaction
discussed in Ref. [3]. The consequences of this trend are
demonstrated by the calculated ground state energies
shown in the bottom panel and in Fig. 4: the induced
Hamiltonian systematically under binds the whole isotopic
chain and erroneously places the drip line at 28O due to the
lack of repulsion in the d3=2 orbit. The contribution from
full 3NFs increase with the mass number up to 24O, when
the unbound d3=2 orbit starts being filled. Other bound
quasihole states are lowered resulting in additional overall
binding. As a result, the inclusion of NNLO 3NFs consis-
tently brings calculations close to the experiment and
reproduces the observed dripline at 24O [41–43]. Our cal-
culations predict 25O to be particle unbound by 1.54 MeV,
larger than the experimental value of 770 keV [44] but
within the estimated errors. The ground state resonance for
28O is suggested to be unbound by 5.2 MeV with respect to
24O. However, this estimate is likely to be affected by the
presence of the continuum which is important for this
nucleus but neglected in the present work.
The same mechanism affects neighboring isotopic

chains. This is demonstrated in Fig. 4 for the semimagic
odd-even isotopes of nitrogen and fluorine. Induced 3NF
forces consistently under bind these isotopes and even
predict a 27N close in energy to 23N. This is fully cor-
rected by full 3NFs that strongly bind 23N with respect to
27N, in accordance with the experimentally observed drip
line. The repulsive effects of filling the d3=2 is also
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achieved by different many-body methods. Note that the
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ways, from either neutron addition or removal on neigh-
boring subshell closures. Results in Fig. 2 differ by at most
400 keV, again within the estimated uncertainty of our
many-body truncation scheme. The c.m. correction in
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24 MeV and !SRG ¼ 2:0 fm!1, the discrepancy in 15O
(23O) is 1.65 MeV (1.03 MeV) when neglecting the
changes in kinetic energy of the c.m. but it reduces to
only 190 keV (20 keV) when this is accounted for. This
gives us confidence that a proper separation of the center of
mass motion is being reached.

Figure 2 also gives a first remarkable demonstration of
the predictive power of chiral 2N þ 3N interactions:
accounting for the precision of our many-body approach
and dependence on !SRG found in Ref. [28], we expect an
accuracy of at least 5% on binding energies. All calculated
values agree with the experiment within this limit. Note
that the interactions employed were only constrained by
2N and 3H and 4He data.

Figures 3 and 4 collect our results for the oxygen, nitro-
gen and fluorine isotopes calculated with @! ¼ 24 MeV
and !SRG ¼ 2:0 fm!1. The top panel of Fig. 3 shows the
predicted evolution of neutron single particle spectrum
(addition and separation energies) of oxygen isotopes in
the sd shell. Induced 3NFs reproduce the overall trend but
predict a bound d3=2 when the shell is filled. Adding pre-
existing 3NFs—the full Hamiltonian—raises this orbit
above the continuum also for the highest masses. This
gives a first principle confirmation of the repulsive effects
of the two-pion exchange Fujita-Miyazawa interaction
discussed in Ref. [3]. The consequences of this trend are
demonstrated by the calculated ground state energies
shown in the bottom panel and in Fig. 4: the induced
Hamiltonian systematically under binds the whole isotopic
chain and erroneously places the drip line at 28O due to the
lack of repulsion in the d3=2 orbit. The contribution from
full 3NFs increase with the mass number up to 24O, when
the unbound d3=2 orbit starts being filled. Other bound
quasihole states are lowered resulting in additional overall
binding. As a result, the inclusion of NNLO 3NFs consis-
tently brings calculations close to the experiment and
reproduces the observed dripline at 24O [41–43]. Our cal-
culations predict 25O to be particle unbound by 1.54 MeV,
larger than the experimental value of 770 keV [44] but
within the estimated errors. The ground state resonance for
28O is suggested to be unbound by 5.2 MeV with respect to
24O. However, this estimate is likely to be affected by the
presence of the continuum which is important for this
nucleus but neglected in the present work.
The same mechanism affects neighboring isotopic

chains. This is demonstrated in Fig. 4 for the semimagic
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rected by full 3NFs that strongly bind 23N with respect to
27N, in accordance with the experimentally observed drip
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IM-SRG Oxygen Spectra 
Oxygen spectra: extended-space MBPT and IM-SRG 
 
 
 
 
 
 
 
 
 
 
 
 
Clear improvement with NN+3N-full 
 

IM-SRG: comparable with phenomenology 
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Oxygen spectra: extended-space MBPT and IM-SRG 
 
 
 
 
 
 
 
 
 
 
 
 
Clear improvement with NN+3N-full 

 

Continuum neglected: expect to lower d3/2 

IM-SRG Oxygen Spectra 
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Oxygen spectra: IM-SRG predictions beyond the dripline 
 
 
 
 
 
 
 
 
 
 
 
24O closed shell (too high 2+) 

 

Continuum neglected: expect to lower spectrum 
 

Only one excited state in 26O below 6.5MeV 

IM-SRG Oxygen Spectra 
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Oxygen spectra: IM-SRG predictions beyond the dripline 
 
 
 
 
 
 
 
 
 
 
 
 

New measurement at RIKEN on excited states in 26O 
 

Existence of excited state 1.3MeV 
IM-SRG prediction: one natural-parity state below 7MeV at 1.22MeV 

Experimental Connection: 26O Spectrum 
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Oxygen spectra: Effective interactions from Coupled-Cluster theory 
 
 
 
 
 
 
 
 
 
 
 
MBPT in extended valence space 

 

IM-SRG/CCEI spectra agree within ~300 keV 

Comparison with MBPT/CCEI Oxygen Spectra 

Hebeler, JDH, Menéndez, Schwenk, ARNPS (2015) 
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24F spectrum: extended-space MBPT and (sd-shell) IM-SRG, full CC 
 
 
 
 
 
 
 
 
 
 
 
 
 

New measurements from GANIL 
 

IM-SRG: comparable with phenomenology in good agreement with new data 

Experimental Connection: 24F Spectrum 

Ekström et al., PRL (2014) 
Cáceres et al., arXiv:1501.01166  
Hebeler, JDH, Menéndez, Schwenk, ARNPS (2015) 
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Fluorine spectra: extended-space MBPT and IM-SRG (sd shell) 
 
 
 
 
 
 
 
 
 
 
 
 

MBPT: obvious deficiencies 
 

IM-SRG: competitive with phenomenology in good agreement data 

Fully Open Shell: Neutron-Rich Fluorine Spectra 

Bogner, Hergert, JDH, Schwenk, in prep. 
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Neon spectra: extended-space MBPT and IM-SRG (sd shell) 
 
 
 
 
 
 
 
 
 
 
 
 

MBPT: obvious deficiencies 
 

IM-SRG: competitive with phenomenology in good agreement data 

Fully Open Shell: Neutron-Rich Neon Spectra 
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Bogner, Hergert, JDH, Schwenk, in prep. 
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Magnus expansion: explicitly construct unitary transformation U(s)  
 
 

 
With flow equation: 
 
 
 
 

Leads to commutator expression for evolved Hamiltonian 
 
 
 
Nested commutator series – in practice truncate numerically 
 

Perform all calculations at two-body level 

Alternative Approach: Magnus Expansion 

U(s) = eΩ(s)

dΩ(s)
ds

=η(s)+ 1
2
Ω(s),η(s)[ ]+ 1

12
Ω(s), Ω(s),η(s)[ ]"# $%+!

H (s) = eΩ(s)He−Ω(s) = H +
1
2
Ω(s),H[ ]+ 1

12
Ω(s), Ω(s),H[ ]#$ %&+!

Morris, Parzuchowski, Bogner, in prep 



Analogous to electron gas results varying step size 
 
 
 
 
 
 
 
 
 
 
 
Evident error accumulation in flow-equation for small step sizes  
Magnus: rapid convergence, independent of step size 

Magnus vs Flow-Equation 



6Li spectrum from NN+3N forces 
 
 
 
 
 
 
 
 
 
 
 
 
 

p-Shell Benchmarks 



p-shell SPEs nearly converged 
 
 
 
 
 
 
 
 
 
 
 
 
 

p-Shell Benchmarks 



20Ne shell energies nearly converged 
 
 
 
 
 
 
 
 
 
 
 
 
 
As in oxygen, overbound but spectrum well reproduced 

sd-Shell Benchmarks 



Keep unitary transformation from evolution of Hamiltonian 
 

Can generalize to arbitrary operators 
 
 
 

 
 
 
 
 

 
Must work out normal ordered operators in J-coupled basis 
 

First apply to scalar operators 

Effective Operators 

H (s) = eΩ(s)He−Ω(s) = H +
1
2
Ω(s),H[ ]+ 1

12
Ω(s), Ω(s),H[ ]#$ %&+!

OΛ (s) = eΩ(s)OΛe−Ω(s) =OΛ +
1
2
Ω(s),OΛ$% &'+

1
12

Ω(s), Ω(s),OΛ$% &'
$
%

&
'+!



Seldom calculated in nuclear shell model 
In single HO shell: 
 
 
 

Must resort to phenomenological gymnastics 
 
With Magnus IM-SRG, calculate effective valence-space operator: 
 
 
Commutators induce important two-body parts 

E0 Transitions 

ρE0 (s) = e
Ω(s)ρE0e

−Ω(s) = ρE0 +
1
2
Ω(s),ρE0[ ]+!

f ρE0 i
2
∝δ fi;   ρE0 =

1
e2R

eiri
2

i
∑



Very preliminary results in sd shell (not converted in NN or 3N):  
 
 
 
 
 
 
 
 
 
 
 
3N forces provide significant reduction 
Need additional benchmarks 

E0 Transitions in sd Shell Model 



Previous SM radii calculations rely on empirical input or as relative to core 
Radii for stable sd-shell nuclei calculated in shell model NN+3N 
 
 
 
 
 
 
 
 
 
 
 
 
 

RMS Charge Radii in sd Shell Model 

Stroberg et al, in prep 
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New Directions and Outlook 
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