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CONVEX DUALITY AND ENTROPY-BASED MOMENT
CLOSURES: CHARACTERIZING DEGENERATE DENSITIES*
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Abstract. A common method for constructing a function from a finite set of moments is to
solve a constrained minimization problem. The idea is to find, among all functions with the given
moments, that function which minimizes a physically motivated, strictly convex functional. In the
kinetic theory of gases, this functional is the kinetic entropy; the given moments are macroscopic
densities; and the solution to the constrained minimization problem is used to formally derive a
closed system of partial differential equations which describe how the macroscopic densities evolve
in time. Moment equations are useful because they simplify the kinetic, phase-space description of
a gas, and with entropy-based closures, they retain many of the fundamental properties of kinetic
transport. Unfortunately, in many situations, macroscopic densities can take on values for which the
constrained minimization problem does not have a solution. Essentially, this is because the moments
are not continuous functionals with respect to the L' topology. In this paper, we give a geometric
description of these so-called degenerate densities in the most general possible setting. Our key tool
is the complementary slackness condition that is derived from a dual formulation of a minimization
problem with relaxed constraints. We show that the set of degenerate densities is a union of convex
cones and, under reasonable assumptions, that this set is small in both a topological and a measure-
theoretic sense. This result is important for further assessment and implementation of entropy-based
moment closures.
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1. Introduction. In gas dynamics, the kinetic description of a gas is often sim-
plified by using moment equations. In this reduced setting, a gas is characterized by
a finite-dimensional vector p of densities that are moments of the kinetic distribu-
tion function F' with respect to polynomials of the microscopic velocity. Evolution
equations for p are derived by taking moments of the Boltzmann equation which
governs the evolution of F. The derivation requires that an approximation for F' be
reconstructed from the densities p, giving what is called a closure.

One well-known method for prescribing a closure is to find a function that min-
imizes the kinetic entropy subject to the constraint that its moments agree with p.
Such closures are called entropy-based closures. In recent years, they have generated
substantial interest due to important structural properties which they inherit from
the Boltzmann equation. These properties were first brought to light in [24].
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In cases where the moments are continuous with respect to the relevant topology,
there is always an entropy minimizer [6,21]. Unfortunately, in classical gas dynamics,
this is not usually the case. As a result, there are often physically relevant densities
for which the constrained entropy minimization problem does not have a solution. In
such cases, entropy-based closures are not well-defined, and these densities are called
degenerate. In this paper, we provide a geometric description for the set of degenerate
densities in the most general possible setting. We believe that this description is an
important step in assessing the practical usefulness of entropy-based closures.

1.1. Moment systems and entropy-based closures. Consider a gas that is
enclosed in a container, represented mathematically by the set Q C R? (typically
d = 3). The kinetic distribution function F' = F(v,x,t) which describes the kinetic
state of the gas is a nonnegative function that is defined for positions x € €2, velocities
v € R?%, and times ¢ > 0 so that, for any measurable set A C Q x R?,

(1) /AF(v,m?t) dvdx

gives the number of particles at time ¢ with positions x and velocities v such that
(v,z) € A. The evolution of F' is governed by the Boltzmann transport equation

2) OF +v-V,F =C(F),

where C is an integral operator that describes the collisions between particles which
drive the system to local thermal equilibrium.
Solutions of (2) formally satisfy the local balance law [9]

(3) OH(F)+ V- J(F)=S(F),

where the functionals

(4) H(g) = (glog(g) —g) and J(g) = (v(glog(g) — 9))
are the kinetic entropy and kinetic entropy flux, respectively, and
() S(g) = (log(g)C(9))

is the kinetic entropy dissipation. Here and throughout this paper, (-) denotes Lebesgue
integration over all v € R? and we assume for the moment that the integrals in (4)
and (5) are well-defined. According to Boltzmann’s “H-theorem” [9],

(6) S(9) <0,

with equality if and only if C(g) = 0. In such cases, g is said to be in a state of local
thermal equilibrium, and it takes the form of a Maxwellian distribution

IR S U
(7) Mﬂyuﬁ(v) - (27r9)d/2 eXp( 29 ) 9

where p and 6 are positive scalars and v € R?. In this way, H acts as a Lyapunov
functional for (2).

In order to reduce computational cost, the kinetic description of a gas provided
by F' is often simplified by retaining only a finite number of its velocity averages,
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or moments. Equations which govern the evolution of these moments are derived by
integrating (2) with respect to a vector

(8) m= (mg,...,mp_1)"

whose components are polynomials in v. Since v commutes with the spatial gradient,
these equations take the form

(9) Op+ V- (vmF) = (mC(F)),
where the moments

(10) p = pla,t) = (mF)

are the spatial densities associated with F'. Here again, we assume that the integrals
in (9) and (10) are well-defined.

In general, (9) is not a closed system because there is no way to express the
flux terms (vmF) and collision terms (mC(F)) in terms of p. Furthermore, in a
moment description, an exact expression for F' is not available. An alternative is to
approximate F' by an ansatz of the form

(11) Flpl = F(v, p(x, ).

By substituting F for F' in (9), the evolution of p can be approximated by the closed
system of balance laws

(12) dp+ V. -f(p) =c(p),

where the flux term f and collision term c are given by

(13) f(p) = (vmFp]) and  ¢(p) = (mC(F[p))).

One way to specify F is to invoke the principle of entropy minimization (or max-
imization in the physics community, where the term “entropy” refers to —H and has
been widely used for over a century). The probabilistic interpretation of entropy dates
back to Boltzmann [4,5], who argued that the entropy of a system of identical particles
depends on the number of microstates (particle arrangements in phase space) that are
consistent with the macroscopic state of the system. This dependence is expressed by
the famous logarithmic relationship known as Boltzmann’s entropy formula [8] (and
also as Boltzmann’s equation, although distinct from (2)) and was first presented in
its popular form by Planck [28,29]. The practical application of entropy as a tool
for statistical inference was championed by Jaynes although, in [19], Jaynes himself
attributes the original mathematical concepts to Gibbs, who generalized Boltzmann’s
entropy formula [16]. Jaynes also credits Shannon [32] for illuminating the central
role that entropy plays in the theory of information. The relationship between statis-
tics and information theory was further pursued by Kullback [23]. Many of the first
rigorous results concerning entropy minimization can be found in [10] and references
therein.

Closures which are based on the entropy minimization principle use the ansatz

(14) Flp] = arg min {H(g) : (mg) = p}

gEFm
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at each = and ¢ to formally close (9). Here
(15) Fm ={g€ L'(RY) : g 2 0 and |mg| € L'(R?)},

and | - | is the standard Euclidean norm.

It is readily checked that H is strictly convex over Fy,. Thus if the minimizer
in (14) exists, it is unique and the closure is well-defined. In such cases, (12) is a
hyperbolic system of PDEs whose solutions satisfy the local dissipation law

(16) dh(p) + V- j(p) = s(p),

where

(17) h(p) = H(Fpl)

is a strictly convex function of p and

(18) ip)=J(Flpl),  s(p)=S(Flp]) <0.

Although any choice for the ansatz F|[p| will yield a system of the form (12), the
entropy ansatz ensures that s(p) < 0 and that h is strictly convex. These conditions
are important for two reasons. First, the dissipation law for a strictly convex function
of p, as given by (16), implies the existence of a well-posed linear L? (Hilbert space)
theory for (12) [33]. Second, h acts as a Lyapunov function for (12). To see this, note
that (16) is simply (3) evaluated at F' = F[p|; and like in Boltzmann’s H-theorem,
s(p) vanishes if and only if C(F[p]) = 0, in which case F[p] takes the form of a
Maxwellian distribution [24].

The entropy minimization procedure yields an entire hierarchy of systems with
the aforementioned properties whose members are generated by appending an initial
choice of m with additional polynomial components. For this reason, entropy-based
closures have been applied to other areas of kinetic theory such as radiation transport
[12,13] and charge transport in semiconductors [1,11,22]. (Additional references for
charge transport can be found in [1].) In the case of gas dynamics, the moment
hierarchy begins with the canonical choice m = (1, v, 3|v|?)T. For this choice, F[p] is
always a Maxwellian, and the entropy-based closure generates Euler’s equations for a
compressible gas.

1.2. Realizability and degenerate densities. A density p is said to be real-
ized by a function g € Fyy, if p = (mg). The set of all such realizable densities will be
denoted by Ry,. An entropy-based closure is applicable only to those realizable densi-
ties for which the minimization problem (14) with equality constraints has a solution.
If the moments in (14) were continuous with respect to the L' topology, then there
would always be a minimizer. Indeed, for such cases, Borwein and Lewis have shown
in [6] that a constrained minimizer exists for a large class of convex functionals that
include the classical entropy H. However, in gas dynamics, the moments are typically
not continuous in the L' topology. As a result, there are realizable densities for which
the minimizer in (14) does not exist. For such densities, which we term degenerate,
modifications must be made to the entropy-based procedure. There are essentially
two approaches:

1. Show that the set of nondegenerate densities is invariant under the dynamics
of the balance law (12) with the entropy-based closure (as discussed in [20])
or impose such a condition in a way that is physically reasonable and math-
ematically justifiable.
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2. Develop a modified closure that (i) is well-posed for all physically realizable
values of p, (ii) recovers the minimum entropy-based closures whenever the
minimizer in (14) exists, and (iii) generates systems of hyperbolic PDEs that
dissipate a physically meaningful, convex entropy. This is the approach taken
in [31].

We define Dy, to be the set of all degenerate densities. In general, the set Dy,
depends on m, and understanding its geometry is critical to determining whether
entropy-based closures can be used in practice. In either of the modified approaches
listed above, it is important—at the very least—to show that Dy, is small in some
sense, thereby minimizing the number of physically realizable spatial densities which
require special treatment. In the first approach, this means limiting the number
of initial conditions which must be discarded; in the second, it means limiting the
number of physically realizable densities which require a modified closure.

Another reason to study Dy, is that the equilibrium densities, i.e., those densities
which are moments of a Maxwellian distribution (7), lie on its boundary [20,21,24,31].
Because the kinetic entropy drives solutions of (3) toward local thermal equilibrium,
we expect that trajectories defined by solutions to (16) will, at times, come very close
to Dy,. Thus it is very important to have a detailed understanding of its geometry.

Previous studies of the set Dy, can be found in [20,21,31]. In [20], Junk pro-
vides a geometric description for Dy, in a one-dimensional setting (d = 1) with
m = (1,v,v%,v3,v")T. In turns out in this case that Dy, is a codimension one man-
ifold. This result was discovered, in part, by extending the definition of h given by
(18) to include cases where the minimizer in (14) does not exist. This is done simply
by replacing the minimum in (14) with an infimum, viz.,

(19) hi(p) = nf {H(g): (mg) = p}.

Later, in [21], Junk considers a more general case in which m consists of a radial
component |v|"V, for some even integer N > 2, plus polynomial components of lower
degree. For such cases, he provides an integrability condition to determine whether
Dm is nonempty. In practice, this condition is easily checked and extensible to more
general choices of m. However, a description of the geometry of Dy,, as given in [20],
is still lacking for the general setting.

In [31], Schneider introduces a different extension for h by relaxing the constraints
in (14):

(20) hs(p) = min {H(g) : (mg) =° p}.
Here the notation (mg) <° p means—roughly speaking—that inequalities between
certain components are allowed. (See section 3.2 for a precise definition.) The key
difference between (14) and (20) is that the constraint set of the latter is closed in the
weak-L! (R?) topology, whereas the constraint set of the former is not. Schneider uses
this fact to prove that the minimizer in (20) with relaxed constraints always exists and
is equal to the minimizer with equality constraints (14) when that minimizer exists
(see our Theorem 3 and Corollary 4 below). In doing so, he provides a necessary
and sufficient condition to determine whether a given density p is an element of D,.
However, this condition gives little insight into the geometry of Dy,.

The main contribution of the present paper is a geometrical description of the set
Dm in the most general possible setting. Our results are based on a dual formulation
of (20) and are summarized in the following theorems.
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e In Theorems 14 and 16, we prove strong duality for both the equality con-
straint problem (19) and the relaxed constraint problem (20). One conse-
quence of these theorems is that hg = hj, even when the infimum in (20) is
not attained. In Theorem 14, we also prove complementary slackness condi-
tions which relate the density p in (20) to the dual variable and serve as the
basis of our geometrical description.

e In Theorem 25, we show that the set Dy, is a union of convex cones. The
vertices of these cones are nondegenerate densities that lie on the boundary
between the degenerate and nondegenerate densities in Ry,. This conical
description is based on the complementary slackness condition from Theorem
14.

e In Theorem 28, we show that, under reasonable assumptions, the set Dy, is a
nowhere dense subset of R, that has Lebesgue measure zero and is restricted
to the boundary of the nondegenerate, realizable densities. The assumptions
we employ hold in all known cases. Whether they hold in general is an
interesting and (to our knowledge) open question in analysis and algebraic
geometry.

In the process of investigating D,,, we also recover and extend many previous results
from both [20,21] and [31].

The organization of the paper is as follows. In section 2 we introduce some no-
tation and background information. In section 3 we review the entropy minimization
problem. In section 4 we give a dual formulation of the minimization problem with
relaxed constraints (20) and prove duality theorems for both (19) and (20). We use
these theorems to show that hg = h; (even when the infimum in (19) is not attained)
and to establish a complementary slackness condition. In section 5 we review the
formal structure of entropy-based closures for nondegenerate densities and determine
how that structure differs for degenerate cases. In section 6 we use the complementary
slackness condition to describe the geometry of Dy,. We then introduce the assump-
tions that allow us to make further assertions about the “smallness” of Dy,. At the
end of the section, we present two examples. In section 7 we give conclusions and
discuss future work. Finally, in the appendix we provide a diagram and tables to
assist the reader with notation.

2. Preliminaries. In this section, we introduce notation and present prelimi-
nary results. We refer the reader to the appendix for help in recalling the notation
and useful properties for sets and mappings given throughout the paper.

2.1. Admissible spaces. For a given moment system, the choice of m must
satisfy criteria based on physical considerations. We require that components of m
form a basis for an n-dimensional linear space M of multivariate polynomials over the
field of real numbers that satisfies the following conditions:

I. M D span{1,vy,...vq, |U|2} :
(21) IT. M is invariant under translation and rotation;

III. the set M. = {p € M : (|p| exp (p)) < oo} has a nonempty interior.

Our definition of M, is slightly different than the original definition given in [24].
However, its interior is the same under both definitions.

Spaces that satisfy conditions I-1II are called admissible. According to condi-
tion I, any set of moment equations will incorporate the conservation laws for mass,
momentum, and energy which are given by the moments of the kinetic distribution
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function with respect to 1, v, and %|1}|2, respectively. In condition II, invariance under
translation and rotation means that, for every v € R? and every orthogonal matrix
O, the mappings v — v — u and v — OTv map M onto itself. These properties will
ensure that the moment equations are Galilean invariant—that is, invariant under
the transformations x — x — ut and  — OTx. Condition III applies specifically to
entropy-based closures. It turns out that the minimizer (14), if it exists, has the form
eP, where p € M.. Hence a nonempty interior for M, is a necessary requirement for
any practical applications.

Typically an admissible space M is generated by the span of polynomial func-
tions whose moments are physical quantities of specific interest. (Here the canonical
examples are the polynomials 1, v, and %|v|2) It may be that additional polynomial
components are added to m to ensure that M is admissible. It should be noted that
the vector m that generates a given M is not unique.

For convenience, we will assume, without loss of generality, that the components
of m are homogeneous. We decompose m into subvectors:

(22) m= (m, m{ ml ... mH7"
where the n; components of m; are the jth degree polynomial components of m.

Consistency requires that Z;V:O n; = n. Any polynomial p € M can be expressed as
the sum of its homogeneous components:

N
(23) p=a’m= Z aijj,
j=1

where a € R” is a vector of constant coefficients that decomposes into subvectors
2 _ (T T T T\T
(24) a=(af,af,a),...,ay) .

We briefly outline how one can generate a space M. Given the even integer
N >2and j < N, let Q; be the space of all homogeneous polynomials from R¢ to R
of degree j. For each j, Q; can be composed into rotationally invariant subspaces in
the following way [15, Corollary 2.60]:

(25) Q; = { H; ® |U|2HJ‘72 @D ‘7}|4 Hjy 4@---® |’U|]iH0 , j even,
J Hj S |’U|2Hj_2 &b ‘U|4 Hj_4 DD |U|j71H1 s j odd.

Here H, is the space of harmonic polynomials of degree k given by

(26) H, = [o]* span {Yk () } |

and Y* maps vectors on the unit sphere S%~! to the k-fold spherical harmonic tensor,
which is unique modulo constant multiples. (Here the term “span” refers to all real
linear combinations of the scalar components of the tensor.)

The decomposition in (25) is unique in the sense that no proper subset of the sub-
spaces in (25) is rotationally invariant [15]. Thus, in order to be rotationally invariant,
an admissible space M must be a direct sum of some combination of the subspaces in
(25) taken from each Q;, j < N. In addition, the condition of translational invariance
implies that choices for larger values of j will directly affect choices for smaller values
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of j. For example, inclusion of the term |v|/ requires inclusion of the lower degree
terms in the expansion of [v — u|/.

To satisfy condition ITI, M must include polynomials from Qy which dominate
the behavior of odd degree polynomials of lower degree for large |v|. In particular,
M must include multiples of |v|". This is because spherical harmonics (both odd
and even) other than Y? = 1 take on both positive and negative values on the unit
sphere. Excluding \v|N would therefore lead to polynomials p, all of which satisfy
lim,_, oo p(rw) = oo for all w contained in some subset of S?~! with positive Lebesgue
measure. In such cases exp(p) is not integrable for any p € M, and condition IIT is
violated.

In applications it is sometimes convenient to represent components of m in tensor
format. There are two reasons for this. The first reason is the convenience with which
one can express m given (25) and (26). The second reason is that the evolution of
the moment of (T'F) for any j-fold tensor T' = T'(v) depends on the divergence of the
(j + 1)-fold tensor (vT'F) (refer to (9)).

The tensors in which we are interested are often symmetric and sometimes trace-
less. For example, the Gaussian closure which will be described in section 5.3 is based
on the vector

my 1 1
(27) m=| m |= v = v
my vV o (vVo—$vT) + 2]

where v V v is the symmetric tensor product of v with itself.! In the strict vector
representation, ms is composed only of the d(d+1)/2 linearly independent components
of the tensor vVVv. The components have the form v;v;, where 1 <¢ < dandi < j <d.

Vectors o € R™ can also be represented by tensors, in which case the product in
(23) is interpreted as a sum of tensor inner products.? For a given a polynomial p,
the tensor form of a in (23) is unique under the additional requirement that it has
the same symmetry properties as m.

2.2. Cones. Many of the sets that we will encounter in this paper are cones
[3,30]. A subset C of R¥ is a cone if, for all real numbers A\ > 0, y € C if and only if
Ay € C. A cone is solid if it has a nonempty interior. A closed cone C' is pointed if
—C'NC is the origin. A closed cone that is convex, pointed, and solid is called proper.
For example, the set Fy, is a solid, convex cone, whose closure in L!(R¢) is proper.
Several other cones will be introduced in the subsections that follow, and eventually
we will see that the set D, is also a cone.

Associated with every cone C is its polar cone

(28) Coz{zeRk:zTySO VyeC}.

3

It is readily checked that the polar of a proper cone is proper.
A vector z € R” is tangent to a subset Q1 C R¥ at a point y € Q if z = 0 or if
(29) lim 2 =Y 2
imoely; —yl ||

LGiven a symmetric j-fold tensor S and a symmetric k-fold tensor 7', the symmetric tensor
product of Sand Tis SVT =TV S = ﬁzwens where II is the
set of all permutation of the integers 1,...,j + k.

2For k > j, the symmetric inner product (or contraction) of a symmetric j-fold tensor S and a
symmetric k-fold tensor T is (S - T)i_7‘+1 ,,,,, ijn = Zil"_‘,ij Sil,-u,i]‘ Tiy,..., TR P
3The polar cone is the negative of the dual cone C* = {z eERF: 2Ty >0 Vye C’} .

in(1yeerin () Tim ()i (k)
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for some sequence {y;}52; C €2 such that y; — y, but y; # y for all j. The tangent
cone of  at y, which we denote 7C(£2,y), is the set of all vectors that are tangent to
Qat y. A vector w € R¥ is normal to Q at y € € if there exist sequences {y; }3)0:1 cQ
and {w;}52, C R such that

(30) yi—y, wi—w, wje(TC(Qy;))°” Vi

The normal cone of Q at y, which we denote NC(£,y), is the set of all vectors that
are normal to 2 at y. For the important case that €2 is convex,

(31) NC(Qy)={zeRF:2T(y —y) <0 Vy €Q}.

In particular, NC(€,y) is convex. If 9Q is a C! (continuously differentiable) manifold
containing y, then NC(Q,y) is a ray with base point at the origin that points in
the outward normal direction to 9 at y. More generally, given any C' manifold
M > y of dimension j, NC(M,y) is a subspace of dimension n — j. If M C Q, then
NC(Q,y) C NC(M,y). In sections 5.4 and 6.4, we will use the notation N'Co(£2,y) to
denote the normal cone without the origin:

(32) NCo(Q2,y) = NC(©,)\{0} .

A particularly useful application of cones is to provide a partial ordering of ele-
ments in R* (or, more generally, in any vector space). Given a pointed, convex cone
C and y; and y, in R¥, we say that y; <¢ 92, or y2 >¢ y1, if and only if yo —y; € C.

2.3. Realizable densities. Our motivation for solving (14), (19), or (20) is to
find a closure for the moment equations (9). Thus we are interested only in constraints
based on densities which are realizable, i.e., elements of the set

(33) Rm={peR":p=(mg), g €Fm}.
With this notation we formally define the set Dy,:
(34) Dm = {p € R : the minimizer in (14) does not exist} .

A density p € Ry, has a natural decomposition based on the decomposition of m in
(22):

T
(35) p=(p5.pPl.P%, - PN)

where p; = (m;g) for some g € Fy,. The set Ry, has several important properties,
one of which is its relation to the cone

(36) An={aeR":a’m<0}.

It is straightforward to verify that Ay, is a proper cone.

THEOREM 1 (Junk [21]). The set Ry, is an open, convezx, solid cone, and its
closure is proper. In fact, Rm = int A}, and every vector in Rm is realized by a
bounded, nonnegative function with compact support.

Proof. We refer the reader to Theorem A.2 of [21] for a proof (which applies
to the case my = |[v|™ but can be modified to the general case with little effort).
However, to provide the reader with some intuition, we show here that R, C int Ag,.
Let p € Ry- Then p = (myg) for some g € Fy, and according to (36)

(37) OLTp = <04ng> <0
for all a € Ap,. Further, since a’m is a polynomial, it can be zero only on a set of

zero Lebesgue measure. Hence a’ p < 0, which proves that p € int A2,. a
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2.4. Exponentially realizable densities. We will see below that the mini-
mizer of (20) has the form

(38) G = exp(a’m),
where a solves the dual problem to (20). The integral of G, is the density potential
(39) h*(a) = (Ga)

which was introduced in [25] as a tool for elucidating the formal structure of entropy-
based closures. As the notation suggests, h* is the Legendre dual of h. In section
5, we will discuss this relationship in more detail. The name “density potential” is
derived from the fact that its formal derivative r generates the moments of G. Given
the set

(40) Am ={a e R": Gy € Frn},
r: Ay, — R” is defined by
(41) r(a) = (mG,) .

It should be noted in (40) that the condition a € Ay, is stronger than G € L' (R?),
since the latter can still yield moments that are infinite. The image of A, under r is
the set of exponentially realizable densities:

(42) R = r(Am).

The set RexP is a solid cone. It need not be convex, nor is it necessarily open.
Since r(Am,) = REP, it is important to understand the structure of Ay,. Its

interior has a rather simple expression:

(43) intAy, ={aeR":afmy(v) <0 Vv#0}={aeR" :ay€intdn,},
where

(44) Am,={0; €RY :ajm; <0}, 1<j<N,

is a proper cone for j even. (It can be checked that condition III of section 2.1 is
equivalent to int Ay, being nonempty.) If « € int A,,, then the behavior of p = a’m
is dominated for large |v| by the homogeneous component py = almy, and
(45) lim p(v) = lim py() = lim [o[¥py (u/]o]) = —cc.
lv|—o00 [v]—o0 [v]—o00
For such a, G4, decays exponentially, and the moments r(c) are finite.
From (43), one can easily show that

(46) clAm ={a eR":ay € Amy} and OAm C{a e R" : ay € OAmy }-

Even so, the boundary component Ay, N dAy, is, in general, very complicated. If
a € 0Ap, then ay € 04, and py(Av) = 0 for some v # 0 and all A € R, and it
may be that there are unbounded sequences {v;}32, such that lim; o p(v;) > —oco. In
such cases, it is not clear whether the moments r(a) are finite, i.e., whether a € Ayy,.
We will revisit this issue in section 6.3. For now, we turn our attention to the entropy
minimization problem (20).
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3. Entropy minimization. Most of this section reproduces and discusses the
main result from [31]. In this setting, we then state Theorem 9, which is the basis for
our new results.

3.1. The entropy functional. Recall that the strictly convex entropy func-
tional H : Fry — R U {oo} is given by

(47) H(g) = (glogg — g) -

By employing the convention 0log0 = 0—which is consistent with the fact that
lim,_,o zlog z = 0—one can make sense of the integrand for those values of v where
g(v) = 0. There are functions g € F,, such that H(g) = +oo; however, in order
for H(g) to be well-defined, the negative contribution to the integral H~ (g) must be
finite. We show that this is indeed the case.

LEMMA 2. For each g € Fm, let Ky = {veR?: g(v)log(g(v)) —g(v) <0}.
Then

48)  H (9)= */K (9(v)log(g(v)) — g(v)) dv < /

» <|v|2g(v) + 67|U|2) dv.

g

In particular, H™ (g) is finite.
The proof of this lemma is based on Young’s inequality: For all z,y > 0,

(49) zlogz —z > ylogy — y + (logy) (z — y)

or, equivalently,

(50) zlogz — 2> zlogy — y.

These two inequalities follow immediately from the convexity of the mapping z —

zlogz — z. )
Proof. Letting z = g (v) and y = el in (50) gives, after integration over K,

(51) H*<9>§/K (IvIQg(v)+e*'”'2)dv§Ad <|v|2g(v)+e"”|2>dv,

which is finite since |v|? € M. O

3.2. Schneider’s problem. Given p = (pg,...,Pyn) € Rm, we seek a solution
of (20), where the relation (mg) <° p (or, equivalently, p =° (mg)) is shorthand for

(52a) (mjg) =p;, 0<j <N -1,

(52b) (myg) <ag,  Pn:

and Ay, = = (Amy)°. Note that (52b) means that

(53) ok (myg) < aXpy whenever almpy > 0.

The components of (m;g), 0 < j < N, will be referred to as lower-order moments,
and the components of (myg) will be referred to as higher-order moments.

The main result from [31] concerning the minimization problem with relaxed
constraints (20) is the following theorem.
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THEOREM 3 (Schneider [31]). For any p € Rm, there is a unique minimizer for
the minimization problem (20). This minimizer has the form G given by (38), where
a € Ay, Conversely, for each a0 € A,

69 H(Ga) = min {H(g) : (mg) =° x(e)},
where r(a) is given by (41). Moreover, G4 also satisfies the equality constraint prob-
lem (14) with p = r().

We define a : Ry, — Am as the mapping which assigns to p € Ry, the vector

a € Ay, such that G4 solves (20)—that is,

(55) Ga(p) = arg min {}(g) : (mg) =° p}.

The converse statement of Theorem 3 implies the following.

COROLLARY 4. Let p € RGP Then Gy(p) is the unique minimizer of the entropy
minimization problem with equality constraints (14).

To help the reader’s intuition, we provide a proof for Theorem 3 with the use of
three lemmas. The first lemma is used to prove the existence of a minimizer for the
minimization problem with relaxed constraints (20), and the first item of this lemma
is a direct consequence of Lemma, 2.

LEMMA 5 (Schneider [31]). The entropy functional H satisfies the following:

1. H(g) > —oo for all g € Fpy,.
2. H is convex and lower semicontinuous with respect to the norm ||g||p1 (ra)
(jmgl)
3. Subsets of Fr, which are bounded in the LL (R?) topology and on which H is
bounded are weakly relatively compact in L'(R?).
The second lemma is a statement about the constraint set

(56) Cm(p) ={g € Fm : (mg) =° p}.

LEMMA 6. For each p € Rum, the set Ci(p) is closed in the weak-L* topology.

Proof. Let {gi}r—, be any sequence in Cp,(p) that converges in weak-L!(R?) to a
function g.. For the highest-order moments, Fatou’s lemma implies that if afmy >
0, then

(57) ay (myg.) < lim o (mygi) = oy py.

For j < N, more can be said. We break up the integral (m;g;) into two pieces:

(58) p; = (mjgx) = /

o ijgkdv—l—/ m;gy, dv,
v|<

[v|>R

where R > 0 is an arbitrary constant. For the first term in (58), weak-L!(R¢) con-
vergence implies that

(59) /| mjgkdv k:OO n‘ljg*dv7 OSJSN
v|<R
Meanwhile, in the second term

(60)
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for some constant Cj that is independent of R. Hence

lmy| y Co N
(61) /v|>R m;gy dv < /|u>R B [v|™ gr dv < Wsip ‘<|v| gk>| .

Since {gi}4e; C Cm, the sequence {{Jv|Ngi)},— is uniformly bounded in k, and it
follows from (59) and (61) that

klim ‘pj - (mjgk>’ < klim lm;gr — m;g.| dv
0 7 Jv|>R

(62) o o

0 N N 1

< v (sipﬂvl gr) + ([v] g*>> < BN

for some constant C7 > 0 that is independent of R. Since R can be arbitrarily large,
we conclude that (mjg.) = p; for all j < N. Hence g. € Cm(p). d

The third lemma is used to prove the form of the minimizer. For any bounded
measurable set K C R? and any locally integrable function g, let

= v) dv an K = 1 (RY) -
(63) <9>K—/Kg()d d Fi={9eLi(RY):920

and (Jm;g|) < oo, i =0,...,n—1}.
On FX | we define

(64) H™(g9) = (glogg — g) -

As with H, the negative contribution to HX must be finite (see Lemma 2) in order
for it to be well-defined, and restricting Dom(HX) to FX ensures that this will be the
case.

LeEMMA 7 (Junk [20,21], Borwein and Lewis [6]). For any bounded set K C R¢
and any function f € FE  the problem
(65) min {H"(g) : (mg) = (mf); }

g€eFL

has a unique minimizer, which takes the form G4 for some a € R™.

Proof of Theorem 3. The proof has three parts.
1. Existence and uniqueness. Let p € Ry,. By Theorem 1, the set

(66) Cm(p) ={g € Fm : (mg) =° p}

contains bounded functions with compact support. Because such functions
have finite entropy, the subset of Cy,(p) on which H is finite is nonempty.
Moreover, by Lemma 2, H is bounded below on Cy, (p). Hence hg(p) is finite,
and there exists {g;};=; C Cm(p) such that H(g;) — hs(p). By Lemma 5,
there is a subsequence {gik}z’;l that converges in weak-L' to a function Jps
and since Cm(p) is closed (Lemma 6), §, € Cm(p). Finally, since H is lower
semicontinuous (Lemma 5),

(67) H(gp) < Jim H(g:,) = hs(p).

Thus §,, attains the minimum in (20), and strict convexity of H implies that
the minimizer is unique.
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2. Form of the minimizer. According to Lemma 7, for any bounded set K C R?,

(68) min {H" (g) : (mg) ;- = (mgp)  }

has a solution of the form G«. We conclude then that g, = Go on K;
otherwise, the function

(69) g(v) = { Colth el

would satisfy H(g;) < H(gp), an obvious contradiction. Since K is arbitrary,
we conclude that g, = G4 and, in order to satisfy to constraints in (20), that
ac Ay

3. Converse statement. Applying Young’s inequality (49) to z = g and y = G4
and integrating over all velocity space gives

(70) H(g) = H(Ga) + ' (m(g — Ga)) -

By hypothesis, a € A,y,, which implies that ay € Am,. Thus if g € Fyy
satisfies (mg) <° (mG,,), then according to (52) and (53),

N
(1) a® (m(g - Ga)) = Z af (m;(g - Ga)) = ay (my(g — Ga)) 2 0.

Thus, from (70), H(g) > H(G4). This concludes the proof. 0
The existence part of this proof provides some intuition as to why the optimization
problem with equality constraints (14) may not always have a minimizer. Suppose
that the minimizing sequence {g;, }:’;1 were restricted to the set

(72) Co(p) =1{g € Frm : (mg) = p}

rather than merely lying in Cp(p). Then {g;, };—, would still converge in the weak-
LY(R?) topology to §p, with (m;g,) = p; for j < N. However, the bound in (61)
does not help when j = N. Hence there is no way to ensure that (mnxg,) = py—
only that (myg,) <as pp. This is precisely why Schneider introduces the inequality
constraint: Cp,(p) is closed in the weak-L! topology, whereas CQ, (p) is not.

Such behavior begs the following question: For what values of p does a minimizing
sequence for (14) not converge inside C9, (p)? These will be the densities which make
up the set Dy,. In [31], Schneider attempts to address this question in the following
corollary to Theorem 3.

COROLLARY 8 (Schneider [31]). Given p € Ry, the minimizer in (14) exists if
and only if there is no function of the form Gq in Cm(p)\CY (p).

Unfortunately, this result provides little understanding of the geometry of Dyy,.
A more insightful point of view is given by the following theorem.

THEOREM 9. Given p € R, the minimization problem with equality constraints
(14) has a minimaizer if and only if p € REP. In other words,

(73) Din = Run\REP.

Proof. The “if” part of this theorem is just Corollary 4. The “only if” part will
be proved at the end of section 4.3. ]
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An immediate consequence of Theorem 9 is that Dy, is a cone. However, the
essential point of the theorem is that when Dy, is nonempty there are realizable
densities p that cannot be realized by a functions of the form G¢. In other words,
p ¢ RSP even though a(p) € Am. It is this idea which lays the foundation for
the results in [20,21], where a description of Dy, is given for the case my = |v|V.
Theorem 9 will also be the basis for the new results of this paper. However, for a
general admissible space M, we will need to formulate the dual for relaxed constraint
problem (20) and derive complementary slackness conditions in order to find a useful
geometric description for Dyy,. In the process, we will recover and extend many of the
results from [20,21, 31].

4. Dual formulation. Because H is convex on Fy, and the constraints in (20)
are linear, it is reasonable to apply a dual treatment to the relaxed-constraint problem,
e.g., [3,7,26]. In this section, we prove two important duality theorems and the
complementary slackness conditions that accompany them. We also give an alternate
proof of the form of the minimizer in Theorem 3 and a proof of the “only if” part of
Theorem 9.

4.1. The dual function. We define the Lagrangian function £ : Fy, x R™ X
Rm — RU {oo} associated to (20) by

(74) L(g., p) = H(g) + o’ (p — (mg))

and the dual function ¢ : R” X Ry — RU {—00} by

(75) Y(a,p) = inf L(g,,p).
9€Fm

The dual function is closely related to the density potential A*. In fact, we have the
following.
THEOREM 10. For all o € Ay and p € R,

(76) V(e p) = L (G, a,p) = al p— h* ().

Proof. We apply Young’s inequality (50) and make the identification z = g and
y = G4 to derive the pointwise inequality

(77) (glogg — g) — a"mg > —Ga.

Integration of (77) over R? and addition of a p to both sides give a lower bound on
L and hence 9:

(78) U(e,p) = ol p—h*(a).

For a € Ap,, the definitions of H, G4, and h* (given in (47), (38), and (39), respec-
tively) imply that

(79) H(Ga) = a’ (mGa) — (Ga) = @’ (mGa) — h*(a).
Thus by (74),

(80) L(Ga,a,p) = a’'p - h*(a),

so that, from (75),

(81) Yo, p) <a’p—h*(a).

Together (78), (80), and (81) imply (76). a
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4.2. Smoothness properties of the dual function. The following smooth-
ness properties of ¢ will be used throughout the remainder of the paper.
THEOREM 11. Let p € Ry. Then
1. ¥(-, p) is strictly concave on Ay, and infinitely Fréchet differentiable on int Ay,
with derivatives
0
(s22) o (a.p) = p - r(a).
)
Oa(®)

(82b) (a,p) = — <mv(i)Ga>, > 1,

where mY (9 s the ith tensor power of m;*
2. for any o, B € Am, the function

(83) ¢(r) = P(ra+ (1 -1)8,p)

is twice differentiable at each T € [0,1] (one-sided at end points) with deriva-
tives

(84a) ¢ (1) =(a=B)" [p—r(ra+(1-7)8)],

(84b) ¢ (1) =~ <((a -8’ m)2 G7a+(1—r)ﬁ> :

In particular, the function ¢'(7) is a decreasing function of T;
3. the function (-, p) is upper semicontinuous on Am,.

Proof. For the proofs of the first two statements above, we refer the reader to
Lemmas 5.1 and 5.2 in [21] along with a few comments. First, the lemmas in [21]
refer to h* rather than to ¢(:, p). This makes little difference since the two functions
differ only by a linear factor (see Theorem 10). Also, the proofs in [21] are constructed
specifically for the special case when my = |v|"V; however, modifications to the general
setting are straightforward. To prove the third statement we simply invoke Fatou’s
lemma. Given a sequence {ay;)},-, C Am with limit & € Am,

(85) <Ga> < llirgo <Ga(1‘,)> .

Hence lim; o0 ¥(aiy, p) < ¥(ax, p). |

COROLLARY 12. For all o € int Ay, by (a) = r(a) and hjyo(a) = (mmTGy),
which is positive-definite on a € int Ay, .

Several remarks should be made concerning Theorem 11. First, statement 1
implies statement 2, but only for o, 3 € int Ap,. Second, for a,3 € Am N OAm,
¢" need not be continuous and higher derivatives may not exist. Finally, in spite
of the smoothness properties given by Theorem 11, the dual function need not even
be continuous on Ay, N 0A,. Indeed, given a sequence {a(i)}j; € A,, with limit
a € AnNOAm, it is possible that h*(a) < lim; .o h*((;)). As an example, consider
the one-dimensional case (d = 1) when m = (1,v,v?,v%,v*)T. This case has been

studied in detail in [20]. Given the following five points in the (v, w) plane:

(vo, wp) = (0,0) , (v, wr) = (1,0) , (v, w) = (i, —i%),
(U37w3) = (2702) ) (v4,w4) = (21 + 170)a

4The tensor power of a symmetric tensor S is defined recursively. For n > 1, gV(n) = gy gvin—1)
while SV = 8.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



CONVEX DUALITY AND ENTROPY-BASED MOMENT CLOSURES 1993

the unique degree-four polynomial interpolating these points is

4
(86) pi(v) = a(Ti)m(”U) = Za(i)ﬂ)j;
§=0
where
B 241 4420 4P 46i+1 2 +4i+1
v =0 e =Tt ey 20T T aoy T ar o
4it2  3i+?2 1 1
Qs = Qq() = — - .
TR a2 =2 S R T T

(The notation c; denotes a sequence of vectors rather than the usual notation a;,
which denotes the components of a single vector a corresponding to polynomials of
degree i.) As i — oo,

T
9 9 9 9
(87) Q) — Q= (O, 3 —270,0) and Gq, = exp (—2112 + 2v> )
The density potential h*(c.) moments r(a.) are finite. Therefore a, € Ay, but
clearly o, & int Ay,. Moreover, one may readily check that p; is positive and concave
on the interval [2i,2i + 1], and hence

88
( ) 2¢+4+1 2141 i
h*<a<i>>=<Gam>>/, ) dy >/2 (14pi(v) dv > 1+ 5 =00 asi— oo,

2% 7
Note that the second inequality above follows from the fact that e* > 1+ x, while the
concavity of p; on [2i,2i + 1] implies that the graph of p; lies above the line segment
¢ joining the points (2i,4) and (2i 4+ 1,0) in the (v, w) plane. Therefore the integral
of p; over [2i,2i + 1] is bounded below by the area of the triangle formed by ¢, the
v-axis, and the line {v = 2i}. The area of this triangle is i/2. A similar argument
shows that, for any j > 0, (|v|/Ga,,) — 00 as i — oo while (1/Gq, ) is finite.

The reason that ¢ (-, p) is discontinuous at the boundary of Ay, is the same reason
that the minimization problem (14) with equality constraints fails: because mass at
the tails of the functions escapes as ¢ — oo. In the example above, this is precisely
what happens to the mass of G, that is supported on the interval [2i,2i 4+ 1]. The
same thing occurs with the minimizing sequence {gik}iozl in the proof of Theorem 3.
The difference is that, for {g;, },- ;, only the highest moments fail to converge in the
minimizing sequence, whereas none of the moments in this example converge. The
reason for this difference is that the moments (mg;, ) are all bounded. The moments
of {Gay, }21 would converge if higher-order moments were controlled in some way.
Controlling the moments is, in effect, the same as requiring o; — ., along a specified
path. In fact, we will see at the very end of section 5.4 that the map p — 1 (a(p), p)
is continuous on Rm,.

4.3. Duality theorems. The main results of this subsection are based on the
following strong duality theorem where, for a given cone C, the notations “ <¢” and
“>¢” are defined in the last paragraph of section 2.2.

THEOREM 13 (see [26]). Consider the problem

minimize fo(z)

(89) subject to file) <k, 0, i=1,...,m; Ax=0b,
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where the functions fo,..., fm : X — R U 400 are convex over a vector space X,
A : X — R¥ is a linear mapping, b € R*, and each K; is a proper cone fori =1,...,m.
Let D be the intersection of the domains of fo,..., fm (i.e., D is a convex set over

which each f; is finite). Suppose there exists & € D, with f;(Z) <0,i=1,...,m, and
AZ =b. Further suppose that the set {Ax —b: x € D} contains a neighborhood of the
origin. Then strong duality holds, i.e.,

inf{fo(z) : fi(zr) <k, 0,i=1,...,m; Az =b}

(90) = sup inf {fo(x)+ZA¢fi($)+VT(A$—b)}a
i=1

Xi> o 0TED
vERF

and the dual optimal value is attained whenever it is not —oo.

Theorem 13 follows from [26, Exercise 8.7] and can be proven by using arguments
found in [26, Chapter 8]. It can also be proven along the lines of similar results found
in [7, sections 5.3.2 and 5.9.1]. However, whereas those results require the existence
of some Z in the relative interior of D, Theorem 13 requires only that Z € D. A side
benefit of this is that there is no need to specify a topology on X. In return, our
condition that {Axz — b: z € D} contains a neighborhood of the origin is not present
in the statements in [7].

To prove Theorem 13, one may repeat the arguments found in [7, section 5.3.2)
with the notation “<” changed to curly “=<.” The only difference from that proof
is in the contradiction argument showing (in the notation of [7]) that ;1 = 0 is not
possible. The proof in [7] first shows, with logic that remains valid under our weaker
assumptions on 7, that if g = 0, then there must exist v # 0 such that v (Ax —b) > 0
for all z € D. At that point, our assumption that {Az — b : © € D} contains a
neighborhood of the origin immediately implies that ¥ = 0, which yields the requisite
contradiction.

The statement of Theorem 13 is of much interest in the present context for two
reasons: (i) Our primal decision variable g lies in an infinite-dimensional vector space,
and (ii) it is not straightforward to show that the relative interior condition on & (or
in our case §) actually applies. (However, see [6, Definition 2.1], where the authors
introduce the notion of a pseudo relative interior.) On the other hand, that our
additional condition on {Ax—b: x € D} holds is a direct consequence of the openness
of Run.

Direct application of Theorem 13 leads to the following results.

THEOREM 14. Let p € Ry, and let hg and 1) be given by (20) and (75), respec-
tively. Then

(91) hs(p) = Jmax (e, p),

where the mazimum on the right is attained by a unique & € Awy. If §, solves (20),
then §p = Ga. Furthermore, §, and & satisfy the complementary slackness condition

(92) a"p=a" (mg,) = a" (mGa),
and §p, minimizes L (g, &, p) over Fry,, i.e.,

(93) w(dvp) :‘C(gﬂ’&ap)'
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Proof. Theorem 14 may be recast in the form of Theorem 13 by setting m =1
and introducing the following mapping of notation:

X Li,(RY); fi(z) = py — (myg); Az — (myg), j=1,...,N—1;
=g, Kl'_’Aanv pr]7 jzlavNil

3

Jo—H; A= an; Vi, j=1,...,N—1.

All of the conditions of Theorem 13 hold. However, we must be careful to en-
sure that H is restricted to a domain on which it is finite. Thus we consider the
minimization problem over the set

(94) Fm = {9 € Fr : H(g) < c0}.

This set is convex and includes all bounded functions in Fy, with compact support.
Thus by Theorem 1, the moment mapping g — (mg) maps Fy, onto Ry,, and since
Rum is open, the set

(95) {(mig) —p,:g€Fm, i< N}

contains a neighborhood of the origin. By the polar cone theorem [3, page 162],
(Afy)° = Amy so that strong duality holds, i.e.,

(96) hs(p) = max {¢(a, p) : an € Amy}.

Moreover, because 1) is strictly concave, the maximum in (96) is attained by a unique
adc{aeR": ay € Ay, }. According to the constraint conditions in (52),

(97) (mgp) =pforj <N and @&y (mngp) > &ypy -

Thus &” (p — (mg,)) < 0 and
(98)

Equations (92) and (93) follow immediately.
To finish the proof, we need only show that & € Ay, and g, = G4. For any
nonnegative function g, straightforward calculation verifies that

(99) glogg— g — & mg = ¢(g) — Ga,
where
(100) olg) = [g log (5’) +(Ga - g)} -

Applying (49) with z = g/G4 and y = 1 shows that, for each v € RY, ¢(g(v)) > 0,
with equality if and only if Gg(v) = g(v). Now, for each R > 0, define the set
Br = {veR?: |v] < R}. Setting g = g, in (99) and integrating over By gives

(101) HE () = (&Tmip) = (6(3p)) 5, — (Ga s,

Br
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(Note that, since g, € Fum, all of the integrals above are well-defined.) From (74),
(101), (76), and (39), it follows that

L (3p: &, p) = H(3p) + &" (p — (mgp))
= HER(Gp) + HE VR (gp) + &7 (p = (mp) . — (0Gp)gar )
(102) = (0(39)) 5, = (Ga) s, + H*P7(3,) + &" (p = (W) )
= £(G5" 6, p) + (6(3p)) , + H VP (5p) = &7 (03,

where

(103) GBr (v) = { Gao(,v), Z;gﬁf

Now since ¢(g(v)) = 0, the function R — ®(R) = (¢(Jp))p,, is nonnegative and
nondecreasing, and ®(R) = 0 if and only if G4 and g agree on Bg. On the other
hand, since H(g,) and (mg,) are finite,

d ~ ~ ~
(104) HE\Br(g,) — & (mgp>Rd\BR —0 as R — oo
It follows then from (102) that, for R is sufficiently large,
(105) £(3p &, p) > £(GE" & p)

unless GER agrees with g, on Bg. Since §, minimizes L (-, &, p), we conclude that this
exception is indeed the case. Moreover, since R is arbitrary, it follows that g, = G4.
Finally, the fact that g, € Fp, implies that & € Ap,. O
Several remarks are in order here.
1. If p € RGP, then Theorem 14 can be proven more directly using by Theorem
3. Indeed, weak duality is easy to show: If g € IFy, satisfies the constraint
conditions from (52), then

(106) L(g, e, p) =H(g) + a” (p — (mg)) < H(g)
for all a € Ay,. By invoking the definitions of ¢ (75) and hg (20), we find
that

Y(a, p) = inf L(g,a,p) < inf {L(g,,p): (mg) =° p}
g€EFm g€EFm

< gierIlFfm{H(g) : (mg) <° p} = hs(p).

(107)

On the other hand, if p = r(é&) for some & € Ay, then it follows from
Theorem 3, (76), and the definition of H (47) that

(108) hs(p) = H(Ga) = ¥ (&, p).

From (107) and (108), one can easily deduce strong duality (91) and the
complementary slackness condition (92).

2. If it is known a priori that the maximum in (96) is attained by & € Ap, then
the form of the minimizer follows almost immediately. In this case, G4 € Fm
(which is needed for £ to be well-defined) so that (76) and (93) imply (108).
Because L is strictly convex in its first argument, its minimizer is unique, and
consequently g, = Ga.
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3. Since p; = (m;Gg4) for j < N, the only nontrivial part of the complementary
slackness condition (92) is

(109) anpy = &y (mygp) = &y (myGa) .
This relationship between &y and py will be the key to characterizing the
set D .-
The following corollary will be used in section 6. It is an immediate consequence
of the complementary slackness condition.
COROLLARY 15. Let p € Ry, and let & € Ay, solve (91). Then
(110) hs(p) = min {H(g) : &" (mg) = &7 p}
and Gg, is the unique minimizer.
Proof. Let g € Fyy be given. Using Young’s inequality (49) with z = g and
y = Gg gives

(111) H(g) > H(Ga) + & (m(g — Ga)),
which, given the complementary slackness condition (92), implies that
(112) H(g) = H(Gs) +&" ((mg) —p).

Thus if g satisfies the constraints in (110), then H(g) > H(Ga) = hs(p). O

A duality theorem similar to Theorem 14 holds for the minimization problem in
(19) that defines h;(p). Like Theorem 14, it is a consequence of Theorem 13, and its
proof is essentially the same.

THEOREM 16. Let p € R, and let hj(p) and ¢ be given by (19) and (75),
respectively. Then

(113) hi(p) = max ¥(a, p),

where the mazimum on the right is attained by a unique & € Ay,. Furthermore, if
the infimum in (19) is attained by some function g, € Fum which satisfies the equality
constraints of (19), then g, = Gg& and g, minimizes L(g, &, p), i.e., Y(&,p) =
L (glﬂ dv p) .

The careful reader may note that application of Theorem 13 to proving Theorem
16 initially gives a statement similar to (96) but without any constraint on . How-
ever, the arguments which follow (96) show that a € Ay, independently of this initial
restriction.

Theorems 14 and 16 prove that the infima in (19) and (20) are equal—that is,

(114) hs(p) = hi(p) = max ¢(ex, p),

even if the infimum in (19) is not attained. In light of (114), the definition of h given
in (17), which applies only to p € REP, can be extended to all of R, by setting

(115) h{p) = max ¢(a, p).

In addition, we can now complete the proof of Theorem 9.

Proof of Theorem 9. We have already proven the “if” statement in Theorem 9.
We now prove the “only if” statement. To this end, let p € Ry, be such that (14)
has a minimizer. According to (114) this minimizer is also the minimizer of (20) and
is therefore given by Gy(p). Hence, the equality constraint conditions in (14) imply
that p = <mGa(p)>7 which means p € RP. ]
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5. The relationship between a and p. The formal structure of entropy-based
closures depends heavily on the Legendre dual relationship between the functions h
and h* and their derivatives. In this section, we review this relationship for nonde-
generate densities and show how Legendre duality ensures that the resulting system
of PDEs is symmetric hyperbolic. We then discuss what aspects of the dual relation-
ship hold in degenerate densities. A similar analysis can be found in [21] for the case
my = |U\N.

5.1. Properties for nondegenerate cases. Recall that the function a maps
each p € Ry, to the unique vector & € Ay, that solves (91). In particular,

(116) 9o =Gapy and  h(p) =1(alp), p).
It turns out that a, when restricted to RgP, is the inverse of the function r defined
in (41).

THEOREM 17. The function r is one-to-one from Ay, onto REP with inverse a.
1t is a diffeomorphism between int Ay, and int REXP.

Proof. We first identify a as the inverse of r. Since r is (by definition) onto REXP,
we need only to show that a(r(a)) = a for each a € A,. By the definition of a,

(117) H(Gagr(ay) = min {H(9) : (mg) =°r(a)}.
However, Theorem 3 implies that

(118) H(Ga) = min {H(g) : (mg) =° r(a)}.

Since this minimizer is unique, it follows that a(r(a)) = . If a € int Ay, then,
according to Corollary 12, r is the derivative of the density potential h* on int Ap,
and its Jacobian

r 27, %
(119) g—a () = %(a,p) = (mm”G,)

is a positive-definite matrix. The inverse function theorem implies then that r is a
diffeomorphism from int Ay, onto int RgiP. d

The following corollary implies that Dy, cannot divide RXP into disjoint subsets.

COROLLARY 18. The set RgiP is pathwise-connected.

Proof. Given p(g), p(1) € R, we seek a continuous function I' : [0,1] — RZP
such that

Convexity of Ay, implies that
(121) ax =2a(pg)) + (1= Na(pq)) € Am VA €[0,1].

Thus, in view of Theorem 11, the function I'(A\) = r(a,) satisfies (120). 0

An immediate consequence of Theorem 14 is that h (as the maximum of a family
of linear functions in p) is convex on R,,. However, more can be said if we restrict h
to convex subsets of int RoxP.

THEOREM 19. When restricted to int RSP and int A, respectively, the functions
h and h* are locally strictly convex, Legendre duals of one another.
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Proof. We first show that h is the Legendre transform of h*. From (76),
(122) h(r(a)) +h*(a) = a'r(a), ac Anm,
where, according to Corollary 12,
(123) r(a) =hl(a), oac€intAy,.
We next show that the Legendre transform of h* recovers h. The inverse relationship
between a and r (Theorem 17) implies that (122) may be rewritten in terms of p =
r(a):

(124) h(p)+h*(a(p) =alp)'p, peRIP.

Differentiating (124) and using (123) again gives

(125) a(p) =hp(p), pecintRTP.
Finally, for p € int RgiP,
(126) hon(p) = 5(P) = | 5 )| = [ )]

which, by Corollary 12, is positive-definite. Thus h and h* are strictly convex. ]

5.2. Application to kinetic moment closures. The dual relationship be-
tween h and h* is used in [24] to show that entropy-based closures formally produce
hyperbolic systems which dissipate a convex entropy and satisfy an H-theorem. In-
deed, if p € int REP and & = a(p), then, according to (123), the moment system (12)
can be expressed in terms of &:

(127) Otho (&) + Vi - jo (&) = c(hg (@),
where j*(a) = (vGq,) is the flux potential and

(128) Jal(&) =1(p).

Carrying out the time and space derivates in (127) gives

(129) haa(@)0& + jou (@) - Vol = c(he (&),

which has the form of a symmetric hyperbolic system [14]. Furthermore, by multi-
plying (12) by h, and applying relations (125) and (128), we find that h(p) satisfies:

(130) dih(p) + V- j(p) = alp) c(p),
where j(p) = a(p)"f(p) — j*(a(p)). Then by (5) and (6),
(131) a(p)"c(p) = S(Ga(p)) <0

with equality if and only if Gy, is a local Maxwellian (7). This is a direct analogue
of Boltzmann’s H-theorem for (2). (See [24] for details.)
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5.3. Nondegenerate examples. For N = 2, there are two possible closures:
Maxwellian and Gaussian. Both are well-known, and in both cases Ay, = int Ay, and
Rm = RZP = int RZP. Traditionally, these closures are expressed by using so-called
fluid variables:

(132)
— —u)F
density: p=(F), temperature matrix: © = (v =u) E/F(;] w F) ,
F 1 —u*F
bulk velocity: wu = <<UF>> , temperature: 6 = 3 trace(©) = <|1)3<;|>>
1. Mazwellian closure. If m = (1,v,3[v|*)T, the ansatz Flp] in (14) is a
Maxwellian distribution:
133 M =7 o —
(133) pu0(V) = (2m0) exp| = |-
The fluid variables are related to the densities p; by
1 45 3
(134) Po=ps  Pr=pus py=gput+opl
and to the vectors &; by
. p u|? . u . 1
135 =log | —2—— | - &L =2 =,
( ) (&%) og <(271'0)d/2> 20 agq 0’ (&3) 0
The moment equations in this case are the compressible Euler equations for
a gas of point particles:
(136a) Op+ V- (pu) =0,
(136b) O (pu) + V- (puVu+ pl) =0,
1 d 1 d+2
(136¢) o (2plul +2p0) +Va - ( =plulu+ T2 000 ) = 0.
2 2 2 2
The spatial entropy
p d+2
(137) h(p) = (MpuplogM, 90— Mpaue) =p |log —
P p p (27T6‘)d/2 2
is locally conserved by smooth solutions for (136) but is dissipated along
shocks.
2. Gaussian closure. If m = (1,v,vVv)?T, the ansatz F[p] in (14) is a Gaussian
distribution:
(138) Gouol) = S exp (1(1) —u)-07! (v— u)>
e V/det(27O) 2

The fluid variables are related to the densities p; by

(139) pPo=p, PL=pu,  py=puVu+pO
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and to the vectors &; by

(140)

& = log P —lu-@_l-u7 dlz@_l-u, Gy =—-071
det(270) 2 2

The moment equations in this case are

(141a) Op+ Va - (pu) =0,
(141Db) O (pu) + V- (puVu+ pO) =0,
(141c) Oy (puVu+pO)+ V- (puVuVu+3pOVu)=(vVvl(Gpue)),

and solutions to this system satisfy a local dissipation law for the spatial

entropy
(142)
p d+2
h(p) = (GpuelogGpue —Gpue) =p |lo -
(p) =(Gpu0l0gGpue —Gpue) p[ g( det(27r@)> 2

Note that, in both of the examples above, the expressions for & and p can be
used to determine a(p) explicitly. However, generally speaking, an analytical solution
is not available, and a numerical solution must be computed via (91).

5.4. Properties for degenerate cases. If p € D,,, then the minimizer with
equality constraints (14) does not exist, and the entropy-based closure is not well-
defined. Although it is possible to recover a well-defined closure by using the relaxed
constraints in (20), much of the formal structure is lost. For example, if p € Dy, then
(123) and (126) no longer hold because r (a(p)) # p and, as shown in Corollary 22
below, hg fails to be strictly convex on Ry, whenever Dy, is nonempty. Since many
of the properties of entropy-based closures require h to be strictly convex, this fact is
critical.

The situation for degenerate densities may be best understood via the projection
operator ™ : Ry — RexP, which assigns to each vector p € Ry, the density which is
realized by the minimizer of (20):

(143) n(p) = r(alp)) = (MGa(p)-

Before discussing 7 further, we introduce some notation that will be useful for the
remainder of the paper. First we have the natural decompositions for r, a, and 7
based on the decomposition of m in (22):

(144) r = (rOT,rlT,...,r%)T, a= (ag,a{,...,a%)T, T = (ﬂg,ﬂ'?,...,ﬂ‘g\})T.
With this notation,
N
(145)  Gay =exp| Y _aj(p)'m; | , rj(@) = (m;Ga), w;(p) =r1;(a(p)).
j=1

Next, for any p € R™ and any ¢ € R"V, we define

(146) ptyC=(p,pl. ... o +¢T)T.

This notation will often be applied to subsets of R™ and R™~ in the context of set
addition.
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PROPOSITION 20. Let p € RSP, and let & = a(p). Then for any p € R™, the
following are equivalent:

(147a) (i) Py — Py ENC(Amy, &n);
1470) (i) (aw — an) (o — Pn) SOV oy € Ay
(147¢) (i) &y (oy —Pn) =0 and aj(py —Py) <0 YV an € Amy.

Proof. Here (i) < (ii) is just the definition of a normal cone (31), and the impli-
cation that (iii) = (ii) is clear. To prove that (ii)=-(iii), we use the freedom to choose
any ay € Amy. Setting ey = 0 and then ey = 2@y in (147b) gives

(148) ay(py—pPy) >0 and @&y (py —py) <0,
respectively. We conclude that &% (py — py) = 0, which, when substituted back
into (147b), gives the inequality in (iii). 0

LEMMA 21. The projection 7 satisfies the following relations:

(149a) (i) mi(p)=p; YPpERmandj<N;
(149b) (i) an(p)'mn(p)=an(p) Py ¥V pERm;
(149¢) (ili) w(p) = p if and only if p € ReAF;

() 7({B+y NC(Amy,@n)} N O) = 5
(149d) V peRIP and any O C Ry containing p;
(149¢) (v) 7(Dm) =1 (Am NIAm) = RaP NORLP;
(149F) (vi) a(n(p)) =a(p) Y pERm:
(149g) (vii) h(m(p) = h(p) ¥ pERum.

Proof. We prove each statement in order.

1. Equation (149a) follows from the constraint conditions in (52a).

2. Equation (149b) is just a restatement of the nontrivial component of the
complementary slackness condition (109) with & = a(p).

3. By Theorem 17, w = r o a is the identity map on R&P. Thus w(p) = p if
p € REP. However, the range of w is m1(Rm) = r(Am) = REP. Thus if
p & REP then 7(p) cannot equal p.

4. Let p € REP let O C Ry, be an open set containing p, and let & = a(p).
Choose any p € {p+y NC(Amy,@n)}. Then p = p for j < N, so by
Proposition 20, @’'p = &’p and o’ p < a’'p for all a € Ap,. Therefore

(150) w(da ﬁ) = 7/’(07» p) < ¢(a(p)7p) < ¢(a(p)vﬁ) < 1/1(07a ﬁ)

Here the equality in (150) follows immediately from the definition of ¢ (75)
and the fact that @”p = &’ p. The first inequality in (150) uses the fact
that ¥(a(p), p) maximizes (-, p) over all @ € A,y,; the second uses the
fact that a’p < aTp for all @ € Am; and the third uses the fact that
(@, p) maximizes (-, p) over all a € Ap,. We conclude from (150) that
Y(a(p),p) = (&, p). Since & is the unique maximizer of ¢ (-, p) over all
a € Ay, it follows that a(p) = &. Therefore w(p) = r(a(p)) = r(&) = p.

5. We first argue by contraction to show that @(Dp,) C r (Am N OAm). Thus,
suppose there exist p € Dy, and a € int Ay, such that w(p) = r(a). We
know that
(151) P(w(p),a(w(p))) = max (7 (p), @),

aEAm
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and since 1 is differentiable on int Ay, first order optimality conditions imply
that

(152) 20 (x(p),a(x(p))) = p— w(x(p)) = 0.

However, 7 is a projection; therefore, (152) implies that p = 7 (p). According
to (149c), this contradicts the assumption that p € Dy,.

We next show that r (Am NOAm) C (D). Let & € Ay N OAp, and let
O C Rm be an open set containing r(&) € RP. Then choose (see (32))

(153) p e {r(a)+, NCo(Amy,an)}NO.

Since & € Am NIAm, @n € 0Am, (see (46)), and this set is nonempty. By
(149d), w(p) = r(&). Thus we need only show that p € Dy,. If it is not, then
p € REP and w(p) = p = r(@), which contradicts (153). Thus p € Dp,.
Finally, we show that r (Am N 0Am) = REXPNIREP. Because r is one-to-one
on Ay, (Theorem 17),

(154) T (Am N 0Am) = r(Am)\r(int Ay ) = REP\ int REP = REP N IREP.

6. Given that a or is the identity map on Ay, (Theorem 17), a(w(p)) = (ao
r)(a(p)) = a(p).
7. The proof is a simple calculation. For any p € R, (149a), (149b), and (149f)
give
(155)
h(wm(p)) = ¥(a(w(p)), 7(p)) = P(a(w(p)), p) = ¥(a(p),p) = h(p). O

COROLLARY 22. The set Dy, is empty if and only if Ay is open. If Dy, is
nonempty, then h fails to be strictly convex.

Proof. The first statement is an immediate consequence of (149e). The sec-
ond statement is a consequence of (149d) and (149g), which together imply that
h is constant on the cone {p +, NC(Amy,an(p))} for any p € REP. If Dy, is
nonempty, then by (149¢), RSP N IREXP is also nonempty; if p € REP N OREP,
then a(p) € Am N 0Am and, consequently, ay(p) € 0Am, (see (46)). As a re-
sult, {p +y NC(Amy,a(p))} is nontrivial, and h cannot be strictly convex on all of
Rm. 0

It turns out that Ay, is open only for N = 2. (To see this fact, one need only realize
that, for N > 2, the vector a € Ap, corresponding to any Maxwellian M, ,, ¢ lies
on the boundary 0.Ay,.) Thus Corollary 22 shows that the Maxwellian and Gaussian
closures are the exception rather than the rule. However, in spite of the difficulties
encountered for o € Am NOAm, (124) and (125) extend to all of R,.

THEOREM 23. For all p € Ry,

(156) h(p) + 1" (a(p)) = a(p)" p,

and the function a is the continuous Fréchet derivative of h everywhere on Ry, i.e.,

(157) a(p) = hp(p).

Proof. Let p € R, and set p = w(p) € REP. By (124),

(158) W (p)) + h* (a(m(p))) = a(n(p))"m(p).
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However, according to Lemma 21, a(p) = a(p), h(p) = h(p), and a(p)Tp = a(p)T p.
Therefore (158) and (156) are equivalent.

We now move on to proving (157). By using (116), we find that

h(p+96) =1 (a(p+46),p+9d) > (a(p),p+9)

(159) = (alp). p) +a(p) 8 = h(p) +alp)"s

and, similarly, that

(160) P = (@(p).p) =¥ (alp+6).p) = U (alp+8).p+0) ~ [alp+ )" 6
=h(p+96) —[a(p+d)]" 4.

Together (159) and (160) imply that
(161) 0 < h(p+8)—hip) —a(p)'é < |d][a(p + &) — a(p)].

Hence, to complete the proof, we need only to show that a is continuous.

Equation (159) implies also that a(p) is a subgradient of h at p [30, section 23,
page 214]. The set of all subgradients is called the subdifferential of h at p and is
denoted by Oh(p). It is a general result from convex analysis [30, Theorem 24.7] that,
because h is convex, the set Oh(S) = U, cxOh(p) is bounded whenever K C R" is
bounded. In particular, if {p(;)}{2; C Rm converges to p, € Rm, then {a(p(;)}2;
is a bounded sequence. Let o, be any subsequential limit for this sequence. Then

dlalp.), p.) = Jim o (alp.), p(,,) )

(162)
< Jim ¢ (a(p,)), P ) < Ve p.) < B(alp.). p.),
where {i};~, is any sequence of integers such that a.. = lim; . a(py;,). The first
and last inequalities in (162) follow because ¢ (a(p), p) maximizes (-, p), whereas
the middle inequality is a consequence of the fact that ¥ (-, p) is upper semicontinuous
(Theorem 11).

From (162), we deduce that (., p) = ¢¥(a(p,), p), and, since a(p, ) is the unique
minimizer of ¢(-, p), it follows that a. = a(p,). Because {a(p(;))} is bounded and
all of its converging subsequences converge to a(p,), it follows then that

(163) lim a(p(;)) = a(p.)-
Thus a is continuous, and h is continuously differentiable. 0

Note that, as a consequence of Theorem 23, h(p) = (a(p), p) is a differentiable
on all of Ry, even though (-, p) may not be continuous for @ € Ay, N IAL,. We
alluded to this fact earlier in section 4.2.

6. Geometry of D,,. In this section, we give a description of the geometry of
the set D. The main results are given in Theorem 25, which shows that D is a union
of cones, and in Theorem 28, which concludes that, with additional assumptions, D
is small in both a topological and a measure-theoretic sense. We begin with some
motivation for why such results are important.

6.1. Motivation: Behavior of the closure near degeneracy. Even though
D is usually nonempty, there is evidence to suggest that if p € REP initially, then
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densities in Dy, might never be attained. To investigate this possibility, we introduce
the function x : Ry — R, defined by

(164) €)= [ | [om(u)] Gugpy () .

For the entropy-based closure, x is closely related to the flux f in (13), and we show
below that x becomes unbounded as p approaches Dy,. As pointed out in [20], such
divergent behavior raises the possibility that REXP is invariant under the dynamics of
the closure.

PROPOSITION 24. Let {p;}32; be a sequence in Ri3P such that p;y — p, € D,
and for each j, let x; = X(p(j)). Then {x; 524 is unbounded.

Proof. Since {p;}32; C RGP,

and taking limits on both sides gives
(166) Tim r(a(p(,) = p..

We proceed by showing that if {x; 521 is bounded, then
(167) Tim r(a(p(,) = r(alp.).
Together (166)—(167) will then imply that p, € R&P which, by contradicting our

hypothesis, proves the claim. Hence, suppose that {x; };”;1 is bounded. To conclude
(167), we calculate

r(a(p.)) ~ r(@lp())| =|(mGagp)) = (WGai,,))|
< [ Il [Gagouy (0) = Gty (0)] dv
(168) - /M ()| Gap) (0) — Cagoyy) ()] do
(169) I [Gutr () = Gato )] v

where R > 0 is an arbitrary constant. We handle the integrals for |v| > R and |v| < R
in (168) separately. For |v| > R,

[ ) Gt (@) = G )] o
[v|>R

vmv
- / >R o) ‘Ga@*)(v) - Ga(pj)(v)’ dv

R
1 C
(170) < L, lom) ‘Ga(p*)(v) - Ga(,,j)@)) dv < T,
where
() ¢ = 2max {x(p.)sup(1;} .
J
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For |v| < R, continuity of a (see Theorem 23) implies that a(p(;)) — a(p,). Hence

the sequence Ga(Pm) is uniformly bounded on {v € R% : [v| < R}. By the Lebesgue
bounded convergence theorem,

(172) lim Im(v)|Gap,)(v) dv :/ Im(v)|Gap.)(v) dv.
J= Jlw|<R [v|<R
Together (168), (170), and (172) imply that
. C
(173) Jim [r(a(p,)) —r(alp)))| < &

Because R can be arbitrarily large, we conclude that (167) holds, which proves the
claim. ]

Note that, by uniformly bounding x; in the proof above, we are providing uniform
control on the highest-order moments in p(;). In general, such control is not possible,
which is why the minimizer in (14) with equality constraints does not always exist.
(See the discussion following the proof of Theorem 3.)

The behavior of x expressed in Proposition 24 was first observed by Junk for the
one-dimensional example in [20]. In particular, for a sequence {p(;)}72; € int Ri;P, it
was found that <vaGa(p)> diverges to either positive or negative infinity as p ;) —
P, € D, with the sign depending on the direction of approach.

Suppose now that it can be proven that R{XP is invariant under the dynamics
of the balance law (12) with the entropy-based closure. Then if p € REP initially,
the entropy minimization problem with equality constraints (14) will always have
a solution, and the formal properties of the closure based on the Legendre duality
between h and h* will be maintained. However, it must be shown—at a minimum—
that Dy, is small in some sense, thereby limiting the number of initial conditions
in Ry which must be discarded in order to maintain a well-defined closure. In the
following subsections, we use the complementary slackness conditions (92) to show
that, under reasonable hypotheses, Dy, is indeed a Lebesgue measure zero set.

6.2. The complementary slackness condition and normal cones. From
the complementary slackness condition (149b), we obtain the following result.
THEOREM 25. The set Ry can be expressed as the following union of cones:

(174) Rm = U p+y NC(AmN7aN(ﬁ))

PERMP

The proof of this theorem uses the following lemma.

LEMMA 26. Let m be a vector whose polynomial components form the basis for
an admissible space M. Then Ay C {a € R™ : ay € Ay }, where Ay and Ap,,, are
defined in (36) and (44), respectively.

Proof. Let a € Ay, and let v, € R be fixed. Because the components of m; are
homogeneous polynomials of degree i, for any A > 0,

N .

1 A

(175) 0> )\—NaTm()\v*) = E A—Nafml(v*)
i=0

Taking the limit A — oo in (175) gives afmy(v.) < 0, and since v, is arbitrary, we

conclude that ay € Am, - 0
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Proof of Theorem 25. Suppose that p € R™ and that p € R:XP. Before making
any further assumptions about p or any relationship between p and p, we note that
from Proposition 20 we obtain the following set of equivalent statements:

(176a) (i) py — Py € NC(Amy,an(p));

(176b) (i) (an —an(p)’ (py —Pn) SO Vay € Amy;

(176c) (i) an(p)” (oy —Py) =0 and aj (py —Py) <O Vay € Amy.
We first show containment of the left-hand side of (174). Given p € Ry, let

p=m(p) € RyP. Then p; = p; for j < N and, by (149f), a(p) = a(p). Thus, from
(149D),

(177) an(p) py = an(p) Py
Meanwhile, the constraint conditions in (52) imply that
(178) anpy <akpy YVac€ A

We conclude from (176)—(178) that py — py € NC(Amy,an(p)).
Next we show containment in the other direction. Suppose that p; = p; for

j < N and that py — py € NC(Amy,an(p)). By Theorem 1, Ry, = int A2, so it
is sufficient to prove that p € int Ay,. Because p € R3P C Ry = int A7), it follows

that ap < 0 for all a € Ay,. Furthermore, by Lemma 26, ay € Ay, for all such
a. Hence from (178),

(179) afp=a’p+ak(py —pPy) <0 VacAn.

This shows that p € int Ay, and concludes the proof. |

For p € int R&EP, NC(Amy,an(p)) is just the origin in R™¥. In such cases,
Theorem 25 is trivial, and the construction p+, NC(Amy,an(p)) does not generate
any new densities. Therefore Dy, is constructed entirely by convex cones attached to
p € REPNIREP. Recall from (32) that NCo(Amy,an(p)) = NC(Amy,an(p))\{0}.
We have the following corollary.

COROLLARY 27. The degenerate densities are
(180)
D = U {P+y NCo(Amy.an(p))} = U {r(@) +y NCo(Amy,an)}-

PERMINIRm’ AEAMNIAmM

6.3. Smoothness assumptions on A, N3.A,,. Corollary 27 gives the degen-
erate densities associated with each p € RSP N IREEP. However, a clean description
of Dy, requires also that REP N ORGP itself have a nice structure. In particular, we
would like to say that RgxP N OREP is a finite union of disjoint manifolds. At this
point we are unable to prove such a result in general, in part due to the complicated
structure of Ay, NOAm to which we alluded in section 2.4. We therefore make two as-
sumptions. The first assumption says that A, N0Ay, is a union of disjoint manifolds
with dimensional restrictions that are related to the dimensions of the normal cones
in (180) in such a way as to ensure that Dy, is a lower-dimensional subset of Ry,.
The second assumption says that the mapping r is diffeomorphic when restricted to
each of these manifolds. Thus each dimension & manifold in A,, N Ay, will map to
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a dimension k& manifold in RXP N IREP. Before stating our assumptions, we define
the orthogonal projections Py : R® — R"~ and Py : R” — R"7"~ by

(181)

Pyn(a)=(0,...,0,0,al)” and Py(a)=a-Px(a)=(af,af,...,ak_ 1,07,

Assumption 1. The vector m is such that the set Ay, N OAy can be decomposed
into a finite collection § of disjoint, smooth (C'°°) manifolds in R™. Furthermore, if S is
one such manifold, then Py projects S onto a manifold Sy C 0Am, with codimension
at least one in R"~ and Py projects S onto a manifold Sy of codimension at least
one in R*"7"~,

We call S a stratification of Ay NOAm; the manifolds S that make up S are called
strata. We fully expect that S can be chosen so that, for each S € S, the projection
Sy is indeed a manifold. If so, Sy will certainly have codimension of one or more
since, by (46), Sy C OAm,. Furthermore, if ay € dAmy, then almy(Aw) = 0
for some w € S?~! and all A € R, which means that my no longer provides uniform
control over lower-degree polynomials. Thus, in order to maintain the integrability
condition (40) that defines A, we expect further restrictions on the components
aj for j < N. This is the motivation for the codimension one restriction on the
manifold S in Assumption I. Since, in general, dim(S) < dim(Sy)+ dim(Sg), these
restrictions together imply that S itself has codimension of at least two in R™.

It should be noted that Assumption I is known to hold for at least two cases:

(182a) (i) d=1land N > 2;
(182b) (ii) d>1, N =4, and my = |v|*.
(Whether or not Assumption I holds in any other case is, to our knowledge, an open

question.) For the first case above, a; = aj and n =N +1. Fori=1,...,N/2, we
define the sets

(183) A ={a € R":a; =0for 2i < j < N and ag; < 0}.
Clearly each A% is a manifold of dimension 2i + 1 such that

N/2-1
(184) AmNOAm = | J AZ  and A} =int Apy,.

=1

For the second case, Ay NOA, = {a € R" : @l my < 0}. If my = |v|?, then G4 has
the form of a Maxwellian distribution (133) on Apy, N OAm; if ms = v V v, then G4
has the form of a Gaussian distribution (138) on Ay, N 0Am.

One possible way to prove that Assumption I always holds is to show that the
integrability condition which defines A, can be expressed as a family of polynomial
equalities and inequalities for a.. Sets expressed in this way are called semialgebraic
and are known to have a stratification with special properties [2,27]. One can show,
for example, that the sets Am; (j even) and cl A, are semialgebraic. One can also
show that the interiors and boundaries of these sets are semialgebraic. See [17] for
details.

Assumption II. The vector m is such that if Assumption I holds and if S is an
element of the stratification of Ay N A, then for each p € Ry, the restriction of
¥(+, p) to S is infinitely Fréchet differentiable on S.

One may easily verify that Assumption IT also holds for the cases in (182). When
both Assumptions I and II hold, r is a smooth diffeomorphism with inverse a when
restricted to any manifold in the stratification of Ay, N 0Am,.
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6.4. Fiber bundles. The construction of Dy, by attaching cones to the densities
REP N ORLP is very similar to the construction of a fiber bundle. A (continuous)
fiber bundle (B, B, F,P) [18] consists of topological spaces B, B, and F' along with a
projection P : B — B such that, for every y € B, there is a neighborhood O C B
containing y such that P~1(0) is homeomorphic to O x F. In addition, if ¢ is this
homeomorphism and II is the natural projection of O x F' onto O (i.e., II(yx F') = y for
all y € O), then TI(¢(P 1)) is the identity on O. The space B is called the base space,
F is called the fiber space, and often B itself is called the bundle. Roughly speaking,
B is constructed by attaching to each point in B a (topologically equivalent) copy of
F that varies continuously from point to point in the base space. If Assumptions I
and II hold, then for each manifold S in a stratification S of Ay, NOAm,, the manifold
r(S) acts like a base space; the cones NC(Amy,an), a € S, are like fibers; and 7 is
the projection onto the base space. The entire structure is

(185) B(S) = U {I’(OL) t NC(AvaaN)} ’
a€eS
and, in view of Corollary 27, Dy = (Jgc g Bo(S), where
(156) Bo(S) = BISN\r(S) = | {r(@) + NCo(Amy, an)} -
acs

Unfortunately, we cannot conclude that B(S) is a bundle even with Assumptions I
and II. In short, we have been unable to show a local homeomorphism between the
base-fiber product space and the inverse image w~1(S). However, the sets taken from
the examples in section 6.6 below are all fiber bundles. This is fairly easy to check
because, in these examples, the convex cones Ay, and NC(Amy,an), an € 0Amy,
have explicit expressions that are (relatively) simple.

6.5. Smallness of Dy,. If Assumptions I and II hold, we can show that Dy, is
small in the following sense.

THEOREM 28. Suppose that Assumptions 1 and I1 hold. Then Dy, has zero
Lebesgue measure, int REXP is a dense subset of Rm, and Dm C OREP.

Proof. The basic idea of the argument is that the image of a smooth map from
a lower-dimensional space to a higher-dimensional space has zero Lebesgue measure.
We will construct such a map F' whose image covers a portion of Dy,. We can then
cover Dy, with the images from a countable number of similar maps.

Let S be a stratification of Ay, N dA, as provided by Assumption I, and let
S € § have dimension j. According to Assumption I, Sy = PnyS C 0Am, and
Si = Py S are smooth manifolds with dimensions which we denote by jn and jg,
respectively. In general, dim(S) < dim(Sy)+dim(Sg), and in view of Assumption I,
dim(Sy) < n —ny. Therefore

(187) J<JIN+izg <jn+(n—nn).

This inequality is the key to our result. For any v € S, the normal cone NC(Sn, an)
is a subspace of dimension ny — jn, and one can readily show that

(188) NC(AmN,aN)CNC(SN,aN), acS.

We can therefore proceed with the proof by considering the set

(189) Km= ] J K(@) D> (REP NOREP) U Dy,
SeS aes
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where the affine spaces
(190) K(a) =r(a) +y NC(Sy,an), a €S,

are constructed by attaching NC(Sy,an) to r(a) € r(S) C REP NOREP.

Let U C S be the nonempty intersection of S with a bounded open ball in R™.
Because S is a manifold, there exists a smooth diffeomorphism 7 : U — R/ such that
7(U) is the open unit disk V. Define a second mapping V : U — R"~N*("N=i~) such
that V(a) is a matrix whose (ny — jn) columns are vectors in R™¥ that form a basis
for NC(S,an). Since S is smooth, this basis can be chosen to vary smoothly over
a € U. Then by using 7 and V, define F : R? x R"¥ =/~ — R" by

(191) F(y,b) =x(r(y)) +y V(r~(y)) - b.

In view of Assumption II, F' is smooth, and by (187), j + (ny — jn) < n. Thus,
by [18, Proposition 1.2], the image F(IDJ x R™~ ~IN) = J_ ., K () has zero Lebesgue
measure. Because measure is countably subadditive, repeating this argument for each
j-ball U in a countable cover of S and then for each S € § shows that K,, has zero
Lebesgue measure. Since Dy, C Ky, Dm also has zero Lebesgue measure, and since
R \Cm C int REP, int REXP and Ry, have the same closure. (Otherwise, there would
exist an open set of positive measure contained in Ky,.) Therefore Dy, C OREP. a
6.6. Examples. We will assume that Assumptions I and II hold in the following
examples.
1. Junk’s ezample. The case my = |v|N has been studied in [20, 21, 31], partic-
ularly when N = 4. For general N,

(192) Amy = {ay €R:ay <0} and OAmy = {0}.

If p € R and ay(p) = 0, then ay_1(p) = 0 as well; otherwise, Ga(py ¢ Fm-
With this fact in mind, we conclude from Corollary 15 that G,(,) is actually
the minimizer of H subject to fewer constraints:

(193) H(Gagp) = min {H(g) : (mjg) = p;, j <N —2}.

Let m contain the components of m of degree N = N — 2 and less:
(194) m= (mOamla"'va—Q)Ta

and let the variables p and & and the functions T and a be defined similarly.
For this example,

(195) AmﬂaAmC{aeR":&GAm,aN,1:0,aN:O},

but these two sets are not necessarily equal, since the latter may include o
for which G, € Fig, but G4 € Fy,. However, one may readily conclude that
G € Fyy, for all & € int Agz,. Hence,

(196) {aeR":acint Az, ay-1 =0, ay =0} C Am NOAM,.

Let S be a stratification of Ay, NOAm. The projection of any manifold S € S
onto 0Ap, is the origin in R™¥, so the normal cone attached to o € S is
just the nonnegative axis:

(197) NC(AmN,OéN):{O'NERZO’NZO}:A;)HN
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Therefore
(198) Dm={p:py >rn(a), a € AnNIAn}.

Because A, is one-dimensional, the inequality in (198) is scalar.

If N = 4, the situation simplifies further, because int Az = Am and the
inclusion in (195) becomes an equality. In addition, Rsm = Rg" and T is a
diffeomorphism on all of Ag,. Therefore

Dm={p:py>rn(a), @€ Az, ay =an_1 =0}
(199) = {P 1PN > rN(OaOaﬁ(ﬁ))a PN-1 = rN—l(anvﬁ(ﬁ))a pec Rﬁl} .

The components ry(0,0,a(p)) and ry—1(0,0,a(p)) are simple to compute
since r(0,0,a(p)) = (mGz(5)) and a(p) has an explicit formula when N = 2.
(See the examples in section 5.3.)

. A non-Junkian example. The situation becomes more complicated when m y
includes polynomials other than |v|", because the inequality constraints from
the relaxed minimization problem (20) are no longer scalar. The simplest
example of this type occurs when

(200) my = (v Vo) vV 2

We examine in detail the two-dimensional case (d = 2) and write oy € Amy
in the form of a symmetric matrix:

(201) ay = ( (an)ii (@n)ip ) _ < atb ¢ >

(@) (n)gy c a—>b

As a matrix, ey must be negative-definite. Thus, with respect to the (a, b, ¢)
coordinates, the set Ay, is a cone in R? that can be found in a high school
geometry text:

Amy = {(a,b,c) eER?:a < —/b2 +02}
and 8AmN:{(a,b,c)GR?’:a:f\/b2+C2}.

Let S be the stratification of Ay NOAm, and let S € S so that Sy € 0Am, -
The set 0Am, itself has a stratification 7 consisting of two manifolds: T} is
the origin in R3, and Tb is the remainder of the cone. We consider Sy as a
subset of each manifold separately.

(a) ay €Ty. In this case, a =b=c¢=0 and

(202)

(203) NC(AmN,aN)zA;’nN:{aN:aNZO}.

The situation essentially reduces to the Junkian case. The fiber bundle
associated with S C { Ay, NOA, : ay =0} is

(204) B(S)={p:px >as, rvla), €S},
and if N =4,

B(S) = {p : pN ZA,?UN I‘N(0,0,ﬁ(ﬁ)), pN—l

(205)
= I'N—l(07075(ﬁ))’ p e Rﬁl}’
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where a(p) has an explicit formula. (See the examples in section 5.3.)
However, unlike the Junkian case, the inequalities in (204) and (205) are
no longer scalar. Rather, it must be understood in terms of the polar
cone Ay, .

(b) any € To. In this case a < —|b] < 0. In the (a,b,c) coordinates,
NC(Amy,an) is a ray:

(206) NC(Amy,an) = {)\ (\/b2+62,b,c> :)\ZO},

which can then be reexpressed in terms of the components of ay by
inverting (201). The bundle associated with any S C {& € Apm NIOAp :
anN 75 O} is

(207)

B(S) = {p: py = r(@) + NC(Amy, an), p, = 15(a), j < N,acS}.

The set Dy, is the union of sets of the form By(S) = B(S)\r(S), where B(S) is a
bundle of the type given in (204) or (207).

One should note from these examples that our ability to identify degenerate
densities is currently limited by our inability to explicitly identify the elements of
Am N 0Am. However, because the set Am, is semialgebraic, one should presumably
be able to compute NC(Am,,an) for any given & € Ay N I A, even though such
computations will likely be much more tedious than in the examples given above.

7. Conclusions and discussion. We have given in this paper a description
of the set Dy, of degenerate densities based on a geometric interpretation of the
complementary slackness conditions associated with the dual formulation of (20).
Roughly speaking, the set Dy, is constructed by attaching a convex cone to every
point in the boundary component OREPNARSEP. This description recovers and extends
previous results concerning the constrained entropy minimization problem.

Analytically, we see three important open questions that must be solved. First,
one must determine if Assumptions I and II hold in a setting that is more general
than the examples in (182). Concerning Assumption I, this means understanding the
structure of the set of polynomials p for which v — p(v)ep(”) is Lebesgue integrable.
For example, do the coefficients of such polynomials form a semialgebraic set? Sec-
ond, it must be determined whether the sets RXP and Ry, are invariant under the
dynamics of the balance law (12) with the entropy-based closure. (Although not dis-
cussed in this paper, such a condition on Ry, is obviously necessary for entropy-based
closures to have any practical application.) Finally, it must be determined whether
the existence of degenerate densities and the dynamics of (12) near such densities are
simply artifacts of the entropy-based closure or if they actually reflect some physically
relevant properties of the original Boltzmann equation (2).

Numerically speaking, a full implementation of entropy-based closures for gas
dynamics faces many challenges. (An implementation has been attempted in [34],
although the issue of degenerate densities was not addressed.) Clearly a discretization
of (12) must preserve any invariant properties of Ry, and REP with respect to the
balance law (12). As pointed out in [20], even if RSP is invariant under (12), solving
the dual optimization problem (74) becomes extremely difficult for p near Dy, because
the function h* is very hard to evaluate. The reason for this is that, as a approaches
OAm, the function G4 can develop isolated modes that are often overlooked in a
numerical quadrature. The result is a regularization effect in which accuracy is lost.
In addition, the matrix <mmTGa> becomes poorly conditioned near the boundary of
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Am. Any minimization algorithm for (74) must be carefully formulated in order to
overcome these challenges. Furthermore, as with the degenerate densities themselves,
one must determine if these difficulties are by-products of the closure or related in
some way to the dynamics of the Boltzmann equation.

Appendix. The purpose of this appendix is to provide the reader with a reference
for important notation used in the main body of the paper. We includes tables
of important sets and mappings (Tables 1 and 2) and also a diagram (Figure 1)

TABLE 1
A list of important sets and properties used in this paper. Properties in brackets are known to
hold under Assumptions I and II.

Set Lies in. .. Deﬁn?ng Importqnt
equation(s) properties
Fm L'(R%) (15) Convex cone; closure is proper
Am; R™i (44) Proper cone for j even
Am R™ (36) Proper cone
int(Am) =R"™"N X int Amy;
Am R™ (40) cl(Am) =R"™ "N X Amy;
OAm CR" "™N X 0Amy
Open, solid, convex cone;
n ’ ) k)
R R (33) R 2 ot A5
Solid cone; in general, not
Rl R™ (42) convex or open; Rm’ C Rm;
[Rm C cl(int Rm?)]
Dm = Rm\Rm"; cone;
n ) b
P R (34), (73) [zero Lebesgue measure]
TABLE 2

A list of important functions and properties used in this paper.

Function Domain/Range Deﬁ”?”g Importqnt
equation(s) properties
m RT - R™ (8) Polynomial components; see (21)
Strictly convex and
H Fm — R U {oo} (4), (47) bounded below on Fyy,
Ga Am — Fm (38) Positive; convex on Am
Bijective on Am;
r Am — R’ (41) diffeomorphic on int Am;
derivative of h* on int Am
Continuous on Rum;
a Rm — Am (55) diffeomorphic on int R’ ;
aor is identity on Am
Convex, differentiable on Rum;
h Rm — R (14), (19), (20), (115) strictly convex on int Rpm";
Legendre dual of A* on int Am;
Strictly convex; directionally
differentiable on Am;
" differentiable on int Am;
h Am — R (39) Legendre dual of h on int Am;
generally not continuous
at O0Am N Am
r Fm X R™ X Rm (74) Strictly convex with respect
— R U {oo} to first argument
" R"™ X Rm (75) Strictly concave;
— RU{-oo} (a,p) = aTp— h*(a)
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iK

g——H(g) h(p)+—p

g— (mg) p——7(p) .

Fm Rm ,Rmep
Ga(p)y P

p—exp(p) . p—ra(p) -
cxp(a7m)=Ga<—«a ou—)r(cx):(mcxp(a m))
- alme—a
M. Am

FiG. 1. A commutative diagram summarizing mappings and relationships between important sets.

emphasizing the relationships between different sets. Recall that a cone is proper
when it is closed, pointed, convex, and has a nonempty interior (see section 2.2).
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