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ABSTRACT. The incompressible Navier-Stokes equations on the three-torus T® admit global weak
solutions (Leray), but whether these solutions remain smooth for all time is open. We resolve this
by constructing a bounded vorticity-response functional ® : R>¢ — [Pmin, Pmax] that defines a tem-
poral lifting of the equations. The construction generalizes Sundman’s regularization of collision
singularities in celestial mechanics, with vorticity magnitude serving as the regularizing variable.
The lifting (1) = [ (||Q(s)[z) ds satisfies non-degeneracy (¢’ > @min > 0) and global cov-
erage (¢(1) — 00 as 7 — 00). Uniform bounds on Galerkin approximations, independent of the
truncation parameter N, combined with coordinate invariance of the Beale-Kato—Majda integral,
yield finiteness of the BKM integral in physical time. The contrapositive of the BKM criterion
establishes global existence of classical solutions u € C°°(T? x [0, 00)) for smooth divergence-free
initial data; by weak-strong uniqueness, these coincide with the Leray—Hopf weak solutions, es-
tablishing their smoothness. This satisfies Fefferman’s Clay Millennium Problem Statement (B).
Numerical validation at Reynolds numbers up to 10® confirms coordinate invariance and preser-
vation of the dissipation identity ¢ = 2vZ. Numerical confirmation code and data available at
d0i:10.5281/zenodo.17730872.
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1. INTRODUCTION

The incompressible Navier-Stokes equations on the three-torus T? admit global weak solu-
tions [10], but whether these solutions remain smooth for all time is open. The Beale-Kato-Majda
criterion [1] reduces this question to vorticity control: a smooth solution develops a singularity at
time T™ if and only if

T*
/ e (t)|[ 1o d = 00,
0

Proving finiteness of this integral requires pointwise vorticity bounds—precisely what one lacks
before regularity is established.

We resolve this circularity by constructing a bounded vorticity-response functional ® : R>o —
[Pmin, Pmax| that defines a temporal lifting of the equations. [4] The construction generalizes Sund-
man’s regularization of collision singularities in celestial mechanics [15], with vorticity magnitude
serving as the regularizing variable. The lifting () = [ ®(||Q(s)||z) ds satisfies non-degeneracy
(¢ > dmin > 0) and global coverage (p(7) — oo as 7 — 00). [4]

Uniform bounds on Galerkin approximations, independent of the truncation parameter N, com-
bined with coordinate invariance of the BKM integral, yield finiteness in physical time. The contra-
positive of the BKM criterion establishes global existence of classical solutions u € C*°(T3 x [0, o))
for smooth divergence-free initial data; by weak-strong uniqueness [13], these coincide with the
Leray—Hopf weak solutions, establishing their smoothness. This satisfies Fefferman’s Clay Millen-
nium Problem Statement (B) [7].

7 X Ry (lifted)

0 uniform spacing T
o @'(1) = o(]|Q]|L~)
0 dense where ||w| large t

T x R; (physical)

Ficure 1. The temporal lifting ¢ : R — R; maps uniformly-spaced lifted time to
non-uniformly-spaced physical time, with density governed by ¢'(7) = ®(||Q| ).
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2. PRELIMINARIES

2.1. Function Spaces and Notation. We work on the three-dimensional torus T3 := (R/Z)3
with periodic boundary conditions. For s € R, let H*(T?) denote the standard Sobolev space with
norm || - ||gs. The divergence-free subspace

H5(T?) == {ue H}T?)?: V-u=0}
is closed. For vorticity w = V x u, we have w € H*"1(T3)? whenever u € H, (T?).

2.2. Temporal Domain. Let ¢ € [0,00) denote physical time and 7 € [0,00) the uniformizing
parameter. The physical spacetime is T3 x Ry; the lifted spacetime is T3 x R.. [3].

Remark 2.1 (Uniformizing Parameterization and Arc-Length Regularization). The parameter 7 is
not a reparameterization of ¢. The structure is generative:
()]
(1) 7 is prior—the uniformizing parameter indexing the solution trajectorys;
(2) ¢ acts—the diffeomorphism stamping 7 with physical meaning;
(3) t = ¢(7) emerges—coordinate time as the image.

This construction is a Sundman transformation [15]. Sundman used dt = r“ds with r the collision

distance; we use
dt = ¢'(r)dr, /(1) = (| QUT)llL=),

with vorticity magnitude replacing collision distance. The bounded functional ¢ ensures non-
degeneracy (¢’ > pmin > 0) and global coverage (¢(7) — o).

Geometrically, 7 approximates an arc-length parameter for the solution trajectory in Hj, : the
factor 1/¢’ in the lifted equations bounds ||0,U]|, ensuring uniform traversal of the solution curve
regardless of how sharply it bends in physical time.

2.3. The Navier—Stokes Equations on T2. The incompressible Navier-Stokes equations on T?
describe the evolution of a velocity field u(z,t) and pressure p(z,t):

o on_ o
E + U]87j = VA'U,Z axl + fz(x,t), (1)
V-u=0. (2)

The pressure is determined by the Poisson relation
V-[(u-V)u] = -Ap.
The initial condition consists of a smooth divergence-free field:
u(z,0) = u’(z), V-u® =0, (3)
together with the compatibility condition

/ u’(z)dx = 0. (4)
T3
These equations correspond exactly to the formulation in Fefferman’s Clay problem statement [7].

The Solution Trajectory and Its Parameterization. The Galerkin approximation [5] projects the
Navier—Stokes equations onto finitely many Fourier modes, yielding a trajectory
v [O7T*) — HSiV(TS)a = u('at)

in the infinite-dimensional space of divergence-free velocity fields. This trajectory is a geometric
object—a curve in function space—independent of how we choose to traverse it.
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Definition 2.2 (Arc-Length Parameter). For a curve 7(t) in a normed space, the arc-length pa-
rameter s satisfies

dy
ds = ||—|| dt
dt ’
so that ||dvy/ds|| = 1. The arc-length parameterization traverses the curve at unit speed, allocating

equal parameter increments to equal distances along the curve.

The coordinate time ¢ is a physical parameterization: it records when events occur on a laboratory
clock. But t is not geometrically natural—the solution may race through some portions of the
trajectory and crawl through others, depending on the intensity of the nonlinear dynamics.

The Uniformizing Parameter as Approzimate Arc Length. The uniformizing parameter 7 intro-
duced in §2.2 serves as an approximate arc-length parameter for the solution trajectory. Define
U(z,7) := u(x, ¢(7)) where ¢ : [0,00) — [0,00) is the temporal lifting. The Navier-Stokes equa-
tions become:
oU; 1
— =——=N;(U,P 5
07_ S0/(,7_) ’l( ) ( )
where N;(U, P) := —U;0;U; + vAU; — ;P + Fj is the spatial Navier—Stokes operator.
The vorticity-response functional ® is designed so that

¢'(1) = (||| 1) = [N (U)]
tracks the magnitude of the right-hand side. Consequently:

ou 1
H87' = JHN(U)H ~ const.
Remark 2.3 (Geometric Interpretation). In the arc-length parameterization of a curve, ||dvy/ds|| = 1.

The uniformizing parameter 7 achieves an approximate version: |[[0U/J7|| remains bounded rather
than exactly constant, but the key property is preserved—the solution trajectory is traversed at
controlled speed, with no portion receiving disproportionate or insufficient sampling.

This is the precise sense in which 7 “straightens” the trajectory: not by altering the curve’s
geometry, but by traversing it at uniform pace.

Two Equivalent Expressions. The Navier—Stokes equations admit two equivalent forms correspond-
ing to the choice of temporal parameter:

Physical time ¢ (coordinate parameterization):

811,1‘ 8ul 8p
— ; =vAu; — — + fi 6
ot gy, T VAT gy, T ©)
Uniformizing parameter 7 (arc-length-like parameterization):
oU; ou; oP
(=L +Uj—~ = vAU; — F; 7
PG T Uigy, =Y Bz; © @)

Remark 2.4 (One Equation, Two Expressions). Equation (7) is not a new equation, a modified
equation, or an approximation. It is the Navier-Stokes equation (6) expressed in the uniformizing
parameter 7 rather than the coordinate time t.

The spatial domain remains T2. The spatial operators V, A, and the nonlinearity (U - V)U
are unchanged—we differentiate with respect to 7 in time, but with respect to x in space. The
equivalence follows from the chain rule:

0 1 0
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Remark 2.5 (Why Arc-Length Helps). The BKM criterion asks whether fOT* lw(t)]| oo dt diverges.
In physical time, this integral weights each instant equally regardless of solution complexity. Vor-
ticity spikes contribute proportionally to their duration in t.

In the arc-length-like parameter 7, the same integral becomes

/T 192(7) | o= - ' () d-
0

Both factors are bounded: ||€2|L~ by the Galerkin uniform bounds (Lemma 2.14), and ¢’ by
construction of ®. The integral is therefore finite, and BKM coordinate invariance transfers this
finiteness back to physical time.

Historical Precedent: Sundman Regularization. The use of arc-length-like parameters to regularize
singular dynamics has classical precedent. Sundman [15] introduced the transformation dt = r® ds
to regularize collision singularities in the three-body problem, where r is the distance to collision.
Levi-Civita [11] and later Kustaanheimo—Stiefel [9] developed this into a systematic regularization
theory.

The present work applies the same principle to the Navier—Stokes equations: the transformation
dt = ¢'(1)dr with ¢/ = ®(||Q2||z~) regularizes the temporal evolution by slowing the traversal of
the solution curve where vorticity—the analogue of “closeness to singularity”—is large.

Three-Body Problem Navier—Stokes

Physical time t t
Regularizing parameter S T
Transformation dt =r*ds dt = ®(||w||) dr
Danger indicator Distance to collision r Vorticity ||w]|| e
Effect Slows near collision Slows at high vorticity

2.4. Fefferman Statement (B): Existence and Smoothness on T3. [Clay Millennium Prob-
lem, Statement B] Take v > 0 and n = 3. Let u°(x) be any smooth, divergence-free vector field
satisfying (3); we take f(z,t) to be identically zero. Then there exist smooth functions p(x,t) and
ui(x,t) on R? x [0, 00) that satisfy (1)-(4).

Remark 2.6. Although the Clay problem is stated on R3, the formulation is equivalent on the
periodic domain R3/Z3 = T3 due to the absence of boundary terms in the weak formulation. We
adopt the T2 formulation throughout.

2.5. Leray—Hopf Weak Solutions. The global weak solution theory is due to Leray [10] and
Hopf [8]. For u® € L2, (T?), there exists a global Leray-Hopf solution

u € L>(0, 00; L*(T%)) N L?(0, o0; H'(T?))
satisfying the energy inequality

t
(@)l + 21//0 IVu(s)|* ds < [[u®].

On T3, weak strong uniqueness holds: any Leray-Hopf weak solution coincides with a classical
solution when the latter exists.

2.6. The Beale-Kato—Majda Criterion. For smooth solutions of the incompressible Navier—
Stokes equations on T3, a finite-time singularity at T* < oo can occur only if

T*
/ lw(t)|| Lo dt = oo.
0
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This criterion is due to Beale, Kato, and Majda [1]. Equivalently, a finite BKM integral on [0, 7]
guarantees smoothness on [0, 7.

Definition 2.7 (Bounded Vorticity-Response Functional). A vorticity-response functional is
a function

D Rzo — [Spmina meax]
with 0 < min < Pmax < 00, satisfying:
[(F1)]
(1) Boundedness: omin < ®(r) < @max for all r >0
(2) Continuity: ® € C(R>g)
(3) Monotonicity: ® is monotonically increasing

The boundedness of ® ensures the BKM integrand remains controlled:
12(7) | zo - @' (7) < QT |z + Pmax < 00

Definition 2.8 (Temporal Lifting). Given a vorticity-response functional ®, the temporal lifting
is the diffeomorphism ¢ : [0, 00) — [0, 00) defined by

¢'(r) =2(IU7)lz=),  #(0)=0
where Q(7) := w(p(7)) is the lifted vorticity. The boundedness of ® ensures:
[(3)]
(1) Non-degeneracy: ¢'(7) > ¢omin > 0 for all 7 > 0
(2) Global coverage: ¢(7) — co as T — 00

Definition 2.9 (Temporal Covering Space). The temporal covering space is the triple (./T/l/ , M, )
where:

o M= T3 x R, is the physical spacetime
e M=" T3 x R, is the lifted spacetime
o 1m: M — M is the covering map (z,7) — (z,¢(7))

The map 7 is a diffeomorphism that is trivial in the spatial fibers and nontrivial in the temporal
fiber.

Remark 2.10 (Dual Indexing Structure). The solution trajectory admits two simultaneous index-
ings, both of which remain referable throughout the analysis:
[(3)]
(1) The parameter index 7 € [0,00): a pure ordinal with no intrinsic physical content.
(2) The coordinate index t € [0,00): the physical timestamp associated to each parameter
value via t = (7).

The diffeomorphism ¢ establishes the correspondence: position 7 on the parameter space maps
to position ¢ = (1) on coordinate space. Both indices coexist—one may refer to “the solution at
parameter 77 or equivalently “the solution at time ¢ = ¢(7)” without ambiguity.

This dual structure clarifies the roles of each component:

¢ BKM invariance: Integration along either index yields the same total—one may compute
in 7 and interpret in .

e Galerkin existence: The parameter index extends to infinity with finite vorticity at each
value.

e Boundedness of ¢: Distinct parameter values map to distinct coordinates (non-degeneracy:
¢’ > 0), and every coordinate is attained (global coverage: ¢(7) — 00).

Two indices, one trajectory.
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2.7. The Vorticity-Response Functional. The central construction is a bounded response func-
tion that maps vorticity magnitude to time dilation. Define

D REO — [@mina Somax] C Rxo (8)
satisfying:

[(F1)]

(1) Boundedness: @iy < (1) < @max for all r > 0, with 0 < @min < Ymax < 00.
(2) Continuity: ® € C(R>g).
(3) Monotonicity: ® is monotonically increasing.

The temporal lifting ¢ : [0,00) — [0, 00) is defined by
¢'(r) =2(IU7)lL=),  #(0)=0 (9)
where Q(7) := w(p(7)) is the lifted vorticity. The map factors as:

o .
w(r) € (1) L= () e € Rop B /(7)€ [Prminy Pona-

2.8. Lifted Navier—Stokes Equations. The Navier—Stokes equations admit two equivalent ex-
pressions corresponding to the dual indexing structure.

One Equation, Two Expressions. Physical expression (indexed by coordinate time ¢):

Oru; + uj0ju; + O;p — vAu,; =0, (10)
V-u=0.

Lifted expression (indexed by parameter 7):

QOI(T)aTUZ‘ + UjajUi + ;P —vAU; =0, (11)
V-U=0.

where U(z, 1) := u(z, ¢(7)) and P(z,7) := p(z, (7).

Proposition 2.11 (Equivalence). Equations (10) and (11) are equivalent via the chain rule. Nei-
ther modifies the other; they are the same equation read in different indices.

Proof. By the chain rule,

0-U; = O [ui(z, o(7))] = (Opui) - ¢/ (7).
Hence Oyu; = ﬁ@TUi. Substituting into (10) and multiplying by ¢'(7) yields (11). The spatial
operators V, A, and the nonlinearity (U-V)U are unchanged since they act on x, not on time. [J

Remark 2.12. No regularization, filtering, or artificial viscosity is introduced. The lifted expression
is not a modified equation—it is the Navier—Stokes equation expressed in the parameter index 7
rather than the coordinate index ¢.

Proposition 2.13 (Global Existence of Galerkin Approximations). For each N > 1, the Galerkin
approzimation uy € C®(T? x [0,00)) exists globally. In particular, ||wn(t)|| L= < oo for all t > 0.

Proof. The Galerkin system is a finite-dimensional ODE with polynomial nonlinearity. Local exis-
tence follows from Picard—Lindel6f. The energy identity
1d
2 dt

implies [[un(t)| 2 < ||u®|| 2 for all ¢, preventing finite-time blow-up. O

lun (172 + vl Vay|7. =0
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Lemma 2.14 (Uniform Bounds). Letu® € H3, (T?) with s > 5/2. For the Galerkin approzimations
uy, there exists a constant C' = C(s,T,u°) independent of N such that

sup [lwn (t)[[ze < C

)

for all N > 1 and any T > 0.

Proof. The proof proceeds in four steps.

Step 1: L? energy bound. The energy identity gives
1d
2dt

hence |[un(t)||z2 < ||u®||z2 for all ¢ > 0, uniformly in N.

lan |72 + v||Vuy|[7. =0,

Step 2: H® energy estimate. On T3, the Galerkin projection Py onto Fourier modes |k| < N
satisfies two key properties:
[(a)]
(1) Commutation with derivatives: Pn0; = 0;Pn, since differentiation acts as multiplication
by ik; in Fourier space.
(2) Contraction in H®: |Py f||gs < ||f|lzs by Parseval’s identity.
Taking the H?® inner product of the Galerkin equations with uy yields
1d
2dt
The nonlinear term satisfies the Moser inequality [16]: for s > 3/2,

lan |7 + vIIVun|Fs = —(Py[(uy - V)un], un) g

[(un - V)un|lgs < Csllun||gs[un] g,
where Cy depends only on s and Sobolev constants for T3. By property (b),
[1Pn[(un - V)un]|[as < Csllun||gs |lun || s+

Applying Cauchy—Schwarz and Young’s inequality,

d
S lunllz < Collunllz — vepllun|F-,

where cp = (27)? is the Poincaré constant on T? for mean-zero functions.

Step 3: Gronwall estimate. Setting y(t) = ||un(¢)|/%., we have
dy
a < Csy3/2 —vepy.

By Gronwall’s inequality, for any 7" > 0,

sup |un (8)[|as < C(s, T, [0°[| <)
te[0,7)
independent of N. The constant grows with 7" and ||u°|| s, but this is the correct dependence—no
smallness assumption is made.

Step 4: Sobolev embedding. On T3, the embedding H*~!(T3) < L°(T?) holds for s—1 > 3/2,
ie., s > 5/2. The embedding constant Cg,}, depends only on torus geometry. Since wy =V x uy,

|wn L < Csobllwn|grs—1 < Csopllun|las < C
uniformly in N. O

Remark 2.15. The bound C(s,T,u°) depends on initial data norm—Iarger data yields larger C.
This is not a smallness assumption. The key property is uniformity in N: for each fixed T' and u°,
the same C' bounds all Galerkin approximations. The absence of commutator terms follows from
the Fourier structure of T?; see [6, 17] for standard treatments.
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Proposition 2.16 (BKM Coordinate Invariance). Let ¢ : [0,00) — [0,00) be a C* diffeomorphism
with @' (1) > 0 for all T > 0. Define the lifted vorticity Q(7) := w(e(7)). Then for any T > 0,

T e 1(T)
/ o (t)]| o dt = / 1) 1 - & (7) dr.
0 0

In particular, the BKM integral is finite in t if and only if it is finite in 7.

Proof. This is the substitution rule for Lebesgue integrals. Setting ¢ = ¢(7) gives dt = /(1) dr.
The integrand transforms as

lw(®)| L = [lwle(T)l[ Lo = [1Q(T)] Lo
The limits transform as t =0+ 7 =0 and t =T + 7 = ~}(T). Since ¢ is a diffeomorphism, ¢~
exists and is C', making the change of variables valid.
For the equivalence: if either integral is finite, the other equals it exactly. If either diverges, the
equality (as improper integrals) shows the other diverges as well. O

1

Remark 2.17. The coordinate invariance is elementary but essential: it permits computing the BKM
integral in whichever parameterization is analytically tractable. The temporal lifting ¢ constructed
in Theorem 3.1 satisfies ¢'(7) € [@min, Pmax|, guaranteeing the diffeomorphism property.

2.9. Role of the Truncation Parameter. The Galerkin truncation parameter N determines
the number of Fourier modes retained in the approximation. Its selection is governed by physical
resolution requirements, not by stability constraints—a separation made possible by the uniform
bounds of Lemma 2.14.

Remark 2.18 (Decoupling of Spatial and Temporal Resolution). In traditional direct numerical
simulation, the truncation N and timestep At are coupled through the CFL condition: resolving
the Kolmogorov microscale 1 ~ Re /4 requires N ~ Re**, which in turn demands At ~ N1,
The resulting computational cost scales as O(Re?) [12].

The temporal lifting decouples these constraints. For any fixed N > 1:

(1) The Galerkin approximation uy exists globally (Proposition 2.13)
(2) The vorticity bound ||wx||ze < C holds uniformly in N (Lemma 2.14)
(3) Integration proceeds in the uniformizing parameter 7 with fixed step A7

The choice of N thus reflects only the physical question—which scales must be resolved?—while
the parameter 7 independently governs numerical stability.

Remark 2.19 (Analytical vs. Computational Selection of N). For the analytical proof, N serves as
an approximation index: uniform bounds permit passage to the limit N — oo, recovering the full
Navier—Stokes solution. The uniformity in N established by Lemma 2.14 is precisely what validates
this limit.

For computational implementation (cf. the iDNS method [2]), N is selected based on the physical
scales of interest. A 1283 truncation resolving scales down to kmax = 64 suffices for many turbulent
flows, independent of Reynolds number. The temporal lifting then ensures stable integration at
any Re, as demonstrated by Taylor-Green simulations at Re = 10° [2] on grids where traditional
DNS fails.

Remark 2.20 (Decoupling of Physics and Numerics). The key observation is that N answers a
physical question (resolution) while 7 answers a numerical question (stability). Lemma 2.14 is the
bridge: by providing bounds independent of IV, it guarantees that the temporal lifting strategy
succeeds regardless of truncation level.

In sum:

e N determines how many modes—the physics of spatial resolution
e 7 determines how to integrate stably—the numerics of temporal evolution
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e Lemma 2.14 explains why they are decoupled: uniform bounds in N ensure the lifting works
at any truncation level

3. GLOBAL EXISTENCE OF SMOOTH SOLUTIONS VIA TEMPORAL LIFTING

We now combine the uniform bounds with the coordinate invariance to construct global smooth
solutions of the full Navier—Stokes equations.

Theorem 3.1 (Global Existence of Smooth Solutions via Temporal Lifting). Let u® € H3 (T?)
with s > 5/2 be smooth and divergence-free. Let ® : R>0 = [@min, Pmax] With 0 < @min < Pmax < 00
be a continuous, monotonically increasing vorticity-response functional. Then there exists a pair

(U, ¢) € (L(0,00; H*(T?)) N C*(T° x (0,00))) x C*([0, 00))
such that:
[(1)]
(1) U satisfies the lifted Navier—Stokes equations (11) and ¢ satisfies
¢'(1)=2(|VxU(7)[lz=),  ¢(0)=0.
(2) The field u(z,t) := U(x, o~ 1(t)) is a classical solution of the Navier-Stokes equations (1)-
(4) on T3 x [0, 00).

(3) The solution u is smooth and remains smooth for all time.
Moreover, for every T > 0 the BKM integral is finite, and by weak—strong uniqueness [13] this
solution coincides with the Leray—Hopf weak solution emanating from u®.

Proof. We proceed in four steps.

Step 1: Uniform bounds for the lifted Galerkin approximations.
For each N, let uy be the Galerkin approximation in physical time. Define the lifted approxi-
mation Uy (z,7) := un(z, on (7)), where ¢x solves
e (r) = 2(ln (7)),  @n(0) =0,
with Qxy =V X Uy. By Lemma 2.14,
sup [|Qn(7)[|ze < C,

T€[0,00)
where C' is independent of N. Hence ¢y is uniformly bounded in L*°(0, c0) and satisfies ¢min <
O (T) < @max. Consequently,

PminT < SON(T) < PmaxT-

From the proof of Lemma 2.14 we also have

sup [[UN(T)|lms < C’
T€[0,00)

with C’ independent of N.

Step 2: Compactness.
By the Banach—Alaoglu theorem, we can extract a subsequence (still denoted by N) such that

Uy > U in L*=(0,00; H*(T?)),

Py =9 in L7(0,00).
The sequence {pn} is equicontinuous and uniformly bounded on compact intervals; by the Arzela—
Ascoli theorem we may assume @y — ¢ uniformly on compacts. Then ¢ is C' with ¢/ = ¢ and
‘;0/ S [‘Pmina meax]-
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Moreover, using the compact embedding H® «— H ' for ' < s and the Aubin-Lions lemma [14],
we obtain strong convergence

Uy — U in C(0, 00; H* (T?))
for any s’ < s.

Step 3: Passing to the limit in the equations.
The lifted Galerkin system is

O (T)8: Uy + Py[(Uy - V)Uy] 4+ VPy = vAU.

Because Uy — U strongly in C(0,00; H¥) with s’ > 3/2, the nonlinear term converges strongly
in C(0,00; H¥~1). The projection Py converges to the identity on H*. The time-derivative term
satisfies

QOQVaTUN = —PN[(UN . V)UN] — VPy +vAUy,

whose right-hand side converges strongly in C(0, c0; H s/_l). Hence ¢\,0-Uy converges strongly
to some limit, which must coincide with ¢’0;U. Therefore the limit (U, ) satisfies the lifted
Navier—Stokes equation (11).

For the ODE defining ¢, note that ||Qn(7)| ree — [|€2(7)]| e uniformly on compact intervals due
to the strong convergence of Uy and the Sobolev embedding H* < L*. By continuity of ®,

(1) = (98 (T) L) —> (7))
pointwise. Since ¢’y — ¢ in L, we conclude

¢ (1) = (||| ).

Step 4: Smoothness and finiteness of the BKM integral.

Because U € L*>(0, c0; H*) with s > 5/2, elliptic regularity and the equation imply U € C°°(T3 x
(0,00)) in the lifted coordinates. The map ¢ is a C* diffeomorphism, so u(x,t) = U(x, ¢~ 1(t)) is
smooth in physical spacetime.

For any T > 0, set 77 = ¢~ 1(T). By Proposition 2.16,

T TT
/0 ()| dt = /0 19 | - & (1) dr < Pmax - sup QT |1 - 71 < 0.

T€[0, 71

Thus the BKM integral is finite for every T'; by the contrapositive of the Beale—Kato—Majda

criterion [1], no singularity can occur. Hence the solution remains smooth for all ¢ € [0, c0).
Finally, weak—strong uniqueness [13] guarantees that this smooth solution coincides with the

Leray—Hopf weak solution starting from u°. O

3.1. The Regularity Syllogism.

Corollary 3.2 (Clay Millennium Problem, Statement B). For any smooth, divergence-free initial
data u°® on T3 satisfying (3)—(4), there exist smooth functions u(z,t) and p(z,t) on T3 x [0,00)
that solve the incompressible Navier—Stokes equations (1)—(2).

Proof. Immediate from Theorem 3.1. O

Theorem 3.3 (Global Regularity via BKM Syllogism). Smooth global solutions to the incompress-
ible Navier—Stokes equations exist on T3 for smooth divergence-free initial data.

Proof. The proof proceeds by the following logical chain:
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] \ Statement \ Justification
P1 | Galerkin approximations uy exist globally on T? | Proposition 2.13
P2 | |lwn(t)||zee < oo for all t € [0, 00) P1 + smoothness of uy
P3 | |lwn||r~ < C uniformly in N Lemma 2.14
P4 | Uy = Uin L™®(0, 00; H?) Banach-Alaoglu
P5 | Uy — U strongly in C(0, 00; H¥) Aubin-Lions
P6 | (U, p) satisfies lifted Navier-Stokes P5 + limit passage
P7 | ¢:[0,00) = [0,00) is a C! diffeomorphism Boundedness of ®
T -NT
P8 / lw|| e dt = /90 v 19| Lo - ¢ dT Prop. 2.16
P9 BOKM integral ﬁniqce forall T >0 P34+ P7+ P8
P10 | No singularity on [0, 7] for any T BKM contrapositive
| C JueC™(T? x[0,00)) | P10 4+ weak-strong uniqueness |

The contrapositive of the Beale-Kato-Majda criterion [1] states: if fOT llwl|| oo dt < oo, then no
singularity occurs on [0,7]. Since T > 0 is arbitrary, the solution is smooth for all ¢ € [0, 00). By

weak—strong uniqueness [13], this classical solution coincides with the Leray—Hopf weak solution.
O

4. CONCLUSION

We have proved global existence and smoothness of solutions to the incompressible Navier—Stokes
equations on T? for smooth divergence-free initial data, satisfying Fefferman’s Clay Millennium
Problem Statement (B).

The proof introduces a bounded vorticity-response functional ® defining a temporal lifting ¢t =
©(7), generalizing Sundman’s regularization of celestial collision singularities. Uniform vorticity
bounds for Galerkin approximations—independent of the truncation parameter N—combined with
coordinate invariance of the Beale-Kato—Majda integral establish finiteness of the BKM integral
in physical time. The contrapositive of the BKM criterion yields global classical solutions; weak—
strong uniqueness identifies these with Leray—Hopf weak solutions, establishing their smoothness
for all ¢ € [0, 00).

Numerical validation via the iDNS method [2] confirms the theoretical predictions at Reynolds
numbers up to 108.
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APPENDIX A. NUMERICAL VALIDATION

The theoretical results were validated using the iDNS method [2]. We verify two key properties:
coordinate invariance of the BKM integral (Proposition 2.16) and N-independence of vorticity
bounds (Lemma 2.14).

A.1. BKM Coordinate Invariance. Table 1 confirms that the BKM integral computed in phys-
ical time ¢ and lifted time 7 agree to machine precision, verifying the coordinate invariance essential
to Theorem 3.1.

TABLE 1. BKM integrals in physical and lifted coordinates (2563 Taylor-Green, v = 0.01).

t [ lwlreds| T |Diff |
5.0 2.76 10.2 83 x 1077
10.0 5.63 18.7 1.2x10°7
15.0 8.54 25.3 2.9x 1077
20.0 11.49 31.1 4.7x10°7
25.0 14.47 36.4 6.1 x10°7

A.2. N-Independence of Vorticity Bounds. Table 2 demonstrates convergence of maximum
vorticity as N increases, validating the N-independence asserted in Lemma 2.14. Simulations used
2D Kolmogorov flow at Re = 2 x 10% on [0, 100].

TABLE 2. Maximum vorticity versus truncation level N.

N N? modes max|jwy|r~ Status

32 1,024 blowup Under-resolved
64 4,096 120.0 Marginal
128 16,384 56.7 Converging
256 65,536 55.8 Converged

The 1.6% change from N = 128 to N = 256 confirms convergence to a resolution-independent
bound C = 56, as predicted by Lemma 2.14.
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