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Group-invariant solutions of semilinear Schrodinger
equations in multi-dimensions

Stephen C. Anco'-@ and Wei Feng'-?:®)
'Department of Mathematics, Brock University, St. Catharines, Ontario L2S3A1, Canada
2Department of Mathematics, Zhejiang University of Technology, Hangzhou 310014, China
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Symmetry group methods are applied to obtain all explicit group-invariant radial
solutions to a class of semilinear Schrodinger equations in dimensions n # 1. Both
focusing and defocusing cases of a power nonlinearity are considered, including the
special case of the pseudo-conformal power p = 4/n relevant for critical dynamics.
The methods involve, first, reduction of the Schrédinger equations to group-invariant
semilinear complex 2nd order ordinary differential equations (ODEs) with respect
to an optimal set of one-dimensional point symmetry groups, and second, use of
inherited symmetries, hidden symmetries, and conditional symmetries to solve each
ODE by quadratures. Through Noether’s theorem, all conservation laws arising from
these point symmetry groups are listed. Some group-invariant solutions are found to
exist for values of n other than just positive integers, and in such cases an alternative
two-dimensional form of the Schrodinger equations involving an extra modulation
term with a parameter m = 2 —n 5 0 is discussed. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4830316]

Il. INTRODUCTION
Semilinear Schrédinger equations with power nonlinearities for u(¢, x), x € R",
iu, = Au+klul’u, p+#0, k=const#0, (1.1)

provide models of many interesting physical phenomena,' such as propagation of laser beams in
nonlinear media, slow oscillations of plasma waves, motion of water waves at the free surface
of an ideal fluid, dynamics of imperfect Bose condensates, and continuous-limits for mesoscopic
molecular structure. In multi-dimensions n > 1, solutions exhibit very rich types of behaviour,'?
particularly radial similarity solutions and more general group-invariant radial solutions which are
important for investigating collapse or blow-up behaviour, dispersive behaviour, critical dynamics,
and asymptotic attractors, as well as for testing numerical solution methods.

To date in the literature, only a few explicit n-dimensional radial solutions u(z, |x|) are apparently
known (e.g., see Ref. 3). Most of the work on explicit solutions to Schrodinger equations with power
nonlinearities (1.1) has concentrated on systematically applying symmetry methods*? to classify
all possible types of group-invariant solutions,*™ including radial and cylindrical as well as other
less geometric types, only for the pseudo-conformal power p = 4/3 in dimension n = 3 in addition
to the lowest even powers p = 2, 4 in dimensions n = 2, 3. These are the cases of greatest relevance
for physical applications.

The present paper, in contrast, will be devoted to deriving all group-invariant radial solutions u(t,
|x|) of the Schrddinger equation (1.1) in all dimensions n # 1 and for all powers p # 0, including the
case of the general pseudo-conformal power p = 4/n relevant for understanding critical dynamics in
arbitrary dimensions. Both the focusing case k > 0 and the defocusing case k < 0 will be considered.
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Radial solutions u(¢, |x|) of the Schrodinger equation (1.1) satisfy the corresponding radial
equation

iI'tt = U, + (n - 1)7’711,{,, +k|u|Pu, n # 1 (12)

with r = |x|. Equation (1.2) describes a general model for the slow modulation of n-dimensional radial
waves in weakly nonlinear, dispersive, isotropic media. In particular, the amplitude for harmonic
waves exp (i(kr — wt)) with a dispersion relation @ = w(k) in such a medium is given by' u(et,
€(r — w, 1)) in terms of a small parameter |e| < 1.

Group-invariant solutions u(t, r) of Eq. (1.2) arise from reductions by one-dimensional groups
of point transformations on 7, ¢, u, i that leave the equation invariant. Each such symmetry reduction
yields a complex 2nd order semilinear ordinary differential equation (ODE)

U’ = fEUU,U,U) (1.3)
formulated in terms of the invariants
£=E8(t,ryu,ii), U=Y@Erua), U=TY({Eru,i) (1.4)

determined by a given symmetry transformation group, provided that this system (1.4) can be inverted
(atleast implicitly) to obtain both of the dependent variables u, i, and one of the independent variables
r, tin terms of £, U, U, and the other independent variable (which will be the case* whenever the
orbits of the transformation group acting on the variables (r, t, u, it) are one-dimensional and have
a projectable regular action on (r, f)). Then each solution of the ODE (1.3) for U(§) will yield a
group-invariant solution of the radial Schrodinger equation (1.2) for u(z, r).

If two groups of point symmetry transformations are related by conjugation with respect to
some point transformation in the full symmetry group of the radial Schrédinger equation (1.2), then
the action of this point transformation on solutions u(#, r) will map the group-invariant solutions
determined by the two symmetry groups into each other. Consequently, for the purpose of finding all
group-invariant radial solutions, it is sufficient to work with a maximal set of one-dimensional point
symmetry groups that are conjugacy inequivalent. For each such group, once the resulting group-
invariant solutions have been found, the full symmetry group of the radial Schrodinger equation
can be applied on these solutions to obtain the group-invariant solutions determined by all other
one-dimensional point symmetry groups in the same conjugacy class.

Interestingly, group-invariant solutions u(#, r) exist for values of n other than just positive
integers. In such cases Eq. (1.2) can be interpreted alternatively as modeling the slow modulation
of 2-dimensional radial waves in a planar, weakly nonlinear, dispersive, isotropic medium with a
point-source disturbance at the origin. Specifically, this equation can be written in the equivalent
form

iu, = upr + (1 = m)r~'u, + klu|Pu (1.5)

with a parameter m = 2 — n which is applicable for any value of n. The term mr~'u, has a natural
interpretation through the net modulation defined by the 2-dimensional integral

C@t) = /00 urdr (1.6)
0

on the radial domain. If u is regular at the origin (i.e., lim, _, ou, = 0), then this integral formally
satisfies

9C _ _(s+mlimiu) (17)
—_— = m lim iu), .
dt r—0
where
o0
S(t) =ik/ ulul? rdr (1.8)
0

measures the net amount of modulation produced by the nonlinear term in Eq. (1.5). Note that

. dcC . .
C is conserved, I = 0, whenever both the modulation term and the nonlinear term are absent,
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m = k = 0 (describing a linear, non-dispersive, planar medium). Thus, when m # 0, the modulation
term mr~ 'u, models the effect of a point-source disturbance at the origin r = 0, which alters the
slow modulation of harmonic waves in a planar, weakly nonlinear, dispersive medium.

For a given point symmetry reduction of the radial Schrodinger equation (1.2), or the equivalent
2-dimensional equation (1.5), the task of solving the complex 2nd order semilinear ODE (1.3) for
U(&) is typically very non-trivial. One systematic approach is the method of reduction of order,*>
which relies essentially on the algebraic structure of the group of point symmetries admitted by this
ODE and on the whether the ODE admits a Lagrangian structure or not, depending on the values of
the parameters p and n (or m =2 — n). Reduction of order is simplest to carry out using an equivalent
polar system of 2nd order real ODE:s for the amplitude and phase of the variable

U = Aexp(id). (1.9)

First, Eq. (1.2) together with its complex-conjugate equation are the respective Euler-Lagrange
equations 6 L /8it = 0 and §L/6u = 0 of the radial Schrodinger Lagrangian

L = (Yiau, — Jid,u + ,u, — ﬁkﬁlﬂ’/zu”!’/z)r"*l. (1.10)

As a consequence, if this Lagrangian is invariant under the given point symmetry transformations
used for the reduction, then the polar system for A(§) and ®(&) will inherit a Lagrangian obtained
by reduction of the radial Euler—Lagrange structure. Second, the phase rotation transformations

u—eu, a— e (1.11)

comprise a U(1) group of point symmetries of Eq. (1.2). This group is readily shown to commute
with the full group of point symmetries admitted by Eq. (1.2). Therefore, if the given point symmetry
reduction starts from any other one-dimensional group of point symmetries, then the polar system
for A(§) and ®(£) will inherit a U(1) group of point symmetry transformations on &, A, ® obtained
by reduction of the phase rotation transformations on u, ii. Moreover, this system will also inherit all
point symmetries that belong to the normalizer subgroup of the given point symmetry used for the
reduction. An important remark is that the full group of point symmetries admitted by the system
can possibly contain “hidden” point symmetries in addition to those point symmetries inherited via
reduction.

In the case when a given point symmetry reduction of the radial Schrodinger equation (1.2)
inherits a Lagrangian structure, the polar system for A(§) and ®(£) can be solved explicitly (up
to quadratures) if its Lagrangian is invariant under a two-dimensional group of point symmetry
transformations. In the alternative case when no Lagrangian structure exists, a four-dimensional
point symmetry group with a solvable Lie algebra structure is needed to obtain the explicit solutions
(up to quadratures) for A(§) and ®(&). In all cases, each one-dimensional group of point symmetry
transformations admitted by the polar system for A(§) and ®(&§), or equivalently by the complex
semilinear ODE for U(£), can be used to find a single solution that is invariant under the admitted
symmetry transformations on &, A, .

A different reduction method is applicable in the Lagrangian cases. If a given polar system
for A(§) and ®(&) inherits a U(1)-invariant Lagrangian obtained by reduction of both the radial
Schrodinger Lagrangian (1.10) and the U(1) group of phase rotation symmetries (1.11), then the 2nd
order ODE for ®(£) can be explicitly integrated so that the system reduces to a 2nd order ODE for
A(§) alone, with ®(£) given by an integral in terms of A(£) containing an arbitrary constant. This
reduced ODE for A(£) has two useful features. First, all nonlinear terms in the reduced ODE vanish if
the nonlinearity power is p = — 1 and the arbitrary constant in integral for ®(£) is zero. In this case,
the resulting linear ODE for A(£) can be solved explicitly in terms of special functions. Second, a
Lagrangian structure can be derived for the reduced ODE starting from the U(1)-invariant Lagrangian
of the original polar system. In the nonlinear case this ODE can be solved (up to quadratures) if its
Lagrangian is invariant under a one-dimensional group of point symmetry transformations on &, A. In
all cases the reduced ODE also can be solved (up to quadratures) if it admits a two-dimensional group
of non-variational point symmetry transformations. More generally, any one-dimensional group of
point symmetries admitted by the reduced ODE can be used to find a single invariant solution for
A(&). Each solution found for A(£) determines a solution for ®(£) and hence yields a solution to the
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polar system. These solutions will turn out to differ from those solutions obtained via the previous
reduction method if the group of point symmetries used to obtain A(£) is a “hidden” group which is
not inherited under reduction from any point symmetries admitted by the polar system for A(§) and
®(&). In particular, a “hidden” symmetry group can arise from point transformations on &, A that
leave invariant the integral for ®(§).

The rest of this paper is organized as follows.

Section II contains some preliminaries on symmetries and Noether’s theorem. We first state
the full point symmetry structure for both the n-dimensional Schrodinger equation (1.1) and the
radial Schrodinger equation (1.2). In addition, we summarize the conservation laws that arise
from the Lagrangian structure of these two equations via Noether’s theorem. Next for the radial
Schrodinger equation (1.2) we present a maximal set of one-dimensional point symmetry groups that
are conjugacy inequivalent. Modulo phase rotations, the symmetry groups in this set consist of time
translations, scalings, and a particular combination of inversions (pseudo-conformal transformations)
and time translations. These three symmetry groups will be referred to as the optimal subgroups
for symmetry considerations. We then write down the complex 2nd order semilinear ODEs (1.3)
given by reduction under each point symmetry subgroup in the optimal set, and we summarize the
Lagrangian structure admitted by each of the ODEs, depending on p and n.

Section III explains the reduction of order method in detail for solving complex 2nd order
semilinear ODEs (1.3) by use of point symmetries. In particular, we show how to streamline the
standard reduction steps in an efficient way by combining the Lagrangian and non-Lagrangian
cases through the use of canonical coordinates determined by any admitted one-dimensional point
symmetry group. We also explain details of the alternative reduction method in the U(1)-invariant
Lagrangian cases, which we carry out by again using canonical coordinates to streamline the steps.

Sections IV-VI apply these reduction methods to derive solutions U(§) for each ODE (1.3)
arising from the three optimal subgroups of point symmetries for the radial Schrodinger equation
(1.2). In particular, we are able to obtain explicit solutions in terms of elementary functions.

The main results of the paper are presented in Sec. VII. We first list all of the group-invariant
radial solutions u(t, r) determined by applying the full group of point symmetries of the radial
Schrodinger equation (1.2) to each of the group-invariant solutions U(§) derived from the three
optimal subgroups of point symmetries. We next discuss a few analytical features of these solutions
u(t, r), including cases that involve non-integer values of 7.

Finally, Sec. VIII has some concluding remarks as well as comments on group-invariant radial
solutions pertaining to blow-up behaviour of u(z, r) for powers p > 4/n.

Il. SYMMETRIES AND CONSERVATION LAWS

For the Schrodinger equation (1.1) in R”, a point symmetry is a one-dimensional Lie group of
transformations acting on the variables (, x, u, i1) such that the prolongation prX of its infinitesimal
generator

X=7t(t,x,u, it)d/ot +¢(t,x,u, i) - 9/9x + n(t,x,u,)d/ou + f(t, x, u, 4)d/0i 2.1)

satisfies prX(iu, — Au — k|u|Pu) = O for all formal solutions u(t, x) of Eq. (1.1). This is the condition
for Eq. (1.1) to be infinitesimally invariant under the transformation group generated by X. Each
such generator acting on solutions u(z, x) has an equivalent characteristic form

X = P(t,x,u,u,u,, it;, Vu, Vit)o/ou + P(t,x,u, i, u,,i,, Vu, Vit)d/ou 2.2)
with
P=n—tu,—¢-Vu (2.3)
satisfying
iD,P — D, - D, P — k(1 + p/2)a”*u?*P — k(p/2)a?*'u'*7*P = 0 (2.4)

as given by applying prX to Eq. (1.1) and then eliminating u,, ii,, and x-derivatives of u,, i, through
Eq. (1.1), its complex conjugate equation, and differential consequences of these equations. Here D,
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and D, denote total derivatives with respect to ¢ and x. Thus, a solution u = f{t, x) of the Schrddinger
equation (1.1) is group-invariant under a one-dimensional point symmetry group with a generator
(2.1) if (and only if) it satisfies the additional equation

n(t, x,u, i) —t(t, x,u,i)u, — &, x,u, i) Vu = 0. 2.5)

It is straightforward to solve Eq. (2.4) to determine all point symmetry generators (2.1). In
particular, because 7, ¢, n do not depend on any derivatives of u and i, Eq. (2.4) splits with respect
to x-derivatives of u and i, yielding an overdetermined linear system of PDEs on the functions
T(t,x,u, ), ¢(t,x,u, i), n(t, x,u,i). This system leads to the following well-known result.® 10
(Here ©® and A will, respectively, denote the symmetric and antisymmetric parts of an outer product.)

Theorem 1. The point symmetries of the Schrodinger equation (1.1) are generated by

phase rotation X; = iud/du — iid/di, (2.6a)

time translation X, = d/0t, (2.6b)

space translations X3q =eqy-9/0x, [=1,...,n, (2.6¢)

Galilean boosts Xy = 2tey - 0/0x — i(eqy - x)(ud/du — ud/du), (2.6d)
l=1,...,n,

space rotations  Xsq y = (eq) - X)ewy - 9/9x — (eqry - x)eqy - 9/0x, (2.6e)

I=1,....n—10'=1+1,...n,
scaling Xe¢ =2td/0t +x-09/9x — (2/p)ud/du — (2/p)itd/di, (2.6f)

inversion X, =129/t +tx -9/dx — (2t/p +i|x|*/H)ud/du
—Qt/p —i|x|?/4ad/di onlyfor p=4/n, (2.6g)

where {eq), ..., e} is any orthonormal basis for R". The corresponding transformation groups
acting on solutions u = f(t, x) of the Schrodinger equation (1.1) are given by

u = exp (i) £ (¢, x), (2.72)
U= f(t — e, x), (2.7b)
u=f(t,x —eeq), l=1,....n, (2.7¢)
u = exp (—i2eeq) - x — €’1)/4) f(t,x —eteq), 1=1,....n, (2.7d)
u = f(t, x4 (cos(p) — D(eq) © eqy + ew) © eqr)) - x + 2sin(@)(eqy A eqr) - X), (2.7¢)

I=1,....n—10'=1+1,...n,
u=r1"2Pf ", A7), (2.7)
u=(1+et) P exp (—ie|x|*/(4 + det)) f(t/(1 + €t), x /(1 + €1)) (2.7g)
only for p=4/n,

with group parameters — o0 <€ < 00,0 <A <00,0<¢ <2m.
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The special power p = 4/n for which the inversion group exists is commonly called the pseudo-
conformal power. In the case p # 4/n, the transformations (2.7a)—(2.7f) comprise a semi-direct
product of a scaling group acting on a central extension of the Galilean group, which has the Lie
algebra structure

(X1, Xo] = [X1, X30] = [X1, Xaoy] = [X1, Xs¢,1n] = [X1, X6] =0, (2.8)
[X5, X3py] =0, [Xz, Xypy] = 2X3¢, [Xo, Xs50,n] =0, (2.9
[X3w), Xay] = =8 X1, [Xsw), Xsa.m] = duXaw) — durXaq), (2.10)
[Xay> Xs0,n] = 3uXaqry — Srr Xaqys (2.11)
[Xe, X5] = =2X5, [Xe, X3l = —X3w), [Xe, Xaqy] = 2Xuw), [Xe, X501 = 0. (2.12)

In the case p = 4/n, the inversion transformation (2.7g) intertwines non-trivially with the previous
group, as given by the commutator structure

[X7, Xi] = [X7, Xa40)] = [X7, X50,n] =0, (2.13)
[X7, Xa] = =X, [X7, X30)] = —3 X4, [X7,Xe] = —2X7. (2.14)
For any domain 2 € R”, the Schrodinger equation (1.1) has the variational formulation
8L
— =0 (2.15)
St

given by the Lagrangian functional

n
L= / / L(u, i, up, iy, Vu, Vit) d"xdt, L = Jiau, — iui, + |Vul* — ﬁkwﬂ. (2.16)
I Q

A variational point symmetry of this functional (2.16) is an infinitesimal point transformation (2.1)
on (¢, x, u, i) under which L is invariant up to spatial boundary terms at 92 and temporal boundary
terms at r =ty and ¢ = ¢;. This invariance condition holds if and only if the Lagrangian satisfies

prXL = D,A + D, - B (2.17)

for some functions A and B of ¢, x, u, i1, and derivatives of u, it with respect to ¢ and x, where Xis the
characteristic form (2.2) and (2.3) of the generator (2.1). An equivalent condition on the Lagrangian
is that prXL is annihilated by the variational derivatives with respect to u and i.

Since invariance of £ implies that its extrema (2.15) are preserved, every variational point
symmetry of the Lagrangian functional (2.16) for the Schrodinger equation (1.1) is thereby a point
symmetry of the Schrodinger equation itself such that

5(erL)_O 5(pr5<L)_0
sa Su

This provides a straightforward way to determine all of the variational point symmetries starting
from Theorem 1, which yields the following result.

(2.18)

Theorem 2. The variational point symmetries of the Schrodinger equation (1.1) are generated
by the symmetries (2.6a)—(2.6e) for all powers p and additionally by the symmetries (2.6f) and (2.6g)
for the pseudo-conformal power p = 4/n.

Thus, among all of the point symmetries listed in Theorem 1, the only non-variational symmetry
is the scaling (2.6f) for p # 4/n.
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Variational symmetries give rise to conservation laws for the Schrodinger equation (1.1) by
means of Noether’s theorem as follows. The invariance condition (2.17) combined with the varia-
tional identity

KL 6LP+8LP+D(8LP+8LI3)+D (8LP+ 8Lﬁ) (2.19)
XL = — — — — (= — )
P su | sa \ouw,” " aa, “\ovu' T ava

yields the multiplier equation

Re((iu; — Au — k|lu|’u)P) = D,T + D, - X (2.20)
with
oL oL - oL oL -
T=A—-—P——P, X=B——P— —P. (2.21)
ou, dit; oVu Vi

On all formal solutions u(z, x) of the Schrodinger equation (1.1), the multiplier equation (2.20) then
produces a conservation law

D,T+D,-X=0, (2.22)

where the conserved density T and flux X are given by the Noether relation (2.21). In particular, A
and B can be shown to have the specific form

A=—-1L, B=-(L (2.23)

as derived from the invariance condition (2.17). Therefore, the conserved density and flux are given
explicitly by the simple formulas

T = —1L+Re(iuP), X =—¢L—2Re(PVu) (2.24)

in terms of L and P = n —tu; — ¢ - Vu. This result together with Theorem 2 yields all of the
conservation laws generated by the variational point symmetries of the Schrodinger equation (1.1),
as shown in Table I using the notation V) = ¢y - V where {eq), .. ., ey} is any orthonormal basis
for R”.

A. Radial reduction

A space rotation generator (2.6e) acts as an infinitesimal rotation in the 2-plane specified by a
pair of basis vectors e(; and e, in R” with [ # I'. The corresponding group of transformations

(t,x,u) = (t,x 4 (cos(¢) — ey © ey + eqy © eqry) - x + 2sin(@p)(eqy A eqy) - x, u)  (2.25)

is an SO(2) Lie group. Composition of all such transformations acting in the n(n — 1)/2 distinct
2-planes determined by an orthonormal basis {e(), . . . , e, } of R” produces an SO(n) Lie group of
rotations, whose invariants consist of functions of ¢, |x| = r, u, i.

Reduction of the Schrédinger equation (1.1) in R” under this point symmetry group of rotations
gives the radial Schrodinger equation (1.2) where u(t, r) is a group-invariant solution. The radial
Lagrangian (1.10) arises naturally from this reduction of the Lagrangian functional (2.16) in R", as
given by

1 00
Lrad. = '/ / L(ra u, L_t, Uy, ﬁta Uy, ﬁr) drdt (226)
I 0

in the radial domain 0 < r < o0.

From general results on symmetry reductions,* a point symmetry generator (2.1) of the
Schrodinger equation (1.1) in R” will admit a radial reduction if and only if it belongs to the
normalizer algebra of the so(n) Lie subalgebra of space rotations (2.6e) in the Lie algebra of all
point symmetry generators (2.6). Likewise, through Noether’s theorem, a conservation law (2.22)
of the Schrédinger equation (1.1) will admit a radial reduction if and only if its corresponding
variational point symmetry generator belongs to this same normalizer algebra.

Because the set of all formal radial solutions u(t, r) is contained strictly as a subset in the set of all
formal solutions u(z, x) to the Schrodinger equation (1.1) in R”, the radial Schrodinger equation (1.2)
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TABLE L. Conservation laws of the semilinear Schrédinger equation (1.1) in R”.

T X
— Jul? i(uVi — aVu) L2 norm
|Vu|?> - ﬁklul”” —u, Vit — i, Vu Energy
. 2 2 2
%1(uV(1)ﬁ — uVayu) (IVul” - mk|u| e Momentum
+ %i(ﬁu, — uﬁ,)e(l) = VouVi — VyuVu I=1,....n
it(uVgyii — aVqyu) = 2t(Vi)(Vyu) + (Vu)(Vyin)) Galilean
+ (eq) ~x)|u|2 +20(|Vul* - ﬁkhﬂzﬂj)e(/) momentum
+it(iu; — uity)eqy —ileqy - x)uVie — uVu) I=1...,n
%i(e(,/) - X)@Vayu — uVgyin) (eqry - x)(VoyuVi + Vit Vu) Angular
- %i(e(l) - x)(@Vgryu — uVgrit) — (eqy - x)(VgyuVii + Vg Vu) momentum
i (i — uii LU=1,...,m
+ileqy A eqry) - x(ituy — uit;)
1#1
+ 2(eqy A eqry) - X(IVul® = Sazklul**P)
2 _ 2 2+4p P
2e(|Vul” — S klul™") (|\Vul* - ﬁklul“”)x Dilation
+ %i((x -Viyu — (x - Vu)ir) + %i(ﬁu, — uii)x — %V(Iulz) energy
p=4/n

—2t(u;Vii + i, Vu) — (x - Vu)Vii — (x - Vit)Vu

2(Vul* — S25klu*tP) Pseudo-conformal

p+2 1(|Vul? - ﬁkluIZer)x
7 + 3it((x - Vi — (x - Vu)id) energy
2 — %it(ﬁu, — uily)x — %tV(lulz)
+ g lxPlu? p=4/n

—2t((x - Vu)Vi + (x - Vit)Vu)

— 2, Vi + @, Vu) + Hlx[P@Vu — uVi)

could possibly admit additional (“hidden”) point symmetries and conservation laws other than those
inherited through radial reduction. Consequently, the only way to find all radial point symmetries,
as well as all radial conservation laws corresponding to variational point symmetries, is by directly
solving the determining equations for their generators.
For the radial Schrédinger equation (1.2), the generator of a point symmetry acting on the
variables (t, r, u, i) is given by
X=7t(t,r,u,i)d/ot + p(t,r,u, u)d/or + n(t,r,u, u)d/ou + i(t, r, u, it)d/di 2.27)

such that prX(iu, — u,, — (n — 1)r ~'u, — k|u|Pu) = 0 holds for all formal solutions u(z, r) of equation
(1.2). The characteristic form for each such generator

X = P(t,ryu, it,uy, ily, u,, i,)0/0u + P(t,ryu, it,u,, i, u,, il,)0/0i (2.28)
with
P=n—1tu;, — pu, (2.29)
satisfies
iD,P — D,*P —(n— D)r 'D. P — k(1 + p/2)a?*u??P — k(p/2)a’’>* 'u'*P?P =0, (2.30)

where u, ii;, and r-derivatives of u;, i, are eliminated through Eq. (1.2) and the complex-conjugate
equation. Here D, and D, denote total derivatives with respect to # and r. This determining equation
(2.30) splits with respect to r-derivatives of u and iz, giving an overdetermined linear system of PDEs
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on the functions t(¢, r, u, it), p(t, r, u, it), n(t, r, u, it). After a straightforward integrability analysis,
the system reduces to the PDEs

T, =T, =T = pu = Pi = Na = lu =0, (2.31a)
Nuw = Maz = (pn — HT = T = 0, (2.31b)
P=35rT M =Tars  Nur = Tar = =ips, N+ 7a = =507, 2.31¢)
an + ui = au(n, + a), (2.31d)

which are easily solved to obtain the following result.

Theorem 3. The point symmetries of the radial Schrodinger equation (1.2) are generated by

phase rotation  Xphas, = iud/0u — 140 /01, (2.32a)
time translation Xiyans, = 0/01, (2.32b)
scaling  Xgea, = 2t3/0t +rd/or — (2/p)ud/ou — (2/p)itd/ai, (2.32¢)

inversion  Xinyer. = 120/3t + trd/dr — 2t/ p + ir?/4)ud/du

—Qt)p —ir*/%ad/da onlyfor p=4/n, (2.32d)

with the Lie algebra structure
[Xphﬂs.v Xlrans.] = [XphasJ Xscal.] = [Xphas.» Xinver.] =0, (233)
[Xirans.» Xscal. ] = 2Xtrans4s [Kirans.» Xinver.] = Xscal.s [Xscal. Xinver.] = 2Xinver.- (234)

The corresponding transformation groups acting on solutions u = f{(t, r) are given by

u =exp(ig) f(t, r), (2.35a)
u= f(t—e,r), (2.35b)
u=1"P 72, 07, (2.35¢)

u=(1+e)yPexp(—ier?/4 +4et)) ft/(1 +e€t), r/(1 +€t)) onlyfor p=4/n, (2.35d)

with group parameters —oo0 <€ < 00,0 <X <00,0<¢ < 2m.

Thus, the only point symmetries admitted by the radial Schrodinger equation (1.2) are the ones
it inherits from reduction of the Schrodinger equation (1.2) in R” under the SO(n) group of rotations.

The Lagrangian functional (2.26) for the radial Schrodinger equation (1.2) is invariant up to
spatial boundary terms (at » = 0 and » — 00) and temporal boundary terms (at t =ty and ¢ = ;)
under an infinitesimal point transformation (2.27) on (¢, r, u, i) if and only if

prXL = D,A + D, B (2.36)

holds for some functions A and B of ¢, r, u, i1, and derivatives of u, i with respect to ¢ and r.
This is the condition for X to be a variational point symmetry of the Lagrangian functional (2.26).
Since the transformation group generated by a variational point symmetry necessarily preserves the
extrema 8 L,q. /8% = O of this functional L,,4 , every such symmetry generator X is thereby a point
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TABLE II. Conservation laws of the semilinear radial Schrodinger equation (1.2).

T X
_ =1 2 son—lg, = _ = 2 (
1 77w ir"(uit, — iu,) L* norm (charge)
2 P — k) —r" Mgty + tguy) Energy
-1 2 o
3 267" (Ju |2 - p+2k|u| +r) —r"(ur)? + P+2k|u|2+1’) Dilation energy
+ Lir(ui, — duy) + Lir(au, — ui,) — %r"*‘(uﬁ, + iiuy) p=4/n
— 267" Nuyity + dipuy)
2 g P = Skl — 207" iy + 1uy)
Pseudo-conformal energy
4 i i, — ) — 2" iy + ) 4/
p=4a/n
Lo+l |2
+ 57" ul — 1" (uy | + g klul**P)

+ %itr"(ﬁu, — uit;) + %ir”“(im, — uit,)

symmetry of the radial Schrodinger equation itself for which the variational condition (2.36) holds,
or equivalently for which the equation

8(prXL)  8(prXL)

sa Su

is satisfied. Condition (2.37) can be shown to reduce to the symmetry determining equations (2.31)
plus the additional equation

(2.37)

n+m—Drp—(1+4/p)p =0. (2.38)
It is straightforward to determine which of the point symmetries from Theorem 3 satisfy Eq. (2.38),

which yields the following result.

Theorem 4. The variational point symmetries of the radial Schrodinger equation (1.2) are
generated by the symmetries (2.32a) and (2.32b) when p # 4/n and by all of the symmetries (2.32a)—
(2.32d) when p = 4/n.

From Noether’s theorem, these variational symmetries yield the multiplier equation
Re((iu; — uyr — (n — Dr~'u, — klu|’u)P) = D, T + D, X, (2.39)
which produces a conservation law
D/T+D,X=0 (2.40)

holding on all formal solutions u(t, r) of the radial Schrédinger equation (1.2). Here P is the function
(2.29) given by the characteristic form of a symmetry generator (2.28), while the conserved density
T and flux X are given by the simple formulas

T = —tL +Re(iuP), X = —pL —2Re(Pu,), (2.41)

which can be derived from the variational condition (2.36) in terms of the radial Lagrangian (1.10).
The resulting conservation laws generated by all of the variational point symmetries in Theorem 4
are shown in Table II.

B. Group invariance of radial solutions

A solution u = f{t, r) of the radial Schrodinger equation (1.2) is group-invariant under a
one-dimensional point symmetry group if (and only if) it satisfies Xu’u_ £ = 0 where X is the
symmetry generator in characteristic form (2.28) and (2.29). To find all group-invariant solutions,

it is sufficient to consider a maximal set of one-dimensional point symmetry subgroups that are
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conjugacy inequivalent in the full Lie group of point symmetries admitted by the radial Schrodinger
equation (1.2). This is most easily carried out at the Lie algebra level by exhibiting a maximal set of
one-dimensional subalgebras that are conjugacy inequivalent in the Lie algebra of point symmetry
generators. Such a set, called optimal symmetry generators, can be straightforwardly determined by
the methods in Refs. 4 and 11 starting from the point symmetry algebra given in Theorem 3.

Lemma 1. The Lie algebra of point symmetry generators (2.32) for the radial Schrédinger
equation (1.2) is isomorphic to u(1) @ A(2) when p # 4/n and u(1) @ sl(2, R) when p = 4/n. (Here
A(2) denotes a 2-dimensional, non-abelian Lie algebra, which is unique up to isomorphism.) An
optimal set of symmetry generators X consists of

Xphas. ) (24221)
XKirans. + VXophas. s (2.42b)
Kseal. + UXphas.» (2.42¢)

with parameters — o0 <V < 00, — 00 < (U < 00, and also
Xirans. + Xinver. + KXphas. for p=4/n (2.42d)

with parameter — 00 < Kk < 00.

These generators (2.42) define group-invariant solutions whose form is determined by the
respective characteristic equations

u=0, (2.43a)
ivu —u, =0, (2.43b)
(% —ip)u + 2tu, +ru, =0, (2.43¢)
(Gt + i(Ar? — )+ (> + Du, + tru, =0,  p=4/n, (2.434d)

which come from Xu = 0, where X denotes a generator (2.42) in characteristic form (2.28) and
(2.29). The corresponding one-dimensional point transformation subgroups are given by

t —>t,r - r,u— exp(ip)u, (2.44a)
t > t+e€,r— r,u— exp(ive)u, (2.44b)
t — At r — Ar,u — exp(ipn In A" Pu, (2.44c¢)

t — (sing +1cos¢)/(cos¢p —tsing), r — r/(cos¢ — ¢t sin¢),
u — exp (ikg —ilr’sing/(cos¢ — tsing))(cos ¢ — tsing)’’u, p=4/n, (2.44d)

with group parameters — 0o <€ < 00,0 < A < 00,0 < ¢ < 2.

Invariance under the phase rotation symmetry generator (2.42a) yields only a trivial group-
invariant solution (2.43a). Hence, for finding non-trivial group-invariant solutions, only the remaining
symmetry generators (2.42b)—(2.42d) in the optimal set need to be considered. The specific form
for these solutions is given by integration of the characteristic equations (2.43b)—(2.43d), which can
be expressed directly in terms of the invariants £ = E(t, r), U = Y(t, r, u), U = Y(t, r, ii) of the
corresponding generators X.
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C. Radial scaling reductions
The symmetry group of scaling transformations (2.44c) with the generator (2.42c) has invariants
E=1t/rt, U=rPexp(—iplnru, U =r¥?exp(iplnr)i, (2.45)

depending on a parameter — oo < u < oo. Hence the corresponding form for group-invariant
solutions (2.43c) is given by

u(t, r) =r=Pexp(ipInr)U(E). (2.46)
The radial Schrodinger equation (1.2) thereby reduces to the complex semilinear 2nd order ODE
4820" + (8 — 2n + 8/p)& — i(1 + 4u&))U’
+ (@4 —2n)/p+4/p* — p* +iun —2—4/p))U +k|U|’U = 0. (2.47)

For p = 0, this reduction describes radial similarity solutions.

From Theorem 4, the symmetry group (2.44c) leaves invariant the Lagrangian functional (2.26)
for the radial Schrodinger equation if and only if p = 4/n. Hence, in the case of the pseudo-conformal
power, ODE (2.47) has a variational formulation given by reduction of the radial Schrodinger
Lagrangian (1.10),

L =—48U'* + (% — AU+ ﬁkwﬂ“ +i(} +2uE)UU' — OU') for p = 4/n.
(2.48)

D. Radial time-translation reductions

The symmetry group of time translation transformations (2.44b) with the generator (2.42b) has
invariants

E=r, U=exp(—ivtiu, U =exp(ivt)i, (2.49)
depending on a parameter — oo < v < 00. Hence
u(t,r) =exp (@ivt)U(§) (2.50)

yields the corresponding form for group-invariant solutions (2.43b). The radial Schrodinger equation
(1.2) thereby reduces to the complex semilinear 2nd order ODE

U"+n— 1)U +vU +k|UIPU =0. 2.51)

For v = 0, this reduction describes radial static solutions, which are invariant under the symmetry
subgroup of time translation transformations

t—>t+e€,r —>r,u—u. (2.52)

When v # 0, the reduction (2.50) describes radial standing wave solutions.

Since, by Theorem 4, the Lagrangian functional (2.26) for the radial Schrodinger equation is
invariant under the symmetry group (2.44b), ODE (2.51) has a variational formulation given by
reduction of the radial Schrodinger Lagrangian (1.10),

L=¢g"" (U +v|UP + Z5kIUP*D). (2.53)

E. Radial pseudo-conformal reductions

The symmetry group of combined inversion and time translation transformations (2.44d) with
the generator (2.42d) for p = 4/n has invariants
E=1+1>/r*, U=r¥r exp (iK arctan(1/1) + ir’t /(4(1 + tz)))u,
_ (2.54)
U =p¥? exp ( — ik arctan(1/¢) — irzt/(4(1 + tz)))ﬁ,
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depending on a parameter — oo < k < 0o. Hence
u(t,r) =r~*?exp (— ix arctan(1/¢) — ir’t/(4(1 + £*))) U (§) (2.55)

yields the corresponding form for group-invariant solutions (2.43d). The radial Schrodinger equation
(1.2) thereby reduces to the complex semilinear 2nd order ODE

482U" 4+ 86U 4+ (ke — 72 /4 4+ n(1 — n/4)U + k|U|1Y"U = 0. (2.56)

From Theorem 4, since the Lagrangian functional (2.26) for the radial Schrodinger equation
is invariant under the symmetry group (2.44d), ODE (2.56) has a variational formulation given by
reduction of the radial Schrodinger Lagrangian (1.10) with p = 4/n,

L=—48%U'P 4+ (kg — 3672+ n(1 — y)|UP + 25k |U ™). (2.57)

F. Group invariance of optimal radial reductions

The ODEs (2.47), (2.51), and (2.56) arising by the reduction of the radial Schrddinger equa-
tion under its optimal point symmetry subgroups (2.42c), (2.42b), and (2.42d) have the following
symmetry structure.

Proposition 1. (i) The point symmetries admitted by the scaling-group ODE (2.47) and the
pseudo-conformal-group ODE (2.56) are generated only by phase rotations

Yophas. = 1U3/0U —iU9/3U. (2.58)

(ii) The point symmetries admitted by the translation-group ODE (2.51) are generated by
scaling Yga. = £0/0E — (2/p)U3/0U — (2/p)U3/0U for v =0, (2.59)
dilation Ygn = £27"(&/(n — 2)/0E — Ud/dU — Ud/00) (2.60)

for v=0, p=2B-n)/(n—-2)#0,

in addition to phase rotations (2.58).

In the case v = 0, the translation-group ODE (2.51) determines all static solutions of the radial
Schrodinger equation (1.2),

U'+(n—DE'U +k|UPU =0 with U=u,&=r. 2.61)

The scaling symmetry (2.59) of this ODE is inherited from the scaling invariance of the radial
Schrodinger equation, due to the commutator structure [Xirans., Xscal.] = 2Xrans.- In contrast, the
dilation symmetry (2.60) is not inherited from any invariance of the radial Schrodinger equation and
thus describes a hidden symmetry arising for static solutions.

lll. QUADRATURE OF COMPLEX 2ND ORDER SEMILINEAR ODES

Details of the two reduction of order methods outlined in Sec. I for solving complex 2nd order
semilinear ODEs of the general form (2.47), (2.51), and (2.56) will now be presented.

A. Reduction by point symmetries
Consider a complex 2nd order semilinear ODE
aE)U" + BEU + y@EU +k|UIPU =0 (3.1

with a real independent variable £ and a complex dependent variable U. Here «, 8, y are allowed
to be complex functions of &, while k and p are assumed to be non-zero real constants. Every such
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ODE (3.1) is invariant under a U(1) group of phase rotation symmetries given by the generator
(2.58). Now suppose an ODE (3.1) admits another one-dimensional group of point symmetries, with
a generator of the form

Y = £(€)3/0& + QUEU/AU + QETI/IT, (3.2)
whereby
[thas.’ Y] =0. (33)

If the ODE has a variational formulation for which both Ypp,s, and Y are variational symmetries,
then these two symmetries can be used to reduce the ODE to quadratures by means of first integrals.
However, the standard reduction steps* would require finding the Lagrangian functional and checking
its invariance under the two symmetries, which can be cumbersome to carry out. A simpler, more
direct way to accomplish the same reduction is to utilize canonical coordinates and integrating
factors associated to the symmetries Yphas. and Y as follows.

Make a change of variables from (&, U, U)to(z,V,V) given by the canonical coordinates of
the generator (3.2),

Yz=1, YV=0, YV=0, (3.4)
where
2= [aroe. viu=exn (- [@roae) (5
are functions only of £. In terms of these variables, the generator (3.2) takes the form of a z-translation
Y =9/0z, (3.6)
while the phase rotation generator (2.58) is given by
Yophas, =1V 3/0V —iV3/aV. 3.7
Consequently, the ODE (3.1) is transformed into
aV"+bV' +cV +EklVIPV =0 (3.8)

for V (z), where the coefficients a, b, ¢ are constants. The following result is straightforward to prove
by considering the characteristic form of the symmetry generators (3.6) and (3.7),

Y =—V'3/dV —V'9/dV, Ypns =1V3/dV —iV3/aV. (3.9)

Lemma 2. (i) An ODE (3.8) has a non-trivial invariant solution with respect to z-translations
if and only if ¢ = c and c/k < O (unless p is a rational number having an odd numerator). Then
V' = 0 yields

V| = (—c/k)"?, (3.10)

which determines V up to an arbitrary constant phase.
(ii) An ODE (3.8) has integrating factors V' and —iV ifand only ifa = a,b = —b, ¢ = c. Then
the first integrals are, respectively, given by

a|V/|2+c|V|2+2k/|V|"’+1d|V|=C1, 3.11)

a(VV' = V'V)+b|V|? =i2C,, (3.12)

Jfrom which V (z) can be determined by quadratures, where C| and C, are arbitrary real constants.

The solutions arising from Lemma 2 can be easily obtained in a more explicit form in terms of
polar variables

V = Aexp(i®). (3.13)
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In particular, the first integrals (3.11) and (3.12) yield

aA”? = —aA2®? — cA? — Zk/ APYdA + Cy, (3.14)
ad® =b+Cy/A%, b =1i2b. (3.15)
Combining these two differential equations, we get the quadratures
d4 +z+C (3.16a)
— =z 3, .16a
VH(A)

® = (bjart Cafo) [ At C (3.16b)

=(/a a) | ——= , .

Z 2 PENG IOy 4

assuming A" # 0, where
H(A) = (aCy — 2bCy)/a* — ((b/a)? + c/a)A? — (Cy/a)* A% — (2k/a) / APTldA.  (3.17)
The quadratures (3.16) determine the general solution V (z) of ODE (3.8) in the case @ = a, b = —b,

¢ = c. Moreover, these conditions on a, b, ¢ are necessary and sufficient for the ODE (3.8) to have
an Euler-Lagrange structure

SL/SV =aV" +bV' +cV +k|VIPV =0, a=a,b=-bc=c (3.18)
given by the Lagrangian
L=—aV'V +1b(VV = V'V)+ ic|V]? +2k[ [V |IPHd|v, (3.19)

for which both the z-translation generator (3.6) and the phase rotation generator (3.7) are variational
symmetries. Noether’s theorem thereby asserts

YL L V’(SL V/‘SL + d (( V' — V)WV + (aV' + ‘bV)V’) (3.20)
T = —— = — _— = —_— —\(a — = a 5 .
P dz sV 8V dz 2 2 ’

oL =0=ivik _pdk 4 (( V' LWV + @V + le)'\'/) (321
T =0=iV— —iV—+ —((—a = i a = iv ), .
PEY phas sv U sv T4z 2 2

giving a derivation of the first integrals (3.11) and (3.12).
In the general case without conditions on a, b, c, the z-translation invariant solution V = const
of ODE (3.8) is given by

A = (—c/k)"? = const, & = const. (3.22)

Finally, changing variables (z, V, V) back into (¢, U, U) in the original complex semilinear
ODE (3.1) yields (i) the group-invariant solution with respect to the symmetry generator (3.2);
(ii) the general solution under necessary and sufficient conditions for the generator (3.2) to be a
variational symmetry.

B. Reduction by hidden conditional symmetries

Consider a real 1st-order Lagrangian of the form
L=w®)( - @00 +ifE0'U - U0+ 7P + 2% [lrtd).  623)

where @, &, B, 7 are real functions of £, and k # 0, p # 0 are real constants. The Euler—Lagrange
equation L /8U = 0yields acomplex 2nd order semilinear ODE of the form (3.1) whose coefficients
o, B, y are given by

a=a, pf=d+aw'/w—-28, y=7—if +pw'/w). (3.24)
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Both the Lagrangian (3.23) and the Euler-Lagrange ODE (3.1) and (3.24) are invariant under the
generator (2.58) of phase rotation symmetries on U, U. Hence Yphas, is a variational symmetry to
which Noether’s theorem can be applied to obtain a reduction of this ODE.

The simplest way to carry out the reduction is by use of polar variables

U = Aexp(i®). (3.25)

In particular, the ODE (3.1), (3.24) gets converted into a coupled semilinear system of real ODEs
aA” + (@w) /o)A —a(d — B/a)Y A+ (7 + B?/a)A + kAT =0, (3.26)
ad"A+2a(d — B/a)A + (@w) /w)AP — (Bw) /o)A =0, (3.27)

which are seen to be the Euler—Lagrange equations §L/8A = 0 and A ~'§L/§ ® = 0 of the Lagrangian
(3.23) expressed in polar variables

L=w@( - aOA” - 1OAAP — FE/aE) + (7(E) + B /EENA® + 2k / AP*1da).

(3.28)
The phase rotation generator (2.58) thereby becomes

Yphas. = 0/0P, (3.29)
producing a group of shift transformations ® — & + € with group parameter — 0o < € < co. Then
the invariance prYphas L = 0 yields the multiplier equation

~ ~ d ~
wA(ddD”A +2a(®" — B/a)A" + (aw) |o)D — ((,Bw)//w)A) = E(wAZ(aCD’ — ﬁ)),

(3.30)
which produces the first integral

wA’@d — p) = C, (3.31)

for the system (3.26) and (3.27). Through Eq. (3.31), @’ can be eliminated in terms of A, so that the
system reduces to a single real semilinear ODE

GA" + (@@) [@)A + (7 + B2 /DA — (C1* /@ *)A™ + kAP = 0. (3.32)
This ODE (3.32) is the Euler—Lagrange equation §L /8 A = 0 of the modified Lagrangian

L=(L+29 - f©)/a@)C)

aE)® — &) = (Ci/w(E)NA~?

=o (&)~ UOA” + (PO + FEH/AENA® + (€ /@O (DA + 2 / AT¥1da),
(3.33)
where C is treated as a constant parameter.
There are two cases, depending on C; and p, for which the ODE (3.32) can be solved. First, if
Cy =0and p = — 1 then the ODE becomes linear

aA" + (@w) /o)A + (7 + B2/a)A+k=0 (3.34)

and its general solution will be given by special functions. Second, if C; # 0 or p #% — 1 then the
ODE will reduce to quadratures by means of integrating factors arising from variational symmetries
of the Lagrangian (3.33).

Note that the set of solutions of the ODE (3.32) for each value of C; corresponds to the subset
of solutions of the system (3.26) and (3.27) defined by the resulting level set of C. Suppose a point
symmetry generator

Y = ¢(£)3/3E + Y(£)AD/DA + w(£)d/dd (3.35)

admitted by system (3.26) and (3.27) leaves invariant the level set of Cj, so that erCl =
2w A(TA — CANGDY — f)+ waA’(w — ¢ D) =0 when & = (B + (C;/w)A?)/a. Then, by
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reduction, the level-set ODE (3.32) will inherit a corresponding point symmetry generator
Y = $(£)3/08 + T(€)Ad/IA. (3.36)

Such symmetries are equivalent to conditional point symmetries of the form (3.2) for the original
complex 2nd order semilinear ODE (3.1) such that the generator preserves the first integral (3.31)
given in terms of U, U by

C,=w(iaUl' - U'0) - BUD). (3.37)

Any variational symmetries that are inherited in this way by the level-set ODE (3.32) will yield the
same integrating factors derived from the previous reduction method in Sec. IIT A.

Now suppose that the level-set ODE (3.32) admits a variational point symmetry that is not
inherited from any point symmetry admitted by the system (3.26) and (3.27). Such a variational
symmetry will be a hidden conditional symmetry which yields an additional integrating factor for
the ODE (3.32). The resulting reduction is most easily carried out by utilizing canonical coordinates
associated to the symmetry generator as follows.

For a symmetry of the form (3.36), we change variables from (§, A) to canonical coordinates (z,
B) given by

Yz=1, YB=0, (3.38)
where
z= /(l/g)dé, B = exp ( - /(T/g)ds)A. (3.39)
The symmetry generator (3.36) thereby becomes a z-translation
Y =9/0z (3.40)
and thus the ODE (3.32) is transformed into
aB" +bB' 4+ cB+qB> +kB"' =0 (3.41)
for B(z), where the coefficients a, b, c, g are real constants. Similarly, the Lagrangian (3.33) becomes

(modulo a total z-derivative)

cL=>L= exp((b/a)z)( —aB*+¢B?—g¢B 2+ Zk/ BP“dB), (3.42)

dz . . . . .
where 1/¢ = d—z is the Jacobian of the transformation for the independent variable. Then Noether’s

theorem applied to the z-translation generator (3.40) in characteristic form

o~

Y =-B'9/dB (3.43)

yields the multiplier equation

pr(L) = - exP((bM)Z);( —aB” +¢B?—qB + Zk/ Bl’+1dB)
i Z (3.44)
ISL d / /
=~ B+ (2exp((b/a))aB)B).

Equation (3.44) shows that b = 0 is a necessary and sufficient condition for the z-translation generator
(3.40) to be a variational symmetry of the ODE (3.32). As an immediate consequence, the following
result holds.

Lemma 3. An ODE (3.41) has integrating factor B’ if and only if b = 0. The resulting first
integral is given by

aB* +c¢B*—gB 2+ Zk/ BPYdB = €5, (3.45)
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from which B(z) is determined by the quadrature

dB
TEE - +z + Cs, (3.46)

where
H(B) = Cy/a — (c/a)B* + (q/a)B~% — (2k/a) / BP*4dB. (3.47)

When b = 0, the quadrature (3.46) combined with the change of variable (3.39) will yield the
general solution of the ODE (3.32) for A(£). In this case the first integral (3.31) provides a quadrature
for ®(&), thereby yielding the general solution of the system (3.26) and (3.27). These quadratures
for A(§) and ®(£) can be written down in a fairly simple way. First, we find that the change of
variable (3.39) relating the Lagrangians (3.42) and (3.33) gives

AY/B =exp (2 / (Y/¢)d ) = (at /@@y exp ((b/a) / (1/¢)d¢). (3.48)
Hence, from the quadrature (3.46) together with the variables (3.39), we see
/ B = :I:/(l/g“)dé + C; (3.49a)
VH(B)
and
A = (at/(wa))'*B (3.49b)

for b = 0. Last, changing variables in the first integral (3.31) and using the other first integral (3.45),
we obtain

& = +(C,/a) / + / (B/@)dE + C,. (3.49¢)

dB
B2/H(B)

The integrals (3.49) yield the general solution of the system (3.26) and (3.27) for A(¢) and
®(£) under necessary and sufficient conditions for the reduced ODE (3.32) to admit a variational
symmetry (3.36). This determines the corresponding solution U(§) = A(§)exp (1®(§)) to the original
complex semilinear Euler—Lagrange ODE (3.1) and (3.24).

Finally, suppose the level-set ODE (3.32) admits a hidden point symmetry that is not a variational
symmetry. Such a hidden conditional symmetry can be used to obtain an invariant solution of the
ODE (3.32), which will determine a corresponding solution of the system (3.26) and (3.27) through
the first integral (3.31) as follows.

Lemma 4. An ODE (3.32) has a non-trivial invariant solution with respect to z-translations if
andonly ifc #Qorq#0whenp # —4,0orc £0and g # —k whenp = —4. Then B' = 0 yields

0=c+¢gB*+kB”, (3.50)

which is an algebraic equation determining B = const # 0.
Since B’ = 0, relation (3.48) yields
A = (at/(@w&))'/* B exp ((b/za) / (l/c)ds). (3.51)
Then, after changing variables from (£, A) to (z, B) in the first integral (3.31), we find c:;_d; =

(C1/(aB?)exp(—(b/a)z) + ¢ B/& from which we obtain the quadrature

®=—ci/wsexp (-bja [aroas) + [Bras + . (3.52)

These expressions (3.51) and (3.52) yield a solution of the system (3.26) and (3.27), and hence
UE) = A&)exp (1D(£)) gives a solution to the original Euler—Lagrange ODE (3.1) and (3.24),
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corresponding to an invariant solution of the level-set ODE (3.32) under a hidden conditional point
symmetry (3.36).

IV. SOLUTIONS TO THE OPTIMAL TRANSLATION-GROUP ODE

The reduction of order methods from Sec. III will now be applied to the translation-group ODE
(2.51) arising by the reduction of the radial Schrodinger equation under its optimal subgroup of
point symmetries (2.42b).

As a preliminary step, we use polar variables U = Aexp (i®) to convert this U(1)-invariant ODE
(2.51) into a semilinear system of real ODEs

A" —AD?* +(n— DETA +vA+ kAP =0, (4.1a)

" +2A7TAD +(n— DETID = 0. (4.1b)

The ODEs in this system (4.1) are the respective Euler—Lagrange equations L/§A =0and A ~ '§L/§ ®
= 0 of the U(1)-invariant Lagrangian (2.53) expressed in polar variables,

L=¢"1 (=A% - A®? + vA® + ﬁkAZ“’). 4.2)
In polar form, the point symmetries of ODE (2.51) listed in Proposition 1 consist of
phase rotation Y phas. = 9/9P, (4.3a)
scaling  Yea, = §0/0§ — (2/p)Ad/0A for v =0, (4.3b)
dilation Y = 27" (£0/0& + (2 —n)Ad/dA) (4.3¢)

for v=0, p=2@3-—n)/(n-2).
Invariance of the polar Lagrangian (4.2) under Y s, produces a first integral (3.31), yielding
' =CiETAT 4.4
The polar system (4.1) thereby reduces to a single real semilinear ODE
A"+ (n—DETTA +vA+ KA — CIETT AT = 0, 4.5)
which is the Euler-Lagrange equation 8L /8 A = 0 of a modified Lagrangian (3.33), given by
L=¢g"1—A?4+vA>+ ﬁkA”” + CIEZ AT, (4.6)

Solutions of the ODE (4.5) for A(§) represent the level set C; = const of solutions (A(§), ®(£)) to
the polar system (4.1), or equivalently the level set

C, = 1i&"'(UU' - U'T) = const 4.7)

of solutions U(£) to the translation-group ODE (2.51).
Note that the level-set ODE (4.5) will be linear if and only if C; =0 and p = — 1.

Proposition 2. In the nonlinear case C; # 0 or p # — 1, the level-set ODE (4.5) admits point
symmetries only when

v=0. (4.8)

For this case the admitted point symmetries consist of
Y, =£0/0& — (2/p)Ad/0A, for Ci=00rp=4/(n—2), (4.9a)
Y, = §7"(5/(n —2)3/9E — AJ/0A), for p=2B—n)/(n-2), (4.9b)

Y; =2((C7/k)E"? —£)3/08 — Ad/dA, for Ci#0,p=—4n=4/3, (4.9¢)
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Y4 =2k — C}¢%)E0/0& + (k — ACIEH)Ad/DA, for C1 #0,p=—4,n=0, (4.9d)
Ys =£%9/08 — 6(£°A — 16/k)d/dA, for C,=0,p=1,n=16, (4.9¢)

Yo =9£*79/08 — (126 'PA+@/k)E77)8/0A, for Ci=0,p=1,n=13/3. (4.9

Since the point symmetries (4.9a) and (4.9b) are the only ones also admitted by the polar system
(4.1), the remaining 4 point symmetries (4.9¢)—(4.9f) thus describe hidden conditional symmetries
arising only for level-set solutions of the polar system (4.1) in the case v =0, C; #0orp # — 1.

We now carry out the two reduction methods (cf. Secs. III A and I1I B) to obtain explicit solutions
U(§) for the translation-group ODE (2.51). The first reduction method can be applied only in the case
v = 0, using the scaling and dilation symmetries (2.59) and (2.60). The second reduction method is
applicable to the case v = 0 by using the hidden conditional symmetries (4.9c)—(4.9f), and the case
v # 0 by using the linearization which holds when C; =0,p = — 1.

A. Scaling-symmetry quadratures for the translation-group ODE
The canonical coordinates of the scaling symmetry (2.59) are
z=Ing, V=¢£"U (4.10)
with v = 0. Hence the translation-group ODE (2.51) gets transformed into
V'+(n—=2—4/p)V' +Q2Q2—n)/p+4/pHV +k|V|’V =0, 4.11)
which is equivalent to the ODE (2.61) describing static solutions of the radial Schrédinger equa-
tion. To apply the reduction Lemma 2 to ODE (4.11), we note a = 1, b = n—2—4/p, c =
22 — n)lp + (2/p)*.
Then from Lemma 2(i) we obtain the invariant solution
V = (20 —2—2/p)/(kp))""" exp(i®), ® = const. (4.12)
This yields
U= (2n—2—-2/p)/kp)) "6 2P exp (i®), ® = const, (4.13)

which is the scaling-invariant solution of ODE (2.61).
Next, by Lemma 2(ii), we can obtain the general solution for V(z) in the case when n — 2 — 4/p
= 0 under which the ODE (4.11) becomes

V' —@2/p)*V +kIVIPV =0, p=4/(n—2). (4.14)
The quadratures (3.16) in polar variables V = A exp(i®) are then given by
/d—Azzl:z+C3, q>=c2/d—A+c4, (4.15)
VAR A2 JH(A)
(after renaming constants) where
H(A)=C, — C3A™* 4+ (2/p)*A* — 2k f ATPdA. (4.16)

These integrals (4.15) cannot be evaluated generally to obtain explicit solutions for A(z) and ®(z)
in terms of elementary functions. Some special cases where explicit solutions can be derived are
possible if we make a change of variables

e [ v .17)
VAR JEO) T '

and, when C, # 0,

dA B dy <
— =1 , =A° 4.18
/ PN T R S)/ Nz @19
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so that the respective expressions
Hi(y) = Y HO!) = Oy 7 = Gy 4+ @/ p)ty? — ky? (4.19)
and
H(y) = Y H() = €y — €232 + 2/ pPy* 5 — iy 405 for 0, £0 (4.20)
are quadratic polynomials in y for some values of s and §, depending on p, C;, C,, where
k=2k/(p+2), p=4/(n—-2)#-2. 4.21)

The required conditions from expression (4.19) consist of

24+ p/s=0,1,2; (4.222)
2-2/s=0,1,2 ifC, #0; (4.22b)
2-4/s=0,1,2 ifCy#0. (4.22¢)

From expression (4.20), the required conditions are given by
24+4/§=0,1,2and24+ 4+ p)/§=0,1,2 if C, #0; (4.224d)

242/5=0,1,2 ifC, £0,Cr £0. (4.22¢)

It is straightforward to solve these conditions for p, s, §. For each value found for p, only a single
value each for s and § is needed to evaluate the integrals (4.17) and (4.18). We thus find

Ci=0andC, =0: p+#-2,5s=—p/2; 4.23)
Ci#0and C, =0: p=—-1,s=1;, p=—-4,s5s=2; 4.24)
Ci=0andC, #0: p=—-4,5s=2,§=-2; 4.25)
Ci#0and C, #0: p=—4,5s=2,§=-2; (4.26)

with n = 2 4-4/p. By scaling and shifting y, we can then match the integrals (4.17) and (4.18) to one
of the forms

d—y = arccosh(y), d—y = arcsinh(y), 4.27)
N N
ye = y
d
/\/_;2 = In|yl, (4.28)
W aresingy), (429)
1 2
-y
d
7yy =27, (4.30)
/dy =y. 4.31)

More generally, a similar method can be used to obtain additional explicit solutions for A(z) and
®(z) by requiring that the expressions (4.19) and (4.20) are either quartic polynomials in y, which
will yield elliptic functions, or squares of quartic polynomials in y, which will yield elementary
functions. (These solutions will be worked out in Ref. 12.)
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1. Quadrature forp # — 2

From case (4.23), we have s = —p/2, C; = 0, and C; = 0. The quadratures (3.16) are thus
given by

®=C,4 (4.32)
and
d
+74+C3 = (—Z/p)/ 4 . y=ATP2, (4.33)
V@/pH)y* —2k/(p+2)
which can be matched to the form (4.27). This yields
AP = p2p +2)/k) "V cosh(xz + C3), ®=C4, k/(p+2)>0, (4.34a)
ATPIZ = p(=2(p +2)/k)"?sinh(£z 4+ C3), D =C4, k/(p+2)<0. (4.34b)
Hence we obtain two solutions of ODE (4.14) for p # —2:
V = Q(p +2)/(kp*)/P(cosh(z + C3)) 2P exp(iCy), k/(p +2) >0, (4.35a)
V = (=2(p +2)/(kp*)/P(sinh(£z + C3)) ¥ expiCs), k/(p +2) <O. (4.35b)

These solutions (4.35a) and (4.35b) can be merged after we change variables (4.10), giving the
following result.

Proposition 3. For p £ — 2, the translation-group ODE (2.61) has a solution
U = (£8(p +2)/kp*))' 7 (C36> £1/C3) 727 exp(iCy),
n=2+4/p, =£k/(p+2) >0,

(4.36)

with real constants C‘3, Cy.

2. Quadrature forp= —1

From case (4.24), we have s = 1, C; # 0 and C, = 0. The quadratures (3.16) are thus given by

®=Cy (4.37)
and
d
:|:z+C3=/ Y L y=A (4.38)
Va(y —k/4? +C) — k2 /4
which can be matched to the forms (4.27) and (4.28). This yields
A=1(k+@C, —kH'?sinhQ(xz + C3), ®=Cs C > k*/4, (4.392)
A=1(k+ (K —4C)'?cosh2(£z + C3))), ®=Cs Ci <k*/4, (4.39b)
A=1k+4expQ(Ez+C3)), ©=Cy C=k*/4, (4.39¢)
A=1(k—4exp(xz+C3), ®=C4 C=k/4 (4.39d)
Hence we obtain four solutions of ODE (4.14) forp = — 1:
V =1 (k+@C, — k) sinh(2(£z + C3))) exp(iCs), C) > k*/4, (4.402)

V =1 (k+(* —4C))'? cosh(2(£z + C3))) exp(iCs), Cy < k*/4, (4.40b)
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V =1k +4expz + C3)expliCs), Ci = k2/4, (4.40¢)

V = 1(k£4exp2(—z + C3))) exp(iCs), Cy = k*/4. (4.40d)
These solutions (4.40a)—(4.40d) give the following result after we change variables (4.10).

Proposition 4. For p = — 1, the translation-group ODE (2.61) has solutions
U = § (k& + (E(Cy — k*/4)/2(C3£* F 1/C3)) exp(iCy), wan
Cl ?é k2/4’ n= _27 .
U =} (k& + C36%) exp(iCy), n = -2, (4.42)
U =1 (k&* + C3)exp(iCs), n=-2, (4.43)

with real constants Cy, Cs, C.

3. Quadrature forp= —4

From cases (4.24)—(4.26), we have s =2, C; #0and C, =0; s =2,5 = —2, and C, # 0.
In the first subcase, the quadratures (3.16) are given by

d=Cy (4.44)

and
dy

/ \/(y +2C)?* 44k — Clz)
Quadrature (4.45) can be matched to the forms (4.27) and (4.28). This yields

+7+C;3 y =A% (4.45)

A? = —2C) + 2k — C})*sinh(£z + C3), & =Cy, C} <k, (4.462)
A* = —2C; +2(C? —k)'cosh(xz + C3), ®=C,;, CP>k, (4.46b)
A? = -2C; +exp(£z +C3), ®=Cy, Cj=k, (4.46¢)
A?=-2C, —exp(£z+C3), ®=Cy, Ci=k,CH <O. (4.46d)

Hence we obtain four solutions of ODE (4.14) forp = —4:

V = (=2Cy + 2(k — C)' 2 sinh(z + C3)) P exp(iCy), €2 <k, (4.47a)
V = (=2C) + 2(C} — k)" cosh(tz + C3)) * exp(iCy), €2 >k, (4.47b)
V = (=2C) +exp(#z + C3))*exp(iCy), C? =k, (4.47¢)
V = (=2C, — exp(£z + C3))?exp(iCy), Ci=k,C, <O. (4.47d)

In the second subcase, the quadratures (3.16) are given by

d
to 4 = / y Coy=aA? (4.48)
\/(y +2C1)? +4(k = C} - C3)
and
_ dy _ 42
d=Cs—C, y=A"2 (4.49)

f Jak —Cy? +4ciy +1
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Quadrature (4.48) can be matched to the forms (4.27) and (4.28), which yields

A* = —2C) 4 2(k — C} — CH'?sinh(+z 4 C3), C}+C? <k, (4.50a)
A? = —2C; +2(C3 + C] —k)'/*cosh(£z + C3), Ci;+C; >k, (4.50b)
A = -2C, +exp(xz + C3), Ci+C; =k, (4.50¢c)
A* = -2C, —exp(£z +C3), CI+Ci=k, C; <O. (4.50d)

Quadrature (4.49) can be matched to all of the forms (4.27)—(4.31). This yields
® =Cy + $(k/C; — )" arcsinh ((k — C; — CD)™2(Cy + 2(k — CHA™Y)),

(4.51a)
C} +C? <k,
® =C4 — 2(k/C5 — 1)"arccosh ((C5 + C; — k)~'2(Cy +2(k — C5)A™?)),
(4.51b)
C}<k<Cl4C3,
® =Cy— 11 —k/C) P arcsin ((C3 + CT — k) ™*(C, — 2(C5 —kA™Y)),
(4.51c)
C3 >k,
® =Cy—(C2/2C))In|C;AT2+1/2|, C}+CF =k, (4.51d)
D =Cy—(C2/CCIA+1/H'2, CF =k, (4.51e)
®=Cy— A%, C3=k C =0. (4.511)
Hence we obtain 7 more solutions of ODE (4.14) for p = —4:

V = (=2Cy + 2(k — C2 — C})" sinh(£z + C3))'"?

(k — C} — CH'? + C sinh(£z + C3) ) )
—C1 + (k= C? = CHV2sinh(+z + C3) ) )’

X exp <iC4 — (i/2)(k/C% — 1)""?arcsinh <
C} +C3? <k,
(4.52a)

V = (=2C) 4+ 2(C3 + C} — k) cosh(z + C3)) /2

(C2 4 C2 — k)'/2 — C, cosh(+z + C3)) )

x exp [ iCs — (i/2)(k/C? — 1 _l/zarccosh(
p( 4 (/ ) / 2 ) Ci —(C%+C]2—k)1/2COSh(:|:Z+C3)

C}<k<C?+C2, .

V = (<2C) +2C + C} — b cosh(z + €)'

(C2+C? —k)'/? — Cy cosh(£z + C3) ) )

X e iCy —(1/2)(1 —k Cz_l/zarcs’n<
P (l ¢ = (7201 = k7 C2) " Za +(C? + C? — k)'/2 cosh(Ez + C3)

C% >k,
(4.52¢)

V = (—2C; + exp(£z + C3))* exp (iC4 + i(C2/(2C1)) In |2C; exp(Fz — C3) — 1

) (4.52d)
Ci+C5 =k,
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V = (—2C — exp(£z + C3))? exp (iCs + i(C2/(2C1)) In |2C) exp(Fz — C3) + |
CI+Ci =k,

)

(4.52¢)

V =(=2C; + 2|Cy| cosh(£z + C3))!/? exp<iC4 — i(k‘/z/(zcl))(

Ci + |Cq| cosh(Ez + C3) )1/2)
—Ci + |Ci|cosh(£z + C3)/ )

C3 =k,
(4.52f)
V = exp(3(£z + C3))exp (iCs — ik exp(¥z — C3)), C; =k, C; =0. (4.52g)
After we change variables (4.10), these solutions (4.47a)—(4.47d) and (4.52a)—(4.52g) give the
following result.

Proposition 5. For p = — 4, the translation-group ODE (2.61) has solutions

U = (—=2C& + (k(k — CI)'(C3&> F 1/C3) P exp(Cy),  C2k, n=1, (4.53)
U = (£2k"%€ + C38%) P exp(iCy), k>0, n=1, (4.54)
U= (£2k'% + C3) P exp(iCy), k>0, n=1, (4.55)

U= (=2Ci& + (k — C} — CD)/X(C3£> — 1/C3)) "

2k = CF = C)'Pg + C1(C38” = 1/Cy) ))
—2C\€ + (k — C} — CHY2(C382 — 1/C3)/ )’

X exp (iC4 — %i(k/C% — 1)_1/2arcsinh<

C}+C3 <k, n=l,
(4.56)

U= (=2Ci& +(C2+C7 — k) (G387 +1/C3)'

2AC3+ CH— 0% — C1(C382 + 1/63)>>
2C1E — (C2 4+ C} —)V2(C362 4 1/C3)/ )’

X exp (iC4 — %i(k/C% - 1)’1/2arccosh<

Ci<k<Ci+C; n=l,
(4.57)

U= (=2C1& + (C} + C? — )"/X(C3£> +1/C3))"?

2C3+C? —0)'2E — C(C3E* + 1/C3) >>
—2C1E +(C3 4 C? = )V2(C362 +1/C3)/ )’

X exp <1c4 — (1 — k/ €2~ arcsin (

C§>k, n=1, @58

U = (—2C& + C382) P exp (iCy +i(C2/QC ) I 2C1 7" = Csl), CP4+C2=k, n=1,
(4.59)

U = (=2Ci& + C3) P exp (iCy +i(Co/2C ) I [2C1E — Cs]), CI4+Ci=k, n=1,
(4.60)

U =(C,/C3)*(C3¢ — 1)exp <iC4 — %i(kl/Z/cl)(gf + 1)) k>0, n=1, 4.61)
£ —
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U=0C"gexp(iCs —ik"?/C)E™"), k>0, n=1, (4.62)

U=0C;"exp(iCs —i(k"?/C3)E), k>0, n=1, (4.63)

with real constants Cy, Ca, Cs, Ca, Cy.

B. Dilation-symmetry quadratures for the translation-group ODE
The canonical coordinates of the dilation symmetry (2.60) are
z=E"2 V=¢"U (4.64)
with v = 0. In this case the translation-group ODE (2.61) gets transformed into
V" + k(14 p/2*VIPV =0, p=23—-n)/(n—2),n+#2,3. (4.65)

To apply Lemma 2 to this ODE (4.65), we note a = 1/(1 +p/2*,b=0,c=0.

From Lemma 2(i) we see that the invariant solution is trivial, since the only root of Fis |V| = 0.
Thus ODE (2.61) has no non-trivial dilation-invariant solution.

Next, we can obtain the general solution for V(z) from the quadratures (3.16), since the con-
ditions of Lemma 2(ii) are directly satisfied for the ODE (4.65). In polar variables V = A exp(i®),
these quadratures are given by

dA dA
f ) 72+ C3 2/ —A2 HA) + Cy ( )
where
H(A)=C; — C3A™> = 2k(1 + p/2)° / APdA. (4.67)

These integrals (4.66) cannot be evaluated generally to obtain explicit solutions for A(z) and ®(z)
in terms of elementary functions. Some special cases where explicit solutions can be derived are
possible if we change variables (4.17) and (4.18) to make the expressions

Hi(y) =y HG'YY) = Cy* " = C3y* ™5 —ky*trls, (4.68)

Hy(y) =y HYY) = €y = C3y* —ky™ ™ ™5 for C; #0 (4.69)
into quadratic polynomials in y for some values of s and §, depending on p, Cy, C;, where
k=2k/(p+2), p=2@-n)/n-2)#-2. (4.70)

The required conditions from expressions (4.68) and (4.69) are, respectively, given by (4.22a)—
(4.22¢), (4.22¢), and

24+@+p)/5=0,1,2 ifCy#0. 4.71)

Solving these conditions for p, s, § in the same way as for the previous case, we find

Ci=0andC, =0: p#-2,5=—-p/2; 4.72)
Ci#0and C, =0: p=—-l,s=1;, p=—-4s5s=2 (4.73)
Ci=0andC, #0: p=—-4,5=2,§=—-1;, p=-8,s=4,5§=2; “4.74)
Ci#0and C, #0: p=—-4,5=2,§=—1; (4.75)

with n = 2(p + 3)/(p + 2).
We can then match the integrals (4.17) and (4.18) to one of the forms (4.27)—(4.31) after scaling
and shifting y.
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As noted previously, additional explicit solutions for A(z) and ®(z) can be derived by requiring
that the expressions (4.68) and (4.69) are either quartic polynomials in y, which will yield elliptic
functions, or squares of quartic polynomials in y, which will yield elementary functions. (These
solutions will be worked out in Ref. 12.)

1. Quadrature forp # — 2

From case (4.72), we have s = —p/2, C; = 0, and C, = 0. The quadratures (3.16) are thus
given by

d=C, (4.76)
and
£z +C3 = —(2/p) / I 4.77)
V=k(p+2)/2

which can be matched to the form (4.31). This yields

AP = (—kp*(p+2)/8)*(F2 4+ C3), ®=C4s k(p+2)<0. (4.78)
Hence we obtain a solution of ODE (4.65) for p # —2:

V = (—kp*(p +2)/8)"/P(£z + C3) P exp(iCs), k(p +2) < 0. (4.79)

This solution (4.79) gives the following result after we change variables (4.64).

Proposition 6. For p # — 2, the translation-group ODE (2.61) has a solution

U = (—kp*(p +2)/8)"/7(& + C36° ") /7 exp(iCy),
k(p+2)<0, n=2(p+3)/(p+2),

(4.80)

with real constants Cs, Cy.

2. Quadratureforp= — 1

From case (4.73), we have s = 1, C; # 0, and C, = 0. The quadratures (3.16) are thus given by

®=C, (4.81)
and
d
iz+c3=/ﬁ, y= A, (4.82)
which can be matched to the form (4.30). This yields
A=QC1/k) ~ (k/8)(Fz+C3), @ =Cy. (4.83)
Hence we obtain a solution of ODE (4.65) forp = — 1:
V= ((2C1/k) — (k/8)(£z + C3)2) exp(iCy). (4.84)
This solution (4.84) gives the following result after we change variables (4.64).
Proposition 7. For p = — 1, the translation-group ODE (2.61) has a solution
U =(QC1/k)E? — (k/8)(E + C3/6)) exp(iCa), n =4, (4.85)

with real constants C;, 6'3, Cy.
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3. Quadrature forp= —4
From cases (4.73)—(4.75), we have s = 2,§ = —1, and C, # 0.
The quadratures (3.16) are thus given by

:l:z+C3=(1/2)/ y= A2

dy
JCiy+k—C32

which can be matched to the forms (4.30) and (4.31), and

_ dy _ 41
O=C4—C, s y—A s
VC1+ (k= C3)y?

which can be matched to all of the forms (4.27)—(4.29). This yields

A? = (C3—k)/Ci+Ci(xz+C3)%, € #0,

A =2k —CH*(£z+C3), C3 <k, C; =0,

and

® =C4 — Ca(k — C3)”Parcsinh (((k — C3)/C'*A™Y), €3 <k, C >0,
® =Cy — Co(C3 — k) aresin ((C3 — k)/CN'*ATY), €3 >k, Ci >0,

® =Cy — Ca(k — C3)”arccosh ((C5 —k)/C)'PA™Y), €5 <k, Ci <0,

® =Cy—(C2/C/HA™", CI=k, C >0,

®=Cy— Cotk —CH'?In|A", C} <k, C =0.
Hence we obtain 5 more solutions of ODE (4.14) for p = —4:

V= ((C} —k)/Cy + Ci(+z + C3)?)?

X exp <iC4 —iCy(k — C%)’l/zarcsinh<(—1 +C2(z + G52k — c§>)1/2)),

C? <k C >0,

V= ((C2=k)/Ci+ Ci(kz + ;)

X exp (iC4 —iCy(C3 — k)~ arcsin ((1 + Ci(Ez + C3)*/(C5 — k))lﬂ)),

C?>k C >0,

V= ((C2—k)/Ci + Ci(Ez + C3)?) 2

X exp <iC4 —iCy(k — C22)_1/2arccosh((1 + CH(Ez + C3)*/(C5 — k))_l/z)),

C22<k,C1<0,

V=Cl£z+Cslexp (iCs Fik'?/CDI £ 2+ C37!), C3=k Ci >0,

V =@k — C))*(Ez + C3)Pexp (iCs + 5iCo(k — €)™ *In| £z + C3),

C? <k C =0.

(4.86)

(4.87)

(4.88a)

(4.88b)

(4.892)

(4.89b)

(4.89¢)

(4.89d)

(4.89)

(4.90a)

(4.90b)

(4.90c)

(4.90d)

(4.90e)
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After we change variables (4.64), these solutions (4.90a)—(4.90e) give the following result.
Proposition 8. For p = — 4, the translation-group ODE (2.61) has solutions
U= ((C3—k§>/Cr+Ci(1+ Cx6)%) "
X exp (iC4 —iCa(k — C%)’”%rcsinh((—l +C2E 4 Gk — c§>)1/2)), 4.91)
Ci<k, C >0, n=1,
U = ((C3— b§*/Ci+ (1 + C36)%)
X exp (iC4 —iCy(C3 — k)~ '/* arcsin ((1 + CHET + C3)*/(C5 — k))‘l/z)), (4.92)
Ci>k, C >0, n=1I,
U= ((C-hE>Cr+ i1+ C36)%)
X exp (iC4 —iCy(k — cg)*l/Zarccosh((l + CHE™ + C3)*/(C3 — k))l/z)), (4.93)
Ci<k, C <0, n=1I,

U = (4(k — C))'H(C38> £ £)? exp (iC4 + 2Cok — C3) ™2 In|C3 £ £71)),
(4.94)
C% <k, n=1,

U=C"|1+Caglexp (iC Fik'?/CIET + G5 7!), €1>0, n=1, (495

with real constants Cy, Cy, C3, Cy, Cy.

4. Quadrature forp= — 8

From case (4.74), we have s = 4, § = 2, C; = 0, and C;, # 0. The quadratures (3.16) are thus
given by

d
t74+Cs= (1/4)/ . A——e (4.96)
J3k—C2y
and
_ dy _ A2
D=Ci+ (G2 | —2 = A2 (4.97)
3k — C3y?

Quadrature (4.96) can be matched to the form (4.30), which yields
A* =3k/C3 —4CH £z + C3)*, k> 0. (4.98)
Quadrature (4.97) can be matched to the form (4.29). This yields
® = Cy + (1/2)arcsin (3k)"2C,A%), k> 0. (4.99)
Hence we obtain a solution of ODE (4.65) forp = —8:

V = (3k/C2 — 4C2(Hz + C32) " exp (iCy + Liarcsin(1 — 4C (2 + C3)2/(3k)/)) ,
k> 0. (4.100)



121504-30 S. C. Anco and W. Feng J. Math. Phys. 54, 121504 (2013)

This solution (4.100) gives the following result after we change variables (4.64).

Proposition 9. For p = — 8, the translation-group ODE (2.61) has a solution

U = ((3k/C§)§4/3 _ 4C§(E1/3 + 6352/3)2)1/4

) (4.101)
X exp (iC4 + Larcsin ((1 —4CHETP + C3)2/(3k))1/2)>, k>0, n=5/3,

with real constants C,, C3, Cy.

C. Conditional-symmetry quadratures for the translation-group ODE

From Proposition 2, the hidden conditional symmetries (4.9¢)—(4.9f) with v = 0 can be naturally
split up into two types: symmetries (4.9c) and (4.9d) hold for p = — 4, C; # 0 and have the form
(3.36) to which Lemmas 3 and 4 can be applied; symmetries (4.9¢) and (4.9f) hold forp =1, C; =
0 and have a slightly more general form

Y = ¢(§)3/3& + (Y1(5)A + Yo(6))3/9A, (4.102)

for which the methods that underlie Lemmas 3 and 4 still can be used.

1. Quadratures forp= —4,C; # 0
Point symmetry (4.9¢) of the level-set ODE (4.5) has the canonical coordinates
7= (=3/H)In(C\ %k —&¥3), B=(C\*/k—¢&¥34A (4.103)
with n = 4/3, v = 0. Hence, the Lagrangian (4.6) for ODE (4.5) gets transformed into
L = exp(—(2/3)z)(—=(1/2)B"* — (1/6)B*> + 2k B™?), (4.104)
yielding the transformed ODE
I1B"— 1B — 1B —2kB3 =0. (4.105)

Since the coefficient of B’ is non-zero, the reduction shown in Lemma 3 cannot be applied to ODE
(4.105). Instead, from Lemma 4, an invariant solution can be derived. This yields

B = (—12k)"/*. (4.106)
Substituting this solution into expressions (3.51) and (3.52), we obtain
A= (—1204C %k — &3V, @ = (V30 /e — )V + G, (4.107)

which is the corresponding invariant solution of the system (3.26) and (3.27) withp = — 4, n = 4/3,
v=0.
Point symmetry (4.9d) of the level-set ODE (4.5) has the canonical coordinates

2= (1/(4k)In(E*/(C?E* — k), B =¢&"%C’&* — k)7 /*A (4.108)
with n = 0, v = 0. Hence, the Lagrangian (4.6) for ODE (4.5) gets transformed into
L = exp(—2kz)((1/2)B"* + (3k*/2)B* — 2B?). (4.109)
This yields the transformed ODE
—1B"+kB'+ 3k*B+2B77 =0, (4.110)

whose coefficient of B’ is non-zero. Again, while the reduction shown in Lemma 3 cannot be applied,
an invariant solution to ODE (4.110) can be derived from Lemma 4, yielding

B = (—3k*/4)~ /4, 4.111)
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Substituting this solution into expressions (3.51) and (3.52), we obtain
A=@K /4)TEP U -2, &= (V30 /DKETT - CHTVP G (4112)

which is the corresponding invariant solution of the system (3.26) and (3.27) withp = —4,n =0,
v=0.
These two solutions (4.107) and (4.112) give the following result.

Proposition 10. For p = — 4, the translation-group ODE (2.61) has solutions
U = (=120"4C1/k = ) exp (iV3/2)((k/CEY* = D72 1 iCy),

(4.113)
k<0, n=4/3
U = (4k/3)"ME2E = Co/l exp (= i(V3/2)((k/CE T2 = D72 i), G114
n=20,
with real constants Cy, C,.
2. Quadratures forp=1,C; =0
Point symmetry (4.9¢) of the level-set ODE (4.5) has the canonical coordinates
z=—(1/2)&72, B=¢%A—(24/kE* (4.115)
with n =16, C; = 0, v = 0. Hence the ODE (4.5) gets transformed into
B" +kB*=0. (4.116)
This ODE (4.116) admits the integrating factor B, leading to the quadrature
dB
/\/W:iz+C3’ 4.117)

which is an elliptic integral when C, # 0. (This solution will be worked out in detail in Ref. 12.) In
the case C, = 0, the integral (4.117) can be evaluated explicitly, yielding

B = (—6/k)(+z + C3) 2. (4.118)
Hence, from the canonical coordinates (4.115) and the first integral (3.31), we obtain
A = (96C3/k)(C3E2 £ 1)/2C362 £ 12, & =Cy, (4.119)

which is the solution of the system (3.26) and (3.27) withp =1,n =16, v =0,and C; = C, = 0.
Note that the invariant solution of the ODE (4.116), given by B’ = 0, is simply B = 0. This solution
also arises as the special limit C3 — oo in the solution (4.118). The corresponding invariant solution
of system (3.26) and (3.27) is given by

A =24/(kEY), @ =Cy, (4.120)

which is non-trivial due to the shift term in the change of variables (4.115) for B in terms of A.
Point symmetry (4.9f) of the level-set ODE (4.5) has the canonical coordinates

2=(1/3)"7, B=§&VA-@2/Ck)E (4.121)
with n = 13/3, v = 0, C; = 0. Hence, the ODE (4.5) gets transformed into
& B" +kB*=0. (4.122)

This ODE (4.122) admits the integrating factor B’, leading to the quadrature

=4z + Cs. (4.123)

/ dB
J/81C, — 54k B3



121504-32 S. C. Anco and W. Feng J. Math. Phys. 54, 121504 (2013)

When C, # 0, this quadrature is an elliptic integral. (The resulting solution will be worked out in
detail in Ref. 12.) In the case C, = 0, the integral (4.123) can be evaluated explicitly, yielding

B = —(2/(27k))(+z + C3) 2. (4.124)
The canonical coordinates (4.115) and the first integral (3.31) then give
A =(Q2C3/E(BC; £26'7)/BC; ££'°, @ =Cy, (4.125)

which is the solution of the system (3.26) and (3.27) withp = 1,n =13/3,v =0, and C; = C; =0.
Note that the invariant solution of the ODE (4.122) is again B = 0 which also arises as the special
limit C3; — o0 in the solution (4.124). The corresponding invariant solution of system (3.26) and
(3.27) is given by

A =2/3kg?), @ =C,. (4.126)
The solutions (4.119), (4.120), (4.125), (4.126) give the following result.

Proposition 11. For p = 1, the translation-group ODE (2.61) has solutions

U =24/k)E2exp(iCy), n =16, (4.127)

U =(96/k)(E> + C3)(28% + C3) 2 exp(iCy), n = 16, (4.128)

U =Q2/(Bk)E2exp(iCy), n = 13/3, (4.129)

U =Q/kE2QCE? +3)(C363 +3)2exp(iCy), n = 13/3, (4.130)

with real constants Cs, Cy.

D. Linearization of the translation-group ODE
When C; = 0and p = — 1, the level-set ODE (4.5) for A(£) becomes linear,
A"+ mn—DETA +vA+k=0. (4.131)

The general solution of this ODE splits into three cases.
For the case v > 0, we can use a change of variable A = £! ~"?B, 7 = \/v& which transforms
the ODE (4.131) to an inhomogeneous form of Bessel’s equation

B+ 2B + (22 — (3n — DHB + kv~ GtW/A 2 = g, (4.132)
This equation has the general solution
B = CaJin-22(2) + C3Yju—zya(z) — kv~ /=212, (4.133)

where J,,(z) and Y, (z) are the Bessel functions of the first and second kinds, respectively. Hence the
general solution of ODE (4.131) for A(§) with v # 0 is given by

A = E"(Cod a2 (VVE) + C3Y a2 (VVE)) — kv (4.134)

For the case v < 0, we can use a change of variable A = £! ~"?B, 7 = \/—v& which transforms the
ODE (4.131) to an inhomogeneous form of a modified Bessel equation

ZB" + 2B = (2 + (3n — 1))B + k(=v) /A2 = 0, (4.135)
This equation has the general solution
B = Coljy22(2) + C3Kjn_22(2) + k(—v)~ G4z =212, (4.136)

where I, (z) and K, (z) are the modified Bessel functions of the first and second kinds, respectively.
Hence, the general solution of ODE (4.131) for A(¢) with v # 0 is given by

A = "2 (Coljyonp(W=VE) + C3K jy_g p(V—E)) — k/v. (4.137)
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Since C| = 0, the first integral (3.31) for ®(&) reduces to &’ = 0, which yields

& = const. (4.138)

For the case v = 0, the ODE (4.131) can be integrated directly to get
A=—(k/Qn)E>+ C3*™" +Cy, n#0,2, (4.139)
A=—(k/4E>+C3InE +Cy, n=2, (4.140)
A= (—k/2DE’InE + C38°+C>, n=0. (4.141)

From the first integral (3.31) for ®(£), we again have
® = const. (4.142)

Hence we obtain the following result.

Proposition 12. For p = — 1, the translation-group ODE (2.51) has solutions
U = ('7"2(Cadjn-22(\/VE) + C3Yjn2y2(x/vE)) — k/v) exp(iCs), v > 0, (4.143)

U = (£ 2(Collygp(V/=VE) + C3K o2 p(v/—VE)) — k/v) exp(iCs), v <0,  (4.144)

U= (—(k/Qn)E*>+ C:6*" + C2) exp(iCs), v=0, n#0,2 (4.145)
U=(—(k/HE*+C3In& + Cr)exp(iCy), v=0, n=2, (4.146)
U = ((—k/2)EIn& + C3> + Cy) exp(iCs), v =0, n=0, (4.147)

with real constants C,, Csz, Cy.

V. SOLUTIONS TO THE OPTIMAL SCALING-GROUP ODE

Next the reduction of order methods from Sec. IIT will be applied to the scaling-group ODE
(2.47) arising by the reduction of the radial Schrodinger equation under its optimal subgroup of
point symmetries (2.42c).

To proceed, we use polar variables U = Aexp (i®) to convert this U(1)-invariant ODE (2.47)
into a semilinear system of real ODEs

4E2A" —AEPAD? —2(n — 4 —4/p)EA + (1 +4uE)AD (5.1a)
—(u® = (4 =2n)/p — 4/p)A+ kAT =0,

420" + 8E2ATTAD — (1 +4ué)A A —2(n —4 —4/p)Ed® + u(n —2 —4/p) =0. (5.1b)
As shown by the results stated in Proposition 1, the point symmetries of this system (5.1) consist of
only phase rotations

Yphas. = 0/0®. (5.2)

In the case of the pseudo-conformal power p = 4/n, the ODEs in the polar system (5.1) are the
respective Euler—Lagrange equations §L/6A = 0 and A ~ '8 L/§ ® = 0 of the U(1)-invariant Lagrangian
(2.48) expressed in polar variables,

L= —46%(A% + AX@' — (&7 + 35 D) + (g€ 7+ jus ™ +4LDAT + kAP p = g'é)
Invariance of the polar Lagrangian (5.3) under Ypnas, produces a first integral (3.31), yielding

O =& NCIAT+ 14+4u8), p=4/n. (5.4)
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The polar system (5.1) thereby reduces to a single real semilinear ODE

4EPAT £ BEA — JCTETAT (5 P+ dus T HAEDA L kAT =0, p=d/n, (55
which is the Euler—Lagrange equation 8 /8 A = 0 of a modified Lagrangian (3.33), given by

L= —48A% + JCTE A7 + (o€ 77 4 us ™ +40A + 25kAP, p=4/n. (5.6)

Solutions of the ODE (5.5) for A(€) represent the level set C; = const of solutions (A(§), ®(£)) to
the polar system (5.1), or equivalently the level set

C, =2iE* (U0 — U'0) — (3 +2u&)|U|* = const (5.7)

of solutions U(£) to the scaling-group ODE (2.47).
Note that the level-set ODE (5.5) will be linear if and only if C; =0 and p = — 1.

Proposition 13. In the nonlinear case Cy # 0 or p # — 1, the level-set ODE (5.5) admits no
point symmetries.

Since both the level-set ODE (5.5) and the polar system (5.1) have no point symmetries, only
the second reduction method (cf. Sec. III B) is applicable by using the linearization of ODE (5.5)
which holds when C; =0,p = — 1.

A. Linearization of the scaling-group ODE

Inthe case C; =0and p = — 1 (n = —4), the level-set ODE (5.5) for A(§) becomes linear,
46°A" +BEA' + (67 + Jut ™ —8)A+k =0. (5.8)
The general solution of this ODE is given by

A= C2M—1M/2.3/2(ii$_1) + C3M—m/2,—3/2(%i$_l)

+ (ik/3)(M_ipjo,—32(3iE™h f M iy p3p(3iE ") dE (5.9)

C Moyna(liE™) / My-3p(bie ™) d8),

where M, _,(2) is the Whittaker function.
Since Cy = 0, the first integral (3.31) for ®(§) reduces to ®' = $£72 4+ Iu&~", which yields

®=—3&" +1ulng+ Gy (5.10)
Hence we obtain the following result.
Proposition 14. For p = — 1, the scaling-group ODE (2.47) has a solution
U= (Cszm/zﬁ/z(%i&_l) + C3M_iypn—3pp(3iE™h)
+ (k/3)(Mipy2,—32(3iE ™) / M_iup3p(3iE ") dE
- M71H/2,3/2(%i§_1)/. Mfm/z,fs/z(};if_])df)) exp(—3iE ™" + Jinln€ +iCy),
n=-—4,

(5.11)
with real constants C,, C3, Cy.
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VI. SOLUTIONS TO THE OPTIMAL PSEUDO-CONFORMAL-GROUP ODE

The reduction of order methods from Sec. III will be considered last for the pseudo-conformal-
group ODE (2.56) arising by the reduction of the radial Schrodinger equation under its optimal
subgroup of point symmetries (2.42d).

We begin by using polar variables U = Aexp (i®) to convert this U(1)-invariant ODE (2.56) into
a semilinear system of real ODEs

467 A" —4E7AD” + BEA' + (k&' — 162 4 n(1 — In)A + kA" =0, (6.1a)

O +2A7TAD + 26719 = 0. (6.1b)

The ODEs in this system (6.1) are the respective Euler-Lagrange equations §L/6A =0and A ~'§L/§
= 0 of the U(1)-invariant Lagrangian (2.57) expressed in polar variables,

L=—482A7 — 482 A20" + (k&' — 1672+ n(1 — yn)) A* 4 25k ATH", 6.2)

As shown by the results stated in Proposition 1, the point symmetries of the polar system (6.1)
consist of only phase rotations

Yphas. = 0/0P. (6.3)
Invariance of the polar Lagrangian (6.2) under Y pas. produces a first integral (3.31), yielding
P =1CEA (6.4)
The polar system (6.1) thereby reduces to a single real semilinear ODE
48247 + 86A' — 1CTEPAT + (k&' — 162+ n(1 = tn) A+ kAT =0, (6.5)
which is the Euler—Lagrange equation 8 /8 A = 0 of a modified Lagrangian (3.33), given by
L=—48A% + JCIE A7 + (k&7 — 37 +n(l — 1)) A> + kAP, (6.6)

Solutions of the ODE (6.5) for A(§) represent the level set C; = const of solutions (A(§), ®(§)) to
the polar system (6.1), or equivalently the level set

C, =2ie (U0 — U'U) = const 6.7)

of solutions U(§) to the pseudo-conformal-group ODE (2.56).
Note that the level-set ODE (6.5) will be linear if and only if C;, =0andp = — 1 (n = —4).

Proposition 15. In the nonlinear case C; # 0 orp # — 1 (n # —4), the level-set ODE (6.5)
admits no point symmetries.

Since both the level-set ODE (6.5) and the polar system (6.1) have no point symmetries, only
the second reduction method (cf. Sec. III B) is applicable by using the linearization of ODE (6.5)
which holds when C; =0, p= — 1 (n= —4).

A. Linearization of the pseudo-conformal-group ODE
Inthe case C; =0and p = — 1 (n = — 4), the level-set ODE (6.5) for A(§) becomes linear,
482A" +8EA + (k€' — 16T —8)A+k =0. (6.8)
The general solution of this ODE is given by
A=CoMep3pGE™N) + CiMep3p(AE™H

+(k/6)(MK/2,3/2(%€71)/Mx/z,—3/2(%571)d§ - M,(/2,_3/2(%§’1)/MK/2.3/2(%§*1)dE),

(6.9)
where M, _,(2) is the Whittaker function.
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Since C| = 0, the first integral (3.31) for ®(&) reduces to &’ = 0, which yields
& = const. (6.10)
Hence we obtain the following result.

Proposition 16. For p = — 1, the pseudo-conformal-group ODE (2.56) has a solution

U = (CaMuap(6 ™) + CaMep 3 a5 ™)
+(k/6)(MK/2,3/2(%§_])/MK/2,73/2(%§_1)d§ 6.11)

— Mep3p(367) f Mepap(h6 ) dE) ) explCa), n = —4,

with real constants C,, C3, Cy.

Vil. GROUP-INVARIANT RADIAL SOLUTIONS

All of the group-invariant solutions derived in Secs. IV-VI through the optimal subgroups
of point symmetries (2.42b)—(2.42d) will now be written out in the form u = f{t, r) for the radial
Schrodinger equation (1.2) and its alternative two-dimensional formulation (1.5). Wherever possible,
solutions are merged into families that do not overlap.

A. Solutions from the optimal translation-symmetry subgroup

Theorem S. The radial Schrodinger equations (1.2) and (1.5) have the following group-invariant
solutions with respect to time translations (2.52):

u=(2pn —2) = 2)/Gkp») """ r 2P explicr),  p#2/(n—2),k/(p(n —2) —2) > 0,

(7.1)
u= (£8(p +2)/kp?) """ (c2r® £ 1/¢2) 7 explicy), o)
p=4/n—2), k(1 —2/n) > 0,n # 2, ’
u = (—Lkp*(p + 27 (r + e ™) 77 explicy), .
p=2n—-3)/Q2—n),k/n—2)<0,n #2,3,
U= (— %(k/n)r2 +er? ™ 4 cz) exp(ic;), p=-1,n#0,2, (7.4)
u:(_ikrz—i—cﬂnr—i—cz)exp(icl), p=—-1,n=2, (7.5)
u = (96/k)(r* 4+ c2)2r* + c2)2explic)), p=1,n=16, (7.6)
U= ( — %kr2 Inr + C3r2 + cz) exp(ic;), p=-1,n=0, (7.7)
= (@4k/3)"4 2 (r 2 = o/ k) exp (ier — iL(k/err™> = 1)71?), 08
p=—-4n=0k>0, :
u = (—12k)"*(ca/k — r**y/* exp (ic; + NT?((k/cz)rZ/3 -7, 79)

p=—-4n=4/3,k <0,
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u = (Gk/csyr* —4c?(r'P + czr2/3)2)1/4
X exp <icl + %iarcsin ((1 — %(634/k)(r’1/3 4 62)2)1/2>)’ .10
p=—8n=>5/3k>0,
= Q2/kyr>Q2eor'? + 3)(cor' P + 3) P explicy),  p=1,n=13/3, 711

w=(=2cr + (£ — )"’ F1/c2) Pexplic)), p=—dn=1,c2#k  (1.12)

U= ( —2car + (k — c32 — sV (car? — 1/6’2))1/2

2k — 2 L 2\1/2 2 _ 1
X exp <iq — Lik /ey — 1)_1/2arcsinh( (k= ey —ea) Tr ¥ caleor /€2) )>,

—26’4}’ + (k — C32 — C42)1/2(C2r2 — 1/6‘2)

p=—4n=1c"+c’ <k,
(7.13)

u=(—2er + (e3> + e — k) P(ear® + 1/ex)' V2

2(c3% + ca? — )V — calcar® + 1/c2)>
2c4r — (€32 4+ c42 — )V 2(cor2 + 1/c0)/ )’

X exp (icl — %i(k/c\g2 — 1)_1/2arccosh(
p=—4n= 1,6‘32 <k <C32+C42,
(7.14)

u=(—2car + (e3> +cs® — )" P(cor® + 1/02))1/2

2(c~2 2 _ 2y — 2 1
X exp (ic1 — %1(1 — k)1 arcsin( (c3"+ca )'/er — calear + 1/c¢a) ))

—2c4r + (32 + c4® — k)2 (cor? + 1/c2)

p=-—-4n= 1,032 >k,
(7.15)

u=(—2c3r + C2V2)1/2 exp (ic1 + i%(k/032 — 1)1/2 In|cy; — 203/r|), p=—4n=1, (7.16)

u =(=2csr + )" exp (ic; £ig(k/es* — D' Infer — 2¢3r]), p=—4,n=1, (7.17)
U = (e3/e)2(car — 1)exp (ic1 _ %i(kl/z/q)(::—ti)), p=—dn=1k>0, (718
u=corexp(ic; —ik'? /™), p=—-4n=1k>0, (7.19)
u=crexp (ic; —ik"?/e;P)r), p=—-4n=1k>0, (7.20)

u = (((cs® = k)/ear? + ca(l + car)?)

X exp (icl —ic3(k — 032)_1/2arcsinh(( — 14 (cs?/k — 3N + 62)2)—1/2))’

p=-—4n= 1,C32 <k,cs >0,
(7.21)
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u=(((c5* = k)/ca)r® + ca(1 + Czr)2)1/2
X exp (iq —ie(es® — B aresin (1 + (e?/(es = kNG + 02)2)_1/2)>, (7.22)
p=—4n=1,c%>k cs >0,
u = (e3> = K)/ea)r® + sl + er)?)
X exp (icl — ek — C32)’1/2arccosh<(l + (e /(e3> — )" + (32)2)1/2)), (7.23)
p=—4n=1c°<kcs <0,
u=(4k = ) M ear? £ 1) Pexp (e + Siestk — e P inler £ 7)),
(7.24)

p=—4n=1c°<k,

u = c3(1 4+ cor)exp (ic1 Fitk'"? /3! —|—c2)_1), p=—4n=1.
(7.25)

Theorem 6. The radial Schrodinger equations (1.2) and (1.5) have the following group-invariant
solutions with respect to time translations combined with phase rotations (2.44b):

u= (rl_"/z(chmfz\/z(\/;r) + ¢3Yju—2y2(+/vr)) — k/V) exp(ic; +ivt), p= -1, (7.26)

u= (rl—n/2(C2]\n—2|/2(\/—UV) + C3K\n—2|/2(\/—|)r)) - k/v) exp(ic; +ivt), p=-—1. (1.27)

B. Solutions from the optimal scaling-symmetry and pseudo-conformal-symmetry
subgroups

Theorem 7. The radial Schrodinger equations (1.2) and (1.5) have the following group-invariant
solutions with respect to scalings combined with phase rotations (2.44c):

t/r2
u= %ikrz(M—m/z,—s/z(}xirz/t)/ M—i;¢/2,3/2(}11571)d€
(&)

t/r?
- M,m/m/z(%irz/t)/ Mfiu/2,73/2(%ié_])dé) exp (ic; — §i(r*/1) + ZipInt),
A

p=—1l,n=-4.
(7.28)

Theorem 8. The radial Schriodinger equations (1.2) and (1.5) have the following group-invariant
solutions with respect to time translations and inversions combined with phase rotations (2.44d):

(1+1%)/r?
u=tkr?(MyapGr? /(1 4+ 1) / My 336" dE

(1+1%)/r?
M) [ Mo haE) a9

x exp (ic; — ik arctan(1/1) — Lir’t/(1 + 1)),

p=—1l,n=—-4.
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C. Solutions from the full symmetry group

From Theorem 3, the full group of point symmetries admitted by the radial Schrédinger equation
(1.2) and its alternative two-dimensional formulation (1.5) can be applied to each of the solutions u =
S, r) listed in Theorems 5-8. Phase rotations (2.32a) and scalings (2.32¢) change only the constants
appearing in these solutions, while time translations (2.32b) at most shift # by a new constant. In
contrast, inversions (2.32d) produce additional new solutions, which are listed in the next theorem.

Theorem 9. In the case of the pseudo-conformal power p = 4/n, the radial Schrodinger
equations (1.2) and (1.5) have the following additional group-invariant solutions:

u = (n(n —4)/(4k)"*r " exp (ic; —icar?/(4(1 + c21))),
n#4,k/(in(n —4) >0,

(7.30)

u=(—n>/Q2kQn + H)"*r (14 ea(r/(1 + C3t))2_4/‘”)_2/ Pexp (icy — icsr? /(4(1 + c31))),

n*—n+4=0,
(7.31)
u = (3kr* + c3r°(1 + cat) ™ + (1 + cut)?) exp (icy — icar? /(1 + cat)), )
p=—1,n=—4, .
w= (11 + ea)™ (25 (or/(L+ ean) + e Vs (Wor /(L + eqn) = ko)L +eqr)?)
X exp (icl +ivt /(1 + c4t) — iC4r2/(4(1 + C4t))), (7.33)
p=—1l,n=—-4,v >0,
U= (r3(1 + cat) " (e s(V=vr /(1 + cst)) + c3Ka3(v/—vr /(1 + c41))) — (k/v)(1 + C4t)2)
x exp (ic1 + vt /(1 + cat) — icar?/(4(1 + cat))),
p=—1l,n=—4,v <0,
(7.34)
) ) t(14cqt)/r? |
u = ikr <M—iu/2,—3/2(41‘1ir /@1 + CM)))/ M_iup30(3iE7 ") dE
&)
t(1+eat)/r?
- M—iu/2,3/2(iir2/(f(1 + CM)))/ M—iu/z,—s/z(iié_])dé) (7.35)
e
x exp (ic; — SipIn(es + 1/1) — gir’(1 4 2c4t)/(t(1 + ca1)))
p=—-ln=-4
(L)) /1
= (Mo /67 + (1 o) [ Mo 5™ de
. ) (P+(1+cst )/ r? |
= Mep 30377 /(7 + (1 cat)?)) / Mepap(b&™hde)  (1.36)
c3

x exp (icy — ik arctan(cs + 1/1) — 1ir’(cs + 1 + 4”0 /(% + (1 + c41)?))
p=—1,n=—4

D. Analytical behaviour of group-invariant solutions

The radial solutions listed in Theorems 5-9 exhibit several types of interesting behaviour
describing (1) standing waves; (2) static and dynamic monopoles; (3) static “bright solitons”; (4)
static and dynamic “dark solitons”.
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A function u(t, r) describes a radial monopole if it is smooth on 0 < r < oo such that |u| —
0 as r — oo and |u| — oo as r — 0. Solution (7.1) for p > 0 is a n-dimensional static monopole;
solution (7.6) for ¢c; = 0 is a 16-dimensional static monopole; solutions (7.1) forn # 1,2, ..., (7.3)
for 2 < n < 3, and (7.11) are planar static monopoles. Solution (7.30) is a n-dimensional monopole
with a dynamic phase; solution (7.31) is a planar dynamic monopole.

A function u(t, r) describes a radial standing wave if it is smooth on 0 < r < oo such that u =
U(r)exp (iwt) with w # 0 and |U| bounded as r — o0. Solution (7.26) and solution (7.27) in the case
¢ = 0 are n-dimensional standing waves.

A function u(z, r) describes a “bright radial soliton” or a “dark radial soliton” if it is smooth
on 0 < r < oo such that |u| — 0 as r — oo or |u| - A # 0 as r — 00, respectively. Solution (7.2)
for n > 2 in the “+ ” case is a n-dimensional static bright soliton; solution (7.6) in the case ¢c; = 0
is a 16-dimensional static bright soliton. Solution (7.34) in the case ¢, = 0 is a planar dynamic dark
soliton exhibiting blow-up.

More details about these physically interesting radial solutions, including their L? norms and
conserved energies, will be discussed in a separate paper.'? The remaining radial solutions found in
Theorems 5-9 all have unphysical behaviour, in particular |u| is unbounded as » — oco.

Vill. CONCLUDING REMARKS

In this paper, all explicit group-invariant solutions given by elementary functions have been
derived (cf. Theorems 5-9) for the class of semilinear radial Schrodinger equations (1.2) with a
power nonlinearity p # 0 in multi-dimensions n # 1. Among these solutions u(t, r), a few describe
n-dimensional radial standing waves, radial monopoles, and static radial “bright solitons”, which
have some physical interest.

Several solutions exist, surprisingly, only for non-integer values of n. In such cases the ra-
dial Schrodinger equation (1.2) is shown to have an alternative interpretation as a planar (i.e.,
2-dimensional) radial equation (1.5) containing an extra modulation term mu,/r that describes a
point-source disturbance at the origin r = 0, with m = 2 — n. Some of these planar solutions are
physically interesting dynamic radial monopoles and dynamic radial “dark solitons”.

However, no n-dimensional radial solutions are obtained in the analytically important cases p
> 4/n relevant for blow-up behaviour when n > 2. In particular, it is rigorously known'-? that some
radial solutions exhibit a finite time blow-up such that |u(z, )| — oo as t — T < oo (with the energy
and L? norm of u(z, r) being finite).

For the critical case p = 4/n, a special class of radial blow-up solutions can be shown to have
an exact group-invariant form!

u(t,ry=(T — ) "*UE) expli(w + r*/H/(T —1)), E=r/(T—1), w#0, (8.1)
where U(§) satisfies the complex nonlinear 2nd order ODE
U'+m—1DET'U 4+ U +kUMU =0 (8.2)

which is given by reduction of the radial Schrodinger equation (1.2) under a pseudo-conformal
symmetry group generated by

T2Xtrans. - TXscal. + Xinver. + a)Xphas.~ (83)

Such pseudo-conformal blow-up solutions (8.1) are related by a certain symmetry transformation to
standing wave solutions (2.50) and (2.51), which arise from the optimal translation group (2.44b)
given by the generator (2.42b). Specifically, if u = f{z, r) has a standing-wave form with frequency
v # 0 when p = 4/n, then

w= f@/(T =1),r/(T =ONT —0)~2Pexp (ir? /(KT — 1)) (8.4)
(modulo a constant phase rotation) has a blow-up form with @ = Tv # 0, where

t—>t/1—t/T), r—>r/(T—1), u— (T —t)Pexp(—ir’/&T —1))u (8.5)



121504-41 S. C. Anco and W. Feng J. Math. Phys. 54, 121504 (2013)

is an inversion transformation combined with a scaling transformation acting on (, r, u). Hence the
ODEs (2.51) and (8.2) are equivalent up to at most a point transformation on (£, U, U). From the
results in Propositions 1(ii) and 2, we conclude that, since @ # 0, the blow-up ODE (8.2) has too
few point symmetries to allow it to be reduced to quadratures by means of first integrals (except in
the case p # — 1, n = 4/p = — 4 when special solutions can be found in terms of Bessel functions).
The only obvious explicit solution, by inspection, is U = (—w/k)"*, but this solution has infinite
energy and infinite L? norm.

In the supercritical case p > 4/n, numerical evidence' suggests that a general class of blow-up
solutions for the radial Schrodinger equation (1.2) asymptotically approach an exact similarity form

u(t,r) = (T — 1) PUE) explioIn(T —1)/T)), £=r/JT -1, @#0,  (8.6)
where U(§) satisfies a more complicated complex nonlinear 2nd order ODE
U"+((n— g™ = &)U — (0 +i/p)U + k|UIPU =0, (8.7)
which is given by reduction with respect to a scaling symmetry group generated by
T Xrans. = 5 Xscal. = @Xphas.. (8.8)

Modulo a time translation symmetry transformation r — ¢+ 7, these blow-up solutions (8.6) are
the same as the similarity solutions (2.46) and (2.47), which arise from the optimal scaling group
(2.44c) given by the generator (2.42c). Since the ODEs (2.47) and (8.7) are thereby equivalent up
to at most a point transformation on (£, U, U), the results in Propositions 1(i) and 13 show that the
blow-up ODE (8.7) has too few point symmetries to allow it to be reduced to quadratures by means
of first integrals (except, again, in the case p # — 1, n = 4/p = — 4 when special solutions can be
found in terms of Whittaker functions).

Consequently, symmetry reduction methods are unable to yield any explicit n-dimensional radial
blow-up solutions (8.1) and (8.6). To look for such solutions, we plan to apply the method of group-
foliation reduction,'* which has been successfully used in previous work'> !¢ to obtain blow-up and
dispersive radial solutions to semilinear wave equations and semilinear heat conduction equations
with power nonlinearities in multi-dimensions.
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