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A NORMALIZED GRADIENT FLOW METHOD FOR COMPUTING
GROUND STATES OF SPIN-2 BOSE-EINSTEIN CONDENSATES*

WEIZHU BAOT, QINGLIN TANG!, AND YONGJUN YUANS

Abstract. We propose and analyze an efficient and accurate numerical method for computing
ground states of spin-2 Bose—Einstein condensates (BECs) by using the normalized gradient flow
(NGF). In order to successfully extend the NGF to spin-2 BECs which have five components in the
vector wave function but with only two physical constraints on total mass conservation and magne-
tization conservation, two important techniques are introduced for designing the proposed numerical
method. The first one is to systematically investigate the ground state structure and property of
spin-2 BECs within a spatially uniform system, which can be used for how to properly choose initial
data in the NGF for computing ground states of spin-2 BECs. The second one is to introduce three
additional projection conditions based on the relations between the chemical potentials, together
with the two existing physical constraints, such that the five projection parameters used in the pro-
jection step of the NGF can be uniquely determined. Then a backward-forward Euler finite difference
method is adapted to discretize the NGF. We prove rigorously that there exists a unique solution of
the nonlinear system for determining the five projection parameters in the full discretization of the
NGF under a mild condition on the time step size. Extensive numerical results on ground states of
spin-2 BECs with different types of phases and under different potentials are reported to show the
efficiency and accuracy of the proposed numerical method and to demonstrate several interesting
physical phenomena on ground states of spin-2 BECs.
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1. Introduction. Since its experimental realization in 1995 [2, 17, 26], the Bose—
Einstein condensate (BEC) has stimulated great excitement in the physical commu-
nity and regained vast interests in atomic and molecular as well as condensed matter
physics. At early stage, atoms were magnetically trapped in BEC experiments and
hence their spin degrees of freedom were frozen [2, 17, 26]. Nevertheless, recently de-
veloped optical trapping techniques [36] have enabled one to release the spin internal
degrees of freedom, opening up a new research arena of quantum many-body systems
named spinor BEC [21, 27, 34]. Extensive theoretical and experimental studies have
been carried out to reveal numerous new quantum phenomena which are generally
absent in a spin-frozen condensate [16, 24, 28, 29, 30, 31, 39, 41, 42]. Within the
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mean-field approximation, in contrast with a spin-frozen BEC whose order parameter
can be well described by a scalar wave function ¢, a spin-F (F € N) BEC is described
by a macroscopic complex-valued vector wave function ® consisting of 2F + 1 compo-
nents, each of which characterizes one of the 2F'+1 hyperfine states (mp = —F, ..., F).
In this paper, we consider spin-2 BECs, i.e., F'=2.

One important problem in the theoretical study of a spin-2 BEC is to find its
ground state so as to initialize its dynamics and to predict new important phases of
the ground state which can be later compared with or confirmed by those physical ex-
perimental observations. The ground state of a spin-2 BEC is defined as the minimizer
of the following dimensionless Gross—Pitaevskii (GP) energy functional [7, 29, 38]:

2

1y s@- [ [ > (I7ent + V@lon?) + 2o + SRR+ 2wl | dz,
y4

——2

satisfying both the mass (1.2) and the magnetization (1.3) constraints:

(1.2) N(@(@) =Y /R (bo(@)[2da =1,

{=—2

(1.3) M(@(m)) =) /Rd€|¢>g(a:)|2dsc =M.

{=—2

Here, M € [~2,2] is a given constant, € R? (d = 1,2,3) is the spatial variable,
®(x) =: (¢2(x), ¢1(x), do(x), d—1 (), ¢_2(m))T is the wave function, p:= Z?:—Q pe is
the total density with p, = |¢¢(x)|? being the fth component density, and By, 81, B2
are real constants characterizing the spin-independent interaction, spin-exchange in-
teraction, and spin-singlet interaction, respectively. In addition, V' (x) is a real-valued
function representing the external trapping potential, Agy(P) := (2¢2¢>_2 — 20101+
#2)/V/5 is the amplitude of the spin-singlet pair, F(®) 1= [F,(®), F,(®), F.(®)]" is
the spin vector, and its components are defined as [7]:

Fy =Re(Fy), Fy=1Im(F}), with Iy = 2((5%/)1 + <571¢72) + \/6(51(?0 + q;o(b,l),
F,=2(1¢a|? — |¢—2|?) + 1] — |61/,

where f denotes the complex conjugate of f. The ground state ®,(z) is the solution
of the following nonconvex minimization problem:

(1.4) ¢, = argglérglé'(@),

where the nonconvex set S is defined as
(1.5) S={®=(¢2,¢1,00,0-1,0-2)" €C° | N(®) =1, M(®)=M, E(®)<o0}.

Existence and uniqueness of the ground state (1.4) was carried out in [7, 29, 30].
Meanwhile, validity of the so-called single mode approximation (SMA) of the ground
state (which simplifies the ground state computation) is partially investigated. Dif-
ferent numerical methods have been proposed to compute the ground state of a
scalar BEC [1, 3, 4, 5, 8, 9, 11, 14, 15, 19, 20, 22, 23, 25, 40] and a spin-1 BEC
[10, 13, 15, 18, 33, 43, 44, 45]. Among them, a simple and most popular method is
the normalized gradient flow (NGF) (or imaginary time method) incorporated with
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a proper discretization scheme to evolve the resulted gradient flow under normaliza-
tion of the wave function [5, 11, 13, 15]. However, to extend the NGF from single-
component BEC and spin-1 BEC to spin-2 BEC, due to the fact that we only have
two conservation conditions (1.2) and (1.3) and there are five projection constants to
be determined in the projection step, it is unclear whether the NGF method could
be easily and straightforwardly extended to compute ground states of spin-2 BECs.
A projection gradient method [38] was proposed to compute ground states of spin-2
BECs, where a continuous normalized gradient flow (CNGF) was discretized by the
Crank—Nicolson finite difference method with a proper and special way to deal with
the nonlinear terms. This scheme was proved to be energy-diminishing and to con-
serve both the total mass and magnetization in the discrete level. However, a fully
nonlinear coupled system needs to be solved at each time step, which introduces much
computational cost, especially in three dimensions. Recently, numerical methods were
presented for computing ground states of spin-2 BECs based on the NGF with inac-
curate projections [18, 37]. The main objective of this paper is to present and analyze
a numerical method for computing ground states of spin-2 BECs via the NGF. In
order to do so, two main techniques are presented, which are (i) to carry out a sys-
tematic study on the ground state structure and property of a spin-2 BEC within a
spatially uniform system, which is then used to choose simple and proper initial data
in the NGF for computing ground states of spin-2 BECs, and (ii) to introduce three
additional projection conditions based on the relations between the chemical poten-
tials of a spin-2 BEC for overcoming the fact that there are five components in the
vector wave function but with only two constraints on total mass conservation and
total magnetization conservation. In fact, the proposed three additional projection
conditions, together with total mass conservation and magnetization conservation,
can completely determine the five projection constants used in projection step of the
NGF. This enables us to extend the simple and powerful NGF method to compute
ground states of spin-2 BECs.

The rest of the paper is organized as follows. In section 2, ground state structure
and property of spin-2 BEC in a spatially uniform system are investigated systemat-
ically. In section 3, a NGF is constructed by introducing three additional projection
conditions and then a backward-forward Euler finite difference method is presented
to discretize the NGF. In section 4, we report extensive numerical results on ground
states of spin-2 BECs with different types of phases and under different potentials in
one and two dimensions. Finally, some conclusions are drawn in section 5.

2. Ground states and their properties. In this section, we mainly investigate
the ground state structure and property of a spin-2 BEC.

2.1. Euler—Lagrange equations and classification of ground states. The
Euler-Lagrange equation associated to the minimization problem (1.4) reads as

(W E£2N) o = (Hp, £ 261 F.) pro + S1Fxor1 + \B/%Aoo%:m

(2.1) (kNP1 = (Hp, £ 1 F.) p11 + B 76F:F</>o + Fﬂbiz) - &Aooéxh

V5
ppo = Hydo + ?ﬁl (F+gz51 + F_¢_1) =+ \B/%Aoo%-

Here, H, = ~V2%/24+V(x)+ Bop, F- = Fy, and pu and X are Lagrange multipliers
associated to the mass and magnetization constraints (1.2)—(1.3). Thus the ground
state of (1.4) can also be viewed as the eigenfunction of the nonlinear eigenvalue
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problem (2.1) with constraints (1.2)—(1.3), which has the lowest energy among all
eigenfunctions. Other eigenfunctions with higher energy are called excited states.
As carried out 1n [79 the ground state of (1.4) is umque up to a phase-rotation;
= (¢2 ’ 1 7¢( ) Elagbig)T and (1)2 = (¢2,g’ 1’97 0 ’QS ’1a¢2 g) are re-
garded as the same if there exists a constant vector av 1= (ag,al,ama,l,a,g)T =
(61(291—90), it o i(200—01) ei(390_2‘91))T with 6,01 € R such that qbz’q = (/)2’q
for ¢=-2,...,2. According to [24, 29], the phase of the ground state ®, of (1.4) can
be classified into three categories based on the values of |F4(®,)| and |A00( gl ()
the ferromagnetic phase if |F} (®4)| > 0 and Ago(Py) = 0, (ii) the nematic phase if
Fi(®4) =0 and |Aoo(Py)| > 0, and (iii) the cyclic phase if Fiy(®y) = Ago(P,) = 0.
When M =2 or —2, the constraints (1.2)—(1.3) only allow one component, i.e., ¢2 or
¢_2, to be nonzero. Therefore, (1.4) can be reduced to compute the ground state of
a single component BEC with ¢o or ¢_o, which has been well studied [9, 11, 12, 14].
In addition, if one replaces the magnetization /\/l( ) M in (1.5) by ./\/l( )=—M,
it is easy to see that the ground state ®, := (43,1, 5,907 1,67, )T of (1.4) can be
simply replaced by ®, := (¢ 5,07 1,03, 89, ¢3)T. Thus, for simplicity of notations and
presentation, from now on, we only consider the magnetization M € [0, 2).

Remark 2.1. In the literature [7, 29], instead of the ground state being defined
as the minimizer of the energy function £(®) under two constraints of the total mass
conservation N'(®) = 1 and total magnetization M(®) = M with M € [-2,2], i.e
(1.4), another type of ground state has also been studied. It is defined as the minimizer
of energy function £(®) under only the mass constraint (1.2), i.e

2.2 ®,:=arg min £

(22) yi=arg min £().
In fact, the above minimization problem can be obtained via the minimization problem
(1.4) by further minimizing for M € [-2,2], i.e

(2.3) D, = argMg[m; . <I> with <I>24 =arg glégé'(@).

The Euler-Lagrange equation associated to the minimization problem (2.2) is given
by

pp+o = (H, + Bop £281F.) pro + P15 d+1 + \B;Aoo%m,

(2.4) o1 = (H, + Pop £ 1 F.) d41 + B 76F:F¢O+F:I:¢:I:2 —%Aomma

ppo = (Hy + Bop) do + ?51 (Fygr +F_6-1) + 5%1400%7

where p is the Lagrange multiplier associated to the mass constraint (1.2).

2.2. Ground states in a spatially uniform system. In this section, we con-
sider a spin-2 BEC in a spatially uniform system, i.e., the GP functional (1.1) without
potential (i.e., V(x) =0) on a bounded domain D Wlth measure |D| =1 and periodic
boundary condltlon This will be applied directly in section 2.3 to construct the so-
called single mode approximation (SMA) of the ground states in a spatial nonuniform
system, which will reduce significantly the difficulty and computational cost to obtain
a ground state of spin-2 BECs. In addition, in the parameter region where SMA is
invalid, the ground states carried out here can help build more efficient initial data
for the algorithm proposed in section 3.2 to accelerate its convergence.
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In a spatially uniform system, all ground states are constants in form of [29]

(2.5) (x) =€ = (6,6,8,81,¢2)", z€D,

where ¢; € C for j = —2,-1,0,1,2. Plugging (2.5) into (1.1) with V() = 0 and
®(x) = £ and replacing R? by D, after a detailed computation, we obtain

20 E@ =@y | (AP + 208) + (s0+500) | = B ).
where

(2.7) { Ti=7(8) = F1.(§) = 2(&& +E€-16-2) + V6(616o +&0é-1),

§:=0(§) = Ago(§) = 26262 — 26161 + &5
Actually, 7 and § are precisely the quantities which will be used later to characterize

ground states as either ferromagnetic, nematic, or cyclic. The conservation of mass
(1.2) and magnetization (1.3) leads to

{ |62 + 162 + [€o]* + [ + [6-1]* = 1,
2(|&1? = [§-2) + 16 = |61 P =M
for given M € [0,2). Solving (1.4)—(1.5) for ground state ®,(x) is now equivalent to

solving the following minimization problem for minimizer £, := (£3,¢7,&§,¢%,,6%,)"
as

(2.8)

(29) &, :=arg min £y(€). Sc—{se<c5

2 2
dolalr=1 Y] £|£e|2—M}.

=—2 {=—2

In the following, we show that the minimization problem (2.9) on complex mani-
fold S¢ can be reduced to a minimization problem on the real manifold Sg =S¢ NR.

LEMMA 2.1. If £ €R®, then the system (2.8) has a real solution if and only if
(2.10) 7€) +46%(6) <4 — M

Proof. First, we prove the necessary condition; i.e., we assume & € R® and the
system (2.8) has a real solution. By (2.7) and (2.8), we have

(2.11) (€2 =€ 0)2+ (G +E1)P =10,

Noticing |§| < 23:72 €2 =1 and denoting p=+/1 — § > 0, then there exists a constant
6 € ]0,2m) such that
{ 572_52217“)59» { 572:]9(30894-62,

<~

(2.12) , .
§1 +&-1=psind, §—1=psinb —&;.

We then prove (2.10) is valid by considering four different parameter cases. To simplify
the presentation, in the following, we only state the formula for &y, &, and &, and
the expressions of £_; and £_» can be obtained directly from (2.12).

Case (i). If § =1, then p = 0. From (2.12), we obtain &, =¢_5 and & = —£_1.
By (2.8) and (2.7), we have

M=71=0, = 7124+46°<4- M2
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Case (ii). If 6 <1 (and thus p>0) and cosf =0, then {_3 =& and {1 =p—&;.
Plugging them into (2.7) and (2.8), by a simple calculation, we obtain

(2.13) é0 = (7 = 20%)/(pV/6),

(2.14) 208l +1€o[* + (M +p*)*/(2") = 14 M.
Thereby, combining (2.13) and (2.14), we have

(2.15) 16p°&5 — 4préy + 3p* — 6p° + 3M° + 72 = 0.

Note that (2.15) has a real solution if and only if the corresponding discriminant
(2.16) A= —48p*(40° + 72 +4M? — 4) > 0,
which immediately implies
(2.17) 7% 4462 <4 —4M?* <4 - M

Case (iii). If 6 <1 (and thus p > 0) and sinf = 0. Similarly, we obtain
(2p* + M) cos 0 El:Lose 47M27452747’2.

4p ’ 2p 8p?
Thus & is real if and only if 4 — M? — 462 — 472 > 0, which again implies
T2 4462 <4— M?—-377<4- M.
Case (iv). If § <1 and sin(26) # 0. Plugging (2.12) into (2.8), we have

2 _
0=

(218) &=

)

(2.19) £y = —(M +2p* — p*sin® 0 — 2psin0¢;) /(4pcos ),
(2.20) 50:476sin20 1+M72p2+3p28in20+ T

' V/65sin(26) 21/6p cos V6psing’
(2.21) A&+ B& +C =0,
with

A =8csc?(20),
csc? Osec? . 9 . .
B= — {57’ cosf + 37 cos(36) — 5M sin — 8p*sin6 + 3M sm(SG)} ,

1 1
C= 52 [72 esc? 0 + (M — 2p*)T cschsech — iseCQG( —2M? +66p* — Mp? +p*
P

+ 3p%(26 + M + p?) cos(20) — 3p*T sin(20))1 .

Similarly, (2.21) has a real solution if and only if the corresponding discriminant

20sec? 0
(2.22) A:—M 3(Msin0+70050)2+462+72+M2—4]207
p
which implies
4—M?*— (4% + 7% >3(Msinf +7cos0)* >0 = 72 +46><4- M>

Second, we prove the sufficient condition; i.e., we assume (2.10) is valid. When
§ =1, then M =7 =0, and thus ¢ = (0,0,1,0,0)T is a real solution of (2.8); when
0 <1and M =0, then (2.16) is satisfied, and thus (2.13)—(2.15) is a real solution; and
when 0 < 1 and M # 0, by choosing § = m — arctan(7/M) such that M sinf = —7 cos@
and (2.22) is fulfilled, then (2.19)—(2.21) is a real solution. d
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LEMMA 2.2. For all £ € Sc, we have
(2.23) Ir(€) +415(E) <4 M2,

and there exists a {r € Sg such that Ey(Cr) = Eu(€). Therefore, the minimization
problem (2.9) has at least a real ground state.

Proof. We prove this lemma by considering two different cases.
Case (). If §(&) =0, noticing that

tcSe = ¢:=(&l 14l 1%l 16-1] 16-2])" €Sk,
and hence the system (2.8) is fulfilled for ¢. By Lemma 2.1, we have
(&)1 +415(&)* = |7(&)* < 2(¢) < 7°(¢) +46°(¢) <4 — M*.
Case (ii). If §(&) # 0, noticing that
max {|7(&)|* +4[6(&)[* + M?} = max{|7’ O +415&)1P+F2(&)}

£€Se
(2.24) <Icnax{|r QP +46(Q)1> + F2(¢)},

with S; ={¢ € C® | Z?Z_Q |¢1]? = 1}; thus, to prove (2.23), we only need to show

(2.25) max {|7(C) OP +4l6(OP + F2(¢)} <4.
Consider an auxiliary minimization problem

(2.26) Co= (05,1, ¢ ¢%1,¢%0)" ZaYgEHGiSIiF(C),
where the auxiliary functional F(¢) is defined as

(2.27) F(Q)=~[Ir(Q)I* +4l8(O + FZ(C)].

It is clear that

(2.28) F(Cy) = *IcnaX{lT QP +418(Q)1 + F2(Q)},

and ¢, satisfies the Euler-Lagrange equation Vg F(¢) = A¢ ¢ with A¢ € R being the
Lagrange multiplier and ¢ being the complex conjugate of ¢, i.e., Vi F((,) = A, Cg-
Hence, by denoting 1, = (¢%,, —¢?;,(f, —¢{,¢)T, we have

(2.29) { e { 2 R =
Ny Ve F(Cy) =X, My Cys (A¢, +8)0=0,
which leads to
(2:30) { %, =5 —  F(C) =4
IT(C)I? +410(Ce) P + FZ(Cq) =4, g

Noticing (2.28), one gets (2.25). This, together with (2.24), concludes the desired
inequality (2.23). Therefore, for all £ € S¢, let 7(¢g) =|7(€)| and 6(¢x) = 16(€)], and
we have

T2 (Cr) +46%(Cr) <4— M.
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According to Lemma 2.1, the system (2.8) has a real solution ¢ 5 € Sg, which satisfies
Eu(Cr) =Eu(€). One immediately obtains

£eSe

. . . 1 1 .
(2.31) min &y (&) = CIRHEIélR Eu(Cr) = 2{1? E(1,0) = 5(50 + B1M?) + 3 rngl? f(7,0),

where

(2.32)  f(1,6) = pi7? —&-&62 and S;5:={rT€R,SER, 1> +46><4— M>}.

Obviously, for any given 5, and s, the quadratic minimization problem

(233) (Tgv(sg) = arg Ig,il? f(T7 5)

possesses at least a solution over the elliptic domain S; 5. As aresult, the minimization
problem (2.9) has at least a real ground state. |

Thanks to Lemmas 2.1-2.2, noticing (2.6), to find the ground state &, of (2.9) is
then reduced to finding minimizers of the minimization problem (2.33). Actually, it
can be solved analytically since it sets out to find minimizers of a quadratic function
over an elliptic domain. To illustrate this, Figure 2.1 shows contour plots of the energy
E(7,6) for fp = M =0 with different 8; and Sz on the elliptic domain S, 5. From the
figure, one can obtain the minimizers (7, d,).

Noticing that if &€ solves (2.7)—(2.8) with 7, then £ = (€3, —&1,&0,—€1,69)T
solves (2.7)—(2.8) with the parameter —7. Thus it suffices to assume 7 > 0 for sim-
plicity hereafter. To solve out analytically the minimization problem (2.33) on the
elliptic domain S; 5, we adapt the following elliptic-polar coordinates as

(2.34) T=1rcosb, 5:%rsin9, 96[—E,I>, TE[O,\/4—M2},

2°2

in whose coordinate the function f(7,d) (2.32) reads as follows:

f(T,5)2617'2+6 = 7% cos 0+ﬂ0r sin 0_58 2 (6 —ﬂ> r?cos? 6
=B + (ﬂz—b’l) r2sin? 0, 0ec [—gg) re [O,\/4—M2}.

fi=-1, f= =1 b= h=1 b=

“0 QQO oﬂ @Q

-2

F1G. 2.1. Contour plots of the energy E(7,0) in (2.31) for fo = M = 0 with different 81 = —
and B2 =20 (left), f1 =1 and B2 = —20 (middle), and 1 =1 and B2 =20 (right). “+” denote those
points where the minimum values of E(7,8) are achieved. According to the value (and position on
the graph) of those points “+7, one can immediately conclude that the phases of the corresponding
ground state are in ferromagnetic (left), nematic (middle), and cyclic (right).
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Therefore, it is easy to obtain the following: (i) when 8; < 0 and 3 > 208, from

the last equality, f(7,d) attains its minimum when sin?6 = 0 and r = 4 — M2,
ie., at (74,04) = (V4—M?2,0); (ii) when B2 < 0 and B2 < 2081, from the third
equality, f(7,6) attains its minimum when cos?f = 0 and r = V4 — M2, i.e., at

(14,94) = (0,£v4 — M?/2); (iii) when $; > 0 and (2 > 0, from the second equality,
f(7,9) attains its minimum when r =0, i.e., at (74,64) = (0,0). From (2.31), the total
energy E(7,6) attains the minimum at the same (74,d,4). Then, from the proof of
Lemma 2.1, one can obtain all real ground states §, € RS of (2.9) by direct calculations
based on the four different parameter cases as shown in the proof of Lemma 2.1.
In addition, from (2.7), 7 and J are, respectively, the values of F and Agg, and
hence according to the standard of classification in section 2.1, the phases of the
ground states with parameters f1, 82 classified in (i), (ii), and (iii) are, respectively,
ferromagnetic, nemati, and cyclic.

Above all, the real ground state £, € RS in a spatially uniform system can be
thoroughly solved out and its phase category can also be identified. We summarize
the results in Lemmas 2.3-2.5; the proofs follow directly the arguments stated above.

LEMMA 2.3. When 1 <0 and B2 > 20031, the ground state §, is in the ferromag-
netic phase, and for M €[0,2), it can be solved out as

T
(2.35) £,= (m‘ll/16, mims/8, V6ém32m3 /16, mims/8, m%/lﬁ) ,

with m1 =vV2+ M, mo=+2— M.

LEMMA 2.4. When B2 <0 and B2 <2081, the ground state &, is in nematic phase.
Moreover, if 0 < M <2, then &, can be solved out as

(2.36) €,=(m1/2,0,0,0, my/2)";
and if M =0, §, can be taken in two different types as
€, =(y1cos0, y1sinf, v, —y1sinb, v cos 9)T or

(2.37) £, = (cos@/\/i, sinf/v/2, 0, sin/V/2, _Cose/ﬂ)

T
where v, = \/1_77 for any v with |y| <1 and 6 € ]0,27).

LEMMA 2.5. When 81 >0 and B2 >0, the ground state &, is in the cyclic phase.
Moreover, if M €10,1], then &, can be taken in three different types as

£, = (m%/él, 0, V2myms /4, 0, m§/4)T or
(2.38)

&= (\/§m3m4/4, m%/?, f\/§m3m4/4, mZ/Q, \/§m3m4/4>T or
(239) gg = (§g7£f)§g7§z17§z2)Ta

where mg=+1+ M, my=+1—M, and
&= —%M sin? 6 cosf T —% (2cot(26) + cot 8) g(6),
(2.40) f:%Msin39+%m§sin9:|:§g(0), €%, =sinf— ¢y,
& =3(3M sin” @ + 2m?) cos ) F %g(@) tané, &%, =¢&5 —cosb,
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with g(0) = \/(m1m2 — 3M?2sin®0) sin®fcos2 0 for 6 € (0,2m) satisfying |sinf| # 1
and mymy —3M?sin?0 > 0. If M € (1,2), &, can only be taken as (2.39).

Remark 2.2. For a spin-2 BEC in the spatially uniform system, i.e., under the
ansatz (2.5), the minimization problem (2.2) collapses to

£ ; _ : M : M. _ .
(241) &, -—arglrg‘nznlSU(S)—argMg%ig’Q]SU(Eg ), with &7 :=arg ggérclé’U(S)

Define
(2.42) B(M):=Ey (€M), Me[-22].

By the results in Lemmas 2.3-2.5, we have for M € [-2,2]

) Bo + 441, B1 <0 & Bs > 200,
(2.43)  B(M) ;zg‘U(gquf):5 BOJF%JFW? By <0 & By <2084,
Bo + 1 M?, B1>0 & By >0.

Therefore, the energy of the ground state ég defined in the minimization problem
(2.41) is given as

B Bo+4B81, B1<0 & B2 >208,
(2.44) Eu(€,)= min B(M)= 5 Bo + P2/5, B2 <0 & Ba <2081,
Mel=22] Bo. BL>0 & B2 >0.

This immediately suggests that, for the ground state of a spin-2 BEC defined as the
minimizer of the energy functional under the total mass conservation, the ground state
energy in a spatially uniform system is achieved in the nematic and cyclic phases when
M =0 and, respectively, in the ferromagnetic phase for any M € [—2,2]. The ground
state is not unique. In fact, in the ferromagnetic phase, the ground state é 4 can be
taken as (2.35) for any M € [0,2], and in the nematic and cyclic phases, ég can be
taken as (2.37) and (2.38)—(2.39) with M = 0, respectively.

2.3. Single mode approximation of ground states. In the literature [7, 29],
the single mode approximation (SMA) is an interesting and useful tool for obtaining
approximate ground states of spinor BEC. It can reduce solving the ground state of
a spin-2 BEC to solving the ground state of a single component BEC. In fact, in the
SMA for a spin-2 BEC, one assumes an ansatz for ® €S in (1.4) as

(2.45) ®(x) = p(x) (&2, &1, &0, Eo1, Em2)” =1 9(@) € =: Pya(®),

where € = (&, &1, &, €21, £.2)T €Sc and ¢ := ¢(x) € Sy = {¢| fRd lo(x)|?dx = 1}.
Plugging (2.45) into (1.1), noticing (2.6), we obtain

240) @)= (@) = [ [5IV6 4 VIR + E0(©)ol! | do = Eann(6.).

Then the SMA of the ground state is to find ®f,,, = ¢, €, with £, € Sc and ¢, € Si
such that

(2.47) @Y :=arg min E(Psma)-

sma €
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Combining (2.47), (2.46), (2.41), and (2.42), we get

E(®Y )= min &(Pyna) = min min Ema(e, &)

sma

Pma €S »eS; §€S¢
—min{ [ 5196+ VIoP + (yoin €0(©)) 01| da} = min Funa(o),
where
1 2 2 4
(2.18) Buna(0) = [ | [5190 4 VIoP + 500 ol | da.

Thus £, is the ground state of a spin-2 BEC in a spatially uniform system, i.e., (2.9),
and ¢4 is the ground state of a singe-component BEC, i.e.,

(2.49) ¢g :=arg min Egpa(¢).
‘ ¢€S1

As it has been observed numerically and proved mathematically in the literature
[7, 29], the above SMA of the ground state indeed gives the ground state of the
spin-2 BEC in the following cases: (i) when M = £2, (ii) when M = 0, and (iii)
in ferromagnetic phase when 51 < 0 and 82 > 203, for M € [—2,2]. Thus, in these
cases, the computation of the ground state of a spin-2 BEC can be reduced to the
computation of the ground state of a single component BEC, i.e., (2.49). Certainly,
for all the other cases, one has to solve the original minimization problem (1.4).

3. An efficient and accurate numerical method. In this section, we first
present a normalized gradient flow (NGF) to compute the ground state of the spin-2
BEC, we then introduce three additional equations for determining the five projection
constants in the projection step for semidiscretization of the NGF in time, and finally
a full discretization of the NGF is proposed.

3.1. A continuous normalized gradient flow (CNGF). In order to com-
pute the ground state of spin-2 BEC (1.4), similarly to the single-component BEC
[6, 11] and spin-1 BEC [6, 13], here we first present a continuous normalized gradient

flow (CNGF) for ¢ := (P(wvt) = (¢27¢17¢07¢717¢72)T = (¢2($,t),¢1(m7t),(b()(w,t)7
p-1(,1), p—2(,1))" as [38]

(31) 0160 = —[H, +a(@®)o0 — Fi(®) + [alt) + Dralt)lor = (HE),, —2<£<2,
where a; :=ay(®) and f;:= fo(P) (£=2,...,—2) are given as
ao =3B1(|o1” + [¢—1]) + 0.282| o,

fo=p1 [(\fﬂr - 3¢1¢0> o1+ (?F— - 3¢>—1¢0> ¢—1} + B2 (il/ogo + 0252%) bo,

axe=P1[2]x-0))> £LFAP) + (6 — 30) [¢o|?] + 0.4B2|pxe|?, (=21,

fre= 51{ [(5 ~DFs+2-0)F: — 25&(3—@)9&4 b+ (3—0)

V6 (=1)" Ao

+(2-9) [QFJF - 3€5o¢i4 ¢o} + B2 [ - 0-4¢ﬂ¢14 bxe, =21
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Here, pg(t) and Ag(t) are the Lagrangian multipliers such that both the mass (1.2)
and the magnetization (1.3) are conserved during dynamics and they can be taken as
[38]

() = EEED K1)~ M@, 0) Pd(z,1)
R(@(@. ) N(@(.0) - M2(@(@,0)

(
N(®(z, 1)) P(®(x, 1)) — M(® (CE 1) K(®(x,1))
R(®(z, 1)) N(®(x,t)) = M>*(D(x,t))
with N (®(x,t)) and M(®(x,t)) given in (1.2) and (1.3), respectively, and

(3.2)

Mg (t) =

2

= Z €2H¢Z($at)”23 IC((I)(:E,t)): Z iy J’Z(wvt) (H(I))_g(wvt) dwa
l=—2 {=—2
2

P(O(w,t) = > Rd(@(w,t)(H@)_e(w,t)dw, t>0.
=-2

For any given initial data ®(x,0) := ®g(x) satisfying
(33) N(@o(x)) =1, M(®o(x)) = M,

it is easy to show that the CNGF (3.1) conserves the total mass and magnetization
while diminishing the total energy [38], i.e

N(®(, 1) =N(Ro) =1, M(P(,1)) =M(®o) =M,  t=0,

(34) E(P(-, 1)) <E(D(-,5)) < E(Po) Vi>s>0.

Thus the ground state of spin-2 BEC (1.4) can be obtained as the steady state of the
CNGF (3.1) with proper choice of the initial data ®g satisfying (3.3).

3.2. A gradient flow with discrete normalization (GFDN). Choose a
time step size At > 0, and denote time steps as t, = nAt for n > 0. Then a gradi-
ent flow with discrete normalization (GFDN) for computing the ground state of the
spin-2 BEC (1.4) can be constructed by first applying the first-order time-splitting
semidiscretization of the CNGF (3.1) as

(35) 8t¢g=—(Hp+ag(¢)))¢g—f[(‘b), tE[tn_l,tn), 0=2,1,...,—2,
followed by a projection step as

(3.6) bo(x,tn) = po(z, ) = o) du(, 1), (=2,1,...,-2.

Here, ¢o(x,t5) = lim, ,,+ ¢¢(x,t). Moreover, the projection constants oy > 0 for
{=2,1,...,—2 are to be chosen such that

(3.7) (-, tn)|* = Z||¢e D2 =1, Zénm W)=

=—2 =—2
Plugging (3.6) into (3.7), we have

2

2
(3-8) > @ bel )P =1, D UoE el ty)IIF = M.

{=—2 (=—2
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In fact, in the projection step, we have to determine the five projection constants
oy for £=2,...,—2 in (3.6). However, we only have two equations in (3.8). In order
to find additional proper constraints for determining the five projection constants in
projection step (3.6), we can view the GFDN (3.5)—(3.6) as a first-order time-splitting
semidiscretization of the CNGF (3.1). In this regard, the projection step (3.6) is
similar to solving the following nonlinear ordinary differential equations (ODEs):

(39) at¢[(mvt):[N@(t)+é)\¢'(t)]¢€a th—1 <t <ty, 622717"'1_2'

Solving the above ODEs, one obtains for /=2,1,...,—2 that

(3.10)  ¢e(x,ty) = Pe(x,ty_1) exp (/ ' [1a(8) + o (8)] ds) =07 de(@,tn—_1),

tn—1
which suggests the following three relationships for the constants ¢} ({=2,1,...,—-2):
(3.11) 556", =(65)%,  &76" =(60)%, G365 = (a7)%

Based on the above observation, we propose and adapt the following three additional
constraints for determining the five projection constants in the project step (3.6) as

(3.12) a50”y = (0g)", oro”y = (o), oyoy = (o7)%.
For the existence and uniqueness (in most cases) of the five project constants

op >0 for £=2,1,...,—2 governed by (3.8) and (3.12), we have the following result.

THEOREM 3.1. For sufficiently small time step size At >0 and for all M € [0,2),
the solution o} ((=2,...,—2) satisfying (3.8) and (3.12) can be solved out as follows:
(i) when M =1, ||¢1(z,t,)|| >0, and ||¢e(z,t;)||=0 (¢ =2,0,—1,-2), then

1
(313) o= ——" ol =1, o =(oM), (=2,-1,-2;
P g (s )| ’ o
(ii) when M =0, ||¢o(x,t,,)|| >0, and ||¢pe(x,t,,)||=0 (¢=2,1,—1,—2), then

_r
o, tn)]l’

(iii) for all other cases, then

(3.14) of = ) e=2,-1,-2

n __ n __ n
ol =1, oy = (o

. 1

0’0 = s
2 _

\/22:72 Xl pe(:t)]1?

for£=-2—1,1,2,. Here, )\, is the unique positive solution of the following
fourth-order algebraic equation with respect to the unknown A\ as

(3.15)

2

(3.16) S (0= M)|lgela, ) [PA2 =o.

=—2

Proof. Combining (3.8) and (3.12), it is straightforward to check that (3.13) is
a solution (not unique) of (3.8) and (3.12) in case (i), and (3.14) is a solution (not
unique) of (3.8) and (3.12) in case (ii).
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Now we prove (3.15) in case (iii). Noticing (3.7) is also valid when ¢, is replaced
by t,—1 for n>1, i.e.,

2 2
(3.17) > lde(@,tn1)|> =1, > (@ tn)|? =M
(=—2 (=—2
we have
2
(3.18) > (= M)|lge(z,tn-1)|* =0.
(=—2

In addition, for sufficiently small time step size At > 0, ||¢¢(-,0)|| € C([tn-1,tn))
((=2...,-2) implies

(3.19) [pe(,tn-1)| >0 = [lde(2,1,)]| > 0.

Combining (3.19) and (3.17), we get 23272 |pe(z,t,,)||> > 0. Therefore, case (iii) can
be divided into three subcases:

(a) M =1 and |¢a(, )| + [ ¢o(, t;)[| + [|o-1 (2, t) || + [|o—2(, ;)| > 0.

(b) M =0 and ||go(z, t,,) || + |61 (z, ;)| + |1 (. ;)| + [|o—2(, £;,) ]| > 0.

(¢) M+#1 and M#O thus £ — M;«EO (L= ,...7—2) by noticing M € [0, 2).
For all three subcases (a)—(c), noting (3.18)—(3.19), it holds that

(3.20) > el ;)] >0, > el )] > 0.

<M e>M
Denote A =o% /o, by (3.8) and (3.12); for any M € [0,2), we have
1
Vi e, t)[PA

2
9N =Y (€= M)||ge(a, ;) |PAFE = 0.

=—2

ol =opN/?, j=2,1,-1,-2,

oy =

(3.21)

Then we need only to show that g(\) has a unique positive root to finish the proof.
Define ¢7, (5 €{2,1,0,—1,—2} as

07 = min{l | [[ge(, t,,)[| # 0} < 5 :=max{{| |[¢(,t,,)| # O}.
Then (3.20) indicates that ¢7 < M and ¢§ > M. Hence, g(\) can be reformulated as

g =D = M)llge(a, t)IPAFE YT (0= M)l|de(a, t)|PAF

fyst<M M<e<en
= h(A)AF T2,
where
W)= D (= M)lgela, t)IPAF + Y (0= M) g, t,)PA
p<e<M M<e<ey
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A simple calculation shows that

lim h(X)= (67 — M)||¢en (2, t,,)]|* <0, lim h()\) = +4oo,
A—=0+

A—+o0
which immediately implies that h(\) has at least one positive root A, > 0. In addition,
at any positive root A =\, >0 of h()), noticing (3.20), we have
(M) =Ry (M) + h5(As)
= > (=) (= M)gel@, ) PO T+ hp(A)
m<e<M
N (M=) Y (0= M) e, )P () + hb(A)
£y <t<M

=AM = 67) (M) + (M)

=AM =) [R(An) = ha(A)] + Ry (M) = ATH (6 — M) ha(\) + R (M)

= (6 = M) (€= M)llge(. ;)] (M) 57 + By ()

M<e<en
= > (=M —(@—) (L= DM)] | ge(m, b7 (A) T+ Rh(AL)
M<<ey

= Y (=M, t)IP) T > 0.

M<e<ey

Therefore, h(\) (and thus g()\)) has exactly one positive root A,. Substituting A = A,
into (3.21) leads to the formulas for the projection constants in (3.15). d

3.3. A backward-forward Euler finite difference discretization. Due to
the trapping potential V' (x), the solution ®(x,t) of the CNGF (3.1) (or the GFDN
(3.5)—(3.6)) decays exponentially fast to zero as |x| — co. Hence, one can truncate
the problem into a bounded domain D with the homogeneous Dirichlet boundary
condition in practical computation. Various methods, such as the backward (-forward)
Euler finite difference/sine-spectral method [9, 11, 13], can be applied to discretize
the GFDN (3.5)—(3.6). In this section, we adapt a backward-forward Euler finite
difference method (BEFD) to discretize the GFDN (3.5)—(3.6).

To simplify the presentation, we introduce the scheme for the case of one spatial
dimension, i.e., d =1, defined on an interval D = (a, b) with the homogeneous Dirichlet
boundary condition. Generalization to higher dimension is straightforward by tensor
product. For d = 1, the spatial mesh size is chosen as h = (b—a) /N, with N an
even positive integer. Let x; :=a+ jh, j=0,...,N be the grid points, and denote,
respectively, ®7 and p as the approximation of ®(z;,t,) and p(z;,t,). Moreover, we
denote ®" as the solution vector with component ®7. Then the GFDN (3.5)— (36)
discretized as

5,01
— (242 ) ) @t — fo(@7), 1<j<N-—1

(322> At ( h pj ( ])) (b(,j f[( j)? S)> )

oyt =0 ¢ 5 0=2,...,-2, j=0,1,...,N.

Here, V; = V(z;), 07 is the second-order central finite difference operator, and

op( =2,...,—2) are the projection constants chosen as (3.13)—(3.15). In addition,

the homogeneous Dirichlet boundary condition and initial data are discretized as

(323)  ¢io=0n=0, 09 ;= de(x;,0), (=2,...,—2, j=0,1,...,N.
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4. Numerical results. In this section, we first study how to choose proper
initial data for computing numerically the ground states of spin-2 BECs and then
apply the numerical method to compute the ground states under different interaction
parameters 31 and (B as well as the magnetization M in one and two dimensions.
Uniqueness and nonuniqueness of the ground state are tested and discussed based
on our extensive numerical results. In our numerical computations, the ground state
&, :=lim,_,o ®" is reached numerically when WZ%;D% <eg:=10"".

In practice, unless stated, we fix 8y = 100, At = 0.005, and D = [-10,10]¢
for d = 1,2. The mesh size is taken as h, = 1/64 when d = 1 and, respectively,
hg = hy =1/16 when d = 2. Moreover, V() is chosen either as the harmonic plus
optical lattice potential

d
1
(4.1) Vi)=Y [21/5 +1(d —1)sin? (qjyj)] , xeD, d=1,2,
j=1

with v1 =, v, =y, 1, and ¢; (j =1,2) given constants, or the box potential

(4.2) Voo () 0, reD,
. x\L) = .
bo 400 otherwise.

4.1. Choice of initial data and uniqueness of the ground state. A proper
choice of initial data ®¢(x) usually improves significantly the efficiency and accuracy
of the GFDN (3.5)—(3.6). For cases where SMA is valid, e.g., the nematic phase
with M = 0 and the ferromagnetic phase [7] (see also Figure 4.4), one can either
simply construct the ground state via (2.49) by solving the ground state of the single
component BEC (2.49) or directly solve the ground state via the GFDN (3.22)—(3.6)
with initial data (it is a reasonable and natural choice by noticing section 2.3) taken
as

(4.3) P () =€, o(x),

where £, is given in Lemmas 2.3-2.5 and ¢(x) is an approximation of the ground
state of the single component BEC (2.49), e.g., the harmonic oscillator approximation
@b (x) for small (M) and/or the Thomas-Fermi approximation ¢ " (x) for large
B(M) [11, 13]. For other cases where the SMA is invalid, the initial data ®( can be
chosen either as (4.3) or as a more general initial setup:

0/ _. (=) T
(14) (@) =p@)E= 5> (\/2 T M — 20, v, V20, o, N2 — M — 20) :
with o € [0,1 — M/2]. Extensive numerical comparison (not shown here for brevity)
for different initial data shows that the GFDN would usually converge faster with
initial data (4.3) than with other types of initial data. Based on those comparisons,
we would conclude and suggest the choice of initial data as follows:

(a) For the ferromagnetic phase, £, is suggested to be chosen as (2.35) for all
M €10,2). Meanwhile, the ground state is found to be unique.

(b) For the nematic phase, if M € (0,2), £, is suggested to be chosen as (2.36);
the ground state is found to be unique. However, if M = 0, the ground state is not
unique. Hence, any initial data chosen as (2.36) works and probably converges to
different ground states.
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——At=0.1
--.At=0.01
— At = 0.005

0 60 k 120 180

Fic. 4.1. Time evolution of the total energy E(t) in Example 4.1 with different time step size At.

(c) For the cyclic phase, if M € (0,2), then £ is suggested to be chosen as (2.39)
with @ = arctan /(2 — M) /(1 + M), i.e.,

(4.5) = (\/(M+1)/3, 0, 0, \/(2— M)/3, O)T

The ground state is found to be unique, which is essentially different from the spatially
uniform system where the ground state is not unique. While if M =0, similar to the
nematic phase, the ground state is not unique, and thus any initial data works and
probably converges to different ground states.

Ezxample 4.1. Here we show the energy-diminishing property of our numerical
method. To this end, we let M =0.5, 81 =1, and 2 = —2 (i.e., the nematic phase).
The ground state of a spin-2 BEC is computed by the BEFD (3.22) with time step
At = 0.1/0.01/0.005 and the initial data (4.4) with o = 0; i.e., £ is chosen as the
ground state in a spatially uniform system (2.36). Figure 4.1 shows the evolution of
the energy £(t) :=E&(P(-,t)) with different time step At.

From Figure 4.1 and additional experiments not shown here for brevity, we can
see that (i) the energy is diminishing for different time step size At, even for the
relatively large step size At = 0.1 (cf. Figure 4.1), and (ii) the GFDN with different
initial data converges to the same ground state. In addition, when o =0, i.e., § is
chosen as the ground state in a spatially uniform system (2.36), the GFDN usually
converges in the fastest way.

4.2. Applications. In this subsection, we apply our numerical method to com-
pute the ground state of a spin-2 BEC with different parameter regimes.

Example 4.2. Here we further study the nonuniqueness of the ground state under
some parameter regimes. We take d =1 and carry out the following cases:
(i) Case 1. By = —1, B = =20, M = 0.5, and £, is taken as (2.35) and (2.36),

respectively.

(ii) Case 2. By =0, B2 = 1, M = 0.8, and &, is taken as (2.35) and (4.5),
respectively.

(iii) Case 3. B1 =10, B2 =2, M =0, and §, is taken as (2.38) and (2.39) with
0 = arcsin(1/5), respectively.

(iv) Case 4. By =1, fo=—2, M =0, and & is taken as (2.37) with (v, =0.4,0 =
arcsin \/2/15) and 0 = arcsin(2v/2/5), respectively.

Figure 4.2 depicts the wave functions of different ground states computed by
different initial data in Cases 1-4. For each case, different initial data converges to
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F1G. 4.2. Plots of the wave function of the ground states ¢y (¢ =2,1,0,—1,—2) in Cases 14
(from top to bottom) that were computed by different initial data in Example 4.2.

different ground states with the same energy, which are £(®9) = 8.28198899,
8.50852656, 8.50852656, and 8.48600868 for Cases 1-4, respectively. From Figure 4.2
and additional results not shown here for brevity, we can see that the ground states
are not unique for the following four cases (cf. Figure 4.2): (a) forall M € [0,2) and
B1 <0, B2 =208;. (b) forall M €[0,2) and B2 >0, 1 =0. (¢) M =0 and B; > 0,
By >0. (d) M =0and B5 <0, By < 203;.

Example 4.3. In order to study the wave functions and the SMA property of the
ground states in different parameter regimes, we take d = 1, the initial data as (4.3)
with £, reading as (2.35), (2.36), and (4.5), and consider following three cases:

(i) Case 5. ferromagnetic phase: we take 81 = —1 and 33 = 2.

(ii) Case 6. nematic phase: we choose 81 =1 and By = —2.

(iii) Case 7. cyclic phase: we let 8; =10 and By = 2.
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M =10.5 ) ] M=1.5

Fic. 4.3. Wave functions of ground states, i.e., ¢Z ¢=2,1,0,—1,—2) with different magneti-
zations M =0, 0.5, 1.5 (left to right) for Cases 5-7 (top to bottom) in Example 4.3.

TABLE 4.1
The component masses Ny (€ =2,1,0,—1,—2), total masses N (®9), and total energies E(PY)
of the ground states ®9 for Cases 57 (top to bottom) in Example 4.3.

(B1,B2) M No M No N_ N_, N(®9)  E(P9)
0 0.0627 0.2500 0.3744 0.2500 0.0627 1.0000 8.2820
(-1,2) 0.5 0.1530 0.3659 0.3290 0.1321 0.0199 1.0000 8.2820
1.5 0.5865 0.3343 0.0720 0.0069 0.0002 1.0000 8.2820

0 0.5000 0 0 0 0.5000 1.0000 8.4860

(1,-2) 0.5 0.6250 0 0 0 0.3750 1.0000 8.5003
1.5 0.8750 0 0 0 0.1250 1.0000 8.6187

0 0.3333 0 0 0.6667 0 1.0000 8.5085

(10,2) 0.5 0.5000 0 0 0.5000 0 1.0000 8.6309
1.5 0.8333 0 0 0.1667 0 1.0000 9.6496

Figure 4.3 depicts the wave functions of the ground states in Cases 57 for mag-
netizations M = 0, 0.5, and 1.5, respectively, while Table 4.1 shows the compo-
nent masses Ay (£=2,1,0,—1,—2), total masses N'(®9), and total energies E(PY) of
the corresponding ground states. Figure 4.4 shows the SMA property for different
(617 52? M) .

From Figures 4.3-4.4, Table 4.1, and extensive numerical experiments not shown
here for brevity, we observe the following: (i) When M € (0, 2), for the ferromagnetic
phase, ¢J > 0 for all £ = —2,-1,0,1,2 (cf. Figure 4.3 (top row)). For the nematic
phase, ¢§ > 0 & ¢?, > 0, while ¢f = ¢?, = ¢ = 0 (cf. Figure 4.3 (middle row)).
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Fic. 4.4. Plots of $3/¢3 (dashed line), ¢g/¢g (solid line), ¢? | /d9 (dotted line), and ¢7 ,/¢3
(dashed-dotted line) for Cases 5-T (top to bottom) in Example 4.3, respectively, to analyze the SMA
property for different parameters (81, B2, M).

For the cyclic phase, ¢ > 0 & ¢, > 0, while ¢{ = ¢?, = ¢ = 0 (cf. Figure 4.3
(bottom row)). (ii) The component masses Ny (¢ =2,1,0,—1,—2) of the ground state
of a nonuniform spin-2 BEC system are the same as those of the corresponding spatial
uniform system. Meanwhile, the total energy of the ferromagnetic ground states are
independent of the magnetization M, whereas the total energy of the nematic or
cyclic ground states are increased with the magnetization M (cf. Table 4.1). (iii).
The SMA is valid for the ground states with the ferromagnetic phase and those with
the nematic or cyclic phases as well as zero magnetization; however, it is invalid for
the other cases (cf. Figure 4.4).

Ezxample 4.4. Here we study the ground state of a two-dimensional spin-2 BEC
with harmonic/box/optical lattice potentials. To this end, we take d =2, g1 = g2 =
7/2,n=0/n=101n (4.1) for the harmonic/optical lattice potential and choose a box
potential Vo, () as in (4.2). We consider the following three cases:

(i) Case 9. ferromagnetic phase: let 1 = —1 & [y = —5.

(ii) Case 10. nematic phase: choose f; = —1 & [y = —25.

(iii) Case 11. cyclic phase: take 5, =10 & [z =2.

Figures 4.5-4.7 show the plots of the wave functions of the ground states in Cases
9-11 with the harmonic, box, and optical lattice potential, respectively, and Table 4.2
presents the component masses NV; (€ =2,1,0,—1,—2) and total energies £(®Y) of the
corresponding ground states. From these results and additional numerical experiments
not shown here for brevity, one finds that our method can be applied to compute the
ground state of a spin-2 BEC with general potentials. The component masses Ny
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Fic. 4.5. M =0.5. Contour plots of the components of the ground states qﬁg (from left to right,
£=2,1,0,—1,—2) in Cases 9-11 (top to bottom) with the harmonic potential in Example 4.4.

B D .iom

Fic. 4.6. M =0.5. Contour plots of the components of the ground states qbg (from left to right,
£=2,1,0,—1,-2) in Cases 9-11 (top to bottom) with the box potential in Example 4.4.

o

al

0.1
0.05
0

L J

0.1

0.05

0

are independent of the types of potentials, but the energies of the ground states are
changed with different types of potentials (cf. Table 4.2). Additionally, similar to the
one-dimensional case, the uniqueness, validity of SMA, and phenomena of vanishing-
component of the ground state can also be concluded in the two-dimensional case.

5. Conclusion. We proposed an efficient and accurate normalized gradient flow
method for computing the ground states of a spin-2 BEC by introducing three ad-
ditional projection constraints, in addition to the conservation of the total mass and
magnetization. A backward-forward finite difference method was applied to fully dis-
cretize the gradient flow with discrete normalization. Moreover, the ground states in
a spatially uniform system, i.e., V(a) = 0, were solved analytically, which give im-
portant hints to understand the properties of ground states in spatially nonuniform
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Fic. 4.7. M =0.5. Contour plots of the components of the ground states (bz (from left to right,
£=2,1,0,—1,-2) in Cases 9-11 (top to bottom) with the optical lattice potential in Example 4.4.
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TABLE 4.2
The component masses Ny (£ =2,1,0,—1,—2) and total energies E(PI) of the ground states I
for Cases 9-11 (top to bottom) in Example 4.4.

V(z,y) (B1,B2) N M No Ny N_s E(®9)
(-1,-5)  0.1526  0.3662  0.3296  0.1318  0.0198  3.8727

35,V (-1,-25)  0.6250 0 0 0 0.3750  3.8553
(10,2) 0.5000 0 0 0.5000 0 3.9848
2, [V?ersmz (WTJ)] (-1,—-5)  0.1526  0.3662  0.3296 0.1318  0.0198  11.7247
5 (-1,-25)  0.6250 0 0 0 0.3750  11.7012
(10,2) 0.5000 0 0 0.5000 0 11.8746

(-1,-5)  0.1526  0.3662  0.3296  0.1318  0.0198  0.2024

Voox (%, ) (-1,—-25)  0.6250 0 0 0 0.3750  0.2009
(10,2) 0.5000 0 0 0.5000 0 0.2128

systems as well as to the choice of initial data for numerical calculations. The nu-
merical method was then applied to study the ground states of spin-2 BECs with
the ferromagnetic, nematic, and cyclic phases under harmonic, box, and optical lat-
tice potentials in both one and two dimensions. Various numerical experiments were
carried out, which suggest some interesting properties about the ground states. For
example, the parameter regimes for the uniqueness, validity of SMA, and phenom-
ena of vanishing-component were numerically partially found. Rigorous mathematical
justifications for these observations are on-going.
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