VANISHING DISTANCE PHENOMENA AND THE GEOMETRIC APPROACH
TO SQG
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ABSTRACT. In this article we study the induced geodesic distance of fractional order Sobolev metrics
on the groups of (volume preserving) diffeomorphisms and symplectomorphisms. The interest in
these geometries is fueled by the observation that they allow for a geometric interpretation for
prominent partial differential equations in the field of fluid dynamics. These include in particular
the modified Constantin—Lax—Majda and surface quasi-geostrophic equations. The main result of
this article shows that both of these equations stem from a Riemannian metric with vanishing
geodesic distance.
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1. INTRODUCTION
It has been recently shown [57] that the surface quasi-geostrophic (SQG) equation
O+ (u,VO) =0, 0=V x (=A%

admits a geometric interpretation as the Euler—Arnold equation for geodesics of a right-invariant
H~Y2 metric on the group of diffeomorphisms which preserve the volume form of a two-manifold.
Recall that geodesics are critical points of the path length functional, and that the geodesic dis-
tance is the infimal length of paths between two given points. In the article [57] Washabaugh
conjectured that the geodesic distance of the right-invariant H~/2 metric on the group of volume
preserving diffeomorphisms is degenerate, i.e., there are distinct volume preserving diffeomorphisms
whose geodesic distance is zero. The main result of this article gives an affirmative answer to this
conjecture:

Main Theorem. Let M be a two-dimensional orientable manifold with Riemannian metric g
and volume form p = vol(g), and let Diff ,(M) denote the group of all diffeomorphisms ¢ satisfying

1/2

©* 1 = p. Then the geodesic distance of the right-invariant H="/% metric on Diff ,(M) is degenerate.

This result is proven in Corollary 1 using the more general Theorem 3. We next discuss the
relevance of this result in the broader context of the study of partial differential equations by
geometric methods.

1.1. A geometric view on partial differential equations. Washabaugh’s work stands in the
tradition of studying partial differential equations (PDEs) from a geometric perspective by repre-
senting them as related to geodesic equations under suitable metrics. Generally on a Lie group G
with right-invariant metric, the geodesic equation splits into the decoupled pair of equations

Org(t) = dRypyu(t) Jyu(t) + adj iy u(t) =0, g(t) € G,u(t) e T.G ;

here the first equation is the flow equation, while the second is called the Fuler—Arnold equation.
This program for PDEs was started by Arnold [1], who represented Euler’s equation of hydro-
dynamics as the Euler-Arnold equation of the right-invariant L? metric on the group of volume
preserving diffeomorphisms. Subsequently, similar representations were found for many other im-
portant PDEs in hydrodynamics and physics, including the modified Constantin—Lax—Majda equa-
tion [14, 59, 21, 8], the Camassa—Holm equation [10, 43, 32], the Korteweg—de Vries equation [30],
and the Hunter—Saxton equation [24, 29, 37, 39] (see [56, 31, 28] for surveys and further examples).
These representations allow one to study properties of the PDE in relation to properties of the un-
derlying Riemannian manifold. For example, local well-posedness of the PDE, including continuous
dependence on initial conditions, is closely related to smoothness of the geodesic spray [15]; see [44]
for further results on smoothness for other Euler-Arnold equations. Further geometric properties
which have been studied in this context are the sign of the sectional curvature [28], Fredholmness
of the exponential map [44] and, as in this article, degeneracy of the geodesic distance functional
[42].

1.2. Degeneracy of the geodesic distance on diffeomorphism groups. One of the best-
known instances of this phenomenon was discovered by Eliashberg and Polterovich [18], who showed
the degeneracy of the geodesic distance of the bi-invariant W~ metric with p < oo on the group
of symplectomorphisms. This is in contrast to Hofer’s W ~1% metric, which has non-degenerate ge-
odesic distance [23]. More than ten years later, Michor and Mumford [42] proved that the geodesic
distance of the right-invariant L? metric on the group of diffeomorphisms vanishes identically. Here
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the corresponding Euler—Arnold equation is the inviscid Burgers’ equation u; + 3uu, = 0. Subse-
quently, Bauer, Bruveris, Harms and Michor [3, 4, 5] extended this result to fractional order Sobolev
metrics of order s < 1/2 on general diffeomorphism groups and for s = % on the diffeomorphism
group of the circle, and to the L? metric on the Virasoro-Bott group, whose Euler—Arnold equation
is the Korteweg—de Vries equation. While the reasons for this degeneracy are still mysterious, it
has been conjectured by Michor and Mumford [42] that there exists a relation to locally unbounded
curvature of the corresponding Riemannian metric.

In many cases the (non-)degeneracy of the geodesic distance goes hand in hand with Fredholmness
of the exponential map and well-posedness properties of the geodesic equation and Euler—Arnold
equation. Sobolev metrics on diffeomorphism groups depend on a smoothness parameter s, the
number of derivatives of the vector field that appear in the metric at the identity, and the higher
this parameter is, the better-behaved geodesics are. For right-invariant Sobolev metrics of frac-
tional order on the diffeomorphism group of a one-dimensional manifold, we summarize the known
geometric properties in Table 1 below: smoothness of the exponential map ug — g(1), Fredholmness

of this map, global existence of geodesics, and nonvanishing geodesic distance.

S 0§s<% s:% %<s<% s>%
smoothness False [13] True [21, 13] True [19] True [19]
Fredholmness False False [§] True! [44] True! [44]
global exist. False for s =0 False [11, 8, 46] False for s =1 [10, 40, 12] True [46, 19]
nonvanishing False [4] False [4] True [4] True [4]

TABLE 1. Geometric properties of H® metrics on Diff(S') and Diff(R). For the case
Diff(R) the bold statement is a new contribution of this article.

Clearly the case s = % is the transition for most of these properties, which suggests that there

are some connections between them. Global existence is known only for orders s € {0, %, 1}, where
it fails, and for orders s > %, where global existence holds almost trivially because the Riemannian
distance generates the manifold topology, and standard results of Riemannian geometry on Hilbert
manifolds apply [35].

For diffeomorphism groups on higher dimensional manifolds the critical indices for Fredholmness
and smoothness of the exponential map do not change, whereas the critical indices for vanishing
geodesic distance and global existence depend on the dimension. Vanishing geodesic distance for
% < s < 1 is an extremely recent result by Jerrard and Maor [26], who disproved an earlier
conjecture by Bauer, Bruveris, Harms, and Michor [4]. We again summarize the known geometric

properties in Table 2 below:

S 0§s<% S:% %<5<1 s>1
smoothness False True? [7] True [7] True [7]
Fredholmness False False True [44] True [44]
global exist. False for s =0 False False for s =1 True for s > % +1 (7,9, 44]
nonvanishing False [4] False [26] False [26] True [42]

TABLE 2. Geometric properties of H® metrics on Diff(M) for a manifold M of
dimension d > 2.

IThe arguments in [44] for Fredholmness can be extended to fractional orders, assuming that smoothness of the
metric and spray holds true.
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For the volume-preserving diffeomorphism group of a simply-connected compact two-dimensional
surface M, the critical exponents change again, as can be seen from Table 3 below. The geodesic
distance was previously known to be nondegenerate for s = 0 (corresponding to ordinary 2D Euler)

and degenerate for s = —1. This paper completes the picture for s < —%. For the interval
—% < s < 0, the answer is still unknown.
s s=-—1 —1<5<—% s:—% —%<8
smoothness False False True [57] True [44]
Fredholmness  False False False [57] True [16, 44]
global exist. True? unknown  unknown True for s =0 [58] and s = 1 [49]
nonvanishing False [18] False False True for s > 0 [42]

TABLE 3. Geometric properties of H*® metrics on Diff ,(M), where M is a closed
surface. The bold statements are new contributions of this article.

In higher dimensions the critical exponents changes again. In dimension 3 it becomes s = 0 for
both Fredholmess and vanishing, corresponding to the usual 3D Euler equation. Here the expo-
nential map is smooth [15] but not Fredholm [16], while global existence is notoriously unknown.
The geodesic distance is positive, but not due to an intrinsic property of the metric: rather due to
the fact that the right-invariant metric happens to be the restriction of the non-invariant metric,
for which the geodesics are known explicitly and given by pointwise geodesics in the base mani-
fold M [15]. The completion of the smooth volume-preserving diffeomorphisms in the Riemannian
distance is the space of all measure-preserving maps, a result in dimension 3 and higher due to
Shnirelman [51]. Intuitively we may think of the volume-preserving constraint as doing very little
to enforce smoothness in dimension 3 or higher; on the other hand in two dimensions the com-
pletion is smaller (though it is not known exactly what it is). The fact that there are smooth
volume-preserving diffeomorphisms in a 3D cube which cannot be joined by a minimizing geodesic,
and that the diameter of this group is finite [50] is further evidence that for 3D fluids, the distance
is “nearly” degenerate. From the tables above, we may suspect that these geometric properties are
related to each other and to the global existence question, though as yet no direct implication is
known.

1.3. Relation to degeneracy of the displacement energy. This article simplifies and unifies
the methods which were used by Michor, Mumford, Bauer, and Bruveris [42, 3, 4, 5] to prove
degeneracy of the geodesic distance on diffeomorphism groups. One key insight is the observation
that an argument of Eliashberg and Polterovich [18], which links degeneracy of the geodesic distance
to degeneracy of the displacement energy, generalizes from bi-invariant to right-invariant metrics;
see Theorem 1. This significantly widens the applicability of [18], as it allows us to study the large
class of right-invariant Sobolev metrics on diffeomorphism groups. In the context of W~!P-norms
on the contactomorphism group this has been observed by Shelukhin [48, Remark 7]. We present
a formal proof of this result in the context of general groups of transformations.

These results circumvent the main difficulty in the proofs of vanishing geodesic distance of
[42, 3, 4, 5, 26], namely, to construct short paths of diffeomorphisms with fixed end points. In
contrast, there is no end point constraint in the definition of the displacement energy, other than
that some fixed set of points has to be mapped to some disjoint location. This is much easier to
handle.

2For fractional order metrics smoothness and global existence results have only been shown for the case M = R%.

3Global existence for s = —1 holds for an entirely different reason (bi-invariance of the metric, which implies that
the Riemannian exponential coincides with the group exponential) than for metrics of order s > 0 (PDE methods,
which imply in addition the smoothness of the exponential map).
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1.4. Application to Sobolev metrics on diffeomorphism groups. We show that the geodesic
distance of the H'? metric on diffeomorphism groups vanishes identically; see Theorem 2. The
corresponding Euler—Arnold equation is the Wunsch (modified Constantin-Lax—Majda) equation
[14, 59, 21, 8]. Moreover, we show that the geodesic distance of the H ~1/2 metric on groups of exact
diffeomorphisms vanishes identically; see Theorem 3. This implies the degeneracy of the geodesic
distance on groups of volume preserving diffeomorphisms on two-manifolds; see Corollary 1. The
corresponding FEuler—Arnold equation is the SQG equation. We conjecture that these results are
sharp, referring to Section 5 for precise statements.

1.5. Structure of the article. Section 2 contains the characterization of the degeneracy of the
geodesic distance in terms of the displacement energy. Sections 3 and 4 contain applications of this
theorem to groups of diffeomorphisms and volume preserving diffeomorphisms, respectively.

2. RIGHT-INVARIANT RIEMANNIAN METRICS ON LIE GROUPS

In this section we establish a necessary and sufficient condition for the (non-)degeneracy of the ge-
odesic distance on infinite-dimensional groups with right-invariant weak Riemannian metrics. This
setting is natural for the study of diffeomorphism groups and other infinite-dimensional topological
groups; see the applications in Sections 3—4.

2.1. Geodesic distance. Let G be a (possibly infinite dimensional) manifold and topological
group with neutral element e, Lie algebra g = T.G, and left and right translations L and R given
by

9192 = Ly, (92) = Ry, (1),  Vg1,02€G .

Assume for each g € G that Ry: G — G is smooth, and let ((-,-)) be an inner product on the Lie
algebra g. This gives rise to the following right-invariant Riemannian metric on G:

<<h1, h2>>g = «TRg—lhl,TRg—1h2>>, Vg € G, Vhl,hQ S TgG .

The corresponding geodesic distance function is defined as

1
d(glagl) = Hlf/(; <<at9(t)7atg(t)»g(t)dt ’ v91792 €eG )

where the infimum is taken over all smooth paths in G with g(0) = gy and g(1) = g1. The geodesic
distance function is called degenerate if d(g1, g2) = 0 for some g; # g2 € G, and it is called vanishing
if d(g1,g2) =0 for all g1,92 € G.

2.2. Displacement energy. Assume the setting of Section 2.1, and let G act effectively and
continuously from the left on a set M. Then the displacement energy [18] of a subset A C M is
defined as

E(A) =inf{d(e,g9) : g € G,g(A)NA =0},
the support of a transformation g € G is defined as
supp(g) = {z € M : g(z) # x},
and the group of transformations with support in A C M is denoted by [18]
Ga={g€G:supp(g) C A}.

A subset A C M is called essential if the corresponding group G4 is non-Abelian, and a transfor-
mation g € G is called non-trivial if g # e.
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2.3. Relation between geodesic distance and displacement energy. On finite-dimensional
manifolds and, more generally, manifolds with strong Riemannian metrics, the geodesic distance
is always non-degenerate [34]. For weak Riemannian metrics this is no longer true: there exists
Riemannian metrics that induce vanishing geodesic distance [18, 42]. In this section we will describe
an equivalence between this degeneracy of the geodesic distance and degeneracy of the displacement
energy. This result is a generalization of a result by Eliashberg and Polterovich [18] for the group
of symplectomorphisms with bi-invariant weak Riemannian metric.

The scarcity of bi-invariant metrics in the context of infinite dimensional Lie-groups limits the
applicability of their result. Theorem 1 shows that left-invariance is not needed and can be replaced
by condition (1), which holds automatically for all bi-invariant metrics (in this case, the constant
|Lg| is equal to one). In the context of the contactomorphism group this result has been already
observed by Shelukhin in [48]. In the following we will formulate the result for a general group of
transformations acting on a set M. The proof follows the sketch of Shelukhin, which is based on
an adaption of the original argument by Eliashberg and Polterovich, see [48, 18].

Theorem 1. Assume the setting of Sections 2.1-2.2, and assume for each g € G that left translation
by g is Lipschitz continuous:

(1) |Lg| :=inf {C € Ry : d(g90,991) < Cd(g0,91),Yg0,91 € G} <00
Furthermore assume that every non-empty, open subset A C M is essential.
Then the following three statements are equivalent:

(a) There ezists a non-trivial transformation G > g # e with d(e, g) = 0.

(b) There exists a normal subgroup of transformations g € G with d(e,g) = 0 which contains
at least one non-trivial transformation g # e.

(c) There exists an open set A C M with displacement energy E(A) = 0.

If G is a simple group then any of the above statements imply
(d) The geodesic distance function vanishes identically, i.e., d(g1,g2) = 0 for all g1,92 € G.

Proof. For brevity, we write [|h[|, = \/{(h, h)), for all g € G and h € T,G. One easily verifies that
the geodesic distance is symmetric and satisfies the triangle inequality, i.e.,

d(g2,91) = d(g1,92) < d(g1,9) +d(g,92),  Vg.91,92 € G.
Moreover, the invariance properties of the metric imply that

d(919, 929) = d(g1, 92), d(991,992) < |Lgld(g1, 92), Vg, 91,92 € G.

(a) = (b): Let G° be the set of all transformations ¢ € G with d(e,g) = 0. Then GV is a
subgroup of G because it holds for each g1, go € G that

d(e,g19,") < d(e,g95") +d(g5 ", 9195 1) = d(g2,€) + d(e, 1) = 0.
Moreover, G is a normal subgroup of G because it holds for all gg € G° and g € G that

d(e; 9909™") = d(9,990) < |Lgld(e, go) = 0.
Thus, Gy is a normal subgroup of G, which contains a non-trivial transformation by (a), and we
have shown (b).
(b) = (c): Let g be an non-trivial transformation in G°. As g is non-trivial, there exists an
open set A C M such that g(A) N A = 0 (recall that we assumed the action of G to be continuous).
Together with g € G this implies E(A) = 0, which proves (c).
(¢) = (a): This generalizes the proof for bi-invariant metrics in [18] and is similar to the proof
described in [48]. The main ingredient is the following estimate for the distance of the commutator
(90, 91] := go_lgl_lgggl of go, g1 € G to the neutral element:

2 d(e, 9o 1)) < min ((1+ L1 (e, 1), (1+ L1 (e, 90)) -
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Note that (2) is trivially satisfied for bi-invariant metrics [18]. To prove (2) we calculate

de, 90, 911) = d(e, g9 ' 91 g091) = d(91 95 ', 90 91 ) < dlgr g9 200 1) +dlgg g0 91 )
< d(g e) + [Lyrldle.gr) = (1+ Ly (e, ).
and
d(e, g0, 1]) = d(e. 95" 91 " 9091) = A9y 9500 "1 ) < gy g0 gr )+ dlgr g0 91 )
< |Ly-1ld(e.ggt) +d(gg s e) = (L+|Ly1[)d(e, go).-
Inequality (2) allows us to reuse the proof of [18] to show the degeneracy of the metric. Therefore

let A be a non-empty, open set with zero displacement energy. As G 4 is non-Abelian, we can choose
90,91 € G4 with [go, g1] # e. For any ga € G with go(A)NA = 0 we let g3 = gogy *9g "2 = 95 *» 92]-
Then it holds for all x € M that
(3) 90 9190 = g5 ' 1937 -
For x € A this is obvious because g3 = go on A. For x ¢ A and g¢2(z) ¢ A we have g3(z) =
x = go(z) and thus it is true as well. It remains to check the case z ¢ A and go(z) € A. Then
93(%) = g5 g5 " g2(w) ¢ A. Here we used that g; ' (A) N A = () and that go() =z on M \ A. Thus,
9193(x) = g5 "9y '92(x) = g3(x) and gy g1g0(x) = g5 ' g1g3(x) = @, which proves (3) for all = € M.
As G acts effectively on M, it follows that g, Ygi90 = 93 L91g3. Therefore,
d(e, [g1, 90]) = d(e, g1 95 ' 9190) = d(e, 91 ' g5 ' 9193) = d(e, [91,95]) < (1 + |L1])d(e, g3)
— (L 1L, 1Dl lg5" g2]) < (1+ 1L 1)1+ Lo D(e, g2).
Taking the infimum over all go with go(A) N A = ) yields
d(e; [91, 9o]) < (14 [Ly—a[)(1 + [Lgy ) E(A) = 0.

Thus, we have shown that [g1, go] is a non-trivial transformation with d(e, [g1, go]) = 0, which proves
(a). This completes the proof of the equivalence of (a), (b), and (c).

(b) = (d): Note that G® = G because the only non-trivial normal subgroup of a simple group
is the group itself. Now the statement follows by the triangle inequality

d(g(ngl) < d(907 6) + d(e>gl) =0. U
3. DIFFEOMORPHISM GROUPS AND THE MODIFIED CONSTANTIN-LAX-MAJDA EQUATION

3.1. Sobolev metrics on diffeomorphism groups. Let (M, (-,-)) be a connected Riemannian
manifold of bounded geometry.* For fixed s € R, let (-, -)) be a Sobolev inner product of order s
on the vector space X(M) of compactly supported vector fields, and let || - || be the corresponding
norm. We omit the exact description here and refer the interested reader to the article [4] or the
more extensive references [53, 54, 17]. For our purposes it suffices to say that a Sobolev H®-norm
on real-valued functions f on R" is given by

£ 1 Fs ey = 1 F " aF £l 72y »

where F is the Fourier transform and a € C*°(R") is a Fourier multiplier, which satisfies for some
constants C1,Cy > 0 that

PN 2\ &
Ci(1+[59)2 <a(§) <C2(1+[€]7)2,  VEER™.
This definition extends to vector fields on general manifolds via charts and partitions of unity.
AThat is, the injectivity radius of (M, (:,-)) is positive and each iterated covariant derivative of the curvature is

uniformly bounded in the metric; see [22, 45] for more details. This is automatically the case if M is compact or
Fuclidean.
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Let Diff (M) be the connected component of the identity in the group of all smooth compactly
supported diffeomorphisms of M. Then Diff (M) is a convenient Lie group with Lie algebra X(M)
[33]. The right-invariant H*® metric on Diff (M) is defined as

(h. ko ={(ho@ ™ kow™)), V& Diff(M),Vh, k € T,Diff (M),

and the corresponding geodesic distance is defined as in Section 2.1.

3.2. Bump functions with small H > norm. An essential ingredient in the proof of the degener-
1
acy of the geodesic distance of the H2 metric on Diff (M) (see Theorem 2) is the existence of bump

functions with small H2 norm. In the following we will prove a slight refinement of [4, Lemma
3.3], which is used several times in the remainder of the article. The construction is illustrated in
Fig. 1, and further details can be found in [55, Theorem 13.2].

Lemma 1. There exists a sequence (&,)nen in C°(R, [0, 1]) such that
(a) &n(z) =1 for all x € [-27",27"] and n € N,
(b) &n(x) =0 for all x ¢ [—1,1] and n € N, and
(c) SuanNan’ﬂH?{lﬂ(R) < 0.

FIGURE 1. A sequence (&, )nen of bump functions with small H'/? norm constructed
as in the proof of Lemma 1.

Proof. Let f: R — [0,1] be a smooth function with support in [—1,1] such that f(z) = 1 for all
z € [-3,3]. For each n € Nlet &,: R — [0,1] be given by

n—1
§n(x):%2f(2j:c) , Vz € R.
7=0

Then &, obviously satisfies (a) and (b). By [4, Lemma 3.3] it follows that (&, )nen satisfies (c). O

3.3. Vanishing geodesic distance on diffeomorphism groups. Previous work by some of the
authors [4, 5] shows that the geodesic distance vanishes for s < % on Diff(M) and for s < % on
Diff (S!). In these articles it was conjectured that the result extends to s = % and general manifolds
M. In the recent article [26] the vanishing geodesic distance result has been extended to metrics
of order % < s < 1 for dim(M) > 1. Thus only the case M = R and s = % remained open for a
complete characterization of vanishing (non-vanishing resp.) geodesic distance for Sobolev metrics
on the group of diffeomorphisms of a general manifold M. This gap is closed by the following

theorem. The construction is illustrated in Fig. 2.

Theorem 2. Assume the setting of Section 3.1. Then the right-invariant H® metric on Diff (M)
dim(M)
2

has vanishing geodesic distance if and only if s < and s < 1, i.e., in dimension 1 if and

L and in dimension > 2 if and only if s < 1.

only if s < 5,
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Remark 1. Different choices of Fourier multipliers, charts, and partitions of unity yield different
but equivalent inner products and do not affect the degeneracy or non-degeneracy of the geodesic
distance.

FiGuRrE 2. Illustration of the proof of Theorem 2: a sequence of diffeomorphisms
with small H'/2 distance to the identity; each diffeomorphism maps the set A =
(0,1) to some disjoint set A" above the line {y = 1}.

Proof of Theorem 2. It suffices to show the theorem for s = % and M = R. All other cases follow
from [4, 5, 26]. The proof is divided in three steps. For brevity, we write [[h]|,, = \/{(h, h)), for all
¢ € Diff(M) and h € T, Diff (M).

Step 1. We claim that the manifold M = R contains a non-empty open set A which has vanishing
displacement energy with respect to the action of Diff(M). We will prove this claim for the set
A = (0,1). We start from the observation that the constant vector field u = 1 has right translations
Fl{(z) = x 4+t as flow, and that the set A does not intersect its right-translation F1}'(A) at time
t = 1. To make the energy of the time dependent vector field arbitrarily small we choose a family
(&n)nen of bump functions with properties (a)—(c) of Lemma 1 and define for each n € N the
compactly supported time-dependent vector field

un (8, ) = u(t, z).& (z — FI¥(0)) = & (x — ¢).
The idea behind this definition is to localize the vector field u without affecting the trajectory of
the point zero; see Fig. 1. Indeed, the trajectory of zero is given by F1¥(0) = F1y(0) because

&,(0) = 1. Note that the localization also corrects for the fact that right translations are not
compactly supported. Let ¢, = FI{" € Diff(R). As ¢, preserves monotonicity, one has

Ve,y e A: < 1=pn(0) <only),

which proves that ¢, (A) N A = §. Moreover, the H'/?-distance between the identity and ¢,, tends
to zero as n tends to infinity:

1
dlidpn) < [ 6@ = Dllm gt = Ieulliney =2,0-

n—
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Thus, A is an open set with vanishing displacement energy as claimed.
Step 2. Left multiplication L, : Diff(R) — Diff(R) is smooth for each ¢ € Diff(R). Moreover,
there is C;, > 0 such that for each vector field X € X(M),

ITLe Xl = |TLyX 0 ¢ |lia = lldp o ™" X 097 lia < Cpl| X lia

by the continuity of reparametrizations H/2(R) 3 X — R, X € H'Y2(R) [25, Lemma B.3] and

the continuity of pointwise multiplications H'/2(R) 3 X + dp.X € H'Y?(R) [54, Corollary in
Section 4.2.2]. If ¢: [0,1] — Diff(R) is a smooth path and X (t) = 9y (t) o 1(t) ™!, this implies

1 1
/0 104 0 ) | ot = /0 ITL 00| ot

1 1 1
_ /0 |TL Xt < C, /O 1X et = €.y /0 10yt

Taking the infimum over all paths 1 with fixed end points shows (1). Finally we note that for
each non-empty set the group Diff(A4) is non-Abelian, c.f. [18]. Thus, the conditions of Theorem 1
are satisfied for the group Diff(R) with the right-invariant H® metric ((-,-)). Moreover, Diff (R) is
simple by [2, Theorem 2.1.1]. Thus, Theorem 1 together with the result of Step 2 show that the
geodesic distance vanishes identically on Diff (R). O

4. GROUPS OF VOLUME PRESERVING DIFFEOMORPHISMS AND THE SQG EQUATION

Recall that the SQG equation is the Euler-Arnold equation of the right invariant H~'/2 metric
on the group of diffeomorphisms which preserve the volume (or equivalently symplectic) form of
a two-manifold [57]. We prove in this section that the geodesic distance associated to this metric
vanishes. More generally, we show that this result extends to groups of exact diffeomorphisms on
higher-dimensional manifolds.

4.1. Sobolev metrics on groups of exact diffeomorphisms. Let M be a be a connected
finite-dimensional manifold endowed with a Riemannian metric (-,-) of bounded geometry and a
symplectic form w. The symplectic gradient of a function f € C°°(M) is denoted by V¥f =
O~ ldf € X(M), where w: TM — T*M is the symplectic isomorphism. A vector field is called
exact if it is the symplectic gradient of a compactly supported function, and a diffeomorphism is
called exact if it is generated by a time-dependent symplectic vector field, i.e.,

Xe(M) = {V¥f : f € CZ(M)},
Diffex(M) = {(1) : ¢ € C™([0, 1], Dff(M)), ¥t € [0,1] : /(t) 0 p(t) " € Xex(M))}.

Alternative common names are globally Hamiltonian vector fields and Hamiltonian diffeomor-
phisms. Assume that Diffex(M) is a convenient Lie group with Lie algebra Xex(M). This as-
sumption is satisfied if M is compact [47] or, more generally, if M is connected and separable and
the vector space of exact compactly supported 1-forms is a direct summand in the space of all
closed compactly supported 1-forms [33, Sect. 43.13]. Then the H® metric on Diffex (M) is defined
as the unique right-invariant Riemannian metric ((-,-)) which satisfies

(Vfop,Vifophy = VL.V ia = I Foirqary Vo € Diffex(M),Vf € CZ(M).

Here || - || fs+1(ar) denotes the homogeneous Sobolev (pseudo) norm of order s+ 1. For s = —1 this
yields the bi-invariant metric as studied by Eliashberg and Polterovich [18]. The corresponding
geodesic distance is defined as in Section 2.1. Note that Diffex(M) is a subgroup of the group
Diff ,(M) := {¢ € Diff (M) : p*w = w} of symplectic diffeomorphisms.
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4.2. Vanishing geodesic distance on exact diffeomorphisms. The geodesic distance of the
H? metric on Diffex (M) is known to be non-degenerate for s > 0 by [42] and degenerate for s = —1
by [18]. The following theorem shows degeneracy for s < —3.

Theorem 3. Assume the setting of Section 4.1 with s < —1/2. Then the geodesic distance of the
right-invariant H® metric vanishes identically on the commutator sub-group [Diff ex (M), Diff ox (M)]
and, if M is compact, on Diffox(M).

Proof. Step 1. We claim that the manifold M = R? with the canonical symplectic form w = dxzAdy
contains a non-empty open subset A with vanishing displacement energy. To prove this claim we
consider a bump function ¢ € C*°(R, [0, 1]) satisfying for each x € R that

and define the Hamiltonian function

fiRP =R, fzy) = —ay(z).
Then the symplectic gradient and gradient flow of f are given by
u(a:,y) = wa(a:,y) = (ayf<x7y)7 _aﬂ»‘f(mvy)) = (07 w(.CC) + xwl(‘r)) )
FIi (z,y) = (z,y + t(d(z) + 2¢'(2)) .
Note that F1} is an exact diffeomorphism which maps the set A = (—1,1) x (0,1) to the disjoint
set F1{(A) = (—1,1) x (1,2); c.f. Fig. 3.
We will now shorten the H'/? length of the flow of u by modifying u suitably. Let (&,)nen be

a sequence of smooth bump functions with properties (a)—(c) of Lemma 1, and let g(¢,z) describe
the vertical position of the point (x,0) under the flow of u at time t, i.e.,

g(t,z) = proy FIi'(z,0) = t (v () + 29/ () .

Then we define for each n € N a time-dependent Hamiltonian function f, and vector field u,, by

falt,z,y) = f(@)n(y —9(t2) s un(t,z,y) = Vfult,2,y)
where V¥ = (0, —0;) acts only in the spatial dimensions. As u, coincides with u along y = g(t, z),
the corresponding flow satisfies

FI™ (2,0) = FIi*(,0) = (z,9(t,z)) .

Thus, as illustrated in Fig. 3, the line {(x, g(1,z)) : € R} lies above the set A and below the set
F1¥"(A). Tt follows that F1{"(A) N A = (). The H~'/? length of the flow of u, can be estimated

using f(t,z,y) = (f ® &) o Fl;"(z,y) as

1 1 1
[ unllssagnde = [ Wallaaydt < [ 1@ €ullingoy el e d

1
= Wl Wlvagey | IR lngrvagesyt

where the inequality follows from the continuity of compositions by diffeomorphisms [25, Lemma 2.7]
and the last equality from the Hilbert tensor product representation H'/2(R?) = HY/2(R)&H'/?(R)
[52, Theorem 2.1]. Thus, the H /2 distance d(id, F1“*) tends to zero as n — oo, which shows that
the displacement energy of A vanishes.

Step 2. We claim that every symplectic manifold M contains a non-empty open subset with
vanishing displacement energy. To prove the claim, note that any Darboux coordinate system
defines a symplectomorphism between an open subset U of M and an open subset V of R??, where
R2 carries the canonical symplectic form Z?Zl dxo;_1 A dxo;. Without loss of generality V is a
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box (—2r,2r)?? for some 7 > 0. Let the bump function 1 and the Hamiltonian functions f,, be
defined as in Step 1, choose € > 0 such that the Hamiltonian functions (z1,x2) — fn(t,x1/€, x2/€)
are supported in (—r,7)2, and define the localized Hamiltonian function

2d
gn(t,x):fn(t,xl/e,:cg/e)Hw(xi/r) , telo,1], = (21,...,299) € R,
=3

Note that g, is supported in V' and equals f,(¢,z1/€,x2/€) on V/2. If one sets
B = (_67 6) X (07 6) X (_Ta T)zd_2 )

then it follows from Step 1 that the flow of the symplectic gradient v, (t,z) = V¥g,(t, x) satisfies
FI{"(B) N B = (. Moreover, the H —1/2 Jength of the flow of v, can be estimated as follows: by the
Hilbert tensor product representation H'/2(R??) = HY/2(R)® - -- ®H'/?(R) [52, Theorem 2.1],

1 1
/ anHH1/2(R2d)dt:/ lgnll 172 goaydt
0 0

1
= e /IRy [ @) o Fultom/eaafe) g

where the right-hand side tends to zero as n — oo by Step 1. Transferring this result from V C R??
back to U C M using the Darboux coordinates proves the claim.

Step 3. The assumptions of Theorem 1 are satisfied for the group Diffey (M) with the right-
invariant H® metric ((,-)). This can be verified as in the proof of Theorem 2. As any non-
empty open set is essential for the action of Diffex (M) [2, Lemma 2.1.12 and Theorem 2.3.1],
the implication (c¢) = (a) of Theorem 1 shows the existence of a non-trivial ¢ € Diffox (M) with
vanishing distance to the identity. The proof of Theorem 1 actually reveals the stronger statement
that ¢ belongs to the commutator subgroup [Diffex(M ), Diffex(M)]. For compact M the group
Diffex (M) is simple [2, Theorem 4.3.1 and Remark 4.2.3], and for non-compact M the commutator
subgroup [Diffex (M), Diffex (M)] is simple [2, Theorem 4.3.3]. Thus, the geodesic distance vanishes
identically on these respective groups by Theorem 1.(d). O

4.3. Degenerate geodesic distance on volume preserving diffeomorphisms. On two di-
mensional manifolds, volume forms coincide with symplectic forms. This allows one to apply
Theorem 2 to groups of volume preserving diffeomorphisms, which are of particular interest be-
cause several prominent PDEs are Euler—Arnold (i.e., geodesic) equations of Sobolev H® metrics
thereon: for s = 0 one obtains Euler’s equation for the motion of an ideal fluid [1], and for s = —3
one obtains the SQG-equation [57]. The following corollary to Theorem 2 states that the SQG
equation corresponds to a degenerate Riemannian metric. Note that this is in stark contrast to

Euler’s equation, which corresponds to a non-degenerate metric.

Corollary 1. Let (M, g) be a two-dimensional orientable Riemannian manifold, and let p = vol(g)
be the Riemannian volume form. Then the geodesic distance of the right-invariant H=/2 metric
on the group Diff ,(M) = {¢ € Diff(M) : ¢*u = u} of volume preserving diffeomorphisms is
degenerate.

Proof. As M is two-dimensional, the volume form p is also a symplectic form. Step 2 in the proof of
Theorem 3 shows that M contains an open set A with vanishing displacement energy with respect
to the action of Diffox(M). Note that the assumption that Diffex(M) is a convenient Lie group is
not needed here. The set A has vanishing displacement energy also with respect to the action of
Diff,(M) because Diffex(M) is contained in Diff, (M) and because ||V || g-1/2@2y = || fl| g1/2 for
each f € C2°(M). Thus, the geodesic distance on Diff ,(M) is degenerate by the implication (c) =
(a) of Theorem 1 applied to G = Diff ,(M). O
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FIGURE 3. Illustration of the proof of Theorem 2. The exact diffeomorphism FI}
maps the set A to A’ and the line {y = 0} to {y = g(1,2)}. The exact diffeo-
morphisms FI{" also map the set A to some set above the line {y = g(1,z)} and
additionally have short H'/2? distance to the identity.

5. OPEN PROBLEMS AND CONJECTURES

5.1. Degeneracy of the geodesic distance on diffeomorphism groups. The present article
and the recent article [26] by Jerrard and Maor give a complete characterization of the geodesic
distance of right invariant H® metrics on diffeomorphism groups (see Theorem 2). Jerrard and
Maor consider not only metrics of type H® = W*2, but also of type W*® for general p € [1,00). In
[26] they obtained a nearly complete characterization for this class of metrics; only the behavior at
the critical Sobolev index s = 9™ remained open. One of the main difficulties in their analysis
was to control the end points of certain paths in Diff (M) with arbitrarily short length. Such precise
control of the end points is not needed if Theorem 1 is invoked. This simplification was used in their
follow-up article [27] to complete the characterization of vanishing (non-vanishing, resp.) geodesic
distance.

For symplectomorphism groups much less is known. The results of this article show that the
geodesic distance of H® metrics is degenerate for s < —% by Theorem 3 and non-degenerate for
s > 0 by [42, Theorem 5.7], but the case —% < s < 0 remains open. Sobolev metrics of type
W#P have been studied only for s = —1, and there the geodesic distance vanishes if and only if
p < oco. The case s = —1 and p = oo corresponds to the Hofer metric, which is known to have
non-vanishing geodesic distance [23]. An interesting question is if the critical index is independent
of the dimension of M. This is certainly compatible with existing results, and might be due to the
higher rigidity of the group of symplectomorphisms. This would suggest that the geodesic distance
of the right invariant WP metric with p € [1,00) is degenerate if and only if s < % -1

5.2. Relation to Fredholmness of the exponential map. By the monotonicity of the H*
distance in s, there is a critical threshold sj;, such that the H® geodesic distance is degenerate
below and non-degenerate above the threshold:

Szlist = Sup{s eER: ds(glvg2) = O>v91792} .
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Similarly, smoothness of geodesic spray depends monotonically on s [7, 20]. Thus, there is a again
a critical index
Stmooth = inf{s € R:exp is C1},

where exp denotes the Riemannian exponential map of the H®-metric. Moreover, the Fredholm
property of the exponential map is monotonic in s, since Fredholmness is generally obtained by
compactness of the operator v — ad} ug describing the Euler-Arnold equation on diffeomorphism
groups. Compactness of any such operator implies compactness of all operators of higher order
[44]. Thus, there is again a critical threshold s}, .4 for Fredholmness,

Styeq = inf{s € R : v+ ad} ug is compact} .
We conjecture that these thresholds are connected to each other as follows:

Conjecture 1. On any group of diffeomorphisms the critical thresholds satisfy the relation

* X *
Ssmooth = SFred < Sdist

This conjecture holds true in all known cases, including groups of diffeomorphisms, volume
preserving diffeomorphisms and symplectomorphisms. It is, however, important to note that the
behavior at the critical index may vary from property to property. For example, for 1D diffeomor-
phisms at s = %, Fredholmness is false, whereas smoothness of the exponential map is true [8].
Similar statements apply to 3D fluids at s = 0 [44].

If Conjecture 1 is true, then the Fredhomness results of [44] would imply the following complete
characterization for volume preserving diffeomorphisms on manifolds of dimension > 3:

Conjecture 2. The geodesic distance of the right invariant H® metric on Diff ,(M) in dimension
> 3 vanishes if and only if s < 0.

5.3. Relations to longtime existence of solutions to the geodesic equation. Properties
of the Riemannian distance seem associated to global existence phenomena of the corresponding
geodesic and Euler—Arnold equations. In finite dimensions this is expected: the Hopf—Rinow the-
orem says that geodesics extend for all time if and only if the Riemannian distance function gives
a complete metric space. In infinite dimensions this is much less well-understood, and so far there
exist no formal results in this direction. We see however several aspects of “borderline” behavior
depending on the smoothness parameter s: the transition between global conservative (weak) so-
lutions and nonunique shock solutions; between having a nonsmooth exponential map and having
a smooth one; and between vanishing geodesic distance and positive geodesic distance. Many of
these transitions seem to happen at the same value of s, based on the limited information we still
have about the complete picture.

For example, in one space dimension, the Euler—Arnold equations include the Hunter—Saxton
and Camassa—Holm equations at s = 1, the Wunsch or modified Constantin—-Lax—Majda equation
at s = %, and the inviscid Burgers’ equation at s = 0 (see Table 1 for an overview and refer-
ences). All of these have solutions that blow up in finite time. In the case s = 1, solutions of the
Hunter—Saxton [38, 6] and Camassa—Holm [36, 41] equations may be continued using a geometric
transformation in the space of smooth maps. Moreover, the exponential map is smooth, and the
Riemannian distance is positive. On the other hand, in the case s = 0, solutions of the inviscid
Burgers’ equation exhibit genuine shocks and their flows must lose continuity (and in particular
smoothness) as well as dissipating energy; in addition the exponential map is non-smooth and the
Riemannian distance vanishes. In between lies the Wunsch equation at s = 1/2. Here the expo-
nential map is smooth, the Riemannian distance vanishes, and all geodesics end in finite time. It
is not known whether geodesics can be continued in a slightly larger space of smooth or continuous
nondecreasing functions, or whether they must leave the space of continuous functions entirely.

In future work we aim for a better understanding of the blowup properties of the borderline case
and connecting them to the results of this article.
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