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Basic principles Lo

Static (or collective) correlations are important in nuclear structure

Examples: pairing, quadrupole and octupole deformations, ...

In most cases, mean-field equations favor “deformed” solutions

reference states

Symmetry-breaking MF —————— Symmetry-restored BMF

(MF = mean field)
(BMF = beyond mean field)
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Example: axial quadrupole deformation UsM
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\ Deformation of the HFB minimum
with Gogny D1M energy functional

g

0.05 .
-0.05

Proton number Z (up to 118)

Neutron number N (up to 258) Data taken from:
> S. Hilaire and M. Girod, EPJA 33, 237 (2007)
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Symmetry dilemma

e Problem: deformed solutions break the symmetries of H
= unphysical in nuclei (finite systems)
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e Problem: deformed solutions break the symmetries of H
= unphysical in nuclei (finite systems)

e “Symmetry dilemma” of Lowdin
P. Lykos and G. W. Pratt, Rev. Mod. Phys. 35 496 (1963)

o MF ansatz respects the symmetries of H but is variationally limited
o MF ansatz is variationally general but breaks the symmetries of H
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Symmetry dilemma

e Problem: deformed solutions break the symmetries of H
= unphysical in nuclei (finite systems)

e “Symmetry dilemma” of Lowdin
P. Lykos and G. W. Pratt, Rev. Mod. Phys. 35 496 (1963)

o MF ansatz respects the symmetries of H but is variationally limited
o MF ansatz is variationally general but breaks the symmetries of H

e Examples:

Physical symmetry ‘ Group Quant. numb.  Correlations
Particle-number inv. | U(1)zxU(1)y N, Z Pairing, Finite temp.
Rotational inv. SU(2)a J, My Deformation (any)
Parity inv. Z>p n Deformation (odd)
Translational inv. 75 P Localization

Isospin SU(2)a T, Mt Pairing n-p
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Bogoliubov quasiparticle states |

e HFB theory = merges HF and BCS theories into coherent MF framework
(BCS = Bardeen-Cooper-Schrieffer)
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Bogoliubov quasiparticle states |

e HFB theory = merges HF and BCS theories into coherent MF framework
(BCS = Bardeen-Cooper-Schrieffer)

Theory Variational ansatz
HF Slater determinants
HFB Bogoliubov quasiparticle states

e Bogoliubov quasiparticle state |®) defined as vacuum
Bk|®) =0

for a set of quasiparticle operators {ﬁk;ﬁi} defined as

(7)-( 57)(5)=m ()

wwt =whw = 1, (ensures fermionic CAR)

with
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Bogoliubov quasiparticle states Il

e Expanded form of the Bogoliubov transformations
Br= Ujci+ Vicl
i

ﬂZ:ZUikC;T“'VikCi
7
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Bogoliubov quasiparticle states Il

e Expanded form of the Bogoliubov transformations
Br= Ujci+ Vicl
i

ﬂZ:ZUikC;T“'VikCi
7

e |®) is a product state (but of quasiparticles)

) = IkTﬁkIO)
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Bogoliubov quasiparticle states Il _UAM

e Expanded form of the Bogoliubov transformations
Br= Ujci+ Vicl
i

/BZ:ZUikC;T“'VikCi
7

e |®) is a product state (but of quasiparticles)

@) = [164[0)
K
o |®) is fully characterzied by the one-body densities
(®lcf @)
i d o (vryT) L
1= e Vs o
_(@lgcil®) T T_
K/U—W—(VU)U K =-K
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Bogoliubov quasiparticle states Il

e |n its canonical basis {ak; a:f(}
(basis that diagonalizes p and puts & in its canonical form)

n
|®) =]] a:.' [T (u+ vja}ai)|0)
=1 jx0 J
Jj#[1,n]

. 2 2 _ - .
with u7 +vi =1 and j partner of j.
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Bogoliubov quasiparticle states Il usM
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e |n its canonical basis {ak;af{}
(basis that diagonalizes p and puts & in its canonical form)

|®) = IEI al I1 (4+ vja}ra})|0)

i=1 20
J=[1,n]
. 2 2 _ - .
with u7 +vi =1 and j partner of j.
e Slater determinants are special cases of Bogoliubov quasiparticle states

. . . uj =
o For occupied single-particle states, set { B

. . uj
o For empty single-particle states, set !
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Bogoliubov quasiparticle states Il usM
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e |n its canonical basis {ak;af{}
(basis that diagonalizes p and puts & in its canonical form)

|®) = IEI al I1 (4+ vja}ra})|0)

i=1 j20
Jj#[1.n]

. 2 2 _ - .
with u7 +vi =1 and j partner of j.

e Slater determinants are special cases of Bogoliubov quasiparticle states

2 —— Slate
0 Vi — ngzllriubov
. . . uj =
o For occupied single-particle states, set { VJ_ -1 ! \
/i =
. . uj = 1
o For empty single-particle states, set =0
J 0
A 2
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Bogoliubov quasiparticle states |V

e In the general case, Bogoliubov vacua do not have a good N
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Bogoliubov quasiparticle states |V

e In the general case, Bogoliubov vacua do not have a good N

o Trivial example:

(Ul + V1313§)(U2 + vzagag)|0) = u1u2|0) + v1u2|11) + U1V2|2§) + V1V2|112§)
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Bogoliubov quasiparticle states 1V

e In the general case, Bogoliubov vacua do not have a good N

o Trivial example:

(Ul + Vla-{aii)(UQ + vzagag)|0) = u1u2|0) + v1u2|11) + U1V2|2§) + V1V2|112§)

e More generally, we have the superposition

@) =...+

-
-
-
R
-
R
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Bogoliubov quasiparticle states V

e Structure of U,V can be chosen to conserve specific symmetries
Be=Y Upci+Vicl
i

Bl =3 Ui cf + Vi
i

= construct U, V that do not mix the {ck; c,]:} with # quantum numbers
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Bogoliubov quasiparticle states V

e Structure of U,V can be chosen to conserve specific symmetries
Be=Y Upci+Vicl
i

Bl =3 Ui cf + Vi
i
= construct U, V that do not mix the {ck; c;i} with # quantum numbers

e Example: separation between protons and neutrons

o first half: proton single-particle states
o second half: neutron single-particle states

GDR NBODY/RESANET - 09/02/2021
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e Minimization of the energy in the space of Bogoliubov quasiparticle states

(®[2[®)

@) °

where

Q=H-An(N=No)-\z(Z - Zp)

e N: Neutron number (one-body) operator
No: Number of neutrons in the nucleus
An: Lagrange multiplier determined such that (®|N|P) = N

e Z: Proton number (one-body) operator
Zy: Number of protons in the nucleus
Az: Lagrange multiplier determined such that (®|Z|®) = Z,
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Unive

Hartree-Fock-Bogoliubov (HFB) |
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de Madrid

e Minimization of the energy in the space of Bogoliubov quasiparticle states

(¢[2[®)

" ole)

=0

where

Q=H-A(N-No)-Az(Z~Z5) -5 Ao, (Ox — O
k

e N: Neutron number (one-body) operator
No: Number of neutrons in the nucleus
An: Lagrange multiplier determined such that (®|N|®) = N

e Z: Proton number (one-body) operator
Zy: Number of protons in the nucleus
Az: Lagrange multiplier determined such that (®|Z|®) = 7,

e Oy: additional constraint operator
Opk: desired average value
Ao,: Lagrange multiplier determined such that (®|Ok|®) = Oy
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Hartree-Fock-Bogoliubov (HFB) Il

e Let us consider an effective H up to two-body operators

H=ho+$ hfjl)c;rcj S h huk,c terc

(2|)2 ijkl

o Be careful, if effective: h(® =0, AV = T, D = v

e They can integrate effects of three-body interaction (nucleus dependent)

o Normal-order two-body approximation = see Thomas’ talk
R. Roth et al., Phys. Rev. Lett. 109, 052501 (2012)

o In-medium k-body reduction
M. Frosini, T. Duguet, B. Bally, J.-P. Ebran and V. Soma, to be submitted (2021)
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Hartree-Fock-Bogoliubov (HFB) Il

e Normal ordering of H with respect to |®)
H= HOO
1
Z Hklkzﬁkl/BlQ + E Z { klkzﬁklﬂkz klkzﬁkzﬁlq}
ik

ki ko

22
> Hidokska L, 81, Bra B

(2)2 k1k2k3k4

1
3 Z { k1k2k3k45k15k25k3/8k4 + Hk1k2k3k4611/8k45k35k2}

3! ki kokaks

1
o {HtlokzkahﬁltlﬁltgﬁLIBL + H:?kakak,,ﬁkuBkaﬁkzﬁkl}

4' kq ko k3 ky

e Natural NO in Bogoliubov CC (BCC) or Bogoliubov MBPT (BMBPT)
A. Tichai, R. Roth and T. Duguet, Frontiers in Physics 8 164 (2020)
P. Arthuis, PhD Thesis, Université Paris-Saclay (2018)
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Hartree-Fock-Bogoliubov (HFB) IV

e §(Q2) = 0 = solving the HFB equations

(hD +T - )) A U\ _g (Y
B e )), e (),

where we used the fields
Z hlkj/ Plk rT =T

Ajj = Z hfﬁ(?mk/ AT =-A
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Hartree-Fock-Bogoliubov (HFB) IV UAM
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e §(Q2) = 0 = solving the HFB equations
(hD +T - )) A U U
A* A s\~ Ei Vv
- ~( +M=X) k k
where we used the fields
_ (2) T_
lj= Z hikjl Pk rr=r Only part where h(?) is needed

Alj = Z h(k%@kl AT =-A If h( large — parallelization
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Hartree-Fock-Bogoliubov (HFB) IV UM

e §(Q2) = 0 = solving the HFB equations

(hD +T - )) A U\ _g (Y
N (WD -2 )\v) ~ v,

where we used the fields
r=ZM” rt-r
ij ikjl Plk Only part where h(?) is needed

Alj = Z h(k%@kl AT =-A If h( large — parallelization

e Energy: Eyrg = h® +Tr (h(1>p) + %Tr (Fp-Ax*)
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Hartree-Fock-Bogoliubov (HFB) IV

e §(Q2) = 0 = solving the HFB equations

(hD +T - )) A U\ _g (Y
N (WD -2 )\v) ~ v,

where we used the fields
ry= Z h) rt-r
ij ikjl Plk Only part where h(?) is needed

Ajj = Z hukl Kkl AT =-A If @ large — parallelization

e Energy: Eyrg = h® +Tr (h(1>p) + %Tr (Fp-Ax*)

e Self-consistent problem
depend depend depend

o HFB eq. r,A 0K u,v
o Solved iteratively
o Diagon. HFB equations or gradient method: §(Q) =0 = H*® = H"? =

Benjamin Bally GDR NBODY/RESANET - 09/02/2021



Example: 50 (doubly closed shell) UAM
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-92

o
hw=20, Emax=8

-94

-96

-98

Energy (MeV)

-100
gHFB

-102 ' - :
-0.3 -0.2 -0.1 0.0 0.1 0.2 03

g

Eqyp = -127.619296(0) MeV

Symmetries Constraints ~ Minimum (MeV)
spherical HF J=0,Z NN T, R -101.6
spherical HFB J=0,1,T,R Z, N -101.6
axial HFB M;=0,N, T, R Z, N, 3 -101.6
(real) general HFB R Z, N -101.6
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Example: 50 (doubly closed shell)

-92 -
160
— -9 r hw:20¢ emz\x=8
>
[«]
= 96+
>
o0 g8 |
<]
=]
M 100 |
oHFB
g e S

-0.3 -0.2 -0.1 0.0 0.1 02 0.3

g

Eqyp = -127.619296(0) MeV

UAM
Universidad Auténoma
de Madrid

Symmetries Constraints ~ Minimum (MeV)
spherical HF J=0,Z NN T, R -101.6
spherical HFB J=0,1,T,R Z, N -101.6
axial HFB M;=0,N, T, R Z, N, 3 -101.6
(real) general HFB R Z, N -101.6
SCGF ADC(3) Soma et al. PRC 101 014318 (2020) -130.81
-127.27

Benjamin Bally
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Example: 35Mg (doubly open shell) L

Tadrid

-134
-136

sHFB
o

Energy (MeV)
L L
U s s e s W
S 0NN O

-152
-154

-04 -0.2 0.0 02 04 0.6

Eqyp = -198.257016(24) MeV

Symmetries Constraints ~ Minimum (MeV)
spherical HFB J=0,M,T7T,R Z, N -136.0
axial HFB M;=0,M,7T,R Z, N, p -151.5
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Example: 15,Mg (doubly open shell) L
134
-136 | E (MeV) Mg
-142.9 _ _

§ -138 ito 5 hw=20, e,,,,=8
Z -140
= 142
o144
0 146 |
S o148
Sl

-150
-152
-154

-04 -0.2 0.0 02 04 0.6

g

00 0.1 02 03 04 05 0.6

Eoyp = -198.257016(24) MeV A
Symmetries Constraints ~ Minimum (MeV)
spherical HFB J=0,Mn7, R Z, N -136.0
axial HFB M;=0,M,7T,R Z, N, p -151.5
triaxial HFB n 7, R Z, N, B, vy -152.9

Benjamin Bally
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Example: 1;Mg (doubly open shell) S
-134 \H‘FB
136 | Yo E (MeV) Mg
-142.9 o hw=20,¢,,=8
-144.9 S

Energy (MeV)
L L
U s s e s W
S 0NN O

-152
B

-04 -0.2 0.0 02 04 0.6

3 0.0 0.1 0.2 03 0.4 0.5 06
Eiyp = -198.257016(24) MeV A
Symmetries Constraints ~ Minimum (MeV)

spherical HFB J=0,MN,T,R Z, N -136.0
axial HFB M;=0,M,7T,R Z, N, p -151.5
triaxial HFB n 7, R Z, N, B, vy -152.9
(real) general HFB R Z, N -152.9
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Table of contents UAM

Universidad Aut6noma
de Madrid

O Practical aspects

Benjamin Bally GDR NBODY/RESANET - 09/02/2021



Choice of basis: Spherical Harmonic Oscillator

e SHO basis: |a) = |na, 3,8, = %,j‘,“ mj  ty = %, mta) = see Alexander’s talk |
|3) = {|a),Vmj, € [Ja, o]}  (multiplet)

e Advantages:

o Textbook = easy to code and benchmark
o Commonly used = compare to other solvers, interactions available
o Flexible = symmetry-restricted and unrestricted calculations
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Choice of basis: Spherical Harmonic Oscillator

e SHO basis: |a) = |n£,7 3,8, = %,j‘,“ mj  ty = %, mta) = see Alexander’s talk |
18) = {|a), Ymj, € [~ja,ja]}  (multiplet)

e Advantages:

o Textbook = easy to code and benchmark
o Commonly used = compare to other solvers, interactions available
o Flexible = symmetry-restricted and unrestricted calculations

e For simplicity, here: h® = V and h® = W
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Choice of basis: Spherical Harmonic Oscillator

e SHO basis: |a) = |n‘—,7 1,85 = %,ja, mj  ty = %, mta) = see Alexander’s talk |
|3) = {la), Vmj, € [Ja:ja]}  (multiplet)

e Advantages:

o Textbook = easy to code and benchmark
o Commonly used = compare to other solvers, interactions available
o Flexible = symmetry-restricted and unrestricted calculations

e For simplicity, here: h® =V and h® =W

e Need to uncouple the J-scheme matrix elements to m-scheme
-1 . . . .
Viabed = 3 [Nap(DNgg(D] ™ Gamiyjomjy| IM) Gemjjamj, [ M) Vs .5
M,

where

Nyy(d) = YA+ 0 0 (1)°
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Choice of basis: Spherical Harmonic Oscillator Il

e Need to uncouple the J-scheme matrix elements to m-scheme

-1,. . . .
Vabed = Z [Néfa(J)Nec?(J)] Uamj,jbmj,|IM ) Gem;,jam;, | IM;) V;g@g
M,

e Different approaches are possible

Strategy Storage Limit

J
On the fly VéBé& CPU
Mixed V;Beﬁ + interm. info Mixed
Storage Vabed Memory

Factorization = see Alexander’s talk Il

Benjamin Bally GDR NBODY/RESANET - 09/02/2021



Symmetry reductions of Vg

e Symmetries of H and SHO basis = reduce the CPU time & storage
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Symmetry reductions of Vg

e Symmetries of H and SHO basis = reduce the CPU time & storage

e Vapeq is non-zero only if

[HN]=0 = (-1)%*% = (-1)+ (1)
[H,):]=0 = mj+mj=m+m, (2)
[H,T.]=0 = my +my =my +my, (3)
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Symmetry reductions of Vg _uAM

e Symmetries of H and SHO basis = reduce the CPU time & storage

e Vapeq is non-zero only if

[H7 rl] =0 = (_1)ea+£b — (_1)€C+Ed (1)
[H,J.]=0 = m,+mj=m+m, (2)
[l"ll7 Tz] = 0 = mta + mtb = mtc + mtd (3)

e V,peq has the exchange symmetries

HeR = Viped = Vipey (4)
H'=H+(1) = Viped = Veust (5)
Fermions = Vapeg = —Vbacd = —Vabde = Vhbadc (6)
(5)+(6) = Vabcd = —Vbacd = —Vabde = Vhade (7)

== Vcdba == Vdcab = Vdcba
= Vegab
[Ha T] =0+ (1) = Vabcd = (_l)ja+jb+jc+jd V—a—b—c—d (8)

Benjamin Bally GDR NBODY/RESANET - 09/02/2021



Scaling of V,pcy With the basis size

® (1-3): green — red ~ CPU
® (4-8): red — orange ~ Memory

® 13 octets/matrix element

NsHo Nsp
1 2
16
3 40
4 80
5 140
6 224
7 336
8 480
9 660
10 880
11 1144
12 1456
13 1820
14 2240
15 2720
16 3264
17 3876
18 4560
19 5320

Number of 2BME

10"

12

10

1011

1010

10’

10°

10°

10°

10°

10*

1

2 3 45 6 7 8 91011121314 15161

718 19

F

F

3

3

—— Non-zero (sym.)

Stored
*_chiral H
A chiral H’
N4
sp

—_ N3
N,

R .
Go

Mo}

ko ]

Ngp = 2Nsuo(Nsuo + 1)(Nsuo +2)/3 E

2 3 45 6 7 8 9 1011 1213 14 1516 17 18 19

Nsuo

Universi

UAM

d Auténoma

—~
oo}
=
O
=
5%
o
=
>
—-
=]
g
=
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Symmetry reductions of W.pcder

e Symmetries of H and SHO basis = reduce the CPU time & storage

o Wipcder is non-zero only if

[H7 I—I] -0 = (_1)€a+€b+éc _ (_1)Zd+ée+€f (9)
[H, Jz] =0 = mj, + mj, + mj;. = mj, + m;j, + m;j, (10)
[H7 TZ] =0 = mta+mtb+mtc :mtd+mte+mtf (11)

o W.pceder has the exchange symmetries

HeR

HY = H+(12)
Fermions

(13) + (14)
[H, T]1=0+(12)

Benjamin Bally

I

Wibcder = Wibeder (12)
Wibcder = Waetabe (13)
Wabedef = = Whacder = - .. [36 possiblities] (14)
Wabcder = - .. [72 possiblities] (15)
Wabed = (_1)ja+jb+jc_jd_je_jf W bcoderf (16)
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Reduction through e3may UAM
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e Principal quantum number: e, =2n, + |, = see Alexander’s talk |

o Limit for single-particle states |a): Va, €; < €mnax
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Reduction through esmax _UAM

de Madrid

e Principal quantum number: e, =2n, + |, = see Alexander’s talk |
o Limit for single-particle states |a): Va, €; < €mnax

e Limit for two-particle states |ab): Va, b, €, + €5 < €2max = 2€max
——
generally

= all elements V,p4 taken into account

Benjamin Bally



Reduction through e3may UAM

Universidad Aut6noma
de Madrid

Principal quantum number: e, =2n, + [, = see Alexander’s talk |

Limit for single-particle states |a): Va, €, < emax

Limit for two-particle states |ab): Va, b, e, + €p < €amax = 2€max
——
generally

= all elements V,p4 taken into account

Limit for three-particle states |abc): Va, b, c, €, + €p + € < E3max < 3€max
—
generally

= not all elements W,p4er taken into account

Benjamin Bally /RESANET - 09/



Scaling of W,pcder With the basis size UAM

Universidad Aut6noma
de Madrid

123 45 6 7 8 9 10111213 14 15 16 17 18 19

10 j 310
® (9-11): green — red ~ CPU 12
107 F 1102
® (12-16): red — orange ~ Memory — ~~ £ [ Jf Lm0 3
® 17 octets/matrix element 10" E ] 1012
1 To
107 F 1 it
NsHo Nsp S 10
1 4 9 L ] 10
16 g 10 0"
3 40 = 0 - e B
4 80 s a =
™ —— Non-zero x0 g
5 140 o107 1108 £
6 224 [} == Non-zero (ez. = 10)
7 336 5 10 e ; B
8 480 210 Stored 1107 3
9 660 § 10° 7 Stored (egmax = 10) 1 z
10 880 = — N§, Mo =
11 1144 10" NG 110
12 1456 ] sp
13 1820 10° ng {10
14 2240
15 2720 10° 410
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Basic principles

e Symmetry-breaking MF useful but better to restore the symmetries of H

o Eigenstates of H have good quantum numbers
o Selection rules for transitions (e.g. electromagnetic)
o Some correlations are missing
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Basic principles

e Symmetry-breaking MF useful but better to restore the symmetries of H

o Eigenstates of H have good quantum numbers

o Selection rules for transitions (e.g. electromagnetic)
o Some correlations are missing

e Symmetry-projected HFB - HFB
B. Bally and M. Bender, arXiv:2010.15224 (2020)/PRC (2021) > = o JMIIZN
. T I EE v
o Obtain symmetry-adapted states S g5
(with good quantum numbers) 83 g3
o Gain correlation energy (usually) - JMUZN
PHFB
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Symmetry group of H

Let G be a group with a unitary representation R(g).

VgeG,[R(g),H]=0

= G is a symmetry group of H
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Symmetry group of H uim

Let G be a group with a unitary representation R(g).

VgeG,[R(g),H]=0
= G is a symmetry group of H

e Consequence: all “rotated” states have same energy

(®(g)IH|®(g)) = (®|RT(g) HR(g)|®)
(®[H|®)
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Symmetry group of H uim

Let G be a group with a unitary representation R(g).
VgeG,[R(g),H]=0
= G is a symmetry group of H
e Consequence: all “rotated” states have same energy

(®(g)IH|®(g)) = (®|RT(g) HR(g)|®)
(®[H|®)

e Consider the vector space
{Zcf(g)l®(g)), f(g) €C} (if G finite)

PENE| L s f@oe), £ 12(6)) (1 G Lie grou)
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Symmetry projection: method

Diagonalization of H in span(Giet|®))
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Symmetry projection: method

Diagonalization of H in span(Giet|®))

e Decomposition in span(Giet|P))

|¢) _ CJKI'IZNNJJKI'IZN)
JK%:ZN ZE: :
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Symmetry projection: method

Diagonalization of H in span(Giet|®))

e Decomposition in span(Giet|P))

|¢) _ CJKI'IZNNJJKI'IZN)
JK%:ZN ZE: :

e Extraction of the components

projects diag. H
PI.\I/IKPI'IPZN |¢) { Z CJKI'IZN|\|IgMI'IZN>’ K} |w.€IMI'IZN)
N—— >4

projection
operators
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. . . n
Symmetry projection: scaling _UAM

e Nice but all projection operators involve sums or integrals

2J+1

®|HPF,, PT PN |d) =
(®|HPjyx 1®) = T2

2m T . 4 . 1
Jyda " dpsin(®) [ dvDpic(e ) 5 5 w(e)

-
discret. ~10%7° points >

2 2 —ipzZ —ipnN
L dQDZ‘/(; dSDNe #zLeTIoN (¢|HR(Q:B/Y,P,‘PZ’S0N)|¢)

1
472

N33

discret. ~ 10° points P
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. . . n
Symmetry projection: scaling _UAM

e Nice but all projection operators involve sums or integrals

2J+1

®|HPF,, PT PN |d) =
(®|HPjyx 1®) = T2

2m T . 4 . 1
Jyda " dpsin(®) [ dvDpic(e ) 5 5 w(e)

~.

discret. ~10%7° points >

1 2 2 —ipzZ —ipnN
L dQDZ‘/(; dSDNe #zLeTIoN (¢|HR(Q:B/Y,P,‘PZ’S0N)|¢)

472

N33
discret. ~ 10° points P

o Scaling: ~10°7 N2}’

e Fortunately, this is an embarassingly parallel problem
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. »
Example: 0* state for axially deformed 24°Pu _UAM

de Madrid

Qo (b)

-40 20 0 20 40 60 80 100

-1790
1795 E;
=)
-1800 M
-1805

Courtesy of M. Bender
M. Bender, P.-H. Heenen, and P. Bonche, Phys. Rev. C 70, 054304 (2004)
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Example: 0* state for axially deformed 24°Pu _UAM

de Madrid

Qo (b)

-40 20 0 20 40 60 80 100

-1790
C -1795 %
K 2
L -1800 M
-16 [220 projected HFB - -1805
3 Pu
-18 |

Courtesy of M. Bender

M. Bender, P.-H. Heenen, and P. Bonche, Phys. Rev. C 70, 054304 (2004)
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Better schemes based on projection

e Variation After Projection (VAP): minimizes the projected energy

{P[Q2]e) ([QP°|0)
o =0 — 5 =0
([®) (®]P*|®)
| S — | S —
HFB VAP

= but very costly! (can still be done for S= N, Z, P)

UAM

niversidad Auténom
de Madrid
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Better schemes based on projection

e Variation After Projection (VAP): minimizes the projected energy

S
SOS0) o j(eiarie)
(9[0) (@[PS[0)
| S — | S —
HFB VAP

= but very costly! (can still be done for S= N, Z, P)

e Projected Generator Coordinate Method (PGCM)

o Build set of reference states

{1®(9)),q} — { |\UéMnZN(q)>v q}JMI‘IZN

o Diagonalize H among the projected states
(not orthogonal = generalized eigenvalue problem)

o Final wave function

[©21ZN) = 37 NN () MM ()
q

Benjamin Bally GDR NBODY/RESANET - 09/02/2021 36/37



Better schemes based on projection

e Variation After Projection (VAP): minimizes the projected energy

(D|Q[®) (P[QP°|0)
0————=0 0————=0
(®|P2|®)
| S — | S —
VAP

= but very costly! (can still be done for S= N, Z, P)

e Projected Generator Coordinate Method (PGCM)

o Build set of reference states

{1®(9)),q} — { |\UéMnZN(q)>v q}JMI‘IZN

o Diagonalize H among the projected states —~
(not orthogonal = generalized eigenvalue problem) 2
j<a]

o Final wave function

[©21ZN) = 37 NN () MM ()
q

Benjamin Bally

GDR NBODY/RESANET - 09/02/2021

16 NN + 3N (im 2-body)

C PRELIMINARY

Experiment PGCM

(25 triaxial states)
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New approaches in ab initio nuclear physics

e Development of new approaches that combine

o symmetry breaking & restoration — includes static correlations
o expansion scheme — includes dynamic correlations
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New approaches in ab initio nuclear physics UAM

Universidad Aut6noma
de Madrid

e Development of new approaches that combine

o symmetry breaking & restoration — includes static correlations
o expansion scheme — includes dynamic correlations

e Multi-Reference In-Medium Similarity Renormalization Group (MR-IMSRG)
H. Hergert, Phys. Scr. 92 023002 (2017)
J. M. Yao, B. Bally, J. Engel, R. Wirth, T. R. Rodriguez, and H. Hergert, Phys. Rev. Lett. 124, 232501 (2020)

e Projected Bogoliubov Many-Body Perturbation Theory (PBMBPT)
T. Duguet, J. Phys. G 42 025107 (2015)
T. Duguet and A. Signoracci, J. Phys. G 44 015103 (2017)
P. Arthuis, A. Tichai, J. Ripoche and T. Duguet, Comp. Phy. Comm. 261 (2021)

e Projected Bogoliubov Coupled Cluster (PBCC)

see T. Duguet et al. above
Y. Qiu, T. Henderson, J. Zhao and G. Scuseria, J. Chem. Phys. 149 164108 (2018)
Y. Qiu, T. Henderson, T. Duguet and G. Scuseria, Phys. Rev. C 99 044301 (2019)
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