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UNIVERSALITY RESULTS FOR A CLASS OF NONLINEAR
WAVE EQUATIONS AND THEIR GIBBS MEASURES

CHENMIN SUN, NIKOLAY TZVETKOV, AND WEILJUN XU

This text is based on a talk given by the second author on April 5, 2022 at the
seminar Laurent Schwartz. We thank the organizers for the invitation to present
our results.

1. THE MICROSCOPIC MODEL

For N > 1, consider as a microscopic model the weakly interacting waves of the
type
(1.1) O+ V> a + N~’TIyV'(a) =0, (t,x) € R x T%,
. ﬂ(()) ) = ¢7 (ata)(oa ) = 77Z)7
where T3, = (R/27mNZ)? is the two dimensional torus of side length 27N, V is the
even polynomial

V(u) = ZajUQj, m> 2, a, >0,
=0

satisfying certain structural conditions specified below, and Ily is the projection
operator such that

~

Iy f(k) = Lyp<n f ().
The differential operator |V|? acts on functions on torus of side length L as

L)

Here in the microscopic model, we take v = 2a and L = 27 N. Without the term
N=TINV'(@) in

VI F(k) = |

X+ |V|**u 4+ N~TIyV' (@) = 0
we have N linear waves (each Fourier coefficient) oscillating independently. Our goal
is to try to understand how the weak nonlinear interaction N =TIy V’(%) modifies
the free evolution for N > 1.
2. ON THE NATURE OF THE NONLINEAR INTERACTION
The presence of Ily in
O*u+ |V|**u+ NTIyV'(u) = 0, (t,2) € R x T%,
is essential for the existence of the dynamics. Indeed, consider

(2.1) OPu+ |V|**u+ N> =0, (t,2) € R x T%.
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Then for k > a/(1 — «), (2.1) is an energy supercritical problem and it is not clear
at all that there is a well-defined flow, even for smooth data (see for example the
recent work [11]). More precisely, the energy controls the H* norm while the scaling
invariant norm is H'~®/%. Then for a < 1,

(6% (8%
1——> — k> .
k @ 11—«

3. THE INITIAL DATA

The initial data qg and 1 in (1.1) are two random functions given by

Y X otk a:/N’ o ) — L hy, eikw/N’
o) = 5 “;VW V() %Nk%

where {g} and {h;} are standard complex Gaussians with g_; = gx, h_ = hy, and
otherwise independent. We omit their dependence on N to keep notations simple
and consistent (omitting the N in notation for microscopic quantities). This type of
initial condition is natural since the Gaussian measure it induces is invariant under
the perturbed linear evolution above (with the differential operator |V|** replaced
by w5 + |V|** and without nonlinear interaction).

The initial data is, very roughly speaking, of the type
|k\<N

for suitable function p : R*> — R.. In our case, p(x) = 1/(z)* for the initial position,
and p(z) = 1 for the initial velocity. Although natural from the invariance of the
perturbed linear dynamics, we should also note that our choice is also very restrictive
relating to the support of the corresponding Gibbs measure.

4. ASSUMPTIONS ON THE POTENTIAL

Note that ¢ has a stationary Gaussian distribution with ¢(z) ~ N (0, 0% ), where

1 1 1 1
4.1) o} = - / d¢ + O(N2179),
N 42 N2(1—a) |k|2§;v 1+ |k|2a 47?2 g1<1 |§|2 |

Let 0 be defined as above, fi be the law of N(0,0?), and

V() = /R V(e + y)ildy)

be the average of V under fi. Our main assumption on V is the criticality and
positivity of its averaged version (V).
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Assumption 4.1. V is an even polynomial of degree 2m > 4 with the form
2m
V(z) = ZajZQJ.
=0

Furthermore, we assume
(1) z =0 is a bifurcation point of (V') in the sense that (V)"(0) = 0.
(2) (V)(z) = (V)(0) > 0 for all = # 0.

The averaged version (V') has the expression

7=0
with
1 , I & (2k) i
4.2 ;= —E[VE(N(0,6%)] = — — . qy, - o2,
Hence, Condition (1) above is equivalent to say that @, = 0. Since the renor-

malisation term in the wave dynamics and the measures are constant multiples of
ay N2y and @y N2~ ¢32 respectively, Condition (1) guarantees that the di-
vergent parts in various terms are canceled out automatically, and there is no need
to subtract the renormalisation by hand. With Condition (1), Condition (2) is then
equivalent to the following positivity condition:

m

(4.3) » @07 >0, VzeR.

Jj=2

Exemple 4.2. If we fix ao > 0,...,a,, > 0, we can find a; < 0 such that our
assumptions on V are satisfied. For example

V(z) = 2% — 450222
satisfies the assumptions. We can also find V' > 0 such that our assumptions are
satisfied.
5. THE MACROSCOPIC MODEL

Our aim is to investigate the influence of the microscopic weak non-linear inter-
action to the macroscopic behaviour of @ under the above assumption on V. For
T? = (R/27Z)?, define the macroscopic process uy on R x T? by

uy(t,x) ;= N*"*u(N*, Nz), (t,z) € R x T2
It satisfies the equation

(51) 8t2uN + |V\2auN + N1+a79HNV/(UN/N17a) = 0, (t,SL’) € R x ':[12
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with initial data
(5.2)

uN,E)tuN O,I == N N < s thka>

( )(0,2) = (dn(2), ¥n( “%V W lk%

In order for uy to converge to a cubic equation, one necessarily sets 6 = 4a — 2
and hence 1+ a — 0 = 3(1 — «). Therefore we expect that under such a scaling at
macroscopic level the dynamics is governed by a ”cubic equation” (even if there is
no cubic term in the polynomial V' !).

For o € (3/4,1), let p be the Gaussian measure on D'(T?) (the space of distri-
butions on T?) with covariance operator (1 + |[V[**)~! and x4’ be the white noise
measure on T2, Equivalently, the Gaussian measures g and ' are induced by the
random fields

% L T e

T ez

Let iy := polly! and py = p'oIly' be the marginals of y and g/ on frequencies up

to N. Hence, the initial data of the macroscopic wave dynamics (5.1) are distributed

according to pux ® p'y. Let o3 be the variance of ¢ under uy, which is invariant

under translations and hence 7% does not depend on the spatial variable z. In fact,
a direct computation shows

1
(5:3) on =B ol = 5 Y e = (0 ) N,
kEZ2,[k|<N L+ k] 5
=N

where 0% and

1 1
5.4 o’ = / d¢
( ) 47T lg)<1 |£|
are as defined in (4.1), and erry = O(N~20-9) as N — +o0.

Now, let V' be an even polynomial satisfying Assumption 4.1. For every N € N,
let

(5.5) V() = N*=9V(p/N'™9),
and we have
(5.6) Z S i (0; %),

where Hy(-,0?) is the k-th Hermlte polynomial with leading coefficient 1 and vari-
ance o2. Recall that the Hermite polynomials are defined by

[e.9]

In particular

Hi(z;0) =, Hy(z;0) =2* — 0, Hs(w;0) = 2° — 30w
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The coefficients @; 5 can be explicitly computed as

— 1 2j 2
(5.7) aj N = mE[w J(N(0,03))]-

For every j, we have a;y — @; as N — 400, where @, are as given in (4.2).
Furthermore, the following slightly more delicate relation holds.

Proposition 5.1. Assume that o € (1/2,1). There ezists an absolute constant
Ao € R, such that as N — oo,

Ty =0 + AN72079 L O(N7Y) + O(N 4079,

6. WAVE DYNAMICS

Our main result concerns the behavior of the macroscopic wave-dynamics as
N — oo.

Theorem 6.1. Suppose that o € (8/9,1). Let 0 < a—1 and suppose that V' satisfies
Assumption 4.1 with X\ := 4ay > 0. Let uy be the solution of

8316]\[ + |V|2aUN + HNVJ(;(’LLN) = 0,

with initial data

(6.1) (un, Opun)|=0 = 5= E ———— """ hy(w) ™).
2m bt ( /1 + k|2 )

Then solutions of (with Ag € R given in Proposition 5.1)
Q?UN + |V|2aUN + 2)\01)]\[ + )\1_[]\7((1)]\[)3 — 3&]2\[1)]\[) =0

with initial data (6.1) converge almost surely in the sense of distribution on R x T2,
as N — oo and satisfy

dim fluy —onlle-mmy,pe ez =0, VT > 0.

In [13], we have a more detailed convergence statement by decomposing ux (and
also vy) into a random term with low regularity and a smoother contribution. The
latter converges in positive Sobolev norms.

We emphasize that our range of « is independent of the degree 2m of the po-
tential V. Indeed, the Cauchy problem (7.3) below without the negative powers
of N in higher nonlinearities in V' is highly supercritical. For large m, this is even
supercritical with respect to the probabilistic scaling, a notion introduced in [3, 4].
What saves us here is the truncation Il in frequency space and the negative power
of N in front of the high-power nonlinearity. The same situation appears in Hairer-
Quastel [8] for the KPZ equation (though in a different setup where the problem is
the singularity of the driving noise instead of the initial data).
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The theorem still holds true if the sharp cutoff in the truncation is replaced by a
smoother cutoff with a sufficiently fast decay smooth function. The constant A in
the final statement then will depend on the actual cutoff function.

7. THE GIBBS MEASURES

In order to prove Theorem 6.1, we re-write the macroscopic model (5.1) as
(7.1) 8t2uN+ (1+ |V|2a)UN+HN(V](7(UN) —’LLN) :O,

still with initial data (5.2). We add a mass term in the linear part in order to control
the free evolution of the zero-th Fourier mode, and modified the nonlinear term to
compensate the change. In fact, without the mass term, the zero-th mode will grow
in time under the linear evolution. Let

N 1 _

Vi(p) == V() = 5(¢° = %),
and let vy be the probability measure given by

1 —~
(7.2) vn(dg) = Z—e fr2 WOy (dg).
Zy

The measure vy is well defined as long as a,,, > 0, and vy ® gy is invariant under
the dynamics (7.1). If X := @y > 0, then the measure

1 O 1 02
V(d6) = Zeo et b ¢ ag)

is also well-defined, where ¢°* denotes the k-th Wick power of ¢ with respect to the
Gaussian structure induced by p. The measure v is known as the fractional ¢j with
exponent «.

Note that the measure v has an additional quadratic term on the exponential with
the opposite sign compared to the usual fractional ¢3. This is because we define
the Gaussian measure u to have covariance (1 +|V|?**)~!. Indeed, the measure v is
the same with the quadratic term removed if the reference Gaussian measure has
covariance |V|72* and 0-mode being a N(0, 1) random variable independent of all
other modes.

Recall that p’ is the white noise measure on T?. We define the measures i, Uy
and U by
f=p®u, Un = Un ® plly, vVi=v®u.
More precisely, writing gg = (¢, ¢'), we have

—,

In(dG) = vx(d@)uly (dg) = Zx'e fr2 WOy (dg) i (de),

and
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where the values of Zy and Z are the same as before. The equation (7.1) can be
written as a Hamiltonian system for @y := (uy, Quy) as

Un - 0 1 &
(7.3) Oy (atuN> - (—1 O) d(un, Orun)’

where the Hamiltonian is given by

entr.0) = 5 (VP F e+ o) + | Vil

For every N, the probability measure /y is invariant under the above Hamiltonian
dynamics. Theorem 7.1 below implies that 7y ® ux ® () converges to 7 in the
sense that the density with respect to [ converges in LP(ji) for every p > 1. The
measures [ and / are supported on

H- =) (T?) .= -7 (T?) x H~'(T?),

where
HY = ﬂ HYe.
e>0

The invariance of vy ® gy under the dynamics (7.1) is an essential ingredient in
the proof of Theorem 6.1. In addition, convergence of the measures itself may be of
independent interest.

7.1. Convergence of the measures. We now state our result on the convergence
of the Gibbs measures. For convenience, we introduce another measure 7y by

1 - 7 xX
Un(de) = vy @ py = Z¢ fa2 V(M) (dg),

where the normalization constant Zy is the same as the one in (7.2). For every
p > 1, define

AR [e—pr2 Vi (llyg)da|

Then Zy = Z](\}). We have the following statement.

Theorem 7.1. Let a € (%, 1). Suppose that V wverifies Assumption 4.1. Then for
every p > 1, we have

sup | log Zﬁ)] < 400
N
Furthermore, A :==ay > 0, and

T P
E#le™ Jr2 VN (TIy¢)de _ e 2 ¢°4da+1 [0 ¢°%da 50

for every p > 1. Hence, Uy converges to the fractional ¢3 measure v in the sense
that the densities with respect to u converge in LP(u).
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The restriction o > 3/4 is natural in the sense that in this range, one can define
the ¢* measure v by an absolutely continuous density with respect to the Gaussian
measure g. The fourth Wick power ¢°! fails to exist under u when a = 3/4, in
which case one expects to end up with a measure (after further renormalization)
that is mutually singular with respect to p.

The next proposition says that (4.3) is actually almost necessary for the main
theorem.

Proposition 7.2. If there evists 6 € R such that 33", @0%U=2) < 0, then there

exists ¢ > 0 such that log Zy > c¢N*1=% for all N € N. As a consequence, the
densities dvy /du do not converge in L*(p).

8. COMPARISON WITH PARABOLIC EQUATIONS AND OTHER DISPERSIVE MODELS

This type of weak universality was first studied by Hairer-Quastel ([8]) in deriving
the KPZ equation from a large class of microscopic growth models. It has later been
extended in various directions in the setting of parabolic singular stochastic PDEs
([10, 9, 12, 6, 5]). A key feature in this type of problem is that every term in the
expansion of the nonlinearity has the same size — and hence the constant A of this
limiting equation depends on the whole nonlinearity rather than the naive guess of
the corresponding power only. As far as we know, our Theorem 6.1 is the first one
for dispersive models fitting in this situation.

Technically, one difference between dispersive and parabolic equations is the lack
of L*™ based estimates in the dispersive setting. Hence, the heuristic reasoning
that negative powers of N balance out high powers of singular objects needs more
involved justification with the help of dispersive tools. A second technical differ-
ence lies in the globalization argument. In the parabolic setting, the global-in-time
convergence follows from the global well-posedness of the limiting equation and sta-
bility. However in the current dispersive setting, even though the limiting equation
is globally well-posed, the stability properties are not good enough here, and we
need to make an essential use of invariant measure to get global convergence.

Note that our techniques can be used to extend the weak universality result of
Gubinelli-Koch-Oh [7] for the 2D stochastic nonlinear wave equation to the sto-
chastic nonlinear fractional wave equation with space-time white noise, formally
written as

Otu+ |V u+ u+ M =&, (t,r) € RT x T?

when « > 8/9. The weak universality result of Gubinelli-Koch-Oh is a consequence
of the almost sure global well-posedness for the two-dimensional nonlinear wave
equation (o = 1) with any order nonlinearity, while for the fractional wave equation
with o < 1, the situation is radically different.
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9. SOME IDEAS BEHIND THE PROOF

The invariance of vy ® p/y under the dynamics (7.1) is used in two different
ways. The first one is that it gives key a priori bounds for truncated dynamics (for
fixed N). Second, the convergence of the invariant measures to a limiting measure
(as stated in Theorem 7.1) and the invariance of the limiting measure under the
limiting dynamics allows us to pass from local to global in time convergence. An-
other key component of our argument is the use of dispersive estimates giving L? L2°
local bounds.

Let us be slightly more precise. We have that for any § > 0

gr(w)
|y e

|k|<N

eik-:v

||L,°.° < CpNTTr

in a set of residual probability < exp(—N?) for some # > 0. As in the work by
Bourgain-Bulut [1] thanks to invariant measure considerations, we can propagate
this information to the full solution upy.

This is unfortunately not sufficient to pass into the limit in terms like

U,?V (Ni(lia)U,N) 2k+1

for k > 1 because of small losses of power of N in N~y .
We can overcome this difficulty by using dispersive estimates. More precisely,

we can write

2%k+1 2k

uy; (N_(l_a)uN) N™O=)yd (N_(l_a)uN)

and exploit the L?L° control coming from Strichartz estimates. This leads to local
in time convergence.

The global in time convergence crucially relies on the a priori bounds on the
global cubic dynamics. These bounds are again relying on invariant measure con-
siderations but this time for the limit dynamics. This essentially explains the basic
idea behind the proof.

Let is also mention that as in [1] and [2] in the convergence proof we define suitable
quantities z(t) satisfying inequalities of type

iy (t) < Cs(log(N)) zn(t),

i.e. we allow a slow semi-group growth of order exp ((log(N))°), § < 1. This is
compensated by the convergence of 2y (0) which is of order N~¢ for some 6 > 0.
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10. PERSPECTIVES

The method we use is quite general and we expect that it can be extended to
other dispersive models. In this context, the Benjamin-Ono equation seems a chal-
lenging case.

It would be interesting to obtain triviality results when the assumptions on V" are
not satisfied. The critical case seems particularly challenging.

It would be interesting to extend our results to more general initial data.
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