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Derivative NLS Equation on T

In this talk we consider the periodic DNLS and study the existence of invariant
measures and a.s global well posedness.

U — iUy = (JuPu)x
(DNLS) {U(O,X) = up(x), xeT.

This is a Hamiltonian PDE which is completely integrable. In particular:
@ Mass: m(u) = 5= [ |u(x,t)[>dx
@ ‘Energy: E(u) = [;|ux[? dx + 3Im [, u?Tly, dx + 3 [, ul® dx
e Hamiltonian:  H(u) = Im [, utydx + 1 [ |lu/*dx (at Hz level).

are conserved quantities of time.
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In looking for solutions to (DNLS) we face a derivative loss arising from the
nonlinear term and hence for low regularity data the key is to somehow make

up for this loss.

@ On R: the equation is scale invariant for data in L2, that is s, = 0.

> LWPin H%(R) by Takaoka (99’).
» GWP in H5(R),s > % with small L2-norm (so that energy is positive by
Gagliardo-Nirenberg) by Colliander-Keel-Staffilani-Takaoka-Tao (02’).

» There is some form' of ill-posedness for data in H* (R), o < 1/2.

'data-sol map fails to be C2 or uniformly C° (Biagioni-Linares).
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Deterministic Local Theory for DNLS on T

@ S. Herr (06') showed LWP for initial data u(0) € Ho(T), if o > 3.
(

» GWP for o > 1 and small L2 data; also in H? (T) for o > 1/2 also holds (I-method).)

@ A. Grinrock and S. Herr (08’) showed showed LWP for initial data
Up € FLS"(T)and2<r<4,s>1/2.

ol Frsrery = [1{M)° o lerzy r>2

These spaces scale like Sobolev H?(T), with ’ c=s8+1/r—1/2 ‘

For example for s=2/3—and r=3 o<1/2.

All LWP results rely on studying an associated gauged equation. |
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Periodic Gauged Derivative NLS Equation
@ Why do we need to gauge? Because the nonlinearity:
(JulPu)y = LPUy + 2|ul?u, hard to control.

Periodic Gauge Transformation (Herr, 06):  For f € L?(T)

G(f)(x) := exp(—iJ(f)(x)) f(x)
where

1 27 X 1
J()(x) == 5= D)1 = 5=l () ) dy do
or Jo Jo or

is the unique 27-periodic mean zero primitive of the map?

2 1 2
x — 1P = =11l
Then, for u € C([-T, T]; L3(T)) the (adapted) periodic gauge is defined as
G(u)(t.x) == G(u(t))(x — 2t m(u))

2G(f) is 2n-periodic since integrand has zero mean value.
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@ G:C([-T,T];H°(T)) — C([-T, T]; H°(T)) is a homeomorphism.

@ G is locally bi-Lipschitz on subsets in C([—T, T]; H°(T)) with prescribed
L2-norm.

@ The same is true if we replace H?(T) by FL%", the Fourier-Lebesgue
spaces.

What is the gauged DNLS equation?
If uis a solution to DNLS and v := G(u) we have that v solves:

(GDNLS) Vi — iviy = — V2T + é\v|4v—iu(v)v —im(v)|vPv

with initial data v(0) = G(u(0)) and where

m(u) = m(v) := 217/T|v|2(x, f)dx — 217/T|v(x,0)|2(x)dx

W(v)(t) = _1 / Im(vVy) dx + 417/ |v|4dx — m(v)z

™
Note both m(v) and ¥ (v)(t) are real.
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Local well-posedness for (GDNLS) in H? gives local existence and
uniqueness for DNLS in H?; but don’t necessarily have all the auxiliary
estimates coming from the fixed point argument used to obtain LWP for
(GDNLS).
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Invariant weighted Wiener measures and a.s GWP

Since by Grinrock-Herr’s result we have have LWP at a ‘level of regularity’
below % we can start thinking about weighted Wiener measures for the
periodic DNLS, constructed from the energy conservation E(u).

@ Goal 1: Construct an associated invariant weighted Wiener measure and
establish GWP for data living in its support. In particular almost surely for
data living in a Fourier-Lebesgue space scaling like Hz~(T)

( A.N—, T. Oh, L. Rey-Bellet, G. Staffilani).

@ Goal 2: Show that the ungauged invariant Wiener measure associated
DNLS obtained above is absolutely continuous with respect to the
weighted Wiener measure for DNLS constructed by Thomann and
Tzvetkov directly. In particular we thus prove the invariance of the latter.
We prove a general result on absolute continuity of Gaussian measures
under certain gauge transformations.

(A.N—, L. Rey-Bellet, S. Sheffield, G. Staffilani).
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Bourgain’s Method

Let’s review Bourgain’s framework to prove almost surely GWP and the
invariance of a measure from LWP.

Consider a dispersive nonlinear Hamiltonian PDE with a k-linear nonlinearity
possibly with derivative.

ur = Lu+ N(u)
Ult=0 = Uo

(PDE) {

where L is a (spatial) differential operator like iOxx, Oxxx, €1C. (systems). Let
H(u) denote the Hamiltonian of (PDE). Then, (PDE) can also be written as

H H ., .
u=J d— if uis real-valued, u; =J —(?, if uis complex-valued.
adu ou
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Let 1 denote a measure on the distributions on T, whose invariance we’d like
to establish. We assume that p is a weighted Gaussian measure (formally)
given by

"dp=2Z"e P ] du(x)"

xeT

where F(u) is conserved?® under the flow of (PDE) and the leading term of
F(u) is quadratic and nonnegative.

Now, suppose that there exist a Banach space B of distributions on T and a
space X C C([-,7]; B) of space-time distributions in which to prove local
well-posedness by a fixed point argument with a time of existence 7
depending on |uo||s, say 7 ~ |||/ g* for some a > 0.

3F(u) could be the Hamiltonian, but not necessarily!
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In addition, suppose that the Dirichlet projections Py — the projection onto the
spatial frequencies < N — act boundedly on these spaces, uniformly in N.

Consider the finite dimensional approximation to (PDE)

{u{\’ = LuN + Py(N(uM))

(FDA) R ,
uN|i—o = U == Pnti(x) = 2 inj<n Uo(m)e™.

Then, for ||ug||s < K one can see (FDA) is also LWP on [—7, 7] with 7 ~ K—¢,
independent of N.
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Two more important assumptions on (FDA):
(1)  (FDA) is Hamiltonian with H(u") i.e.

N
g H)

Ji"

(2) F(uN) is still conserved under the flow of (FDA)

Note: (1) holds for example when the symplectic form J commutes with the
projection Py. (e.g. J =i or 0y.).

In general however (1) and (2) are not guaranteed and may not necessarily
hold! (more later).
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@ By Liouville’s theorem and (1) above the Lebesgue measure

I1 danabn,

In|<N

where Eﬁ(n) = ap + ibp, is invariant under the flow of (FDA).

@ Then, using (2) - the conservation of F(uN)- we have that the finite
dimensional version py of w:

dun = Zy e F" "' TI dandbs

In|<N
is also invariant under the flow of (FDA)

@ One still needs to prove that uy converges weakly to p (assume it).
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@ One also needs the following:

Lemma [Fernique-type tail estimate]
For K suff. large, we have

un({llu s > K1) < e°¢* indep of N.

@ This lemma + invariance of uy imply the following estimate controlling the
growth of solution u" to (FDA).

Main Proposition: Bourgain '94
Given T < oo,e > 0, there exists Qn C B s.t.
un(Qy) <e

for u) € Qu, (FDA) is well-posed on [T, T] with the growth estimate:

T 1
N < 1\2
lu"(Dlls < (lOg 6)  for |t| < T.
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@ Essentially as a corollary of the Main Proposition one can then prove:
(a) The uniform convergence lemma:

lu—u"lloq-r.mm) = 0
as N — oo uniformly where B’ O B (for good data).

(b) Given e > 0, there exists Q. C B with u(Q€) < e such that for up € Q.,
(PDE) is globally well-posed with the growth estimate:

1
2
ol < (109 1)", fora e

Note (b) implies that (PDE) is a.s. GWP, since Q := |J.., Q. has
probability 1.

@ Finally, putting all the ingredients together, we obtain the invariance p:

If &(t) is the flow map associated to the nonlinear equation; then for
reasonable F

/mew»mwo:/fwmwm
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Back to the DNLS. Goal 1

@ Because the necessary local in time estimates are obtained for the
GDNLS, we proceed to construct an invariant weighted Wiener measure
for the its flow and prove GWP for data in its support (a la Bourgain).

What’s a conserved energy for GDNLS? For v the solution (GDNLS) define

E(V) 3:/T|VX|2dX—;Im/TVQVdeX‘f‘;W(/TW(t)FdX) (/T|v(t)4dx>.

H(V) = Im/vVX— 1/|v|“dx+27rm(v)2
T 2 T

E(v) == E(v) +2m(V)H(v) — 2 m(v)?

We prove:

dt
In fact one can show that E(u) = &£(v).

We refer to £(v) from now on as the energy of (GDNLS).
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Finite dimensional approximation of (GDNLS)

We consider the dimensional approximation (FGDNLS):
. — ) )
vV = vl — Py((vM)2vN) + > Pn(vN VMY — ip(vMY)VN — im(vV) P (VY RVN)

with initial data ~ v{¥ = Py w.
Here,

- N 1 _
P(vN)(1) '__w/TIm(VNV x) dx +47T/T|VN|4dX m(vN)?

and
mN)(1) = ;—F/EWN(X, )2dx.

@ Note m(vN)(t) is also conserved under the flow of (FGDNLS).
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Grunrock-Herr's LWP estimates for GNLS yield:

Lemma [Local well-posedness]
Let2 < r <4 and s > . Then for every

V' € Br = {v € FL>(T)/|IVQ'll rLerry < K}
and 7 ~ K—¢, for some « > 0, there exists a unique solution

vNe X*" c C([-r,7]; FLS'(T))

of (FGDNLS) with initial data v}’ .

Furthermore, by similar arguments as for the 1D NLS, we can prove:
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Let vp € FLS(T), s > §,r € (2,4) as in LWP.

Lemma [Approximation lemma]

Assume the solution v of (FGDNLS) with initial data v{'(x) = Py satisfies
the a priori bound

VN £se(ry < A, forall t € [-T, T],

for some given T > 0. Then the IVP (GDNLS) with initial data v, is well-posed
on [T, T] and there exists Cy, C1 > 0, such that its solution v(f) satisfies the
following estimate:

(&) = vV (Ol iz vy S exp[Co(1 + A)S TIN® 2,

forallte[-T,T],0< s1 < s.

How about the measure?

At this stage we do not know that vV can be globally extended (ie. unlike 1D
NLS we do not know the a priori bound above.
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Construction of the Weighted Wiener Measure
To construct the measure: use of the conserved quantity £(v) and the mass.
Hence weighted Wiener rather than Gibbs.

In fact, use the conservation of L?-norm to slightly modify £(v) and consider
instead the quantity

X{vla<By € 2V 2 (VFimax
2>

where NV (v) is the nonlinear part of the energy £(v), i.e

N(v) = —;Im/qrvz\/\/xdx—“lr<‘/1r|vzdx> (/Tv|4dx> +
1/ o o 1 o \®
- /\v| ax Im/ VVidx | + — /|v| dx ) .
™ T JT 47T JT

and B is a (suitably small) constant.
Then we would like to construct the measure (with v(x) = v,(x) + ivi(x))
“dps = Z7 X v p<my € TN Ve 2 SRR TT v, (x)dvi(x) "
xeT
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@ As before, we have that the associated Gaussian/Wiener measure p is a
countably additive measure on H® for any s < 1/2 (but not for s > 1/2.).
Unfortunately, (GDNLS) is locally well-posed in H*(T) only for s > %

@ In view of the local well-posedness result by Grinrock-Herr we need to
construct p as a measure supported on a Banach space B. This can
be done thanks to the theory of abstract Wiener spaces (Gross and Kuo).

@ B = FL5" for suitable (s, r).

Andrea R. Nahmod (UMass Amherst) Invariant measures for nonlinear PDE August 27th-28th, 2015 21/40



@ Indeed we prove thatfor2 <r <ocoand (s —1)r < —1:

(1) (i,H', FL>") is an abstract Wiener space.
B can be realized as the completion of H; i: H — B, inclusion map

(2) The measure p can be realized as a countably additive measure
supported on FL5" and

(3) Have an exponential tail estimate : there exists ¢ > 0 (with ¢ = ¢(s, r))
such that

2
p(IV]|zer > K) < ",

@ For (r,s) as above FLS' scales like H?, o < J.

@ We will fix s = £— and r = 3 and work on this F-L space.
This pair (s, r) satisfies both the conditions for LWP s > %, 2 < r < 4 and the conditions for holding the

support of the measure (s — 1)r < —1 above.
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More about the construction of the weighted measure
Let
R(v) = X(l.<er6 2", RAn(v) :== R(VN)

where \/(v) is the nonlinear part of the energy £

@ We abuse a bit the notation and this of vV as Py(v) for some generic
function v in our F-L spaces.

After a nontrivial amount of work we obtain the weighted Wiener measure:
du=Z""R(v)dp,

for sufficiently small B, as is the weak limit of the finite dimensional weighted
Wiener measures uy on R*N*2 given by

Zy" Ru(v)dpn

=N N
= 2y X <me 2TV T dandb,
IA[<N

dun

for suitable normalizations Zy, Zy. More precisely we have:
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Lemma [Convergence]
Ry (v) converges in measure to R(Vv). J

The proof is probabilistic. Need to rely on Standard Deviation type estimates.
Allin all we have:

Proposition [Existence of weighted Wiener measure]

(a) For sufficiently small B > 0, we have R(v) € L2(dp). In particular, the
weighted Wiener measure p is a probability measure, absolutely continuous
with respect to the Wiener measure p.

(b) We have the following tail estimate. Let2 < r < ococand (s —1)r < —1;
then there exists a constant ¢ such that

2
u(IVliFiee > K) < e

for sufficiently large K > 0.
(c) The finite dim. weighted Wiener measure py converges weakly to p.
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a.s GWP : analysis of the (FGDNLYS)

Next, the key step is to prove the analogue of Bourgain’s Main Proposition
above controlling the growth of solutions v to (FGDNLS).

Is py invariant ? ...

Obstacles we have to face:

@ The symplectic form associated to the periodic gauged derivative
nonlinear Schrédinger equation GDNLS does not commute with Fourier
modes truncation and so the truncated finite-dimensional systems are not
necessarily Hamiltonian. This entails two problems:

» (1) A mild one: need to show the invariance of Lebesgue measure
associated to (FGDNLS) (‘Liouville’s theorem’) by hand directly .

» (2) A more serious one and at the heart of this work. The energy £(v") is
no longer conserved. In other words, the finite dimensional weighted Wiener
measure yy is NOT invariant any longer* .

4Zhidkov faced a similar problem but unlike his work on KdV, we do not have a priori
knowledge of global well posedness.
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Almost conserved energy

@ We prove that puy is almostinvariant in the sense that we can control the
growth in time of the energy £ of the solution vV to the finite dimensional
approximation equation.

@ More precisely, we have the following estimate controlling the growth of
E(vVM)(8)

Theorem [Energy Growth Estimate]

Let vV(t) be a solution to (FGDNLS) in [, 7], and let K > 0 be such that
||v"’||X%7’3 < K. Then there exists 3 > 0 such that

1E(VN (7)) = E(VN0))| = ‘/ %f(v’v)(t)dt‘ < C(r)N~P max(K®, K8).
0
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%g(v’\’) :—2Im/ vNVNVIN PR ((VIV)2v )+Re/v VNV PR (VN AVN)
_om(v )Re/v VNVNPL (VRN
+2m(vV)Re / WNUR PL (VMR
+m(vN)Im/vNW2P,\L,(|vN|4vN)
—2m(vN)2Im/VNWZPﬁ(|vN|2vN)+ ...... :

The first term is the worst term since it has two derivatives.

Take away: We now have that uy is almost invariant.
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Growth of solutions to (FGDNLYS)

Armed with the Energy Growth Estimate we count on the almost invariance of
the finite-dimensional measure py under the flow of (FGDNLS) to control the
growth of its solutions (our analogue of Bourgain’s Main Proposition)
Proposition [Growth of solutions to FGDNLS]

For any given T > 0 and ¢ > 0 and N large there exist sets Qy = Qu(e, T) in
FL5=3 such that:

(@) v (W) = 1-e.

(b) For any initial condition v} € Qn, (FGDNLS) is well-posed on [-T,T]and
its solution vN(t) satisfies the bound

-
sup V()5 5 (o9 1)

[t<T

Andrea R. Nahmod (UMass Amherst) Invariant measures for nonlinear PDE August 27th-28th, 2015 28/40



A.S GWP of solution to (GDNLS)

Combining the Approximation Lemma of v by vV with the previous Proposition
on the growth of solutions to (FGDNLS) we can prove a similar result for
solutions v to (GDNLS):

Proposition [‘Almost almost ’ sure GWP for (GDNLS)]
For any given T > 0 and ¢ > 0 there exists a set Q(e, T) such that
@ p(2eT)) 2 1-e¢.

(b) For any initial condition vy € Q(e, T) the IVP (GDNLS) is well-posed on
[T, T] with the bound

i
sup V(D)3 » S <Iog ;) |

[tI<T
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All in all we now have:

Theorem 1 [Almost sure global well-posedness of (GDNLS)]

There exists a set Q, u(Q2°) = 0 such that for every vy € Q the IVP (GDNLS)
with initial data vy is globally well-posed.

Theorem 2 [Invariance of ]
The measure . is invariant under the flow ®(t) of (GDNLS)

Finally: The last step is going back to the ungauged (DNLS) equation. By
pulling back the gauge, it follows easily from Theorems 1 and 2 that we have:
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The ungauged DNLS equation

Recall, . is a measure on Q and G~ : Q — Q measurable. Define the
measure v = p o G by

v(A) == u(G(A) = u({v : G(v) € A}).

for all measurable sets A or equivalently - for integrable F- by

/qu:/Fogodu

Theorem 3 [Almost sure global well-posedness of (DNLS)]

There exists a subset ¥ of the space FL5 3 with »(X¢) = 0 such that for
every up € ¥ the IVP (DNLS) with initial data vy is globally well-posed.

Finally we show that the measure v is invariant under the flow map of DNLS.

Theorem 4 [Invariance of measure under (DNLS) flow]
The measure v = p o G is invariant under the (DNLS) flow. J
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Goal 2

What is v = o G really? Is it absolutely continuous with respect to the
measure that can be naturally constructed for DNLS by using its energy E,

E(u)y = /\uX\de+§Im/u2uTlxdx+1/|u\6dx
T 2 T 2 T
- /\ux\zdx+IC(u)
T

as done by Thomann-Tzevtkov?

We know v is invariant and that the ungauged (DNLS) equation is GWP a.s
with respect to v. Treating the weight is easy. The problem is ungauging the
Gaussian measure p.

Question: What is p := p o G? Is (its restriction to a sufficiently small ball in
L?) absolutely continuous with respect to p? If so, what is its Radon-Nikodym
derivative?

We would like to compute 5 explicitly. This turns out to be an intricate problem
that requires tools from stochastic analysis and probability.
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Absolute continuity of Brownian bridges under gauge
transformations

@ There is an analytic theory on Gaussian measures under nonlinear
transformations both of non-anticipative and anticipative type (see eg.
Bogachev’s book and references therein).

@ This theory is fairly well understood for transformations of the form
x + F(x) with F a transformation from a Banach space (associated to the
support of the measure) into a Hilbert space H, known as the
Cameron-Martin space (associate to the construction of measure;
H = H' in the case of DNLS above) and whose (Fréchet) derivative F’ in
the direction of H exists and is ‘nice’, for example F’|y is Hilbert-Schmidt.

@ But this framework does not fit (directly) the gauge transformations as
the one above. Gauge transformations as the ones used above are L?
unitary transformations which do not have this / + F form.

The work of Cambronero-McKean on the periodic KdV and the Miura gauge transformation- exploited by
Quastel and Valké- is not directly applicable either.
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The ungauged measure: absolute continuity

In order to finish this step one should stop thinking about the solution v as a
infinite dimension vector of Fourier modes and start thinking instead about v

as a (periodic) complex Brownian path in T (Brownian bridge) solving a
certain stochastic process.

We recall that to ungauge we need to define

G 1(v)(x) := exp(iJ(v)) v(x)

where )
J) =5 [ / VP~ g1V oy
It will be important later that J(v = J(|v])(x ) Then, if v satisfies
dv(x) = dB(x) + b(x)dx
N—— N——

Brownian motion  drift terms
by Ito’s calculus and since exp(iJ(v)) is differentiable we have:

dG~"v(x) = exp(iJ(v)) dv + ivexp(iJ(v)) (|v(x)2 - 2177”‘/%2) ax + ...
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What one may think it saves the day...
Substituting above one has

dG~v(x) = exp(iJ(v)) [dB(x) + a(v, x,w)) dx] + ...

where ’
atv.x) = v (VR = -V,

What could help?
@ The fact that exp(iJ(v)) is a unitary operator
@ The fact that one can prove Novikov’s condition:

E {exp (;/az(v, x,w)dxﬂ < o0.

In fact this last condition looks exactly like what we’d need for the following:

‘Theorem’ (Girsanov)

If we change the drift coefficient of a given lto process in an appropriate way,
then the law of the process will not change dramatically. In fact the new
process law will be absolutely continuous with respect to the law of the
original process and we can compute explicitly the Radon-Nikodym derivative.
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Why Girsanov’s theorem doesn’t save the day

However, if one reads the theorem carefully one realizes that an important
condition is that a(v, x,w) is non anticipative; in the sense that it only depends
on the BM v(x) up to “time” x and not further. This unfortunately is not true in
our case! The new drift term a(v, x, w) involves the L2 norm of v(x) (periodic
case!) and hence it is anticipative. A different strategy is needed ...

Conformal invariance of complex BM comes to the rescue!

We use the well known fact that if W(t) = Wi(t) + iWa(t) is a complex
Brownian motion, and ¢ is an analytic function then Z = ¢(W) is, after a
suitable time change, again a complex Brownian motion.

In what follows think of Z(t) to play the role of our complex BM v(x)

Next take the ¢ to be the exponential.
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For Z(t) = exp(W(s)) the time change is given by

t:t(s):/s|ew(’)|2dr at_ WP
0 b ds )

equivalently
tar ds 1
sity= [ = o
® /O|Z(r>|2 dt ~ Z(0)P

We are interested in Z(t) for the interval 0 < t < 27 and thus we introduce the
stopping time
S
S—inf{s; / |eW(r)|2df = 27T}
JO

Important: The stopping time S depends only on the real part W;(s) of
W(s) (or equivalently only |Z]).

If we write Z(t) in polar coordinate Z(t) = |Z(t)|e®(") we have
W(s) = Wi(s) + iWa(s) = log |Z(t(s)| + iO(t(s))

and Wi and W, are real independent Brownian motions.
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If we define

§z
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I
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+

In our case, essentially h(1Z)(-) = 1Z() P = | Z]f%.

We then have ;
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@ In terms of W, the gauge transformation is now easy to understand. It
gives a complex process such that:

» The real part is left unchanged.

» The imaginary part is translated by the function J(Z)(¢(s)) which depends
only on the real part (ie. on |Z|, which has been fixed) and in that sense is
deterministic.

> Itis now possible to use Cameron-Martin-Girsanov’s theorem only for the
law of the imaginary part and conclude:
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Conclusion

Then if 5 denotes the probability distribution of W and 7j the distribution of W
we have the absolute continuity of 7j and n whence the absolute continuity
between § and p follows with the same Radon-Nikodym derivative
(re-expressed back in terms of t).

All'in all then we prove that our ungauged measure v is in fact essentially (up
to normalizing constants) of the form

dv(u) = quangBe_’C(“)dP,

the weighted Wiener measure associated to DNLS (constructed by
Thomann-Tzvetkov). In particular we prove its invariance.

@ The above needs to be done carefully for complex Brownian bridges
(periodic BM) by conditioning properly.
» W(s) is a BM conditioned to end up at the same place when the total
variation time t = t(s) reaches 2. The time when this occurs is our S.

» Conditioned on ReW we have that ImW is just a regular real-valued BM
conditioned to end at the same place (up to multiple of 2x) where it started
attime S
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