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Abstract. We discuss the expansion of interaction kernels between anisotropic rigid
molecules. The expansion decouples the correlated orientational variables, which is
the crucial step to derive macroscopic free energy. It is at the level of kernel expansion,
or equivalently the free energy, that the symmetries of the interacting rigid molecules
can be fully recognized. Thus, writing down the form of expansion consistent with the
symmetries is significant. Symmetries of two types are considered. First, we examine
the symmetry of an interacting cluster, including the translation and rotation of the
whole cluster, and label permutation within the cluster. The expansion is expressed
by symmetric traceless tensors, with the linearly independent terms identified. Then,
we study the molecular symmetry characterized by a point group in O(3). The proper
rotations determine what symmetric traceless tensors can appear. The improper rota-
tions decompose these tensors into two subspaces and determine how the tensors in
the two subspaces are coupled. For each point group, we identify the two subspaces,
so that the expansion consistent with the point group is established.

AMS subject classifications: 76A15, 82D30, 76M60

Key words: Liquid crystals, molecular symmetry, point groups, free energy, interaction kernels,
gradient expansion.

1 Introduction

In a system consisting of many rigid molecules, the interactions between the molecules
depend not only on the relative position, but also on the relative orientation. Such in-
teractions can lead to nonuniform orientational distribution. As a result, even in an in-
finitesimal volume, local anisotropy can be formed and further correlated spatially, which
is the typical mechanism for liquid crystals. An example that many are familiar with is
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the (uniaxial) nematic phase formed by rod-like molecules, where no positional order is
observed but an optical axis can be identified. If layer structure further arises, the smec-
tic phases could appear. The concept of liquid crystals has been expanded to a great
extent since rigid molecules of other shapes, such as bent-core molecules, have proved to
possess richer phase behaviors experimentally [16,29].

In mathematical theory, to identify liquid crystalline phases, one needs to construct
free energy about some order parameters describing the local anisotropy. A simple ap-
proach is to construct phenomenological macroscopic models, typically a polynomial
of the order parameters and their derivatives. For rod-like molecules, the order pa-
rameter can be chosen as a second order symmetric traceless tensor, based on which
the Landau-de Gennes theory is built and has been successfully applied to both station-
ary and dynamic problems [2,10,25]. When discussing other types of liquid crystalline
phases, including polar, biaxial or tetrahedral order, people also attempted to construct
phenomenological models with different tensor order parameters [11,12,14,26,27,30]. In
these models, the terms are usually kept as minimum to describe specific phenomena.

Macroscopic theories can also be built upon molecular theories. Such an approach
dates back to the derivation of the equations of state for gases, where a homogeneous
system consisting of spherical molecules is considered [19,21]. Inhomogeneous systems,
without considering the anisotropy of the molecule, have also been discussed, leading to
theories for modulated phases that can describe various materials such as amphiphilic
systems and block copolymers [7, 13,24]. Molecular theories are characterized by in-
teraction kernel functions of several molecules, in which the variables representing the
positions of these molecules are correlated. To derive a macroscopic theory, it is neces-
sary to separate these variables, which can be done by expanding the kernel functions.
After the expansion is done, each term in the expansion corresponds to a term in the free
energy, so that the macroscopic theory is established.

When non-spherical rigid molecules are put into consideration, extra variables are
introduced for the orientation of the molecule. Most theories developed from molecular
interactions focus on the orientational variables only and are built for spatially homoge-
neous systems. In this case, the kernel functions are independent of spatial variables, and
the expansion decouples the orientational variables. Theories of this kind possibly start
from Maier-Saupe [20] for rod-like molecules. Other rigid molecules, including cuboid,
bent-core, triangular and cross-like [4, 5,28, 35,36], have also been discussed.

Recently, the expansion has been extended to spatially inhomogeneous cases, where
both spatial inhomogeneity and orientational anisotropy are included. This approach
combines the techniques for spatially inhomogeneous systems of spherical molecules and
for spatially homogeneous systems of non-spherical molecules. It was first proposed
for rod-like molecules [15], for which a tensor model was established for both nematic
and smectic phases. Later, it has been successfully applied to bent-core molecules [34],
resulting in a tensor model for modulated nematic phases.

Despite the success of these works, they still cannot describe the majority of exotic
liquid crystalline phases exhibited by non-spherical rigid molecules [18,29,39]. This is
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indeed not an easy task as we look into the mechanism of forming liquid crystalline
phases, where symmetry is a central topic. A rigid molecule has its intrinsic symmetry,
which can lead to various local orientational order of different mescoscopic symmetries.
Macroscopic structures are built upon the possible spatial variation of the local orien-
tational order. Theoretically, as we have mentioned above, order parameter tensors are
responsible for classifying the local orientational order. Different molecular symmetries
lead to different choice of order parameters [32], so that the classification of local orien-
tational order would be distinct. To fully recognize the symmetry of the macroscopic
structures, it calls for finding minimizers of specific free energy. For complex orienta-
tional order, it sometimes needs several high order tensors that are not considered in the
free energy in existing theories. In this sense, it is crucial to understand how the free
energy is constructed according to molecular symmetry. When we attempt to derive the
free energy from molecular interactions, the problem converts into understanding how
the kernel expansion is determined by molecular symmetry.

It shall now be clear that the expansion of interaction kernels is the core of building
macroscopic models from molecular theories. In particular, when complex symmetries
are considered and multiple tensors are adopted as order parameters, it is nontrivial to
build phenomenological theories directly. In this work, we derive the expansion of in-
teraction kernels for all molecular symmetries. Symmetry yields a few arguments on in-
teraction kernels. These arguments determine what terms will appear in the expansion,
and each term in the expansion leads to a term expressed by tensors in the free energy.
Thus, together with suitable truncation, the molecular symmetry determines the form of
the free energy, as well as the order parameters that are just the tensors appearing in the
free energy. When the interaction kernels are specified, the coefficients can be calculated
from the kernels [4, 15,28, 34,35]. Molecules with the same symmetry, such as bent-core
and star-shaped molecules [34,37,38], can be distinguished in this way.

The expansion of interaction kernels is carried out in two steps.

e Write down the general form of expansion without considering molecular symme-
try. In this case, the interaction kernels still possess some spontaneous symmetry
arguments. We shall figure out the role of these arguments playing on the expan-
sion.

e With certain molecular symmetry, some terms in the general expansion will vanish.
We shall identify the nonvanishing terms for all molecular symmetries.

To deal with anisotropy at molecular level, we need to introduce the orientational
variables. For this purpose, some notations and results about SO(3) are presented in
Section 2. Then, in Section 3, we study the expansion of interaction kernels in the general
case. Whatever the molecular potential is, the interaction kernel for a cluster is invariant
when the cluster is displaced or rotated as a whole, and when the labels of molecules
within the cluster are permuted. To reveal the effect of these arguments, one crucial point
is that we express the expansion by symmetric traceless tensors that have been discussed
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from various aspects [6,17,23,32]. With symmetric traceless tensors, it is easier to identify
the linearly independent terms. The orthogonality of many terms can also be recognized,
which is useful in the computation of the expansion of a specific kernel.

The use of symmetric traceless tensors also makes it clear how the molecular symme-
try plays its role, which we analyze in Section 4. The molecular symmetry is described
by orthogonal transformations leaving the molecule invariant, which form a point group
in O(3). A point group consists of proper rotations and possibly improper rotations,
whose roles are different. The proper rotations constitute a subgroup in SO(3). This
subgroup determines that only the invariant tensors of this group can appear in the ex-
pansion. The invariant tensors have been written down explicitly in [32] for each point
group in SO(3). Then, the improper rotations decompose the invariant tensors into two
orthogonal subspaces, and impose conditions on the coupling of tensors between these
two subspaces. For each point group, we will write down explicitly the subspace decom-
position. If the two point groups have the same proper rotations, the invariant tensors
are identical. However, since the decomposition by improper rotations is distinct, the
surviving terms in the free energy would be different. In other words, it is at the level of
free energy, but not at the level of order parameters, that the molecular symmetry can be
fully distinguished.

In this way, we write down the expansion of the interaction kernel for each point

group.

e For the expansion in the general case, the list of all the linearly independent terms
is provided;

e The proper rotations select tensors that could appear in these terms;
e The improper rotations set the rule of coupling.

This procedure clearly reflects how the molecular symmetry selects terms in the expan-
sion, which is summarized in Section 5.

To clearly present the idea, we focus on the pairwise kernel in the main text. The
whole procedure is also applicable to interaction kernels involving clusters of multiple
molecules, but finding out the linearly independent terms turn out to be tedious. For
this reason, the discussion about clusters of multiple molecules is left to Appendix. As
for explicit expressions, we provide them for bulk energy (without spatial derivatives)
and elastic energy (with spatial derivatives) from pairwise interaction, and bulk energy
from clusters of three and four molecules. This is expected to meet the demands for most
applications. In most previous works, only pairwise (two-molecule cluster) interaction is
taken into account.

The current work can serve as a useful handbook for studying the liquid crystalline
phases formed by any rigid molecule.

e When studying a particular rigid molecule, one could look up the list and choose
the terms needed, no matter for molecular-based theories or for Landau theories.
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The truncation criteria might be influenced by stability, symmetry of the phase, de-
grees of freedom of macroscopic parameters [22,32,34]. From the complete list of
terms we provide, one could choose the terms based on the need for particular sys-
tems. In a recent paper [33], the truncation is chosen to distinguish point groups at
the lowest order, and elastic terms up to second-order from the pairwise interaction
are listed. The results there are actually obtained according to the procedure in the
current work, but no derivation is provided in that work.

e The explicit expressions of orthogonal terms would greatly simplify the computa-
tion of their coefficients, which is merely utilized in previous works.

¢ Another note beyond the topic of the current work is that the subspace decompo-
sition of invariant tensors by improper rotations makes it available for fully clas-
sifying local anisotropy by its symmetry. Such classification is discussed previ-
ously [32] only for point groups in SO(3). With the help of the decomposition, we
are able to further classify different chiral or achiral states by the nonzero structure
of tensors. We shall discuss the classification in forthcoming works.

2 Preliminaries

We consider the system consisting of many identical rigid molecules that are generally
anisotropic, so that the orientation of each molecule affects the state of the whole system.
To describe the orientation, we mount a right-handed orthonormal frame (O;ml,mz,mg)
on the molecule. The position of O is denoted by x, and the orientation of the frame
is denoted by p. In this way, (x,p) represents the position and the orientation of the
molecule. The frame p is an element in SO(3), which can be expressed by an orthogonal
matrix, also denoted by p, with detp =1. The components of p are the coordinates of the
axes m;: if we denote by (O;ey,e;,e3) the reference frame in R3, then the (i,j) element of
p is given by e;-m;. We can also view m; as functions of p, and use the notation m;(p) to
represent the axis m; of certain p. The uniform probability measure on SO(3) is denoted
by dp.

The operations on tensors will appear throughout the paper, so let us introduce some
notations for tensors. A k-th order tensor U can be expressed by the basis in IR® as follows,

U=Uj..je; @ Qej. 1)

Hereafter, we adopt the Einstein convention on summation over repeated indices. Often-
times, we write a tensor U with superscript to explicitly indicate its order.

For two tensors U; and Uy, we use U ®Uj to represent their tensor product, where the
Uj-components come first. The dot product of two tensors with the same order, giving a
scalar, is defined by

u-v=u (2.2)

v Vi e
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Next, we define the rotation p acting on a tensor. By expanding the tensor using the basis
ej, ®---®e;j, the rotation is done by transforming e; into m;, giving

pol= ]1 oM @ @my (2.3)

Since m; can be viewed as functions of p, we regard poU as a function of p and denote it
as U(p). We have U(p1p2) =p1oU(p2), and

Ui (spq)-Ua(spy) =Uy(p1)-Ua(p2), VseSO(3). (2.4)

We then introduce the notations for symmetric tensors. For a k-th order tensor U, define
its symmetrization as

1
usym:y Y Zua o €1 @ D€y, (2.5)

1<), k<3 T

where the summation inside is taken over all permutations ¢ of (1,---,k). For any sym-
metric tensor U, its trace is defined by contracting two of its components, resulting in a
(k—2)-th order tensor,

(tru)fl"'jk—z = ufl"'fk—zii'

If a symmetric tensor U satisfies trl =0, it is called a symmetric traceless tensor. The
symmetric and traceless properties are kept under rotations, i.e. U is symmetric trace-
less implies U(p) is. To express symmetric tensors, we introduce the monomial notation
below, like
m mkzmgs:(m1®"'®m2®"'®m3®"')sym- (2.6)
ky ka ks

It is easy to see that for k1 +k +k3 =k, the tensors m; mgzm3 give an orthogonal basis of

k-th order symmetric tensors. In this way, a polynomial about m; can be regarded as a
symmetric tensor, if every term in the polynomial has the same order.
We also use Kronecker delta and Levi-Civita symbol, which are given by

N 1, (ijk)=(123),(231),(312),
si=4 7 Tl en={ —1, (ijk)=(132),(213),(321),
4 0, i#j, 4 .
0, otherwise.

Two closely related tensors are the second order identity tensor,
i=m?+mj+m3,
and the third order determinant tensor,
€ =€jjkm; Qm; Qmy
=m;Qdmymz+myQmzdmy+m3zmyQmy

—m @mz@my —myXm @mz—m3z XDy Qmy.
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One can verify that the above two equalities hold for any right-handed orthonormal
frame (m;). If U is a symmetric tensor, we will use the notation

U= (1T U)sym.
To construct symmetric traceless tensors, we have the following proposition (see [32]).

Proposition 2.1. For each k-th order symmetric tensor U, there exists a unique (k—2)-th sym-
metric tensor V such that U—iV is a symmetric traceless tensor, which is denoted by (U )o. The
space of k-th order symmetric traceless tensors has the dimension 2k+1.

We denote an orthogonal basis of k-th order symmetric traceless tensors by
WE={W§f,--- W5 _1}. 2.7)

From any orthogonal basis of symmetric traceless tensors, we can obtain a complete or-
thogonal basis of L?(SO(3)), the space of square integrable functions. The following
proposition is the result of group representation theory (see, for example, [31]).

Proposition 2.2. The functions Wik(i) -W}‘(p) of p for k=0,1,--- and 1 <1i,j <2k+1 give a
complete orthogonal basis of L*(SO(3)).

The inner product is defined for tensor-valued functions about multiple p-variables:
for two tensor-valued functions A(p1,---,p;) and B(py,---,p;), if A and B have the same
order, we define

(A,B):/‘A(mu--,pz)'B(m,-~-,pz)dm-~-dpz- (2.8)

3 General form of expansion

In this section, we discuss the expansion of interaction kernels in the general case, i.e.
without considering molecular symmetry. First, we introduce the gradient expansion to
decouple the spatial variables, which has been used previously to deal with various sys-
tems without orientational variables. Then, starting from the formula after the gradient
expansion is done, we discuss how to deal with the orientational variables.

3.1 Molecular model and gradient expansion

Based on microscopic potential and statistical mechanics, one could write down a molec-
ular model, which may involve various approaches such as mean-field theory or clus-
ter expansion [19,21]. No matter what approaches are used, the free energy typically
takes a form including the contribution of local entropy term and nonlocal interactions
of molecule clusters of two, three, and so on. Let f(x,p) >0 be the number density of
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the molecule at the position x and of the orientation p, which we assume is smooth to
facilitate the expansion afterwards. The molecular model is written as

BoZf]= / dxdpf (x,p)Inf(x,p)+F2+F3+-,

where the nonlocal interactions terms are given by
Ty =~ /dxldpldxzdpz%(Tzzpllpz)f(xbpl)f(xz,Pz)

Zg/dxldpldxzdpzdx3dp3%(1’2,1’3,131,132,133)f(x1,131)f(xzfpz)f(xafm)- (3.1)

Here, (x]-,p]-) represents the position and orientation of the molecule j, rp=x—x1 is the
relative position to the molecule 1, and By is the inverse of the product of the Boltzmann
constant and the absolute temperature. Since we would not like to discuss boundary
terms, we simply assume that each dx; is integrated in a periodic box Q) €R. The orien-
tation variable p; is integrated on SO(3). To shorten the notations, we do not write them
out in the integrals.

The entropy is a local term that can be handled in different ways. One possible ap-
proach is to use the so-called Bingham closure for rod-like molecules [1, 3,15], which is
actually the maximum entropy state that could be extended to general rigid molecules.
This approach can always be carried out if we are able to deal with the nonlocal interac-
tion terms. Therefore, we do not discuss this term in this paper.

Our focus is the nonlocal interaction terms .%,;. The interaction kernels ¥ are functions
of the molecular potential that might involve numerous types of forces, which we will not
try to specify and only assume to be square integrable. The nonlocal interaction terms .%;
are typically truncated somewhere. As an example, if the concentration is low, it would
suffice to keep the .%, term only. In this case, one could use % =1—exp (— Bo% (rz,pl,pz))
where 7% is the potential for a pair of molecules.

We start from doing Taylor expansions on f(x;,p;) = f(x1+7;,p;) about 7},

x]/p] Zﬁr]] Vk xl/pj)' (32)

. ki .
Here, we recall that the monomial rj/ represents a k;-th order symmetric tensor
Q- 0.
kj

Taking the above into the interaction terms, we obtain
1
Zi1f] - Zk W/dxldpl”'dplf(xlzpl)
Y

A ) VR (1, p2) @ @ VR fxp),  (3)
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where we define the tensors ///lkz""’kl as follows,

%sz"'/kl (pl/"'/pl):/%(72/‘"/rl/plr"'rpl)r§2®”'®r;<ldr2'“drl' (34)

In the above, we have effectively done the gradient expansion. It has been adopted in
many systems where no orientational variables are involved (such as [8]), where //llkz’""kl
are constant tensors, so that .# becomes a functional about f and their derivatives. In
some systems, such a manipulation is done in the Fourier space, where the expansion
is done about Fourier modes. It leads to polynomials of Fourier modes [7,13], which is
formally equivalent to the gradient expansion after Fourier transformations. It certainly
requires some conditions for the gradient expansion to be appropriate. In this work,
however, we assume its appropriateness and start our discussion from (3.3) and (3.4).

The focus of this paper is the expansion of ///lkz""’kl about the orientational variables
p;. After the expansion, the variables p; are separated, so that the integrals [dp; can be
decoupled. The interaction terms .#; then become functionals about several quantities
averaged by f(x,p), denoted by (h) that we define as

()= [ n(e)f () d. 5

The average is taken over SO(3), so that (&) is a function of x.

The expansion shall satisfy several symmetry arguments, which we will discuss
throughout the rest of paper. To clearly present the idea, we discuss .#5 in a detailed
manner. The discussion for cluster of multiple molecules, along with explicit expressions
from .y and .#,""°, will be given in Appendix. As indicated by the Landau-de Gennes
theory, this is expected to cover most applications.

3.2 Separation of orientational variables

We begin with writing down the symmetry arguments that the kernel function shall sat-
isfy. Regardless of the molecular potential, the interaction between a pair of molecules
shall only depend on their relative position and orientation, and be invariant when two
molecules interchange. When the two molecules are rotated together by t, the positions
and orientations of two molecules are converted into (tx1,tp;) and (txp,tp,). Thus, their
relative position becomes t(x, —x1 ) = tr,. When the label of two molecules are switched,
(x1,p1) and (x7,p2) interchange, so that the relative position becomes x; —x, = —#,. Thus,
we arrive at natural symmetries in the kernel function %, given by

%(trz,tpl,tpz) :%(rz,pl,pz), Vte 50(3), (36)
gZ(_r2/p2/p1) :gZ(rZIPlIPZ)' (37)
We first seek the expansion consistent with (3.6). By the definition (3.4), we have

My (tp1,tp,) :/rlz‘%(rz,tpl,tpz)drz.
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Changing the dumb variable of the integral from r; to tr,, then using (3.6), we derive that

(91, t2) = [ (1) Gatrz oy )l (1)
:/(frz)k%(fzfpllpz)dfz

:tO/régz (r2,p1,p2)dry
=to. sy (p1,p2),

where we incorporate the definition (2.3).

Note that .#§ is a k-th order symmetric tensor. Since .#§ rotates with t, we could
choose a basis also rotating with t, so that the coefficients under this basis are invariant
of t. It is thus natural to choose the basis generated by the frame m;(p;), yielding

k!
M= Y. (Mo (Pl)mgz(Pl)mgs(Pl))Wmlil (p1)my? (p1)ms (p1).  (3.8)
k1 +ky+ks=k 1-R2:R3:

Here, the monomial notation is still adopted in m’lc1 (1:11)m§2 (p1)m'§3 (p1). Indeed, the coef-

ficients //lzkm]{l (1:11)11152 (pl)m§3 (p1) are scalar functions of the relative orientation p; 'p,
because we have the following by noticing (2.4),

M (91, tp2) ! (tpy ) () (tpy)
= (toF (prp2) ) -to (i (pr)m5 (pr)m (p1))
=5 (pr,p2) -1y ()2 (pr ) ().
Choosing t=p;"!, we get

A3 (1, p2) 1 (4 )y (891 ) () = 5 (i o)y €75’
Such an expression is ready for variable separation. We then expand the scalar
Ay Tpo)- ellcl egzelgf by the orthogonal basis given in Proposition 2.2. It can be writ-
ten as the sum of some terms given by V/"(i)-V"(p; 'p2), where V" and V" are two

symmetric traceless tensors of m-th order. Plugging it into (3.8), we know that (.Z%);,...;,
can be expanded into the sum of terms of the following form,

Yf(pl)ll 1k( () Vm(pl ]32))
YE(p1)iyi (VI (p1)- V™ (12))
(Y{( )®Vl (pl))i1"'ikj1"'jm m(p2)j1'~'jm

Y (P1)iyigjiooojm V" (02) 1 i (3.9)

(use (2.4))

p1)i
(p1

lI>
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where Y{‘(m) can take any my (p1) 1 my(p1)*2ms3(p1)® for ki +ky+k; =k, and we denote
Y =Yf®V". The above expansion is already variable separated: we could take it back
into the Taylor expansion (3.3) and obtain one term in it,

/f(x/pl)Y(pl)il“'ikjl'“jmVm(pz)jl"'jrnail---ikf(xIPZ)dxdpldp2
:/ (/Y<p1)i1~~~ikj1~~']'mf(xrp1)dp1> i iy (/Vm(lﬂz)h~~jmf(x,lﬂz)dpz) dx
:/<Y>i1...ik]'1...jmail...ik<Vm>]'1...]'mdx. (3.10)

We can see that the last expression is already a term about two averaged tensors (Y) and
(V™). As a result, .%, has been expanded into several terms in the form (3.10), which
meets our motivation.

Since the space of k-th order symmetric tensors has the dimension (kgz), we actu-

ally expand (¥}?) scalar functions on SO(3). Therefore, when Y} takes the basis tensors

m’lc1 méz m§3 and V", V™ take the basis tensors in W™, the terms in (3.9) are linearly in-
dependent. When m is fixed, we note that Y has (szrz) choices, V" and V" both have
2m+1 choices. Thus, the total number of these terms is (szrz) (2m+1)2. In addition, we
know that .Z¥ is square integrable since we have assumed % is, which implies that the
(kgl) scalars are all within L?(SO(3)). From Proposition 2.2 we know that when m takes
throughout all nonnegative integers, these terms form a complete orthogonal basis.
However, the above form is inconvenient when discussing (3.7) and molecular sym-
metries afterwards. In what follows, we decompose Y into symmetric traceless tensors

and identify the linearly independent terms after the decomposition.

3.3 Expansion by symmetric traceless tensors

We shall first focus on what types of terms might appear in the decomposition of a tensor
into symmetric traceless tensors, and write down the corresponding terms when taking
them into (3.9). Then, we shall identify the linearly independent terms.

For an s-th order tensor X°®, we could express it as the sum of several tensors whose
components are all from symmetric traceless tensors. The decomposition is described
briefly in Appendix. Here, we only present the result. If we write out the coordinates of

X® as X;1~~~ys' we have three types of terms,
T
5?”*1 May " '5?‘“%71?‘“20 u}lvl P! (3.11a)
T
€uey Véz‘/(syal Pag ™" '5%’20—1 Hage uVVWz"'VVr’ (3.11b)
T
Chg iy 5?’“1 Py " '5?‘“20—1?‘“% uﬂvl Pyt (3.11¢)

In the above, U" represents an r-th order symmetric traceless tensor. The indices
not repeated give exactly all the indices of X°. For example, in (3.11a) we have
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{1+, 000,71, , 7+ } ={1,---,s}. These terms are generated by a symmetric traceless ten-
sor, some identity tensors, and possibly one determinant tensor. The order of the tensor
Uu’, r, and the number of identity tensors, ¢, can vary, provided that the term gives a
tensor of the same order as X°. To write down explicitly, the three terms in (3.11) shall
satisfy

20+r=s, in(3.11a),
20+r+1=s, in(3.11b),
204+r+3=s, in (3.11¢). (3.12)

Now we apply the decomposition to the tensor Y = Yf®@V/" in (3.9). We shall keep in
mind that Y{( is a k-th order symmetric tensor, and V|", V" are m-th order symmetric
traceless tensors. Let us examine the indices of § and € in the decomposition. Note that in
a symmetric tensor, every index is equivalent. Thus, we only need to examine how many
of the indices are located in Y} or V;".

e If both indices in a § are located in V", the resulting term is zero when taking into
(3.9), because it leads to the contraction of two indices in V™.

e For the three indices in ¢, if any two of them are located in Y{( (or V{"), then the term
will vanish because Yf and V]" are symmetric. The nonvanishing term must have
one index in Y{(, one in V", and the third can only be the v of U,... in (3.11b). In
other words, (3.11c) contributes nothing in (3.9).

Thus, we can specify the following.

e Some indices of U" are located in V]". These indices are contracted between U" and
V™. Suppose the number of such indices is p.

e For some &, both indices in it are located in Y}. Suppose the number of such 6 is g.

e For other 4, one index is located in Y{(, while the other is located in V{". The number
of such § is m—p in (3.11a), because it equals the number of indices in V" not
contracted with U". Similarly, the number of such J is m—p—1in (3.11b).

Summarizing these cases, we obtain some terms expressed by a pair of symmetric
traceless tensors. They can be written as the symmetrization of tensors of the two types
below, which we denote by A; and A, respectively,

(Al)ilmik = 5i“1 iy '5ia2q71ia2q u’ (p1)iﬁl "‘iﬁ,,pjl“‘]'p %4 (pz)ih gy i1t (3.13a)

(A2)i1'“ik = eéléziv(sialiaz T .5ia2q_1ia2q u (pl)Cliﬁl g, qJidp V" (p2)52i71 g1 (3.13b)



J. Xu / CSIAM Trans. Appl. Math., x (2022), pp. 1-45 13

The indices i... on the right hand side also give exactly all i1,---,i;. Let us define two short
notations,

UtV =(Z1)sym,  (Z1) —u v (3.14a)

e lepm=2p — T frecjpinde—p Uit fple—pt lrm—2p”

P
U™ X V"= (Z2)sym, (Zz)il"'iHm—ZP—l = €000 ugljl"'jpiZ"'irfpVg’;jl"'jpir7p+1"'ir+nz—2p—l’ (3.14b)
where we write the number of indices shared by U" and V", the integer p, over the
operator between the two tensors. Rewriting (A1 )sym and (A2 )sym for Ay and A, in (3.13),
any term given by (3.9) can be expressed linearly by the following terms,

WU (p1) V™ (p2), k=2q+7r+m—2p, (3.15a)
i‘iw(pl)ivm(m), k=2q+r+m—2p—1. (3.15b)

The relation of tensor order is a direct result of (3.12).
Note that V" is the same tensor in (3.9) and (3.15). We shall prove the following by
counting the number of terms given by (3.15).

Theorem 3.1. Let k and V'™ be fixed. Let v,p,q vary and U" € W'. The terms given in (3.15) are
linearly independent, and are linearly equivalent to the terms given in (3.9).

Proof. In the above derivation, we actually show that (3.9) can be linearly expressed by
the terms given in (3.15). Recall that when V™ is fixed, the total number of linearly inde-
pendent terms given by (3.9) is 4 (k+2)(k+1)-(2m+1). Thus, we only need to prove that
this is exactly the number of terms given by (3.15) (when U" € W").

Since k and m are fixed, the relation of tensor order in (3.15) is actually about p, g and
r. The r-th order symmetric traceless tensor U" has 2r+1 choices. We shall count the
choices of (p,q) with a fixed r, which can be done by counting the choices of either p or g.
In (3.15), the indices shall be nonnegative integers. Moreover, it requires p <r,m in (3.15a)
and p+1<r,m in (3.15b). Thus, we deduce the range for the indices,

r+m—k

(3.15a): r+m—keven, max{O, } <p<min{m,r};

r+m—k—1

(3.15b): r+m—kodd, max{o, :

} <p<min{m,r}—1.

If k<m, by requiring the upper bounds no less than the lower bounds in (3.15), we deduce
that m —k <r <m+k. The number of p available is given by

k—lr—
(3.15a): MH,
(asb): Klr=ml=1 )

2
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Hence, the total number of terms is

k—|r—m|+1

y  klromie2 T (or 1),

5 2r+1)+ )

k—|r—m|>0 even k—|r—m|>0 odd
Let u =r—m so that r=m+u. The above number is calculated as

k—|u|+1

k— 2
) ﬂ(2m+1+2u)+ >

k—|u|>0 even k—|u|>0 odd
k—|u|+2 k—|ul+1
ST PRy S
k—|u|>0 even k—|u|>0 odd
k—|u|+2 k—|u|+1
Y ——t ¥ )

k—|u|>0 even k—|u|>0 odd

(2m+1+2u)
(2m+1)
=(2m+1)

=(@mt1)3 (k+1)(k+2)

If k > m, let us do induction about k, based on k=m,m—1 that have been shown above.
Suppose that for k—2, the total number is Jk(k—1)(2m+1). If >0, a term for k corre-
sponds to a term for k—2 by substituting g with g—1. Now we count the number of terms
where q=0. There are two cases:

o r=k—m+2pfor0<p<mj;
o r=k—m+2p+1for0<p<m-—1.

Summarizing the two cases, we have k—m <r <k+m and p is determined correspond-
ingly. The total number of terms when g =0 is thus

k+m

1 1
Y (2r+1)=(2k+1)(2m+1)= E(k+2)(k+1)(2m+1) - Ek(k—l)(2m+1).
r=k—m
The only case remaining is m =0, k=1, for which we can count directly. O

Remark 3.1. It follows from the paragraph below (3.10) that when (U", V™) € W' x W™
with both 7 and m varying, the terms in (3.15) are linearly independent. We shall point
out that it is not always the case that the terms expressed by symmetric traceless tensors
are linearly independent, as we will see in the expansion of ///f’o’o in Appendix. In that
case, the approach in the proof above is also useful.

We next deal with the property (3.7). From the definition of .#%, it leads to

M5 (p2,01) = (—1) 5 (p1,p2). (3.16)
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From (3.15), it is straightforward to write down a set of basis functions for the expansion.
For (U", V") e W' x W™, we consider the following two sets,
X1
= {1007 (p1) V" (2) V" (91) U’ (p2) : k=2q 74 m—2p, rm <}
U {iqur(pl) >€ V™ (p2) —1TV™(p1) >€ U'(p2): k=2qg+r+m—2p—1, r,m<n, U # V’”},
(3.17a)
X1
= {iqll’(pl);-?Vm (p2) —qu’”(pl)FU’(pz) ck=2q+r+m—2p, rm<n, U #V"}
u{iU" (p1) X V™ (p2) +1TV™(pq) X U'(p2): k=2q+r+m—2p—1, r,m<n}. (3.17b)

Here, we require U" # V™ in some sets to avoid zero. The terms in X’;Z 1 UX’;Z _, are also
linearly independent and linearly equivalent to (3.15).

Any term @(py,p2) € Xﬁ/ﬂ satisfies @ (pa,p1) = £P(p1,p2). Thus, it is easy to verify
that the two spaces are orthogonal using the definition (2.8): suppose @1 (p1,p2) € Xﬁ, “
and @ (p1,p2) €XE _;, then

/@1 (p1,92) - DP2(p1,p2)dp1dp2
(change dumb variables) :/CI>1 (p2,p1) P2 (p2,p1)dp1dps

:/ @1 (p1,p2) - (—P2(p1,p2))dprdpz.

It follows from (3.16) that (.#5,®) =0 for any ®(py,p2) € Xﬁ (—1)e Therefore, for odd

k, the expansion of ///2k can only have terms in Xﬁ _1, while for even k it can only have
terms in Xﬁ 41

Corollary 3.1. When (U", V™) e W' x W™ for r,m <n, the terms in X’:l (1) satisfy (3.6) and

(3.7), and are linearly independent. When n ranges throughout the integers, they give complete
basis functions for the expansion of 5.

3.3.1 Summary of explicit expressions, relation to the free energy

Here, we summarize the explicit formulae for the terms in the expansion of ///2" where
0<k<4 in Table 1, from X’; (—1)F When taking these terms back into (3.3), the integrals dp;
are decoupled like what is done in (3.10), leading to the terms in the free energy expressed
by tensors that are also listed in Table 1. We do not distinguish terms that coincide under
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Table 1: Linearly independent terms in the expansion and the corresponding terms in the free energy. All the
tensors are symmetric traceless. The notation (U) represents the average of U(p) about the density f(x,p).

Orientational expansion Free energy
%O un .y vn un uny. (yny. .o =yn.yn
) (p1)-V"(p2) + V" (p1)-U"(p2) Ui, (V" i,
A5 | U )"V ()~ V() U () (Ui 3 (V™ i
-1 _
U (p1) % V" (p2) +V"(p1) X U"(p) € (UM D (V)i
MF (U™ (p1)-V™(p2) +V"(p1)-U"(p2)) (Ui, i (V" )iy iy
U (pr)" V" (p2) + V" (p1) " UM () 0y (U™ iy 13 (V") iy iy
U"=2(py)" V" (p2) + V" (p1)" U2 () 3 (U™ 2) iy, O (V)i iy ik
-2 -2
U"(Pl)nx V"_l(Pz)—V"_l(m)nX U'(pz2) €k (U™ )iy it (V" Vi, o
A3 | AU (o) TV () =iV (o) U () | 9 (U Dy 5 (Vi e
—1 —1
1U"(P1)n>< V7 (p2) +iV"(p1) x U"(p2) €01 (U™ )iy ik (V" )iy
U= (o))" 2V () =V (p0)" U 02) | 3 (Ut o @is (V) iy oo
) 2
U™ (p1) "% V" (p2) + V" (p1) X U"(py) €5k (U™ i1 o ikia (Vi i
Um=3(p1) "V ()~ VI (p1) " U3 (02) | 95 (UMY s (V™) i i
-3 -3
U"2(p1) X V" (p2) V" (1) X U"2(p2) | € (U™ 2ircin s®inia (V" iroin i
My (U (p1) V" (p2) + V"™ (p1)-U" (p2)) Fyjo (U™ iy 0 (V" )iy iy
iun(Pl)n_lvn(pz)"‘ivn(Pl)n_lun(pZ) aj1j3<un>l1 Ay 1]1812]3<Vn>i1“'in—1fz
un(Pl)nTZVn@Z)"‘Vn(pl)n un(pZ) aflfz<un>l1 Ay 2]1]2813]4<Vn>i1'“in—zfsf4
iun_z(pl)nizvnqu)+ivn(pl) Un_z(pz) aj1j2<un 2>11 111 2811]3<Vn>i1"'i1172j2j3
U=2(p) "V (p2) + V(1)U 2 (02) | 3y (U™ it i (Vi i
-2 -2
U (py) X V1 (pa) =iV (pr) X U (py) €ik0jj (U™ iy-iy iy (V" )iy
“3 -3
U (py) % VA () = V=1 (py) X UM (1) €ijk0jn o (U™ ) iy-iy_anjiOkis (V" )iy o
n—4 n—4
U"3(p1) x V™"(p2)—V"(p1) ><4U"_3(P2) €k (U" )iy 40 (V™ ity ajijoisg
n n—
U™ *(py) - V™ (p2)+V"(p1) - U *(p2) | 9 (U™ i 0isis (V™) iy aijoisia

For the notations: - and X, see (3.14).

integration by parts. For example, we consider

/(Uﬂ*l(Pl)n'_lvn(Pz)—

Vi(p) "

=(U" )yt 0V iy = (Vi@ (U i,
=20U" )ity DV ity 2 =35 (Vi g U i ) -

1u”*l(pz))f(x,pl)f(x,pz)dpldpz
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When integrated about dx, the second term in the last line leads to a surface integral.
In this sense, we regard (U" 1) (V") jand (V") .., 0;(U™1) as the
same term.

The correspondence of terms in the free energy and the terms in the expansion is
crucial for computing the coefficients in tensor model from the microscopic interac-
tion [4, 15,28, 34, 35]. The molecular potential determines ¢, then determines .#, on
which the expansion is done. In this way, the coefficients of the expansion, which is also
the coefficients of the free energy, can be computed as functions of parameters in the
molecular potential. When actually implementing the above procedure, it is significant
to find out the orthogonality of the terms in the expansion, which we discuss below.

i1ip 1 ipeiy 1 [ ]

3.4 Orthogonal basis

Corollary 3.1 has claimed that basis functions for the expansion of .Z¥ can be given by
Xl;z, 11- Thus, we only need to find some linear combinations of them that form an orthog-
onal basis.

Note that for a fixed pair of tensors (U’,V"), there can be multiple terms in (3.15)
involving them. To achieve orthogonality for these terms, we derive some symmetric
traceless tensors related to these terms. We know from Proposition 2.1 that there exists a

. . P . .
unique symmetric traceless tensor generated by U"- V"'. Below, we would like to derive
the explicit formulae.

We could express

p " min{r,m}—p . p+1
u-vme=u-vr+ Yy amHu v (3.18)
1=1 :

Calculating the trace using (2.5), we deduce that

tr(i’w”-”vm> =2z(2(r+m—2p>+1—2l)il—1ur’7.“vm

!
+2(r—p—1)(m—p-1)i '’y

So we have
2] (2(1’+m—2p)+1—21)a;’m’p+2(r—p_l+1)(m_p_l+1)a;i"1rlﬂ —0.
Therefore, we solve recursively that
(r—p)!(m—p)!(2(r+m—2p)—1-21)!!
I(r—p—D)(m—p—0)!(2(r+m—2p)—1)11'

,m, 1
a"P = (~1)

Similarly, we deduce that
p P min{r,m}—p—1 . Pt
(U xV™Me=U'xV"+ Y p"huTx v, (3.19)
1=1
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where the coefficients are

(r—p—1)(m—p—1)1(2(r+m—2p)—3=21)!1
IN(r—p—I-1)(m—p—1-1)!(2(r+m—2p)—3)!!’

byt = (~1)!

Theorem 3.2. The following terms give an orthogonal basis of the space spanXﬁ’ (1)

(U (p1) "V (p2) + (—DFV" () U (2) ), k=2q+7+m—2p, (3.20a)
i (U (p1) RV (p2) = (=1 V™ (p1) X U(p2),, k=2g+r+m=2p—1,  (3200)

where U" and V™ take symmetric traceless tensors in W™ and W™, respectively, for r,m <n.

Proof. The expressions (3.18) and (3.19) indicate that the terms in (3.20) are linearly equiv-
alent to Xﬁ (1)t and are linearly independent. Therefore, we only need to show orthog-

onality.
First, we need to notice that if 7 #m or j#1, then we have

/(er(P)®Wzm(P))il---iri;---i;ﬂdp:/(WJT(P))il---ir(Wzm(P))i;---igndpZO- (3.21)
Here, we could write

(Wi (9))iyi, =W (p) €5, e;, =W/ (p)- (i, --€j )o
=YW (p)-A; WD),
]/
where in the second equality we use the fact that W} is symmetric traceless, and in the
last equality we express (e;, ---€;,)o by the basis in W”. Eq. (3.21) then comes directly from
the orthogonality in Proposition 2.2.

To deal with the terms in (3.20), we go back to (3.15). Let us denote in short a term
in (3.15) by ®(U"(p1),V"™(p2)). Consider two terms in (3.15), (U (p1),V;" (p2)) and
D, (U3 (p1),V5?(p2)), where (U;", V™) e W' x W™, If Uy # Uy? or V;" #V,?, we show
the orthogonality using (3.21). To recognize this, we notice that a dot product of two
tensors can be rewritten as

where the tensor Z is composed by those ¢. In the same way, the inner product ($;,P;)
can be written in the following form,

(@1,92) = [ U7 (p1) @UE (1) 2 V" (2) & V3" (p2) - Zelprdlp2

- (/ uy () o Uy’ (pl)dm) ® (/Vlml (p2) @ V2™ (Pz)dp2> Z
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where Z is some constant tensor. In the case of U;' # U5 or V;"' #V,?2, at least one of the
two integrals is zero, so (®1,P,) =0. Since the terms in (3.20) are linear combinations of
the terms in (3.15), we deduce the orthogonality if the tensor pairs are not identical in
two terms.

Next, we consider the case U;' =U?=U" and V;"' =V,">=V". Under this assumption,
the different terms in the (3.20) must have different 4. We shall use the following fact: for
a symmetric traceless tensor X no less than second order, it holds

2942
(17%) i =gt X =0,

where a is some constant. Therefore, when calculating the inner product (®1,d;), we can
verify that the integrand will be zero. O

When one attempts to compute the coefficients, one is actually doing the projection
to the function subspace. Thus, the explicit expressions of orthogonal basis are able to
greatly simplify the calculation. The coefficients are calculated for rod-like [15] analyti-
cally and bent-core molecules [34] numerically. In these works, the results presented in
this section are not utilized, so that lengthy calculation has to be done.

4 Molecular symmetry

Molecular symmetry is characterized by orthogonal transformations that leave the
molecule invariant. Under these transformations, the kernel function %, shall also be
invariant. Therefore, the molecular symmetry enforces symmetries on the interaction
kernels, thus affects the expansion of these kernels. In the previous section, we express
the expansion by symmetric traceless tensors. This will bring conveniences when dis-
cussing molecular symmetry, since the conditions from molecular symmetry are reflected
on symmetric traceless tensors.

All the orthogonal transformations leaving the molecule invariant form a point group
G in O(3), of which all the proper rotations (determinant-one transformations) form a
SO(3)-subgroup G;. If G does not have improper rotations, then G; =G. Otherwise, G
can be divided into the union of two cosets,

G§=G1U(—8)G1=G1UG1(—¥), (4.1)

where —¢ is any improper rotation in G. Here, we intentionally write the improper rota-
tion as —¢ so that €€ SO(3) that later will frequently act on tensors.

The effect of proper and improper rotations is different on what terms survive in the
expansion. In this section, we first derive the general rule, then discuss all the point
groups according to this rule. Still, we focus on .5, but the rule can be applied directly
to clusters of multiple molecules.
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4.1 Role of proper and improper rotations

Let us first examine proper rotations. For a proper rotation s € SO(3) in the symmetry
group G, the kernel function shall be invariant if we rotate any molecule by s in the body-
fixed frame, i.e. p — ps. Thus, we have

G (12,p1,025) =% (12,915,92) =% (12,p1,2). (4.2)

It tells us
ME (915,02) = A5 (p1,925) = A5 (p1,92). (4.3)

Recall that for the SO(3)-subgroup G, the I-th order symmetric traceless tensors can be
decomposed into two orthogonal subspaces A9/ and (A9)+, such that [32]

(ps)— (p), VAEAI, s€Gy;
ZA ps)=0, VAec(A9L

segl

Let us denote by @ (U (p1),Uz(p2)) any term in the expansion of .5, i.e. one term in
Table 1. It is easy to notice that @ (U (p1),Ua(p2)) is bilinear about (Uy, Uy).

Theorem 4.1. For each term & (Uy(p1),Ua(p2)) in the expansion of .4y, the tensors U; can only
take invariant tensors of G.

Proof. From the bilinearity, we deduce that
<///zk(1311132),¢(Ul(Pl)ruz(Pz)))
= ////2k p1,p2)- @ (Ui (p1),Ua(p2)) dprdpz

#gl )3 /‘//12 p15,p2)- @ (Ui (p1),Uz(p2)) dprdpz

s€Gy
/ A (p1p2)- @ (U (p157), Un(p2) A (1) b2
#gl s€Gy
—////2 p1,p2)- Z Uy (p1s 1), Uz(p2)) dprdpo.

569

Thus, when U; € A%/, the terms ///2k and <I>(LI1 (pl),uz(pz)) are orthogonal. We could
choose the basis W' as the combination of the basis of A9 and that of its orthogonal
complement. In this way, for a general .y, its complete expansion can be given by the
terms where U; and U, take either invariant tensors or vanishing tensors of G;. Therefore,
together with the orthogonality of the terms (see Theorem 3.2), in an .ZJ satisfying the
symmetry given by Gi, those terms with vanishing tensors (i.e. in (A9/)1) must vanish.

O
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Next, we discuss improper rotations. Let us consider the following operations. For a
pair of molecules, we inverse them as a whole. The body-fixed frames are transformed
from (x;,p;) into (—x;,—p;). The frames are now left-handed, which can be recovered to
right-handed ones by an improper rotation —¢. The final result is

(xi,pi) — (=i, pit).

The interaction kernel is invariant under the above operations, so that

D (—r2,p1t,p28) =% (12,p1,92). (4.4)
It tells us
A5 (p18,p2t) = (—1) .5 (p1,92). (4.5)

Following the same derivation above Theorem 4.1, we need to examine what the tensors
V (pt) are for the invariant tensors V (p) € A9/,

Proposition 4.1. According to the improper rotation —£€ G, the space of invariant tensors A9"!
can be decomposed into the sum of two orthogonal subspaces,

A ={V(p)e A V(pe)=V(p)}, AT ={V(p)eAM :V(pt)=—V(p)}.

Proof. We shall notice that for any proper rotation s in the point group G, the proper
rotation st is also an element in G. This can be recognized by writing it as (—¢)s(—¢), a
composition of three elements in the group, two of which are improper rotations.

For an invariant tensor V(p), we can express it as

V(p) =5 (V(p)+V(p0) 45 (V(p) ~V (pt)),

where V(p)+V (pt) is invariant under ¢, and V (p) —V (pt) is transformed into its opposite
V(pt) =V (pt?) =V (pt) =V (p). 0

Definition 4.1. For the tensors in Ai’i, we call them tensors of type £1.

The improper rotations impose conditions on how the tensors of the types £1 shall
be coupled.

Theorem 4.2. [n the expansion of /¥, when k is even, the coupling shall be between two tensors
of type +1, or two of type —1; when k is odd, the coupling shall be between one tensor of type +1
and one of type —1.

Proof. Without loss of generality, we assume k is even. For a term @ (U (p1),Ua(p2)) in
the expansion, suppose Uj is type +1 and U, is type —1. We shall deduce that

(///21((131,132)/‘15(111 (Pl)fuz(lﬂz))) =0, (4.6)
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so that it vanishes.
Similar to the derivation for Theorem 4.1, we have

<///2k(131,132)/@(Ul(Pl)/Uz(Pz)))
:////f(lﬂl,lﬂz)"P(Ul(lﬂl)/uz(lﬂz))dpldpz
Z/(—l)k///zk(lﬂlﬁpzﬁ)"P(Ul(Pl)/Uz(Pz))dpldm

=(—1)k////z"(p1,pz)-@(Ul(méfl),llz(pszl))dpldpz.

By Definition 4.1, we have Uy (p1€ 1) = U (p1) and Up(p1€~ 1) = —Ux(p1). Together with
the bilinearity of @, we arrive at (4.6). O

We pay attention to the case where the group G has the inversion, i.e. it allows the
improper rotation —i where we recall i represents the identity. In this case, the decompo-
sition of type +1 tensors is obvious.

Corollary 4.1. If G has the inversion, then Ai{ = A9 and Ag{ ={0} where Gy is the SO(3)-
subgroup of G.

If the group G does not include the inversion, we need to identify the two spaces.

4.2 Tensors of two types for each point group

We are now ready to discuss each point group, respectively. Based on Theorem 4.2, our
task is to write down the decomposition in Proposition 4.1, i.e. to find out the tensors
of type 1. For the point groups having the common SO(3)-subgroup, note that the in-
variant tensors A9 are the same. However, since the improper rotations are different,
the resulting decomposition into type £1 tensors would be different. It is from this de-
composition that we will see how these point groups are distinguished by the improper
rotations at the level of tensors.

To explicitly write down the decomposition, we need to calculate how the tensors are
transformed under the rotation ¢ where —£ € G is an improper rotation. Thus, we need to
write down an element —¢ in each point group. To give a —¢ in matrix for a point group,
it is necessary to specify how to pose the body-fixed frame p = (mj,my,m3), which we
explain below. For the sake of finding the decomposition of the space of invariant tensors,
we only write down generating elements of the SO(3)-subgroup (which reflect how the
body-fixed frame is posed), and specify an improper rotation —¢£ in the point group. For
more information of the point groups, such the structure of generating elements and
illustrations, we refer to other works [9,33].
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Recall that a rotation within the body-fixed frame is expressed by p — ps. We begin
with introducing some rotations,

1 0 0 -1 0 O 0 01
jo=| 0 cosf —sinf |, by= 0O 1 0 , uw=|1 0 0 |,
0 sinf cosf 0O 0 -1 010
-1 ¢-1
1 ¢ 145
=5 1 ¢-1 —¢ |, ¢= +2\f. (4.7)
-1 ¢ 1

In the above, jy is the rotation round m; by the angle 6. To comprehend this rotation, we
could write out

1 0 0
ps=(my,my,ms3) | 0 cosf —sinf
0 sinf cosf

= (my,cosOmy+sinbmg, —sinfmy +cosms).
Moreover, for two angles 6; and 6,, we have
30110, =01+,
Thus, for an integer m we have
jo =ime-

The second one, by, is the rotation round m; by the angle 7t; t3 is the rotation round
(m1+my+ms3) /\/§by 27t /3, transforming (mj,my,m3) into (my,m3,m;); and vs is a five-
fold rotation.

Now, let us write down the rotation subgroup and one improper rotation in each point
group. We shall present in the following way: describe a point group in SO(3) (with
only proper rotations); then, for all the groups containing it as the rotation subgroup,
we specify an improper rotation —£. Because the inversion is a special improper rotation
leading to trivial decomposition of the invariant tensor space, we pay special attention
whether inversion is allowed and always choose £ =1 if it is valid.

e The group C consists of rotations round an axis by arbitrary angle. We choose m;
as the axis, so that Co, = {jg,V0}.

— Coop has a mirror plane Ommy, so an improper rotation is —¢=diag(1,1,—1)=
—jnba.

— Coop has a mirror plane Omoms, so an improper rotation is diag(—1,1,1) =—j.
We multiply it with a proper rotation j, to recognize that the inversion —i
belongs to Coop-
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e The group D, contains C as a subset, and also allows b,.
— Dy, has a mirror plane Omzmg, S0 it contains the inversion.

e C, is generated by the rotation round m; by the angle 27t/n, i.e. is generated by
j27r/ ne

— Cpnp has an improper rotation diag(1,1,—1) = —j~b.

— Cyp has an improper rotation diag(—1,1,1) =—j,. When n is even, we multiply

it by 137/12/ . =I= to get the inversion. When 7 is odd, we multiply it by jg:_;:l)/ =

J(n+1)/n and let E=j ;.

- &y, allows a roto-reflection round my, i.e. to rotate round m; by the angle 77/,
followed by a reflection about the plane Omyms. Such an improper rotation
can be expressed by jr/n(—ix) = —i(n+1)7/»- When n is odd, we multiply it
by j(n—l)/ 2

27t/n
j%z/n =jrand let t=j,/,.

=J(n-1)r/n to get the inversion. When 7 is even, we multiply it by

e D, is generated by j,,/, and b,.

— D,y has an improper rotation diag(—1,1,1) = —j,. When # is even, the group
contains the inversion. When 7 is odd, we let t=j, .

— Dy has an improper rotation —jzjz/n = —j(n41)7/n- When n is odd, the group
contains the inversion. When 7 is even, we let £=j/,.

e 7 contains all the proper rotations allowed by a regular tetrahedron, which can be
generated by j, by and t3.

— 7T, allows the improper rotation

o O
_ O O

0
1 | =jpspdiag(1,1,—1)=—j3/2b2.
0

We multiply it by the proper rotation j, by in 7, so that we may let €=j,/,.

— Ty has a mirror plane Omjyms3, so it contains the inversion.

e O contains all the proper rotations allowed by a cube, which can be generated by
jr/2, b2 and v3.

- Oy, contains all the O(3) transformations of a cube, allowing the inversion.

e 7 contains all the proper rotations allowed by a regular icosahedron, generated by
j7T/ bZ/ t3, Us5.
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- T, contains all the O(3) transformations of a regular icosahedron, allowing the
inversion.

We now turn to the invariant symmetric traceless tensors. To express symmetric trace-
less tensors, we introduce the polynomials

Tu(y,2) =2"2Tu(y/V2), Un(y,2) =2" U (y/VZ), BV (y,2) =220 (y/V/Z), (4.8)

where T),(cosf) = cosnf and U,_1(cosf)sinf = sinnb are the Chebyshev polynomials of

the first and the second kind, and P,g} “#) (x) is the Jacobi polynomial with two identical
indices (u,p). Since the Chebyshev and Jacobi polynomials only have the terms with the
same parity as the order n (see Appendix for explicit expressions), the above definition
indeed gives polynomials of y and z. According to the monomial notation (2.6), when we
substitute y,z by some polynomials of m;, we define a symmetric tensor.

We are now ready to discuss the decomposition of the space of invariant tensors. The
invariant tensors for point groups in SO(3) have been identified completely in [32]. For
each point group in SO(3), we write down the invariant tensors, then find out the two
types of tensors using the improper rotations. For all the point groups having improper
rotations, the tensors of type £1 are listed in Table 2, which we explain below.

421 Axisymmetries

We first look into two rotation groups Ce, Doo. The invariant tensors are given by

AC :span{Pl(o’o) (my,1) } , (4.9)

AP~ —span{ " (m,i) |, I even; AP~'={0}, I odd. (4.10)

For the groups Ceyp, Doon, since they possess the inversion, the type +1 tensors are just
the invariant tensors, and the only type —1 tensor is the zero tensor.

For Coop, we have chosen t=diag(—1,—1,1). Thus, in type +1 tensors, m; shall appear
even times, while in type —1 tensors, m; shall appear odd times. As a result, the type +1
tensors are those whose order I are even, and the type —1 tensors are those with odd
order.

4.2.2 Finite order axial symmetries

Next, we look into point groups with the rotation subgroup C, or D,,.
The group C,, is the rotation subgroup of C,,, C,;, and Sp,. The invariant tensors for
C, are

A =span { Pl(f;;an) (my,i) Tjn (my,i— mZ),Pl(f;Z”) (my,1) Cl]-n_l (mp,i— m%)mg} . (411
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Table 2: Tensors of type +1 for point groups containing improper rotations.

Group Tensors of types £1, two spaces Ag !and /Ag !
Cooltr Do
Cun (n even) | Improper rotation —¢=—i
Son (nodd) | G=G1U(—G1), Gy rotation subgroup
Dy, (neven) | AT} =A%, A9 ={0}
D,q (1 0dd) | see (4.9), (4.10), (4.11), (4.13), (4.15), (4.16), (4.17)
T On Ly
Coov I even, +1 :span{ﬁl(o’o)(ml,i)};
—1:{0}
lodd, +1:{0};
-1 :span{ﬁl(o’o)(ml,i)}
Cno

I even, +1:span Pl(ir}hj")(ml,i) Tjn(mz,i—m%)}
p(]n,]n)(ml/.)H]nfl(mZIi_m%)mB}

l'odd, +1:span P(]"]" (my
P(] / (

—1:span
AU jn— 1(moi m%)"%}

—1:span mo,i) ]n(mz, m%)}

Syy (neven) | +1:span P(jn] (m1, )Ty (ma,i— m?), Pl(i"%")(ml,i)l:ljn,l(mz,i—m%)m3, i even}
Cnp (nodd) | —1:span P(] ] (m1,1) Tjy (ma,i— m?), Pl(]';’rjln)(ml,i)l:ljn_l(mz,i—m%)m3,jodd}

D,.q (n even)

I even, +l.span P(] J )(ml,) Ty (mo,i m%),jeven}
%Pl(]_j] (my, 1) Tju(my,i—m3), j Odd}

I odd, +1 :spangpl(ﬁ% >(m1,1)ujn_1(m2, —m?)m3, | even}
Pl(ié;ljn)(ml,i)Hjn,l(mz,i—m%)mg,, j odd}

—1:span

—1:span

D,y (nodd) | I even, +1:span Pl(gin)(ml,i)f"jn(mz,i—m%), j even}
—1:span Pl(ié;ljn)(ml,i)Hjn,l(mz,i—m%)mg,, jodd
I odd, +1:span Pl(ir;;jl")(ml,i) Ujy—1(my,i—m?)ms3, j even
—1:span Pl(ﬁ’jn)(ml,i)f"jn(mz,i—mz), j odd}
Ta +1 :span{ { (Sz(ml,mz,mg,)S] (ml,mz,mg,))o, jeven, l:4i+3j}
(see (4.14)) U{ (E(my,my,m3)S, (ml,mz,mg,)S] (ml,mz,mg,))o, jodd, ! _6—|—4i+3j}}

—1:spar1{{(5Z (m1,m2,m3)5] (m1,m2,m3))0, jodd, l:4i+3j}

U{ (E(m1,m2,m3)5 (ml,mz,mg,)Sé(ml,mQ,mg,))O, jeven,l —6—|—4i+3j}}
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e For C,,, we have chosen ¢ =diag(—1,—1,1). Therefore, in type +1 tensors m; and
my shall appear even times in total, while if m; and m, appear odd times in total,
the tensors are type —1. According to this requirement, the two types of tensors are
given in Table 2.

e For Sy, where n is odd, and C,;, where 7 is even, these groups have the inversion.

e For Sy, where n is even, and C,;, where 1 is odd, we have chosen ¢=j,,. Now, we
use the fact that

(ma+V—1m3)" =T, (my,i—m3) +v/ =10, 1 (mp,i—m7)ms. (4.12)

We substitute m; with m;(pj,) in the above. The left-hand side gives

(ma(pig) + v/ —1ms(pig))" =V (5 4/ Tm3)".
Let 6 =7t/n. We obtain

Tjn (mZ(pjn/n)/i_m%(pjn/n)) = (_1)jTjn (mz,i—m%),
Cljn—l (m2(pj7r/n)/i_m%(pjn/n))m3(pjn/n) = (_1)]Cljn—1 (m2/i_m%)m3'

Therefore, type +1 tensors are those in (4.11) where j is even, and type —1 tensors
are those where j is odd.

We turn to the point groups having the rotation subgroup D,,. The invariant tensors
of D, are given by

ADw :span{ { ~l(£';;{”)(mlli)f"jn(mbi—m%), [—jn even}

U {151(17;;1]'”)(ml,i)l:[jn,l(m2,i—m%)m3, I—jn odd} } (4.13)

e The two groups, D,,; where n is odd, and D,,, where 1 is even, contain the inversion.

e For D,; where n is even, and D,,;, where n is odd, the discussion is similar to Sy,
and C,,. By choosing ¢=j,,,, we conclude that type +1 tensors are those with even
j, and type —1 tensors are those with odd ;.
4.2.3 Polyhedral symmetries
There are three polyhedral rotation groups, 7, O, Z. Define

So(my,my,m3) = m%m%—l—m%m%—km%m%, (4.14a)

S3(m1,ma,m3) = mymoms, (4.14b)

E(my,ma,m3) = (m§ —m3) (m3 —m3) (m3 —m). (4.14c)
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Using these notations, the invariant tensors are given by

AT/ :span{ { (Sé(ml,mz,mg,)Sé(ml,mzlms))of ! :4i+3]'}
U { (E(ml,mz,ms)Sé(m1,mz,m3)5é(m1,mz,m3))o, l:6+4i+3]'} } (4.15)
N :span{ { (Sé(ml,mz,mg)Sé(ml,mz,mg))o, jeven,l :4i+3j}

U { (E(ml,mz,mg)Sé(ml,mz,m3)Sé(ml,mz,mg,))0, j odd,l:6+4i+3j} }, (4.16)
A ={V(p)e AT V(pvs) =V (p)}. (4.17)

Here, we recall that (U)o is the symmetric traceless tensor generated by U (see Proposi-
tion 2.1). If explicit expressions are needed, one could expand the tensors into monomials
and use the explicit expressions of (m] m7m3 )y that are provided in [32].

The three point groups 7Ty, O, Z), contain the inversion, so nothing needs to be dis-
cussed.

For the group 7;, we have chosen £=j,/,. Because ji /2=l itis noticed from generat-
ing element that 7U7j,,,=0. Therefore, the type +1 tensors for 7; are just the invariant
tensors of O.

5 Summary and examples

In this paper, we discuss the expansion of interaction kernels that are functions of molecu-
lar potential. The expansion is expressed by symmetric traceless tensors and is consistent
with symmetry arguments, including the translations, rotations and label permutations
of the whole cluster, and the molecular symmetry described by a point group. The or-
thogonality of terms is recognized, which is useful if the coefficients need to be calculated
from microscopic potential.

The form of expansion is summarized in two tables presented in the main text, to-
gether with an extra one in Appendix. If one would like to write down the expansion for
certain point group, the procedure below can be followed:

1) Choose tensors from the invariant tensors of the rotation subgroup.
2) Use Table 2 to identify the types £1 of these tensors.

3) Insert these tensors into the terms in Table 1 (and Table 3 in Appendix). Notice that
Theorem 4.2 gives the conditions on the how many times the type —1 tensors shall

appear.



J. Xu / CSIAM Trans. Appl. Math., x (2022), pp. 1-45 29

We illustrate the procedure by a couple of examples. Consider two point groups Cy,
and Sy, both having the rotation subgroup C,. The invariant tensors up to second order
are picked up: 1 (zeroth order tensor), my, m%— %i, m%—m%, moms. Then, from Table 2,

we find out the type £1 for each tensor:

1 my m% — %i m% —m% moms
CZU +1 -1 +1 +1 -1
Sy +1| +1 +1 -1 -1

For the terms in Table 1, substitute the tensors in these terms by the above five ten-
-1
sors, with noticing Theorem 4.2. For example, let us look at the term U" (p1) Y% (p2)+

V" (p1) n><1 U"(pa) in .4, . The tensor order shall be equal for U" and V" with n > 1. Since
we choose tensors up to second order, we have n =1 or 2. If n =1, the only first order
invariant tensor above is m;. But we cannot let U" (p) = V" (p) =m, since one of U" and
V" needs to be type +1 while the other is type —1. When n =2, for the group Cy,, there

are two choices (U", V") = (m%— %i,m2m3) or (m%—m%,m2m3). For the group Sy, there

are two different choices (U",V") = (m? — i,m3—m3) or (m?— %i,mym3). The difference

originates from the improper rotations in C, and S4, which assign different type £1 for
the tensors.
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Appendices

A Chebyshev and Jacobi polynomials

The Chebyshev polynomials of the first and second kind can be given by

T = T () =0 u= T ()0 )

2j<n 2j<n 2j+1

Pr(lﬂzﬂ)

The Jacobi polynomials , where the two indices are equal, can be given by

() (o L@uADT(n+p+1) oy L—j+pu+1/2) i o
Fa (x)_l"(y+1)1“(n+2y+1)2]z§:n( Vrasappm—pz - A2

where I' is the gamma function. It is clear that these polynomials have either odd order
terms only, or even order terms only.
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B Decomposition of a tensor into symmetric traceless tensors

Let us consider the decomposition of a general r-th order tensor X. We start from extract-
ing the symmetric part Xsym. The difference X — X5y can be expressed by several terms
of the form

For any second order tensor Q, its antisymmetric part is
0 Qi2—Qxn Q13— Q= Q23 —0Q3n
Qij—Qji=|( Qau—0Qn 0 Qp—Qxn | =€jxvr, v=| Q3 —Qis
Q31—Q13 Qn—0Q 0 Q12— Qx

Thus, if X is r-th order, we have the following expression,
Xojojorr = Xosjosion = €1k L.,
where Z is an (r—1)-th order tensor. Therefore, we arrive at

(X—Xsym)]'l...]'r: Z 6]'T1]'T21,ZV]'01...]'%72. (Bl)
{t,m}U{o1, 02}
={1,7}
In the above, we use the notation Z for any tensor. Then, we can repeat this action for each
Z, decomposing it into its symmetric part and some tensors with lower order. We shall
keep doing it until each tensor becomes symmetric. Note that two €;;; can be expressed
by some J:

Oii  Oirpy  Oirky

€injiki€iipko = | iz i ik

Okiiz Okjp Okiks

So, if in any term there is no less than two €;j, we write them into some ¢. For example,

€j1jav€vjsv Zvtjsjr = (0113010 — 01y Ojivr ) Zutjyoj,

=013 Zisjs-jr —Oppis Ljrja---js

€11 jovEijav Zvv'jsj, = (011j301js = 0111 Onjs ) Zuvjs--jy
+01,js Zjsjajse-+jr T Ohajs Liajjs jr
—0j1js Zjsjajs--+jr —OpjaLinjrjs - jr-

Thus, we could write each term as the above so that there is at most one €ijk- Eventually,
we get the following form,

le...]‘r: 5]}1]}2 .‘.5]‘75_1]'TSZ]‘71”.]‘77'75
0<s<r,s even
{le"',Ts}U{Ulz”'Ur—s}
={1,r}

+€jleT2V(SjT3jT4 e 5jTS_1jTS ZVjal "'j‘7r—s .
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Here, all the tensors Z are symmetric tensors. Based on (B.2), we could write each Z as
U+iZ; where U is symmetric traceless, using Proposition 2.1. We might obtain another
type of term. For example, when decomposing €;,;,,Zyj;...;,, it will yield a term

Therefore, we arrive at the three types of terms in (3.11).

C Clusters of three or more molecules

To expand the interaction kernels for clusters of three or more molecules, we could follow
the same procedure of dealing with .Z¥, and many results are similar, as we outline be-
low. We recall that (x;,p;) represents the position and orientation of the molecule indexed
by i and r; = x; —x;. The molecular symmetry is described by a point group G, whose
SO(3)-subgroup is denoted by G;.

e The invariance when the whole cluster is displaced or rotated requires

%(’U’z,' ",U’l,fpl,' "/tpl) :gl(rZI" TP, "/pl)/ te 50(3)/

yielding ///lkz""’kl (tpy, -, tpy) :///lkz""’k’ (p1,--+,p;). Therefore, ///lkz""’k’ are functions

of p; 1pj for j=2,---,1. We could then expand //lf””’kl about these variables like
in (3.9), and decompose the tensor Y(p;) into a symmetric traceless tensor. As a
result, we obtain some terms given by multi-linear maps from / symmetric traceless
tensors to another tensor (cf. (3.22)),

QD(l’ll (pl)’“ .’ul(pl)) = (ul (p1)® ®ul (pl))il'--isziﬂ"'irzz7j1"'ji’
s—w+t=ky+---ki, (C.1)

where Z is a tensor containing some ¢ and €. The terms in (3.15), giving bilinear
maps about symmetric traceless tensors U’ (p1) and V" (p,), are actually a special
case of (C.1).

e The proper rotations in the point group G give
gl("Z/"'/rn/plr"'/pjsr"') :%(72‘",1‘1,]31,"',]3]‘,"')' (CZ)

It tells us
M pis, ) = R (). (C.3)

It requires that the U; in (C.1) can only be invariant tensors of the S O(3)-subgroup
G1 (cf. Theorem 4.1).
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e The improper rotations require

gl(—rz,‘ "/_rl/plél' /p]E) :gl(rZ‘ "/rl/pl/' “/pl)' (C'4)

It tells us
//lkz,---,kl (plél' . IPZE) _ (_1)k2+---+kz//llkz,---,kz (plr' .. ,pl), (C.5)

We need to look at k=k+---+k;. It determines the number of U; in (C.1) of type +1:
when k is even, the number of type —1 tensors is even; when k is odd, the number
of type —1 tensors is odd (cf. Theorem 4.2).

The difficulty in expanding //lf”””kl is to identify linearly independent terms. For the
same (U, ---,U;) there are multiple terms that might have complicated linear relations,
especially when combined with the arguments of switching labels (cf. (3.7)). We shall
discuss two cases, ///3? 0 and ., f’o’o, which are expected to be important in applications.

C.1 Expansion of ///30’0

To prepare for our discussion, we introduce the notation a3 for a scalar by contracting
indices of three symmetric traceless tensors (U;",U;?,U3°),

a(Uy!, Uy, U3 1,113, 123)

n n n
= (U)o, 209, 09 (U") 00909 (U5 )9 909009, (C.6a)
12 1 12

- - - - - i

I3 hz 1 I3
a(Uy", U2, Uy 1o, i3, 13, (123))

n n
=€jujojs (U7") 12012 09).409) (Uy?)
12

(13) (23)
] " 1 g

e (U3*), 03002 (C.6b)

(12),_;(12),(23)
a1 g Bhhg e gy,

j2iy
The nonnegative integers /;; represent the number of indices contracted between U and
U;j ,and (11 273) = (123) means that there is an €}, j,j, such that j; appears in Uyt = up,
jo appears in U,?, and j3 appears in Us°. The parameters [;; here are actually redundant.

Actually, we have
ho+hz=m, ho+ls=ny, ha+ls=n3, (C7)
in (C.6a), where we require that K=n;+n,+n3 is even and K >2n; for i=1,2,3. Similarly,
we have
lp+hz=n1—1, lp+l=ny—1, liz+I=n3—1, (C.8)

in (C.6b), where we require that n; >1, K=mn;+ny+n3 is odd, and K> 2n;+41. However,
we still keep /;; in the expression, because we will use similar notations for four tensors.
It is noticed that when permutating the three tensors in a3, we could get some identical
or opposite terms, such as

a3 (Uy2, Uy U535 g, los, 1) = a3 (U, U2, US% 10, 13, 103), (C.9a)
a3 (Uy2, Uy U5 o, b3, 113, (123)) = —ag (U1, U2, UL 5 o, s, 13, (123)). (C.9b)
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Thus, once the three tensors are chosen, we can fix how they are arranged in a3. In par-
ticular, if two tensors are identical in (C.6b), the term equals zero.

Now we are ready to expand ///30’0. As we have mentioned, it is a scalar function of
Py In, and Py Ihs. When expanding about these two variables, the resulting terms can be
written as

(Y32 (p1)-Uy?(p2)) (Y3 (p1) - U3 (p3)) = (Y22 (p1) @ Y32 (p1)) - (U2 (p2) @ U5° (p3)), (C.10)

where Y!" and U" are symmetric traceless tensors. After we decompose Y;2®Y3? into
symmetric traceless tensors, the above terms can be expressed linearly by terms in (C.1)
where | =3, s=w and t =0. Using the notation a3, they are given by

a3 (U7 (p1), Uy (p2), U5 (p3);112,113,123) (C.11a)
ag (U7 (1), Uy? (p2), U3 (93); 112,113,123, (123) ) . (C.11b)
Similar to Theorem 3.1, let us fix LI;12 and U,gS, and examine the linearly independent
terms, by comparing (C.10) and (C.11). The former can be expressed linearly by the latter.
On the other hand, because [;; >0 in (C.7) and (C.8), the tensor order 77 in (C.11) ranges

from |np —ns| to ny+nz. Once 1y is determined, the lz-]- are also determined, and Ufl has
211 +1 choices. Hence, the total number of choices of U{’ lis

Y (2r41) = 2ny+1)(2na+1),

r=|ny—ns|

which is equal to the dimension of Y;?®Y;°. Therefore, when we let U;" be the tensors in
W, the terms given by (C.11) are linearly independent.

Then, we take the switching of labels into consideration. It requires
///é)’o(pa(l),pg(2),pa(3)) = %S’O(pl,pz,pg) for any permutation ¢ of 1,2,3. Thus, the expan-
sion can only have the terms below,

Z‘%(u?l (Po (1)) Us* (Po(2)) U3° (Po(3))s T2, 113, 123), (C.12a)

Y a (U (po(1), Uz (Pa2)) U5 (o(3))ihz,his L3, (123)), (C.12b)

where the ¢ in the summation takes all the permutations. As we mentioned in (C.9),
the terms are invariant or become opposite when interchanging the three tensors U;". In
particular, in (C.12b), if any two of lll’-q " are identical, then the term vanishes.

C.2 Expansion of ./, 40 D0
We expand .7, f,o,o about three variables p;° 1p j for j=2,3,4, to obtain the terms

(Y22(p1) - Uy (p2)) (Y32 (p1)-U3z3(p3)) (Yy* (p1) - Uy (pa))
=(V32(m) @Y3%(p1) @Y, (p1)) - (U52 (p2) @ US> (p3) @ Uy* (p4) ). (C.13)
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The decomposition of Y;?®Y3?®Y,"* into symmetric traceless tensors is followed. Similar
to (C.6), we use the notation g for a scalar generated by contraction of four tensors,

o (Ul-ni ‘?:1;112,113,114,123,124,134), (C.14a)

a (Ul-ni ‘?:1;112,1131114,123,124,134,(T1T2T3)>, (C.14b)

where the integers [j represent how many indices are contracted between U"
and U;Zj ; (m13) means that there is an € to contract the indices in the way

€i1injs (ug) i (U2) e (Ug?) j»--- These nonnegative integers shall satisfy

|1, i=7m,»,or1,
];rllz]+21]1—n, i l_{ 0, otherwise. (C.15)

As we explained in (C.9), when permutating the tensors U;", some terms are identical or
opposite.
Together with the symmetry of switching the labels, we eventually obtain the terms

Za‘*( ﬁ v 1]‘1<1<]<4) (C.16a)

2“4( e il i (T02T)), (C.16b)

where /;; satisty (C.15). However, unlike the cases we discussed above, the terms in (C.16)
still have linear relations. Below, we write down the linearly independent terms. Denote
K=mny1+ny+nz+ny4 and D =n1+ny —nz—ny. Note that in (C.16a) K and D are even with
K>2n;, while in (C.16b) K and D are odd and K>2n;+1.

1. The four tensors U;" are mutually unequal.
e For (C.16a), D is even. If D <0, we require /15 <1; if D >0 we require /354 <1.
Notice that when D =0, by (C.15) we have ny+ny; —n3—ng =210 —2I3, =0.
e For (C.16b), D is odd. If D < —1, we let (1213) = (134),(234) and 1, =0; if
D > 1, we let (T1T2T3) = (123), (124) and l34 =0.

2. Two tensors are equal, but they are not equal to the other two. We place these two
tensors in the first two, i.e. Uy = U,

e For (C.16a), if D <0, we require /1, <1 and l;3 <Ip3; if D >0 we require /34 <1
and 113 < 123.

e For (C.16b), if D < —1, we let (1p13) = (134) and 11, =0; if D > 1, we let
(T1T2T3) (123),(124) and 34, =0, l13 <Ip3.
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For the case U;' = U,? and U3° = U,*, only (C.16a) appears since D is even. The
above conditions still apply.

3. Three tensors are equal. We let U} =Uy* =U;°.

e For (C.16a), we require l1p =113 < lp3.
e For (C.16b), let (71 7213)=(124) and we look at D=n;—ny. If D<—1, we require
Lo =3 <ly;if D>1, we require I3y = lpg <ly4.

If four tensors are equal, only (C.16a) appears and the above conditions still apply.

The derivation is given afterwards. Here, we explain the conditions stated above by a
couple of examples. We consider the case 3 with 1y =ny =n3 =3, and discuss two cases:
ng=3and ny=1.

e 14, =23. From (C.15), we derive that 234 —2l1» = n3+ns—n1—n, =0. So we have
112 = 134, 113 = 124, 114 = 123. We also deduce from (C15) that

2(ho+hiz+1s+ha+los+134) =11 +ny+nz+ny.

It implies that l1p 4113+ 123 =3. Therefore, with the condition I1p =13 < I3, we find
two choices (I12,113,123) =(0,0,3),(1,1,1).

e n4=1. Similarly, we can derive that l1y — I3y =l13—lp4 =114 — I3 =1. Since [;; > 0, we
need Iyp,l13,lp3 > 1. We can also find that /1o +113+1/3 =4, which only gives us one
choice (112,113,123) = (1,1,2).

D Linearly independent terms in the expansion of .#,"’

In this section, we look into (C.16) and find out the linearly independent terms. We begin
with two equalities.

Lemma D.1. Suppose Q; are second order symmetric traceless tensors; p; are vectors. Then we
have

2tr(Q10Q2Q3Q4+Q1Q20Q4Q3+Q1Q30Q2Q4)

=tr(Q1Q2)tr(Q3Q4) +1tr(Q1Q3)tr(Q2Q4) +tr(Q1Q4)tr(Q2Q3), (D.1)
(P1Xp2)@p3+(p2xp3)@p1+(p3 X p1)@p2

+p3®(p1Xp2) +p1@(p2 X p3) +p2@(p3 x p1) =det(p1,p2,p3)i.  (D2)

Here, Q1Q> is understood as matrix product, tr is the trace of a matrix, and X is the cross product
of vectors in R3.
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Table 3: Linearly independent terms in the expansion of ///??'O, ///f’o'o and the corresponding terms in the free
energy. All the tensors are symmetric traceless. The notation (U) represents the average of U(p) about the
density f(x,p).

Orientational expansion Free energy
o0 5 u"z‘( ") 5o <U”i> 5o
3 o\ U (Po(i)) |y 1]’l§i<j§3 a (U 1]‘l§i<j§3
K=mni+ny+nzeven, K>2n;
ur 0 il 123 um|> 123
20“3( i (Poi) iy if|l§i<j§3’( )) ‘13(< i i if|1§i<j§3'< ))
K=mnq+mny+n3 odd, K—1>2n;; Ul-"" mutually unequal
000 y U™ (pyi) 4o ) 4o
4 oa (U (ho(i)) | =i 1]’l§i<j§4 a ((U;") [y 1]‘l§i<j§4

K=ny+ny+ns+nyg even, K>2n;, D=n1+ny, —nz—ng=2I1—2lz4
U?" mutually unequal: If D <0, then [ <1;if D>0, then I33 <1
Uyt =Uy2: If D0, then l15<1, I13<Ip3; if D>0, then I34 <1, l13<Ip3
Uyt =Uy2 =U3%: hip=l3 <l
Py 7 AN
Yoo (U (o) iyl jer(0mw)) | a((U [l jep (nmw)
K=ny+ny+nz+ng odd, K=1>2n;, D=ny+nr,—nz—ny
U;" mutually unequal: If D >1, then (117513) = (123),(124) with I3, =0;
if D<—1, then (Ty1213) = (134),(234) with [, =0
Ufl =U,2: If D>1, then (T17213) = (123), (124) with I33 =0, 13 <la3;
if D<—1, then (11 7p13) = (134) with I1,=0
U =U2=U5%: (tats) = (124). U D< =1, l1p =113 <lp3; if D>1, Isa=Ips <14
For the notations: a3 and a4, see (C.6), (C.14), and (C.15).

Proof. For any two symmetric traceless tensors Q and B, we have

2tr(Q°B) =tr(Q?)tr(QB). (D.3)
It can be verified by diagonalizing Q. Then, let Q =B = Q1+ Q> to derive
2tr(2Q1 Q3+ Q1Q2Q1Q2) =2(tr(Q1Q2))* +tr(Q])tr(Q3)- (D4)

Substituting Q; with Q1+ Q3, we deduce that

2tr(201Q3 Q3+ Q1Q2Q3Q2) =2tr(Q1Q2)tr(Q2Q3) +tr(Q1Q3)tr(Q3). (D.5)

Finally, substitute Q, with Q>+ Q4 to obtain what is stated in the lemma.
The second equality can be verified directly. O

To simplify the notation, from now on, we omit the tensor order of Uf I ie. write Uf i
in short as U;. Although we do not write out, we always use n; as the order of U;. The
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above lemma leads to

2a4(Uy, Up, Uz, Ug; 1o +1,113+1, 114,13, 04+ 1,134 +1)
+2ay (Uy, Up, U3, Ug;l1n+1, 113,114+ 1,103+ 1,104,134+ 1)
+2ay (Uy, Up, U3, Uyg;l1z, 113 +1,114+ 1,13+ 1,104 +1,134)
=ag(Uy, Uz, Uz, Ug; 112 +2,113, 114,123, 124,134+ 2)
+ag(Uy, Uz, Uz, Ug; 112, 113+2, 114,123,104 +2,134)
+ay(Uy,Up, U3, Uy 2,113,114+ 2,103 4+2,104,134).- (D.6)

In the above, 11 +ns+n3+ny is even. Thus, in a4 (U;;1;j), for all the terms with I15,/34 > 2,
they can be expressed linearly by those with min{l1,/34} <1. From (C.15), we have
ny+np —2l1p =nz—+ny—2I34. So we can choose the terms where

I <1 if ny+ny<ng+ny;, I3 <1, if ny+n,>nz+ny. (D.7)

Here, we notice that I1p =4 if 11 +1n> =n3+ny.
For terms involving €, the lemma implies

ay (U, Up, U3, Uy; 112,113,114 +1,123,124,134,(123))
—ag (U, Up, U3, Ugsl1o, 113 +1, 14,123, 124,134, (124))
+ay(Uy, U, Us, Us;lip+1,113, 114,123, 104,134, (134) )
ag(Uy, Up, Uz, Uy; 1o, 113,114,123, 10441, 134, (123))
—ag(Uy, Up, Uz, Uy lin, 113, la, 13 +1,104,134,(124) )
—ag(Uy, Up, Uz, Uy lin+1,143, 114,123,124, 134,(234) )
ag(Uy, Up, Uz, Uy; 1o, 113,114,123, 104, 13441, (123))
+ay (Uy,Up, Us, Uss 112,113,114, 123 +1, 104,134, (134))
—ay (U, Up, U3, Uy; 1o, iz +1, 114,123,154, 134, (234) )
ay (U, Up, U3, Uy; 12,113,114, 123, 104,134 +1,(124))
—ag (U, Up, U3, Uy 112,113, 114,123,104 +1,134,(134))
+ay(Uq, Uy, Us, Uy; 12,113,114+ 1,103, 104,134, (234) ) =0. (D.8)

0,

0,

0,

Notice that 111 +n2+n13+n4 is odd in these equalities. Similarly, in a (Ui, (1 1213) ), we
can choose the terms where

(T1T2T3) = (123), (124:), l34=0, if n1+n, >nz+ns+1,
(ia13) =(134),(234), 1 =0, if ny+ny+1<nz+ny, (D.9)
because other terms can be linearly expressed by them.

Let us consider the linearly independent terms in a(U;(p;);l;;) and
ay(U;(p;);lij, (i 7213) ). Here, we use the same approach as in Theorem 3.1.
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Theorem D.1. Let Uy, Uz, Uy be fixed and Uy € W™ where ny takes all the possible values.
The terms ay(U;(p;);1ij) with the condition (D.7), and ay(U;(p;);1ij, (T1T273)) with the condition
(D.9), are linearly independent.

Proof. Recall that these terms can express (C.13) linearly. In (C.13), the tensor Y2®Y3®Y}
has (2n2+1)(2n3+1)(2n4+1) choices. In what follows, we show that the number of terms
expressed by Uj; is exactly (2n2+1)(2n3+1) (2n4+1).

We use induction on 1, and n3. When any of n, n3 or ny is zero, it reduces to the case
a3 (see the discussion below (C.11)). So, we discuss the case where ny,n3,1n4 >1. If [r3>1,
the number of terms equals the case where Uy, U3 and Uy are of the order n, —1, n3—1,
and ny4, respectively, which is (2n, —1)(2n3—1)(2n4+1) by the assumption of induction.
Now let I3 =0. To count the number, we use (C.15) and notice the constraints /;; > 0.
There are six cases:

1. ay(U;(p;);1;j) where l1p=0 or I34 =0. In this case, 11 +nz+n3+ny is even, and
lho+lha=mny, ha+lzu=ns.
(a) When 1o =0, we solve [,y =n5, and

Nn3+ng—mny—mno

I3y = li3=
34 5 ;3

1y -+np+n3—ny ] _ Np+ng—ny—na
> 7 14 — 2 .
It yields
ny<nzt+ng—mny, Ny=np+nz—ny, N =ng—nz3—na.
(b) When I34=0, we solve l;3=n3, and

ny+np—n3z—ny np+nz+ng—mny
5 , b= 5 PN VES

ny+ng—ny—ns
lir= 5 .
It yields

ny >nz+ng—ny, ny<np+nz+ng, ny1>ny+nz—ny.

We combine (a) and (b). If n3+n4—n3 <0, then the range of ny is np+n3—ny <n; <
np+nz+ny. If ng+ng—ny >0, then |ny+nz—ny| <ny <np+nsz+ny. So, we have
|12 +n3—n4| <ny <np+nz+ny where nq has the same parity as np+nz+ns.

2. ay(U;i(p;);1ij) where min{l1,,/34} =1. Similar to the above, we deduce that 1+ |1+
n3—ng—1| <ny <np+nz—+ns—2 where ny has the same parity as n+nz+ny.

3. ay(U;(pi);1ij,(123)) where I34=0. We solve that l;3=n3—1, and

m+ny—nz—ng—1 np+mnz+ng—n;—1 ni+ng—ny—nz+1
lip= > YRS > , la= > :

It yields

nm >nsg+ng—ny+1, ny<mat+nsz+ng—1, ny>ny+nz—ny—1
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4. ay(U;(p;);1ij,(124)) where I34=0. We solve that /;3 =n3, and

ni+ny—nz—ng—1 no+ng+ng—mng—1

. . | _ mitng—ny—nz—1
2= 5 ;o la= 5 , ha=

2

It yields
n>n3+ng—ny+1, ni<np+ny+ng—1, ni>np+nz—ng+1.

5. a(U;(pi);1ij,(134)) where l1o=0. We solve that Iy =15, and

n3+ng—ny—ny—1 ni+np+nz—ng—1 m+ng—ny—nz—1
> , ba= > , ha= > :

I3y =
It yields

m<nzgtng—ny—1, m>ng—np—nz+1, ny>ny+nz—ny+1.

6. a(U;(p;);1;j,(234)) where I1,=0. We solve that Iy =711, and

ny+ng—n;—ny—1 n+ny+ng—ng—1 ni+ng—np—nz—1
2 s Z24: > 7 114: > .

lag=
It yields

m<nzgt+ng—ny—1, ny=zng—np—nz+1, ny>np+nz—ng—1.

In cases 3 to 6, n; has the different parity from ny+n3+n4. Combine case 3 and case
6. If np > ny, then case 6 is empty, and we have ny+n3—ns—1<ny <np+nz+ns—1. If
1y <ny, then case 6 is [np+n3—ny—1|<ny <nz+ng—np—1, and case 3 is n3+ns—ny+1<
ny <np+nz+ns—1. So, we arrive at [ny+nz—ny—1| <n; <np+nz+ns—1. Similarly, we
combine case 4 and case 5 to have |ny+n3—ng|+1<n; <np+nsz+ny—1.

So, let us combine cases 1, 4 and 5. The range of ny is |ny+n3—ng| <ny <np+nz+ny.
The cases 2, 3 and 6 lead to |np+n3—ng—1| <ny <np+nz+ns—1. Thus, the number of
terms is

No+nz+ny np+nz+ng—1
Y (2r+D)+ ) (2r+1)
r=|ny+nz—ny| r=|ny+nz—nys—1]|
=4(ny+n3)(2ny+1)

=(2ny4+1)(2n3+1)(2ng+1)— (2ny—1)(2n3—1)(2n4+1).

This concludes the proof. O
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The theorem indicates that (D.6) and (D.8) give all the linear relations without missing
anything. Now, we consider (C.16) where label permutations are taken into considera-
tion. As we have discussed in the main text, once the tensors appearing in a4 are chosen,
we can arrange them in the order we want. When U; are mutually unequal, the con-
ditions (D.7) and (D.9) are just those in the Table 1. However, these conditions are not
suitable if some of U; are equal.

We omit the case where U; = U; # Uz, Uy, and only examine the case U; = Uy = Us.

Problem 1: Consider (C.16a) where U; = U, = Us. It is equivalent to consider the linearly
independent terms of as (U3, Uy, U3, U4;ll-]-). The relation (C.15) between [;; can be rewritten
as

2(lhp—I34) =2(h3—loa) =2(l3 —lg) =11 — 1y,
ha+lg+1l3g=ny.

Thus, we define (dl,dz,d3) = (112,113,123) lf nq S Ny, and (dl,dz,d3) = (134,124,114) lf nq 2 ny.
We have di+dy+ds = min{(3n;—n4)/2,n4} £ d is a constant determined by n; and
ny. Define ¢(d1,d2,d3) = %(U],U],ul,U4;lij). Similar to (Cg), we have ¢(d1,d2,d3) =
¥(ds(1),do(2),do(3)) for any permutation o. The linear relation (D.6) is then written as

P(d1+2,dy,d3)+¢(dr,d2+2,d3) +1p(dy,da,d3+2)
:2¢(d1 —|—1,d2—|—1,d3) +2¢(d1 —I—l,dz,dg,-‘rl) +2¢(d1,d2+1,d3+1).

According to the conditions in Table 1, we need to show that y(i,i,d—2i) for 3i <d are
linearly independent and can linearly express others. We use induction on d. For 4=0,1,2
we verify directly. When d =0, there is only one term 1(0,0,0). When d =1, by the
permutational symmetry there is only one term (0,0,1). When d =2, we have

31(0,0,2) =1(2,0,0)+1(0,2,0)+1(0,0,2)
=2¢(1,1,0)+2¢(1,0,1) +2¢(0,1,1) =69(1,1,0).

Thus, there is only one linearly independent term 1(0,0,2).

Assume d > 3. The linear relations between ¢ where d; > 1 are identical to ¢(d; —
1,d,—1,d3—1) for d—3. By the assumption of induction, (i,i,d —2i) for 1 <i<d—2i give
the linearly independent terms. Thus, let us assume that ¢(d,ds,d3) are all known when
d; > 1, and solve { when some d; are zero. Now let d; =0. If d>,d3 > 1, then

1,0(0,612 +2,d3) —2lp(0,d2 +1,d3 +1) +lp(0,d2,d3 +2)
:2lp(1/d2 +1/d3) +2lp(1/d2/d3 +1) —lP(Z;dZ/dS)

is known. For d, =0, we have

(0,2,d—2)—24p(0,1,d—1)+(0,0,d) =2¢(1,1,d—2)+2¢(1,0,d—1) —(2,0,d—2).
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Use invariance under permutation, we get
—p(0,2,d—2)+2(0,1,d—1) = —p(1,1,d—2) + % $(0,0,d).

Define a vector z where z; =(0,i,d—i) fori=1,---,d—1. The above linear equations can
be written as

2 -1 29(0,0,d)
0

.1 0

-bo2 19(0,0,d)

where b satisfies b; = b;_; that is given by ¢(dy,d»,d3) with d; > 1. Hence, the value of
(0,0,d) is needed to fully determine 1(0,d,,d3), and the solution also satisfies z;=z;_;.

Problem 2: Consider (C.16b) where U; = U, = Uz. Again, we shall consider the linearly
independent terms of ay (U1, Uy, Uy, Uy;lij, (T17273) ). Using arguments similar to (C.9), we
can deduce that

ag(Uy, Uy, Uy, Uy o, i3, 14,123,104, 134, (124))
=ay(Uy, Uy, Uy, Uy iz, 123,104,113, 114,134, (214) )
= —ag(Uy, Uy, Uy, Ug; lp, 123,124, 113,114,134, (124) ),
as (U, Uy, Uy, Uy 1o, 113,114,123, 104, 134, (134))
=ay(Uy, Uy, Uy, Uy liz, lio, 114,123,134, 104, (124) ),
as (U, Uy, Uy, Uy 1o, 113,114,123, 104, 134, (234))
= —ay(Uy, Uy, Uy, Uy 123,113,134, 112,124,114, (124) ).

Thus, it allows us not to consider the terms with (11 7213) = (134),(234). When (11 2713) =
(124), the relations between [;; require

2(112—134+1) :2(113—124) :2(123—114) =M —Tl4+1,
la+lhy+lza=n4—1.

Thus, we define (dl,dz,dg,) = (112,113,123) if nq S 1’14—1, and (dl,dz,dg,) = (134,124,114) if nq 2
ng+1. We have dq +dy+d3=min{ns—1,(3n1 —ns—1)/2} =d. To simplify the presentation,
we only discuss the case n; <ny—1. Define ¢(d1,ds,d3) = as(U;";1;5,(124) ). Then we have

1

¢(dy,dz,d3)=—q¢(d1,d3,d7). (D.10)
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Use permutational symmetry on aq(Uy, Uy, Uy, Uyli;,(123)), the first three equations in
(D.8) become

Q)(d],dz,dg—i—l) —gl)(dg,dz,dl—Fl)
= —gl)(dl,dg,dz—i—l)+q)(d2,d3,d1—|—1)
:¢(d3,d1,d2+1) —gl)(dz,dl,dg—Fl)
gt 1l-m

:a4(ll1,Ul,ul,ll4;d1,d2,d3—|—C,d3,d2+C,d1 +C1(123))/ C_f (D]-]-)

The fourth becomes
gl)(dl,dz,d3) + ql)(dz,dg,dl) + qo(dg,dl,dz) =0. (D12)

Our goal is to verify that ¢(i,i,d—2i) for 3i <d give all the linearly independent terms.
Use induction on d. When d =0, we have ¢(0,0,0) =0. When d =1, we have ¢(1,0,0) =0
and ¢(0,1,0)=—¢(0,0,1). So, there is only one linearly independent term ¢(0,0,1). When
d=2, we have ¢(2,0,0)=¢(0,1,1) =0, and

9(0,0,2)— (1,0,1)=—¢(0,1,1)+¢(0,1,1) = ¢(1,0,1) — ¢(0,0,2).

Together with ¢(0,2,0) =—¢(0,0,2), ¢(1,1,0) = —¢(1,0,1), we find that there is only one
linearly independent term ¢(0,0,2).

Now consider d > 3. The linear relations between ¢ for d; > 1 are identical to the case
d—3. By the assumption of induction, in these terms the linearly independent ones can
be given by ¢(i,i,d—2i) with 1<i<d—2i. We assume that ¢(d,d>,d3) are known for d;>1
and solve those with some d; =0. If two of d; are zero, the linear relations yield

¢(d,0,0)=0,¢(0,0,d)=—¢(0,d,0).

Below, we consider i with exactly one d; zero, to show that they can be solved from
¢(0,0,d) and ¢(dy,d»,d3) where d; > 1.

In (D.11), let d3 =0, dy+d, =d—1, where 1 <d; <dp <d—2. Then, the first and third
lines give

¢(0,d1,dy+1)+¢(0,d2,d1+1) = @(d1,d, 1)+ @(da,dq,1),

where the right-hand side is known. Together with ¢(0,dq,d2) = —¢(0,d2,d1), we can
solve ¢(0,dy,dy) for 1 <dj,dr <d—1.

Next, we deal with ¢(d1,0,d,) where dq,d, > 1. Using the second line in (D.11), we
obtain

(P(dZ/O/dl +1) - (P(d1/0/d2+1) — go(dl/dZ/l) - go(O/dZ/dl +1)/ (D13)
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where the right-hand side is already obtained above. Note that switching d; and d, leads
to the same equation, and d; =d» gives nothing. So, we require 0 <d; <d, <d—1. Here,
d1 =0 gives ¢(0,0,d)=¢(d—1,0,1). Then, by (D.10) and (D.12), we deduce that

(P(dZ/O/dl) - _(P(dlle/O) - @(O;dlzdz) - go(dl/O/dZ) - @(O/dlde)/ (D14)

where 1 <d; <dp, <d—1. (D.13) and (D.14) give d—1 equations in total for ¢(d;,0,d>)
where dq,d, > 1. They can indeed be solved by rewriting the left-hand side of (D.13) as

go(dz,O,dl +1) — ¢(d1,0,d2+1) = q)(dl +1,0,d2) — ¢(d1,0,d2+1) — QD(O,dl +1,d2),
leading to
gl)(dl —|—1,0,d2) — ¢(d1,0,d2+1) = q)(dl,dz,l).

Finally, we use ¢(d1,d2,0) = —¢(d1,0,dy) for 1<dq,d, <d—1 to finish the induction.
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