Uniqueness of axisymmetric viscous flows originating from circular vortex filaments

Thierry Gallay Institut Fourier Université Grenoble Alpes et CNRS 100 rue des Maths 38610 Gières, France

Thierry.Gallay@univ-grenoble-alpes.fr

Vladimír Šverák School of Mathematics University of Minnesota 127 Vincent Hall, 206 Church St. SE Minneapolis, MN 55455, USA

sverak@math.umn.edu

August 22, 2017

Abstract

The incompressible Navier-Stokes equations in R^3 are shown to admit a unique axisymmetric solution without swirl if the initial vorticity is a circular vortex filament with arbitrarily large circulation Reynolds number. The emphasis is on uniqueness, as existence has already been established in [10]. The main difficulty which has to be overcome is that the nonlinear regime for such flows is outside of applicability of standard perturbation theory, even for short times. The solutions we consider are archetypal examples of viscous vortex rings, and can be thought of as axisymmetric analogues of the self-similar Lamb-Oseen vortices in two-dimensional flows. Our method provides the leading term in a fixed-viscosity short-time asymptotic expansion of the solution, and may in principle be extended so as to give a rigorous justification, in the axisymmetric situation, of higher-order formal asymptotic expansions that can be found in the literature [7].

1 Introduction

In three-dimensional ideal fluids, a vortex ring is an axisymmetric flow with the property that the vorticity is entirely concentrated in a solid torus, which moves with constant speed along the symmetry axis. The vortex lines form large circles that fill the torus, whereas fluid particles spin around the vortex core within perpendicular cross sections. If r̄, r denote the major and minor radii of the torus, respectively, and if Γ is the flux of the vorticity vector through any cross section, the “local induction approximation” gives the following expression for the translation speed along the axis V = Γ 4πr̄ ( log 1 ϵ + O(1) ) , (1.1)

which is valid in the asymptotic regime where the aspect ratio ϵ = r/r̄ is small. For the threedimensional Euler equations, existence of large families of uniformly translating vortex ring solutions has been obtained using fixed point methods [12] or variational techniques [2, 13, 14], and formula (1.1) has been rigorously justified when ϵ ≪ 1 [12, 14]. In addition, for general initial data that are close enough to a vortex ring with small aspect ratio, it is known that the solution evolves in such a way that the vorticity remains sharply concentrated, for a relatively long time, near a vortex ring whose speed is given by (1.1), see [4].

The situation is quite different for viscous fluids, in which uniformly translating vortex rings cannot exist because all localized structures are eventually spread out by diffusion. In that case, however, it is quite natural to consider the initial value problem with a vortex filament as initial data, namely a vortex ring with infinitesimal cross section and yet nonzero circulation Γ, so that the initial vorticity is a measure supported by a circle of radius r̄. It is then expected that the solution at time t > 0 will be close to a vortex ring with Gaussian vorticity profile and minor radius r = √ νt, where ν is the kinematic viscosity. Moreover, this vortex will move along its symmetry axis at a speed given by (1.1), as long as the time-dependent aspect ratio ϵ = √ νt/r̄ is sufficiently small.

Justifying these heuristic considerations requires some work. For singular initial data such as vortex filaments, the best available results on the Cauchy problem for the three-dimensional Navier-Stokes equations provide existence of a (unique and global) solution only if the circulation parameter Γ is small enough compared to viscosity, see [21, 25]. For larger values of Γ/ν, existence of a (global) axisymmetric solution without swirl has been recently obtained by H. Feng and the second author [10], using approximation techniques that do not give any information about uniqueness, even within the axisymmetric class. In this paper, our main purpose is to fill this gap and to prove that, if one starts from a circular vortex filament with arbitrary strength Γ, the Navier-Stokes equations have a unique axisymmetric solution without swirl, which is global and smooth for positive times. This axisymmetric solution is the archetype of a viscous vortex ring, just as the two-dimensional Lamb-Oseen solution is the archetype of a viscous columnar vortex [19]. Our approach is constructive and allows us to determine the leading term in the short-time asymptotic expansion of the vortex ring for a fixed viscosity. In principle, performing the calculations to higher orders in the spirit of Callegari and Ting’s paper [7], one should be able to obtain more precise approximations of the solution that remain valid as long as the aspect ratio ϵ = √ νt/r̄ is small enough. In particular, computing the next order after the leading term, we should recover the asymptotic formula (1.1) for the translation speed if |Γ|/ν ≫ 1. We leave this extension for future work.

To state our results in a more precise way, we start from the Navier-Stokes equations

∂_tu + (u · ∇)u = νΔu − 1 ρ ∇p , div u = 0 , (1.2)

in the whole space R^3, where u = u(x, t) ∈ R^3 denotes the velocity field and p = p(x, t) ∈ R is the internal pressure. Both the kinematic viscosity ν > 0 and the fluid density ρ > 0 are assumed to be constant. We restrict ourselves to axisymmetric solutions without swirl for which the velocity field u and the vorticity ω = curl u have the particular form:

u(x, t) = u_r(r, z, t)e_r + u_z(r, z, t)e_z , ω(r, z, t) = ω_θ(r, z, t)e_θ . (1.3)

Here (r, θ, z) are the usual cylindrical coordinates in R^3, such that x = (r cos θ, r sin θ, z) for any x ∈ R^3, and e_r, e_θ, e_z denote the unit vectors in the radial, toroidal, and vertical directions, respectively. The axisymmetric vorticity ω_θ = ∂_zu_r − ∂_ru_z satisfies the evolution equation

∂_tω_θ + u · ∇ω_θ − u_r r ω_θ = ν ( Δω_θ − ω_θ r^2 ) , (1.4)

where u · ∇ = u_r∂_r + u_z∂_z and Δ = ∂^2_r +^1_r ∂_r + ∂^2_z is the axisymmetric Laplace operator in cylindrical coordinates. The velocity u can be expressed in terms of the axisymmetric vorticity ω_θ by solving the linear elliptic system

∂_ru_r + 1 r u_r + ∂_zu_z = 0 , ∂_zu_r − ∂_ru_z = ω_θ , (1.5) in the half-plane Ω = {(r, z) ∈ R^2 | r > 0 , z ∈ R}. Boundary conditions for the quantities u_r, u_z, and ω_θ are prescribed by requiring that the vectorial functions u, ω in (1.3) be smooth across the symmetry axis r = 0. One finds that the radial velocity u_r and the axisymmetric vorticity ω_θ should satisfy the homogeneous Dirichlet condition on ∂Ω, whereas the vertical velocity u_z satisfies the homogeneous Neumann condition.

Since the pioneering work of Ukhovskii and Yudovitch [32], and of Ladyzhenskaya [26], it is well known that the axisymmetric Navier-Stokes equations without swirl are globally wellposed for velocities in (appropriate subspaces of) the energy class, see also [1, 27] for further results in this direction. In the recent work [17], the Cauchy problem for the vorticity equation (1.4) is studied using scale invariant function spaces which emphasize the analogy with the two-dimensional vorticity equation. Following [17], we equip the half-plane Ω with the twodimensional measure dr dz, as opposed to the three-dimensional measure r dr dz which appears more naturally in cylindrical coordinates. In particular, for any p ∈ [1, ∞), we denote by L^p(Ω) the space of measurable functions ω_θ : Ω → R such that

‖ω_θ‖_Lp_{(Ω)} := (∫ Ω |ω_θ(r, z)|^p dr dz

)_{1/p} < ∞ .

As usual, the limiting space L^∞(Ω) is equipped with the essential supremum norm. We also denote by M(Ω) the set of all real-valued finite regular measures on Ω, equipped with the total variation norm ‖μ‖_{tv} = sup {∫ Ω ϕ dμ | | | ϕ ∈ C0(Ω) , ‖ϕ‖_L∞_{(Ω)} ≤ 1 } , where C_0(Ω) denotes the set of all real-valued continuous functions on Ω that vanish at infinity and on the boundary ∂Ω. Clearly L^1(Ω) is a closed subspace of M(Ω), and ‖μ‖_{tv} = ‖ω_θ‖_L1_{(Ω)} if μ = ω_θ dr dz for some ω_θ ∈ L^1(Ω).

As is proved in [17, Theorem 1.3], the Cauchy problem for the axisymmetric vorticity equation (1.4) is globally well-posed if the initial vorticity μ ∈ M(Ω) is a finite measure whose atomic part μ_{pp} satisfies ‖μ_{pp}‖_{tv} ≤ C_0ν, where C_0 > 0 is a universal constant. We are especially interested here in the particular situation where μ = Γ δ_{(r̄,z̄)}, which corresponds to a circular vortex filament of strength Γ ∈ R and radius r̄ > 0, centered at the origin in the affine plane x_3 = z̄ ∈ R. In that case, we have ‖μ_{pp}‖_{tv} = ‖μ‖_{tv} = |Γ|, so that the results of [17] assert the existence of a unique global solution if |Γ| ≤ C_0ν. On the other hand, for arbitrary values of the circulation parameter Γ, existence of a global solution to (1.4) was recently obtained by H. Feng and the second author [10], using approximation techniques which however do not give any information about uniqueness.

With this perspective in mind, our main result can now be stated as follows:

Theorem 1.1. Fix Γ ∈ R, r̄ > 0, z̄ ∈ R, and ν > 0. Then the axisymmetric vorticity equation (1.4) has a unique global mild solution ω_θ ∈ C^0((0, ∞), L^1(Ω) ∩ L^∞(Ω)) such that

sup_{t>0} ‖ω_θ(t)‖_L1_{(Ω)} < ∞ , and ω_θ(t) dr dz ⇀ Γ δ_{(r̄,z̄)} as t → 0 . (1.6)

In addition, there exists a constant C_1 > 0, depending only on the ratio |Γ|/ν, such that the following estimate holds: ∫ Ω | |ω_θ(r, z, t) − Γ 4πνt e^{− (r−r̄)}

2+(z−z̄)2 4νt | | dr dz ≤ C_1 |Γ| √ νt r̄ log r̄ √ νt , (1.7)

as long as √ νt ≤ r̄/2.

We recall that a mild solution to (1.4) is a solution of the associated integral equation, see Definition 2.1 below. To clarify the scope of our result, a few comments are in order.

1. Theorem 1.1 can be seen as the axisymmetric counterpart of Proposition 1.3 in [19], which characterizes the Lamb-Oseen vortices among all viscous planar flows. However, unlike in the two-dimensional case, the vortex rings defined by (1.7) do not play any special role in the long-time dynamics of the vorticity equation (1.4).

2. As was already mentioned, existence of a global mild solution to (1.4) satisfying (1.6) was established in [10]. Uniqueness is thus the main new assertion in Theorem 1.1, together with the small time asymptotic expansion (1.7). It should be mentioned, however, that the techniques developed in Section 4, when properly adapted, can provide existence of a solution to (1.4) satisfying (1.6), using a standard fixed point argument which also gives uniqueness in a restricted class.

3. Assumptions (1.6) are the weakest ones under which the conclusions of Theorem 1.1 are expected to hold. Indeed, we recall that the L^1 norm of any solution to (1.4) is a nonincreasing function of time, see [17, Lemma 5.1], and it follows from (1.7) that ‖ω_θ(t)‖_L1_{(Ω)} → |Γ| as t → 0, hence the first condition in (1.6) is clearly necessary. The second hypothesis states that ω_θ(t) converges to Γ δ_{(r̄,z̄)} as t → 0 in the weak-star topology of M(Ω), which is usually referred to as the “weak convergence of measures”. But since ω_θ(t) is uniformly bounded in L^1(Ω), it is equivalent to suppose that convergence holds in the sense of distributions on Ω, and this is arguably the weakest way to specify the initial data.

4. The short time estimate (1.7) is sharp in the sense that the right-hand side cannot be replaced by C_1|Γ|ϵ, where ϵ = √ νt/r̄ is the aspect ratio at time t. This is because, in (1.7), we compare the solution ω_θ(t) to a viscous vortex ring located at a fixed point (r̄, z̄) in cylindrical coordinates, whereas we know that any vortex ring should move in the vertical direction at a speed given approximately by (1.1). In fact, it is possible to show that, if we replace in (1.7) the fixed vertical coordinate z̄ by

z̄(t) = z̄ + Γt 4πr̄ log r̄ √ νt , then estimate (1.7) holds without the logarithmic term in the right-hand side. More generally, the Gaussian vorticity profile in (1.7) is only the first term in an asymptotic expansion of the solution ω_θ(t) which, in principle, can be computed to arbitrary order in ϵ, see also the next comment below.

5. In estimate (1.7) convergence is expressed in the L^1 norm for simplicity, but in the proof we use a weighted L^2 norm in self-similar variables, which is considerably stronger and also implies approximation results for the velocity field associated with ω_θ(t). On the other hand, we emphasize that (1.7) is a short time result at fixed viscosity, which cannot be used to describe the solution at fixed time t > 0 in the vanishing viscosity limit ν → 0, because the constant C_1 in the right-hand side strongly depends on the ratio |Γ|/ν. Controlling the weakly viscous vortex ring over a fixed time interval is a different problem, which requires in particular constructing a much more precise approximation of the solution ω_θ(t). We hope to address this interesting question in a future work.

6. It is worth emphasizing that the uniqueness statement is proved only withing the class of axisymmetric solutions. A natural question is whether uniqueness remains true among all (reasonable) solutions of (1.2) that approach the initial vortex filament in a suitable sense as t → 0. For instance, one may assume that the velocity field u(x, t) is smooth in R^3 × (0, ∞), and satisfies the scale-invariant estimates listed in (2.14) below. As for the associated vorticity ω(x, t), one may suppose (motivated by [21], see also Remark 5.2 below) that a natural quantity such as sup_{x∈R3} sup_{R>0} 1 R ∫ B_{x,R}

|ω(y, t)| dy (1.8)

is uniformly bounded for t > 0, and that ω(t) approaches the vortex filament in the sense of distributions as t → 0. But even under these strong assumptions, it seems to be a difficult open problem to decide whether u(x, t) has to be axisymmetric. It is conceivable that the symmetry of the initial data can be broken and, in addition to the axisymmetric solution, there is another solution which is not axisymmetric. In fact, the same question already arises for rectilinear vortices: the uniqueness problem when the initial vorticity is a (vertical) straight vortex filament, considered within the class of x_3-independent velocity fields of the form (u_1, u_2, 0), is the same as the 2d uniqueness and has been solved in [15, 16], but uniqueness among reasonable classes of 3d vector fields remains open.

The difficulties arise because the initial data do not belong to functions spaces where perturbation theory gives existence and uniqueness of local-in-time solutions for large data. Typical examples of function spaces (for the velocity field) where large data can be handled, locally in time, are the Lebesgue space L^3(R^3) or the Besov space Ḃ^{−1+3/p}_{p,q} (R^3) for p ∈ (3, ∞) and q < ∞. For the solutions we consider here the initial velocity field u_0 in R^3 corresponding to the vortex ring given by μ = Γδ_{(r̄,z̄)} does not belong to spaces where local-in-time well-posedness can be established by existing perturbation results, unless Γ is small. It is easy to see that u_0 belongs to the Besov space B^{−1}_{∞,∞}, which is invariant under the Navier-Stokes scaling u_0(x) → λu_0(λx). However, this is not a good space for perturbation theory, even for small data, as shown in [6, 20]. With slightly more work one can see that u_0 ∈ BMO^{−1}. We show in Section 5.2 that, in fact, u_0 ∈ (L^∞)^{−1}. Therefore for small Γ one can obtain global existence and uniqueness (in suitable classes of functions) by applying the well-known results of [25]. One can also use [21], where the authors work with a Morrey-type space M^{3/2}(R^3) for the vorticity curl u_0 (which gives BMO^{−1} for u_0, see Remark 5.2).

The case of large Γ is not covered by such considerations, as the perturbation theory in BMO^{−1} and similar spaces requires smallness of the initial data u_0, even for the local-in-time results. It is conjectured that this is not just due to some technical issues of the method, and that the Navier-Stokes equations are in fact not well-posed locally in time for general u_0 ∈ BMO^{−1}. In [23, 22] some evidence is given that local-in-time well-posedness, and, indeed, uniqueness, may fail already for initial data u_0 that are compactly supported, smooth away from the origin, and (−1)-homogeneous near the origin. Hence the uniqueness question (with respect to the 3d perturbations) can be raised a fortiori for vortex filaments, where the singularity of the initial data is not located at a single point but is spread over a whole curve.

Although the proof of Theorem 1.1 is the main purpose of this paper, we establish on the way several auxiliary results that have their own interest. As the existence part of the theorem is already settled in [10], we concentrate on uniqueness and short time asymptotics. Our presentation is structured as follows. In Section 2, we assume that we are given a mild solution ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) of (1.4) which is uniformly bounded in the space L^1(Ω). We recall some a priori estimates that were obtained in [17], and we show that ω_θ(t) converges weakly, as t → 0, to some (uniquely defined) Radon measure μ ∈ M(Ω). Next, using recent results on linear parabolic equations with singular divergence-free drifts [30], we prove that the solutions of the adjoint equation to (1.4) are continuous all the way to the initial time t = 0, even at the symmetry axis r = 0. This nontrivial result allows us to deduce that the family of measures ω_θ(t) dr dz remains tight as t → 0, so that no mass can escape to infinity nor concentrate on the symmetry axis.

In Section 3 we focus on the particular case where μ = Γ δ_{(r̄,z̄)} for some (r̄, z̄) ∈ Ω, assuming without loss of generality that Γ > 0. We prove that the solution ω_θ(t) is strictly positive and satisfies, for any η ∈ (0, 1), the Gaussian bound

ω_θ(r, z, t) ≤ C Γ νt exp ( − 1 − η 4νt ( (r − r̄)^2 + (z − z̄)^2 )) , (1.9)

where C > 0 depends only on η and on the ratio Γ/ν. In the two-dimensional case, estimates of the form (1.9) were obtained by Osada [28], see also [8]. Reproducing them in the axisymmetric case is not straightforward, because the left-hand side of (1.4) contains the zero order term u_rω_θ/r which is harmless only if one can prove that ‖u_r(t)/r‖_L∞_{(Ω)} is integrable in time. That property does not follow from the scale invariant a priori estimates on the solution, but we can show that it holds as soon as the support of the initial measure μ is bounded away from the symmetry axis, which is of course the case in our problem. Thus a minor modification of the method presented in [9] allows us to establish the Aronson type estimate (1.9).

Section 4 is devoted to the actual proof of Theorem 1.1. To study the behavior of the solution near the location (r̄, z̄) of the initial vortex filament, we introduce self-similar variables via the transformation ω_θ(r, z, t) = Γ νt f (r − r̄ √ νt , z − z̄ √ νt , t ) . (1.10)

The rescaled vorticity f(R, Z, t) defined by (1.10) is positive and, in view of (1.9), bounded from above by a Gaussian function. Using a compactness argument and a Liouville theorem established in [19], we show that f(t) converges as t → 0 to the Gaussian G defined by

G(R, Z) = 1 4π e^{−(R2 +Z2)/4} , (R, Z) ∈ R^2 . (1.11)

Convergence holds in the weighted space X = L^2(R^2, G^{−1} dR dZ) which is continuously embedded in L^1(R^2), hence returning to the original variables we deduce that the left-hand side of (1.7) vanishes as t → 0. We next use energy estimates to show that the difference ‖f(t) − G‖_X is O(ϵ| log ϵ|), where ϵ = √ νt/r̄, and this concludes the proof of (1.7). Finally, repeating the energy estimates for the difference of two solutions satisfying the assumptions of Theorem 1.1, we prove that ‖f_1(t) − f_2(t)‖_X = 0 for sufficiently small times, and invoking a well-posedness result from [17] we conclude that the solutions coincide for all times, which gives uniqueness.

The final Section 5 is an appendix were the proofs of a few auxiliary results are collected for easy reference in the text.

Acknowledgements. This project started during visits of the first named author to the University of Minnesota, whose hospitality is gratefully acknowledged. Our research was supported in part by grants DMS 1362467 and DMS 1159376 from the National Science Foundation (V.S.), and by grant “Dyficolti” ANR-13-BS01-0003-01 from the French Ministry of Research (Th.G.). The authors warmly thank the three anonymous referees for their careful reading of the manuscript and their numerous constructive remarks.

2 General properties of L^1-bounded solutions

In this section, we establish some preliminary results concerning mild solutions of (1.4) that are uniformly bounded in L^1(Ω). The class of solutions we consider is thus larger than what is necessary to prove Theorem 1.1, but the results presented here have their own interest, and are most naturally stated in this general framework. We first recall a few notations and estimates from the earlier works [10, 17].

2.1 The linear semigroup and the axisymmetric Biot-Savart law

As in [17], we denote by (S(t))_{t≥0} the evolution semigroup defined by the linearized equation (1.4) with unit viscosity: ∂_tω_θ = ( ∂^2_r + ∂^2_z + 1 r ∂_r − 1 r^2 ) ω_θ , (2.1)

which is considered in the half-plane Ω = {(r, z) ∈ R^2 | r > 0 , z ∈ R} with homogeneous Dirichlet boundary condition on ∂Ω. Using the explicit representation formula given in [17, Section 3], one can show that the semigroup (S(t))_{t≥0} is strongly continuous in L^p(Ω) for all p ∈ [1, ∞), and satisfies the same L^p − L^q estimates as the heat semigroup in R^2. In particular, if ω_0 ∈ L^p(Ω) for some p ∈ [1, ∞], then S(t)ω_0 ∈ L^q(Ω) for all t > 0 and all q ∈ [p, ∞], and there exists a constant C_2 > 0 such that

‖S(t)ω_0‖_Lq_{(Ω)} ≤

C_2

t^{1p − 1q}

‖ω_0‖_Lp_{(Ω)} , t > 0 , (2.2)

see [17, Proposition 3.4]. Similarly, if w = (w_r, w_z) ∈ L^p(Ω)^2, we have

‖S(t) div_∗ w‖_Lq_{(Ω)} ≤

C_2

t^{1p − 1q + 12}

‖w_0‖_Lp_{(Ω)} , t > 0 , (2.3)

where div_∗ w = ∂_rw_r + ∂_zw_z denotes the two-dimensional divergence of the vector field w. Note that, when 1 ≤ p < 2, estimate (2.3) gives a better decay rate for large times than what is known for the heat semigroup in the same domain Ω with Dirichlet boundary condition. This illustrates the fact that the symmetry axis r = 0 is not a material boundary in our problem, but an artificial boundary resulting from a particular choice of coordinates. Also, to see the optimal decay rates, it is often useful to revert to the 3d picture and use that in our situation ∫ R^3 ω(x, 0) dx = 0, which gives some additional cancellation which may not be immediatelly

transparent in the 2d picture.

On the other hand, if ω_θ ∈ L^1(Ω) ∩ L^∞(Ω), it is shown in [10, 17] that the linear elliptic system (1.5), with homogeneous Dirichlet boundary condition for u_r and homogeneous Neumann condition for u_z, has a unique solution u = (u_r, u_z) ∈ C^0(Ω)^2 vanishing at infinity. Moreover u ∈ L^q(Ω) for all q > 2, and there exists a constant C_3 > 0 such that

‖u‖_L∞_{(Ω)} ≤ C_3‖ω_θ‖^{1/2}_{L1(Ω)} ‖ω_θ‖^{1/2}_{L∞(Ω)} , (2.4)

see [17, Proposition 2.3]. We call the map ω_θ → u the axisymmetric Biot-Savart law, and we occasionally denote u = BS[ω_θ]. Explicit formulas for u in terms of ω_θ can be found in Section 2 of both references [10, 17]. We also recall the following useful estimate: if ω_θ ∈ L^1(Ω) and ω_θ/r ∈ L^∞(Ω), then u_r/r ∈ L^∞(Ω) and ‖ ‖ur r ‖ ‖ L^∞(Ω)

≤ C_3‖ω_θ‖^{1/3}_{L1(Ω)} ‖ω_θ/r‖^{2/3}_{L∞(Ω)} , (2.5)

see [17, Proposition 2.6]. Needless to say, both inequalities (2.4), (2.5) are scale invariant.

Finally, it is important to note that, due to the divergence-free condition in (1.5), the evolution equation (1.4) can be written in the equivalent “conservation form”

∂_tω_θ + div_∗(u ω_θ) = ν ( ∂^2_r ω_θ + ∂^2_z ω_θ + ∂_r ω_θ r ) , (2.6)

where again div_∗(u ω_θ) = ∂_r(u_rω_θ) + ∂_z(u_zω_θ). We can thus define mild solutions of (1.4) in the following way:

Definition 2.1. Given T > 0 and ν > 0, we say that ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a mild solution of (1.4) on (0, T ) if the integral equation

ω_θ(t) = S(ν(t − t_0))ω_θ(t_0) −

∫_t

t_0

S(ν(t − s)) div_∗(u(s)ω_θ(s)) ds (2.7)

is satisfied whenever 0 < t_0 < t < T . Here u(s) = BS[ω_θ(s)] for all s ∈ (0, T ).

In view of estimates (2.2), (2.3) and (2.4), it is clear that the integrand in (2.7) is an integrable function of s ∈ [t_0, t] with values in L^1(Ω)∩L^∞(Ω), and it follows that both sides of (2.7) belong to C^0 ( (t_0, T ), L^1(Ω) ∩ L^∞(Ω) ) for any t_0 ∈ (0, T ).

2.2 A priori estimates

From now on, we always assume that ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a mild solution of (1.4) on (0, T ) in the sense of Definition 2.1. We know from [17, Lemma 5.1] that the norm ‖ω_θ(t)‖_L1_{(Ω)} is a nonincreasing function of time, and is even strictly decreasing unless ω_θ vanishes identically. We make the crucial assumption that ω_θ is uniformly bounded in L^1(Ω), so that we can define M = 1 ν lim_{t→0} ‖ω_θ(t)‖_L1_{(Ω)} < ∞ . (2.8)

We thus have ‖ω_θ(t)‖_L1_{(Ω)} ≤ Mν for all t ∈ (0, T ). Under this hypothesis, we can state the following a priori estimates, which exploit the particular structure of Eq. (1.4) and are only valid for axisymmetric flows without swirl.

Lemma 2.2. For any mild solution of (1.4) on (0, T ) satisfying (2.8), we have for all t ∈ (0, T ): ‖ ‖ωθ(t) r ‖ ‖ L^∞(Ω) ≤ C_4M t √ νt , and ‖ω_θ(t)‖_L∞_{(Ω)} ≤

C_5(M)M t , (2.9)

where C_4 > 0 is a universal constant and C_5 > 0 depends on M.

Remark 2.3. Here and in what follows we denote by C_k(M) various quantities that are increasing functions of M satisfying C_k(0) > 0 and C_k(M) ≤ C(1 + M)^σ for some universal constants C > 0 and σ > 0. The precise value of the exponent σ does not play any role in our arguments.

Proof. It is sufficient to prove (2.9) when ν = 1, because the general case then follows by a simple rescaling argument. Due to parabolic smoothing, if ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a mild solution of (1.4), then ω_θ is smooth on Ω × (0, T ) and satisfies (1.4) in the classical sense. Applying Nash’s method to the evolution equation satisfied by the quantity ω_θ/r, one obtains the following estimate: ‖ ‖ ω_θ(t) r ‖ ‖_{L∞(Ω)} ≤

C_4 (t − t_0)^{3/2}

‖ω_θ(t_0)‖_L1_{(Ω)} ≤

C_4M (t − t_0)^{3/2}

, (2.10)

for all t ∈ (0, T ) and all t_0 ∈ (0, t), see [10, Lemma 3.8]. Thus taking the limit t_0 → 0 we arrive at the first inequality in (2.9). Similarly, it follows from [17, Proposition 5.3] that

‖ω_θ(t)‖_L∞_{(Ω)} ≤

C_5(‖ω_θ(t_0)‖_L1_{(Ω)}) t − t_0

‖ω_θ(t_0)‖_L1_{(Ω)} ≤

C_5(M)M t − t_0

, (2.11)

for some function C_5 > 0 as specified in Remark 2.3. Taking again the limit t_0 → 0 yields the second inequality in (2.9).

Combining Lemma 2.2 with estimates (2.4), (2.5), we easily obtain:

Corollary 2.4. Under the assumptions of Lemma 2.2, we have for all t ∈ (0, T ): ‖ ‖ u_r(t) r ‖ ‖_{L∞(Ω)} ≤

C_6M t , and ‖u(t)‖_L∞_{(Ω)} ≤ C_7(M)M √ ν t , (2.12)

where C_6 = C_3C^{2/3}_4 and C_7(M) = C_3C_5(M)^{1/2}.

We also have scale-invariant estimates on the derivatives of the vorticity or the velocity. For instance, Proposition 5.5 in [17] asserts that

‖∇ω_θ(t)‖_L∞_{(Ω)} ≤

C_8(M)M t √ νt , 0 < t < T . (2.13)

More generally, the velocity u = u_re_r + u_ze_z (considered as a function of x ∈ R^3) satisfies, for all k, ℓ ∈ N,

‖∂^k_t ∇^ℓ_xu(t)‖_L∞_{(R}3_) ≤

C_{kℓ}(M)M t^k(νt)^{ℓ/2} √ ν t , 0 < t < T . (2.14)

This bound can be deduced from the second estimate in (2.12) using general regularity results for the three-dimensional Navier-Stokes equations, as in the proof of [17, Proposition 5.5].

2.3 The trace of the solution at initial time

Using the a priori estimates established in the previous section, we now prove that any mild solution satisfying (2.8) converges as t → 0 to some finite measure μ ∈ M(Ω).

Proposition 2.5. If ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a mild solution of (1.4) on (0, T ) satisfying (2.8), there exists a unique measure μ ∈ M(Ω) such that ω_θ(t) dr dz ⇀ μ as t → 0.

Proof. We assume without loss of generality that ν = 1. We first show that ω_θ(t) has a limit as t → 0 in D^′(Ω), the space of all distributions on Ω. Let ϕ ∈ C^2_c (Ω) be a C^2 function with compact support in Ω. Using (2.6) we find d dt ∫ Ω ϕ ω_θ dr dz = ∫ Ω ( u · ∇ϕ + ∂^2_r ϕ + ∂^2_z ϕ − 1 r ∂_rϕ ) ω_θ dr dz ,

for all t ∈ (0, T ). As ‖ω_θ(t)‖_L1_{(Ω)} ≤ M we have | | ∫ Ω ( ∂^2_r ϕ + ∂^2_z ϕ − 1 r ∂_rϕ ) ω_θ dr dz | | ≤ CM‖∇_2ϕ‖_{L∞(Ω)} ,

for some universal constant C > 0, and using estimate (2.12) we also obtain | | ∫ Ω u · ∇ϕ dr dz | | ≤ C_7(M)M t^{1/2}

‖∇ϕ‖_L∞_{(Ω)} .

This shows that the quantity ∫ Ω ϕ(r, z) ω_θ(r, z, t) dr dz has a limit as t → 0 for any ϕ ∈ C^2_c (Ω), hence ω_θ(t) converges in D^′(Ω) to some limit which we denote by μ.

On the other hand, since ω_θ(t) is uniformly bounded in L^1(Ω) by assumption, the Banach- Alaoglu theorem asserts that, for any sequence t_m → 0, there exists a subsequence t^′_m → 0 and a measure μ̄ ∈ M(Ω) such that ω_θ(t^′_m) dr dz ⇀ μ̄ as m → ∞. But weak-star convergence in M(Ω) implies convergence in D^′(Ω), so we necessarily have μ̄ = μ, hence μ ∈ M(Ω). Moreover, this shows that the weak-star limit is independent of the choice of the subsequence t^′_m → 0, so that in fact ω_θ(t_m) dr dz ⇀ μ as m → ∞. Since the sequence t_m → 0 was arbitrary, this is the desired result.

Corollary 2.6. Under the assumptions of Proposition 2.5, one has

ω_θ(t) = S(νt)μ −

∫_t 0 S(ν(t − s)) div_∗(u(s)ω_θ(s)) ds , 0 < t < T . (2.15)

Proof. We again assume that ν = 1. For any fixed t ∈ (0, T ), our goal is to take the limit t_0 → 0 in the integral representation (2.7), where both sides are considered as elements of L^1(Ω). The integral term is easily controlled using estimates (2.3), (2.4), and (2.12). We find ∫_t

t_0

‖S(t − s) div_∗(u(s)ω_θ(s))‖_L1_{(Ω)} ds ≤

∫_t

t_0

C_2 (t − s)^{1/2}

‖u(s)‖_L∞_{(Ω)}‖ω_θ(s)‖_L1_{(Ω)} ds ≤ ∫_t 0 C_2M (t − s)^{1/2}

C_7(M)M

s^{1/2} ds = πC_2C_7(M)M^2 < ∞ ,

hence the integral term in (2.7) has a limit in L^1(Ω) as t_0 → 0. To treat the other term, we decompose S(t − t_0)ω_θ(t_0) = ( S(t − t_0) − S(t) ) ω_θ(t_0) + S(t)ω_θ(t_0) .

Using the explicit representation formula for the semigroup S(t) given in [17, Section 3], it is quite straightforward to verify that

‖(S(t − t_0) − S(t))ω_θ(t_0)‖_L1_{(Ω)} ≤ C t_0 t ‖ω_θ(t_0)‖_L1_{(Ω)} −−−−→_{t0→0} 0 .

Moreover, it follows from Proposition 2.5 that ( S(t)ω_θ(t_0) ) (r, z) −−−→_{t0→0} (S(t)μ)(r, z) , for all (r, z) ∈ Ω ,

and since the left-hand side of (2.7) does not depend on t_0 we deduce that convergence holds in L^1(Ω) too. So taking the limit t_0 → 0 in (2.7) we obtain (2.15).

Remark 2.7. In view of Proposition 2.5, a natural question is whether a mild solution of (1.4) on (0, T ) satisfying (2.8) is uniquely determined by its “trace at initial time”, namely by the measure μ. Using the results established in [17], one can show that the answer is positive if the atomic part of μ is small enough compared to viscosity. In the present paper, we focus on the particular case where μ is a single Dirac mass. The general case is still open.

2.4 The adjoint equation

The aim of the section is to establish some important relations between a mild solution of (1.4) satisfying (2.8) and its initial trace given by Proposition 2.5. To do that, the idea is to consider Eq. (1.4) or (2.6) as a linear evolution equation for the axisymmetric vorticity ω_θ with a given advection field u, and to take the adjoint equation with respect to the scalar product in L^2(Ω, dr dz), namely ∂_tϕ + u · ∇ϕ + ν ( Δϕ − 2 r ∂_rϕ ) = 0 . (2.16)

We recall that Δ = ∂^2_r +^1_r ∂_r + ∂^2_z is the axisymmetric Laplace operator. Eq. (2.16) is again considered as a linear equation, where the velocity field u is given and satisfies the bounds (2.12).

It is important to realize that the adjoint equation (2.16) can be solved backwards in time, imposing simultaneously Dirichlet and Neumann boundary conditions on ∂Ω, and one has d dt ∫ Ω ω_θ(r, z, t)ϕ(r, z, t) dr dz = 0 , (2.17) so that the solutions of (2.16) can be used as convenient test functions. If one thinks of the equation for ω_θ as a Kolmogorov-type equation for some stochastic process, then the adjoint equation (2.16) is the corresponding backward Kolmogorov equation.

A natural way to introduce the adjoint equation is to start from the three-dimensional vorticity equation ∂_tω + [u, ω] − νΔω = 0 , x ∈ R^3 , (2.18)

where we use the Lie bracket notation [u, ω] = (u · ∇)ω − (ω · ∇)u, and consider it as a linear equation for (general) vector fields ω, with u given. If we take the adjoint equation to (2.18) for (general) vector fields Φ, given by the requirement that ∫ R^3 ω(x, t) · Φ(x, t) dx be constant in

time, we obtain ∂_tΦ + L_uΦ + νΔΦ = 0 , x ∈ R^3 , (2.19)

where L_uΦ is the Lie derivative of Φ along the vector field u when Φ is considered as a 1-form. In coordinates we have (L_uΦ)_i = u_j∂_j Φ_i + Φ_j∂_iu_j, where we sum over repeated indices.

Due to estimates (2.14) we see from the standard linear parabolic theory that Eq. (2.19) can be solved backwards in time, for any bounded divergence-free “terminal data” Φ_1 at time t_1 ∈ (0, T ), and the solution Φ will be smooth in the open set R^3×(0, t_1). When u is axisymmetric with no swirl, then the fields ω of the form ω = ω_θ(r, z, t)e_θ are preserved by (2.18) (considered as a linear equation for ω), and the same is true for (2.19) if Φ = Φ_θ(r, z, t) e_θ . For ω and Φ of this form we have ∫ R^3

ω(x, t) · Φ(x, t) dx = ∫ Ω ω_θ(r, z, t)Φ_θ(r, z, t)2πr dr dz ,

and therefore in (2.16) we should take

ϕ = 2πrΦ_θ . (2.20)

For the solutions we consider here, equation (2.16) is the same as (2.19) after the change of variables (2.20). Now, as Φ is smooth in R^3 × (0, t_1), we must have Φ_θ = rg for some smooth function g = g(r, z, t) that is bounded on Ω̄ for any t ∈ (0, t_1), and we conclude that the natural boundary condition for ϕ at r = 0 is that both ϕ and ∂_rϕ vanish.

Alternatively, it is easy to verify that Eq. (2.16) is well-posed (backwards in time) under the Neumann boundary condition ∂_rϕ(0, z, t) = 0, and that the boundary data a(z, t) = ϕ(0, z, t) satisfy the equation

∂_ta(z, t) + u_z(0, z, t)∂_z a(z, t) + ν∂^2_z a(z, t) = 0 , z ∈ R , t ∈ (0, T ) .

In particular, if ϕ vanishes on the boundary ∂Ω at terminal time t_1, the same property holds for all t ∈ (0, t_1), and as demonstrated above this is the natural condition under which (2.16) can be considered as the adjoint equation to (1.4) in Ω.

From now on, given 0 < t_1 < T and ϕ_1 ∈ C_0(Ω), we denote by ϕ(r, z, t), for (r, z) ∈ Ω and t ∈ (0, t_1), the unique solution of (2.16) with “terminal condition” ϕ(·, ·, t_1) = ϕ_1. The main result of this subsection is:

Proposition 2.8. Assume u is the velocity field associated with a mild solution ω_θ of (1.4) satisfying (2.8). Given t_1 ∈ (0, T ) and ϕ_1 ∈ C_0(Ω), the unique solution ϕ of the (linear) adjoint equation (2.16) with terminal condition ϕ(·, ·, t_1) = ϕ_1 can be extended to a continuous function on Ω̄ × [0, t_1] satisfying ϕ(0, z, 0) = 0 for all z ∈ R. Moreover one has ϕ(·, ·, t) ∈ C_0(Ω) for all t ∈ [0, t_1], and sup (r,z)∈Ω

|ϕ(r, z, t) − ϕ(r, z, 0)| −−→_{t→0} 0 . (2.21)

Proof. We can assume that ν = 1 without loss of generality. As we have seen above, the standard parabolic theory applied to the form (2.19) of (2.16), together with estimates (2.14) for u, give the smoothness of ϕ for t ∈ (0, t_1). The only issue is the possible deterioration of the estimates as t → 0. We will use optimal regularity theory for linear parabolic equations with rough coefficients to overcome the difficulty.

To explain our strategy, consider the linear equation

∂_th + b(x, t) · ∇h + Δh = 0 , (2.22)

in Q = B × (0, 1), where B ⊂ R^n is a unit ball and b is a drift term. Assume that

|∂^k_t ∇^ℓ_x b| ≤ C_{k,ℓ} t^{−k− ℓ2 − 12} in Q , for k, ℓ = 0, 1, 2, . . . (2.23)

This is a critical case for the regularity theory: if we could increase the exponent on the righthand side by any positive number, no matter how small, the classical linear theory would imply that any bounded solution h is uniformly Hölder continuous in Q_r = B_r × (0, r^2) for any r < 1 (with estimates depending on r). On the other hand, without additional assumptions the condition (2.23) by itself may not be enough to arrive at that conclusion.

Luckily, the velocity field u in (2.16) has additional properties. First, it is divergence-free. Second, it is bounded in the space L^∞_t BMO^{−1}_x . It turns out that these two properties are sufficient to ensure the Hölder-continuity estimates we need. This is one of the main results in [30], see also [11]. Strictly speaking, the claim in [30, Theorem 1.1] is the parabolic Harnack inequality, but it is well-known that Hölder continuity is one of the easy consequences of the Harnack inequality. In fact, in the present situation, one can even prove that u is bounded in the space L^∞_t (L^∞_x )^{−1}, namely that u = div Ψ for some matrix-valued function Ψ that is bounded in space and time. More precisely, we have the following result, whose proof is postponed to Section 5.2.

Lemma 2.9. Let ω = ω_θe_θ with ω_θ ∈ L^1(Ω), and let u be the velocity field obtained from ω via the three-dimensional Biot-Savart law. Then there exists c > 0 such that

‖u‖_{(L}∞_)−1_{(R}3_) ≤ c‖ω_θ‖_L1_{(Ω)} . (2.24)

Estimate (2.24) is more than we need if we use the sharp results of [30], but it has its own interest and it shows that the more classical results of Osada [28] also apply to our situation.

In what follows we denote O = { (x_1, x_2, x_3) ∈ R^3 | x^2_1 + x^2 > 0 } , (2.25)

namely O is obtained from R^3 be removing the symmetry axis x_1 = x_2 = 0. We observe that the vector field^1_r e_r is divergence-free and smooth in O. Together with (2.24) this implies that in any parabolic ball B_{x,ρ} × (0, ρ^2) ⊂ O × (0, t_1) with ρ < (x^2_1 + x^2)^{1/2} the adjoint equation (2.16) is of the form (2.22) with b ∈ L^∞_t BMO^{−1}(B_{x,ρ}) and div b = 0, so that Theorem 1.1 in [30] can be applied.^1 This remark will be used freely in the proof below. Here and what follows, we consider ϕ and ϕ_1 as functions on R^3 × (0, t_1) and R^3, respectively.

From the above considerations we see that our solution ϕ satisfies the maximum principle:

|ϕ(x, t)| ≤ max_{y∈R3} |ϕ_1(y)| , x ∈ R^3 , t ∈ (0, t_1] , (2.26)

1Theorem 1.1 in [30] is purely local, even though in the introduction of [30] a global condition b ∈ L^∞_t BMO^{−1}_x is mentioned. In the proof one only needs the local condition. Also, when we are interested in the solution only in Bx,ρ × (0, ρ^2), we can change the field^1_r er outside Bx,ρ to a smooth div-free vector field in R^3, so that the global condition will in fact be satisfied (even though it is not needed).

and can be extended to a continuous function on (O × [0, t_1]) ∪ (R^3 × (0, t_1]). The main point now is to prove its continuity at any point (x, 0) with x ∈ R^3 \ O. For any sufficiently small ρ > 0, we define A(ρ) = sup { ϕ(x, t) | x ∈ C_ρ , 0 < t < ρ^2} ,

where C_ρ = { x ∈ R^3 | x^2_1 + x^2 ≤ ρ^2} is the cylinder of radius ρ centered on the x_3–axis. Clearly A is an increasing function, so that we can consider the limit

a = lim_{ρ→0} A(ρ) ≥ 0 .

We need to show that a = 0. (Once we have this, we can repeat the same argument for −ϕ, and we conclude that ϕ can be extended to a continuous function on R^3 ×[0, t_1] satisfying ϕ(x, 0) = 0 for all x ∈ R^3 \ O.) As in many other critical problems, it is natural to argue by contradiction using the scaling invariance, see for example [24] for a situation where related issues arise in the context of the Navier-Stokes equations.

Assume thus that a > 0 and choose a sequence of points (x^{(m)}, t^{(m)}) such that x^{(m)} approaches the x_3–axis, t^{(m)} ↘ 0, and lim m→∞ ϕ(x^{(m)}, t^{(m)}) = a .

For m ∈ N we denote λ_m = √( x^{(m)}_1

)_2 + ( x^{(m)}_2

)_2

+ t^{(m)} ,

and we define, for y ∈ R^3 and 0 < s < λ^{−2}_m t_1,

u^{(m)}(y, s) = λ_mu(λ_my_1, λ_my_2, λ_my_3 + x^{(m)}_3 , λ^2_ms) , (2.27)

ϕ^{(m)}(y, s) = ϕ(λ_my_1, λ_my_2, λ_my_3 + x^{(m)}_3 , λ^2_ms) . (2.28)

Note that x^{(m)}_3 may not converge as m → ∞, but this is unimportant for what follows. Setting

y^{(m)} = ( λ^{−1}_m x^{(m)}_1 , λ^{−1}_m x^{(m)}_2 , 0 ) , s^{(m)} = λ^{−2}_m t^{(m)} ,

we have |y^{(m)}|^2 +s^{(m)} = 1 for all m, and we can therefore assume (after extracting a subsequence, if necessary) that

(y^{(m)}, s^{(m)}) −−−−→_{m→∞} (ȳ, s̄) , where |ȳ|^2 + s̄ = 1 .

Note that the operator D :=^2_r ∂_r in (2.16) has the same scaling as the Laplacian, and is also invariant under translations along the x_3–axis. Using this observation, it is straightforward to verify that the functions u^{(m)}, ϕ^{(m)} defined in (2.27), (2.28) satisfy the equation

∂_sϕ^{(m)} + u^{(m)} · ∇_yϕ^{(m)} + (Δ_y − D_y)ϕ^{(m)} = 0 , (2.29)

in the region R^3 × (0, λ^{−2}_m t_1). Moreover, in view of (2.14) and (2.27), we have the a priori estimates

‖∂^k_s ∇^ℓ_y u^{(m)}(s)‖_L∞_{(R}3_) ≤ C_{kℓ}(M)M s^{−k−ℓ/2−1/2} , 0 < s < λ^{−2}_m t_1 , (2.30)

which are similar to (2.23) and hold uniformly in m. Finally, uniform bounds on ϕ^{(m)} and its derivatives are easily obtained by applying standard linear parabolic theory to Eq. (2.29), taking into account (2.26) and (2.30). Thus we can assume (again after choosing subsequences, if necessary) that u^{(m)} −−−−→ m→∞ ū , ϕ^{(m)} −−−−→_{m→∞} ϕ̄ , (2.31)

for suitable functions ū, ϕ̄, where the convergence is uniform, with all derivatives, on compact subsets of R^3×(0, ∞). (Note that u^{(m)}, ϕ^{(m)} are well defined on any such set once m is sufficiently large.) By construction, the functions ū, ϕ̄ satisfy ∂_sϕ̄ + ū · ∇ϕ̄ + (Δ − D)ϕ̄ = 0 in R^3 × (0, ∞). Due to (2.24) and scale-invariance of the relevant norms we also have the uniform bound

‖u^{(m)}‖_L∞_{t BMO}−1_x ≤ c‖ω_θ‖_L∞_{(0,T ;L}1_{(Ω))} ≤ cM ,

which means, as we have seen above, that the functions ϕ^{(m)} are in fact uniformly continuous up to t = 0 on any compact set B × [0, t_2] as long as B̄ ⊂ O. Hence the function ϕ̄ is continuous on (O × [0, t_1]) ∪ (R^3 × (0, t_1]), and it is clear from the definitions that ϕ̄ ≤ a in that domain. At the same time, we know that

ϕ̄(ȳ, s̄) = lim_{m→∞} ϕ^{(m)}(y^{(m)}, s^{(m)}) = lim_{m→∞} ϕ(x^{(m)}, t^{(m)}) = a .

Finally, we have ϕ̄(y, s) = lim_{m→∞} ϕ^{(m)}(y, s) = 0 when y ∈ R^3 \ O and s > 0.

Since we assumed that a > 0, these observations immediately lead to a contradiction with the strong maximum principle when s̄ > 0. It thus remains to deal with the case where s̄ = 0 and |ȳ| = 1. In that situation, the Harnack inequality from [30, Theorem 1.1] applied to the parabolic ball Q = B_{ȳ,1/2} × [0, 1/4) shows that ϕ̄ = a in a neighborhood of (ȳ, 0) in Q, and we again obtain a contradiction with the strong maximum principle, as in the case s̄ > 0. This concludes the proof of the assertion that ϕ(x, t) extends to a continuous function on R^3 × [0, t_1] satisfying ϕ(0, 0) = 0.

To conclude the proof of Proposition 2.8, it remains to verify that ϕ(x, t) vanishes as |x| → ∞ uniformly for all t ∈ (0, t_1], which implies in particular (2.21) in view of the previous results. Since ϕ_1 ∈ C_0(Ω), this property is intuitively obvious because the drift term in Eq. (2.16) satisfies ∫_{t1} 0 ‖u(·, t)‖_L∞ dt < ∞, and therefore can move “diffusion particles” over finite distances only, during the time interval (0, t_1). This heuristic argument can easily be made rigorous if one proceeds as in [17, Proposition 6.1], see also Proposition 3.3 below. Alternatively, it is possible to reach the same conclusion using the parabolic Harnack inequality and the conservation of the mass ∫ R^3 ϕ(x, t) dx, which can be checked by a direct calculation. We leave the details to the

reader.

In the rest of this section, we derive a few important consequences of Proposition 2.8. In view of (2.17), if ϕ is as in the statement, we have ∫ Ω ω_θ(r, z, t)ϕ(r, z, t) dr dz = ∫ Ω ω_θ(r, z, t_0)ϕ(r, z, t_0) dr dz , 0 < t_0 ≤ t ≤ t_1 .

To take the limit t_0 → 0, we decompose the right-hand side as ∫ Ω ω_θ(r, z, t_0) ( ϕ(r, z, t_0) − ϕ(r, z, 0) ) dr dz + ∫ Ω ω_θ(r, z, t_0)ϕ(r, z, 0) dr dz ,

and we observe that the first term tends to zero in view of (2.8), (2.21) while the second one converges to ∫ Ω ϕ(·, ·, 0) dμ by Proposition 2.5. We thus have ∫ Ω ω_θ(r, z, t)ϕ(r, z, t) dr dz = ∫ Ω ϕ(·, ·, 0) dμ , 0 < t ≤ t_1 . (2.32)

Corollary 2.10. If ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a mild solution of (1.4) on (0, T ) satisfying (2.8), then ‖ω_θ(t)‖_L1_{(Ω)} ≤ ‖μ‖_{tv} for all t ∈ (0, T ), where μ ∈ M(Ω) is the measure introduced in Proposition 2.5. In particular, one has M = ‖μ‖_{tv}/ν if M is defined by (2.8).

Proof. Fix t_1 ∈ (0, T ), and take ϕ_1 ∈ C_0(Ω) such that ‖ϕ_1‖_L∞_{(Ω)} ≤ 1. Let ϕ : Ω × [0, t_1] → R be the solution of the adjoint equation (2.16) with terminal condition ϕ(·, ·, t_1) = ϕ_1 given by Proposition 2.8. By the parabolic maximum principle, we know that |ϕ(r, z, t)| ≤ 1 for all (r, z) ∈ Ω and all t ∈ [0, t_1]. It thus follows from (2.32) with t = t_1 that | | ∫ Ω ω_θ(r, z, t_1)ϕ_1(r, z) dr dz | | = | | ∫ Ω ϕ(·, ·, 0) dμ | | ≤ ‖μ‖tv ,

and taking the supremum over all ϕ_1 ∈ C_0(Ω) satisfying the bound ‖ϕ_1‖_L∞_{(Ω)} ≤ 1 we conclude that ‖ω_θ(t_1)‖_L1_{(Ω)} ≤ ‖μ‖_{tv}. Thus Mν = lim_{t→0} ‖ω_θ(t)‖_L1_{(Ω)} ≤ ‖μ‖_{tv}, and the converse inequality directly follows from Proposition 2.5.

Corollary 2.11. If the measure μ given by Proposition 2.5 is positive, then the solution ω_θ of (1.4) satisfies ω_θ(r, z, t) ≥ 0 for all (r, z) ∈ Ω and all t ∈ (0, T ).

Proof. Assume on the contrary that ω_θ(r_1, z_1, t_1) < 0 for some (r_1, z_1) ∈ Ω and some t_1 ∈ (0, T ). Take a nonnegative function ϕ_1 ∈ C_0(Ω) such that ϕ_1(r_1, z_1, t_1) = 1 and ϕ_1 is supported in a small neighborhood of (r_1, z_1) where ω(·, ·, t_1) takes negative values only. If ϕ denotes the solution of the adjoint equation (2.16) with terminal condition ϕ(·, ·, t_1) = ϕ_1, we obtain a contradiction from Eq. (2.32) with t = t_1 because the left-hand side is strictly negative by construction, whereas the right-hand side is nonnegative since ϕ ≥ 0 and μ is a positive measure.

Corollary 2.12. The family of signed measures (ω_θ(·, ·, t) dr dz)_{t∈(0,T )} is tight under the assumptions of Proposition 2.5. In particular, the convergence ∫ Ω ϕ(r, z)ω_θ (r, z, t) dr dz −−→_{t→0} ∫ Ω ϕ dμ (2.33)

holds for any bounded and continuous function ϕ on Ω, and not just for any ϕ ∈ C_0(Ω).

Proof. We use here some notions from measure theory that are recalled in Section 5.1, for the reader’s convenience. The family of measures (ω_θ(·, ·, t) dr dz)_{t∈(0,T )} converges weakly to some measure μ ∈ M(Ω) by Proposition 2.5, and Corollary 2.11 implies that ‖ω_θ(t)‖_L1_{(Ω)} → ‖μ‖_{tv} as t → 0. Applying Proposition 5.1, we thus obtain the desired result.

3 Gaussian estimates

As in the previous section, we assume that ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a mild solution of the axiymmetric vorticity equation (1.4) on the time interval (0, T ) satisfying (2.8), and we denote by μ ∈ M(Ω) the initial measure defined by Proposition 2.5. Our goal here is to give accurate estimates on the axisymmetric vorticity ω_θ and the associated velocity field u = (u_r, u_z) under the additional hypotheses that μ is a positive measure whose support is bounded away from the symmetry axis r = 0 and localized in the radial direction. Of course, the application we have in mind is the case where μ is a Dirac mass located at some point (r̄, z̄) ∈ Ω, which is the situation considered in Theorem 1.1.

3.1 L^1 estimates near the symmetry axis

The goal of this section is to show that the L^1norm of the axisymmetric vorticity ω_θ is extremely small near the symmetry axis for short times, if the initial measure μ is positive and supported away from the axis. The precise statement is:

Proposition 3.1. Assume that μ ∈ M(Ω) is a positive measure whose support is contained in the set [2ρ, ∞) × R ⊂ Ω for some ρ > 0. Then the solution ω_θ of (1.4) satisfies 0 ≤ ∫_ρ 0 {∫ R ω_θ(r, z, t) dz } dr ≤ C_9(M)‖μ‖_{tv} e^{− ρ216νt} , t ∈ (0, T ) , (3.1)

for some positive constant C_9 depending only on M = ‖μ‖_{tv}/ν.

Proof. Without loss of generality we suppose that ν = 1. Since μ is a positive measure, Corollary 2.11 asserts that the solution of (1.4) satisfies ω_θ(r, z, t) ≥ 0 for all (r, z) ∈ Ω and all t ∈ (0, T ). As in [17, Section 6.1], we define

f(R, t) =

∫_∞ R {∫ R ω_θ(r, z, t) dz } dr , R > 0 , t ∈ (0, T ) . (3.2)

Then f(R, t) is a nonincreasing function of R which converges to ‖ω_θ(t)‖_L1_{(Ω)} as R → 0 and to zero as R → ∞. Moreover f satisfies the evolution equation

∂_tf(R, t) = ∂^2_Rf(R, t) + 1 R ∂_Rf(R, t) + ∫ R u_r(R, z, t)ω_θ(R, z, t) dz , (3.3)

which follows easily from (2.6). Our goal is to obtain a lower bound on f(ρ, t) under the assumption that the initial measure μ is supported in the set [2ρ, ∞) × R. This hypothesis already implies that f(R, t) → M = ‖μ‖_{tv} as t → 0 for any R < 2ρ, because if ϕ : Ω → [0, 1] is a continuous function equal to zero for r ≤ R and to 1 for r ≥ 2ρ, we have

M ≥ f(R, t) ≥ ∫ Ω ϕ(r, z)ω_θ(r, z, t) dr dz −−→_{t→0} ∫ Ω ϕ dμ = M ,

where the convergence follows from Corollary 2.12.

Using the bound ‖u_r(t)‖_L∞_{(Ω)} ≤ C_7(M)Mt^{−1/2}, which comes from Corollary 2.4, and observing that ∂_Rf(R, t) = − ∫ R ω_θ(R, z, t) dz ≤ 0, we deduce from (3.3) that

∂_tf(R, t) ≥ ∂^2_Rf(R, t) + 1 R ∂_Rf(R, t) + C_7(M) M √ t ∂_Rf(R, t) . (3.4)

To eliminate the drift terms in (3.4), we fix t_1 ∈ (0, T ) and we define g(y, t) = f(y + a(t), t) for y ≥ 0 and t ∈ (0, t_1], where

a(t) = ρ + t_1−t ρ + 2C_7(M)M (√ t_1 − √ t ) , t ∈ [0, t_1] . (3.5)

Note that a(t) ≥ ρ for t ∈ [0, t_1] and a(t_1) = ρ. Using (3.4) and (3.5), it is easy to verify that

∂_tg(y, t) ≥ ∂^2_y g(y, t) , y ≥ 0 , t ∈ (0, t_1] ,

and we obviously have ∂_yg(0, t) = ∂_Rf(a(t), t) ≤ 0 for t ∈ (0, t_1]. In physical terms, the function g(y, t) is a solution of the heat equation on the positive half-line with a nonnegative source term in the bulk and a nonnegative influx through the boundary. By the parabolic maximum principle, given any t_0 ∈ (0, t_1), we thus have g(y, t) ≥ h(y, t) for all y ≥ 0 and all t ∈ [t_0, t_1], where h is defined by

∂_th(y, t) = ∂^2_y h(y, t) , ∂_yh(0, t) = 0 , h(y, t_0) = g(y, t_0) ≡ f(y + a(t_0), t_0) , y ≥ 0 , t ≥ t_0 , t ≥ t_0 , y ≥ 0 .

(3.6)

Solutions of (3.6) are easily computed by symmetrizing the initial data and solving the heat equation on the whole real line. In particular, this gives the desired lower bound on the quantity f(ρ, t_1) = g(0, t_1).

To be more explicit, we first assume that the observation time t_1 is small enough so that

4t_1 ≤ ρ^2 , and 8C_7(M)M √ t_1 ≤ ρ . (3.7)

In view of (3.5) we then have a(t_0) ≤ a(0) ≤ 3ρ/2 for any t_0 ∈ (0, t_1), and this in turn implies that h(y, t_0) = f(y + a(t_0), t_0) ≥ f(y + 3ρ/2, t_0) for all y ≥ 0. Using the representation formula

h(0, t_1) = 1 √ π(t_1−t_0)

∫_∞ 0 e^{− y} 2 4(t1−t0) h(y, t0) dy ,

and recalling that f(y + 3ρ/2, t_0) → M as t_0 → 0 for all y < ρ/2, we deduce that

f(ρ, t_1) ≥ h(0, t_1) ≥ M √ πt_1

∫_{ρ/2} 0 e^{− y} 2 4t1 dy ≥ M ( 1 − e^{− ρ} 2 16t1 ) . (3.8)

In the last inequality we used the elementary bound

erfc(x) = 2 √ π ∫_∞ x e^{−y2} dy ≤ e^{−x2} , x ≥ 0 . (3.9)

Since ‖ω_θ(t_1)‖_L1_{(Ω)} ≤ M = ‖μ‖_{tv}, we conclude that ∫_ρ 0 {∫ R ω_θ(r, z, t_1) dz } dr ≤ M − f(ρ, t_1) ≤ M e^{− ρ} 2 16t1 ,

which gives the desired bound (3.1) with t = t_1 and ν = 1, provided (3.7) holds. If condition (3.7) is not satisfied, one can take C_9 = C_9(M) ≥ e^{ρ2/(16t1 )}, in which case estimate (3.1) is obvious.

Corollary 3.2. Under the assumptions of Proposition 3.1 we have ‖ ‖ u_r(t) r ‖ ‖_{L∞(Ω)} ≤

C_{10}(M)M t ( νt

ρ^2

)_{1/3}

, t ∈ (0, T ) , (3.10)

where C_{10} is a positive constant depending only on M = ‖μ‖_{tv}/ν.

Proof. Fix t ∈ (0, T ). We decompose ω_θ(r, z, t) = ω^−_θ (r, z, t) + ω^+_θ (r, z, t), where

ω^−_θ (r, z, t) = ω_θ(r, z, t) 1_{{r≤ρ}} , ω^+_θ (r, z, t) = ω_θ(r, z, t) 1_{{r>ρ}} .

By linearity of the axisymmetric Biot-Savart law, there is a corresponding decomposition for the velocity field u(r, z, t) = u^−(r, z, t) + u^+(r, z, t), where u^± is the velocity associated with ω^±_θ , respectively. Using estimate (2.5), Proposition 3.1, and the first inequality in (2.9), we find ‖ ‖ u^−_r (t) r ‖ ‖_{L∞(Ω)} ≤ C3‖ω^−_θ (t)‖^{1/3}_{L1 (Ω)} ‖ω^−_θ (t)/r‖^{2/3}_L∞_{(Ω)}

≤ C_3 C^{2/3}_4 C_9(M)^{1/3} M t e^{− ρ248νt} ≤

C(M)M t ( νt

ρ^2

)_{1/3} .

Similarly, using the second inequality in (2.9), we obtain ‖ ‖u^+_r (t) r ‖ ‖ L^∞(Ω)

≤ C_3‖ω^+_θ (t)‖^{1/3}_{L1 (Ω)} ρ^{−2/3} ‖ω^+_θ (t)‖^{2/3}_{L∞(Ω)} ≤ C_3 C_5(M)^{2/3} M t ( νt

ρ^2

)_{1/3} . Combining both estimates we arrive at (3.10).

3.2 L^1 estimates away from the axis

We next consider the opposite case where the support of the initial measure μ is bounded in the radial direction. The analogue of Proposition 3.1 is:

Proposition 3.3. Assume that μ ∈ M(Ω) is a positive measure whose support is contained in the set (0, 2ρ] × R ⊂ Ω for some ρ > 0. Then the solution ω_θ of (1.4) satisfies 0 ≤ ∫_∞ 3ρ {∫ R ω_θ(r, z, t) dz } dr ≤ C_{11}(M)‖μ‖_{tv} e^{− ρ216νt} , t ∈ (0, T ) , (3.11)

for some positive constant C_{11} depending only on M = ‖μ‖_{tv}/ν.

Proof. We proceed as in the proof of Proposition 3.1, assuming again that ν = 1. We observe that the function f(R, t) defined in (3.2) satisfies the differential inequality

∂_tf(R, t) ≤ ∂^2_Rf(R, t) − C_7(M) M √ t ∂_Rf(R, t) , R > 0 , (3.12)

which is obtained in the same way as the lower bound (3.4). Arguing as in [17, Section 6.1], we deduce from (3.12) that, for any t_0 ∈ (0, T ),

f(R, t) ≤ g(R − 2C_7(M)M √ t, t) , R > 0 , t_0 ≤ t < T ,

where g(y, t) is the solution of the heat equation ∂_tg = ∂^2_y g on the real line R with initial data satisfying g(y, t_0) = f(y, t_0) if y ≥ 0 and g(y, t_0) = f(0, t_0) if y < 0. Taking the limit t_0 → 0 in the representation formula

g(y, t) = 1 √ 4π(t−t_0) (∫_0 −∞ e^{− (y−r)} 2 4(t−t0) f(0, t0) dr +

∫_∞ 0 e^{− (y−r)} 2 4(t−t0) f(r, t0) dr ) , and using the bound f(R, t_0) ≤ M together with the fact that f(R, t_0) → 0 as t_0 → 0 if R > 2ρ, which can be established by applying (2.33) to a continuous function ϕ : Ω → [0, 1] equal to 0 for r ≤ 2ρ and to 1 for r ≥ R, we deduce that

g(y, t) ≤ M √ 4πt ∫_{2ρ} −∞ e^{−(y−r)2 /(4t)} dy , y ∈ R , t ∈ (0, T ) ,

hence

f(R, t) ≤ M √ 4πt ∫_{2ρ} −∞ e^{−(R−2C7 (M)M} √ t−r)^2/(4t) dr , R > 0 , t ∈ (0, T ) . (3.13)

If t > 0 is small enough so that 2C_7(M)M √ t ≤ ρ/2, it follows from (3.13), (3.9) that

f(3ρ, t) ≤ M √ 4πt ∫_{2ρ} −∞ e^{−(5ρ/2−r)2 /(4t)} dr ≤ M e^{−ρ2/(16t)} ,

which is (3.11). If 2C_7(M)M √ t > ρ/2, then (3.11) follows from the trivial bound f(3ρ, t) ≤ M, provided the constant C_{11} is chosen appropriately.

Corollary 3.4. Under the assumptions of Proposition 3.3, the axisymmetric vorticity ω_θ has a finite impulse I = ∫ Ω r^2ω_θ(r, z, t) dr dz = ∫ Ω r^2 dμ(r, z) , t ∈ (0, T ) . (3.14)

In particular, the impulse I is a conserved quantity.

Proof. We assume that ν = 1. Let χ : [0, ∞) → R be a smooth, nonincreasing function such that χ(r) = 1 for r ∈ [0, 1] and χ(r) = 0 for r ≥ 2. Using definition (3.2) and integrating by parts we obtain the identity ∫ Ω r^2χ(r/R)ω_θ(r, z, t) dr dz =

∫_∞ 0 r ( 2χ(r/R) + (r/R)χ^′(r/R) ) f(r, t) dr , (3.15)

which holds for all R > 0 and all t ∈ (0, T ). For any fixed t ∈ (0, T ), we know from (3.13) that f(R, t) decays rapidly to zero at infinity, thus taking the limit R → ∞ in (3.15) we obtain ∫ Ω r^2ω_θ(r, z, t) dr dz = 2

∫_∞ 0 rf(r, t) dr < ∞ , t ∈ (0, T ) . (3.16)

The left-hand side of (3.16) is the total impulse I of the axisymmetric vorticity ω_θ, which is known to be conserved under the evolution defined by (1.4), see e.g. [17, Lemma 6.4].

On the other hand, for any fixed R > 2ρ, the left-hand side of (3.15) converges as t → 0 to the quantity I_0 = ∫ Ω r^2χ(r/R) dμ(r, z) ≡ ∫ Ω r^2 dμ(r, z) .

Convergence holds by Corollary 2.12, and the limit does not depend on R > 2ρ since the measure μ is supported in (0, 2ρ] × R. In fact I_0 = I, because the convergence of (3.15) to (3.16) as R → ∞ holds uniformly in time if t > 0 is sufficiently small. Indeed, if 2C_7(M)M √ t ≤ ρ, it follows from (3.13), (3.9) that f(R, t) ≤ M e^{−(R−3ρ)2 /(4t)} for all R ≥ 3ρ, which in turns implies that the quantity

∫_∞ R rf(r, t) dr converges to zero uniformly in time as R → ∞. This proves the uniform convergence of the right-hand side of (3.15) to that of (3.16) as R → ∞.

The next step is a general estimate for nonnegative solutions of (2.6) with finite impulse.

Proposition 3.5. Assume that ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a nonnegative solution of (2.6) which is uniformly bounded in L^1(Ω) and has finite impulse I. Then

‖ω_θ(t)‖_L1_{(Ω)} ≤

C_{12}(M)I νt , for all t ∈ (0, T ) , (3.17)

where C_{12} is a positive constant depending only on the quantity M defined in (2.8).

Proof. The proof is essentially contained in [17, Section 6.2], although estimate (3.17) is not explicitly stated there. For completeness we provide here the missing details, assuming as usual that ν = 1. We first observe that it is sufficient to establish (3.17) for t ≥ T_∗ = I/M, because for smaller times we obviously have ‖ω_θ(t)‖_L1_{(Ω)} ≤ M ≤ I/t. We start from the integral equation (2.7) with t_0 = t/2, namely

ω_θ(t) = S(t/2)ω_θ(t/2) −

∫_t t/2 S(t − s) div_∗(u(s)ω_θ(s)) ds , t ≥ T_∗ . (3.18)

To bound the first term in the right-hand side, we use the linear estimate

‖S(t)ω_0‖_L1_{(Ω)} ≤ C t ∫ Ω r^2ω_0(r, z) dr dz , t > 0 ,

which holds for all nonnegative ω_0 ∈ L^1(Ω) with finite impulse, and can be established using the explicit formula for the linear semigroup S(t) given in [17, Section 3], see [17, Lemma 6.5] for a similar calculation. We thus have ‖S(t/2)ω_θ (t/2)‖_L1_{(Ω)} ≤ CI/t for some C > 0. On the other hand, applying the weighted inequality given in [17, Proposition 3.5], which has no analogue in the two-dimensional case, we find

‖S(t − s) div_∗(u(s)ω_θ(s))‖_L1_{(Ω)} ≤ C (t − s)^{3/4}

‖u(s)‖_L∞_{(Ω)}‖r^{1/2}ω_θ(s)‖_L1_{(Ω)} ,

for s ∈ (0, t). If we now interpolate ‖r^{1/2}ω_θ‖_L1 ≤ ‖r^2ω_θ‖^{1/4}_{L1(Ω)}‖ω_θ‖^{3/4}_{L1(Ω)} and use the estimate

‖u‖_L∞_{(Ω)} ≤ C‖r^2ω_θ‖^{1/4}_{L1(Ω)}‖ω_θ‖^{1/4}_{L1(Ω)}‖ω_θ/r‖^{1/2}_{L∞(Ω)} ,

which is established in [10, Section 2], we obtain

‖S(t − s) div_∗(u(s)ω_θ(s))‖_L1_{(Ω)} ≤ C (t − s)^{3/4}

‖r^2ω_θ(s)‖^{1/2}_{L1(Ω)}‖ω_θ(s)‖_L1_{(Ω)}‖ω_θ(s)/r‖^{1/2}_{L∞(Ω)} .

As ‖r^2ω_θ(s)‖_L1_{(Ω)} = I and ‖ω_θ(s)/r‖_L∞_{(Ω)} ≤ C_4Ms^{−3/2} by Lemma 2.2, we deduce from (3.18) that ‖ω_θ(t)‖_L1_{(Ω)} ≤ CI t + CM^{1/2}I^{1/2}

∫_t t/2 ‖ω_θ(s)‖_L1_{(Ω)} (t − s)^{3/4}s^{3/4} ds , t ≥ T_∗ . (3.19)

The end of the proof is a straightforward bootstrap argument. First, since ‖ω_θ(t)‖_L1_{(Ω)} ≤ M, estimate (3.19) shows that ‖ω_θ(t)‖_L1_{(Ω)} ≤ C(M)M^{1/2}I^{1/2}t^{−1/2} for t ≥ T_∗, hence also for all t > 0. Inserting this bound into the right-hand side of (3.19), we conclude that ‖ω_θ(t)‖_L1_{(Ω)} ≤ C(M)I/t, which is the desired result.

Corollary 3.6. Under the assumptions of Proposition 3.3 we have ‖ ‖ ‖ u_r(t) r ‖ ‖ ‖_{L∞(Ω)} ≤

C_{13}(M)M t (ρ2 νt )_{1/3}

, t ∈ (0, T ) , (3.20)

where C_{13} is a positive constant depending only on M = ‖μ‖_{tv}/ν.

Proof. Since supp(μ) ⊂ (0, 2ρ] × R, Corollary 3.4 shows that I ≤ 4ρ^2‖μ‖_{tv} = 4ρ^2Mν. Thus estimate (3.20) immediately follows from (2.5), (3.17), and the first inequality in (2.9).

3.3 Gaussian estimates for the viscous vortex ring

Finally, we consider the particular case where the initial measure μ is a vortex filament located at some point (r̄, z̄) ∈ Ω, namely μ = Γδ_{(r̄,z̄)} for some Γ > 0. We of course have ‖μ‖_{tv} = Γ, hence M = Γ/ν, and I = Γr̄^2. The goal of this section is to prove the following Gaussian estimate on the axisymmetric vorticity:

Proposition 3.7. Assume that ω_θ ∈ C^0((0, T ), L^1(Ω)∩L^∞(Ω)) is a mild solution of (1.4) which is uniformly bounded in L^1(Ω), and such that ω_θ(·, t) dr dz ⇀ Γδ_{(r̄,z̄)} as t → 0 for some Γ > 0 and some (r̄, z̄) ∈ Ω. For any η ∈ (0, 1) we have the pointwise estimate

0 < ω_θ(r, z, t) ≤ K_η(M) Γ νt exp ( − 1 − η 4νt ( (r − r̄)^2 + (z − z̄)^2 )) , (3.21)

for all t ∈ (0, T ) and all (r, z) ∈ Ω, where the constant K_η(M) depends only on η and M = Γ/ν.

As a first step in the proof of Proposition 3.7, we apply the results of Sections 3.1 and 3.2 with ρ = r̄/2 and obtain the following integral estimate:

Lemma 3.8. Under the assumptions of Proposition 3.7 we have ∫_T 0 ‖u_r(t)/r‖_L∞_{(Ω)} dt ≤ C_{14}(M)M , (3.22)

where C_{14} is a positive constant depending only on M = Γ/ν.

Proof. Let T_∗ = r̄^2/ν = 4ρ^2/ν. Using estimate (3.10) for t ∈ (0, T_∗) and, if necessary, estimate (3.20) for t ∈ (T_∗, T ), we immediately obtain (3.22).

To derive estimate (3.21) it is convenient to abandon the cylindrical coordinates and to return for a moment to the vector valued vorticity ω(x, t) = ω_θ(r, z, t)e_θ , which is considered as a function of x = (r cos θ, r sin θ, z) ∈ R^3 and t ∈ (0, T ). The evolution equation (1.4) is equivalent to ∂_tω + (U · ∇)ω − V ω = νΔω , x ∈ R^3 , t ∈ (0, T ) , (3.23)

where U = u_re_r + u_ze_z is the velocity field associated with ω via the three-dimensional Biot- Savart law, and V = u_r/r. Since the pioneering work of Aronson [3], which relied itself on previous results by Nash, De Giorgi, and Moser, it is well known that solutions of advectiondiffusion equations such as (3.23) can be represented in terms of a (uniquely defined) fundamental solution Φ, which is Hölder continuous in space and time and satisfies Gaussian upper and lower bounds. In our problem we only have limited information on the advection field U and the potential V , and we need an upper bound on the fundamental solution with explicit dependence on the data U, V , and ν. For that reason, we state here a particular case of Aronson’s estimates which is tailored to our purposes.

Proposition 3.9. Assume that U : R^n × (0, T ) → R^n and V : R^n × (0, T ) → R^n are continuous functions such that div U(·, t) = 0 for all t ∈ (0, T ) and sup 0<t<T ( t ν )_{1/2}

‖U(·, t)‖_L∞_{(R}n_) = K_1 < ∞ ,

∫_T 0 ‖V (·, t)‖_L∞_{(R}n_) dt = K_2 < ∞ . (3.24)

Then the (regular) solutions of the advection-diffusion equation

∂_tf + (U · ∇)f − V f = νΔf , x ∈ R^n , t ∈ (0, T ) , (3.25)

can be represented in the following way:

f(x, t) = ∫ R^n

Φ_{U,V,ν}(x, t; y, s)f(y, s) dy , x ∈ R^n , 0 < s < t < T ,

where the fundamental solution Φ_{U,V,ν}(x, t; y, s) satisfies, for x, y ∈ R^n and 0 < s < t < T ,

0 < Φ_{U,V,ν}(x, t; y, s) ≤

C_n (ν(t−s))^{n/2} exp ( − |x − y|^2 4ν(t−s)

+ K_1

|x − y| √ ν(t−s)

+ K_2 ) . (3.26)

Here the constant C_n depends only on the space dimension n.

For completeness, we give a short proof of Proposition 3.9 in Section 5.3 below, but our purpose here is to apply it to the vorticity equation (3.23), for which n = 3. In view of Corollary 2.4 and Lemma 3.8, both assumptions in (3.24) are satisfied, and the constants K_1, K_2 depend only on M = Γ/ν. Solutions of (3.23) can thus be represented in the following way:

ω(x, t) = ∫ R^3

Φ(x, t; y, s)ω(y, s) dy , x ∈ R^3 , 0 < s < t < T ,

and the fundamental solution Φ satisfies (3.26) with n = 3. As ω(x, t) = ω_θ(r, z, t)e_θ , we deduce that the axisymmetric vorticity ω_θ satisfies

ω_θ(r, z, t) = ∫ Ω Φ̃(r, z, t; r^′, z^′, s)ω_θ(r^′, z^′, s) dr^′ dz^′ , (3.27)

for (r, z) ∈ Ω and 0 < s < t < T , where Φ̃(r, z, t; r^′, z^′, s) =

∫_π −π Φ([r, 0, z], t; [r^′ cos θ, r^′ sin θ, z^′], s)r^′ cos θ dθ . (3.28)

Here [r, 0, z] denotes the point x ∈ R^3 with coordinates x_1 = r, x_2 = 0, x_3 = z, and similarly [r^′ cos θ, r^′ sin θ, z^′] denotes the point y ∈ R^3 such that y_1 = r^′ cos θ, y_2 = r^′ sin θ, y_3 = z^′. Lemma 3.10. For any η ∈ (0, 1) there exists a positive constant K_η(M), depending only on η and M, such that the fundamental solution Φ̃ defined in (3.28) satisfies

0 < Φ̃(r, z, t; r^′, z^′, s) ≤

K_η(M) ν(t−s) r^{′1/2} r^{1/2} H̃ ( ν(t−s) (1−η)rr^′ ) e^{− 1−η4ν(t−s)}

(_{(r−r′)2+(z−z′)2}) , (3.29)

for (r, z), (r^′, z^′) ∈ Ω and 0 < s < t < T , where

H̃(τ) = 1√ πτ ∫_{π/4}

−π/4

e^{− sin2 ϕτ} cos(2ϕ) dϕ , τ > 0 . (3.30)

Proof. The positivity of the fundamental solution Φ̃ of equation (1.4) is a consequence of the strong maximum principle. To obtain the upper bound (3.29), we start from (3.28) and first observe that Φ̃(r, z, t; r^′, z^′, s) ≤

∫_{π/2}

−π/2

Φ([r, 0, z], t; [r^′ cos θ, r^′ sin θ, z^′], s)r^′ cos θ dθ , (3.31)

because cos θ ≤ 0 when π/2 ≤ |θ| ≤ π. Next, we estimate the integrand using (3.26) with n = 3. Applying Young’s inequality we obtain, for any η ∈ (0, 1),

Φ(x, t; y, s) ≤ C (ν(t−s))^{3/2} e^{−(1−η) |x−y|} 2 4ν(t−s) + K21 η +K_2 = Kη(M)

(ν(t−s))^{3/2} e^{−(1−η) |x−y|} 2 4ν(t−s) .

Here we take x = [r, 0, z] and y = [r^′ cos θ, r^′ sin θ, z^′], so that |x − y|^2 = |r − r^′|^2 + |z − z^′|^2 + 4rr^′ sin^2(θ/2) .

Thus we deduce from (3.31) that

Φ̃(r, z, t; r^′, z^′, s) ≤

∫_{π/2}

−π/2

Φ([r, 0, z], t; [r^′ cos θ, r^′ sin θ, z^′], s)r^′ cos θ dθ ≤ K_η(M) (ν(t−s))^{3/2} e^{− 1−η4ν(t−s)}

(_{(r−r′)2+(z−z′)2}) ∫_{π/2}

−π/2

e^{− (1−η)rr} ′ ν(t−s) sin

2(θ/2)r′ cos θ dθ .

Setting θ = 2ϕ and using definition (3.30), we arrive at (3.29) with a modified constant K_η(M).

Remark 3.11. The function H̃ in Lemma 3.10 is not the same as the function H defined in [17, Section 3]. One can show that H̃ : (0, ∞) → R is decreasing with H̃(τ) → 1 as τ → 0 and H̃(τ) ∼ 1/√πτ as τ → ∞. Moreover H̃(τ) ≤ 1/√πτ for all τ > 0.

Proof of Proposition 3.7. Fix (r, z) ∈ Ω and t ∈ (0, T ). Using the representation (3.27) and the bound (3.29), we obtain for all s ∈ (0, t):

ω_θ(r, z, t) ≤

K_η (M) ν(t−s) ∫ Ω r^{′1/2} r^{1/2} H̃ ( ν(t−s) (1−η)rr^′ ) e^{− 1−η4ν(t−s)}

(_{(r−r′)2+(z−z′)2}) ω_θ(r^′, z^′, s) dr^′ dz^′ .

If r^′ ≤ 2r in the right-hand side, we bound the function H̃ by 1. If r^′ ≥ 2r we use the fact that H̃(τ) ≤ 1/√πτ, so that

r^{′1/2} r^{1/2} H̃ ( ν(t−s) (1−η)rr^′ ) ≤ r^′ √ π ( 1 − η

ν(t−s)

)_{1/2} ≤ C_η e^{η(1−η)4ν(t−s) (r−r′)2} ,

because r^{′2} ≤ 4(r − r^′)^2 and x ≤ C_η e^{ηx2 /4} for any x ≥ 0. We thus obtain the simpler estimate

ω_θ(r, z, t) ≤

K_η (M) ν(t−s) ∫ Ω e^{− (1−η)} 2 4ν(t−s)

(_{(r−r′)2+(z−z′)2}) ω_θ(r^′, z^′, s) dr^′ dz^′ ≤ K_η (M) ν(t−s) ∫ Ω e^{− (1−η)} 2 4νt (_{(r−r′)2+(z−z′)2}) ω_θ(r^′, z^′, s) dr^′ dz^′ ,

with possibly a different constant K_η(M). We now take the limit s → 0 and use the assumption that ω_θ(·, ·, s) dr^′ dz^′ ⇀ Γδ_{(r̄,z̄)}, together with Corollary 2.12. We thus obtain an upper bound of the form (3.21), where η is replaced by η̃ = 2η − η^2. Finally, as was already observed, the positivity of ω_θ is a consequence of the strong maximum principle.

4 Self-similar variables and energy estimates

This section is devoted to the actual proof of Theorem 1.1. Using the existence result established in [10], we can assume that ω_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) is a mild solution of (1.4) which is uniformly bounded in L^1(Ω) and converges weakly to Γδ_{(r̄,z̄)} as t → 0, for some Γ > 0 and some (r̄, z̄) ∈ Ω. If M is defined by (2.8), we recall that M = Γ/ν by Corollary 2.10. The Gaussian estimate in Proposition 3.7 indicates that, for short times, the axisymmetric vorticity ω_θ(r, z, t) concentrates in a self-similar way around the initial position (r̄, z̄) of the vortex filament. A natural idea is thus to introduce self-similar variables, in order to analyze more accurately the short-time behavior of the solution.

4.1 Definitions and a priori estimates

Motivated by (3.21), we set

ω_θ(r, z, t) = Γ νt f (r − r̄ √ νt , z − z̄ √ νt , t ) , (r, z) ∈ Ω , t ∈ (0, T ) . (4.1)

We also introduce the important notation ϵ = √ νt r̄ , γ = Γ ν , R = r − r̄ √ νt , Z = z − z̄ √ νt . (4.2)

The dimensionless quantity ϵ is the ratio of the typical core thickness of the vortex ring at time t to the radius of the initial vortex filament. We are interested in the regime where ϵ is small, and most of our analysis actually deals with the limit as ϵ → 0. The ratio γ of the vortex strength Γ to the viscosity ν is sometimes called the “circulation Reynolds number” in the physical literature. It is also dimensionless, and coincides in the present case with the quantity M defined in (2.8), but we find it natural to keep both symbols γ, M in what follows because, conceptually, they denote rather different quantities. Finally, the dimensionless variables (R, Z) are new coordinates centered at the position of the vortex filament, where distances are measured in units of the core thickness √ νt. Note that the domain constraint r > 0 translates into 1 + ϵR > 0, which means that the rescaled vorticity f(R, Z, t) given by (4.1) is actually defined in the time-dependent domain Ω_ϵ = {(R, Z) ∈ R^2 | 1 + ϵR > 0}, which converges to R^2 as ϵ → 0. However, since the function f(R, Z, t) satisfies the homogeneous Dirichlet condition at the boundary R = −1/ϵ, we can extend it by zero outside that domain and thereby identify it with a function f̄(R, Z, t) which is now defined on the whole plane R^2, for any t ∈ (0, T ).

In view of (3.21), given any η ∈ (0, 1), the rescaled vorticity f(R, Z, t) satisfies

0 < f(R, Z, t) ≤ K_η(M) e^{− 1−η4 (R2 +Z2)} , (4.3)

for all (R, Z) ∈ Ω_ϵ and all t ∈ (0, T ). Moreover, it follows from (2.13) that the spatial derivatives of f are uniformly bounded:

|∇f(R, Z, t)| ≤ C_8(M) . (4.4)

Finally, using (2.8) and (4.1), we obtain ∫ Ω_ϵ

f(R, Z, t) dR dZ = 1 Γ ∫ Ω ω_θ(r, z, t) dr dz −−→_{t→0} Mν Γ = 1 . (4.5)

It is also useful to express the velocity field u associated with ω_θ in self-similar variables. The correct ansatz is:

u(r, z, t) = Γ √ νt U^ϵ

(r − r̄ √ νt , z − z̄ √ νt , t ) , (r, z) ∈ Ω , t ∈ (0, T ) , (4.6)

where U^ϵ = U^ϵ_r e_r + U^ϵ_z e_z denotes the rescaled velocity field. We use here the superscript ϵ to keep in mind that, in the new variables, the Biot-Savart law depends explicitly on time through the parameter ϵ = √ νt/r̄. Indeed, for any t ∈ (0, T ), the velocity U^ϵ satisfies the elliptic system

∂_Z U^ϵ_r − ∂_RU^ϵ_z = f , ∂_RU^ϵ_r + ϵU^ϵ_r 1 + ϵR

+ ∂_Z U^ϵ_z = 0 , (4.7)

in the domain Ω_ϵ, together with the boundary conditions U^ϵ_r = ∂_RU^ϵ_z = 0 on ∂Ω_ϵ. In view of (2.12), we have the following uniform a priori estimate

|U^ϵ(R, Z, t)| ≤ C_7(M) , (R, Z) ∈ Ω_ϵ , t ∈ (0, T ) . (4.8)

In fact, estimate (4.8) can be improved as follows.

Lemma 4.1. The rescaled velocity field defined in (4.6) satisfies

(1 + |R| + |Z|) |U^ϵ(R, Z, t)| ≤ C_{15}(M) , (R, Z) ∈ Ω_ϵ , t ∈ (0, T ) , (4.9)

where C_{15} depends only on M.

Proof. If u is the velocity field associated with the vorticity ω_θ via the axisymmetric Biot-Savart law, it is shown in [17, Proposition 2.3] that

|u(r, z)| ≤ ∫ Ω C √ (r − r^′)^2 + (z − z^′)^2

|ω_θ(r^′, z^′)| dr^′ dz^′ , (r, z) ∈ Ω ,

where C > 0 is a universal constant. Using the change of variables (4.1) and (4.6), we deduce that, for any ϵ > 0,

|U^ϵ(R, Z)| ≤ ∫ Ω_ϵ C √ (R − R^′)^2 + (Z − Z^′)^2

|f(R^′, Z^′)| dR^′ dZ^′ , (R, Z) ∈ Ω_ϵ . (4.10)

In view of (4.10), estimate (4.9) follows easily from the Gaussian bound (4.3).

In Section 4.4 below we need accurate estimates on the difference U^ϵ − U^0, where U^0 denotes the velocity field obtained from f via the Biot-Savart law on R^2. To prove such bounds, we use a rather explicit representation for the solution of (4.7), which we now derive.

4.2 The parametrized Biot-Savart law

We look for a solution of (4.7) in the form

U^ϵ_r = −

∂_Z ϕ^ϵ 1 + ϵR

, U^ϵ_z =

∂_Rϕ^ϵ 1 + ϵR

, (4.11)

where ϕ^ϵ : Ω_ϵ → R is the axisymmetric stream function, which satisfies the second-order elliptic equation − ∂^2_Rϕ^ϵ 1 + ϵR + ϵ∂_Rϕ^ϵ (1 + ϵR)^2 − ∂^2_Z ϕ^ϵ 1 + ϵR

= f , (4.12)

in the domain Ω_ϵ, with both Dirichlet and Neumann conditions on the boundary ∂Ω_ϵ. The solution of (4.12) can be computed as in [10, Section 2] and is found to be

ϕ^ϵ(R, Z) = 1 2π ∫ Ω_ϵ √ (1+ϵR)(1+ϵR^′) F ( ϵ^2

(R−R^′)^2 + (Z−Z^′)^2

(1+ϵR)(1+ϵR^′) ) f(R^′, Z^′) dR^′ dZ^′ , (4.13)

where F : (0, ∞) → (0, ∞) is defined by

F (s) =

∫_{π/2} 0 1 − 2 sin^2 ψ √ sin^2 ψ + s/4 dψ = { log^{8√}_s − 2 + O(s log s) as s → 0 , π 2s^{3/2} + O(s

−5/2) as s → ∞ . (4.14)

Differentiating (4.13) with respect to R and Z, and using (4.11), we obtain

U^ϵ_r (R, Z) = 1 2π ∫ Ω_ϵ √ 1+ϵR^′ 1+ϵR

F̃ (ξ^2) Z − Z^′ (R−R^′)^2 + (Z−Z^′)^2 f(R^′, Z^′) dR^′ dZ^′ ,

U^ϵ_z (R, Z) = − 1 2π ∫ Ω_ϵ √ 1+ϵR^′ 1+ϵR

F̃ (ξ^2) R − R^′ (R−R^′)^2 + (Z−Z^′)^2 f(R^′, Z^′) dR^′ dZ^′ (4.15) + ϵ 4π ∫ Ω_ϵ √ 1+ϵR^′ (1 + ϵR)^{3/2} ( F (ξ^2) + F̃ (ξ^2) ) f(R^′, Z^′) dR^′ dZ^′ ,

where ξ^2 is a shorthand notation for the quantity

ξ^2 = ϵ^2

(R−R^′)^2 + (Z−Z^′)^2 (1+ϵR)(1+ϵR^′)

, (4.16) and F̃ : (0, ∞) → (0, ∞) is defined by

F̃ (s) = −2sF^′(s) = { 1 + O(s log s) as s → 0 , 3π 2s^{3/2} + O(s

−5/2) as s → ∞ . (4.17)

For simplicity we write U^ϵ = BS^ϵ[f] when (4.15) holds.

When ϵ → ∞, the domain Ω_ϵ shrinks to the half-plane Ω, and (4.15) coincides with the axisymmetric Biot-Savart law, which is studied e.g. in [10, Section 2]. In contrast, as ϵ → 0, the domain Ω_ϵ expands to the full plane R^2, and in this limit (4.15) reduces to the usual twodimensional Biot-Savart law:

U^0(R, Z) = ( U^0_r (R, Z) U^0_z (R, Z) ) = 1 2π ∫ R^2 ( Z − Z^′ R^′ − R ) f(R^′, Z^′) (R−R^′)^2 + (Z−Z^′)^2 dR^′ dZ^′ , (4.18)

which we denote U^0 = BS^0[f]. Thus the ϵ-dependent Biot-Savart law defined by (4.7) or (4.15) nicely interpolates between the axisymmetric case and the two-dimensional case.

We now compare the velocity fields U^ϵ and U^0 obtained from the same vorticity distribution.

Lemma 4.2. Assume that f vanishes outside Ω_ϵ. If U^ϵ = BS^ϵ[f] and U^0 = BS^0[f], we have, for all (R, Z) ∈ Ω_ϵ,

|U^ϵ(R, Z) − U^0(R, Z)| ≤ ∫ Ω_ϵ Cϵ 1 + ϵR ( 1 + log_+

1 + ϵR ϵρ ) |f(R^′, Z^′)| dR^′ dZ^′ , (4.19)

where ρ = √ (R−R^′)^2 + (Z−Z^′)^2 and log_+(x) = max(log(x), 0).

Proof. Since f is supported in Ω_ϵ by assumption, the integrals in (4.15), (4.18) are taken over the same domain. Thus, all we need is to subtract (4.18) from (4.15) and to estimate the various terms in the difference, using the following elementary bounds | | √ 1+ϵR^′ 1+ϵR

F̃ (ξ^2) − 1 | | ≤ √ 1+ϵR^′ 1+ϵR | |F̃ (ξ^2) − 1 | | + | | √ 1+ϵR^′ 1+ϵR − 1 | | ≤ C ϵρ 1+ϵR

, (4.20) ϵ √ 1+ϵR^′ (1+ϵR)^{3/2} | |F (ξ_2) + F̃ (ξ_2) | | ≤ C ϵ 1+ϵR ( 1 + log_+

1+ϵR ϵρ ) . (4.21)

Estimate (4.20) easily follows from the bound |F̃ (ξ^2)−1| ≤ C|ξ|, which is a direct consequence of (4.17). The proof of (4.21) requires a little more work. In the region where 1 + ϵR^′ ≤ 2(1 + ϵR), we obtain (4.21) using the facts that F̃ (ξ^2) is bounded and F (ξ^2) ≤ C(1 + log_+ξ^{−1}), see (4.14). When 1 + ϵR^′ ≥ 2(1 + ϵR), we observe that 2ϵρ ≥ 2ϵ(R^′ − R) ≥ 1 + ϵR^′, and using the bounds F (ξ^2) + F̃ (ξ^2) ≤ Cξ^{−1} we obtain (4.21) (without the logarithmic term in that case).

4.3 Characterization of the α-limit set

The evolution equation satisfied by the rescaled vorticity f defined in (4.1) reads

t∂_tf + γ∂_R(U^ϵ_r f) + γ∂_Z (U^ϵ_z f) = Lf + ∂_R

( ϵf

1 + ϵR ) , (4.22)

for (R, Z) ∈ Ω_ϵ and t ∈ (0, T ), where γ = Γ/ν and L is the differential operator defined by

Lf = (∂^2_R + ∂^2_Z )f + 1 2 (R∂_Rf + Z∂_Z f) + f . (4.23)

The homogeneous Dirichlet boundary condition for f reads f(−1/ϵ, Z, t) = 0 for all Z ∈ R and all t ∈ (0, T ). If we formally take the limit ϵ → 0 in (4.22), (4.7) and introduce the logarithmic time τ = log(t/T ), so that ∂_τ = t∂_t, we arrive at the evolution equation

∂_τ f + γU · ∇f = Lf , (R, Z) ∈ R^2 , (4.24)

where ∂_RU_r + ∂_Z U_z = 0 and ∂_Z U_r − ∂_RU_z = f. In other words, we obtain in that limit the two-dimensional vorticity equation in self-similar variables, which was thoroughly studied, for instance, in [18, 19].

We now introduce the weighted L^2 space X = {f ∈ L^2(R^2) | ‖f‖_X < ∞} where

‖f‖^2_X = ∫ R^2

|f(R, Z)|^2 e^{(R2 +Z2)/4} dR dZ . (4.25)

For later use we also denote

w(R, Z) = e^{(R2 +Z2)/4} , G(R, Z) = 1 4π e^{−(R2 +Z2)/4} , (R, Z) ∈ R^2 . (4.26)

The aim of this section is to prove the following result:

Proposition 4.3. The solution of (4.22) defined by (4.1) satisfies ‖f̄(t) − G‖_X → 0 as t → 0, where f̄ denotes the extension of f by zero outside Ω_ϵ.

Proposition 4.3 means that the axisymmetric vorticity ω_θ(r, z, t) is not only bounded from above by a self-similar function with Gaussian profile, as asserted in (4.3), but actually approaches a uniquely determined self-similar solution of the 2d vorticity equation as t → 0. Before giving a detailed proof, we make some preliminary remarks. Let X_0 ⊂ X be the Banach space defined by the norm

‖f‖_{X0} = sup_{(R,Z)∈R2} |f(R, Z)| e^{1−η4 (R2 +Z2)} + sup_{(R,Z)∈R2} |∇f(R, Z)| , (4.27)

where η ∈ (0, 1/2) is any fixed real number. We have the following elementary result:

Lemma 4.4. The space X_0 is compactly embedded in X, and the unit ball in X_0 is closed for the topology induced by X.

According to (4.3) and (4.4) the trajectory (f̄(t))_{t∈(0,T )} is bounded in X_0, hence relatively compact in X. We can thus consider the α-limit set A = { h ∈ X | there exists a sequence t_m → 0 such that ‖f̄(t_m) − h‖_X → 0 as m → ∞ } , which is of course nonempty. We know from Lemma 4.4 that A is bounded in X_0, and in view of (4.5) any h ∈ A satisfies ∫ h dR dZ = 1. Proposition 4.3 asserts that A is a singleton, namely A = {G}. The intuition behind this result is that the α-limit set A is (positively and negatively) invariant under the evolution defined on the whole plane R^2 by the limiting equation (4.24), which is obtained by formally taking the limit ϵ → 0 in (4.22). But it is proved in [19] that the only solutions of (4.24) that are uniformly bounded in X for all negative times τ are equilibria of the form f = αG, for some α ∈ R. Since we have the normalization condition ∫ h dR dZ = 1 for any h ∈ A, we conclude that A = {G}.

Making this argument rigorous requires a detailed comparison of the evolutions defined by equations (4.22) and (4.24), which is rather delicate. We thus prefer using a different argument to establish Proposition 4.3.

Proof of Proposition 4.3. Let h_∗ ∈ A, and let (t_m) be a sequence in (0, T ) such that t_m → 0 and ‖f̄(t_m) − h_∗‖_X → 0 as m → ∞. Our goal is to show that h_∗ = G. To prove that, it is convenient to return to the three-dimensional formulation of the vorticity equation. As in (1.3), we denote by u(x, t) and ω(x, t) the three-dimensional velocity and vorticity fields, respectively. For any m ∈ N, any y ∈ R^3, and any s ∈ (0, T ϵ^{−2}_m ), we define { u^{(m)}(y, s) = ϵ_m u(x̄ + ϵ_my , ϵ^2_ms) , ω^{(m)}(y, s) = ϵ^2_m ω(x̄ + ϵ_my , ϵ^2_ms) ,

(4.28)

where x̄ = (x̄_1, x̄_2, x̄_3) = (r̄, 0, z̄) ∈ R^3 and, in agreement with (4.2),

ϵ_m = √ νt_m r̄ , m ∈ N .

In other words, the vector fields u^{(m)}, ω^{(m)} are defined by a self-similar blow-up of the original quantities u, ω near the point x̄ ∈ R^3 and near the initial time t = 0.

It is clear that u^{(m)}, ω^{(m)} satisfy the three-dimensional vorticity equation

∂_sω^{(m)} + [u^{(m)}, ω^{(m)}] − νΔω^{(m)} = 0 , (4.29)

for y ∈ R^3 and 0 < s < T ϵ^{−2}_m , together with the constraints div u^{(m)} = 0 and curl u^{(m)} = ω^{(m)}. This is due to the scaling and translational symmetries of the equations. Note that, in (4.29) and in the rest of the proof, all spatial derivatives act on the variable y ∈ R^3. In view of (2.14) and (4.28), we have the a priori estimates

‖∂^k_s ∇^ℓ_yu^{(m)}(s)‖_L∞_{(R}3_) ≤

C_{kℓ}(M)M s^k(νs)^{ℓ/2} √ ν s , 0 < s < T ϵ^{−2}_m ,

which hold for all indices k, ℓ ∈ N, uniformly in m ∈ N. Up to extracting a subsequence, we can therefore assume that

u^{(m)} → ū , ω^{(m)} → ω̄ , as m → ∞ ,

with uniform convergence of both vector fields and all their derivatives on any compact subset of R^3 × (0, ∞). The limiting fields ū, ω̄ are smooth on R^3 × (0, ∞) and satisfy

∂_sω̄ + [ū, ω̄] − νΔω̄ = 0 , (4.30)

together with div ū = 0 and curl ū = ω̄.

We now relate the limiting vorticity ω̄ to the α-limit points of the rescaled vorticity f. In view of (4.1) and (4.28), we have, for all m ∈ N, all y ∈ R^3, and all s ∈ (0, T ϵ^{−2}_m ),

ω^{(m)}(y, s) = Γ νs f (√ (r̄ + ϵ_my_1)^2 + ϵ^2_my^2 − r̄

ϵ_m √ νs , y_3 √ νs , ϵ^2_ms ) e_θ(x̄ + ϵ_my) . (4.31)

For any fixed s > 0, we can assume (up to extracting another subsequence) that f(·, ·, ϵ^2_ms) converges in the topology of X to some h_s ∈ A as m → ∞. Since f(·, ·, t) is bounded in X_0, the convergence also holds uniformly on any compact set of R^3. Thus taking the limit m → ∞ in (4.31) and observing that e_θ(x̄) = e_2 = (0, 1, 0), we obtain

ω̄(y, s) = Γ νs h_s

( y_1 √ νs , y_3 √ νs ) e_2 =: ( 0, ω̄_2(y_1, y_3, s), 0 ) . (4.32)

We deduce in particular that

|ω̄_2(y_1, y_3, s)| ≤ K_η(M) Γ νs e^{− 1−η4νs (y21 +y23 )} , and ∫ R^2

ω̄_2(y_1, y_3, s) dy_1 dy_3 = Γ . (4.33)

Similarly, in view of (4.6) and (4.28), we have the relation

u^{(m)}(y, s) = Γ √ νs U^{ϵ̃m} (√ (r̄ + ϵ_my_1)^2 + ϵ^2_my^2 − r̄ ϵ_m √ νs , y_3 √ νs , ϵ^2_ms ) , where ϵ̃_m = ϵ_m √ νs/r̄. Taking the limit m → ∞, we infer as above that the limiting velocity ū has the particular form

ū(y, s) = ū_1(y_1, y_3, s)e_1 + ū_3(y_1, y_3, s)e_3 = ( ū_1(y_1, y_3, s), 0, ū_3(y_1, y_3, s) ) , (4.34)

and using Lemma 4.1 we also obtain the pointwise estimate

|ū(y, s)| ≤

C_{15}(M)Γ √ νs + |y_1| + |y_3|

, y ∈ R^3 , s > 0 . (4.35)

As div ū = 0 and curl ū = ω̄, we deduce from (4.32), (4.34) that ∂_1ū_1+∂_3ū_3 = 0 and ∂_3ū_1−∂_1ū_3 = ω̄_2. Since ū vanishes at infinity by (4.35), we conclude that (ū_1, ū_3) is the two-dimensional velocity field obtained from the scalar vorticity ω̄_2 via the Biot-Savart law in R^2.

Summarizing, we have shown that the limiting vorticity ω̄_2, together with the associated velocity (ū_1, ū_3), solves the Navier-Stokes equations in R^2 × (0, ∞), and it follows from (4.33) that ω̄_2(·, s) is uniformly bounded in L^1(R^2) and converges weakly to the Dirac measure Γδ_0 as s → 0. Invoking [19, Proposition 1.3], we deduce that, for any s > 0,

ω̄_2(y_1, y_3, s) = Γ νs G ( y_1 √ νs , y_3 √ νs ) = Γ 4πνs e^{−(y21 +y23 )/(4νs)} , (y_1, y_3) ∈ R^2 . (4.36)

In particular, setting s = s_∗ = r̄^2/ν, so that ϵ^2_ms = t_m, and comparing (4.32) with (4.36), we conclude that h_{s∗} ≡ h_∗ = G, which is the desired result.

4.4 Short time asymptotics

The goal of this section is to establish the short time estimate (1.7). Let χ : [0, ∞) → [0, 1] be a smooth nonincreasing function such that χ(x) = 1 for x ∈ [0, 1/4] and χ(x) = 0 for x ≥ 1/2. We define

f_0(R, Z, t) = G(R, Z)χ(ϵ^2(R^2+Z^2)) , (R, Z) ∈ R^2 , t ∈ (0, T ) , (4.37)

where ϵ = √ νt/r̄ and G(R, Z) = (4π)^{−1}e^{−(R2 +Z2)/4}, see (4.2), (4.26). Due to the localization function χ, it is clear that f_0(R, Z, t) vanishes when ϵR < −1/ √ 2. In particular, f_0 satisfies the Dirichlet boundary condition in the time-dependent domain Ω_ϵ = {(R, Z) ∈ R^2 | 1 + ϵR > 0}.

Lemma 4.5. There exists C_{16} > 0 such that, for any t ∈ (0, T ), the velocity field U^ϵ_0 = BS^ϵ[f_0] associated with f_0 satisfies

‖U^ϵ_0 ‖_L∞_{(Ωϵ)} ≤ C_{16} , ‖ div_∗ U^ϵ_0 ‖_L∞_{(Ωϵ)} ≤ C_{16} (ϵ + ϵ^2) . (4.38)

Proof. Since |f_0| ≤ G, the first bound in (4.38) is a direct consequence of estimate (4.10) in Lemma 4.1. In view of the identity

div_∗ U^ϵ_0 = ∂_RU^ϵ_{0,r} + ∂_Z U^ϵ_{0,z} = − ϵU^ϵ_{0,r} (1 + ϵR)

, (4.39)

it follows that | div_∗ U^ϵ_0 | ≤ Cϵ whenever the denominator 1 + ϵR is bounded away from zero. The proof of (4.38) is completed using the improved estimate

|U^ϵ_{0,r}(R, Z, t)| ≤ C(1 + ϵR)ϵ , (R, Z) ∈ Ω̃_ϵ , t ∈ (0, T ) , (4.40)

which holds in the subdomain Ω̃_ϵ = {(R, Z) ∈ R^2 | 0 < 1 + ϵR < 1/4}. To establish (4.40), we start from the representation (4.15) for U^ϵ_{0,r}, where f is replaced by f_0. Using the bound F̃ (ξ2) ≤ C|ξ|−3, which follows from (4.17), we easily obtain

|U^ϵ_{0,r}(R, Z, t)| 1 + ϵR

≤ Cϵ ∫ Ω_ϵ

(1 + ϵR^′)^2 ϵ^4ρ^4 f_0(R^′, Z^′, t) dR^′ dZ^′ , (4.41)

for all (R, Z) ∈ Ω_ϵ and all t ∈ (0, T ), where ρ = √ (R−R^′)^2 + (Z−Z^′)^2. The integrand in (4.41) is nonzero only in the region where ϵ^2(R^{′2} + Z^{′2}) ≤ 1/2. Thus 1 − 1/ √ 2 ≤ 1 + ϵR^′ ≤ 1 + 1/ √ 2, and if 1 + ϵR < 1/4 it follows that ϵρ ≥ ϵ(R^′ − R) ≥ 3/4 − 1/ √ 2 > 0. With these observations in mind, estimate (4.40) is a direct consequence of (4.41).

If f is the solution of (4.22) given by (4.1), and if U^ϵ is the associated velocity field, we decompose { f(R, Z, t) = f_0(R, Z, t) + f̃(R, Z, t) , U^ϵ(R, Z, t) = U^ϵ_0 (R, Z, t) + Ũ^ϵ(R, Z, t) ,

(R, Z) ∈ Ω_ϵ , t ∈ (0, T ) , (4.42)

where U^ϵ_0 = BS^ϵ[f_0] and Ũ^ϵ = BS^ϵ[f̃]. The equation satisfied by the perturbation f̃ is

t∂_tf̃ + γ div_∗ ( U^ϵ_0f̃ + Ũ^ϵf_0 ) + γ div_∗ (~ U^ϵf̃ ) = Lf̃ + ∂_R

( ϵf̃

1 + ϵR ) + H , (4.43)

where H is a source term which quantifies by how much f_0 fails to be an exact solution of (4.22). Explicitly, H = Lf_0 + ∂_R

( ϵf_0

1 + ϵR ) − t∂_tf_0 − γ div_∗ ( U^ϵ_0 f_0 ) . (4.44)

Here and in what follows, if V = (V_r, V_z ) is a vector field on Ω_ϵ or on the whole plane R^2, we denote div_∗ V = ∂_RV_r +∂_Z V_z. Note that the perturbation f̃ still satisfies the Dirichlet boundary condition on ∂Ω_ϵ.

It is clear from definition (4.37) that f_0 belongs for all times to the space X introduced in (4.25), and that ‖f_0(t) − G‖_X → 0 as t → 0. Thus the perturbation f̃ (implicitly extended by zero outside Ω_ϵ) belongs to X for all t ∈ (0, T ), and Proposition 4.3 implies that ‖f̃(t)‖_X → 0 as t → 0. In the rest of this section, using appropriate energy estimates, we prove that ‖f̃(t)‖_X = O(ϵ| log ϵ|) as t → 0, and this implies (1.7) in view of the continuous injection X → L^1(R^2).

For any t ∈ (0, T ), we define

E(t) = 1 2 ∫ Ω_ϵ

f̃(R, Z, t)^2w(R, Z) dR dZ , (4.45) where w(R, Z) = e^{(R2 +Z2)/4}, see (4.26). Although the integral in (4.45) is taken over the timedependent domain Ω_ϵ, there is no contribution from the boundary when we differentiate with respect to time, because f̃ satisfies the homogeneous Dirichlet condition on ∂Ω_ϵ. Using (4.43), we thus obtain tE^′(t) = ∫ Ω_ϵ

f̃(R, Z, t)(t∂_tf̃(R, Z, t))w(R, Z) dR dZ

= D_1(t) + D_2(t) + H(t) − γ ( A_1(t) + A_2(t) + N(t) ) , (4.46) where

D_1(t) = ∫ Ω_ϵ

f̃ (Lf̃)w dR dZ , D_2(t) = ∫ Ω_ϵ

f̃ ∂_R

( ϵf̃ 1 + ϵR ) w dR dZ ,

A_1(t) = ∫ Ω_ϵ

f̃ div_∗(U^ϵ_0f̃)w dR dZ , A_2(t) = ∫ Ω_ϵ

f̃ div_∗(Ũ^ϵf_0)w dR dZ ,

H(t) = ∫ Ω_ϵ

f̃ Hw dR dZ , N(t) = ∫ Ω_ϵ

f̃ div_∗(Ũ^ϵf̃)w dR dZ .

The main result of this section is Proposition 4.6. There exists δ > 0 and, for any γ > 0, there exist ϵ_0 ∈ (0, 1/2) and κ > 0 such that, if t > 0 is small enough so that ϵ ≤ ϵ_0, then tE^′(t) ≤ −2δE(t) + κϵ| log ϵ| E(t)^{1/2} + κE(t)^{1/2}E(t) + R(t) , (4.47) where R(t) ≤ e^{−1/(36ϵ2)} and

E(t) = 1 2 ∫ Ω_ϵ ( |∇f̃|^2 + (1 + R^2 + Z^2)f̃^2 ) w dR dZ ≥ E(t) . (4.48)

Proof. We proceed in six steps.

Step 1: Control of the mass. For any t ∈ (0, T ) we denote

m(t) = ∫ Ω_ϵ

f̃(R, Z, t) dR dZ = ∫ Ω_ϵ ( f(R, Z, t) − f_0(R, Z, t) ) dR dZ . (4.49)

We shall show that m(t) is extremely small for short times. Indeed, since ∫ R^2 G dR dZ = 1, it

follows from definition (4.37) that

0 ≤ 1 − ∫ Ω_ϵ

f_0(R, Z, t) dR dZ = ∫ R^2 ( 1 − χ(ϵ^2(R^2+Z^2)) ) G dR dZ ≤ e^{−1/(16ϵ2 )} , (4.50)

because, in the last integral, the integrand vanishes when R^2 + Z^2 ≤ 1/(4ϵ^2). On the other hand, estimate (3.8) (where one can take ρ = r̄/2) shows that Γ ≥ ∫_∞

r̄/2 {∫ R ω_θ(r, z, t) dz } dr ≥ Γ ( 1 − e^{−r̄2/(64νt)} ) , and in view of (4.1) this implies that

0 ≤ 1 − ∫ Ω_ϵ

f(R, Z, t) dR dZ ≤ e^{−1/(64ϵ2 )} . (4.51)

Combining (4.50) and (4.51), we deduce that

|m(t)| ≤ e^{−1/(64ϵ2 )} , where ϵ = √ νt r̄ . (4.52)

Step 2: The diffusive terms. After this preliminary step, we estimate separately the various terms in the right-hand side of (4.46), starting with D_1(t) and D_2(t) which originate from the diffusion operator in (4.43). Using the identity (Lf̃)w = div_∗(w∇f̃) + wf̃ and integrating by parts, we first obtain

D_1 = ∫ f̃(Lf̃)w dR dZ = ∫ ( −|∇f̃|^2 + f̃^2 ) w dR dZ . (4.53)

Here and in what follows, all integrals are taken over the domain Ω_ϵ, or over the whole plane R^2 if one extends the integrands by zero outside Ω_ϵ (as we implicitly do when necessary). For simplicity we also write f̃ instead of f̃(R, Z, t), and similarly for other quantities.

Estimate (4.53) is not sufficient for our purposes, because it is not clear if the right-hand side is negative. To improve it, we observe that f̃(Lf̃)w = g̃(Lg̃) where g̃ = w^{1/2}f̃ and L is the linear operator defined by

Lg̃ = Δg̃ −

R^2 + Z^2 16 g̃ + 1 2 g̃ .

We thus have the alternative formula

D_1 = ∫ g̃(Lg̃) dR dZ = ∫ ( −|∇g̃|^2 −

R^2 + Z^2 16 g̃^2 + 1 2 g̃^2 ) dR dZ . (4.54)

The operator L is related to the quantum harmonic oscillator in R^2. With the normalization above, it is self-adjoint in L^2(R^2) with spectrum σ(L) = {−n/2 | n = 0, 1, 2 . . . }, see e.g. [18, Appendix A], and this observation already implies that D_1 ≤ 0. Moreover, the kernel of L is one-dimensional and spanned by the function w^{1/2}G. As a consequence, if f̃ has zero mean over R^2, then g̃ = w^{1/2}f̃ is orthogonal to w^{1/2}G in L^2(R^2), hence belongs to the invariant subspace where L ≤ −1/2. Thus

D_1 = ∫ f̃(Lf̃)w dR dZ ≤ −1 2 ∫ f̃^2w dR dZ , if ∫ f̃ dR dZ = 0 . (4.55)

In the general case, we can decompose f̃ = m(t)G + f̂, so that f̂ has zero mean by construction. As LG = 0, we have ∫~ f(Lf̃)w dR dZ = ∫^ f(Lf̂)w dR dZ and applying (4.55) to f̂ we obtain

D_1 = ∫ f̂(Lf̂)w dR dZ ≤ −1 2 ∫ f̂^2w dR dZ = −1 2 ∫ f̃^2w dR dZ + m(t)^2 8π . (4.56)

We now take a convex combination of estimates (4.53), (4.54), and (4.56), for instance with coefficients 1/6, 1/6, and 2/3. This gives our improved bound

D_1 ≤ − ∫ ( 1 6 |∇f̃|^2 +

R^2 + Z^2 96 f̃^2 + 1 12 f̃^2 ) w dR dZ + m(t)^2 12π ≤ − E 48 + m(t)^2 12π . (4.57)

Next, we consider the second diffusive term D_2. Integrating by parts and using the fact that ∂_Rw = Rw/2, we find

D_2 = − ϵ 2 ∫ (~ f 1 + ϵR

)_2 ∂_R ( (1+ϵR)w ) dR dZ = − ϵ^2 2 ∫ (~ f 1 + ϵR

)_2 w dR dZ − ϵ 4 ∫ (~ f^2 1 + ϵR ) Rw dR dZ . (4.58)

The last term in (4.58) has no sign, but is obviously harmless when 1 + ϵR ≥ 1/4. In the subdomain Ω̃_ϵ = {(R, Z) | 0 < 1 + ϵR < 1/4}, we can apply Young’s inequality to obtain ϵ 4 ∫ Ω̃_ϵ

( f̃ 2

1 + ϵR ) |R|w dR dZ ≤ ϵ^2 2 ∫ Ω̃_ϵ ( f̃ 1 + ϵR

)_2

w dR dZ + 1 32 ∫ Ω̃_ϵ

f^2R^2w dR dZ , (4.59)

where we replaced f̃ by f in the last integrand because f_0 vanishes identically in Ω̃_ϵ. Using the upper bound (4.3) with (for instance) η = 1/4, we see that the last integral in (4.59) is transcendentally small. Summarizing, we have shown that

D_2 ≤ ϵ ∫ f̃^2|R|w dR dZ + C e^{−1/(16ϵ2 )} ≤ 2ϵE^{1/2}E^{1/2} + C e^{−1/(16ϵ2 )} , (4.60)

where the constant C > 0 depends only on M = γ. Note that the first term in the right-hand side of (4.60) is bounded by 2ϵE and can therefore be controlled by the negative terms in (4.57), if ϵ is small enough.

Step 3: The source term. We turn our attention to the source term H defined in (4.44). We claim that ‖H(t)‖_X ≤ Cϵ + Cγϵ| log ϵ| , (4.61) whenever ϵ ≤ 1/2, where C > 0 is a universal constant. To prove (4.61) we consider separately the various terms in (4.44). First, as ∂_tG = LG = 0, it is straightforward to verify that both quantities t∂_tf_0 and Lf_0 are transcendentally small in X as ϵ → 0. Next, since 1+ϵR is bounded away from zero on the support of f_0, it is clear that the second-term in the right-hand side of (4.44) is O(ϵ) in X. So the main contribution comes from the last term γ div_∗ ( U^ϵ_0f_0 ) , which requires a more careful analysis. We observe that

div_∗ ( U^ϵ_0 f_0 ) = U^ϵ_0 · ∇f_0 + div_∗(U^ϵ_0 )f_0 = (U^ϵ_0 − U^0_0 ) · ∇f_0 + div_∗(U^ϵ_0 )f_0 , (4.62)

where U^0_0 = BS^0[f_0] denotes the velocity field obtained from f_0 via the two-dimensional Biot- Savart law (4.18). Note that U^0_0 · ∇f_0 = 0, because f_0 is radially symmetric in R^2, but we included that term in (4.62) so that the right-hand side contains the difference U^ϵ_0 − U^0_0 , which can be estimated using inequality (4.19) (with f replaced by f_0). We thus find

|U^ϵ_0 (R, Z, t) − U^0_0 (R, Z, t)| ≤ Cϵ 1 + ϵR ( 1 + log_+

1 + ϵR ϵ ) , (4.63)

and it follows easily that ‖(U^ϵ_0 − U^0_0 ) · ∇f_0‖_X ≤ Cϵ| log ϵ| if ϵ is small enough. Moreover, by Lemma 4.5, the last term in (4.62) is O(ϵ) in X. This concludes the proof of (4.61), and we deduce that H = ∫ f̃ Hw dR dZ ≤ CE^{1/2} ( ϵ + γϵ| log ϵ| ) , (4.64)

whenever ϵ ≤ 1/2.

Step 4: The advection terms. We now consider the terms produced by the advection operator f̃ → div_∗(U ϵ_0f̃) and the nonlocal operator f̃ → div_∗(Ũ ϵf_0) in (4.43). Integrating by parts, we find A_1 = ∫ f̃ div_∗(U^ϵ_0f̃)w dR dZ = 1 2 ∫ f̃^2(div_∗ U^ϵ_0)w dR dZ − 1 2 ∫ f̃^2(U^ϵ_0 · ∇w) dR dZ .

By Lemma 4.5, the first integral in the right-hand side is bounded by Cϵ‖f̃‖^2_X if ϵ is small. The second integral is decomposed as A_{11} + A_{12}, where

A_{11} = ∫ Ω_ϵ\Ω̃_ϵ

f̃^2((U^ϵ_0 − U^0_0 ) · ∇w) dR dZ , A_{12} = ∫ Ω̃_ϵ

f̃^2(U^ϵ_0 · ∇w) dR dZ . (4.65)

We recall that Ω̃_ϵ = {(R, Z) ∈ R^2 | 0 < 1 + ϵR < 1/4} and U^0_0 = BS^0[f_0]. Note that U^0_0 · ∇w = 0, because w is radially symmetric in R^2, but it is useful to make the difference U^ϵ_0 − U^0_0 appear in the term A_{11}. Using (4.63) and the obvious bound |∇w| ≤ C(|R| + |Z|)w, we obtain

|A_{11}| ≤ ∫ Ω_ϵ\Ω̃_ϵ Cϵ 1 + ϵR ( 1 + log_+

1 + ϵR ϵ ) f̃^2(|R| + |Z|)w dR dZ ≤ Cϵ| log ϵ| E^{1/2}E^{1/2} .

In the subdomain Ω̃_ϵ, we use the estimate |U^ϵ_0 (R, Z, t)| ≤ Cϵ, which is similar to (4.40) and can be established by exactly the same argument. This gives

|A_{12}| ≤ Cϵ ∫ Ω̃_ϵ

f̃^2(|R| + |Z|)w dR dZ ≤ Cϵ E^{1/2}E^{1/2} .

Altogether we have shown that

|A_1| ≤ Cϵ| log ϵ| E^{1/2}E^{1/2} . (4.66)

As for the nonlocal term A_2, we observe that

A_2 = ∫ f̃ div_∗([Ũ^ϵ − Ũ^0]f_0)w dR dZ + ∫ f̃ (Ũ^0 · ∇[f_0 − G])w dR dZ , (4.67)

where Ũ^0 = BS^0[f̃] is the velocity field obtained from the vorticity f̃ via the two-dimensional Biot-Savart law (4.18). In deriving (4.67) we used the nontrivial observation ∫ f̃ (Ũ^0 · ∇G)w dR dZ ≡ ∫ R^2

f̃ (BS^0[f̃] · ∇G)w dR dZ = 0 ,

which was first made in [19, Lemma 4.8]. Let A_{21} denote the first term in the right-hand side of (4.67). Integrating by parts, we find

A_{21} = − ∫ f_0 (~ U^ϵ − Ũ^0 ) · ∇(f̃w) dR dZ . (4.68)

Note once again that f_0 is supported in the region where 1 + ϵR ≥ 1/4, and in that domain we infer from (4.19) that |Ũ^ϵ − Ũ^0| ≤ Cϵ| log ϵ|‖f̃‖_L1_{∩L}2 . Using Hölder’s inequality and the continuous injection X → L^1(R^2) ∩ L^2(R^2), we deduce that

|A_{21}| ≤ Cϵ| log ϵ|‖f̃‖_X ∫ ( |∇f̃| + (|R|^2 + |Z^2|)^{1/2}|f̃| ) dR dZ

≤ Cϵ| log ϵ|E^{1/2} {∫ ( |∇f̃|^2 + (|R|^2 + |Z^2|)|f̃|^2 ) w dR dZ

}_{1/2}

≤ Cϵ| log ϵ|E^{1/2}E^{1/2} . (4.69)

Again the right-hand side can be controlled by the negative terms in (4.57) if ϵ is sufficiently small.

Finally, let A_{22} denote the last integral term in (4.67). Here the integral is taken over the domain Ω̂_ϵ = {(R, Z) | ϵ^2(R^2 +Z^2) ≥ 1/4}, because f_0 = G on Ω_ϵ \Ω̂_ϵ. Using Hölder’s inequality, we obtain

[A_{22}| ≤ C ∫ Ω̂_ϵ

|Ũ^0||f̃|(R^2+Z^2)^{1/2} dR dZ ≤ C‖Ũ^0‖_L4 {∫ Ω̂_ϵ

|f̃|^{4/3}(R^2+Z^2)^{2/3} dR dZ

}_{3/4} .

As Ũ^0 is the velocity field obtained from f̃ via the two-dimensional Biot-Savart law, the Hardy- Littlewood-Sobolev inequality implies that ‖Ũ^0‖_L4 ≤ C‖f̃‖_L4/3 ≤ C‖f̃‖_X . On the other hand, using Hölder’s inequality again, we find ∫ Ω̂_ϵ

|f̃|^{4/3}(R^2+Z^2)^{2/3} dR dZ ≤ {∫ |f̃|^2w dR dZ

}_{2/3}{∫

Ω̂_ϵ

(R^2+Z^2)^2 1 w^2 dR dZ

}_{1/3} , where the last integral can be explicitly computed and is found to be transcendentally small as ϵ → 0. Summarizing, we have shown that |A_{22}| ≤ C e^{−1/(32ϵ2 )} ‖f̃‖^2_X , hence

|A_2| ≤ |A_{21}| + |A_{22}| ≤ Cϵ| log ϵ| E^{1/2}E^{1/2} . (4.70)

Step 5: The nonlinear term. Finally we consider the nonlinear term N in (4.46). Integrating by part, we find N(t) = − ∫ f̃ Ũ^ϵ · (w∇f̃ + f̃∇w) dR dZ , (4.71)

so that |N(t)| ≤ C ∫ |Ũ^ϵ| ( |f̃|w^{1/2} ) (( |∇f̃| + (R^2+Z^2)^{1/2}|f̃| ) w^{1/2} ) dR dZ .

We apply the trilinear Hölder inequality to the right-hand side, with exponents 4, 4, and 2. Since Ũ^ϵ = BS^ϵ[f̃], it follows from (4.10) (using again the Hardy-Littlewood-Sobolev inequality) that ‖Ũ^ϵ‖_L4 ≤ C‖f̃‖_L4/3 ≤ C‖f̃‖_X . On the other hand, using Sobolev’s interpolation inequality, we see that ‖f̃w^{1/2}‖_L4 ≤ C‖f̃w^{1/2}‖^{1/2}_{L2} ‖∇(f̃w^{1/2})‖^{1/2}_{L2} ≤ CE^{1/4}E^{1/4} .

Finally, ‖ ( |∇f̃| + (R^2+Z^2)^{1/2}|f̃| ) w^{1/2}‖_L2 ≤ CE^{1/2} .

Altogether, we have shown that

|N| ≤ CE^{3/4}E^{3/4} ≤ CE^{1/2}E . (4.72)

Alternatively, one can apply the trilinear Hölder inequality with exponents ∞, 2, 2, and deduce from (4.10) that ‖Ũ^ϵ‖_L∞ ≤ C‖f̃‖^{1/2}_{L4/3} ‖f̃‖^{1/2}_{L4} ≤ CE^{1/4}E^{1/4}. This also leads to (4.72).

Step 6: Conclusion. Combining estimates (4.52), (4.57), (4.60), (4.64), (4.66), (4.70), and (4.72), we obtain (4.47). Note that the negative term −2δE and the remainder R in (4.47) are entirely produced by the diffusion terms D_1 and D_2, whereas the quantities κϵ| log ϵ| E^{1/2} and κE^{1/2}E originate from the source term H and the cubic term N, respectively. As for the advections terms A_1 and A_2, their contributions can be controlled by the negative term if ϵ is small enough.

Proof of estimate (1.7) in Theorem 1.1. We know from Proposition 4.3 that f(t) converges to G in X as t → 0, and so does f_0(t) in view of definition (4.37). Thus E(t) → 0 as t → 0. As long as t is small enough so that ϵ ≤ ϵ_0 and κE(t)^{1/2} ≤ δ/2, where ϵ_0, κ, δ are as in Proposition 4.6, it follows from (4.47) and Young’s inequality that

tE^′(t) ≤ −δE(t) + R_1(t) ≤ −δE(t) + R_1(t) , (4.73)

where R_1 ≤ Cϵ^2| log ϵ|^2. Integrating that differential inequality, we obtain

E(t) ≤ t^{−δ}

∫_t 0 s^{δ−1}R_1(s) ds =: R_2(t) , (4.74) where again R_2 ≤ Cϵ^2| log ϵ|^2. From that bound, we see that there exists ϵ_1 ∈ (0, ϵ_0) such that our assumption κE^{1/2} ≤ δ/2 is satisfied whenever ϵ ≤ ϵ_1. So, for ϵ ≤ ϵ_1, we have

‖f(t) − f_0(t)‖_L1_{(Ωϵ)} = ‖f̃(t)‖_L1_{(Ωϵ)} ≤ C‖f̃(t)‖_X ≤ CE(t)^{1/2} ≤ Cϵ| log ϵ| ,

and since f_0 is extremely close to G this proves exactly (1.7), after returning to the original variables. When ϵ_1 ≤ ϵ ≤ 1/2, estimate (1.7) obviously holds (for some appropriate constant C_1), because the left-hand side is trivially smaller than 2|Γ|.

4.5 Uniqueness

This final section is devoted to the uniqueness claim in Theorem 1.1. Assume for this purpose that ω^{(1)}_θ , ω^{(2)}_θ ∈ C^0((0, T ), L^1(Ω) ∩ L^∞(Ω)) are two mild solutions of equation (1.4) which are uniformly bounded in L^1(Ω) and converge weakly to Γ δ_{(r̄,z̄)} as t → 0. Introducing self-similar variables as in (4.1), we obtained two rescaled vorticities f_1(R, Z, t), f_2(R, Z, t) which can both be decomposed as in (4.42):

f_1(R, Z, t) = f_0(R, Z, t) + f̃_1(R, Z, t) , f_2(R, Z, t) = f_0(R, Z, t) + f̃_2(R, Z, t) .

The associated velocity fields are decomposed in a similar way:

U^ϵ_1(R, Z, t) = U^ϵ_0 (R, Z, t) + Ũ^ϵ_1(R, Z, t) , U^ϵ_2 (R, Z, t) = U^ϵ_0 (R, Z, t) + Ũ^ϵ_2 (R, Z, t) .

We take the difference of both solutions and denote

f̃(R, Z, t) = f_1(R, Z, t) − f_2(R, Z, t) = f̃_1(R, Z, t) − f̃_2(R, Z, t) , Ũ^ϵ(R, Z, t) = U^ϵ_1 (R, Z, t) − U^ϵ_2 (R, Z, t) = Ũ^ϵ_1 (R, Z, t) − Ũ^ϵ_2(R, Z, t) .

The evolution equation for f̃ reads

t∂_tf̃ + γ div_∗ ( U^ϵ_0f̃ + Ũ^ϵf_0 ) + γ div_∗ (~ U^ϵf̃_1 + Ũ^ϵ_2f̃ ) = Lf̃ + ∂_R

( ϵf̃

1 + ϵR ) . (4.75)

This is basically the same equation as (4.43), except that the source term H has disappeared when taking the difference of the equations for f̃_1 and f̃_2, and the nonlinear term has been expanded as follows: Ũ^ϵ_1f̃_1 − Ũ^ϵ_2f̃_2 = (~ U^ϵ_1 − Ũ^ϵ_2 )~ f_1 + Ũ^ϵ_2 (~ f_1 − f̃_2 ) . In analogy with (4.45) we denote E = 1 2 ∫ f̃^2w dR dZ , E_1 = 1 2 ∫ f̃^2_1 w dR dZ , E_2 = 1 2 ∫ f̃^2_2 w dR dZ ,

and as in (4.48) we also define E = 1 2 ( |∇f̃|^2 + (1 + R^2 + Z^2)f̃^2 ) w dR dZ .

We claim that for ϵ < ϵ_0 ≤ 1/2 we have

tE^′(t) ≤ −2δE(t) + κ ( E_1(t)^{1/2} + E_2(t)^{1/2} ) E(t) + R̃(t) , (4.76)

with the remainder R̃(t) satisfying R̃(t) ≤ e^{−1/(36ϵ2 )}. This is obtained by repeating the proof of Proposition 4.6, with only minor adjustments. No new estimates are needed, the only change worth mentioning is that the expression (4.71) is replaced by − ∫ ( Ũ^ϵf̃_1 + Ũ^ϵ_2f̃)(w∇f̃ + f̃∇w) dR dZ . (4.77)

The integral (4.77) is bounded by the cubic term κ(E_1(t)^{1/2} + E_2(t)^{1/2})E(t) in (4.76). To see this, we can control the term produced by U^ϵf̃_1 using the alternative approach mentioned at the end of Step 5 above, while the second nonlinear term arising from Ũ^ϵ_2f̃ can be treated by the original approach in Step 5. Of course inequality (4.76) does not include any term of the form κϵ| log ϵ| E(t)^{1/2}, because in (4.47) that term was produced by the source H which does not appear in (4.75).

As long as t is small enough so that κ(E_1(t)^{1/2} + E_2(t)^{1/2}) ≤ δ, it follows from (4.76) that tE^′(t) ≤ −δE(t) + R̃(t), hence

E(t) ≤ t^{−δ}

∫_t 0 s^{δ−1}R̃(s) ds = O ( e^{−1/(36ϵ2 )} ) . (4.78)

This already shows that E(t) converges extremely rapidly to zero as t → 0, but our actual goal is to prove that E(t) vanishes identically.

To do that, our strategy is to combine (4.78) with another estimate, which is less sophisticated and simply shows that E(t) cannot grow faster than some (large) power of t. As long as ϵ ≤ 1/2, we claim that tE^′(t) ≤ −δE(t) + KE(t) + κ ( E_1(t)^{1/2} + E_2(t)^{1/2} ) E(t) , (4.79)

for some positive constants K and κ (depending on γ). Note that there is no remainder term R̃(t) in (4.79), but this is obtained at the expense of including the positive term KE(t) with a (possibly large) constant K. To obtain (4.79), the only modifications in the proof of Proposition 4.6 concern the diffusive terms D_1 and D_2. To bound D_1 we forget about (4.56) and only take a convex combination of (4.53), (4.54), with coefficients 1/3 and 2/3. The result is

D_1 ≤ − ∫ ( 1 3 |∇f̃|^2 +

R^2+Z^2 24 f̃^2 + 1 3 f̃^2 ) w dR dZ + ∫ f̃^2w dR dZ . (4.80)

As for D_2, we use estimate (4.59) on the whole domain Ω_ϵ and add it to (4.58), which gives

D_2 ≤ 1 32 ∫ f̃^2R^2w dR dZ . (4.81)

When taking the sum D_1 +D_2, we observe that the right-hand side of (4.81) is entirely absorbed in the negative terms that appear in (4.80). In particular, no remainder term is produced.

Now, whenever t is small enough so that κ(E_1(t)^{1/2} + E_2(t)^{1/2}) ≤ δ, it follows from (4.79) that tE^′(t) ≤ KE(t), hence

E(t) ≤ ( t t_0

)_K

E(t_0) , 0 < t_0 < t . (4.82)

In view of (4.78), the right-hand side of (4.82) converges to 0 as t_0 → 0. Thus E(t) = 0, and we deduce that f_1(t) = f_2(t) for all sufficiently small times. Returning to the original variables, we conclude that ω^{(1)}_θ (r, z, t) = ω^{(2)}_θ (r, z, t) , for sufficiently small times, hence for all t ∈ (0, T ) in view of the well-posedness result established in [17, Theorem 1.1]. The proof of Theorem 1.1 is now complete. □

5 Appendix

5.1 Convergence of signed measures

For easy reference, we collect here a few remarks on weak convergence of signed measures. The content of this section is probably standard, although most of the classical literature is devoted to the particular case of probability measures. We state the results in a general framework, but in the rest of the paper all measures are defined on the half-plane Ω ⊂ R^2. We first recall a few definitions.

1. Given a locally compact metric space X, we denote by C_0(X) the space of all continuous functions f : X → R that vanish at infinity in the following sense: for any ϵ > 0, there exists a compact set K ⊂ X such that |f(x)| ≤ ϵ for all x ∈ K^c := X \ K. Equipped with the supremum norm, C_0(X) is a real Banach space.

2. Let M(X) be the set of all finite, signed, regular Borel measures on X. If μ ∈ X, we denote by |μ| the total variation of μ [29], which is a nonnegative finite Borel measure on X. The total variation norm of μ is the real number ‖μ‖ = |μ|(X) ≥ 0. Equipped with the total variation norm, the space M(X) becomes a real Banach space.

3. By the Riesz-Markov theorem [29], if Φ : C_0(X) → R is any continuous linear functional, there exists a unique measure μ ∈ M(X) such that

Φ(f) = ∫ X f dμ , for all f ∈ C_0(X) . (5.1)

Moreover the total variation norm ‖μ‖ is precisely the norm of the linear functional Φ. The space M(X) can thus be identified via (5.1) to the topological dual C_0(X)^′. 4. If (μ_n) is a sequence in M(X), we say that μ_n converges weakly to μ ∈ M(X) if

lim_{n→∞} ∫ X f dμ_n = ∫ X f dμ , for all f ∈ C_0(X) . (5.2)

We write μ_n ⇀ μ as n → ∞. This notion coincides with the weak-∗ convergence in M(X) ≃ C_0(X)^′. We always have ‖μ‖ ≤ lim inf_{n→∞} ‖μ_n‖ .

5. A family of measures F ⊂ M(X) is tight if, for any ϵ > 0, there exists a compact set K ⊂ X such that |μ|(K^c) ≤ ϵ for all μ ∈ F. Any singleton {μ} is necessarily tight, because the measure μ ∈ M(X) is inner regular. If (μ_n) is a tight sequence in M(X) that converges weakly to μ ∈ M(X), the convergence in (5.2) holds for all bounded and continuous functions f : X → R, and not only for all f ∈ C_0(X). This is the case, for instance, if (μ_n) is a sequence of probability measures that converges to a probability measure μ.

The main purpose of this section is to state the following basic result:

Proposition 5.1. Let (μ_n) be a sequence in M(X), and let μ ∈ M(X). We assume that

μ_n ⇀ μ and ‖μ_n‖ → ‖μ‖ , as n → ∞ .

Then |μ_n| ⇀ |μ| as n → ∞, and the sequence (|μ_n|) is tight.

Proof. The result is obvious if μ = 0, so we assume henceforth that μ ≠ 0. Then μ_n ≠ 0 for all sufficiently large n ∈ N, and we can thus define the normalized measures

μ̃_n = μ_n ‖μ_n‖

, and μ̃ = μ ‖μ‖ . By construction |μ̃_n| and |μ̃| are now probability measures on X, and μ̃_n ⇀ μ̃ as n → ∞.

Let U be an open subset of X, and take f ∈ C_0(U) such that |f(x)| ≤ 1 for all x ∈ U. We denote by f̄ : X → R the extension of f by zero outside U. One verifies that f̄ ∈ C_0(X), so that | | ∫ U f dμ̃ | | = | | ∫ X f̄ dμ̃ | | = lim_{n→∞} | | ∫ X f̄ dμ̃_n | | ≤ lim inf n→∞ |μ̃_n|(U) ,

because |f̄| ≤ 1_U (the indicator function of U). It follows that

|μ̃|(U) = sup {| | | ∫ U f dμ̃ | | ; f ∈ C0(U) , ‖f‖∞ ≤ 1 } ≤ lim inf n→∞ |μ̃_n|(U) . (3)

Since (3) holds for any open set U ⊂ X, the celebrated Portmanteau theorem [5] implies that |μ̃_n| ⇀ |μ̃| as n → ∞, hence also |μ_n| ⇀ |μ| as n → ∞.

As (|μ̃_n|) is a sequence of probability measures that converges weakly to the probability measure |μ̃| ∈ M(X), the sequence (|μ̃_n|) is tight (see the discussion above), and so is the sequence (|μ_n|).

5.2 Velocity bounds in L^∞(R^3)^{−1}

This section is devoted to the proof of Lemma 2.9. We first note that it is enough to show that ‖u‖_{(L}∞_)−1 ≤ c when ω_θ = δ_{(r̄,z̄)} for some (r̄, z̄) ∈ Ω, as the general situation can be thought of as a continuous superposition of these special cases. Moreover, due to the scaling invariance and the translational symmetry along the z–axis, it is enough to consider the particular case where r̄ = 1, z̄ = 0.

The proof can be motivated by the following observation, which is as a variant of formula (1.11) in [28]:

∂_i log |x| = div (x_i∇ log |x|) in R^2 (i = 1, 2) . (5.3) This shows that, in dimension two, the vector field ∇ log |x| belongs to (L^∞)^{−1}, and not only to BMO^{−1}. We now consider a three-dimensional analogue of (5.3), which is adapted to our purposes. Let G(x) = 1 4π|x|

, x ∈ R^3 \ {0} ,

be the fundamental solution of the Laplacian in R^3, and consider the matrix-valued function P = −∂_3G 0 ∂_1G 0 −∂_3G ∂_2G ∂_1G ∂_2G ∂_3G .

Note that div P = 0 in R^3 \ {0}, where (as usual) div P is the vector given in coordinates by (div P )_i = ∂_j P_{ij} . In the sense of distributions, we have

∇G = div (x_3P ) , in D^′(R^3) . (5.4)

Let us parametrize the vortex filament supported by the circle C = {(x_1, x_2, 0) | x^2_1 + x^2 = 1} using γ(s) = (cos s, sin s, 0) for s ∈ (−π, π]. The associated velocity field U is

U(x) = curl

∫_π −π G(x − γ(s))γ^′(s) ds =

∫_π −π ∇G(x − γ(s)) ∧ γ^′(s) ds . (5.5)

Using (5.4) together with the fact that |γ^′(s)| = 1, we see that to prove our claim, it is enough to establish a uniform bound for the quantity ∫_π −π |(x − γ(s))_3P (x − γ(s))| ds = |x_3|

∫_π −π |P (x − γ(s))| ds .

As |P (x)| ≤ c|x|^{−2}, we only need to bound the expression

I(x) =

∫_π −π |x_3| |x − γ(s)|^2 ds =

2π|x_3| √ (1 + |x|^2)^2 − 4(x^2_1 + x^2) . But (1 + |x|^2)^2 − 4(x^2_1 + x^2) = (1 − x^2_1 − x^2)^2 + 2(1 + x^2_1 + x^2)x^2_3 + x^4_3 ≥ 2x^2_3, hence I(x) ≤ √ 2π. The proof is thus complete. □ Remark 5.2. If we only wish to prove a BMO^{−1} bound for u, which is sufficient to apply the results of [30], we see from (5.5) that it is enough to estimate the vector field

A(x) =

∫_π −π G(x − γ(s))γ^′(s) ds

in the space BMO. This can be done in a number of ways. For example, we note that ∇A ∈ L^p(R^3) for any p ∈ (1, 2), and near the circle C we have |∇A(x)| ≲ dist(x, C)^{−1}. This easily gives a uniform bound on R^{−3+p} ∫ B_{x,R} |∇A(y)|

p dy, which implies that A ∈ BMO.

If one is willing to use deeper results in harmonic analysis, one can apply for example Theorem 3 on page 159 of Stein’s book [31] and some elementary estimates to see that, for the BMO bound of A = Δ^{−1}ω, it is enough to control

sup_{x∈R3} sup_{R>0} 1 R ∫ B_{x,R}

|ω(y)| dy .

That quantity is in turn bounded by c‖ω_θ‖_L1_{(Ω)}, as is easily verified.

5.3 Bounds on the fundamental solution

This section is devoted to the proof of Proposition 3.9. Since the existence of a (unique) fundamental solution Φ is known from the work of Aronson, we concentrate on the derivation of the upper bound (3.26), and for that purpose we adapt to our particular situation the efficient approach of Fabes and Stroock [9]. Without loss of generality, we take ν = 1, we assume that the functions U, V are smooth and bounded on R^n × [0, T ], and we prove estimate (3.26) for s = 0.

Let f be a smooth solution to (3.25) on R^n × [0, T ], with (for instance) compactly supported initial data. Given any fixed vector α ∈ R^n, we define g(x, t) = e^{−α·x}f(x, t) for x ∈ R^n and t ∈ [0, T ]. The evolution equation satisfied by g is

∂_tg + U · ∇g + (U · α + V )g = Δg + 2α · ∇g + α^2g . (5.6)

The proof of the upper bound on the fundamental solution of (3.25) involves four steps:

Step 1: L^1 estimate. Assuming first that g is a nonnegative solution of (5.6), and using the assumption that div U = 0, we compute d dt ∫ g dx = α^2 ∫ g dx − ∫ (U · α + V )g dx ≤ ( α^2 + |α|‖U(t)‖_L∞ + ‖V (t)‖_L∞ ) ∫ g dx .

Here and in what follows all integrals are taken over the whole Euclidean space R^n, and for simplicity we write ‖U(t)‖_L∞ instead of ‖U(·, t)‖_L∞_{(R}n_). Applying Gronwall’s lemma, we obtain the estimate ∫ |g(x, t)| dx ≤ (∫ |g(x, 0)| dx ) exp ( α^2t +

∫_t 0 ( |α|‖U(s)‖_L∞ + ‖V (s)‖_L∞ ) ds ) , (5.7) for t ∈ [0, T ]. Note that (5.7) remains valid in the general case where g changes its sign.

Step 2: L^1–L^2 estimate. By a similar calculation, we find 1 2 d dt ∫ g^2 dx = ∫ g ( Δg + 2α · ∇g + α^2g − U · ∇g − (U · α + V )g ) dx = − ∫ |∇g|^2 dx + ( α^2 + |α|‖U(t)‖_L∞ + ‖V (t)‖_L∞ ) ∫ g^2 dx .

To estimate the right-hand side we apply Nash’s inequality (∫ g^2 dx

)_{1+2/n}

≤ C_n (∫ |g| dx

)_{4/n} ∫ |∇g|^2 dx ,

which holds for any g ∈ L^1(R^n) ∩ H^1(R^n) with a constant C_n > 0 depending only on the space dimension n. We thus obtain the estimate 1 2 d dt ∫ g^2 dx ≤ − (∫ g^2 dx

)_{1+2/n}

C_n (∫ |g| dx

)_{4/n} + ( α^2 + |α|‖U(t)‖_L∞ + ‖V (t)‖_L∞ ) ∫ g^2 dx , (5.8)

which is a differential inequality for the L^2 norm of the solutions of (5.6). To solve (5.8), we temporarily denote

Λ(t) = α^2t +

∫_t 0 ( |α|‖U(s)‖_L∞ + ‖V (s)‖_L∞ ) ds ,

A(t) = exp(−Λ(t)) ∫ |g(x, t)| dx ≤ A(0) ,

B(t) = exp(−2Λ(t)) ∫ g(x, t)^2 dx , t ∈ [0, T ] .

Here the bound A(t) ≤ A(0) is a reformulation of (5.7). Using (5.8), we find

B^′(t) ≤ − 2 C_n (∫ g^2 dx

)_{1+2/n} (∫ |g| dx

)_{4/n} e^{−2Λ(t)} ≤ − 2 C_n ( B(t) e^{2Λ(t)}

)_{1+2/n} ( A(0) e^{Λ(t)}

)_{4/n} e^{−2Λ(t)}

= − 2 C_n

B(t)^{1+2/n} A(0)^{4/n}

, 0 < t ≤ T .

Integrating this simple differential inequality we obtain B(t) ≤ (C^′_nA(0))^2t^{−n/2} for t ∈ (0, T ], where C^′_n = (nC_n/4)^{n/4}. In other words, we have proved the L^1–L^2 estimate

‖g(t)‖_L2 ≤

C^′_n t^{n/4}

‖g(0)‖_L1 exp ( α^2t +

∫_t 0 ( |α|‖U(s)‖_L∞ + ‖V (s)‖_L∞ ) ds ) , (5.9)

for all t ∈ (0, T ].

Step 3: L^1–L^∞ estimate. We consider the adjoint equation

∂_tg̃ − U · ∇g̃ + (U · α + V )g̃ = Δg̃ − 2α · ∇g̃ + α^2g̃ , (5.10) which has exactly the same structure as (5.6). In particular, the L^1–L^2 bound (5.9) holds for the solutions of (5.10), and using a standard duality argument this implies the following L^2–L^∞ estimate for the solutions of (5.6):

‖g(t)‖_L∞ ≤

C^′_n t^{n/4}

‖g(0)‖_L2 exp ( α^2t +

∫_t 0 ( |α|‖U(s)‖_L∞ + ‖V (s)‖_L∞ ) ds ) , (5.11)

for all t ∈ (0, T ]. To obtain the L^1–L^∞ bound we estimate ‖g(t/2)‖_L2 in terms of ‖g(0)‖_L1 using (5.9), and then ‖g(t)‖_L∞ in terms of ‖g(t/2)‖_L2 using the analogue of (5.11). Denoting C^{′′}_n = 2^{n/2}C^{′2}_n , this gives

‖g(t)‖_L∞ ≤

C^{′′}_n t^{n/2}

‖g(0)‖_L1 exp ( α^2t +

∫_t 0 ( |α|‖U(s)‖_L∞ + ‖V (s)‖_L∞ ) ds )

≤ C^{′′}_n t^{n/2}

‖g(0)‖_L1 exp ( α^2t + 2K_1|α| √ t + K_2 ) , (5.12)

for all t ∈ (0, T ], where in the second inequality we used definitions (3.24).

Step 4: conclusion. By construction the solutions of (5.6) can be represented as

g(x, t) = ∫ e^{α·(y−x)}Φ(x, t; y)g(y, 0) dy , x ∈ R^n , 0 < t ≤ T ,

where Φ(x, t; y) = Φ_{U,V,1}(x, t; y, 0) is the fundamental solution of equation (3.25) with ν = 1. Estimate (5.12), which holds for all smooth and compactly supported initial data g(x, 0), is thus equivalent to the pointwise upper bound

Φ(x, t; y) ≤

C^{′′}_n t^{n/2} e^{α·(x−y)} exp ( α^2t + 2K_1|α| √ t + K_2 ) , x, y ∈ R^n , 0 < t ≤ T . (5.13)

The vector α ∈ R^n was arbitrary, and the dependence upon α is fully explicit in (5.13). Given x, y ∈ R^n and t > 0, we can thus choose α = −(x − y)/(2t), in which case (5.13) becomes

Φ(x, t; y) ≤

C^{′′}_n t^{n/2} exp ( − |x − y|^2 4t + K_1

|x − y| √ t + K_2 ) . (5.14)

This proves (3.26) for ν = 1 and s = 0, and the general case easily follows. □

References

[1] H. Abidi, Résultats de régularité de solutions axisymétriques pour le système de Navier- Stokes, Bull. Sci. Math. 132 (2008), 592–624 (in French).

[2] A. Ambrosetti and M. Struwe, Existence of steady vortex rings in an ideal fluid, Arch.

Rational Mech. Anal. 108 (1989), 97–109.

[3] D. G. Aronson, Bounds for the fundamental solution of a parabolic equation, Bull. Amer.

Math. Soc. 73 (1967), 890–896.

[4] D. Benedetto, E. Caglioti, and C. Marchioro, On the motion of a vortex ring with a sharply concentrated vorticity, Math. Methods Appl. Sci. 23 (2000), 147–168.

[5] P. Billingsley, Convergence of probability measure, 2nd edition, Wiley Series in Probability and Statistics, Wiley, 1999.

[6] J. Bourgain, N. Pavlovic, Ill-posedness of the Navier-Stokes equations in a critical space in 3D, J. Funct. Anal. 255 (2008), 2233–2247.

[7] A. J. Callegari and L. Ting, Motion of a curved vortex filament with decaying vortical core and axial velocity, SIAM J. Appl. Math. 35 (1978), 148–175.

[8] E. A. Carlen and M. Loss, Optimal smoothing and decay estimates for viscously damped conservation laws, with applications to the 2-D Navier-Stokes equation, Duke Math. J. 81 (1995), 135–157 (1996).

[9] E. B. Fabes and D. W. Stroock, A new proof of Mosers parabolic Harnack inequality via the old ideas of Nash, Archive Rat. Mech. Anal. 96 (1986), 327–338 [10] H. Feng and V. Šverák, On the Cauchy problem for axi-symmetric vortex rings, Arch.

Rational Mech. Anal. 215 (2015), 89–123.

[11] S. Friedlander and V. Vicol, Higher regularity of Hölder continuous solutions of parabolic equations with singular drift velocities, J. Math. Fluid Mech. 14 (2012), 255–266.

[12] L. E. Fraenkel, On steady vortex rings of small cross-section in an ideal fluid, Proc. Roy.

Soc. London A 316 (1970), 29–62.

[13] L. E. Fraenkel and M. S. Berger, A global theory of steady vortex rings in an ideal fluid, Acta Math. 132 (1974), 14–51.

[14] A. Friedman and B. Turkington, Vortex rings: existence and asymptotic estimates, Transactions of the AMS 268 (1981), 1–37.

[15] I. Gallagher and Th. Gallay, Uniqueness for the two-dimensional Navier-Stokes equation with a measure as initial vorticity, Math. Ann. 332 (2005), 287–327.

[16] I. Gallagher, Th. Gallay, and P.-L. Lions, On the uniqueness of the solution of the twodimensional Navier-Stokes equation with a Dirac mass as initial vorticity, Math. Nachr. 278 (2005), 1665–1672.

[17] Th. Gallay and V. Šverák, Remarks on the Cauchy problem for the axisymmetric Navier- Stokes equations, Confluentes Mathematici 7 (2015), 67–92.

[18] Th. Gallay and C. E. Wayne, Invariant manifolds and the long-time asymptotics of the Navier-Stokes and vorticity equations on R^2, Arch. Ration. Mech. Anal. 163 (2002), 209– 258.

[19] Th. Gallay and C. E. Wayne, Global Stability of vortex solutions of the two-dimensional Navier-Stokes equation, Comm. Math. Phys. 255 (2005), 97–129.

[20] P. Germain, The second iterate for the Navier-Stokes equation, J. Funct. Anal. 255 (2008), 2248–2264.

[21] Y. Giga and T. Miyakawa, Navier-Stokes flow in R^3 with measures as initial vorticity a nd Morrey spaces, Comm. Partial Diff. Equations 14 (1989), 577–618.

[22] J. Guillod, V. Šverák, Numerical investigations of non-uniqueness for the Navier-Stokes initial value problem in borderline spaces, preprint, arXiv:1704.00560.

[23] H. Jia and V. Šverák, Are the incompressible 3d Navier-Stokes equations locally ill-posed in the natural energy space? J. Funct. Anal. 268 (2015), 3734–3766.

[24] G. Koch, N. Nadirashvili, G. Seregin, and V. Šverák, Liouville theorems for the Navier- Stokes equations and applications, Acta Math. 203 (2009), 83–105.

[25] H. Koch and D. Tataru, Well-posedness for the Navier-Stokes equations, Adv. Math. 157 (2001), 22–35.

[26] O. Ladyzhenskaya, Unique solvability in the large of the three-dimensional Cauchy problem for the Navier-Stokes equations in the presence of axial symmetry, Zap. Nauchn. Semin. Leningr. Otd. Mat. Inst. Steklova 7 (1968), 155–177 (in Russian).

[27] S. Leonardi, J. Málek, J. Nečas, and M. Pokorný, On axially symmetric flows in R^3, Z.

Anal. Anwendungen 18 (1999), 639–649.

[28] H. Osada, Diffusion processes with generators of generalized divergence form, J. Math.

Kyoto Univ. 27 (1987) 597–619.

[29] W. Rudin, Real and complex analysis, 2nd edition, McGraw-Hill Series in Higher Mathematics, McGraw-Hill, 1974.

[30] L. Silvestre, G. Seregin, V. Šverák and A. Zlatos, On divergence-free drifts, J. Differential Equations 252 (2012), 505–540.

[31] E. M. Stein, Harmonic Analysis, Princeton University Press, Princeton, 1993. [32] M. Ukhovskii and V. Yudovich, Axially symmetric flows of ideal and viscous fluids filling the whole space, J. Appl. Math. Mech. 32 (1968), 52–61.