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Symmetry-restored coupled cluster formalism

One strategy for aknitio calculations of neatdegenerate and opesshell systems:
|. Let the reference state break symmetrg§)
lI. Safely expand the manpody state around it
lll. Restore the symmetry¢s) exactly
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Breaking and restoring symmetries

Target Wave Reference Jze extensive
state operator state
\ / Expan: - (YolH|D)
o) = _0|(1)) (WD)
A-body ground state =0 Groundstate energy
Closed shell Singly/doubly open shell Singly/doubly open she
RHF reference UHF(B) reference UHF(B) manifold
conserves A3 M |:> breaks A/ 3and M I:> restores A /3and M
Dy-SCGF GoSCGF PNRBCC/AMRCC
CC BCC New formalism
First implementation SCGEF: to be done
Breaks down for _ :
openshell nuclei Symmetry contaminants  Multi-reference character

ph degeneracy Finite inertia
<> <>
Zero mode Resolve zero mo
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Symmetryrestored coupleecluster theory

# Angularmomentum-restored coupledcluster formalism
T. D..J Phys G42, 025107 (20)5

Particlenumber-restored Bogoliubovcoupled-cluster formalism
T. D.,A. Signoracci, in preparation (2015

....can be extended to essentially any symmetry group
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Singlereference CC based on'UHF (GHF)E

Symmetry group of H includes SY@ non abelian compadtiegroupg Lie algebre{Jy, Jy, J;}

R(a,B,y) = ¢ 7%~ 1Pl = R(Q) IRREPD},(Q) = (WM R@Q) W )5,

E[e;lal]

Eigenstates of H [H,R(Q2)] =0 leadsto HI‘P,{M) = E,{ I‘PflM)

U(G)HF reference state

Symmetrybreaking unperturbed system
y 4 gunp y »Degeneracy lifted

H=Hy+H, where Hy=T+U= Z eqaa, Such that[Hy, R(Q)] # 0 and [H{,R(Q)] # 0

s

- N
Hy | D) = g4 |D) n D) = ﬂdj 10) » Mixes various IRREPs
— With = i=1
Ho 07 ) = (e0 + &5 ) |DG) D)
CC wavdunction ansatz |¥,) = ¢’ |®) T=T+T)+T3+
With == 1 be 4 4
T)=—= Z r;}k_"_'_"a(',a;?ac ..ara;a;
— )7L

6/20



Singlereference CC based on'UHF (GHF)E

Timeindependent G.S. Schrddingeruation Similarity-transformed Hamiltonian

H=eTHe!
[]
BakerCampbeHlHausdorff+ Wick theorem

%

1 1
S (HTT)e + = (HTTT)c + - (HTTIT)

H|'Yy) = Eyl'Yy)
xeT
HI|®) = Eo|d)

H=H+(HT),

| ‘<V ariant without xe™ firsm
Energy equation
Iy = T
led out a posteriori (D|He" |D) = Eo(Dle” |D)

<(D|(H€T)C|(D> = Ey Dpisconnected parts cance

Exponential naturally terminates

(D |He! | ) = Eo(® e |D)

Define energ‘and norm kernels

H(c0,0) = Ey N(c0,0)

Obtain algebraic expressions via Wick theorem \Hfjf'(oo,o) =Ey Nf_'_"(oo,(y

Amplitude equation to determinerl,

(DI |(He )e|®) =0

Intermediate normalization N (c0,0) = (D|Wy) =1 2120



Master equations (1)

Rotated UHF reference states and overlap
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Elp;lall

N
1D(Q)) = aj‘ 0) with al = > Rpa(@)a} and Rop(Q) = (@|R(Q)|B)
i=1 B

¢ (Q)) = aya;ialaj...|O(Q))

(D|D(Q)) = detM(Q) where M,p(Q) = R,p(€2)04i0p)
Imaginarytime dependent scheme Rotated U(G)HF reference stateb(€2))
Time-evolved state |W(1)) = e 7 |®) and H|¥(7)) = =]V (7)) R

1) Standard kernels aW= 0 andt =K

N = (FH@ILO(2) 2) Same for rtuply excited kernels

Oftdiagonalkemels /(¢ = CHOIIPED) 0 van o o) = cpioyn oy
JT0Q) = (FOUIDQ) o o

P(r.0) = (‘P(T)|J2|(I)(Q))< Hy (@) = ¥@)H|D; 7 (82)

HP(1,Q) = =0:Nji (1,9Q)

Schrodinger equation H(7, Q) = —0:N(7,Q)
o —— Reduced kernels O(T, Q) = O(1,Q)/N(t,0)
» Intermediate normalization atW= 0 8/20
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Master equations (2)

Expansion of ofdiagonal kernels over IRREPs of SU(2)

Time propagation selects the proper IRREF

‘Straight ratio

H(eo,) = 50 £ N opwl™y (oK i) plo () H(eo, Q) = E/ N0, Q)
MK

- Schrdédinger equation for G.S.

Neo, ) = e 50" S !y (oK (o) Dl (@)
MK

Truncating kernels expanded around a symmetsyeaking referenc | D)

Napprox(ooa Q)= Z Z N[Jl,][{ D]JWK(Q)
J MK

‘Happrox(ooa Q)= Z Z EJJMK N;JWK D&K(Q)
J MK

IRREPSs still mixed #ash K
© <=>
The good symmetry is lost

Symmetryrestored energy

EJO B ZMKfj\J/jO*f[gO J:S‘U(z)dg Dﬁ;(g) (}‘((OO, Q)

(]_(approx(ooa 0) = ZZE{W N]JWM ®
M

0 Jox ~J Jo *
Sukfil 1S Jspo @D (Q) N (e, Q) J :
Superfluous in exact limit but not after truncation DMK(O) = OMK
RATr D Peu o O SRR - —— . . L.
@ @%2% No fingerprint of mixing left to be used

Benefit of inserting rotation operator in kernels 9/20
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Angularmomentumrestored CC theary

Goal: extend exact symmetry restoration techniques beyond PHF to any order in CC such
It keeps the simplicity of a singleeferencelike CC theory (and includes it)
It is valid for any symmetry (spontaneously) broken by the reference state

It is valid for any system, i.e. closed shell, near degenerate and open shell

H W e

It accesses not only the ground state but also the lowest state of each IRREP

: : : + their consistent interference
Technical points of importance

A Wick Theorem for offdiagonal matrix elemer (®|...|d(Q)) of strings of operators
[R.Balian, EBrezin NC 64 37 (969)]

A Care must be taken of both theotated energy?H(r, Q) andnorm N(7,Q)  kernels

Expansion and truncation must be consistent ‘//

Has no naturally terminating expansion

¥

Does not stay normalized whelW/ varies 10/20




OB) = o(B) N(B)
The norm kernel factorizes exactly for aty ‘H(ﬁ’) =

This is proved via the MBPT expansions of NPB) F:(B)
)

2 _
. | | JpB) =
= disconnected (exponential of connected) dlagrarr S

Extends [J. Goldston&RSL A239 (1957) 267 ; NMgenhoItz Phys 231957 481; C Bloch, NP7 (1958) 451]
Final CC expansion (viatime S LISY RS y BigrlLthE &ymmetry breaki

b- dependent cluster amplitudes
,&\ In the exact limit ﬁ(_)(ﬁ) =)
afs
Off-diagonal conhected matrix elementy
\_/ After truncation —o(B) =0
ap

b-dependent part connects holes and particles

O(ﬁ) = connected/linked diagrams to operato()

Algebraic expressions
b-dependent elementary contractions

(@0, DB)) |

= in quasiparticle langu
(D|D(B)) > pP) —{;‘(0)*'10*3) n quastparticle language

Diagonal density matrix of UHF reference state
Standard MBPT/CC expansions recoveredat 0 11/20
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