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Single-reference expansion many-body methods and symmetries

Nuclear Many-Body Methods

Mean Field Perturbation theory Nnnper::;ﬁative Formulation
Al Solvable model

- Realistic calculations
i
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-g E Corrections CC
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Particle number corrections in BMBPT

Fo. [MeV]

A. Tichai, P. Arthuis et al. Phys.Lett. B786 (2018) 195-200  arXiv:1806.10931
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Single-reference expansion many-body methods

Many-body problem U(1l) Symmetry
H|U) = Ef| Vs
A—Bo%y Hamiltonian A-Body wave-function
H=T+ VN4 V3 ... 4 ya¥ s variables, A nucleons

Symmetry conserving expansion Symmetry breaking expansion
Ho, Al =0 [Hy, Al # 0
H=Hn+H h that H=H,+H such that 07
0 H suchthat gy o+ HY, A] # 0
‘ Full ]\If;fw as perturbed eigenstate.
Closed-shell Open-shell Open-shell
O-O-O-O 90" * Static / dynamical correlations
g :(j q E a OO * Polynomial cost at given order
@ * Truncated expansions break symmetry
Non-degenerate Degenerate Non-degenerate

Good starting point Improper starting point Proper starting point
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High order constrained BMBPT

Constrained BMBPT Workaround
* Constrain average A at each order P. * Numerically costly.
* Convergence? * A posteriori correction.

Order P constraint

APl plP]

|—> Observables T
AT = —— Result

BMBPT(P A,

yEs
T no

Qp, Qo.p, NP HFB

Why?
Truncated expansions — Wrong average particle number.

Intrisincally iterative

Particle number adjusted at each working order P.

Toward high orders

* Series behavior?

* Particle number asymptotic restoration?
* Check low orders

Truncation

H? HN
emax 2’ 4’ 6 SD(T)(Q)

Building @ CI Matrix.
Toy Model / Proof of principle
Realistic interaction
Far from model space convergence
CI truncation contamination at high order

More informations than standard MBPT
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Bogoliubov reference state

Bogoliubov transformation Bogoliubov state Breaks U(1l) symmetry

Bi= ) Uscp+ Vi, ) =C| |50 AlD) £ AlD)
P k
,8]*{ — Z Ui+ Vo cp Br|®) =0 Yk Quasi-particle excitations
i J
P |
- Vacuum state (DG’,B... — T ot O
BBt =0 Reduces to SD in H, if V=0 | ) ﬁ“ﬂﬁ| )
U V~* , _ S Orthonormal basis of Fock space
W = v unitary, i.e. {ﬁk’ﬁk’} = () ) ' .
{Br, ﬁ;{, b = Oppr Reduces to npnh excit. in H, if V=0
Ritz variational problem with a Bogoliubov ansatz =H — XA
Minimize <(D|Q|(D> — QOO while keeping 1) the Bogoliubov transformation unitary _
<(D|(D> 2) particle number fixed on average Le - [ql]

HFB eigenvalue equation

( oA )(Uk) (Uk) fipg = (D@l[cp, Q,c D)
# & 9 = Ef. with
—AT =R )\ Vi Vi Apg = (DQl{[cp, Q¢ D)

Fully characterize |®)  Quasi-particle energies > 0
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Time independent (un)constrained BMBPT

Splitting and basis Auxiliary problem " lim W, (x)) = |
x—1
QP — QO,P + Ql,P ‘@1;1k2...> — 5;;16};2 ... |(I)P> Qp(:lj) = Qo,p + ZIZQLP, T € [0, 1] lim gn(lli) — gﬁx
r—1

QO7P|(D]€1]€2W> = (QOO’P + Ekhp + E]@?p + .- )|(I)]€1k?2> N QP(Z)’an,P(ZE» = gn,P<«T)|\Ijn,P<ZE)>

~ Perturbative expansion

vl BN BN BN BN BN BN BN BN BN BN ny

0 1 2 0
U, p(2)) = @0 p) + 2 [0 ) + 22 [B7)) + ... = [20p) + Y a? [07))

D 2 —

p>1
z 5(0 5(1 2
Enp(@)=Enptaéoptad® EFp o =E b ) 0P ED)
p>1
Intermediate normalization <(I)n|(1)51p )> = 5np
e el By
5 0 1
Evp = (@ pl0pl®)5)
—1
B7p) = (99-9 + Ei- ﬂo,p> Qpl@fp) = D ETpEE)
ken I<j<p

Linked diagrams contributing to the wave-function
Computationally: Matrix-Vector product
Visited configuration space increasing at each order

" Order-P approximation
|\II[P]( +pr |q)n0

P 0
UL () = \<1>< ) >+2p LzP |07

Two subcases considered:

Unconstrained:
* Constrained at HFB level
* A, matches A

* Series

Constrained:

* Constrained at working order P

* Alfl'matches A

* Iterative process (root finding)

* Vacuum, splitting, expansion P-dependent
* Sequence of partial sums
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Evaluation of observables

Observable O

Ot —

O=0Q, Q), H, A, A?

//,

Projective approach
P
(@, p O,y p(2))

OL(z) = Re
n, P
(@0 (2))

P
= D@01 )

p=0

Partial sum of series.

Visits smaller configuration space than the wave-function. * Visit

Traditionally used in realistic calculations.
Matches eigenvalue for eigenvectors.

- P r s
Spa @)

1 1 On = <(I)n|0|qjé>
Ol¥;) = On|¥},) ) ’ (TA|O|TA)
T (wde)

oy — |wlPly, ol

- Expectation value approach
P P
(¥, P (@)01T, b (5
P
(0, p () ()

P
S o a i@, |0|el,)

-

:|—|

<

hUl_l
=,
[

* Rational ffaction.

ame configuration space as the wave-function
mputationally expansive in realistic calculations.
Bounded from below.
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Summary
Operator Eigenvalue Projective Pade Eigenvector Exact
resummation Continuation Diagonalization
P
(2 g’;? gf,[@ é n,P,ex
A P
A 'An ’A’[?, 7 %3 An ,P,ex
A [ P] E
H E n E n,P n,P,ex

(A— A AAL(=0)

(A — A)Z/Ao

P (= 0)

2 [P]
IO.An,P

AAn,P,ea:

2
IO.An,em,P

Lower index P removed in case of unconstrained BMBPT
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Epex = —181.136085
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Perturbative order P

See A. Tichai talk

Ay er = 18.482108

108+
l{]ll i

ln-l 4

A, ¢p = 0.010805

0 10 20

Perturbative order P

Maybe constraining would help?

40
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Constrained BMBPT Taylor series

P
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Resummation of projective observables using Pade approximants

O, p(z) =0 (27(dp|012",) How to deal with divergent partial sums at x=1?

M i k k
. i d*O M /N d*O
Ow)(=Y o) ==  Opiw|(e) = =BT o ihey LOUN Oy,
1 N g i dzF dzF
+ Zi:1 i L x=0 =0
OM—N+1 OM—N+2 e OM+1
OM—N+2 OM—N+3 e OM+2
OM OM+1 e OM+N
M—-N N+i M—N+1 N+i—1 M i
Yool o dooo 0; T 0T
O [M/n] () = 12zi=0_© im0 0 >
OM—-N+1 OM-N+2 - Opm41
OM—-N+2 OM-N+3 *°° OM+2
oM OM+1 "t OM+N
CUN $N—l . 1
Unconstrained: resummation of the projective truncated series. Remarks:

* Captures poles in the complex plane.
Constrained: resummation of the partial sum at each order. p _ P , P , P L
* Efficient at high order only: instabilities.

* No extra work: post-treatment only.
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Eigen-vector continuation

D. K. Frame et al. Phys. Rev. Lett 121.3 (2018) arXiv: 1711.07090

Wi (2))  visits a small space and is converging for small x O0<zo < - <ap K1
% Extrapolate |V!]") by diagonalizing Q on [U)/ ) (20)), -+, [V (2p)) or equivalently on |27, -+, @)
Qip = <(I)(Z)P ’qu)(J) ) Generalized
S » > QX = ANX.
Nip = <CI> P‘(I) > Eigenvalue Problem
KP = Vect{QP|®,), p < P} Diagonalization on Krylov space: similar to Lanczos algorithm
Ground state Observables
- P _ . (W[2p|W) P
“IJO,P,EC(QU» = arglill gy cxc P (V|0 oL o <(I)n|0‘an,P,EC’>
n,P,EC — ]
(¥, b pC)
P-order approx. of £ ground state connected to |®o) Y
Remarks
* No need of computing the vectors explicitly
Excited states * Increases complexity
Not done here but reachable too. e Valid also at low orders
* Variational: improves at each iteration
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Summary
Operator Eigenvalue Projective Pade Eigenvector Exact
resummation Continuation
A [P] 7] P
{2 gn CC:"n,,P gn,P,Pade gn,P,EC’ n,Pex
A P [P] P
A An ’An,P “An,P,Pade ‘An,P,EC An,P,ea:
A I P R P
H En En,P En,P,Pade En,P,EC’ Eq[L,]P,eaj
2 A P P P
(A=A AAN=0)  AAL A4 b pae AAL e AATL
2 |P] P P 2
(A — 'A)Q/AO IO.An(: O) pi\n,P p?é\?[z,]P,Pade p?47[7,,]P,EC IO.An,ex,P

Lower indice P removed in case of unconstrained BMBPT
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Resummed observables in unconstrained BMBPT

[P] [P]
——— gﬂ.ﬂ.Ptidﬁ —— ICc"l’]._l[:l.}fllf:' """ gﬂ.f.—;;:
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16
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~L
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— “
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0 10 20) 30 4() 0 10 20 30 40
Perturbative order P Perturbative order P

Still wrong particle number even in the limit...



Resummed observables wrt. HEB
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Constrained BMBPT
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A posteriori correction

Goal : Correct for the discrepancy in average neutron / proton number without constraining at order P > 0

No additional work (only one vacuum).

Valid for small corrections.

Apply to all computation methods of observables.

Already used at order 3 in realistic calculations.



A posteriori correction vs. HFB vacuum
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Comparison with constrained BMBPT
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Conclusion

Accurate results at low order Standard projective approach accurate (divergence at high order)

* Significant contamination to A appear early.

A posteriori corrections * Accurate workaround to constrained BMBPT.
* No additional cost.

Resummation techniques * Pade does not help at low order.
* Eigenvector continuation: promising result
* What about computational cost?
* Increases convergence rate.

Particle number restoration * Need commutation between A and H...
* ... seem to appear at larger configuration space.
* SDT(Q)(P) : higher order in PT with full operator.
* Underlines the need for projection techniques.
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*Pepijn Demol
*Julien Ripoche

* Alexander Tichai
*Thomas Duguet
*Vittorio Soma
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Analytic continuation

Dillon Frame et al. Phys. Rev. Lett 121.3 (2018) arXiv: 1711.07090

w(e)) =3 St o))

() = 3 ET g )

() = 3 L g man g

nlm!
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Importance truncation

A. Tichai, J. Ripoche, T. Duguet  arXiv:1902.09043 P=2
p [P]
—— gf[l.n] —— gn.n._Ef? —a— Epex
—J6 ] | | % @ g o . — —e

. 19.5
S -
=
W —100 -
180+
S
-
= —1851
=
 —1901

1079 1078 1077 107° 1072 10~ 10~ 10~% 1077 107 10— 10~

I'T parameter I'T parameter
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