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Fragmented many-body states of a spin-2 Bose gas
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We investigate the fragmented many-body ground states of a spin-2 Bose gas in zero magnetic field. We point
out that the exact ground state is not simply an average over rotationally-invariant mean-field states, in contrast
to the spin-1 case with even number of particles N. While for some certain parameters the exact ground state is
an averaged mean-field state like in the spin-1 case, for other parameters this is not so. We construct the exact
ground states and compare them with the angular-averaged polar and cyclic states. The angular-averaged polar
states in general fail to retrieve the exact eigenstate at N > 6 while angular-averaged cyclic states sustain only
for N with a multiple of 3. We calculate the density matrices and two-particle density matrices to show how

deviant the angular-averaged state is from the exact one.
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I. INTRODUCTION

Since the advancement of optically trapped Bose-Einstein
condensate (BEC) [1], spinor BEC [2] has provided a paradigm
to study magnetism, spin textures, topological excitations,
and quantum dynamics of associated many-body ground
states [3,4]. The quantum phases of spin-f BEC can be
ferromagnetic or polar for f = 1,2 [5,6], or cyclic (f = 2)
[7-9] depending on two-body s-wave scattering lengths ap
of even total spin F’ up to 2f. Uniaxial and biaxial spin
nematic phases can also be identified in spin-2 case when
the degeneracy in polar phase is lifted by thermal or quantum
fluctuations [10,11]. Higher spin Bose gas can involve even
more complicated phases [12—15]. Rich spin mixing dynamics
has been used to observe the ferromagnetic [16] and antiferro-
magnetic (polar) properties [17], respectively, for spin-1 8’Rb
and *Na Bose gases. In spin-2 cases, polar phase is the likely
phase for 8’Rb [18,19]. Recent experimental developments
in spinor BEC involve spin textures [20] and spin dynamics
[21,22] under quadratic Zeeman shift. There are also studies
of quantum phase transitions by Faraday rotation spectroscopy
[23] or adiabatic microwave fields [24] and spin coherence
measurements by Ramsey interferometry [25,26].

A condensate of bosons forms when one of its single-
particle wave functions is macroscopically occupied [27].
The fragmentation of BEC becomes feasible when multiple
macroscopic single-particle densities are degenerate in spinor
Bose gases [28] though it is fragile in the presence of weak
external magnetic fields or symmetry-breaking perturbations
[29]. Lately many interests in fragmented BEC include
dynamical formation of two-dimensional fragmented BEC
[30], quadratic Zeeman effect on spin fragmentation [31,32],
and fragmented many-body ground states with anisotropic
long-range interactions [33] or trapping potentials [34]. It
has been proposed that signatures of fragmentation can be
probed by measuring density-density correlations [35], while
fragmentation resulting from Goldstone magnon instability
[36] and spin-orbit coupling [37] are also investigated.

The fragmented structure of the ground state in spin-1 Bose
gases [29,38,39] originates from the rotational invariance in
spin degrees of freedom. The symmetry-breaking mean-field
(MF) treatment fails in describing the exact ground state for
presumption of single spin coherent condensate. For scattering
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lengths obeying a, > ag, the MF state is polar, but the exact
ground state is fragmented and, for even number of particles
N, can be viewed as a collection of two-particle spin singlets.
This exact ground state has equal populations in the magnetic
sublevels with large number fluctuations of order N [29],
which is very different from MF states. It is claimed [39]
that this exact ground state can be understood as the angular
average of the MF polar states as an analog to the relation
between Fock and coherent states in a double-well system
[39]. This remains the view adopted by the most recent review
articles [3,4]. Is this perspective of angular-averaged states
universal and applicable in constructing the exact ground states
for larger spins? In this paper, we investigate many-body
ground states of a spin-2 Bose gas and demonstrate how
angular-averaged states are unable to construct them except in
certain cases. That the angular averaged MF states is the exact
ground state is just a coincidence in the spin-1 system. We
address the inapplicability of the angular-averaging process
and show how the angular-averaged MF state deviates from the
exact eigenstates by studying the two-particle density matrices.

II. SPIN-2 BOSE GAS

For a spin- f Bose gas at low temperature, the two-body
particle interaction involves only scattering channels of even
total hyperfine spin F’ states up to 2 f [5]. We shall consider
the single-mode approximation (SMA) where the spatial part
of the wave function is the same for all spin sublevels such that
the field operator Ime (r) = /p(r)a,, with the density p(r) and
spinor operator a,,. Since the spatial part is frozen, the effective
Hamiltonian (in a zero magnetic field, to which we shall limit
ourselves) involves only the interaction V, which reads [7]
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where the coefficients are o« = (4, + 3g4)/7, B = (g4 — &2)/
7, and y = (g0 — g4)/5 — 2(g> — g4)/7. Here the interaction
parameters gp = 4wh’ar/M with the mass of the atom
M and s-wave scattering length ag, and (00|2n;2n’) is the
Clebsh-Gordan coefficient for the overlap between the states
with two spin-2 bosons of m, = n,n’" and the spin singlet |00).

In MF theory, bosons condense. Particles macroscopically
occupy a single quantum state which can be described by a
spin-2 wave function (¢, . .. ,¢2). In our case, there are three
phases characterized by two order parameters of magnetization
(f)y = Zi:—z mey @, and spin-singlet pair amplitude (6,)
[7,8], where

N

0,

2
> V5(0012m:2 — m)aya_,

m=-—2
= 20,4y — 20101 + &} )

is an operator which annihilates a singlet pair. That is, we
have (©,) = lenz_z(—l)’”(pm(p,m. There are three phases.
The ferromagnetic (F) phase has a finite ( £) and zero (©,),
while the polar phase (P) has (©,) = 1 without ( f ). When
B, v > 0, the cyclic (C) phase has the lowest mean-field
energy for both zero (®,) and ( f), breaking the time-reversal
symmetry. The phase boundary between F and polar phases
is delineated by the line 48 = y. The phase diagram is
as shown in Fig. 1(a) [7,8]. Representative wave functions
are (1,0,0,0,0) for F; (1,0,0,\/5,1), which is equivalent by
rotation to (1,0,4/2,0,—1) for C [14]. Within the mean field,
the polar phase P can have wave functions PO = (0,0,1,0,0) or
P2 = (1,0,0,0,1), or any real linear combinations thereof [40]
(apart from rotations). This degeneracy, however, is lifted by

(a) MF' phase
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fluctuations [10,11]. The resulting phase diagram, which we
shall call the mean-field-plus (MF™") phase diagram, is shown
in Fig. 1(a). We note that PO(2) can be also represented by the
polynomial forms via spherical harmonics as (2z — x* — y?)
and (x2 — y?), respectively [14,40]. For ease of referral later,
we shall call the regions in (8, y) parameter space occupied by
the F, C, P phases as F, C, P regions.

III. MANY-BODY GROUND STATES

Let us now discuss the many-body ground states of a spin-2
Bose gas in zero magnetic field with SMA [8,41,42]. For
a given N, the many-body ground states are characterized
by two quantum numbers F and t. F is the total spin, and
the integer quantum number T can be interpreted as the
number of particles other than spin-singlet pairs; therefore
T is given by 3n3g+ A [8,42] where njy is the number
of spin-singlet trios and the integer A indicates particles
other than spin-singlet pairs and trios. These states are also
eigenstates of the operator A = @);@)2 with eigenvalues A =
NN+3)—1t(t+3)=I —1)(N + 3+ 1), from which 7
can be evaluated. The exact ground state energy is proportional
to BF(F +1)—yt(r +3) aside from a term depending
only on N. The phase diagram derived by minimizing the
ground state energy is as sketched in Fig. 1 for N =2 to 9.
The line that separates the two phases in the 8 <0, y <0
region is given by (4N + 2)B8/(N + 3) = y for N even and
(4N 4+ 6)B/(N +4) = y for N odd [42], which approaches
the MF phase boundary in the thermodynamic limit.

The wave functions listed in Fig. 1 are constructed accord-
ing to the eigenvalues F' and t which minimize the energy.

FIG. 1. (Color online) Mean-field-plus (MF") phase diagram and many-body ground states of spin-2 Bose gas in parameter space (y, ).
(a) Mean-field-plus phase diagram: ferromagnetic (F), polar (PO and P2), and cyclic (C) phases. (b—i): phase diagram for exact many-body
states with finite number of particles from N = 2 — 9. The form of the many-body ground states is shown. These states are constructed by
spin-singlet pairs (@;) and trios (@g), and in certain regions, creation operator ag (A;z) for a single particle (pair of particles) with f =2,m = 2

T

is also necessary (see text for definition of these operators). States that involve a, or AAEZ explicitly are degenerate with their partners obtained
by rotational symmetry (not shown). Dots in the formulas, when the complete expressions are not given, indicate that linear superposition with
other terms is required. Wave functions shown here are not normalized. Dashed lines indicate the (schematic) phase boundaries.
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The wave functions with appropriate quantum numbers F and
T can be written directly using their physical interpretation
and, when necessary, supplemented with direct evaluation of
7 (or equivalently A, which can be directly computed using
the corresponding operator). In the ferromagnetic region F,
they are (&;)N |0}, hence identical with the mean-field states.
(Here |0) denotes the vacuum.) For the polar P region, wave
functions differ according to whether N is even or odd. For
even N, the wave functions are ((:);)N /210) corresponding to
7 =0, F = 0, and maximum possible A, which are N(N + 3)
as can be seen in Eq. (A7),
6L6:(O)"10) = N(V + 3)©))"2(0).

For odd N, the states that appear near the —y axis have wave
functions &2(@)2)“\’ ~D/210) (up to rotations) again correspond
to states with maximum possible A, which are now (N —
(N +4) with T =1 and F = 2. Near the —I—ﬂ axis but still
y < 0, the states (for N > 3) have the form @;(@;)<N—3)/2|0)

where
At 3
6l = —Vealala', + (a 2al, + E(a_l)zaz
3oiatat L ot
— ./ =ajala, + — (@) 3)
2 1%0 1 \/6 0

is an operator which creates a spin-0 trio (not normalized).
These states have T = 3 [see Eq. (A6)] and A = (N — 3)(N +
6) with F = 0.

In region C, if the particle numbers are multiple of 3,
the ground state wave functions are singlets constructed by
@; and @; with the eigenvalue A = 0. The wave functions
are indicated in Fig. 1, and their derivation can be found in
Egs. (A8) and (A9). For other N, the C region is divided into
two parts. The states near the +8 axis and y > 0 are again spin
singlets. If N = 2(mod3), hence N = 3R 4 2, they are given
by ©|Wsg) (with = 3R and F = 0) where [W3g) is the
corresponding ground state in region C for 3R particles. For
N = 1(mod3) and hence N = 3R + 4 for integer R (when
N > 4), then the wave functions are (@;)2|\P3R) and again
7 = 3R. For the N shown in Fig. 1, these states happen to
be the same as the states near the 48 axis on the y < 0 side
so that they are the same phase, but this needs not hold for
larger particle numbers N > 11. The states near the +y axis
with 8 > 0 have instead finite magnetization of F' = 2, which
involve single- and two-particle creation operators of &; and

A;z (see its definition in Sec. V), respectively. We shall not
discuss them in detail since they are not directly relevant here
in the context of rotationally invariant states. We also note that
Fig. 1 agrees with the results in Ref. [43].

IV. ANGULAR-AVERAGED MEAN-FIELD STATES

Now we turn to the angular-averaged MF states and
compare with the corresponding exact eigenstates. First,
we recall the corresponding results for spin-1. The MF
ferromagnetic state corresponds to the exact solution. Their
angular average actually vanishes. The polar mean-field state
has a finite average only for N even and gives the correct exact
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many-body state [39]. We then demonstrate how for spin-2 the
averaging process enables the fragmentation in both the polar
and cyclic phases, but in general it fails to correctly construct
the corresponding exact eigenstates at a given point (8,y) in
parameter space.

A. Polar states

The situation for the ferromagnetic state is exactly the
same as the spin-1 case. We now consider the angular-
averaged polar state of PO(2). Starting from the reference
state (0,0,1,0,0), the state obtained by rotations via the Euler
angels a, 8,y, which we denote collectively as €2, is given by

oFo(Q) = D(ZO(Q) where the matrix D(z) (€2 is the spin-2
1rredu01ble representation of the rotation operator [44] (see
also Appendix B). The general (unnormalized) rotationally
invariant state is constructed via

), ————/rﬂan 4

2 da

where we have defined fQ = /5 Brdpsinp 2w dy g

27 Jo g 0 27

our polar state PO, we thus use af(Q) — 3, amgomO(Q)
We call the resulting state |Wpg)qp. It is straightforward to
evaluate the angular integrals. We find that |V pg),, retrieves
the exact ground states for even N = 2,4. Forodd N = 3,5,7,
we recover the spin singlet state located near the +f axis
as indicated in Fig. 1 (see more details in Appendix A).
(Obviously the angular average cannot produce the states with
finite magnetization near the —y axis.) However, for even
N > 6 and odd N > 9, the angular-averaged states fail to
construct the exact ground states. For example, for N = 6 it
gives rather

1Y po)au [5 x 32(61)’

1
T 7% 11 x 134/6!
+ 3 x 2%61)710),

which is in fact not even an eigenstate of the Hamiltonian in
Eq. (1).

Similarly for P2, we can construct angular—averaged states
as in Eq. (4) except now we use al(Q) — Y, ahol2(S)
with p2(Q) = JLE(D(Z) + D(Z) ,)(2). In this case the angular
average vanishes if N is odd. For N even again it produces the
correct ground states for N = 2,4 but fails again at 6.

Actually why the angular averaged mean-field states can
or cannot produce the many-body state is now clear. For N
up to 5, the exact many-body singlet states are unique. Since
angular averaged mean-field states must either be zero or they
must be a rotationally invariant, they must either vanish or
produce the singlet states. This is actually independent of
whether the starting mean-field state is the corresponding
ground state for the given parameters in the Hamiltonian.
For N = 6,8,9, the many-body singlet states are no longer
unique. The angular average, if it is not zero, just produces
some linear combinations of these singlets. The resulting states
have nothing to do with the ground state solutions of the
Hamiltonian. That the angular average of the polar state for
spin-1 produces correctly the exact many-body state for even
N is purely because that, for spin-1, this singlet is unique.
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Let us also consider the angular- averaged states for a linear
combination of both PO(2) and use ¢,, P()) = cosd D,(n )O(Q) +

sing[ DL, (2) + DY _,(&)1/v/2 in Eq. (4). For N = 6, and
the angular—averaged polar state becomes (see Appendix C)

(Wp(0))gy =—==I[(47 — 2cos69)(®2)

1
T 1001/6!
+ (12 + 36 cos 60)(O1)*1]0), 5)

which in general again fails to become an eigenstate of Eq. (1).
The 6 dependence obtained above can be understood as
follows. In the Cartesian representation, the general polar state
iscos 0(2z% — x2 — y?)/v/6 4 sinO(x% — y2)//2.60 — —Bis
equivalent to interchanging x and y, whereas 8 — /3 — 6
has the effect of interchanging y and z as well as a sign change
in the wave function. It follows that the angular averaged state
must be invariant under 6 — —6, whileunder — /3 — 6, it
is multiplied by (—1)". On the other hand, for N particles, the
6 dependence comes from terms of the form cos” 8 sin¥ " 6
where n =0, ...,N with real coefficients [see Eq. (C2)].
Hence it must be of the form 211(\1:_ N cre'®® where c_; = i
For even N, it follows that there is no 6 dependence for N < 4,
and the 6 dependence for 6 < N < 10 can only be a linear
combination of a constant and another term o cos(66) (only
c+¢ and ¢q are allowed). For odd N with 3 < N < 7, the 6
dependence is via cos(36) (only cy3 allowed). The summation
over k has the same parity as N when we combine all the
symmetries we stated for 8, and therefore we have nonzero
even/odd k (6n and 6n + 3 respectively with integer n) for
even/odd N.

We note that the polar state PO averages to (®3)T|0) for
N =3, which happens to be the ground state also in the
C region. While for N = 6, |Wp(0)),, never produces the
many-body state [(@;)2 - 1—18((:);)3“0) in the C region for
any choice of 6. It happens that when cos66 = —1/3, the
angular-averaged polar state becomes the exact ground state
(@;)3|0) in the P region. The above special value of 6 can
be understood as follows. It can be shown that the weighted
average 3/2 f /3 46 sin 36 over 0, together with the average
over Euler angles above, is equivalent to an average over the
4-sphere in the quantum rotor picture of Ref. [45]. If we apply
this average to (pm(Q) we obtain the exact many-body state
(@2)"’ /2|0) for even N (the average vanishes for odd N). This
is because the above mentioned averages guarantee that we
obtain a state that is invariant under SO(5) rotations, and
(@;)N /210) is the only such state (corresponding to T = 0 of
Ref. [42]). The §-averaged of cos(660) is —1/3.

For even N > 12, the coefficients in the angular-averaged
polar state would contain cos(126) while for odd N > 9, they
contain cos(99) as expected. For N = 12 as an example, we
expect three nonunique singlet states, which are (@;)6|0),
(G13(©1)210), and (61)4|0), with each coefficient a linear
combination of constant, cos 66, and cos 126. We do not know
whether the special 6* with cos 660 = —1/3 would retrieve the
exact ground state for N = 12, but regard this as very unlikely.

The comparison between the angular-averaged polar state
and the exact eigenstates can also be viewed in a different
manner. Let us consider the operator @;@2. We note that,
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for the normalized state |‘pr(9))av of |W,(0))4v, we have the
expectation value

(T (@) O102|T,(0))ay = N(N — DXy_2(0)/ Xy (®).  (6)

where Xn(0) =40 (Vp(0)|W,(0))ay and we have defined
Xo = 1. The derivation of Eq. (6) can be seen as follows.
Consider operating ©, on the unnormalized state [V,(0))avs
for example, of &S in @2, we would have a term of the form

VN(N ( P)2
JN =21

N-=-2
(€02“2+‘Plar+§0oao+€0 al +efhal,) o).

Similar derivations are for other operators in ©,. After
summing over these contributions and using the identity

YL (=Dl ()pf, () = 1, we get
/ VNN —1)

VN =2)!
N—2
x (¢ az+‘l’1 a ‘H"o a0+(p 1“ 1+’ 2“ 2) o)

= VNN = DI¥, @) y-2, (7)

where |W,(0))n—2 is the corresponding wave function for
N — 2 particles. Eq. (6) follows then just from the definition
of Xn(0), since its left-hand side is just the overlap of
(:)2|\pr(0))av with its own complex conjugate.

While Eq. (6) is general, let us focus on P0O. The evaluation
of Xy at 6 = 0 are particularly straightforward. We have

Xy (0) =qy (W,(0)|W,(0))ay = /Q a[DHE]Y.  ®)

where € = Q;‘Qz represents the rotation §22 followed by
the inverse of 2 1. Here we have used the relation D((f(),(fZ) =
>, D)D) (S2) [44]. We obtain X, =0, X, = 1/5,
X3 =2/35,X4=3/35,X5s =4/77, X¢ = 53/(7 x 11 x 13),
X7=06/(11 x 13), Xg =5 x 19/(11 x 13 x 17), Xg = 23 x
197/(11 x 13 x 17 x 19). On the other hand, as already
mentioned, the exact eigenstates are also eigenvectors of the
operator A= @;@2. For even N, the states (@;)N /2|0 have
eigenvalues A = N(N + 3). For odd N, the exact eigenstates
(@;)(N’3)/2@;|0) have eigenvalues (N — 3)(N + 6). We can
check directly from Eq. (6) that the expectation values for
@;@2 equal these exact values for N = 2, 3,4, 5,7 but not 6,
8or9.

B. Cyclic states

We now study the angular-averaged cyclic states. It is
simplest to use the reference state [(1 0,0,+/2,0) and

hence ¢<(Q) = f(D(z)zJM/' DY () in Eq. (4). The
angular-averaged C states are nonvanishing only when N is
a multiple of 3, which can be easily seen by considering
the integral over the angle y. It turns out that, in these
cases, the angular-averaged C states do produce the correct
many-body states. This is due to the fact that ¢, €(2) obeys
> =" (pm(Q)(p_m(Q) = 0, and hence the angular averaged

state is annihilated by ©,, so that the resulting state must

063603-4



FRAGMENTED MANY-BODY STATES OF A SPIN-2 BOSE GAS

satisfy A = 0 and hence correctly produce the corresponding
many-body state. We have also verified this conclusion by
direct angular averages in Appendix D.

V. REDUCED DENSITY MATRIX

As a further investigation, compare, for N =6, the
two-particle density matrices for the angular-averaged polar

states with those for the exact many-body states |Wg) =

@(@;)ﬂO) where g(3) is a normalization constant. (The

one-particle density matrices are obviously identical since
both states are rotational invariant.) It is simplest to present
the results using the operators

A=) (TMI22mymo)a, )

my,my

(\II6|ATJMAWM/|\II6) is finite only when J =J and
M =M' and is further M independent, as expected
by rotational invariance. These values are discussed in
Appendix E. We have (We| A, Ago|Ws) = 54/5 = 10.8, and
(Wl ALy, A |We) = (W6| ALy, Aar|We) = 48/35 ~ 1.37.

The numerical results for the angular-averaged MF state is
shown in Fig. 2. The values oscillate with 6 with period /3
due to the cos 66 factor in Eq. (5). For general 6, the difference
between the angular-averaged MF and the spin-singlet pair
states is less than 10%. For example, (Agvoo) = 10.8 for the
exact many-body state while (A(T)OAOO) = 9.7 in Fig. 2(a) at
6 = 0. The values are identical at cos(60) = —1/3.

While the density matrices at finite NV in general differ, it can
be shown in Appendix E that they have the same leading terms
in the large N limit, so that the energy per particle remains
the same up to corrections of order 1/N, as in the case for
spin-1 [29]. In the large N limit, the fragmented state has
macroscopic number fluctuations while they decay rapidly as
miniscule magnetization sets in, therefore it is fragile against
symmetry-breaking perturbations. However, we expect that the
fragmentation of many-body ground state can be observable
in the few-particle system where its signature of two-particle
correlations is more noticeable in contrast to the mean-field
results.

1@ ' ' ' ' .
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FIG. 2. (Color online) Two-particle density matrices for the
angular-averaged polar state for N = 6. Three density matrices for
J =0, 2, 4 are shown in (a), (b), and (c), respectively.
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VI. CONCLUSION

In conclusion, the many-body ground states of spin-2 Bose
gas in zero magnetic field are in general fragmented, which is,
however, not describable via angular-averaged MF states. For
polar states the angular-averaged calculation fails to describe
the exact eigenstates when even or odd N > 6 or 9 except in
certain cases. For cyclic states, the angular-averaged treatment
only sustains the exact ground states for particle number of
a multiple of 3, which preserves the constraint of (@;@)2) =
0. That the angular-averaged MF states for even Nin spin-1
Bose gas are equivalent to the exact ground states is simply a
coincidence. For even higher spinor BEC (f > 3), we expect
angular-averaged states fail to retrieve the exact eigenstates at
an even smaller number of particles.
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APPENDIX A: WAVE FUNCTIONS FOR THE SINGLET
MANY-BODY STATE WITH A = 0 IN THE C REGION

We show how to obtain the singlet wave functions in the
C regions of Fig. 1. To simplify notations, we shall often
simply write (00|n,n") for the Clebsch-Gordan coefficients
(00]2n; 2n") when no confusion arises. We observe that

2
6l=c > (-nra’,Al,.

m=-2
2
=/5¢ )" (00| —m.mya’,, AL, (A1)
m=-—2
where ¢ = —%(%)'/ 2. Such a relation is expected since both

sides create a singlet state of three particles. It is easy to see
that

(A, AL, 1 = 22M|m,M — m)al,

=2(—1D)"2 M — m| —m,M)&Lfm. (A2)
It is useful to note that though [a,,, A;m] # 0, we have
2
Y law. AL, 1 =0. (A3)

m=-2
This relation is expected since the left-hand side is ro-
tationally invariant but its right-hand side can involve
only one creation operator. Indeed, anzfz[&m,ﬁzm] =
ZZi:_z(—l)“(Zm u,—u)a(]; but the sum is proportional to
Zi:_2(00|u,—u)(20|u,—u) =0 due to the orthogonality

between the states |00) and |20). From Eq. (Al) we can
evaluate

B xN2 .
——Al,,

~ AT m
@l = —(=1
[a 3] (=1 5

(A4)
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and hence
2
3 x /2 A
= _T Z {A;mvam}9

m=-2

2
=-@ x> AL a..

m=-2

(A5)

where in the last step we have used Eq. (A3).
From the above we find

02(61)261%10) =20(6R +20 + 3)(G)H2~1(HB])F|0)

3R(R—-1) . At
+ 5 (O)O) ).
(A6)
Note that this implies, for the special case R = 0,
616,(61)210) = 20020 + 3)(©})?0), (A7)

a result which we shall see again in Appendix E.

We can now derive the exact many-body wave function for
the region C when N is a multiple of 3. The state |W3g) with
N = 3R particlesand t = N with N = 3R being a multiple of
3(.e., ®£®2|\I’3 r) = 0 hence A = 0) can then be constructed

J

=

cos*(5) —Si%ﬂ(l +cos B)

%(1 + cos )

3 2
\/;smﬁ

sin B
=E(1 —cos B)

dy ()=

\/gsinﬂcosﬁ

sin 8
==(1 —cos B)

which is expressed in terms of spin bases (¢2,91,90,9—1,9—2).

\/g sin2 8 8 (cos f — 1) sin? £
L(2.c0s B — 1)(cos f + 1) —\@sinﬂ cos B
1(Bcos’ B —1)
L(2c0s B + 1)(1 — cos ) \/gsinﬂ cos B

3 i
\/;smﬂ
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as

W) =bo(ODF + bi(OL O 2 + -

+ b(@)FODHR2%K 4. (A8)
where we have
b R —2k)R -2k —1
ke ( )¢ ) . (A9)
by 12(k + DR — 2k — 1)

We also note here that since [©,, N(N + 3) — @;@2] =0,

the states (@;)Q | W3 k) have the same quantum number T = 3R
though different particle numbers N = 2Q + 3R. From these
we obtain the exact many-body ground states in region C of
Fig. 1.

APPENDIX B: SPIN-2 IRREDUCIBLE
REPRESENTATION OF 42 (8)

In this section, we reproduce the spin-2 irreducible
representation of the rotation operator lA)fj,),m(a, B.y) =
e‘i(m’“’"y)dfnz/)ym(ﬁ) [44] for Euler angles «, 8, y. In matrix

@ :
form, d,’ (B)is

%(cosﬁ -1

3 2
\/;smﬁ ,

sin 8
—T(l + cos ,3)

1(2cos B+ 1)(1 — cos B)

—\/g sin B cos

1(2cos B —1)(cos B+ 1)

=N

cos*(£)

sin 8
=F(cos B+ 1) 5

(BI)

APPENDIX C: ANGULAR AVERAGE MEAN-FIELD POLAR STATES FOR FINITE NUMBER OF PARTICLES

From Eq. (4) with a'(Q) = 3" a}e” (Q) where 92 () = cosd DY () + sin6(D () + DY

over « and y, which gives

n

N . N-—n
N @ pvat sin 6 @ vt ) At
(V50,8 v = (n) Z cos 0, (B | (7 Y dy) (B, + Z d,) (B,
ny my

n=0

,(Q2))/+/2, we first average

m,—

N—n

8 fm),08 £(m),05
m

(ChH

where f(m)=3}_,_,  m.We may expand the above further and use one of the delta function constraint & r(,,) 0, and the wave

function becomes

NN\ cos" Osin¥ "0 (N —n '
/ _ E - § 2) A § 2) A
|\IJP(9”3)>(1U - <n> 2(N—n)/2 ( N;n ) dmrlo(ﬂ)amrl dm,z,z(ﬂ)am,z
m m)

n=0

N—n N—n
2 2

Dy 5B

,
ms

8 am,05

(C2)

where (N — n)/2 is integer. We then evaluate the 8 average either analytically or with the help of Mathematica. Below, we report
the results for this angular-averaged polar states for finite number of particles N = 2 to 10.
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I.N=2

From Eq. (C2), we have the angular-averaged polar state

W@ = 5 f [W/,(0,8)) sin BdB,
1 .
= m[z@'aiz 2afa’, + (@})*10).,
| A
=—610). c3
57500 (C3)

Note that it has no 8 dependence. The angular-averaged MF
state reproduces the exact many-body state.

2.N=3

From Eq. (C2), we have the angular-averaged polar state

ff W (6.6)) sin B dB,

— Zeod0 2 A
= 35(cos 6 — 3 cos 8 sin” 6)0;]0)

Wp(©))av

2 .
- g[cos(39)]®§|0>, (C4)

where ©3 is a three-particle singlet operator

A 1 3
of = ahy? — —atafat + &Tzf_,_ AT 2
3 \/6( 0) \/6 194 _1 ( ) 2 ( 1)
6 iiia
— %a;agaiz. (CS)

Note that this angular-averaged state has 6 dependence with
a period of 25 /3 but always reproduces the exact many-body
state for the region y < 0 and near the +f axis.

3.N=4

For this even number of particles, we again have

\/—/ |¥,(0.8)) sin B dB,
——(©)?0),

Wp(©))av

c6
35«/_ o

where so far we still have a # independent angular average. This
state is a N /2 spin-singlet-pairs state, i.e., the exact eigenstate.

4.N=5

From Eq. (C2), only n = 1,3,5 are possible for (N — n)/2
is an integer. The angular-averaged polar state is

[Wp(0))av f/ |W,(60,B)) sin B dB,
7‘;://—_(c0s 6 — 3 cos 6 sin* 6

— 2cos*05in® 0)O16110)

[cos(36)]61610). (C7)

2
7745
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Note that this angular-averaged state again has 6 dependence
with a period of 27 /3 and reproduces the exact many-body
state for the region y < 0 and near the +§ axis.

5.N=6

For this even number of particles, we expect a combination
of two- and three-particle singlet states to appear. From
Eq. (C2), we have

Wp () f/ W (8.5)) sin B .
1
(47 —2 ] 3
1001\/_ [( cos 6 )(@ )

+ (12 + 36 cos 60)(©1)*1]0). (C8)

We may express this wave function in terms of the
normalized many-body state of two- and three-particle singlet
states for N particles,

1
2\ _ 3
[¥iLe) = =010 (C9)
1 n
WyLle) = (617%10). (C10)
ARV A
For 6 = 0, the normalized angular-averaged state is
|®P(O)>av
1
— —[ 35/2|\IJ(2) )+22 % 7|\Ij(3) >]
V11 x 13 x 53
(C11)
where we note the finite overlap (\IJ,(\?) 6|\IJ(3) =2/(3-7).

The angular average has 6 dependence in general, and it can
be expressed in terms of two-particle-singlets state only when
cos 60 = —1/3. In general the angular-averaged polar state
fails to construct the exact ground states, which should be
N /2 spin-singlet-pairs state.

6.N=38

To investigate the 8 dependence of even number of particles,
we proceed to calculate the angular-averaged polar state of
N =38,

WO = 5 / W (0.5)) sin B dp

1
— __[(71 — 8cos60) (O
T 243181 ( )©2)
+ 16 + 9cos 60)OLO1)?]0).  (C12)
Using the normalized singlet states,
1 s
vy ) = @)y,  (C13)
| N_S) V2T x3Bx5xTx11
1 s
W) = OL@H20),  (C14)

V2x5x7Tx11x79
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we may express the normalized angular-averaged state (con-
sider & = 0) as

@,(0)), V3[W) +VT9lWR)]. (C15)
9,00 = 5= [VAWEL) + VI
where again we use (\111(3):8|\111(3£§) =4/(+/3 x79). Note that
when cos 66 = —1/3, the angular-averaged MF state becomes

the exact many-body state.

7.N =10

We may further investigate the angular-averaged MF state
for even N. From Eq. (C2), we have

r @ =3 [ 19,08 s,
o [(101 — 20 cos 66)(O)’
+ 120(1 + 3 cos 60)(O1O1H?][0).  (C16)
Note that a special angle of cos 66 = —1/3 appears similar to

the cases of N = 6,8.

APPENDIX D: ANGULAR-AVERAGED MEAN-FIELD
CYCLIC STATES FOR FINITE N

When we angular averaged the mean-field cyclic state, we
obtain, for N = 3,

43 .
1We) au 35XJ_®*|0> (D1)
For N = 6, we have
178 Y. — —(6) + 18®)110). (D)
7><11><13f

In both cases, we produce the exact many-body states in the C
region.

APPENDIX E: REDUCED DENSITY
MATRIX CALCULATION

We here consider the N = 2Q singlet state

Wap) = ®12)0), (E1)

1
Ve(Q)

where g( Q) is anormalization constant. g( Q) can be evaluated
(see also below) by the repeated use of the commutation
relation [®,01] = 2(2N + 5) where N is the number operator.
We then obtain

2(0) =220!20 +3)!/3. (E2)

Some special values are g(1) = 10, g(2) = 23 x 5% 7, and
g(3) = 2* x 3% x 5 x 7. It turns out that g(0Q)= f1,0) of
Ref. [29].

The expectation values for the two-particle density ma-
trices (\IlelATJMA smW¥20) needed can be read off from
the energy E = J[aN(N — 1)+ B(F(F + 1) — 6N) + y A]
where A =2Q0Q2Q + 3) since this must also be E =
% dom gF<w2Q|AATJMAAJM|qJ2Q) where the sum over J is for

PHYSICAL REVIEW A 91, 063603 (2015)

0,2,4 only. We have

(WaolAl Aol Wap) = 2020 +3)/5, (E3)
(Wap|Aby Aom|Wa0) = 80(Q — 1)/35,  (E4)
(Wrgl AL Aam|Wa0) = 80(Q — 1)/35.  (E5)

The equality between the values between J =2 and J =4 is
due to the special properties of the state [V, (). Below we also
show an alternate derivation of Egs. (E3)—(ES)

The state (E1) can be expressed in terms of the basis
|ny,my,no,n_y,n_z), where n,, is the number of particles in
the state m. We get

3x 220172
MQ):[X_Q]

[(2ko)1]'2
(- (O
20 + 3! Z

ko ko1
ko, k1 ,k> 2k

X |ka,k1,2ko,k1,k2), (E6)

where the sum is over all non-negative integers kg, ki, k»
with the restriction (denoted by the prime) kg + k| + k, = Q.
The density matrices are obtained by operating a,,,d,, on
|W5¢) and then evaluating the appropriate inner products. The
required sums are evaluated below.

We show here how to evaluate the sums involved. They are
of the form

o
So=)Y b (E7)

k=0
where by are the products of polynomials in k with ¢; =
% = (zgk_kl!)”.Forthis, we notice that if the function f(y) =

> reobky* is known, then (by straightforward verification)
So is simply the coefficient of y< of the function F(y) =
f(y)/(1 — y). Now, we note that fi(y) = Y o, cxy* is given
simply by (1 — y)~/2. Hence the sum S} o = 32, cx is given
by the y€ coefficient of (1 — y)~3/2, and hence

SlQ—Z cr =

Similarly, for the sum S, ¢ = Z,?:O kcy, the function f>(y) =
> 2o kery* can be obtained from yj—yfl ) =301—-y2
2(1 —y)™%, and

2o+ D!

—ior (E8)

Hence S5 ¢ is the y€ coefficient of F>(y) =
hence

(Y]
020+ N
Soo= ko= (E9)
Z; 3 20Q!

We can proceed similarly to get

_ew@-pee+nt

Ss0= kik— 1) ., (E10)
;Z(; . 5 200!
Sao =Y kik— 1)k —2)c
k=0
_ 0@ -DH@-2) (2Q+1)!!_ EL1)
7 200!
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With the above sums, we can also obtain

120 +3)!!
Z(Q+1—k)k 3 2001 (E12)
k=0
40 20 + 3)!!
Z(Q Q=K+ Do =555 (E3)

k=0

[using (Q —k)(Q —k+ 1) =k(k —1) =20k + Q(Q + 1)],
and

Qo
D (Q =k —1)(Q —k)(Q —k+ ek

k=0
_ 80(Q0 — 12O +3)! (E14)
35 200!
[using (Q —k—1)(Q —k)(Q —k+ 1) = —k(k — 1)(k —

2)+3(Q — Dk(k — 1) = 30(Q0 — Dk+(Q — DO(Q + DI
We demonstrate the use of the above relations by
checking here the normalization of [Wyp). (W20|W20)

. . Qo .
is given by [(32XQZ+3%!!]Z,%,(]JQ ‘cy,- Due to the restric-

tion ko4 ki +ky = Q, the sum is therefore given by

Sl 1= e(Q —k+ 1), which is Goro
from Eq. (E13) The density matrices are obtained by
first operating d,, or d,, d,, on |W,p) and then evaluating
the appropriate interproducts with the help of the above
formulas.

We list here also the two-particle density matrices
(W2Q|&,t,,&,t12&m3&m4|lI/2Q). We list them starting from the
largest M = m| +my = m3 + my. For M = 4,

(Waglatatanas|Wag) = 8Q(Q — 1)/35. (E15)
ForM =3
(Wnplatalaia,|Wp) = 40(0 — 1)/35, (E16)

corresponding  to (W2Q|AIMA4M|\II2Q) =80(Q — 1)/35.
For M =2, we have two operators dpd, and a4,

J

PHYSICAL REVIEW A 91, 063603 (2015)

and their conjugates. We obtain

(Wplalalaoas | Wsp) = 40(Q — 1)/35, (E17)
(Wglalalaia | wag) = 80(0 — 1)/35, (E18)

whereas
(Wyplatalara |Wsp) = 0. (E19)

The last result can be most easily seen when W, is expanded
in the number basis. This is reflected in the equality between
Egs. (E4) and (ES).

For M = 1, there are two operators a;dp and d,a_,. We
have

(Waglaladaoa Wag) = (Waglatal a_1a21Wap), (E20)

=40(0 — 1)/35, (E21)

and there are no cross elements. Similar remarks we made for
the M = 2 sector also applies here.

For M = 0, there are three operators, d,d_, and @;d_, and

dodo. This part of the density matrix is, with rows and columns
in order of these three operators, given by

20 40+3) —-20+5 (20+5)
35 -20+5 @0+3) —-Q20+)) (E22)
20+5 —-2Q0+5 ((6O+1

The equality between the first two diagonal elements, as well
as among the off-diagonal elements except signs, follows from
the fact that |W,¢) is invariant under d+, — d+; up to a sign.
From the above formulas, we can recover Eqgs. (E3)—(ES).

It is straightforward to obtain the number
ﬂgctgations from above: (]\721\72) (N1N1) (N,N_,) =
(NiN-1) = 2040 +3)/35,  (RoNyg) = 40(30 +4)/35,
(NoNy) = (NaNp) = (N2 N_y) = (N No) = 40(Q — 1)/35.
The above expressions are valid also when replacing m by
—m. (N2N,) = (N,N_,) etc follows immediately also from
(E6), since for each of the states on the right-hand side,
ny) =n_j.

We now consider the density matrices for |Wp),, in large N limit. We have

N(N —

fgl 0, O QDD (DG, (220, () [, 05 QD@

T oaf A >_
<am| am, amS am4 -

(We leave out the explicit labels |Wp),, to simplify our
notations.) For large N, the overlap [Y_, ¢ (1)@ (€22)]1V is
negligible unless €2 is very close to €2, (rigorously speaking,
also €2, — 1, but we can check easily that this does not affect
the following argument). Hence we can identify the €2 in the
arguments of ¢y, ...¢,, in the integrand of the numerator.
Canceling the common factors (the normalization coefficient
is oc N~! for large N) we are left with

(al, al, amam,)=N(N-1) /Q or (D@ (@, ()P, ().
(E24)

(E23)

Jor 0, [Xm @5 @D@n ()]

[
Now we observe that, for our state, (p;(ﬂ) = (—1)’”q)_,,,(f2),
since  d%), _, = (=1)""d®, DY (@.p.y) =

_ + ) . .
im'e ’"V)dm m (B). Therefore the integral above is the same
as

where

(—1ymtm /Q Py Oy ()P, ()P, ().

We notice that this latter integral is the same as the one that

: : : AT AT AT At
occurs in our evaluation of the coefficient of &', a’,,,dm;0m,

for the wave function |Wp),, for four particles, except
combinatorial factors. For example, the value of (&;‘ﬂ&l&ﬁ is
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just =N (N — 1) times the coefficient of &L&L&Ifz; in|Wp)ay
[see Eq. (C6)] divided by 4!. Using our previous calculations
we therefore obtain, in the large N limit, (&;&1&1&2) = N2 /35,
(&;&8&0&2) = N?/35, etc. It is again most economical to

express the final results using A,M. We get (A(T)OAOO) = N?/5

PHYSICAL REVIEW A 91, 063603 (2015)

and (AL, Ayy) = (AL, Aay) = 2N2/35. Hence the N2 terms
in two-particle density matrix in the state obtained by angular
average is the same as that of Eq. (E1), and the differences arise
only in lower powers in N. Therefore the interaction energies
per particle for these states are equal except for terms that are
of order 1.
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