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Part I - Symmetry breaking in ab initio many-body theory

Part II - Diagonal Bogoliubov MBPT

Part III - Restoration of U(1) symmetry



Ab Initio and 
Symmetry Breaking 

Part I 
Theoretical uncertainties 
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Theoretical uncertainties
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Ab Initio ( ‘From first principles’ ): 
‘The approximate solution must be systematically improvable  

and approach the exact solution in a well-defined way.’
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Theoretical uncertainties
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Input Hamiltonian
• What is the form of  V2N, V3N, … ? 

• How do they emerge from QCD? 
• Uncertainties from (S)RG transformations 

Ab Initio ( ‘From first principles’ ): 
‘The approximate solution must be systematically improvable  

and approach the exact solution in a well-defined way.’

H = T + V2N + V3N + ... + VAN
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%
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Input Hamiltonian
• What is the form of  V2N, V3N, … ? 

• How do they emerge from QCD? 
• Uncertainties from (S)RG transformations 

Many-body solution
• Truncation of many-body expansion 
• No full account of three-body operators 
• In-medium normal-ordering approximation 
• Finite size of 1B, 2B and 3B Hilbert space 
• Proper inclusion of continuum d.o.f.

Ab Initio ( ‘From first principles’ ): 
‘The approximate solution must be systematically improvable  

and approach the exact solution in a well-defined way.’

H = T + V2N + V3N + ... + VAN
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Input Hamiltonian
• What is the form of  V2N, V3N, … ? 

• How do they emerge from QCD? 
• Uncertainties from (S)RG transformations 

Many-body solution
• Truncation of many-body expansion 
• No full account of three-body operators 
• In-medium normal-ordering approximation 
• Finite size of 1B, 2B and 3B Hilbert space 
• Proper inclusion of continuum d.o.f.

Typical error on observables
• Hamiltonian (10 - 20 % ) in mid-mass region 
• Many-body truncation ( 3 - 5 % ) 
• Model-space truncation effects ( 1 % ) 

Ab Initio ( ‘From first principles’ ): 
‘The approximate solution must be systematically improvable  

and approach the exact solution in a well-defined way.’
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Horizontal expansion

• Authorize breaking of symmetry group G

• Mixing of vacua within manifold of rotated states

U(1) : pairing correlations 

SU(2) : quadrupolar correlations

|�i =
Z

G
dg ƒ (g)R(g)|�i

<latexit sha1_base64="40QTreZayXA2y2t86mbwx51qQcE="></latexit>

• Historically preferred strategy in EDF theory

• Rot. states are related in non-perturbative way

• Configuration mixing within GCM framework 



A. Tichai — ESNT workshop on ‘Symmetry breaking and symmetry preserving schemes’ — May 2019

Many-body expansions

 5

Horizontal expansion

• Authorize breaking of symmetry group G

• Mixing of vacua within manifold of rotated states

U(1) : pairing correlations 

SU(2) : quadrupolar correlations

Vertical expansion

• Account of dynamic correlation effects

• Expansion in terms of particle-hole excitations

• Intrinsic hierarchy arising from excitation rank

• Collectivity is complicated to account for!

|�i = |�i +
X

��
c�� |�

�
� i +
X

�<b
�<j

c�b�j |�
�b
�j i + ...

<latexit sha1_base64="bupzexUBXpG7ICf7GpAlh6WGMkY="></latexit>

• Historically preferred strategy in ab initio theory

• Goal: determine wave-function coefficients

• Large variety of different expansion schemes 

MBPT or CC, CI, IMSRG, SCGF

|�i =
Z

G
dg ƒ (g)R(g)|�i

<latexit sha1_base64="40QTreZayXA2y2t86mbwx51qQcE="></latexit>

• Historically preferred strategy in EDF theory

• Rot. states are related in non-perturbative way

• Configuration mixing within GCM framework 
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Many-body expansions

 6

Combined expansion

• Generation of a symmetry-broken vacuum from a deformed mean-field calculation using input Hamiltonian

• Identification of proper elementary excitations yields well-defined (i.e. non-singular) correlation expansion

Quasi-particle 
excitationΔE>0Particle-hole  

excitation
ΔE=0

• Final projection onto good quantum numbers provides additional inclusion of non-perturbative physics

• Normal-ordering of the initial operators w.r.t. deformed vacuum using (generalized) Wick’s theorem

O �! O|�i
<latexit sha1_base64="zb8/5FJudmvYpYuZJWfrNSORKuQ="></latexit>

• Advantage: Multi-step procedure allows for systematic account of static and dynamic correlation effects

• Consistent symmetry-restoration protocol must be designed beyond mean field (see talk of Thomas Duguet) 

This is specific to the many-body method and the symmetry group!

• Useful alternative to formally complicated multi-reference approaches where symmetries are conserved



Bogoliubov
Many-Body PerturbationTheory

Part II 
Open-shell nuclei from symmetry-broken correlation expansions

Tichai, Arthuis, Duguet, Hergert, Somà, Roth, Phys. Lett. B 786 (2018)  
Arthuis, Duguet, Tichai, Lasseri, Ebran, CPC 240C (2019)
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Quasiparticle representation
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• Breaking of particle-number conservation linked to (abelian) global U(1) gauge symmetry

U(1) =
¶
S(�) ⌘ e�A� , � 2 [0,2�]

©
<latexit sha1_base64="+shCKGGtI2jPq+j/hXi6w5Gvd8w="></latexit>
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• While the operators commute with particle number the reference state is not an eigenstate of A

[H,S(�)] = [A, S(�)] = [�, S(�)] = 0
<latexit sha1_base64="chK4jNiD2Is9NWCyRCY8HT6L7Y0="></latexit>

A|�i 6= A0|�i
<latexit sha1_base64="RkLmjD4G78ujNDNNrV6RaRmja6w=">AAACTXicbVDLTgIxFO3gA0RR0KWbRmLCiswoiS4hblxiIo+EIaRT7kBDpzO2HRIy8gt+jVv9Bdd+iDtjLDALAU/S5OScc3N7jxdxprRtf1qZnd29/WzuIH94VDg+KZZO2yqMJYUWDXkoux5RwJmAlmaaQzeSQAKPQ8eb3C38zhSkYqF41LMI+gEZCeYzSrSRBsVKAz9jtzlm2JVEjDhgV8ATbgzsDX1QLNtVewm8TZyUlFGK5qBkFdxhSOMAhKacKNVz7Ej3EyI1oxzmeTdWEBE6ISPoGSpIAKqfLE+a40ujDLEfSvOExkv170RCAqVmgWeSAdFjtektxP+8Xqz9237CRBRrEHS1yI851iFe9IOHTALVfGYIoZKZv2I6JpJQbVpc3yJhunZFsgia2IZIBAU+z5sCnc26tkn7qupcV68eauV6La0yh87RBaogB92gOrpHTdRCFL2gV/SG3q0P68v6tn5W0YyVzpyhNWSyv4P3sko=</latexit>

• Breaking of particle-number conservation linked to (abelian) global U(1) gauge symmetry

U(1) =
¶
S(�) ⌘ e�A� , � 2 [0,2�]

©
<latexit sha1_base64="+shCKGGtI2jPq+j/hXi6w5Gvd8w="></latexit>
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<latexit sha1_base64="+shCKGGtI2jPq+j/hXi6w5Gvd8w="></latexit>

• Correlated reference state is of product type in quasi-particle space (change of algebra!)

|�i = C
Y

k
�k |0i �†k =

X

p
Upkc†p + Vpkcp �k =

X

p
U?pkcp + V?pkc

†
p

<latexit sha1_base64="egyQOyHN9zT6gLKbRykqnqUkNmQ="></latexit>
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• Employ normal ordering of second-quantised operators w.r.t. to Bogoliubov state

O ⌘ O00
|{z}
O[0]

+O20 + O11 + O02
| {z }

O[2]

+O40 + O31 + O22 + O13 + O04
| {z }

O[4]
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• Different normal-ordered components exhibits different permutational symmetries

O�j =
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O�j
k1...k�+ j

�†k1 · · ·�
†
k�
�k�+ j · · ·�k�+1

<latexit sha1_base64="KObQSkuhhnjWg2WPW/pinKNGHvM="></latexit>
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• Quasiparticle matrix elements inherit tensorial properties of the original operators (J-coupling) 

• Final task: design of a correlation expansion for vacuum obeying Bogoliubov algebra

• Different normal-ordered components exhibits different permutational symmetries
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• Partitioning: definition of a splitting into unperturbed part and perturbation

� = �0 + �1 ��th [�0, S(�)] 6= 0 �nd [�1, S(�)] 6= 0
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• Møller-Plesset: choose unperturbed grand potential as diagonal one-body operator
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• Correlation energy obtained from extension of Goldstone’s formula to symmetry-broken phase
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• Correlation energy obtained from extension of Goldstone’s formula to symmetry-broken phase

• Explicit formula from Wick’s theorem (brute force) or Feynman diagrams (elegant and safe)
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• Correlation energy obtained from extension of Goldstone’s formula to symmetry-broken phase

• Explicit formula from Wick’s theorem (brute force) or Feynman diagrams (elegant and safe)

• Similar to single-reference HFMBPT but sums run over all states (no particle and holes)

E(2) = �
1

24

X

k1k2k3k4

�40
k1k2k3k4�

04
k1k2k3k4

Ek1 + Ek2 + Ek3 + Ek4
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• BMBPT has polynomial computational scaling at every finite truncation order!
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• Various non-perturbative schemes formulated and/or in use … 

… but symmetry has never been restored in realistic applications!

• BMBPT has polynomial computational scaling at every finite truncation order!
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o(3B) = õ(NO0B) + õ(NO1B) + õ(NO2B) + õ(NO3B)
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• Rewriting of three-body operator in normal-ordered form w.r.t. A-body reference state
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• A full inclusion of three-body operators in a correlation expansion is very expensive

• Systematic approximation via normal-ordered k-body approximation (NOkB)

• Inclusion of 3B effects without using a 3B operator

showing deviations below 1%. For! ¼ 0:08 fm4 the NO2B
approximation yields "310ð2ÞMeV and "472ð1ÞMeV
as compared to "309ð1ÞMeV and "468ð1ÞMeV for the
Nmax¼ 8 ground-state energy with the exact NN þ
3N-induced and NN þ 3N-full Hamiltonians, respectively.

For a comprehensive picture of its anatomy, we analyze
the expectation values of the 3N interaction at different
levels of the NOnB approximation using IT-NCSM eigen-
states obtained with the exact 3N interaction for 4He, 16O,
and 40Ca for fixed Nmax. Figure 2 summarizes these expec-
tation values of the 3N interaction for a set of NN þ
3N-induced and NN þ 3N-full Hamiltonians. For 16O
and 40Ca a similar pattern emerges: The NO2B approxi-
mation does reproduce the expectation value of the exact
3N interaction very well, both for the NN þ 3N-induced
and the NN þ 3N-full Hamiltonian. The pattern observed
for the sequence of NOnB approximations is different for
both types of Hamiltonians. For NN þ 3N-induced the 1B
and 2B contributions of the normal-ordered Hamiltonian
have opposite sign, with the 1B contribution being signifi-
cantly larger, whereas for the NN þ 3N-full Hamiltonian
the 1B and 2B contributions are both attractive and of
similar size. In all cases the 0B contribution is the largest
and overestimates the exact 3N expectation value. For 4He
the pattern is different. The 0B term does not provide the
largest contribution and underestimates the 3N expectation
value. The signs and relative sizes of the 1B and 2B terms
again depend on the Hamiltonian, and the NO2B approxi-
mation still shows a sizable deviation from the exact 3N
expectation value, contrary to the single example presented
in Ref. [8].

This case study shows that there is no universal pattern
and no hierarchy in the individual NOnB contributions.
The size of the individual terms and also the deviation of
the NO2B approximation from the exact 3N result depends
on the Hamiltonian, the nucleus, and the oscillator fre-
quency. Nonetheless, the 3N expectation values in Fig. 2
and the ground-state energies in Fig. 1 demonstrate that the
NO2B approximation works very well beyond the lightest
nuclei.
Application in coupled-cluster theory.—After validating

the NO2B approximation, we are now applying it in ground-
state calculations for heavier closed-shell nuclei in the
framework of the coupled-cluster method. Coupled-cluster
theory is a natural framework since normal-ordering of the
Hamiltonian with respect to a reference state is inherent to
the formulation of the approach. We have developed an
efficient coupled-cluster code using the J-coupled scheme
discussed in Ref. [23], which enables us to go to very large
model spaces. We limit ourselves to coupled cluster with
singles and doubles excitations (CCSD), which has been
shown to be a good approximation for soft SRG-evolved
interactions [23]. An additional approximation present in
the CCSD calculations for technical reasons is a truncation
of the 3N matrix elements entering the NO2B to harmonic-
oscillator principal quantum numbers e1 þ e2 þ e3 &
E3max¼ 14.
In a first step, we confront the CCSD results for 16O

with the previous IT-NCSM results, both using the NO2B
approximation. Figure 3 shows the convergence of the
ground-state energies in both methods using the NN þ
3N-induced and NN þ 3N-full Hamiltonian. We observe
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FIG. 2 (color online). Anatomy of the NOnB approximation of
the ground-state energies of 4He, 16O, and 40Ca. The bar charts
show the expectation values of the 3N interaction computed at
different levels of the normal-ordering approximation, i.e.,
NO0B, NO1B, NO2B, and exact 3N. We employ the NN þ
3N-induced and NN þ 3N-full Hamiltonians, each with two
values of ! (see labels). We use the eigenstates obtained for
the exact 3N interaction in Nmax¼ 10 for 4He and 16O and
Nmax¼ 8 for 40Ca, all at @! ¼ 20 MeV.
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3N-full Hamiltonians with ! ¼ 0:04 fm4 (d), 0:05 fm4 (r),
0:0625 fm4 (m), and 0:08 fm4 (j).
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• Typical induced error: 1 - 3 % in medium-light systems

o(3B) = õ(NO0B) + õ(NO1B) + õ(NO2B) + õ(NO3B)
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• Rewriting of three-body operator in normal-ordered form w.r.t. A-body reference state
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• A full inclusion of three-body operators in a correlation expansion is very expensive

• Systematic approximation via normal-ordered k-body approximation (NOkB)

• Particle-number-broken vacua yield additional challenges

• For detailed discussion see talk of Julien Ripoche !

[O,A] = 0 6=) [ONOkB, A] = 0
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as compared to "309ð1ÞMeV and "468ð1ÞMeV for the
Nmax¼ 8 ground-state energy with the exact NN þ
3N-induced and NN þ 3N-full Hamiltonians, respectively.

For a comprehensive picture of its anatomy, we analyze
the expectation values of the 3N interaction at different
levels of the NOnB approximation using IT-NCSM eigen-
states obtained with the exact 3N interaction for 4He, 16O,
and 40Ca for fixed Nmax. Figure 2 summarizes these expec-
tation values of the 3N interaction for a set of NN þ
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mation does reproduce the expectation value of the exact
3N interaction very well, both for the NN þ 3N-induced
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value. The signs and relative sizes of the 1B and 2B terms
again depend on the Hamiltonian, and the NO2B approxi-
mation still shows a sizable deviation from the exact 3N
expectation value, contrary to the single example presented
in Ref. [8].

This case study shows that there is no universal pattern
and no hierarchy in the individual NOnB contributions.
The size of the individual terms and also the deviation of
the NO2B approximation from the exact 3N result depends
on the Hamiltonian, the nucleus, and the oscillator fre-
quency. Nonetheless, the 3N expectation values in Fig. 2
and the ground-state energies in Fig. 1 demonstrate that the
NO2B approximation works very well beyond the lightest
nuclei.
Application in coupled-cluster theory.—After validating

the NO2B approximation, we are now applying it in ground-
state calculations for heavier closed-shell nuclei in the
framework of the coupled-cluster method. Coupled-cluster
theory is a natural framework since normal-ordering of the
Hamiltonian with respect to a reference state is inherent to
the formulation of the approach. We have developed an
efficient coupled-cluster code using the J-coupled scheme
discussed in Ref. [23], which enables us to go to very large
model spaces. We limit ourselves to coupled cluster with
singles and doubles excitations (CCSD), which has been
shown to be a good approximation for soft SRG-evolved
interactions [23]. An additional approximation present in
the CCSD calculations for technical reasons is a truncation
of the 3N matrix elements entering the NO2B to harmonic-
oscillator principal quantum numbers e1 þ e2 þ e3 &
E3max¼ 14.
In a first step, we confront the CCSD results for 16O

with the previous IT-NCSM results, both using the NO2B
approximation. Figure 3 shows the convergence of the
ground-state energies in both methods using the NN þ
3N-induced and NN þ 3N-full Hamiltonian. We observe
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the ground-state energies of 4He, 16O, and 40Ca. The bar charts
show the expectation values of the 3N interaction computed at
different levels of the normal-ordering approximation, i.e.,
NO0B, NO1B, NO2B, and exact 3N. We employ the NN þ
3N-induced and NN þ 3N-full Hamiltonians, each with two
values of ! (see labels). We use the eigenstates obtained for
the exact 3N interaction in Nmax¼ 10 for 4He and 16O and
Nmax¼ 8 for 40Ca, all at @! ¼ 20 MeV.
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• Typical induced error: 1 - 3 % in medium-light systems

o(3B) = õ(NO0B) + õ(NO1B) + õ(NO2B) + õ(NO3B)
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• Rewriting of three-body operator in normal-ordered form w.r.t. A-body reference state



A. Tichai — ESNT workshop on ‘Symmetry breaking and symmetry preserving schemes’ — May 2019

• In symmetry-conserving theories the evaluation of other observables is fully optional 

• BMBPT requires monitoring observables related to particle-number breaking 

particle number and higher moments Ak ( but they are k-body operators )

Challenges beyond HFB

 11
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• Particle-number shift: correlated state does not have correct particle number on average

h�approx|A|�approxi 6= A0 but h�|A|�i = A0
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• Alternative to projection: readjustment of particle number in high-order BMPT

|�i, A0(N0, Z0)
<latexit sha1_base64="sNPHL6GXiLkhD9EECmzfZpeOE9I="></latexit>

order p
|�(p)approxi with A0 6= A0

<latexit sha1_base64="kY8u/JliR1wZ7963NFbB2jzpGZU="></latexit>

constrained 
HFB

|�constr.i with Aconstr. 6= A0
<latexit sha1_base64="0L9SrCrT9WIj3Wu0y+ePzqdKgJM="></latexit>

non-canonical BMBPT calculation 
(more diagrams)

see talk of Mikael Frosini ! 
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• Particle-number shift: correlated state does not have correct particle number on average

h�approx|A|�approxi 6= A0 but h�|A|�i = A0
<latexit sha1_base64="sTo9vdg/ZbzPyLu0B1WKNQc+uQE="></latexit>

• Alternative to projection: readjustment of particle number in high-order BMPT

|�i, A0(N0, Z0)
<latexit sha1_base64="sNPHL6GXiLkhD9EECmzfZpeOE9I="></latexit>

order p
|�(p)approxi with A0 6= A0

<latexit sha1_base64="kY8u/JliR1wZ7963NFbB2jzpGZU="></latexit>

constrained 
HFB

|�constr.i with Aconstr. 6= A0
<latexit sha1_base64="0L9SrCrT9WIj3Wu0y+ePzqdKgJM="></latexit>

non-canonical BMBPT calculation 
(more diagrams)

see talk of Mikael Frosini ! 

• Good news: no particle-number shift at second order when using canonical HFB reference state
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• Bulk correlation effects from 
second-order energy correction 

• Symmetry-breaking does not 
affect quality of separation 
energies (shell structure) 

• Shift in particle-number most 
pronounced in middle of open 
shells 

• Deviation from experiment due 
to defects in Hamiltonian

198 A. Tichai et al. / Physics Letters B 786 (2018) 195–200

Fig. 1. (Color online) Systematics along O, Ca and Ni isotopic chains: (a) absolute binding energy, (b) two-neutron separation energy, (c) neutron-number dispersion, (d) per-
turbative correction to the average neutron number. Plot markers correspond to HFB ( ), second-order BMBPT ( ) and third-order BMBPT ( ). Experimental values are 
shown as black bars [34].

the Hamiltonian employed here, this has proven sufficient up to 
heavy nickel isotopes [41].

Calculations are presently restricted to even–even semi-magic 
nuclear ground states characterized by J! = 0+ . This enables the 
use of angular-momentum coupling techniques to solve the HFB 
equations and compute the perturbative corrections. Furthermore, 
perturbative corrections displayed above are recast into traces 
over matrix products that can be evaluated economically using 
BLAS routines. This allows a very efficient evaluation of low-order 
BMBPT corrections. More details, including the J -scheme expres-
sions for the normal-ordered grand potential and of the perturba-
tive corrections will be presented in a future publication [30].

Fig. 1 provides systematic results of first-, second- and (prelim-
inary) third-order BMBPT calculations along O, Ca, and Ni isotopic 
chains. The top panel displaying absolute binding energies demon-
strates that the bulk of dynamic correlations is obtained at second 
order [1,3]. In closed-shell, sub-closed or slightly paired open-
shell nuclei, the third-order contribution is consistently suppressed 
compared to second order and indicates a gentle behavior of low-
order BMBPT corrections. The computation of fourth-order contri-
butions will further assess the convergence behavior of low-order 
BMBPT contributions based on SRG-transformed Hamiltonians in 
the future.

While being informative, our preliminary third-order calcula-
tions are clearly contaminated in open-shell nuclei for which the 
correction to the particle number is significant, e.g., in 42–46 Ca and 
50–54Ni. We observe that the spurious arches in the binding energy 
directly reflect the behavior of A(3)

0 displayed in panel (d) of Fig. 1. 
It is consistent with the fact that the contaminating term is noth-
ing but "E(3)

0 ≡ λA(3)
0 , leading to an overbinding whenever A(3)

0
leads to an excess of particles as it is systematically the case here. 

The contamination "E(3)
0 is presently exaggerated by the fact that 

the employed Hamiltonian overbinds mid-mass nuclei [41], thus 
making the neutron chemical potential artificially large and nega-
tive. In any case, the iterative readjustment of the average particle 
number at the working order n will eventually eliminate the spu-
rious arches in the binding energy.

Panel (b) of Fig. 1 displays two-neutron separation ener-
gies. While results are already qualitatively correct at first order, 
second-order corrections are non-negligible and tend to shrink 
magic gaps. The behavior is overall very satisfactory. Panel (c) 
shows the neutron-number dispersion σ ≡

√
⟨A2⟩ − ⟨A⟩2, which 

typically grows with the nuclear mass. While the dispersion is 
bound to go to zero in the limit of an all-order resummation, 
the second-order contribution does not decrease it compared to 
HFB. This indicates the merit of exactly restoring U (1) symme-
try to complement low-order dynamic correlations with non-
perturbative static ones, as in projected Bogoliubov CC [28 ] or 
MR-IMSRG [20,26 ]. Because the dispersion changes abruptly at 
(sub-)shell closures, restoring good particle number will mostly 
affect differential quantities, e.g., two-neutron separation energies, 
around (sub-)shell closures.

Fig. 2 benchmarks second-order BMPBT results against well-
established many-body approaches that are partially or fully non-
perturbative. The Hamiltonian is the same in all calculations and 
numerical details associated with the basis size and the treatment 
of three-body forces are identical whenever possible or at least 
consistent. The most advanced reference, only available for O iso-
topes, is the importance-truncated no-core shell model (IT-NCSM) 
using a natural-orbital single-particle basis [42]. Results from the 
NCSM-PT to second order are also available along the O isotopic 
chain [3]. Covering the same range of mid-mass nuclei as BMBPT, 

Tichai et al., PLB 786 195 (2018)

Chiral NN+3N Hamiltonian 
NO2B approximation 
SRG: α = 0.08 fm4 
13 major shells (1820 s.p. states) 
canonical HFB reference

Calculation details
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the Hamiltonian employed here, this has proven sufficient up to 
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Calculations are presently restricted to even–even semi-magic 
nuclear ground states characterized by J! = 0+ . This enables the 
use of angular-momentum coupling techniques to solve the HFB 
equations and compute the perturbative corrections. Furthermore, 
perturbative corrections displayed above are recast into traces 
over matrix products that can be evaluated economically using 
BLAS routines. This allows a very efficient evaluation of low-order 
BMBPT corrections. More details, including the J -scheme expres-
sions for the normal-ordered grand potential and of the perturba-
tive corrections will be presented in a future publication [30].

Fig. 1 provides systematic results of first-, second- and (prelim-
inary) third-order BMBPT calculations along O, Ca, and Ni isotopic 
chains. The top panel displaying absolute binding energies demon-
strates that the bulk of dynamic correlations is obtained at second 
order [1,3]. In closed-shell, sub-closed or slightly paired open-
shell nuclei, the third-order contribution is consistently suppressed 
compared to second order and indicates a gentle behavior of low-
order BMBPT corrections. The computation of fourth-order contri-
butions will further assess the convergence behavior of low-order 
BMBPT contributions based on SRG-transformed Hamiltonians in 
the future.

While being informative, our preliminary third-order calcula-
tions are clearly contaminated in open-shell nuclei for which the 
correction to the particle number is significant, e.g., in 42–46 Ca and 
50–54Ni. We observe that the spurious arches in the binding energy 
directly reflect the behavior of A(3)
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0 , leading to an overbinding whenever A(3)
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leads to an excess of particles as it is systematically the case here. 

The contamination "E(3)
0 is presently exaggerated by the fact that 

the employed Hamiltonian overbinds mid-mass nuclei [41], thus 
making the neutron chemical potential artificially large and nega-
tive. In any case, the iterative readjustment of the average particle 
number at the working order n will eventually eliminate the spu-
rious arches in the binding energy.

Panel (b) of Fig. 1 displays two-neutron separation ener-
gies. While results are already qualitatively correct at first order, 
second-order corrections are non-negligible and tend to shrink 
magic gaps. The behavior is overall very satisfactory. Panel (c) 
shows the neutron-number dispersion σ ≡

√
⟨A2⟩ − ⟨A⟩2, which 

typically grows with the nuclear mass. While the dispersion is 
bound to go to zero in the limit of an all-order resummation, 
the second-order contribution does not decrease it compared to 
HFB. This indicates the merit of exactly restoring U (1) symme-
try to complement low-order dynamic correlations with non-
perturbative static ones, as in projected Bogoliubov CC [28 ] or 
MR-IMSRG [20,26 ]. Because the dispersion changes abruptly at 
(sub-)shell closures, restoring good particle number will mostly 
affect differential quantities, e.g., two-neutron separation energies, 
around (sub-)shell closures.

Fig. 2 benchmarks second-order BMPBT results against well-
established many-body approaches that are partially or fully non-
perturbative. The Hamiltonian is the same in all calculations and 
numerical details associated with the basis size and the treatment 
of three-body forces are identical whenever possible or at least 
consistent. The most advanced reference, only available for O iso-
topes, is the importance-truncated no-core shell model (IT-NCSM) 
using a natural-orbital single-particle basis [42]. Results from the 
NCSM-PT to second order are also available along the O isotopic 
chain [3]. Covering the same range of mid-mass nuclei as BMBPT, 
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the Hamiltonian employed here, this has proven sufficient up to 
heavy nickel isotopes [41].

Calculations are presently restricted to even–even semi-magic 
nuclear ground states characterized by J! = 0+ . This enables the 
use of angular-momentum coupling techniques to solve the HFB 
equations and compute the perturbative corrections. Furthermore, 
perturbative corrections displayed above are recast into traces 
over matrix products that can be evaluated economically using 
BLAS routines. This allows a very efficient evaluation of low-order 
BMBPT corrections. More details, including the J -scheme expres-
sions for the normal-ordered grand potential and of the perturba-
tive corrections will be presented in a future publication [30].

Fig. 1 provides systematic results of first-, second- and (prelim-
inary) third-order BMBPT calculations along O, Ca, and Ni isotopic 
chains. The top panel displaying absolute binding energies demon-
strates that the bulk of dynamic correlations is obtained at second 
order [1,3]. In closed-shell, sub-closed or slightly paired open-
shell nuclei, the third-order contribution is consistently suppressed 
compared to second order and indicates a gentle behavior of low-
order BMBPT corrections. The computation of fourth-order contri-
butions will further assess the convergence behavior of low-order 
BMBPT contributions based on SRG-transformed Hamiltonians in 
the future.

While being informative, our preliminary third-order calcula-
tions are clearly contaminated in open-shell nuclei for which the 
correction to the particle number is significant, e.g., in 42–46 Ca and 
50–54Ni. We observe that the spurious arches in the binding energy 
directly reflect the behavior of A(3)
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It is consistent with the fact that the contaminating term is noth-
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0 , leading to an overbinding whenever A(3)

0
leads to an excess of particles as it is systematically the case here. 

The contamination "E(3)
0 is presently exaggerated by the fact that 

the employed Hamiltonian overbinds mid-mass nuclei [41], thus 
making the neutron chemical potential artificially large and nega-
tive. In any case, the iterative readjustment of the average particle 
number at the working order n will eventually eliminate the spu-
rious arches in the binding energy.

Panel (b) of Fig. 1 displays two-neutron separation ener-
gies. While results are already qualitatively correct at first order, 
second-order corrections are non-negligible and tend to shrink 
magic gaps. The behavior is overall very satisfactory. Panel (c) 
shows the neutron-number dispersion σ ≡

√
⟨A2⟩ − ⟨A⟩2, which 

typically grows with the nuclear mass. While the dispersion is 
bound to go to zero in the limit of an all-order resummation, 
the second-order contribution does not decrease it compared to 
HFB. This indicates the merit of exactly restoring U (1) symme-
try to complement low-order dynamic correlations with non-
perturbative static ones, as in projected Bogoliubov CC [28 ] or 
MR-IMSRG [20,26 ]. Because the dispersion changes abruptly at 
(sub-)shell closures, restoring good particle number will mostly 
affect differential quantities, e.g., two-neutron separation energies, 
around (sub-)shell closures.

Fig. 2 benchmarks second-order BMPBT results against well-
established many-body approaches that are partially or fully non-
perturbative. The Hamiltonian is the same in all calculations and 
numerical details associated with the basis size and the treatment 
of three-body forces are identical whenever possible or at least 
consistent. The most advanced reference, only available for O iso-
topes, is the importance-truncated no-core shell model (IT-NCSM) 
using a natural-orbital single-particle basis [42]. Results from the 
NCSM-PT to second order are also available along the O isotopic 
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• Excellent agreement of all methods with ‘exact’ results (IT-NCSM) 

• Different truncation schemes yield consistent description of open-shell nuclei 

• BMBPT is optimal for cheap survey calculations of next-generation chiral Hamiltonians

A. Tichai et al. / Physics Letters B 786 (2018) 195–200 199

Fig. 2. Absolute ground-state binding energies (top) and two-neutron separation energies (bottom) along O, Ca and Ni isotopic chains. Results are displayed for second-order 
BMBPT ( ), second-order NCSM-PT ( ), large-scale IT-NCSM ( ), GSCGF-ADC(2) ( ), MR-IMSRG(2) ( ) and CR-CC(2,3) ( ). Experimental value are shown as black bars [34].

MR-IMSRG and GSCGF calculations are systematically displayed. 
While the IMSRG flow is truncated at the two-body level, i.e., 
yielding the IMSRG(2) approximation [12,15,20], GSCGF includes 
skeleton self-energy diagrams up to second order, i.e., yielding 
the so-called ADC(2) approximation [17,43]. Finally, closed-shell 
CC calculations performed at the CR-CC(2,3) level [41] are added 
whenever available. Each of these many-body methods systemat-
ically incorporates large classes of perturbation theory diagrams 
beyond second-order BMBPT.

We find that second-order BMBPT ground-state energies are in 
very good agreement with the more sophisticated methods for 
all systems under consideration, i.e., the relative deviation does 
not exceed 2%. In particular all methods are similar and in good 
agreement with IT-NCSM in O isotopes. MR-IMSRG(2) and NCSM-
PT (when available) do provide a stronger binding compared to 
second-order BMBPT. On the other hand, GSCGF-ADC(2) results are 
very comparable to second-order BMBPT while being often slightly 
less bound. Of course, it will be of great interest to perform this 
comparison again once proper third-order and/or particle-number-
restored BMBPT are systematically available. The consistency of 
the absolute binding energies and two-neutron separation energies 
provided by all the many-body methods further confirms that dis-
crepancies with experimental data, e.g., the systematic overbinding 
in Ca and Ni isotopes or the incorrect behavior of S2N around 56Ni, 
reflect the shortcomings of the employed chiral Hamiltonian. CR-
CC(2,3) calculations further incorporates the effect of triple excita-
tions that are absent from MR-IMSRG(2), GSCGF-ADC(2) or second-
and third-order BMBPT. Corresponding results demonstrate that a 
highly-accurate description of mid-mass systems requires the in-
corporation of triples, i.e., six-quasi-particle excitations in the lan-
guage of BMBPT. The leading contributions of this type appear 
at fourth order in the BMBPT expansion. In addition, one should 
eventually consider the explicit inclusion of the 3N interaction 
without resorting to the NO2B approximation, as demonstrated in 
the CC context [44,45].

Fig. 3 provides the computational runtime in CPU hours of 
second- and third-order BMBPT calculations for several isotopic 
chains. The tin isotopic chain is included here for the record even 
though the corresponding results were not displayed in Figs. 1
and 2 due to the poor performance of the chiral Hamiltonian and 
to the lack of convergence of the calculation with respect to the 
E3max = 14 truncation in this mass region. BMBPT calculations 
were performed on an Intel Xeon X5650 computing node with 12 

Fig. 3. Computational runtime versus mass number from BMBPT(2) ( ), BMBPT(3∗) 
( ), MR-IMSRG(2) ( ) and ADC(2) calculations.

cores at 2.67 GHz. The runtime is essentially independent of the 
mass number of the system for fixed values of emax and E3max. 
A typical run requires only up to 15 CPUh for open-shell nuclei 
and as little as 6 CPUh in closed-shell nuclei. The reduction in the 
closed-shell case is achieved by exploiting that the Bogoliubov ma-
trix V (U ) becomes zero for particle (hole) states when the grand 
potential is normal ordered, i.e., one recovers the benefit of an ex-
plicit partition between particle and hole states. Since our code is 
designed to treat systems with pairing we do not make use of op-
timizations that are only valid in the limiting case of HF-MBPT. 
Therefore, the employed BMBPT code is a factor of 5–10 slower 
than a fully-optimized HF-MBPT code.

Most importantly, Fig. 3 demonstrates that third-order BMBPT 
calculations generate results similar to state-of-the-art medium-
mass approaches at a computational cost that is about two or-
ders of magnitude smaller, e.g., MR-IMSRG(2) requires roughly 
2000 CPUh per run when applied to an open-shell system. The 
computational advantage of low-order BMBPT calculations over 
non-perturbative approaches could make BMBPT a particularly 
useful tool to provide cheap systematic tests of newly generated 
chiral EFT Hamiltonians over a wide range of nuclei.

5. Conclusions

We presented the first full-fledged ab initio application of Bo-
goliubov many-body perturbation theory to finite nuclei. Expand-

Runtime 
 NCSM:    20.000 hours 
 MCPT:      2.000 hours 
 IMSRG:     1.500 hours 
 ADC:           400 hours  
 BMBPT:      < 1min !

Chiral NN+3N Hamiltonian 
NO2B approximation 
SRG: α = 0.08 fm4 
13 major shells (1820 s.p. states) 
canonical HFB reference

Calculation details

Tichai et al., PLB 786 195 (2018)



Part III 
Consistent symmetry restoration beyond HFB

Projected BMBPT
Restoration of U(1) symmetry

Tichai, Ripoche, Duguet, (2019) in preparation 
Ripoche, Tichai, Duguet, (2019) in preparation
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• Symmetry-restored observables obtained via action of projection operator PA
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• Off-diagonal operator kernels as central quantities in many-body formalism
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• Size extensivity ensured due to linked many-body expansion arising from factorization
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• Four different types of quasi-particle propagators for symmetry-broken vacuum 
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relates to the presence of the time-independent operator
Ω to which a fixed time t = 0 is attributed in order to
insert it inside the time ordering at no cost.
As for N(τ,ϕ), Ω(τ,ϕ) can be expressed diagrammat-

ically according to

Ω(τ,ϕ) ≡ e−τΩ00 ∑

i+j=0,2,4

∞
∑

n=0

Ωij (n)(τ,ϕ)⟨Φ|Φ(ϕ)⟩ ,

where Ωij (n)(τ,ϕ) denotes the sum of all vacuum-to-
vacuum diagrams of order n including the operator Ωij

at fixed time t = 0. The convention is that the zero-order
diagram Ωij (0)(τ,ϕ) solely contains the fixed-time oper-
ator Ωij(0), i.e. the latter must not be considered when
counting the order of the diagram to apply the diagram-
matic rules listed in Sec. IVG2.

2. Exponentiation of disconnected diagrams

Any diagram Ωij (n)(τ,ϕ) consists of a part that is
linked to the operator Ωij(0), i.e. that results from con-
tractions involving the creation and annihilation oper-
ators of Ωij(0), and parts that are disconnected. In
the infinite series of diagrams obtained via the off-
diagonal BMBPT expansion of Ωij(τ,ϕ), each vacuum-
to-vacuum diagram linked to Ωij(0) effectively multiplies
the complete set of vacuum-to-vacuum diagrams making
up N(τ,ϕ). Gathering those infinite sets of diagrams
accordingly leads to the remarkable factorization

Ωij(τ,ϕ) ≡ ωij(τ,ϕ)N(τ,ϕ) , (89)

where

ωij(τ,ϕ) ≡
∞
∑

n=0

ωij (n)(τ,ϕ) (90a)

sums all connected vacuum-to-vacuum diagrams of order
n linked to Ωij(0).
The fact that the (reduced) kernel O(τ,ϕ) (O(τ,ϕ))

of any normal-ordered operator O factorizes into its
linked/connected part o(τ,ϕ) times the (reduced) norm
kernel N(τ,ϕ) (N (τ,ϕ)) similarly to Eq. 89 is a funda-
mental result that will be exploited extensively in the
remainder of the paper.

3. Computing diagrams

The twenty non-zero connected/linked zero- and first-
order diagrams contributing to ω(τ,ϕ) are displayed in
Fig. 7, where they are classified according to the value
of na, i.e. according to the number of anomalous lines
they contain. Given that all first-order diagrams involve
Ω(τ1) and Ω(0) with the constraint that τ1 > 0, normal

lines not only propagate in the same direction but are
also limited to propagate upward.
na = 0 na = 1 na = 2 na = 3 na = 4
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FIG. 7. Zero- and first-order connected Feynman off-
diagonal BMBPT diagrams contributing to ω(τ,ϕ). All ver-
tices referring to Ω11, i.e. the lower vertex in diagrams PE.5
and PE.16, must be understood as indeed referring to the full
Ω11 = Ω̄11 + Ω̆11.

Choosing the reference state |Φ⟩ to be the solution of
HFB equations amounts to setting Ω̆11 = Ω20 = Ω02 = 0
such that diagrams PE.2, PE.4-PE.6, PE.12-PE.15 and
PE.17 are zero in the Moller-Plesset scheme, i.e. the set
reduces from twenty non-zero diagrams to eleven non-
zero diagrams at first order. Finally, ω(τ, 0) at play in
diagonal BMBPT reduces to PE.1, PE.4 and PE.7 (na =
0) diagrams at first order (only PE.1 and PE.7 in the
Moller-Plesset scheme).
While the full analytic expression of the twenty dia-

grams is provided in App. D, we presently detail the cal-
culation of one of them for illustration. The first-order
connected/linked diagram labeled as PE.13 in Fig. 7 and
displayed in details in Fig. 8 contains one Ω02 vertex at
running time τ1 coming from the perturbative expansion
of the evolution operator and one vertex Ω13 at fixed time
0, i.e. this diagram contributes to ω13 (1)(τ,ϕ). The dia-
gram contains two anomalous lines (na = 2), one vertex
and no crossing line ((−1)p+nc = −1), one anomalous line
beginning and ending at the Ω13 vertex, and a symmetry
factor ns = 1 as only one vertex carries a running time
and thus cannot be exchanged with any other. Last but
not least, the sign convention requires to associate the
factors +Ω02

k5k6
and +Ω13

k1k2k3k4
to the vertices as they

appear in Fig 8. Eventually, diagram PE.13 reads as

Many-body truncations
HFB

PHFB
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PBMBPT(2)

+
+
+ + +

• PBMBPT contains PHFB and BMBPT 
as limiting subcases 

• Static correlations from consistently 
breaking and restoring U(1) symmetry 

• Dynamic correlations from 
quasiparticle expansion 

• Stronger proliferation of number of 
diagrams in PMBPT 

• The missing link: reduce the gap 
between EDF and ab initio theory
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PO0.1.1
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Figure 9: Zero- and first- order e�ective o�-diagonal BMBPT
diagrams recasting the twenty displayed in Fig. 7.

5.3. Systematic scheme

The analysis provided above puts us in position to state
the systematic rules used to generate all order p o�-diagonal
(e�ective) BMBPT diagrams from the diagonal ones. Start-
ing from a diagonal BMBPT diagram of order p

1. replace the bottom vertex Om0 by its transformed
partner Õm0(Ï),

2. for each energy vertex �ij

(a) add k self-contractions while turning the vertex
into �ij+2k, with k œ N, until i + j + 2k =
deg_max,

(b) transform l outgoing arrows into incoming arrows
to form l anomalous lines while turning the vertex
into �i≠lj+l, with l œ N, until i ≠ l = 0,

3. retain only topologically distinct diagrams.

While the method is straighforward, it is indeed impor-
tant to discard topologically equivalent diagrams generated
through this brute force procedure. Anticipating it, one
can actually reduce the need to check for all of them, which
is particularly beneficial given that the corresponding test
scales factorially with the number of vertices in the dia-
grams. In practice, one can exploit the following features

• Topologically equivalent o�-diagonal diagrams can
only be generated from diagonal diagrams display-
ing a symmetry factor ns > 1. Consequently, the test
to eliminate topologically equivalent o�-diagonal di-
agrams can be limited to those generated from this
subset of diagonal BMBPT diagrams.

• Going further, one can actually avoid generating topo-
logically equivalent diagrams in the first place in the
following way

1. to be filled by Pierre if needed.

2. If not relevant remove this bullet along with the

whole Itemize format.

5.4. Drawing associated BMBPT diagrams

To be written by Pierre.

6. Evaluation of o�-diagonal BMBPT diagrams

Having the capacity to generate all o�-diagonal BMBPT
Feynman diagrams of order p, the next challenge is to
systematically derive their expression. Doing so on the

basis of Feynman’s algebraic rules is rather straightforward.
However, it leaves the p-tuple time integral to perform in
order to obtain the time-integrated expression of interest.
In Ref. [1], an algorithm was found to overcome this chal-
lenge without prior knowledge of the perturbative order
or of the topology of the diagram. This eventually led
to the identification of a novel diagrammatic rule. In the
present section, we explain how the method only needs to
be slightly generalized in order to realize the same objec-
tive for o�-diagonal BMBPT Feynman diagrams at play in
PNP-BMBPT.

6.1. Time-structure diagrams

Obtaining the result of p-tuple time integrals in an au-
tomatic fashion was made possible via the introduction of
the time-structure diagram underlying any given diagonal
BMBPT diagram of arbitrary order and topology. We refer
to Ref. [1] for the general theory of TSDs and only com-
ment here on the specificities encountered when dealing
with more general o�-diagonal BMBPT diagrams.

The key point was already alluded to in Sec. 4.5 and
relates to the impact anomalous lines may have on the
TSD attributed to a given o�-diagonal BMBPT diagram.
The main features are

• The running time labels (·1, . . . , ·p) are positive such
that each � vertex entertains at least an ordering
relation with the bottom vertex Õ(Ï) independently
of the network of lines running through the BMBPT
diagram. Consequently, the TSD remains necessarily
connex, independently of its topology.

• Contrarily to normal lines, anomalous lines do not
induce any time ordering relation. This means that,
while two � vertices connected by at least one normal
line are time ordered, it is not the case if they are
solely connected via anomalous propagators. Conse-
quently, a link connecting two � vertices in the TSD
associated to a diagonal BMBPT diagram will disap-
pear when the two vertices become only connected
via anomalous propagators in an o�-diagonal partner
diagram. Whenever an � vertex ends up entertaining
no time relation with any other due to the replacement
of normal lines by anomalous ones, it becomes directly
linked to the bottom vertex in the associated TSD.

• The addition of a self contraction to any given � vertex
does not change the time structure of the diagram and
thus the associated TSD.

In conclusion, the presence of anomalous lines may, de-
pending on the situation, change the TSD associated to an
o�-diagonal BMBPT diagram compared to the diagonal
diagram displaying the same topology. Eventually, the
TSD associated to an o�-diagonal BMBPT diagram can
be obtained from the latter through the following steps

1. copy the o�-diagonal BMBPT diagram,

14

Unrotated operator

Similarity-transformed 
 operator
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subset of diagonal BMBPT diagrams.

• Going further, one can actually avoid generating topo-
logically equivalent diagrams in the first place in the
following way

1. to be filled by Pierre if needed.

2. If not relevant remove this bullet along with the

whole Itemize format.

5.4. Drawing associated BMBPT diagrams

To be written by Pierre.

6. Evaluation of o�-diagonal BMBPT diagrams

Having the capacity to generate all o�-diagonal BMBPT
Feynman diagrams of order p, the next challenge is to
systematically derive their expression. Doing so on the

basis of Feynman’s algebraic rules is rather straightforward.
However, it leaves the p-tuple time integral to perform in
order to obtain the time-integrated expression of interest.
In Ref. [1], an algorithm was found to overcome this chal-
lenge without prior knowledge of the perturbative order
or of the topology of the diagram. This eventually led
to the identification of a novel diagrammatic rule. In the
present section, we explain how the method only needs to
be slightly generalized in order to realize the same objec-
tive for o�-diagonal BMBPT Feynman diagrams at play in
PNP-BMBPT.

6.1. Time-structure diagrams

Obtaining the result of p-tuple time integrals in an au-
tomatic fashion was made possible via the introduction of
the time-structure diagram underlying any given diagonal
BMBPT diagram of arbitrary order and topology. We refer
to Ref. [1] for the general theory of TSDs and only com-
ment here on the specificities encountered when dealing
with more general o�-diagonal BMBPT diagrams.

The key point was already alluded to in Sec. 4.5 and
relates to the impact anomalous lines may have on the
TSD attributed to a given o�-diagonal BMBPT diagram.
The main features are

• The running time labels (·1, . . . , ·p) are positive such
that each � vertex entertains at least an ordering
relation with the bottom vertex Õ(Ï) independently
of the network of lines running through the BMBPT
diagram. Consequently, the TSD remains necessarily
connex, independently of its topology.

• Contrarily to normal lines, anomalous lines do not
induce any time ordering relation. This means that,
while two � vertices connected by at least one normal
line are time ordered, it is not the case if they are
solely connected via anomalous propagators. Conse-
quently, a link connecting two � vertices in the TSD
associated to a diagonal BMBPT diagram will disap-
pear when the two vertices become only connected
via anomalous propagators in an o�-diagonal partner
diagram. Whenever an � vertex ends up entertaining
no time relation with any other due to the replacement
of normal lines by anomalous ones, it becomes directly
linked to the bottom vertex in the associated TSD.

• The addition of a self contraction to any given � vertex
does not change the time structure of the diagram and
thus the associated TSD.

In conclusion, the presence of anomalous lines may, de-
pending on the situation, change the TSD associated to an
o�-diagonal BMBPT diagram compared to the diagonal
diagram displaying the same topology. Eventually, the
TSD associated to an o�-diagonal BMBPT diagram can
be obtained from the latter through the following steps

1. copy the o�-diagonal BMBPT diagram,
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Norm kernels
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• Kernels are π-periodic (number-parity conservation) and symmetric with respect to π/2 

• Projected particle number coincides with A0 of target IRREP up to numerical precision 

• Peak of second-order norm kernel at π/2 (not observed in PBCC using pairing Hamiltonian) 

• Evaluation of norm kernel is computationally very cheap since A is a 1B operator

Chiral NN Hamiltonian 
SRG: α = 0.08 fm4 
9 major shells (660 s.p. states) 
canonical HFB reference 
O18 (proton shell closure) 
2000 meshpoints

Calculation details

N (�) = exp �
Z �

0
�(�)d�

<latexit sha1_base64="Zbzjg88qgTfLXzY2GXRyOBVQbUE="></latexit>

0 1
4⇡

1
2⇡

3
4⇡

⇡

0

0.2

0.4

0.6

0.8

1

pr
eli
m
in
ar
y

'

|n
('

)|

l PHFB

l PBMBPT(2)



A. Tichai — ESNT workshop on ‘Symmetry breaking and symmetry preserving schemes’ — May 2019

Hamiltonian kernels
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• Kernels are π-periodic (number-parity conservation) and symmetric with respect to π/2 

• Mean-field projection coincides with other PHFB codes to numerical precision 

• Peak of second-order norm kernel at π/2 (not observed in PBCC using pairing Hamiltonian)

Chiral NN Hamiltonian 
SRG: α = 0.08 fm4 
9 major shells (660 s.p. states) 
canonical HFB reference 
O18 (proton shell closure) 
200 meshpoints

Calculation details

N (�) = exp �
Z �

0
�(�)d�
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Dependence on the meshsize 
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• Monotonic dependence on number of mesh points at both truncation levels 

• Restoration at second order requires higher number of mesh points than PHFB 

• Projection is less efficient than typical ‘Pfaffian with Fromenko discretization’ employed in EDF

Chiral NN Hamiltonian 
SRG: α = 0.08 fm4 
5 major shells (140 s.p. states) 
canonical HFB reference

Calculation details

Separate integration of real/imag. part 
Interpolation using cubic spline 
Equidistant mesh points 
Reduced interval [0,𝛑]

Numerical procedure
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Correction from projection:

�E(p)proj ⌘ E
(p)
proj � E

(p)
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Oxygen isotopic chain
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• Additional static correlation effects from projection 
at mean-field and second order 

• Projected particle number yields target IRREP in all 
cases (sanity check fulfilled!) 

• PBMBPT reduces to BMBPT in closed-shell systems 
(which itself collapses to HFMBPT) 

• Projected particle-number variance is almost zero in 
open-shell systems ( see talk of Thomas Duguet ) 

This feature is not built in!

• Systematic account of non-perturbative physics at 
low computational cost 

• Computational cost is independent of mass number

Chiral NN Hamiltonian 
SRG: α = 0.08 fm4 
11 major shells (1144 s.p. states) 
canonical HFB reference 
200 meshpoints

Calculation detailsVery naive (!) runtime: 
300 CPU hours
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Related projects
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• Study of the impact of normal ordering in particle-number breaking theories
Normal-ordered k-body approximation in particle-number breaking theories

Ripoche, Tichai, Duguet, (2019) in preparation 
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Normal-ordered k-body approximation in particle-number breaking theories

Ripoche, Tichai, Duguet, (2019) in preparation 

ADG: Automated generation and evaluation of many-body diagrams
Arthuis, Duguet, Tichai, Lasseri, Ebran, Comp. Phys. Comm. 240C (2019) 

• Automized generation and evaluation of Feynman diagrams (including 3B operators)

Ripoche, Arthuis, Duguet, Tichai, Duguet (2019), in preparation 
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• Computer-aided angular-momentum coupling in nuclear many-body theory
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I Automated symbolic evaluation of SU(2) algebra
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ADG: Automated generation and evaluation of many-body diagrams
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• Control the computational scaling via tensor-decomposition techniques for operators
Tensor-decomposition techniques for ab initio nuclear structure calculations: 

From chiral nuclear potentials to ground-state energies
Tichai, Schutski, Scuseria, Duguet, Phys. Rev. C 99, 034320 
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Symmetry reduction of tensor networks in many-body theory

I Automated symbolic evaluation of SU(2) algebra
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• Control the computational scaling via tensor-decomposition techniques for operators
Tensor-decomposition techniques for ab initio nuclear structure calculations: 

From chiral nuclear potentials to ground-state energies
Tichai, Schutski, Scuseria, Duguet, Phys. Rev. C 99, 034320 

• Data compression of many-body tensors using importance-sampling approaches
Pre-processing the nuclear many-body problem:

Importance truncation vs. tensor factorisation techniques
Tichai, Ripoche, Duguet, arXiv:1902.09043, accepted at EPJA 

ADG: Automated generation and evaluation of many-body diagrams
Arthuis, Duguet, Tichai, Lasseri, Ebran, Comp. Phys. Comm. 240C (2019) 

• Automized generation and evaluation of Feynman diagrams (including 3B operators)

Ripoche, Arthuis, Duguet, Tichai, Duguet (2019), in preparation 
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Theoretical perspectives
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Solving the A-body Schrödinger equation
• Fully consistent restoration of broken U(1) gauge symmetry  
• Doubly open-shell nuclei from simultaneously breaking SU(2) symmetry 
• Going to heavier systems: treatment of 3B forces is a computational bottleneck 
• Systematic account of spectroscopy and electromagnetic response 

Symmetry-broken many-body theory
• Extension of BMBPT to non-perturbative coupled-cluster framework (BCC) 
• Systematic account of nuclear deformation from breaking SU(2) symmetry 
• Improved understanding of NOkB approximation for symmetry-broken vacua

Symmetry-restored many-body theory
• Numerical improvements accounting for evaluation of operator kernels 
• Alternative projection from solving group-specific differential equation 
• Extended formalisms ensuring proper behaviour of higher-order moments 
• Benchmarking of technical aspects like shift invariance beyond mean-field level
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