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Single- reference coupled-cluster theory is an accurate and affordable computational method for the nuclear
many-body problem. For open-shell nuclei, the reference state typically breaks rotational invariance and angular
momentum must be restored as a good quantum number. We perform angular-momentum projection after
variation and employ the disentangled coupled-cluster formalism and a Hermitian approach. We compare our
results with benchmarks for ®Be and 2°Ne using a two-nucleon interaction from chiral effective field theory and
for pf-shell nuclei within the traditional shell model. We compute the rotational band in the exotic nucleus **Mg

and find agreement with data.
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I. INTRODUCTION

While angular momentum, parity, and the numbers of
neutrons and protons are good quantum numbers of atomic
nuclei, mean-field states often break symmetries of the nuclear
Hamiltonian [1-3]. This is a blessing and a burden: On the
one hand, the actual breaking of symmetries by the mean field
corresponds to the emergent symmetry breaking in atomic
nuclei; it informs us about deformation and superfluidity
(in the case of breaking of angular momentum and parti-
cle numbers, respectively) and identifies the corresponding
Nambu-Goldstone modes as low-energy degrees of freedom.
Symmetry-breaking product states also are the starting point
of single-reference methods (such as coupled-cluster theory
[4,5], in-medium similarity renormalization group [6-11],
Green’s function and/or Gorkov approaches [12,13], and per-
turbation theory [14-19]) that capture dynamical correlations
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beyond the mean field [17,20,21]. On the other hand, the
restoration of broken symmetries is necessary when one wants
to obtain precise ground-state energies, excited states, or tran-
sition matrix elements between states with definite quantum
numbers.

One can, of course, address phenomena related to emergent
symmetry breaking without actually breaking any symmetry
[22-28]. However, such exact computations typically scale
exponentially with increasing number of active nucleons be-
cause the emergence of a new low-energy scale associated
with, e.g., collective rotational excitations in intrinsically de-
formed nuclei requires the superposition of A-particle-A-hole
excitations in a nucleus with mass number A. The successful
computation of such states is then limited to light nuclei or
small shell-model spaces. Monte Carlo methods with angular
momentum projection extended such computations to some-
what larger model spaces [29]. In contrast, symmetry-adapted
approaches [30,31] and effective theories [32-36] are simpler
because they employ the degrees of freedom that are relevant
at such low energies. The effective theories have advantages
and disadvantages: they have less predictive power because
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low-energy constants such as the moment of inertia, for in-
stance, must be taken from data or microscopic computations.
However, they allow us to estimate uncertainties and reveal
the simple patterns that complex systems exhibit based on
their symmetries and symmetry breaking.

While nuclear density-functional theory has been the
main workhorse to compute nuclei across the nuclear chart
[2,37—41], polynomially scaling computational methods
[5,7,12,19] based on nucleon-nucleon and three-nucleon in-
teractions from effective field theories of quantum chromody-
namics [42—44] are advancing steadily towards heavier nuclei
[10,20,45-48]. In this paper we employ single-reference
coupled-cluster theory [4,5,49], start from a deformed but
axially symmetric reference state [20], and perform angu-
lar momentum projection. Alternative methods for angular
momentum projection are the multireference in-medium sim-
ilarity renormalization group method [50] and many-body
perturbation theory based on a reference state obtained via the
projected generator coordinate method [51-53].

Several works discuss symmetry projection within
coupled-cluster theory [54—60]. In particular the disentangled
cluster formalism of Refs. [55,57,58] performs angular-
momentum and particle-number projections. Here, the sim-
plest approach is to insert the projected coupled-cluster state
into the Schrédinger equation and project from the left onto
the symmetry-broken reference state. In standard coupled-
cluster theory, however, one would start from a bivariational
energy functional of the projected Hamiltonian, where the bra
state consists of a linear superposition of particle-hole excita-
tions [49]. Such an approach is more accurate in general [55].
In both approaches the energy expression is non-Hermitian
and the ket state is the usual exponential wave function ansatz.

There are coupled-cluster methods where the bra state is
treated more on equal footing with the ket state, such as
the extended coupled-cluster [61,62], the quadratic coupled-
cluster [63,64], the expectation-value coupled-cluster [65],
and the variational coupled-cluster [66] methods. While these
methods are more accurate than the standard coupled-cluster
method they come at a significantly higher computational
cost. In this work we also follow a middle way using a
Hermitian energy functional in the projection, inspired by the
variational coupled-cluster method [66]. In this approach the
rotation operator can be treated exactly but the exponential
coupled-cluster state must be truncated.

This paper is organized as follows. In Sec. II we dis-
cuss the role of static and dynamical correlations in angular
momentum projection. Section III introduces the coupled-
cluster method and discusses reference states. In Sec. IV
we present the theoretical derivations of angular-momentum
projections after variation. Here, both the non-Hermitian
and Hermitian projection methods will be described. In
Sec. V we construct collective Hamiltonians within an ef-
fective theory and discuss the resolution-scale dependence
and size consistency in projections. In Sec. VI we show
results for angular-momentum projection of the nuclei ®Be,
2ONe, and **Mg. Section VII deals with angular momentum
projection of coupled-cluster computations in the traditional
shell model. We present a discussion and summary in
Sec. VIIL.

II. STATIC AND DYNAMICAL CORRELATIONS

The restoration of rotational symmetry of a nucleus with
mass number A involves A-particle-A-hole (Ap-Ah) excita-
tions, because it requires the rotation of a deformed nucleus.
This makes it challenging to keep size extensivity [67]
together with computational affordability. Fortunately, the
problem is somewhat less daunting, because the computation
of a nuclear ground-state energy involves dynamic and nondy-
namic (or static) correlations; see, e.g., Ref. [68] for a recent
discussion of this topic.

Dynamic correlations mix a dominant configuration and
a large number of configurations carrying small individual
weights but yielding a significant energy contribution. An
example is provided by the dominant (symmetry breaking)
Hartree-Fock reference state and its 2p-2h and 3p-3h excita-
tions. While the number of relevant configurations is large, it
only grows polynomially with mass number and model-space
size for any targeted precision. As dynamical correlations
bring in the lion’s share of nuclear binding, one needs size-
extensive methods to capture them accurately.

In contrast, static correlations are caused by a number of
equally important configurations. Any rotation of a deformed
reference state, for example, yields a configuration that is
degenerate in energy. Mixing these states, e.g., via angular
momentum projection, lowers the rotational zero-point en-
ergy. As we will see below, this energy gain decreases with
increasing mass number. For heavy deformed nuclei the en-
ergy gain from projection is of the order of the nuclear level
spacing near the ground state.

Based on this discussion, we can decompose the ground-
state energy as

E = Es + AE + SE. (1

Here E., AE, and §E denote the energy of the symmetry-
breaking reference state, the energy associated with dynami-
cal correlations and the static energy from angular momentum
restoration, respectively. These energies scale as Ef o A,
AE x A and as §E o« A7" where n > 0. We estimate that
n ~ 1/6, based on the scaling 8E ~ (J?)/© where © ~ A3
expresses the scaling of the moment of inertia and (J?) ~ A3/
is the scaling of the angular momentum for the unprojected
reference state found empirically in projected mean-field cal-
culations [69]. Because of its smallness and scaling with A,
one does not need size-extensive methods to compute §E. In
contrast, we compute E,.s and AE via the symmetry-breaking
and size-extensive Hartree-Fock and coupled-cluster methods,
respectively.

III. COUPLED-CLUSTER METHOD
AND REFERENCE STATES

We use single-particle states |p) where p = (n, 7, j., t;)
denotes a quantum number n, parity 7, angular momentum
projection j,, and isospin projection 7,. We have |p) = c;|0)
where |0) is the vacuum and c; creates a nucleon. The creation
operators and corresponding annihilation operators ¢, obey

the usual anticommutation relations for fermions.
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The Hamiltonian is

1 .
H = Z epqc;cq + 7 Z v,,qmcl’)c;csc,. )
Pq pqrs

While three-nucleon forces are unavoidable in nuclear physics
[70-73], we omitted them for simplicity and to benchmark
with other methods that employ the same interaction.

Our calculations start from the symmetry-unrestricted
product state

A
@) =[]<10). 3)
i=1

This state breaks angular momentum but we assume that its
projection J; is conserved. We also assume that parity, isospin
projection, and mass number A are conserved, and that we
deal with even-even nuclei. Then, the reference |®) is also
invariant under time reversal (and occupied single-particle
states come in degenerate Kramer pairs), invariant under ro-
tations by an angle m around any axis that is perpendicular
to the symmetry axis (denoted as R parity [74]), and fulfills
J|®) =0.

We discuss three choices for the reference state. The
Hartree-Fock state, which minimizes the energy, is the first.
The second reference is obtained as follows. We minimize the
energy under the constraint of a fixed expectation value g,y of
the mass quadrupole operator

167 4
Qs = 4/ —~ ; Y00, ¢i)- 4)

Such a constrained Hartree-Fock calculation employs the
Routhian

R=H — A0y, 5

where the Lagrange multiplier A is adjusted to obtain the
desired value g9 = (Q20). We use the augmented Lagrangian
method [75] for this purpose and generate an energy curve as
a function gp9. Performing an angular-momentum projection
after variation at fixed g then yields a new curve whose
minimum we seek. The corresponding product state is the
Hartree-Fock restricted-variation-after-projection (HF-RVAP)
reference [76,77]. The third reference state is obtained from a
variation-after-projection Hartree-Fock (HF-VAP) calculation
[78,79]. The HF-VAP reference state constitutes the optimal
(i.e., lowest energy) product state that can be obtained while
including the projection onto zero angular momentum.

We note that the HF-VAP solution is obtained via the min-
imization of the projected energy over the complete manifold
of Slater determinants. In contrast, the HF-RVAP solution is
obtained via the minimization of the projected energy over the
restricted manifold of Slater determinants generated through
a set of constrained HF calculations. If the manifold spanned
via the constrained HF calculation generates the complete set
of Slater determinants, the HF-RVAP solution actually equals
the HF-VAP solution. This clarifies the connection between
the two approaches and explains the name HF-RVAP.

Once the single-particle basis is determined we normal
order the Hamiltonian (7) with respect to the vacuum state

and write
H = Eref + HN~ (6)

A A .
Here, Ere = (PIH|P) = ) i €i + % Zi,j:l vjjij is the vac-
uum energy and the normal-ordered Hamiltonian is

. 1 .
Hy = prq{c})cq} + Z Z qurs{ClLC(:CsCr}. @)

Pq pqrs

The curly brackets denote normal ordering and the Fock-
matrix elements are f,, =€y, + Z?Zl Vpigi- The papers
[80,81] proposed how to deal with three-body forces
in the normal-ordered two-body approximation [82,83] in
symmetry-breaking situations.

Coupled-cluster theory parametrizes the ground state as

W) = e | D). 3
The cluster operator
Tr=nh+hLh+ --+Ty 9)

consists of np-nh excitation operators

1 a an T T
= W Z tili ---- l"nncgll 1 Cq, Gyt Gy (10)
G
Here and in what follows, i, j, k, ... label occupied single-
particle states while a, b, c, ... refer to unoccupied states.

Generic states are labeled as p,q,r,.... Coupled-cluster
theory is a powerful method because the numerically inexpen-
sive singles and doubles (CCSD) approximation T ~ T + T,
yields about 90% of the correlation energy for closed-shell
nuclei; the inclusion of triples T = T} + T, + T3, still numer-
ically affordable via perturbative methods, yields about 98%.
In CCSD, the cluster amplitudes are computed for a given
Hamiltonian and reference state by solving the well-known
coupled-cluster equations [84]

(®¢|e""Hye" |®) =0,
(@¢7]e " Hye" |@) = 0. (11)

ap-q, _ F toa. s . _ . .
Here, |CI>l.]“_i””) =c) ¢ ci,rcy | @) isanp nh excitation

of the reference state. The energy associated with the (dynam-
ical) CCSD correlations is

AEccsp = (Ple” " Hye' |®). (12)

As (®le”T = (®| and (P|W¥) = 1 we can rewrite the total
energy as
E = Eet + AEccsp = w (13)
(@)
This energy expression will be modified below for the eval-
uation of the static correlation energy (§E) associated with
angular-momentum projection.

For any truncation of the cluster operator the state |W)
breaks the same symmetries as the reference state |®). Only
the full expansion (9) restores the symmetries broken by the
reference. In what follows we restore the rotational invariance
via angular-momentum projection. In addition to CCSD, we
will also use the CCD approximation T = T5. In the Hartree-
Fock basis there is little difference between CCD and CCSD
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(because singles excitations are small). This is different in
other single-particle bases.

The angular momentum projection methods we employ
come at a considerable higher computational cost compared
to the unprojected coupled-cluster calculations, and thus re-
quire us to work in smaller model spaces. The residual basis
dependence can to a large extent be eliminated by includ-
ing the singles-excitations in the projection, i.e., by using
CCSD rather than CCD. In this work we also employ a
natural-orbital basis obtained from second-order many-body
perturbation theory [20,85]. In this approach we compute the
Hartree-Fock state in a large harmonic oscillator basis, and
in a final step truncate the normal-ordered Hamiltonian that
enter the coupled-cluster computations to a smaller model
space [86,87]. This alleviates the dependence on the oscillator
frequency. We note, however, that such a truncation of the
normal-ordered Hamiltionian breaks rotational invariance to
a small extent.

IV. ANGULAR MOMENTUM PROJECTION

Throughout this section we use the Hamiltonian in the form
of Eq. (6) [rather than Eq. (7)] because this facilitates the
evaluation of the matrix elements we need to compute within
the angular momentum projection.

A. Projection operator
The operator
1 (" .
Py = 5/ dp sin By, (B)R(B), (14)
0

projects a state with J, = 0 onto total angular momentum J.
Here,

R(B) = e~ (15)

denotes the operator that rotates by the angle 8 around the y

axis, and dj;; (B) is related to the Wigner D function via [88]

Dy (e, B.y) = e Mdy (B)e™™7. (16)

The R symmetry allows us to restrict the domain of integra-
tion in Eq. (14) to the interval [0, 7 /2] because

R(m — B)|®) = R(B)|D). a7

In a spherical single-particle basis {|p) = |a,j,m,)} of the
one-body Hilbert space, matrix elements of the rotation op-
erator are given by

(@ iy RB) g jgiy) = 8upa,S5yiditm, (B). (18)

B. Non-Hermitian projection formalism
1. Projected energy

The disentangled cluster formalism [55,57,58] (in its sim-
plest implementation) is based on the standard non-Hermitian
energy expression of coupled-cluster theory. In this approach
the energy projected onto angular momentum J after variation
is

E(]) _ (CD|PJH|lIJ>

. 19
(PIF/[W) 1

In this expression we used that P; commutes with H. The
projected energy is a natural modification of Eq. (13). We
insert Eq. (14) into Eq. (19) and find

" dp sin Bdi,(BYH
= ﬁ) dﬁ sin 5%2553@2 0
Here,
N(B) = (PIR(B)IV) 2D
and
H(B) = (PIR(BH|WY) (22)

are the norm and Hamiltonian kernels, respectively. The R
symmetry implies

N(r - B) =N(B),
H(w — B) = H(B). (23)
We also have H(0) = E.f + AE and N(0)=1. Using
Eq. (1) the static correlation energy associated with angular
momentum projection is then SE = E© — E.
2. Disentangled cluster formalism
Thouless’s theorem [89] allows us to write [55]
(PIR(B) = (PIR(B)|D)(Ple" P (24

Here the deexcitation operator is

V()= ViB)ca (25)

Expressions for the matrix elements V! and mean-field norm
kernel (®|R(B)|P) can be found in Ref. [55]. In what follows
we suppress the explicit dependence of various quantities,
e.g., V(B), on the angle 8.

By virtue of Eq. (24) the kernels become

N(B) = (PIR(B)|D)(Ple" e | D),
H(B) = (PIR(B)|D)(Dle" He' |D),

(26a)
(26b)
and we are left with the evaluation of the reduced kernels

n(p) = (Ple’ e’ |P),
AB) = (PleVHe | D).

(27a)

(27b)

\4

Inserting the identity operator 1 = e~"e" introduces the

similarity transformation [54,55]

H=¢"He™. (28)
As V is a one-body operator, H has the same particle rank as
H, i.e., no many-body forces of higher rank are induced by
the similarity transformation. In contrast to H, the operator
H does not commute with J, and this significantly increases
the number of nonzero matrix elements that need to be stored.
Using H yields

APB) = (PIHe" e | D). (29)

The exact evaluation of €' e in Eq. (29) is exponentially
expensive. To make progress we introduce the disentangled
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cluster operator
WPB)=Wo+Wi+Wo+ .-+ W,y (30)
via
& el | D) = MotWitWat gy (31)

Here W; is a k-body excitation operator. In contrast to T, the
operator W () also contains a zero-body term Wy(8). Even if
T is truncated within the CCSD approximation T = T} + T,
the operator W () contains up to A-body operators. To keep
the computation affordable one needs to truncate at some rank
k < A. Then neither ¢” nor e’ are exactly contained in the
truncated eV (note, however, that e”' will be treated exactly
as it only amounts to a rotation of the basis, as will be shown
below). As a consequence the R symmetry of the kernels [see
Eq. (23)] is lost and the projection of the Hamiltonian H =
aJ? only leads to approximate values EY) &~ aJ(J 4+ 1). As
we will see below, however, the disentangled approach is quite
accurate. The truncation is a controlled approximation and can
be systematically improved.

The matrix elements of the operator W (8) are computed by
solving the following set of ordinary differential equations:!

d Wo = X'W¢
d,B 0 =AW
d a k ac ayxsc
W= XLV W),
d . .. a c c a
ag"i = XA = PGOWEW — PanWi W),
(32)
where
- favy’
X'=l—]), 33
i=(%), @)

and where P(ab) denotes the permutation operator. Expres-
sions of the matrix elements X can be found in Ref. [55]. The
initial conditions for 8 = 0 are Wy(0) = 0 and W;(0) = T} for
all k.

3. Approximation schemes

In this work we truncate W = Wy + W, + W, at the two-
body level. The Baker-Campbell-Hausdorff expansion yields
n(p) =", (34a)
— w2

Hp) = eW°<<I>|H<1 + Wi+ W+ 71)|<1>>. (34b)

In Ref. [55] the disentangled formalism was developed for
the coupled-cluster doubles (CCD) approximation 7 = 75.
Those authors noted that the extension to 7 = T; + 7> could
be achieved by inserting the identity e’'e~" to the left and

"Equation (32) corrects typographical errors found in Ref. [55].

right of the rotation operator in the original expression of the
approximate kernels such that

N(B) = (PIR(B)e"| @), (352)
H(B) = (PIR(B)He"| D). (35b)

Here the similarly transformed operator
O=e"0e" (36)

amounts to a change of the single-particle basis. Given the
form of the approximate kernels in Eq. (35), all equations at
play for T = T, can be reused by substituting R(8) and H by
R(B) and H, respectively, and by using W; (8 = 0) = 0 as the
initial condition. We checked that the two equivalent ways to
include 7; lead to identical results.

C. Hermitian projection formalism
1. Projected energy

The Hermitian ansatz for the projected-after-variation
(PAV) energy functional

E(j) — (KD|PJH|\II)
(W[Py|W)

where |W) is the coupled-cluster state (8), can be rewritten as

72 dB sin Bl (BYHH(B)

; (37)

ED — " : , (38)
Jo" dB sin Bdgy(BINw (B)
using the norm and Hamiltonian kernels
N = (V|R(B)|¥),
H(B) = (VIR(B)|V) (39)

Hu(B) = (VIR(BH|W).

As in the non-Hermitian case, the coupled-cluster energy is
recovered in absence of the projector [84].

2. Approximation schemes

In the following the coupled-cluster state (8) is truncated
at the CCSD level, T = T} + T,. Because of the exponential
ansatz in the bra and ket, the exact evaluation of the projected
energy (37) is not feasible and we need to make an approx-
imation. We truncate the power series of e term by its first
three terms and approximate |W) as

|Wsop) = €' (1 + 1> + 1T57)| D), (40)

which leads to the singles quadratic doubles (SQD) approx-
imation. Further dropping the 7% term leads to the singles
linear doubles (SLD) approximation

[Wsip) = e’ (1 + T)|®). (41)

The SLD and SQD approximations are attractive because
they treat the rotation R(B) and exp(7}) exactly via similarity
transformations. This approach is similar to the spin-extended
formalism of Ref. [59]. The SLD ansatz is computationally
inexpensive because it neglects the 7.* term.

3. Amplitude equations

The symmetry-breaking amplitudes #{ and tfj” employed in
the SQD approximation (40) are obtained by left-projecting
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the Schrodinger equation onto 1p-1h and 2p-2h excitations of
the reference state; this yields

(@¢|(H — E)e" (1 + T, + 3T,7)|P) = 0, (42a)
(@0|(H — E)e" (1 + T» + 13T7)|®) =0, (42b)
E=(®He"(1+ D+ iT7)|®). (43)

These are the standard CCSD equations. In the SLD ap-
proximation, the amplitudes are obtained from solving a
configuration interaction problem truncated at doubles exci-
tations starting from H,ie.,

H(l +1)|®) = E(1 + )| ®), (44)

and projecting from the left with (CD?jb | we obtain a linear
problem in 7, that can be solved iteratively. In contrast to SQD
(or CCSD), the SLD approach is variational but not size exten-
sive. Due to the lack of size extensivity the SLD (dynamical)
correlation energy will not be accurate for 2°Ne and **Mg,
but the SLD energy gain (§Es.p) from angular-momentum
projection can accurately be computed with methods that lack
size extensivity since it is small and decreases with increasing
mass.

4. Hamiltonian and norm kernels
The norm and Hamiltonian kernels (39) are
Nu(B) = (@IU " R(B)e" U |®),

Hu(B) = (@|UTe" R(B)HEU|D).

(45a)
(45b)
Here we introduced the excitation operator

U=1+T+ 1T (46)

We note that for the SQD approach Hy (0)/ Ny (0) # Esgp,
and that Hy(0)/Ny(0) > Esqp because the Hermitian ap-
proach lacks size extensivity when the exponential e is
truncated. Nevertheless, the Hermitian approach is useful
to compute energy differences EY) — E© and the energy
gain 8E = E© — #(0) from angular-momentum projection
because the magnitudes of these quantities decrease with in-
creasing mass number.

Focusing first on the Hamiltonian kernel and inserting 1 =
exp (T1) exp (—T7) allows us to rewrite

Hu(B) = (PIUTR(BHU |®). (47)
Here
R(B) = " R(B)e" (48)

is a product of exponentiated one-body operators, each of
which induces a transformation of the single-particle basis
that can be handled exactly.

Inserting the identity R(8)R~'(8) and using Thouless’s
theorem leads to

Hu(B) = (PIR(B)|P)
x (®l"R™UBUTR(BHU|®).  (49)

Here, the operator V(8) results from Eq. (24) by replacing
R(B) — R(B). (This has to be kept in mind for the rest of this
subsection.)

We insert the identity 1 = exp (—V)exp (V) three times
and use exp (V)|®) = |®). This yields

Hu(B) = (®IR(B)|D)(®IUTHTU|®), (50)
where
U'=e"RYBUTRPB. 51

Because the similarity transformation (28) is presently applied

to H and not to H, the notation H should have been used in
Eq. (50). For simplicity we continue to use the lighter notation
H. The operators in Eq. (50) all depend on 8 and therefore do
not commute with J,. This increases the storage demands.

Equation (50) requires us to perform a number of basis
transformations followed by taking expectation values of a
product consisting of up to three two-body operators. To do
this, we insert a resolution of the identity in terms of the
reference state and its particle-hole excitations:

Hu(B) = (PIR(B)|P) Z(q)lﬁflu)(ulﬁﬁld’)- (52)
n

The sum truncates to the finite set of states |u) €
{|D), |DF), |d>;‘]’?), |d>§;’,f), |d>;’;’,fld)} including up to 4p-4h ex-
citations. The norm kernel is dealt with in a similar fashion,
ie.,

Niu(B) = (BIR(B)|®)(®|TT|P)
= (®[R(B)®) Y (@[T |1y (1 |T|®), (53)

"
where the sum now truncates to the smaller set |u') €
{|®), | D7), |<I>?f)} of up to 2p-2h excitations.

5. Algebraic expressions

Let us work out the algebraic expression of the norm and
Hamiltonian kernels given in Egs. (53) and (52), respectively.
We focus on

T|®) = (1 YT+ %Tﬁ)@). (54)
Here,
To=Ty +Ty +T5 (55)

is decomposed into zero, one, and two-body operators (as in-
dicated by the subscript) and the normal-ordered components

are
Ty = 2 Ztij" (56a)
ij
7 =i N
Ty = ZZiZ{C;Cq} = Z e cq)s (56b)
ipq Pq
= _ 1o +
T, = 1 Ztﬁ?{c;cqcscr}. (56¢)

pqrs

We introduced 7} = iffg and {- - -} denotes the normal or-
dering. By virtue of Thouless’s theorem, the amplitudes of the
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similarity-transformed cluster operators can be obtained via
a transformation of the single-particle basis; see Appendix A
for details.

Only the excitation part of the operators (55) matters in
Eq. (54). Thus, we limit ourselves to the excitation part of U
and rewrite Eq. (54) as

U19)= @+ 0"+ 0% + TV +TV)0).  (57)
Again, we used subscripts (k) to denote a k-body operator.
The amplitudes of the excitation operators

77(k) —ay--ay T
vr= Z uil]"'ik/‘cal e

il ap--ag

¢l e (58)

can be expressed in terms of those introduced in Eq. (56). The
corresponding algebraic expressions for

7 = (2|T|®), (59a)
ul = (¢ |U|), (59b)
iy = (97 |U|P) (59¢)
i = (@ |[U|®), (59d)
i = (@ |U19) (5%)

are presented in Appendix B 1. The matrix elements as-
sociated with the bra state (®|U Ut follow from the above
derivation by exchanging particle and hole indices, and by
replacing the matrix elements of the similarity-transformed
operator T, by those of 75 defined similarly to Eq. (51). With
these matrix elements at hand, the norm kernel (53) can be
evaluated.

To evaluate the Hamiltonian kernel (52) we also need the
matrix elements

0)

X = (PHU|D), (60a)
= (®¢|HU| ), (60b)

X = (0 [HU|®), (60c)
T = (@ [HU ), (60d)
Xt = (¢! [HU | @) (60e)

in terms of those of the normal-order pieces of H and U . These
expressions are presented in Appendix B 2.

Using these ingredients, the kernels can finally be com-
puted as

Hu(B) — frox©® n Z i 5
(PIR(B)IP)
1 ~ij —a 1 ~ijk —abc

+ - a]b tjb_’_% uc{bc ijbk
abij abci jk
1 ~ijkl —abc

+ Z uajhkcldxi jbkld’ (61a)

abcdi jkl

NH(ﬂ) U (O)U +Z~1—a
(®[R(B)|®)
1 1 ik
by YW+ Y Wk
4 abij 36 abcijk
1 ~ijkl —abc
+ 5_ Z ualbkcldutjbkld (61b)

abcdi jkl

Naively estimated, the inclusion of T22 in the bra and ket states
of the Hamiltonian kernel comes at a considerable cost of
n6n4 computational cycles, with n, the number of unoccupied

and n, the number of occupied states, respectively. However,

—(4) . . .

U" s a product of two disconnected terms and this reduces
the cost to n2n? because intermediates can be introduced. In
Eq. (61a), for example we first compute a three-body interme-

diate by contracting 7(22) with H and this is then followed by

a contraction with the second 722 We note that the SLD and
the disentangled approaches used in this work scale as n” n2
(which is the familiar CCSD scaling), but they require sig-
nificant larger computational resources than the unprojected
CCSD solution because J; is not a good quantum number in

the projection.

V. COLLECTIVE HAMILTONIAN AND EFFECTIVE
THEORY

A. Collective Hamiltonian

The expressions derived so far allow us to compute the
collective Hamiltonian [78,90-92]. Let Q2 = (0, ¢) consist of
a polar angle and azimuth, and let

1Q) = e e |0 (62)
be a rotation of the state |W). Thus, in the state |Q2) the
symmetry axis of the nucleus points into the direction of the
radial unit vector e, (6, ¢). The matrix elements

H(Q, Q) = (Q|H|Q),
(63)
N, Q) = (Q|Q)
are related to the kernels (39) via
H(Q, Q) =H ,
( / ) H(B) (64)
N, Q) = Nu(B),

where cos 8 =e,(0, ¢)-e,.(0', ¢"). The collective Hamilto-
nian then becomes

Heon (2, @) = [N HN (R, Q). (65)
To compute the matrix elements (64) we distribute a few tens
of angles Q2 evenly over the sphere, following Ref. [93]. The
diagonalization of H.y; then yields the low-lying collective
spectrum, and the corresponding collective state can be used
to compute other observables or transition matrix elements of

interest. An alternative approach to the collective Hamiltonian
is via effective field theory (EFT).
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B. Effective theory

At lowest energies, the only degree of freedom for an ax-
ially symmetric even-even nucleus is the orientation e, (6, ¢)
of its symmetry axis [32,35], where (6, ¢) define the polar
and azimuth angles. Following arguments from spontaneous
[94] and emergent symmetry breaking [91,92,95] the effective
Hamiltonian can only contain the angular derivative

a 1 0
ep———.
sinf d¢
Here, g and e, denote the polar and azimuth unit vectors that,
together with the radial unit vector e,, form the body-fixed

coordinate system. The leading-order effective Hamiltonian
is [32]

(66)

Herr = E©Q + a(—iVg)>. (67)

Here, the low-energy coefficients E(¥) and a are the ground-
state energy and the rotational constant, respectively. Thus, the
constraints from emergent symmetry breaking ensure that the
effective Hamiltonian (67) can be matched to the collective
Hamiltonian (65) by adjusting E® and a. The low-energy
coefficient E® contains short-range physics, and one needs
size-extensive methods to compute it. In contrast, the rota-
tional constant a is the inverse moment of inertia and depends
on the nuclear shape and—for heavy nuclei—also on the
degree of superfluidity. Thus, computing a does not require
high-resolution methods. As we will see below, mean field
methods (which are quite inaccurate regarding E©) yield
reasonable values for a in the nuclei we compute.

Introducing the angular momentum J = e, x (—iVg) al-
lows us to rewrite the effective Hamiltonian (67) as

Hprr = E© + af?. (68)

This is the Hamiltonian of the rigid-rotor model, and its spec-
trum is

EV=EO +aJ(J +1). (69)

Taking the expectation value of the effective Hamiltonian (68)
in the unprojected wave function yields

E=E9 +a(J?. (70)
Thus, the ground-state energy gain from projection is
SE=E9 —E = —q(J?), (71)

delivering the result of Peierls and Yoccoz [96].
To check the consistency of these arguments we return to
Egs. (69) and (71) and find

JUJ +1
E JU+1D
(J2)
for the excitation energy of the state with spin J. To estimate
the ground-state energy gain from projection we use
J2

8E=@@—E%%¥, (73)
where £ and E® result from, e.g., angular momentum
projection. Taking instead the energy difference E©® — E®
from experimental data (i.e., 3 MeV in 8Be, 0.6 MeV in the

EV —E® = s (72)

island of inversion), one immediately obtains an estimate for
the energy gain from symmetry projection by employing the
expectation value (J?) of the symmetry-unrestricted state. The
energy gain from projection is much smaller than the energy
from dynamical correlations, which allows us to employ ap-
proximations that lack size extensivity. It is also clear from
Eq. (73) that the gain from symmetry restoration is propor-
tional to the expectation value (J2) of the unprojected state.
Thus, including more correlations in that state is expected to
reduce the value (J?) and the energy gain from projection.

The approach via effective field theory also enables us to
estimate uncertainties. The first step involves the identification
of a breakdown scale. For simplicity we use here a breakdown
spin J, where new physics enters; the corresponding break-
down energy, relative to the ground-state energy E©, is then
Ap = aJy(Jp + 1). The subleading correction to the Hamil-
tonian (68) is the term b(J?)2, which adds the contribution
b[J(J + 1)]? to the spectrum (69); see, e.g., Ref. [32]. At the
breakdown scale, the subleading contribution becomes signif-
icant, and this allows us to estimate the unknown coefficient
b. A simple estimate can be obtained by assuming that the
leading and subleading contributions are approximately equal
in size at the breakdown scale; this yields b & a/[Jy,(Jp + 1)].
A more realistic assumption is that the subleading term is
of the same size as the leading-order level spacing E+1 —
EY=D =2a(J, + 1) at the breakdown scale; this yields the
estimate

2a

b~ ———. 74
Ry +1) 7

With this assumption about the breakdown scale, the uncer-
tainty at spin J < Jy is

JJ + D
a—

AEY) ~2a= .
B+ 1)

(75)
Using more information than merely the breakdown scale
(or making more assumptions), would allow us to quantify
uncertainties [97-99]. Here, we will contend ourselves with
the estimate (75). Long sequences of data would also allow
us to empirically determine the breakdown scale, e.g., via
Lepage plots [36].

The rotational constant a is inverse proportional to the mo-
ment of inertia which—for a liquid drop—is proportional to
A>3 where A is the mass number. Taken together with the em-
pirical relation (J?) ~ A3? from mean-field calculations [69]
then implies that the energy gain from symmetry projection
is small and decreases with increasing mass number. Long-
wavelength physics dominates angular momentum projection.
We can also see this in an equation-of-motion approach where
the (non-normalized) excited J* = 27 state is

2%) = 037107). (76)
Here the charge quadrupole operator Q%) is defined as in
Eq. (4) but the sum is over protons. This long-range operator

is insensitive to short-range physics. The equation-of-motion
approach to excited states then yields

[H, 0']10%) = (E® — E©)oP|0™). (77)
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Employing the effective Hamiltonian (68) in Eq. (77) yields
E® — E© = 6a because Q') is a spherical tensor of rank 2.
Thus, rotational excitation energies are low-resolution observ-
ables and can be computed with low-resolution methods.

The quadrupole operator connects harmonic oscillator
shells that differ by two units of Ziw. Thus, the equation-of-
motion approach also shows that microscopic computations
of the states with angular momentum J = 2,4, 6, ... via sym-
metry projection requires model spaces that exceed the Fermi
surface by J shells.

A future goal consists of computing quadrupole moments
of projected states and transition matrix elements between
projected states. For now, we characterize collectivity via
a phenomenological approach. The quadrupole deformation
parameter for a charged liquid drop is [100]

_ V5n(0)
B = W, (78)

where Ry = 1.2A'/3 fm is the empirical charge radius. The
optimized next-to-next-to leading order (NNLO,,) potential
yields too small radii for all but the lightest nuclei [101-104].
To compute the quadrupole deformation parameter we there-
for replace R by the charge radius squared (R%,). Computing
expectation values in the unprojected ground state, the defor-
mation parameter then becomes

T
Superfluid systems that break particle number can similarly
be addressed in an effective theory. One then replaces the
orientation of the symmetry axis by the gauge angle and
aJ? by the pairing rotational term b(A — (A))*> where b is a
low-energy coefficient and A the number operator. The energy
gain (71) from particle-number projection is then related to
the particle-number variation of the unprojected state. For an
estimate in medium-mass nuclei we note that b ~ 0.1 MeV
in tin isotopes [105] and that ((A — (A))?) &~ 16-36 in nickel
isotopes [19]. Thus, particle-number projections do also not
seem to require size extensive methods.

VL. RESULTS FOR ®Be, **Ne, AND **Mg

We compute the nuclei 8Be, 2Ne, and 34Mg using the
nucleon-nucleon interaction NNLO,, [106]. For 8Be, we
benchmark with the no-core shell model (NCSM) [27,28]
and for ’Ne with the symmetry-adapted NCSM [31]. These
benchmarks are close to experimental data, and the accuracy
of the NNLO,,, potential makes it interesting to compute the
structure of the neutron-rich nucleus **Mg.

The Hamiltonian (7) is the sum of the intrinsic kinetic en-
ergy (to decouple the center-of-mass mode [107-109]) and the
two-body potential. We use a single particle basis that consists
of the eigenstates {|p) = |nljj,t,)} with energy (2n + [)hw
of the spherical harmonic oscillator (omitting the zero-point
energy). States with an energy up to and including Ny.xhw
are in the basis.

For the construction of the reference state, shells are
filled according to the nuclear shell model [110]. The par-

—l4 T

E LI | .-.‘-.‘.‘_.I.-.I E
—16 ;-0-.0-9-® .".".‘. E
> —18F o .
= —20 [ —e— HF-RVAP Be E
R _22F -
E. ]
—24 F %o -
TR = R i
40 50 60 70

g0 (fm?)

FIG. 1. Energies of Be from symmetry-unrestricted Hartree-
Fock (blue circles) and HF-RVAP (green diamonds) as a function of
the mass quadrupole moment ¢gyo. Calculations are performed with
hw = 24 MeV.

tially occupied subshell at the Fermi surface is filled by
occupying Kramer-degenerate pairs of states with increasing
values |j,| = 1/2,3/2, ... of the angular-momentum projec-
tion. This leads to prolate deformation. The various reference
states we used are described in Sec. III.

Figure 1 shows the energy of the reference states from
Hartree-Fock and from HF-RVAP for 8Be as a function of
quadrupole moment. The projection shifts the minimum to-
wards a larger value of the quadrupole moment.

We found that the Hermitian SLD and SQD approxi-
mations are insensitive to the choice of the reference state
presumably because we treat the singles excitations e’ ex-
actly. As we will see below these approaches also meet
benchmarks from NCSM calculations [27,31]. The disen-
tangled approach yields somewhat too compressed spectra,
particularly for the CCSD approximation. The CCSD spectra
exhibit a small spread with respect to the reference state.
The level spacing increases as we go from Hartree Fock to
HF-RVAP to HF-VAP, and the CCSD results also depend
mildly on the chosen oscillator spacing. We attribute the com-
pressed spectra to the simple energy expression (19), which
is not a bivariational energy functional. In contrast, results for
the CCD approximation are somewhat more accurate when
compared to the benchmarks. This, however, limits us to the
Hartree-Fock basis where singles excitations [exp (77)] are
small.

A. Operator kernels

Figure 2 shows the norm and Hamiltonian kernels in *°Ne
and 3*Mg, respectively, as a function of rotation angle 8 for
the disentangled formalism and compares them to Hartree-
Fock kernels. Here we employed the Hartree-Fock basis and
a model space with Np,x =7 and fiw =24 MeV. At § =0
the Hamiltonian kernels yield the energies of the unprojected
Hartree-Fock and CCD states. The Hartree-Fock kernels ex-
hibit the R parity and are symmetric upon reflection at g =
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FIG. 2. Kernels for ’Ne (left panels) and **Mg (right panels) as a function of the rotation angle. The norm kernels (top panels) and
Hamiltonian kernels (bottom panels) are shown for Hartree-Fock (orange circles) and CCD (green diamonds) calculations. We employed the

Hartree-Fock basis and a model space with Ny,x = 7 and fiw = 24 MeV.

/2. The disentangled formalism approximates the rotation
operator and does not keep the R parity. This is clearly seen
for the case of 2°Ne while less so for **Mg. To avoid problems
we assume R parity and limit the domain of integration in
Eq. (20) to [0, 7 /2]. This ensures that odd angular momenta
are excluded from the ground-state rotational band.

In the absence of symmetry breaking, the kernels are con-
stant and do not depend on B. Therefore, one expects that
operator kernels flatten out at higher truncation levels [58].
The upper panels of Fig. 2 show that this is indeed the case.
An alternative view is as follows: The curvature of the norm
kernel at 8 = 0 is proportional to the expectation value (J2)
of the unprojected state, and this value should decrease with
increasing sophistication of the employed many-body wave
function. Figure 2 confirms this.

How do the truncations in the disentangled formalism im-
pact the projection? To address this question we computed the
expectation value of J? in the projected states. We found that
the difference to J(J + 1) is less than 0.4 for J = 0, less than
4% for J = 2, and less than 2% for J = 4. Deviations where
largest for 2’Ne and smallest for **Mg. We speculate that is
because the **Mg spectrum is closest to a rigid rotor.

B. Spectra of *Be and *’Ne

Figure 3 displays the ground-state rotational band of ®Be
computed with the CCD (left panel), the SLD (middle panel),
and the SQD approximations (right panel). With CCD the ex-
citation energy of the J™ = 2 state is converged for Nyax = 7
and practically independent of fiw. The first 4T energy still ex-
hibits some dependence on the basis. The convergence pattern
is somewhat different for the SLD and SQD approximations.
Here, the the 2 energy starts to converge with Ny,x = 3 and

the 4 energy at Ny.x = 5. This is consistent with the discus-
sions below Eqgs. (76) and (77), because the Fermi surface of
8Be is in the Npax = 1 shell.

In the disentangled CCD approximation, the projected en-
ergies are lower than the NCSM benchmarks [27], i.e., the
excitation energy of the J”™ =27 state is 1 MeV too low
whereas the 4™ excitation energy differs by about 2 MeV. In
the SLD approximation, the 2% energy is close to the NCSM

| LI e e e e e e o e e e e e e e o s e |

16

8
[8Be 1 NNLOa — {l | owomong
Q7 Q00
—~ 10 i
= -2+ |
; 1
k) 4

16 20 24 2816 20 24 2816 20 24 28
hw (MeV) hw (MeV) hw (MeV)

FIG. 3. Projected coupled-cluster excitation energies for *Be as a
function of oscillator frequency obtained from CCD (left panel), SLD
(middle panel), and SQD approximations (right panel). Model spaces
are labeled by Ny.x. Horizontal dashed grey lines show NCSM
results.
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FIG. 4. Projected coupled-cluster excitation energies for *°Ne as
a function of oscillator frequency obtained from CCD (left panel),
SLD (middle panel), and SQD approximations (right panel). Model
spaces are labeled by N.x. Horizontal dashed grey lines show
NCSM results.

result whereas the converged 4 energy is about 0.5 MeV
(4%) too high. Finally, the 2% energy from SQD agrees with
the benchmark while the the 4 energy is too high.

For 2’Ne we compare with benchmarks from the symmetry
adapted NCSM [31] and show results in Fig. 4. For the SLD
and SQD approximations the energies of the J* = 2 and 4"
states start to converge at Nyax = 4 and Npax = 4 and Npax =
6, respectively, because the Fermi surface is in the Nyax = 2
shell. The SLD results display an optimal harmonic oscillator
frequency around 16 MeV, and the spectrum is slightly com-
pressed compared to NCSM. For CCD we employed up to
ten major harmonic oscillator shells which is large enough for
convergence. As can be seen the spectrum is too compressed

and resemble too much that of a rigid rotor. We also employed
the CCSD approximation for the largest model space and
found the 2% energy at 1 MeV and the 4" energy at ~3
MeV. Computing rotational spectra via projection requires
much smaller model spaces than required for ground-state
energies. This is consistent with our discussion in Sec.. VB
and Ref. [53]. The symmetry restoration involves a nonper-
turbative mixing of states close to the Fermi surface such that
a comparably small number of harmonic oscillator shells is
sufficient to obtain converged results. As observed when going
from ®Be to 2°Ne, the model space requirements increase with
increasing mass number because of the reference state.

Let us match the EFT to our results. The leading-order
EFT spectrum (69) depends on two low-energy constants. We
use the ground-state energy gained through projection, §E,
and the expectation value (J?) of the unprojected state as
input to the EFT and determine the excitation spectrum via
Eq. (72). Uncertainties are estimated by Eq. (75). For ®Be the
breakdown energy Ay, &~ 20 MeV is set by the energy of « par-
ticle excitations; the corresponding breakdown spin is J, &~ 5.
Figure 5 shows the EFT spectra (red error bars) based on
the input from projected Hartree-Fock and projected coupled-
cluster results in Table I using three different single-particle
bases. Also shown are NCSM benchmarks. About two-thirds
of the EFT results agree with the energies of the Hartree-Fock
and coupled-cluster calculations. For the J™ = 27 states the
energy ranges from the EFT are systematically higher than
the projected energies and the NCSM result. The EFT ranges
for the energy of the 41 state agree with the microscopic
computations.

The projected Hartree-Fock results are close to the NSCM
benchmarks. This is in contrast to the ground-state energies
shown at the bottom of the plot (in units of MeV). While
the total binding energy requires dynamical correlations, the
low-lying rotational excitations are dominated by static corre-
lations and well captured through the symmetry restoration;
see also Ref. [53]. The coupled-cluster computations in-

- HF HF-VAP HF-RVAP
20 B SBe NNLO gpt [ -e2f o4t JL --- Exp. <= Proj. EFT ]
18+ 1t 1F -
16 41t 41t .
_14f 1F 1F -
Z 1oL ~ 1L ~ 1t < ]
\2_/ F-=F----tF—--"F-——--&§-1—-—~-—- i F--F----F---t-—-—--"t--1--*-- ] F--F--——---F---F—-———--F--1--*=-- 1
£ 10r 1r 1r ]
=L 1L 1L ]
6 - - = - = -
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irE _____;____g_____-g-___ ________E-E_____;_____%____::-___ f*F ¥ x| ]
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FIG. 5. Low-lying excitation energies of ®Be from projected Hartree-Fock (HF), projected coupled-cluster (SLD, SQD, and CCD) compu-
tations, and leading-order EFT using HF, HF-VAP, and HF-RVAP reference states (from left to right). Also shown are NSCM benchmarks and
experiment (dashed lines). The numbers at the bottom of the plot are projected ground-state energies (in MeV).
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TABLE 1. Results for ®Be. Here, E and (J?) are the unprojected ground-state energy and angular momentum expectation values,
respectively, SE the gain of the ground-state energy from projection, and E is the energy of the excited state with spin J. All energies
are in MeV. For the projection we employed a model-space with Np,x = 5 and /iw = 22 MeV for HF, HF-VAP, HF-RVAP, SLD, and SQD,
while N,.x = 7 and fiw = 24 MeV for CCD. The SLD and SQD unprojected expectation values are obtained using the 8 = 0 kernels. The CCD
unprojected results were obtained using the linear-response approach. The EFT results are obtained by using §E and (J?) as input; uncertainties
are based on the assumption that the breakdown scale is at about 20 MeV of excitation energy. The NCSM results [27] are E® — E© =35

MeV and E® — E® = 11.9 MeV.

Unprojected Projected EFT
8Be E (]2> SE EO® = E + §E E® _E© E® _EO E® _EO E® _EO
HF —16.304 11.270 —7.399 —23.70 333 12.71 39+£03 13.1+3.5
SLD —39.829 7.724 —4.923 —44.75 3.11 12.76 3.8+03 12.8+£3.4
SQD —43.179 6.311 —4.146 —47.33 343 14.00 39+03 13.1+£3.5
CCD —45.907 6.998 —3.852 —49.76 2.62 10.09 33+£03 11.0+2.9
HF-VAP —13.535 17.502 —12.640 —26.18 4.15 14.47 43+£0.3 144 +£39
SLD —39.564 8.379 —5.588 —45.15 3.20 12.75 4.0+£0.3 13.3£3.6
SQD —42.812 7.033 —4.819 —47.63 3.48 13.66 41403 13.7+3.7
CCD —41.961 11.243 —8.123 —50.08 3.67 12.74 43+03 144 +£3.9
HF-RVAP —13.535 15.335 —9.815 —23.35 3.58 12.66 3.8+£03 128+ 34
SLD —39.604 8.418 —5.547 —45.15 3.20 12.72 4.0+0.3 132435
SQD —43.112 6.844 —4.559 —47.67 3.50 13.87 4.0+£0.3 13.3£35
CCD —44.979 9.165 —5.498 —50.48 3.06 10.62 33+03 12.0£3.2

clude dynamical correlations and achieve lower ground-state
energies. Clearly, those correlations contribute little to the
rotational spectrum.

Table I summarizes our results for ®Be. We note that (J?)
of the unprojected state and energy gained from projection,
SE, decrease a lot from Hartree-Fock to coupled-cluster com-
putations because the latter include much more dynamical
correlations. We also note that the projected HF results for the
spectrum are more accurate than the projected CCD results in

Table II summarizes our results for 2’Ne in the Hartree-
Fock basis using a model space with Ny.x = 7 and with the
oscillator frequency /iw = 20 MeV. We see in particular that
the charge radius R,y is virtually unchanged by the projection.
This validates several calculations of charge radii [20,111].

the Hartree-Fock basis. ) - ]
As can be seen in Table I the Hermitian SLD and SQD sk —-—= Exp. NNLOgpt 201\]@_‘
results depend only weakly on the choice of reference due % Proj. ]
to the exact treatment of exp(7}) in the projection. In con- 7F EFT _'
trast the CCD results exhibit a considerable dependence on [ 047t ]
the reference states. The CCD calculations in the HF basis 6 F oo+ ]
are probably most consistent because the unprojected 7; am- — F ]
plitudes are small. One would expect that projected CCSD % 5 F 3
would alleviate the dependence on the reference state, and = F ]
calculations show that this is indeed the case. However, the I Sl S Sh B R
resulting spectra are more compressed and less accurate than KRt ]
CCD. This is presumably due to the simple parametrization 3 ]
of the bra state. For these reasons, and limited compu- i ]
tational resources, we limit our calculations for 2°Ne and 2F 7
3*Mg in the CCD approximation to the HF reference. Future f_-x_____]:"_____:_; _____ gl
work will employ the CCSD bivariational functional in the LE - 7
projection. " -65.20 -126.80 -146.29 ]
For ’Ne we show results computed with the Hartree-Fock 0 HF SLD CCD  NCSM

basis in Fig. 6 (here the results shown in Table II were used
as input for the EFT predictions). The EFT uncertainties are
based on a breakdown angular momentum J, ~ 5 which cor-
responds to a breakdown energy of about 7 MeV. At this
energy, positive-parity states appear that are not part of the
ground-state rotational band. As for ®Be, the EFT ranges are
above the computed energies for J* = 2 but agree for the 4"
levels.

FIG. 6. Excitation energies of 2°Ne from projected Hartree-Fock
and projected coupled-cluster (SLD and CCD) computations com-
pared to EFT results, the benchmark from the symmetry-adapted
NCSM, and experiment (dashed lines). The numbers at the bottom
of the plot are projected ground-state energies (in MeV). For the
projection we employed a Hartree-Fock basis in a model space with
Nnax = 7 and with oscillator frequency /iw = 20 MeV.
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TABLE II. Results for °Ne. Here, E and (J?) are the unprojected ground-state energy and angular momentum expectation values,
respectively, R, is the charge radius, SE the gain of the ground-state energy from projection, and E) is the energy of the excited state
with spin-parity J. All energies are in MeV. For the projection we employed the Hartree-Fock basis in a model space with Np,x = 7 and with
the oscillator frequency 7w = 20 MeV. The SLD unprojected expectation values were obtained using the 8 = 0 kernels. The CCD unprojected
expectation value for R, were obtained using the 8 = 0 kernel while for (J2) we used the linear response approach. The EFT results are
obtained by using E and (J?) as input; uncertainties are based on the assumption that the breakdown spin is J;, ~ 5. The NCSM benchmarks
are E? —E©® =1.64 MeV and E® — E© = 4.25 MeV [31]. The calculated charge radii are smaller than the experimental charge radius,

Ro, = 3.0055(21) fm [112].

Unprojected Projected EFT
20Ne E (J% Ry (fm) SE EO=E+8E R, (fm) E®_E® E®_FO FO_FO pg& _gFoO
HF —59.442 22778 2.623 —5.760 —65.202 2.619 1.26 4.34 1.5+0.1 51+£13
SLD —122.467 19.059 2.601 —4.332 —126.799 2.598 1.13 3.90 1.4+0.1 45+12
CCD —142.666 16.128 2.621 —3.627 —146.293 2.620 1.19 3.68 1.34+0.1 45+1.2

We also note that the projected HF results are close to the
NCSM benchmark.

C. ¥Mg

Neutron-rich magnesium isotopes have long been in the
focus of experiment [113-116] and theory [117-119], be-
cause they are located in the “island of inversion,” where
deformed ground states emerge within the shell-model from
the presence of intruder orbits [120]. The experiments of
Refs. [121-124] observed a ground-state rotational band in
3*Mg. This provides us with an opportunity to test our projec-
tion methods using the chiral interaction NNLOgyp (Which is
fairly accurate for *Be and *°Ne).

To facilitate the convergence with respect to the size of
the underlying spherical harmonic oscillator basis, we also
use natural orbitals for SLD approach. Those are computed
from a one-body density matrix following Refs. [85,86,125]
in a large basis with Ny,.x = 12. We truncate the set of natural

3
-34Mg 1 L NNLOgpy
______________ 4 :_' gy PP [
5 F | o776 .0...01...3‘_j<<>*_:jg
— L ] O 000
> sk 00
R N 1t -0-47*
= | CCo——5=5F SLD
— m L -2t
x nat. orb.
Lﬂ i 4+

2816 20 24 28 16 20 24 28
hw (MeV) hw (MeV)

16 20 24
hiw (MeV)

FIG. 7. Projected coupled-cluster excitation energies for >*Mg as
a function of oscillator frequency obtained from CCD (left panel),
SLD (middle panel), and SLD approximations with natural orbitals
(right panel). Model spaces are labeled by Np,,. Horizontal dashed
grey lines show experimental data.

orbitals selected based on their large occupations following
the procedure described in Ref. [86]. The CCD and SLD
results for the low-lying spectrum of **Mg is shown in Fig. 7
for different N« and oscillator frequencies in the range hiw =
16, ...,28 MeV. The SQD results would begin to converge
at Npax = 7 which is computationally too expensive for this
nucleus. As can be seen the SLD results are close to data
while the spectrum obtained with CCD is too compressed. We
also here employed the CCSD approximation in the largest
model-space and obtained an even more compressed spec-
trum with the 2% energy at 0.4 MeV and the 4 energy at
~1.3 MeV.

Figure 8 shows the EFT predictions for the low-lying
spectrum of **Mg obtained from projected calculations using
Hartree Fock, SLD, and CCD (taken from Table III). The
EFT results include uncertainty estimates that are based on

5
L ot a4 ]
et NNLOop Mg :

o -~ BExp. ]
S == Proj. A

_r EFT 1

=3[ ]

<5} B ]
=t ]

Eﬂ 3 " ¢ B

1 = =

oo F=o =]

0 - -88.87 -180.42 -223.21 1
HF SLD CCD

FIG. 8. Excitation energies of *Mg from projected Hartree-Fock
and projected coupled-cluster (SLD and CCD) computations com-
pared to EFT results and experiment (dashed lines), using the results
shown in Table IIIl. The numbers at the bottom of the plot are
projected ground-state energies (in MeV).
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TABLE III. Results for *Mg. Here, E and (J?) are the unprojected ground-state energy and angular momentum expectation values,
respectively, R127 is the point-proton radius squared (including spin-orbit contributions), §E the gain of the ground-state energy from projection,
and EY) is the energy of the excited state with spin J. All energies are in MeV. For the projection we employed a model space with Ny, = 7
and with the oscillator frequency /iw = 20 MeV. The SLD unprojected expectation values for were obtained using the 8 = 0 kernels. The CCD
unprojected expectation value for (RIZ,) were obtained using the 8 = 0 kernel while for (J?) we used the linear response approach. The EFT
results are obtained by using §E and (J?) as input; uncertainties are based on the assumption that the breakdown scale is at about 3.2 MeV, i.e.,

the breakdown spin is J, = 5.

Unprojected Projected EFT
Mg E (J*) Ry (fm) SE EO9=E+8E Ry (fm) E®—-E® E®_FO p&_p® p& _pgoO
HF —85.687 24740 2727  —3.184 —88.87 2.724 0.67 2.29 0.774+0.06 2.640.7
SLD —177.938 22.790  2.707  —2.479 —180.42 2.704 0.60 2.05 0.654+0.05 22406
CCD —221.315 20213 2725  —1.893 —223.21 2722 0.53 1.69 0.564+0.04 19405

a breakdown scale of 3.2 MeV. At this energy there is a level
which is outside the ground-state rotational band [124]. The
corresponding breakdown spin is J, & 5. The EFT results are
consistent with the microscopic computations from angular
momentum projection. They also agree with data.

The recent computations by Miyagi et al. [119] failed to
reproduce the collective behavior of **Mg. Calculated ener-
gies of the J™ = 27 states are about a factor 2 too large and
B(E?2) values are too small. Those calculations were based
on a multishell approach including orbitals up to the 1p0f
shell. Such a model space is probably too small to capture
quadrupole collectivity because the mass quadrupole operator
couples neutrons in the 1p0f shell to the 2p1 fOh shell.

Our results for the Hartree-Fock basis and a model space
with Np.x = 7 and with the oscillator frequency /o = 20
MeV are summarized in Table III. Again we see that charge
radii only change at the per-mille level under projection.

D. Ground-state properties

Figure 9 shows the energy gain SE from angular-
momentum projection within CCD for the nuclei *Be, *°Ne,

P e e e T o e T L s -
[ [ 2
- “Be - *Ne Mg
1 [ NNLOgy 1L 1L ]
- CCD I I 1
[ [ [ = = o =]
— [ R s 1 g eyt &
> —2r r r ]
c L L L i
\‘% - - -
qu L L -
o 73 - - - - -
g ==t | ]
L | SRR PSS | .
r O OO [ 1k 1
—4 (}:::8:'..8’...3..0...0...0 - - 0 Ny = 6]
[ 1 [ O Npax =7 |
L | —<+ Nipax =8 ]
L {F it == Npax =9 4
[=q N I SRR S | | T I R | | I N T T N S T |

16 20 24 2816 20 24 2816 20 24 28
Tiw (MeV) hw (MeV) hiw (MeV)

FIG. 9. Gain in ground-state energy from angular-momentum
projection for ®Be, 2’Ne and **Mg (from left to right) as a function
of the harmonic oscillator spacing for model-space sizes as indicated
by Npax- Calculations are performed in the CCD approximation.

and 3*Mg. We see that SE is sufficiently converged in the
model spaces we employed and only find a small residual
dependence on the oscillator spacing. The gain decreases with
increasing mass number and is not an extensive quantity.

Figure 10 shows the ground-state energy per nucleon from
angular-momentum projected CCD for the nuclei ®Be, *°Ne,
and **Mg. For comparison, projected CCSD for Ny = 9
gives a total of ~100 and ~400 keV additional binding com-
pared to CCD at the optimal frequency for *’Ne and **Mg,
respectively. Again, the results are sufficiently converged with
respect to the employed model spaces. We note that the pro-
jection only decreases the ground state energy per particle
by about 0.5, 0.17, and 0.08 MeV for ®Be, °Ne, and **Mg,
respectively.

More accurate ground-state energies require us to include
triples cluster excitations. We perform unprojected CCSD
and CCSDT-1 computations [126] starting from Hartree-Fock
computations in a large single-particle basis with Ny.x = 12.
Using the Hartree-Fock basis we then compute natural orbitals
from second-order perturbation theory and truncate the basis
to a size corresponding to Np,x = 10 based on the occupation

T

P

ONe - -3 Mg

]
o ]
@D

NNLOgp

Q
Q
wi
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g egegannd |
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FIG. 10. Projected ground-state energy per nucleon for ®Be, 2’Ne
and **Mg (from left to right) as a function of the harmonic oscillator
spacing for model-space sizes as indicated by Ny,.x. Calculations are
performed in the CCD approximation.
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FIG. 11. Ground-state energies of ®Be, °Ne, and **Mg shown (from left to right) with unprojected Hartree-Fock, unprojected CCSD, and
unprojected CCSDT-1 truncations. The estimated energy gain from angular-momentum projection, E.y, is based on the leading-order EFT
result. The light red band shows the estimated uncertainty at the CCSDT-1 truncation. The NCSM result (dashed line in ®Be) is from an
extrapolation to an infinite model space [27]. The right column shows experiment.

numbers with respect to the Fermi surface. For the CCSDT-1
calculations we reduce the number of the 3p-3h amplitudes
by an additional cut on occupation numbers; see Refs. [20,85]
for details. These calculations yield the correlation energies
AEccsp and AEccspr.; along with the ground-state expecta-
tion values (J%)ccsp and (J?)cespr-1- Projected ground-state
energies can be decomposed as

E = Ert + AEccsp + AEccspr-1 + 0F, (80)

where §E denotes the gain of the ground-state energy from
angular-momentum projection. As the projection is presently
limited to smaller bases, and we have not performed projec-
tion of triples results, we use Eq. (73) to estimate §E based
on (J?)cespr.1 and the energy spacing E? — E© based on
either SQD or SLD calculations; this estimate is denoted as
8Ecs in what follows.

Figure 11 shows how the ground-state energies of °Be,
20Ne and **Mg decrease with increasing sophistication of the
unprojected many-body computation (from left to right), and
with addition of the estimate §E.y from angular-momentum
projection. The light red band shows the estimated uncertainty
at the CCSDT-1 truncation (which is about 2% of the total
correlation energy). For ®Be, the estimated energy gain from
projection is clearly outside the uncertainty estimate from the
CCSDT-1 truncation. This is possibly due to the strong o
correlations in this unbound nucleus. The ground-state en-
ergy of the a particle is —27.76 MeV with the NNLOgp,
potential [106], and our result (as well as the extrapolated

NCSM energy of about —55.0 MeV [27]) is thus above the
a-o threshold. We note that the estimated energy gain from
projection decreases with increasing mass number. The com-
parison with experiment (shown as black bars) shows that the
NNLO,,, interaction overbinds 20Ne and *Mg.

The computation of (Q,¢) and th in the unprojected states
allows us to compute the nuclear deformation parameter
via Eq. (79). We observe no significant difference between
CCSD and CCSDT-1 results. For 2°Ne we find B, ~ 0.70,
larger than the value 8, = 0.47 deduced from experimental
data [127]. For **Mg, we find B, ~ 0.57 and this agrees within
experimental uncertainties with the values 8, = 0.62(6) and
B> = 0.68(16) extracted [128] from experimental data in
Refs. [124] and [123], respectively. Our results for the ground-
state properties of ®Be, *°Ne, and **Mg are summarized in
Table IV.

VII. SHELL-MODEL HAMILTONIANS

We also compared projected coupled-cluster computations
with full configuration interaction (FCI) results for the tra-
ditional shell-model. We employ the KB3G interaction for
pf-shell nuclei [129]. The model space is relatively small and
consists of four spherical orbitals above the frozen core of
#0Ca. In the nuclear shell model, many-body wave functions
typically exhibit strong correlations, and truncated coupled-
cluster wave functions do not yield accurate total energies
[130], while spectra are more accurate [131].

TABLE IV. Summary of results for *Be, 2°Ne, and **Mg. Calculations started from a natural orbital basis constructed in a Ny, = 12 model
space and truncated to N™ = 10 for the coupled-cluster calculations. We used the oscillator frequencies fiw = 24, 22, and 18 MeV for *Be,

max

20Ne, and **Mg, respectively.

Eret (et {O2)ret AEsp (Mo (Q2)sp AEspr—1 (JPspr—1 (Q2)sproi o E Egxp.
8Be —16.74 11.17 19.46 —-30.26 6.69 19.64 —3.24 5.82 18.86 —3.33 —53.58 —56.50
2Ne —59.62 21.26 35.84 —-91.06 14.71 36.34 —11.27 12.09 35.71 —2.26 —164.21 —160.64
34NIg —-90.21 22.62 38.56 —153.57 18.40 38.38 —20.56 15.03 36.97 —1.50 —265.84 —256.71
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FIG. 12. Low-lying states with spin J of selected p f-shell nuclei
computed with projection-after-variation Hartree-Fock (PAV HF),
variation-after-projection Hartree-Fock (VAP HF), and projected
CCD, SLD, and SQD methods, and compared to FCI results. Hor-
izontal lines shown are the ground-state energies from unprojected
coupled-cluster computations.

Figure 12 compares various projection techniques with
exact FCI results for the nuclei **Ti, 0T, *3Ti, ¥Cr, and °Cr.
The Hartree-Fock energies lack several MeV of binding, and
the VAP results for the spectrum are not more accurate than
those from PAV. Including correlations beyond Hartree-Fock
significantly lowers the ground-state energies, as shown by the
CCD, SLD, and SQD results, and the spectra also improve.
The spacings of the SQD spectra are close to the FCI results.
The dotted and dashed-dotted horizontal lines show the results
from single-reference CCSD and CCSDT-1, respectively. We
see that projected SLD and SQD results improve on these
ground-state energies, and CCD results gain the most energy.
We attribute the difference between the projected coupled-

cluster and FCI results to lacking many-particle—-many-hole
excitations.

VIII. SUMMARY

We performed angular-momentum projection after vari-
ation within coupled-cluster theory using two different
approaches. The first is based on the non-Hermitian energy
functional of coupled-cluster theory and projects within the
disentangled formalism via ordinary differential equations.
This approach scales favorably and yields somewhat too com-
pressed spectra when compared with benchmarks. We expect
that more accurate projections could be achieved within a
bi-variational energy functional, i.e., using a more sophis-
ticated parametrization of the bra state. Furthermore, we
also expect improvements from inclusion of W3 in the dif-
ferential equations. The second approach employs truncated
coupled-cluster wave functions within a Hermitian energy
functional. We studied a linear and a quadratic truncation of
the doubles cluster operator. The latter is numerically very ex-
pensive. Spectra are more accurate than in the non-Hermitian
approach. Benchmark calculations for ®Be and 2°Ne based
on a chiral nucleon-nucleon potential show that the angu-
lar momentum projections are fairly accurate. Comparing
with traditional shell-model calculation of pf-shell nuclei
revealed the more accurate reproduction of spectra within the
Hermitian approach and the larger ground-state energy gain
within the non-Hermitian approach. The computed ground-
state rotational band of the exotic nucleus **Mg agrees with
experimental data. This opens the avenue to perform ab initio
predictions of rotational properties in medium-mass exotic
nuclei.

We used our microscopic results to compute the low-
energy constants of the rigid-rotor model (which is the leading
order Hamiltonian within an effective theory of nuclear rota-
tion) and estimated uncertainties from omitted higher-order
corrections. The effective theory accurately reproduces rota-
tional bands.

The ground-state energy gained from angular-momentum
projection decreases with increasing mass number, and this is
understood within the effective theory. Thus, such corrections
can be computed using methods that are not size extensive.
Computations of charge radii revealed that projections have
only little impact on this observable.

The Department of Energy will provide public access to
these results of federally sponsored research in accordance
with the DOE Public Access Plan [132].
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APPENDIX A: TRANSFORMED OPERATORS

1. Computation of O

Considering an arbitrary operator O, we are interested in
computing its similarity-transformed partner

9

0 = e 206, (A)

where Z is a one-body operator Z=}_ zpqc;cq. Because
of the one-body nature of Z, the Baker-Campbell-Hausdorff
expansion is simple and one finds

-Z. 7 VA

e “cpe :Z[e 1pgCqs
q

-Z .t ,Z _ Tr,—2

e “ce —Zcq[e lgp-
q

Here and in what follows, the matrix of a single-particle
operator is denoted using brackets.

The transformation is thus represented by a matrix expo-
nential that takes a particularly simple form for Z = T;. Let
us first provide the matrix representation of 7;

At Inp _ 0 0
mi= ()= (7 9)

where the one-body basis has been separated into occupied
(hole) and unoccupied (particle) states in |®). Because T;
[Eq. (10)] is a pure excitation operator, only the particle-hole
block ¢ differs from zero.

Given Eq. (A3), the matrix exponential that transforms
one-body annihilation operators reads as

i1 (1 0
[e]—[1+T1]—<t 1),

whereas the one transforming one-body creation operators is

Ty (1 0
[eT]—[l—Tl]—(_t 1).

In order to illustrate how Eq. (A1) eventually operates, let us
consider a one-body operator

_ i
0= E OpqgCpCqs
Pq

(A2a)

(A2b)

(A3)

(A4)

(AS5)

(A6)

as an example. Given Eq. (A2), the similarity-transformed
operator is itself a one-body operator

0= Z 5pqc;cq, (A7)
Pq
whose matrix elements are
Opg = [O]pq
=Y [e711,[0][e" . (A8)

rs

i.e., to each ket and bra index of the initial operator’s matrix
elements we associate a right and left multiplication with
matrix (A4) and (AS), respectively.

2. Computation of O

We consider an arbitrary operator O and want to compute

0=e"R1BORPB, (A9)
where the modified rotation operator is given by
R(B) = e R(B)e". (A10)

This similarity transformation was used in Eq. (51). The
operator O thus results from four successive elementary
transformations as described in Appendix A 1, taking suc-
cessively Z = TIT, Z=-ipJ,,Z=T;,and Z = —V. Each of
these transformations corresponds to a change of the single-
particle basis. The third transformation corresponds to the
case worked out in Appendix A 1. The first one is deduced
from it by taking the Hermitian conjugate of matrices (A4)
and (AS5). The second transformation has the matrix elements
[R(B)],- of R(B) in the Hartree-Fock basis. These matrix
elements can be obtained from the initial matrix elements of
R(B) in the spherical single-particle basis [Eq. (18)] via the
Hartree-Fock transformation. Thus, the first three transforma-
tions multiply each ket index of the original matrix elements
from the right by the matrix

[R(ﬁ)]=<(1) t1T>[R(ﬂ)]<; ‘f)

and each bra index from the left by the matrix

_ 1 0 1 =
[R 1(ﬁ)]=(_t 1)[R(—ﬁ)](0 1>. (A12)

Finally, we need to work out the fourth transformation
associated with Z = —V. Decomposing Eq. (A11) according
to

(Al1)

Rin R
[R(B)] = ( p>, (A13)
P Rpn Rpp
the matrix associated with the operator V reads [55]
_ 0 Unp
[Vl= (0 0 ) (Al14)
with
Unp = (Riu) ™" Ryp = v. (A15)
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Thus, the similarity transformation is worked out such that to
each ket index of the initial matrix elements is associated a
right multiplication with the matrix

1

O b
and to each bra index is associated a left multiplication with
the matrix

—v

| (A16)

(A17)
|

—( —(0) i 1 —1/—ub
7% =1+T} +— Zr +ZZtabt ,
ijab
=(0) 1 ¢ k
= (14570 2(2 ERARPW
—ab 1 lT(O) P b P b ac_p
z_/ + 2 —I— (a )T (Cl )Ztl] 2
ac—kb —ab—kl —ab—c
+P(ab)P(u)Zr,k Ut Ztu i+ ZW
ot e 1 . —c
it = P(ab/c)P(ij Ik EP(ab/c)P(u/k)<Z B
—P(ab/c)P(u/k)(t”” ¢ Ztiﬁ"ij)
b — P(ab/cd)P(u/kmf‘fri?’

APPENDIX B: MANY-BODY MATRIX ELEMENTS
1. Operator U

In Sec. IV C 5, the Hamiltonian and norm kernels where
expressed in terms of the matrix elements of the excitation part
of the similarity-transformed disconnected excitation operator
U:

The expressions of these matrix elements up to 4p-4h are

aydy--- ayay--
iliZ" q>

irip-

u “U®).

B

(B2a)

—ak—cd

ac _k
Lealick —

ik Te (B 2b)

Z tac —kl

ckl

+Zt“k ¢ Z

cdk

P(u)Zt,k 7 +P<u>2r

‘).

— P(ab) Z ri

ab _¢
zc/

“’) , (B2c)
- o)
(B2d)
(B2e)

Here P denotes the permutation operator [84]. In Eq. (B2d) the sum over d is the negative of the sum over [ after
antisymmetrization, as can be shown by writing out the explicit similarity transformations of 75.

Employing the SLD approximation leads to U = (1 + T3) such

77(0) 7(0)

the above expressionsreduceto U " =147, ,uf = t/,and u u

that the matrix elements beyond rank two vanish. In this case,
ab

2. Operator HU

Similarly, the matrix elements

T = [ofer [AT1) (B3)
are needed up to 4p-4h excitation level. These are
0)  —(0)=(0 —i ij _g
) _ g T )_|_ Zh « | - Zha]b Ub’ (B4a)
ia t]ab
—a 7 O—q | 70770 i —a 74 —bc jk_q —a —abc
¥ =HE BT+ Y AL +Z T+ 5 Y Tl - -thbu,f’i+2h’ v YR,
bj bC] bjk bC]k

(B4b)

_ab — H(O)—ab + ]’l U +P(ab)P(l])h +P(db)2hc s
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kl—a —ac
Z h; 1l + P(ab)P(ij) Z hCJ 0% + P(ij) Z hcj ¢

— P(ab) Z [

i + Z R + Pab)~ Z o

cdk
Tkl —abc
— PGy Z hjc_?kblv + Z hcd tjbkld’ (B4c)
ckl cdkl
xipe = Hwl + Plab/oyP(ij k) (i T + Tk, ) + Plab/e) Zﬁ;’j’,ﬁ — P(ij/k) Z‘f‘,”;
—dec — . c —cd7ab _aph5lc
P(ab/c) Z ulh R+ P(l j/k) Z ;‘,ﬁihu + P(ij /k)P(ab/c)(Z ufj”,dhdk + Y uhg — Y uh, j)
dl d l
—abc —abde cl —abc m
+ Z zjbkldhd + EP(“b/c)Z”ulfz hge — P(U/k)z zjblrr(llhkd’ (B4d)
del
—abc: 77O —abe, —c —abc ueey, Tmd
xibed = H e’ + P(ab/cd)P(ij/kD)h; "d 1 P(abe/d)P(i Jk/1)<h, 0+ Z e hy )
+ P(abe/d) Zh;ﬁ’ﬁsf P(i jk/1) Z Ry e + P(ab/cd) Zi’,”:f Ty + P(lJ/kl) Yoy
+ P(ab/cd)P(i jk/1) Zﬁff,f — P(abc/d)P(ij/kl) Z‘%h’"d. (B4e)

—(0
HereH( ),

ﬁ:, and Eff denote the matrix elements of the normal-ordered zero-, one-, and two-body parts of H, respectively.
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