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Abstract

The Vlasov-Poisson equation describes the macroscopic time evolution of a system with a
large number of particles interacting by a force, typically Coulomb or gravitational force.

Although the equation has established itself as a helpful tool yielding strong results,
it still lacks a rigorous mathematical justification. So far, the mathematical results all
either worked with a cut-off on the force, used a slightly weaker interaction all together,
or assumed monokineticity of the initial data. In these settings, however, one was able
to prove that the mean-field trajectories arising from the Vlasov-Poisson equation are
typically a very good approximation for the real trajectories.

In this paper we consider a similar set-up where we can build on these previous results
to help us answer a new but related question. We consider a system of N initially i.i.d.
particles with Coulomb interaction. If we move the initial position of one particle by a
small 6 € R® in phase-space, what is the expected impact on the whole system in the
time frame [0,7]? Due to the pair interaction, the effect is highly non-trivial. We prove
that, under suitable conditions on the starting density and with a cut-off at approximately
N ’é, the system as a whole typically stays stable. More precisely, for all the particles
that we did not disturb, the distance between the original trajectory and the trajectory
in the disturbed system stays smaller than N~¢|d|, for suitable & > 0. This a« > 0
depends on whether the particle has a collision with another particle and on its distance
to the disturbed particle. Depending on these characteristics, o takes on values between
N-15+27 and N=3+29. The best estimates are obtained for particles that are far away
from the disturbed particle and do not have a collision.

We are further able to extract the leading order effect on the disturbed particle without
referring to the N-body dynamics. The effect of moving the starting position of the
particle in phase-space on the Newtonian trajectory can typically be estimated by the
effect that the displacement has on the mean-field trajectory. The inaccuracy of this
estimate is bounded by N _Tls+4"|5 |. While previous results have proven that the mean-
field trajectories and the Newtonian trajectories stay close, our result proves that the
mean-field system is a good estimate of higher order.

This result can be interpreted as stability of the N-body system. We are able to prove
that typically the closeness between the mean-field and Newtonian trajectories of the
particles is preserved after moving the starting position of one particle.

Finally, we give an outlook on how our result can be used to obtain stronger estimates
for probabilities. The ability to control probabilities, for example, the probability of
collisions, is crucial in order to shrink our cut-off further. While our result still needs
some improvements in order to estimate these collision probabilities, we believe that this
application is an important proof of concept and motivates further research into this topic.



Zusammenfassung

Die Vlasov-Poisson-Gleichung beschreibt die makroskopische zeitliche Entwicklung eines
Vielteilchensystems, die iiber eine Kraft, typischerweise Coulomb- oder Gravitationskraft,
miteinander wechselwirken.

Obwohl sich die Gleichung als ntitzliches Werkzeug etabliert hat, welches starke Ergeb-
nisse liefert, fehlt ihr nach wie vor eine rigorose mathematische Begriindung. Bisher
basieren mathematische Resultate entweder auf einer Abschwéachung der Wechselwirkung,
einer Modifikation der Kraft durch einen Cut-off oder auf der Annahme von Monokine-
tizitat der Anfangsdaten. Unter diesen Bedingungen konnte allerdings gezeigt werden,
dass die Meanfield Trajektorien, die sich aus der Vlasov-Poisson-Gleichung ergeben, in der
Regel eine sehr gute Naherung fiir die realen Bahnen darstellen.

In dieser Arbeit betrachten wir ein dhnliche Situation, das auf diese fritheren Ergebnisse
aufbaut, um eine neue, aber verwandte Fragestellung zu beantworten:

Was ist der zu erwartende Einfluss auf das gesamte System im Zeitraum [0, 7], wenn
wir in einem N-Teilchen-System (von anfangs u.i.v. Teilchen) ein Teilchen um ein kleines
§ € R im Phasenraum verschieben? Aufgrund der Paarwechselwirkung ist der Effekt auf
das Gesamtsystem im Laufe der Zeit hochst kompliziert.

Wir beweisen, dass das System unter geeigneten Bedingungen an die Anfangsdichte
und mit einem Cut-off bei ~ N~5 typischerweise stabil bleibt. Das bedeutet, dass fiir alle
Teilchen, die wir nicht gestort haben, der Abstand zwischen der urspriinglichen Trajek-
torie und der Bahn im gestorten System kleiner als N~%|d| bleibt, wobei a > 0 geeignet
gewahlt ist. Dieser Parameter a > 0 hangt davon ab, ob das Teilchen eine Kollision mit
einem anderen Teilchen hat, und von seiner Distanz zum gewackelten Teilchen. Je nach-
dem nimmt o Werte zwischen N~15720 und N~—3+20 an, wobei 0 > 0 beliebig klein ist.
Die besten Abschétzungen erhalten wir fir Teilchen, die weit vom gewackelten Teilchen
entfernt sind und keine Kollisionen haben.

Dariiber hinaus kénnen wir den fiihrenden Effekt auf das gestorte Teilchen bestimmen,
ohne auf die N-Korper-Dynamik zurtickzugreifen. Der Effekt, den eine Verschiebung der
Anfangsposition eines Teilchens im Phasenraum auf die Newtonsche Bahn hat, kann in
der Regel durch den Einfluss der Verschiebung auf die Meanfield Trajektorie angenahrt
werden. Der Fehler, der durch diese Abschétzung entsteht ist dabei kleiner als NV ’T18+4"](5 |.
Wiéhrend frithere Ergebnisse gezeigt haben, dass die Meanfield Trajektorien und die New-
tonschen Trajektorien nah beieinander bleiben, beweist unser Resultat, dass das Meanfield
System auch in hoherer Ordnung eine gute Naherung darstellt.

Dieses Ergebnis kann als Stabilitat des N-Teilchen-Systems interpretiert werden. Wir
konnen zeigen, dass die Nahe zwischen den Meanfield Trajetorien und den Newtonschen
Trajektorien der Teilchen typischerweise erhalten bleibt, auch nachdem die Anfangsposi-
tion eines Teilchens verschoben wurde.

Abschlieflend geben wir einen Ausblick, wie unser Ergebnis genutzt werden kann, um
starke Abschatzungen fiir Wahrscheinlichkeiten zu erhalten. Die Abschétzung von Wahr-
scheinlichkeiten, wie z.B. der Kollisionswahrscheinlichkeit, ist entscheidend, um den Cut-
off weiter zu verkleinern. Auch wenn unser Ergebnis noch verbessert werden muss, um
solche Kollisionswahrscheinlichkeiten abschéatzen zu kénnen, sehen wir diese Anwendung
als wichtigen Proof of Concept, der weitere Forschung in dieses Thema rechtfertigt.
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1 Introduction

1.1 Set Up

We work in a system with N particles and focus on the phase-space RY. To specify the
interaction of these particles, we need a force fV¥ : R* — R3. Since forces with a quadratic
scaling are of great interest in physics, they are the subject in this paper.

These forces, however, have a singularity that is hard to deal with and, for technical
reasons, we therefore introduce a cut-off that depends on the number of particles N. We
hereby modify the force in such a way that it becomes differentiable at least two-times.

While our results could also be proven for a slightly more general set of forces, for better
readability and to avoid unnecessary variables, we restrict ourselves to pair interactions
that satisfy the following properties:

Lrn(lql) if |g| < ¢(N)
N _ ) ldql
(g = {@qn|q12 olse (1.1)

where ¢(N) = N=3In(N)"1 and ry is used to create a two time differentiable cut-off,
Furthermore, we need to be able to control how ry depends on N. So there needs to be
a constant C, (independent of N) such that |ry|e < Cre(N)72, |r'y]oo < Cre(N)™2 and
7|00 < Cre(N)™. Furthermore, we want that |f¥N*!(q)| < C|fN(q)| for all ¢ € R® and a
suitable constant C.

Remark 1.1. Such a force exists. For example, for z > 0 we can consider the polynomial
p(x) = —52°% + 62°. We then consider

TN(m):p<C&CV>>_ 1wt e

Note that by definition ry(0) = 0 and for |¢| = ¢(N) we have rx(|q|) = ﬁ, making fV

continuous in this case. We also have 77(0) = 0 as well as

20 18 —2
(NP~ e(N)P (N

making f continuously differentiable. The second derivative does not match up for
lg| = ¢(N), but this is tolerable as we will later see.

As for the estimates, one can easily check that on the interval [0, ¢(/V)] we have |ry|s <
6¢(N) 72, [y]oo < 18¢(N)™2 and [ ]o < 36¢(N) ™.

Remark 1.2. Possible generalizations include a factor a € R in front of the force. Fur-
thermore, the results should still hold for any force that is less singular, i.e. that satisfies
similar bonds for the force itself and its derivatives.



Our N particles are i.i.d. with respect to a continuously differentiable probability density
k:R® — R. As we base our work on the results of Gra8 in [9], we only consider densities
that satisfy

1
k(l‘) < COW Vo € RS
1

/Rﬁ [pI*k(q, p) d(g,p) < Co,

for some Cy, 6 > 0.
Our particles are z; = ("2;, 22;) = (¢;, p;) € R°. We use that notation more generally, and
for any z € R® we use 'z and 2z to denote the position and momentum of z, respectively.
The trajectories of the particles are given by differential equations

q; = pi (1.3)

pi=F"(q) = ZfN G — qj)- (1.4)
J#

Note that we assume the mass of the particles to be equal to 1 and hence velocity and
momentum coincide. This is the reason for the equality in the first line.

There are two problems we have to address if we claim that our result describes real
physical phenomenons.

First, we have a cut-off. This is a deviation from the real physical system, however
the cut-off shrinks as the number of particles grows. In fact, the typical distance between
particles in our configuration is N =5 and our cut-off shrinks slightly faster because of the
In(N)~4. This means that for N — oo the typical interaction between particles will not
even feel the cut-off. At the same time we do not want to oversell the result, as the typical
system will still have interactions that are effected by the cut-off.

Second, the prefactor % in 1.4 might be a bit confusing.

For this problem there is a solution, namely a change of variables. To get from the
system considered in this paper, where we use ¢ and p and the force with the prefactor %
back to a setting with a normal force (still with a cut-off), we simply use new coordinates.
We call them § = v/Ngq and p = ¥/Np. We also get a new force

s— , 3 1 35— 1 r . A
p= \/Np = \/N'Nf(%‘—q]') = \/NNfN (\;;/N(Qi_%')> :fN(Qi—qj)-

Hence, after rescaling by v/N (which again is the expected distance between particles in
our setting), we obtain a — up to the cut-off — physical force. We will also try to motivate
our rescaling.

One can easily see that the prefactor % can be incredible helpful when estimating the
force, as without the prefactor the force on any particle might go to infinity in the limit
N — oo.

The real problem, of course, lies in the fact that we did not allow our density k£ to
depend on N. There are technical reasons for this, mainly that some stochastic arguments

would be more cumbersome.



A density that does not depend on N, however, would lead to problems (if we would
not use the rescaling), as such a density would guarantee the unboundedness of potential
energy per particle as N — oo. Without our prefactor this would be impossible to deal
with.

To conclude: Normally for N — oo the volume of our “gas” must go to infinity, but in
our setting the volume stays constant and instead the force depends on N.

These are the reasons why this rescaling is typically used when working with mean-field
arguments and often called "mean-field scaling” in literature.

We also introduce notation for the trajectories.

We write ¢}, (;) for the time evolution of x; from #; to t5. If we simply want to
reference the location of x; in phase-space at a given point of time ¢, we use the short
notation x;(t) = @g,(;).

The leading order effect of the interaction is in our setting given by the mean-field of
the force (see [9]). We, therefore, introduce the mean-field dynamics next. For this we
consider the Vlasov equation

d N
Sk Vot [V (/R k(- p) d3p) Y,k = 0,
which gives rise to the time evolution of the density, namely kY : R® — R. Note that for
N € N our force is regularized and hence Lipschitz continuous. The solution theory for
this ODE is well known, see e.g. the work of Pfaffelmoser [20] or of Lions and Perthame
[18].

However, we are also interested in the solution for N = o0, i.e. the solution for the force
without cut-off. Here the theory is more complicated but luckily well understood.

Like Graf}; we refer to the result by Horst [10], which provides unique global existence
under our conditions on the initial density.

As our force only depends on the spacial density, it is helpful to introduce (for N € N
or N = 00)

kY (q) = /R kY (q,p) &p.

With our spacial density we can now introduce the mean-field trajectories for our par-
ticles which are given by the differential equations

q =p,
P =fxk(q).

These ODEs provide us the mean-field flow denoted by ¢}, (z) for any z € R, As
with the Newtonian flow, we introduce a short notation for the position of the mean-field
trajectories of our z;. We will simply write Z;(t) = ¢f,(2;).

This means that ™, () shall solve the ODEs above with the starting condition ¢}, (z) =
. This implies that ¢}, (x) = ¢} (o),()). Moreover, this evolution is by design compat-
ible with the time evolution of the density, i.e.

k' (x) = ko( (o ().

This equality follows, as for ¢ = 0 it is trivial and calculating the derivative in ¢ on both
sides yields the same result. This makes the map ¢ : R® — R® a Lebesgue-measure
preserving diffeomorphism, which will become useful when we start computing integrals.



We also note that for this to be well defined, we need that in our time frame [0, 7] the
spacial density stays bounded, i.e.

sup sup [k < C(T, ko).
NeN0<s<T

Under our conditions on the kq this is proven in [10].

1.2 Previous results

In this section we give a brief historical overview of results yielding a "derivation” of Vlasov
equation under different constraints on the density and interaction force.

The first mathematical derivation of Vlasov equation was possible in systems with Lip-
schitz continuous forces. Already in 1974 Neunzert and Wick [19] were able to prove the
result in the Lipschitz setting, although the proof in the publication by Braun and Hepp
2] or in the book of Spohn [22] may be better known.

They were able to prove that if a particle distribution is close to the density kg, then
the particle distribution will stay close to the solution of the Vlasov equation k; for later
times.

It is not surprising that with a Lipschitz force the mean-field approach is very fruitful.
The main problem for the mean-field approach is very untypical interactions that still need
to be considered, because of their strong impact, for example, collisions.

It took some time until Hauray and Jabin (see [14] and [13]) were able to extend the
result to singular interactions. Namely, they were able to consider forces satisfying | f(q)| <
ﬁ and |V f(q)| < Iq\“% with o« < 1. Here you have to deal with the fact that in theory
two particles can come so close that this "collision” interaction dominates the effect of
all the other particles. Two interesting things can be seen here. First, Hauray and Jabin
use the second order nature of the differential equation. If two particles come very close,
but their relative momentum is large enough, the interaction time will be small and one
still obtains a reasonable estimate. Second, the result becomes probabilistic. Particles
that have "collisions” with small relative momentum would be a problem, but are very
unlikely. Hence, the result they were able to prove takes the form: For almost all initial
particle distributions, which approximate the starting density kg, the solution of the Vlasov
equation will be a good estimate for the real dynamics.

Another big step was the result by Boers and Pickl [1] who considered forces bounded
by ﬁ with o < 2 with a cut-off at N=3. The cut-off at N3 is notable, as it is the
average distance of a particle to its nearest neighbor. Later Lazarovici and Pickl [17] were
able to consider the real Coulomb case, however, with a cut-off at N~¢ with ¢ < %

There are many more results that work under different assumptions or in a modified
setting.

Li, Pickl, Xin and Qitao were able to obtain similar estimates working in a Vlasov-
Maxwell setting with electro-magnetic interaction [4].

Feistl and Pickl were able to consider a N-particle system with ¢-like interaction. Here
they were able to show that typically the Newtonian trajectories converge to the charac-
teristics of the corresponding Vlasov-Dirac-Benney system [6].

Serfaty was able to avoid a cut-off all together in [21] by assuming that the initial system
is monokinetic.

Jabin and Wang were able to prove propagation of chaos in [15] using relative entropy.



Kieling considered jellium-like systems and was able to derive the Vlasov equations in
this setting [16].

Finally, there also has been the approach of combining the pair interaction with a
Brownian motion in the context of the Vlasov-Fokker-Planck equation [11][3].

All these approaches introduce new and interesting ideas, but our work is mostly based
on the PHD-thesis by Phillip Gra. In his paper Grafl was able to shrink the cut-off in
the Coulomb case to N~15%¢ [9] which is notably smaller than N~3. The main new idea
was to divide particles into two categories: The "good” particles that keep a reasonable
distance in phase-space to all other particles; and the "bad” particles that have a relatively
strong interaction with at least one partner.

Our work uses many of the same ideas and straight up borrows some of the results, so
we highly recommend reading or at least glancing through his work.

Recently, Feistl was able to strengthen Graf’s result in [5] by distinguishing not only
good and bad particles but considering three groups of particles. With this she was able
to shrink the cut-off further to N~13+7. As this result was released after most of this
thesis was written, we build our arguments on the basis of Graf}’s paper instead. We are,
however, confident that a similar approach could strengthen our result as well.

In the same paper Feistl also was able to use a probabilistic mean-field approach to
prove that a small displacement of one particle at time zero entails a small effect for
the dynamics of the whole system, i.e. the distance between the true dynamic and the
disturbed dynamic is small for later times.

Depending on the readers familiarity with this topic, we recommend the lecture notes
of Jabin [12] or the course by Golse [7] on this topic, as they give a insightful introduction
to the framework of this thesis.

1.3 Motivation and heuristics

While the ideas in this paper are closely related to all the research above, the questions
we are interested in are most comparable to Feistl’s work at the end of [5].
Namely: What effect has a small disturbance of one particle on the whole system?

Feistl was able to consider forces of the form f(q) = —&+ with a cut-off at N=° with

A
(A+1)8 <1 and A < 2. We will limit our study to the c‘gse of A =2.

In this setting Feistl’s result needs a cut-off that is larger than N =3 or her estimates
become significantly weaker.

She then considers what happens to the system if we move the starting position of one
particle o by a small § € RS.

With her cut-off she was able to prove that with high probability the difference between
the new trajectory of the disturbed particle and the original trajectory stays of order ¢ and
that the effect on the other particles is of a smaller order. More precisely, there is some
zero sequence ay such that the disturbance for the other particles is typically bounded by
ay|d]. In this paper we improve on her results.

We are able to show, that the mean-field trajectories are typically not only a good
estimate for the real trajectories but also can be used to estimate the effect of moving the
starting position of one particle by a small § € R®. For this we will later introduce the
disturbed system X°, where we only changed the starting position of zg to xo + 4.

We are able to show that the difference between the original Newtonian trajectory,
i.e. ¢;(79) in X, and the trajectory of the disturbed particle, i.e. ¢.(x + d) in X, can



typically be estimated by the corresponding difference in mean-field trajectories, i.e. by
er(z) — pi(z + 0).

This difference of mean-field trajectories has order d, and we will prove that this gives
in fact the leading order of § in the difference of the corresponding Newtonian trajectories.
Feistl’s result proves that |¢(z) — ¢y (x+0)| < C(T)|] for all t € [0, T]. We will show that

pu(@) — du(w +8) = (pelw) — pulx +0))| < N75745).

Because the mean-field trajectories are Lipschitz, this implies |¢; () — ¢y (x+0)| < C(T)|4].

We will also strengthen the result for the remaining particles. Feistl was already able
to prove that they are less effected using the zero sequence ay. We are able to make this
precise. The trajectories of these other particles typically only deviate by up to N ’T18+2",
where o > 0 can be chosen arbitrarily small. If a given particle has no collisions and stays
relatively far from the disturbed particle xq, this can be improved to N —5+20,

A final small improvement is achieved with regards to the cut-off. While the allowed
cut-off changes only marginally from > N “5 to N7s In(N )*%, this tiny improvement has
some nice consequences. As we have discussed previously, the typical distance of particles
in our set-up has order NV _é; so crossing this threshold has merit.

These results come at a cost, however. The result in [5] makes no assumptions over the
moved particle. Following the ideas from Grafl in [9], we consider two classes of particles.
Bad particles which at some point come close to other particles in phase-space, and the
other so called good particles. We only consider the case where the disturbed particle
is good. Moving the starting position of a bad particle, will heavily effect its collision
partners and makes the argument considerably more complicated. We still believe that
the approach in this paper can be used as a blue print, and with some effort one should
be able to modify the argument to include the case of bad particles. We will come back
to this at the end of the paper.

While this restriction might seem as a setback compared to Feistl’s result, it actually
is the natural next step. In her arguments, she has to assume the worst case for all
particles, i.e. all particles being bad, because she did not distinguish between those classes
of particles. This, of course, comes at a price regarding the estimates. Introducing the
notion of good and bad particles allows us to get a better understanding of the system
to obtain stronger estimates and to pinpoint where and why certain results cannot be
improved upon further. In this context the restriction that the moved particle has to be
good should be understood as the natural first (and somewhat simpler) step in the effort
to understand the more general situation without these kind of limitations.



2 Definitions and mathematical toolbox

2.1 The force and its derivatives

In this chapter we give a short overview over definitions and the most important lemmas
used in our proof. We omit all proofs here and refer the interested reader to the appendix
for a more detailed version of this chapter where (almost) all the proofs are given. As a
consequence of this approach, some results are stated twice: Once here in the overview
and a second time in the appendix.

Definition 2.1. We define ¢V : R* = R* by
Cppe(N)™°  if |g| < 2¢(N),
Chylq)™® else.

This function can be used like the derivative of f% in many cases as the following lemma
shows.

Lemma 2.2. Let f~ be our force from 1.1. The following estimates hold for all q, qo, q1 €
R:

IDFY(g)| < 9(q)
‘fN(Ch) - fN(QO)‘ < g™ (min(qo, ¢1))la1 — gol
Further, if § € R® satisfies |6] < ¢(N) or |§] < |q|, it holds that
) = Mg +0)| < gV (9],
Definition 2.3. For ¢ > 1 we define hY : R* — R" by
{chc(N)_4 if |q| < 2¢-c(N),
(2¢)enlq|™  else.

The ¢ will be chosen later and it will not depend on the number of particles N but only
on the time frame 7" and our density k.
The following Lemma shows how h. can be used and why the constant c in the cutoff

is needed. It allows us to give good estimates as long as the disturbance § satisfies 0| <
cc(N).

Lemma 2.4. Let fN be our force from 1.1. The following estimates hold for all ¢ € R3
for fized ¢ > 1.

IDDfN(q)| < B (a) for la] # e(N)
IDFY(g0) = DFY(qr)| < b (min(go, ¢1))lg0 — 1.
Further, if § € R® satisfies |6] < cc(N) or |8 < i|q|, it holds that
IDfN(g) = DfN(q + )| < hd (q)ld].



The following lemma allows us to estimate the mean-field version of D f and h.

Lemma 2.5. Let q(s) be any point in R® (here s € [0,T) is some fived time). Then the
following three inequalities hold:

/Rg Df(q(s) — y)\ kY (y)dy < CIn(N), (a)
[ DF¥ (@) = k(o) dy| < Co, (b)
/RS he (a(s) = y)ks(y) dy < Che(N)™, (c)

where C}, does depend on the constant ¢ chosen in h.

2.2 The notion of good and bad particles

The following result states that the mean-field trajectories behave Lipschitz.

Lemma 2.6. For all T > 0 there is a constant C > 0 such that for all z,y € R, N € N
and to, t; € [0,T] it holds that

[Pto01 () — Pto b1 (y)| < |z — y|€C|t1—t0\'

The next lemma will be used many times, as it is well suited to estimated the integrals
we will be dealing with later.

Lemma 2.7. Let 1 < a < 3 and consider a function gN :R® — R” such that

Cey®  if gl <ew
9" (@) <4 ¢ . :
rc if la| > en
Then the following estimates hold:
a) Lety, z € RC, tin be a point in time where
min['Z(s) = '§(s)| = ['Z(tmin) = "G(tmin)| =1 Ag >0
and 1?Z(tmin) — 2U(tmin)| =: Ap > 0.
Then there ezists a constant C > 0 (independent of y,z and N ) such that

/OT ‘g (lg(s) — 1g(s)>‘ds < C'min (Alqa, c%_}Ap’ Aq‘ilAp> :

b) Let T > 0, 21,2, € R® be given and consider differentiable i1, ys : Rsg — R, We
denote the derivatives by 2yi,ys and write yr, = (*yr, %yx). Assume that for some
oc>0

NU|1/Z\1/(tmm) - 125(tmzn)| S |2/Zv1(tmm) - 2g(tmm)| = Ap (Al)
and

sup |z1(s) —9i(s)| S NT7Ap A sup [Z(s) —wa(s)| S N 7Ap.  (A2)
0<s<T 0<s<T

Then there exists some Ny such that for all N > Ny we have

/OT 9 ("91(5) = "32(s)) | ds < C'min ( 1 1 ) |

¢y Ap  ming<s<r [y1(s) — ya(s)|eLAp




We now give a rigorous definition of good and bad particles.

Definition 2.8. Let R,V > 0. We say a particle z € R® has a "bad” collision with a
particle y € R® in the time frame [to,¢,] if

3t € [to,t1] : ['2(t) = 'g()| < R A PP2() = *5(t)| < V.

Most often we will work on the time interval [0, 7], and in this case we will often omit
the interval. If the two particles do not have a bad collision, we write z € Gy (y).
We call a particle 2; good if all other z; € G} (z;). Otherwise it is called bad. For
a configuration X € R® the set of good and bad particles is denoted by MY (X) and
MY (X), respectively.

For the vast majority of this paper we will work in the setting R = 6N*%*", V =N-5.
Whenever we talk about good and bad particles, it is meant with respect to this choice of
R and V| unless we specify it to be something else.

We also define the related sets M(]Z’g)l(i?&) (y) C R®, where 0 <r < R,0<v <V by

2 € MU0 S B = Ftefh ]

r< min ['5(s) = 'Gs)| = 20— YOI SR A v <[PEO) -0 < V.

s€[to,t1] o

We will also write
MN ( ) =M ( )
rv\Y (0,R),(0,V) Y

These sets have a focus on the physical distance, since the distance in space dictates
the points we are interested in. Only for the points of minimal spacial distance we even
consider the relative momentum.

Remark 2.9. Both sets, i.e. G} (y) and M7 (y), measure how close particles come to
each other or, more precisely, whether they satisfy a certain condition on their distance.
One might be curious why we need both definitions. The first definition is more simple
and therefore arguably more natural. However, in some cases we want lower bounds on
the relative position and momentum. It is hard to introduce such bounds in a meaningful
way without changing the definition fundamentally. This is where the second definition
is helpful, as the introduction of the minimal relative position allows us to introduce the
lower bound in a sensible way.

This definition, however, becomes less stable, as the point of minimal distance to another
particle might jump drastically even if we only move one particle a tiny bit.

So, depending on the circumstances, both notions of distance are useful.

The sets M (JX ’g)l(f‘)/) will mainly be used to define the following partition of R .

Definition 2.10. For each 79, vy, > 0 and y € R® we introduce a cover of R®:

(1) MG 10),000) ()
(i) MN (y), 0<I< In(zg)
(0,70),(Ntewg, N Depg) Y ) U S 05 oy

(111) M(N(),To),(l,oo) (y)




(iv) MmN

(N*erg,N(E+Derg), (0,00) (y) ’

N ; In(.L)
(V) M(NkETO’N(k+1)sT.0)7(le~:v07N(l+l)evo)(y), 0 S k S {SIH(%)J 9 O S l S \‘EIH(JOV)
(vi) MY (y), 0<k< {I“(%)J

(Nkerg, N(k+Derg) (1,00)\Y ) SR> oy

(vii) M(]yv—s,oo),(o,oo) (y)

Here |-| is the floor operator.
Note that this is indeed a — not necessarily disjoint — cover of R® as seen in 2.1.

Av o :
() | 1)

. —
@l W (vid)
M|

Figure 2.1: Collision classes

Here we see the seven classes depending on the relative position of a particle to y. The
dotted lines are used to indicate the subdivision we use in (ii) and (iv)-(vi). For smaller ¢

this subdivision becomes finer and can be considered as a discrete density.
The number of pieces used in the cover grows, as rg,vy and ¢ get smaller.

applications 7y and vy will depend on N. Note that this is okay as long as they are
bounded from below by some power of N, i.e. rg,vg > N~ with a > 0. One checks that,
if ¢ is independent of N, the number of £ and [ only depends on the « in the bound.

The following lemma gives some nice probabilistic estimates.

Lemma 2.11. There exists a constant C' > 0 such that for all Aq, Ap >0, N € N, y € R°

and [to, t1] C [0,T] it holds that
c
i) P (3: eRb:z € (Gg’q(fggl)(y)) ) < C(APAp* AL + Ag® max(Agq, Ap)?)
i) P (:c cR:x e ng’fg)]’fl)(y)) < C(APFAp*At + Ag® max(Ag, Ap)?)

iii) P (x € R : ming< <7 |'3(s) — '5(s)| < Aq) < CAQ.
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These estimates allow us to obtain bounds on the number of bad particles. The estimates
are taken with regard to X = (21,...,2y) € R®,

Corollary 2.12. Let 0 <7 < R,0 < v <V and y € R®. Then it holds for every v > 0
that

1.2 .
< Z MY 1) (oan (¥ » () >In(N)i [N3 R?min(max(V, R),1)*]
j bad

VI MYN(X)| > In(N)iN ) < C,N7.

This, in turn, gives us estimates when considering the effect of bad particles.

Lemma 2.13. Let 0 <7 < R, 0<v <V andy € R°. Let X € R*N be a configuration of
N particles x; such that

ST
o

> Ly (@) < (V)T [NSR? min(max(V, R), 1)*] A | M} (X)] < In(N) TIN5,

j bad

Further, let w™ : R®* — R" be a family of functions such that

" (N_{Cd ) if g] < e(N)

Tl if gl >c(N)
Then
, . CN-3+30 if =2
1
- Z/t M@ =) T, o) dt| <{ON-3H7  ira =3
fiat i CNH% o=
and

CN-sto  ifa =2
CN=5T%  ifa=3.

1 t _
v 3 [N - @)t (a) e <
CN§+6o if o =4

ijad t

When estimating the effect of good particles, we apply a version of the law of large
numbers to obtain:

Corollary 2.14. Let v > 0 and y € R®. There exists a C, > 0 (not depending on y) such
that for large enough N the following estimates hold

a)
1 & e v
P (3.t € [0,7T] : NZ/t 0T = @) Lav ) (z;) dt
= u

—/Re/bf ('G — "B 1any(2) dt - k(z) dz

> N‘3+"> < C,NT

11



b)

1 X e I
v (3t17t2 €0,7]: |N > | DT = 4)1on ) (x;) dt

_/Rts/tQDfN ("7 —"2)1an(2) dt - k(z) dz

> N~ 9+U><CN7

to
P <E|t1,t2 S [O,T] : ‘Z/ —qj 1GrN( )(IJ) dt

to
_/RG /t (5 — )1y (2) dt - k(z) dz

> N5+‘7> < C,NT

d)

to

P <E|t1,t2 c [O,T] : ‘ Z ]’LN 1GN( )(I’J)dt

—/Rﬁ/tQhN (1§ — ) 1gn (=) dt - k(2) dz

> N—é+f’c(N)—1> <C,N7

Remark 2.15. Because of the special role of the moved particle we will sometimes consider
N —1 particles instead of N. We often use this lemma in combination with 2.5 to estimate
the sums over f, g and h.

We also note that in the appendix we have a version that yields better estimates, as long

as we restrict to nicer interactions, i.e. instead of GV we restrict to (M N S +U)
6

We will only need this version in one case, namely particles that stay reasonably far
from x(. In the next section we will introduce rings that allow us to characterize how far
from x( a particle is.

2.3 Categorizing the distance to x( using rings

It is not surprising that we can strengthen our result by considering the distance of particles
from the disturbed particle xq. For this, we will now define hypercylinders in phase-space
around zy. The degree to Which particles feel the disturbance will be smaller the further
out they are. We define K = =—1. Without loss of generality we assume that K is integer,
ie. 0= Tlg % for some natural number m. The general case follows from monotonicity
of our estimates. One also could use rounding functions instead, but restricting o in this
way, makes the estimates cleaner and less convoluted.

For k = —1,0,... K we consider
b= {z e RO | 3t'F —" F| < N79H and [’Z =2 | < NoH7)

Note that B! is actually empty, as z¢ is a good particle by assumption. It still is a
useful notion, as our basic idea is to define the hypercylinder R* as B*\ B*~!. However,
we need to be careful, as bad interactions can carry the error over the borders of the rings.
For this reason we define:

12



Definition 2.16. Let k € {0,1,..., K}.
z; € RF <= k:min{mENoEln € No3zj,, ...z,
with z;, € G(z;,,,)¢ and x;, = z; and x;, € B™\ Bml}.

Here the use of the letter R stems from the fact, that we will simply call these hyper-
cylinders rings from now on. While this might less precise mathematically, we believe that
the image of rings is actually better suited for our later arguments.

In our definition a particle is considered to be in RF if either itself is in the ring or
if there is a chain of bad interactions connecting the particle to the ring. This can be
thought of as an adjustment of the naive definition of rings, as can be seen in Figure 2.2.

Figure 2.2: Adjusting rings to account for bad particles

Since typically there are only very few bad particles and bad particles stay very close to
each other, this is more of a nuisance than a real problem. Also note that by 2.6 we will
see that particles whose mean-field trajectory at some point comes close to #, (as in our
definition) stay close to Zg for the whole duration.

We will formulate and prove both these statements rigorously in the beginning of chapter
4 in the two lemmas 4.5 and 4.6.

We also define RE*! := R>® := RS\ UR". Note that for y € R¥*! we have that
| — 25| > N7°. In many ways RE*! behaves exactly as one would expect. One has to be
a little careful, however, as for all other k£ we have an often useful bound on the volume
of the ring, which is not the case for R*.

Later we will use the notion of particles near zy. These are particles that lie in R* with
k< 18%7 + 2. The other particles are called far from zy. This definition will be recalled
whenever we use it and is only stated here for completion.

The notion of rings allows us to differentiate our estimates depending on the distance
to the moved particle xg. In our main theorem 4.2 the estimate for the good particles
closest to xg is of order NV _%+3", while the estimate for those particles that are reasonably
far from zg is of order N=572 instead.

As most particles will have distance > N77 to xy as IV goes to infinity, these stronger
estimates can be applied to almost all particles for large enough N.

13






3 A derivation of Vlasov(-Poisson)
equation as the mean-field limit of
particle systems with regularized
interaction

In this chapter we prove a version of Graf’s result in [9] that is better suited for our needs.

Grafl was able to prove that for a typical system the distance between a particle and its
mean-field trajectory stays closer than N 3.

If one takes a closer look at his paper, it becomes clear that he actually has proven
the following stronger result. For good particles the distance typically stays closer than
C’N_%Jr%, and for bad particles it stays closer than CN—5-27. This can be seen on page
51 and page 61 of [9], respectively.

In Graf’s paper there is no special particle. To make his result more suitable for our
setting, it is helpful to use a slightly different version of his result. It states that for a
typical configuration X=! the Newtonian trajectories z;(s) and the mean-field trajectories
7;(s) in the system X = X=!'U {x,} stay close to each other.

Theorem 3.1. Let o > 0 and let fN : R® — R? be the force from our set up and k be a
density satisfying the conditions we introduced in section 1.1. Let T > 0 and v > 0. We
find a constant C., such that for any xo € R® we have

P ( sup  sup |zi(s) — Zi(s)| > N-ot ‘ xo 1s good particle in X=' U {x0}> <C,N77,
z;€X good 0<s<T

P ( sup  sup |x;i(s) — Zi(s)| > N-3te ‘ T is good particle in X='U {x0}> <C,N77.
z;€X bad 0<s<T

Here all probabilities are taken with respect to X=! € ROW=1, Importantly xo, unlike all
the other x;, is not a random variable. It is, however, one of the good particles considered
in the first estimate.

Our version differs from Grafl’s theorem in two points.

First, we have a larger cut-off and can leverage this for better estimates. Second, Graf}
considers the whole system including xy to be random variables, while we emphasis the
special role of zy and rigorously show that it is no problem for our probabilistic arguments
if one particle is chosen instead of randomly distributed.

The idea is to control the distance between mean-field and Newtonian trajectories using
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the following three values:

co(t) = Sup. [20(s) — To(s)]

€g(t) = sup sup |z;(s) — T(s)]
0<s<t i#0 good

ep(t) = sup sup |z;(s) — Z;(s)].
0<s<t 1 bad
By abuse of notation we will also use €(t) = xg — Zo(t).
For this we introduce the following stopping time 7:

7= sup{t € [0,T] | eolt) < N9 ¢, (1) < N8+ (1) < N~4+).

We now want to show that the stopping time typically does not trigger, i.e. that 7 =T
For this we consider ¢y < t; < 7 and prove that, if the estimates held so far, they still hold
at t;. This then implies that the stopping time (typically) never triggers.

We have three different kind of particles. The new particle xq, the other good particles
and finally the bad particles. While the arguments are similar in all cases, each type of
particle has different problems to take care of. For example, when estimating bad particles,
one has to take special care when estimating the effect of their bad interactions (i.e. the
interactions with the particles that make the particle a bad particle).

For this reason we now consider the three cases one by one.

3.1 First case: x; is the newly added particle x

The central idea is always to use a Gronwall style argument, and hence we are interested
in the force difference between xg and Z,. We estimate

[ jlvzo Plao—a)a— [ [ - 9k (5) dya

< [ (-~ 1o - @) a (1a)

to J#U
to J#O

/tjl/ f QO_ ( )1GN :vo( dy dt — /to / f qo_ ) (?j)dydt‘. (16)
Est. 1a)

/tl ! Z N(qo — q5) fN(QO—Qj)> dt

J#O

For this we consider the effect of the good and bad interacting particles separately.
First, we consider the good z;.

Good prts. For the good z; we can introduce g~ by 2.2, because we know that ¢; < 7 and hence

. 4.3, 4.5,
9o — a5 — (Go — @j)| < €0 +eg < NT5H37 4 N76+37 < ¢(N).
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Bad prts.

It then remains to estimate
t1 1 + o
/ > 9™ (G — @GN I + ) dt.
x; good

To estimate this, we want to use our law of large numbers. For this we need to
remove a set of bad starting configurations

X=te Al,a c RSV-D (.A1)

< E|t1,t2 € [O,T] : | / QO _QJ ‘1GN xo)(xj)dt
J7#0

t1
_/RG/t (@ — 7)1 (woy () At kY () dy| > AN "5+
0

and
=l ¢ Ay C ROE(N-1)

— Ity,t, € [0,7T) : | / (G0 — G) L (ag) () dt
J#0

L1 G = ) e 0) I )

> N-ot9,

Defining A; as the union of these sets, we can apply 2.14 to estimate P(X=! € A;) <
C,N~7. Note that this is a property of X=! and that the constant does not depend
on xy. From now on we work on the complement of A;, and therefore we can use
6.24 with By = N-s+30 4 €0 to estimate

t1 1
/ > g™ (Go — @) (N~ 9+20+€0)d

x; good

CON- (N3 4 )+ [ Cln(N)(N-4+57 1 ) dt

to

_4,8, 4
<CON79737 + [ Cln(N)ey dt.

to

For the effect from the bad particles z; we have to put in a bit more effort. We want
to estimate

/ zlvj > (Mo —a) = M@ — ) i

#0 bad

For this we split the sum further using 2.10 with y = xg and ro = 6N*%*", vy = N—5
and € = 0.

We start with the classes where the minimal distance between ¢, and ¢; is larger
than 6N 5

Using that ¢; < 7, we can estimate

. - N _2_,
lgo — ¢ — (Go — G;)| < lgo — Go| +|g; — @] <3N 97°.
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—0

Because gy — G;| > 6N -5 , we can introduce g by 2.2, and it remains to estimate

2, (il S gli—q
0

j#0 bad (6N 977 ,00),(0,00)

We want to use Lemma 2.13. Therefore, we have to assume that there are few bad
particles. To this end we use Lemma 2.12, which states that the probability for a
large number of bad particles is in fact small. Note that this is a probabilistic result,
so we have to remove a set of bad configurations again.

2l ¢ A, C RSV-D (Asz)

— ( Z MY V>(xo)(x3) > In(N)#[N3 R? min(max(V, R), 1)*]

7 bad

VMY (X)| > 1n(N)iN§>.

Using 2.12, we can estimate P(X=! € Ay) < C,N~.

One has to be a little careful here. The definition of being bad does depend on N
in two ways. First, for larger N, particles need to come closer to be considered bad.
Second, the mean-field trajectory does depend on N. Importantly, both these things
do not depend on xg and, because we assumed that o would be a good particle in the
new setting, zy does not corrupt any particle. There is still one small inconvenience,
namely that 2.12 needs N i.i.d. particles. This, however, can be solved by adding
an imaginary Nth i.i.d. particle. This, of course, could only increase the number of
bad particles.

We already take the union over all the r, R, v,V that come up in the partition here,
as we will need it later. Now we can apply 2.13 to estimate

2_, 1
C’]\fﬁ§ /to N Z g 1MN ) (x0)<xj)dt

j#0 bad (6N 977 ,00),(0,00)
SN*%*O’ . CN*%Jchr < CNngrQa.

—0

We are left with the particles that come closer than 6. N -3 , which are divided into
2

the following collision classes (see 2.10) with rq = 6N "5, vy = N5

L. Mom OUO)(%)
In(5-)

2. M(]gro) (NMUO,N<1+1>5UO)(xO),O << LSanON)J

3. MG 1), (1,00) (¥0)

Here we cannot introduce g. However, because x( is a good particle, the relative
2

momentum at their closest point has to be larger than N~5. This means that the

first class is in fact empty (and hence trivial) in this case.

In the following we will simply write x; € M (x() as a placeholder to later plug in
one of the remaining classes. When we use v, V' or R, it is always meant with respect
to the class, i.e. we always have R = 6N —50 and, for example, in the third class
v=1and V = oo.



With this being said, we estimate f¥ by 2.7 to obtain

t1 ] B B
C N > 1Mo —a) — NG — @)|de
to j#0 bad
x;€M(x0)
t1 1 B N
<C N > 1M —gp)| + ‘fN(CJo—CZj) dt
to j#0 bad
z;EM (x0)
1 1
<C — 1.
c¢(N)v N #Oz;)ad
z;€EM (x0)

Note that for the estimate of | f¥(gy — ;)| we need the second part of 2.7. We apply
this with y; = 20,92 = and 21 = Xg, 2 = x;. To verify the conditions we use
|1%O(tmin) 1~ ( mln)| < 6N 9 and |2%O(tmin) 2~ ( mln)| > N 9 ThlS y1€ldS

g1~ ~ _2 ~
N2 |1$0(tmin) - 1xj(tmin)| S N 9 S |2x0(tmin) - 2I]( mln)| AP

as well as ,
sup [Zo(t) — zo(t)] < N75 7 < N72Ap

and ,
sup |Z;(t) — x;(t)| < N"977 < N7 2 Ap.
Moving on with our estimate, we use R = 6N_%_", v > N—3 as well as c¢(N) >
1

N-37%2. We also need that the number of bad particles can be estimated by
an[N3R? min(max(V, R),1)*] as we work on the complement of As,.

1 1
C————a, 1
¢(N)v N #%ad

x;€EM (x0)

_Cc(]\f)v]ifaN [N3R? min(max(V, R),1)*]

<C——— L —ayNiR? min(max(V, R),1)* + C’#ia]\/

~ ¢(N)uN c¢(N)2v N

min(V, 1)
v

<CN™ot° + N3 < CNTo %,

Here we used that in the remaining classes either v =1 or V = N7v.

Combining these estimates, we are done with the first summand and have proven:

4.8 t1
< N*§+§”+/ In(N) - e,

to

/tl 1quo_% — (@ — G;)

to J750

Est. 1b) Next, we consider the second summand, i.e.

/ttl > @~ ) / / (Go — "D)k(G)Lew (o) (y) dy| -

3#0
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Est. 1c)

Gronwall

20

This is a simple application of our law of large numbers, i.e. 2.14. We already took
care of the associated bad configurations in 4; and obtain

< N-3to,

/tt1 1Zf (G0 — ;) / / (G0 — ")k (y)Law () (y) dy

Again we note that this does not depend on xy.

Finally, the last summand can be estimated by

/t:l/ NG — 7 ()lcho( dydt — /to/f (Go — §)kd (y)dydt‘
/:/ M@0 = ko' () Lev ) (y)dydt’

C(T)|f|oo1P’(fE1 ¢ G (x0))
< C(T)NitoN—372%

wlr

IA
=

Combining all estimates, we obtain

[P [ [ - 5k dya

J7#0

<N+ 4 [ On(N) e dt,

to
which implies for any ¢, <t <7
t

Yeo(t) < teo(t,) + | 2eo(s)ds

tn

2¢0(ty) + Ct* In(N) - teo(t) + C(T, N),

™
o
—~
~
S~—
INA

where C(T,N) = C(T)N~15%57. This has the perfect form to apply a Grénwall
style argument. As we will need the following version of Gronwall multiple times,
we state it as a lemma.

Lemma 3.2. Let vy, vy : R — Ry be two functions, C(T, N) be a function depending
on the time T and the positive integer N, and C' be a constant. Let [0, T] be divided
in equidistant intervals [t,, t,+1] with distance t*. Assume vi(ty) =0 and

t

vi(tn) + [ vaos)ds (3.1)

ln

vo(t,) + Ct* In(N)vy (t) + C(T, N) (3.2)

(t)

vi(t) <
Uz(t) S

for any t € [t,,tys1]. Then for N large enough, we have
va(T) < C(T, N)N*,

where the question of how large N has to be depends only on T,C and ¢ € R,.



Before we get to the proof, we apply the result to €y. Using v, = '€p, v9 = %€ as well
7 8

as C(T,N) = C(T)N~ 13737 one easily checks that the conditions of the lemma are

met. Hence, with ¢ = & we obtain %¢)(7) < C(T)N~5%5. This then implies that

Leo(7) < C(T) - %6 < C(T)N 5157

Combining this, we obtain that for large enough N (depending on C(7"),0) we have

(1) < N~ot3.
Hence, the stopping-time was not triggered by x.

Before we move on to the other good particles, we quickly prove the lemma.

Proof of Lemma. With a small induction 3.1 and v (¢y) = 0 implies

t

Z sup wva(s) + [ wa(s)ds

0<s<ty, tn

for any t € [t,, t,41]. Using this and 3.2, we can calculate for ¢ € [t,,, ;1]
v9(t) < wa(ty) + Ct" In(N)vy(t) + C(T, N)

n

< y(tn) + Ct" In(N) (Z t* sup wvy(s) + /t: Uz(S)dS) +C(T,N)

k=1 0<s<ty

n

< (1 + (t*)ZCln(N)> > sup vy(s) + C(T,N)+ Ct*In(N) /tt va(s)ds.

k=1 0<s<ty

Gronwall yields for ¢ € [t,,, 1]

n

v (t) < <C(T, N) + (1 + (t*)2C’ln(N)> Z sup U2<3>> (F)2CIn(N)

k—1 0<s<tg

We can replace the left side by the supremum over all t € [0,¢,,11].
1

If we choose t* = T’ this becomes

sup  va(t) < (C(T, N)+2> sup w(s)) e.
0<t<tn+1 k’ 10<s<tk

We will show by induction over n that

sup we(t) < C(T,N)e(2e + 1)".

0<t<tn+41

(3.3)

The base case n = 0 follows directly from 3.3. Assume it holds for all k € {0,...,n — 1}.

We again can use 3.3 to estimate

sup  va(t) < <C(T N) +2i sup v2(5)>e

0<t<tn+1 —1 0<s<ty

C(T,N) +2ZOTN) (26+1)k_1>e

( (T, N) + 2C(T, N)e (26“)”_1>e
— (T

(2e+1)—1
N)e(2e + 1)".
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With our choice of t* we need [T\/C'In(N)]| many points to cover [0,7] where the last

point is T". Hence,

vo(T) < sup vy(t) < C(T, N)e(2e 4 1)TV )+
0<t<T
= C(T,N)e(2e + 1)(c(T)) V"™
< C(T,N)e(2e + 1)N*
In(e(1))/In(IV) .
with ¢(T) = (2¢4+1)TVC and using (¢(T))V"¥) = N~ =@ < N3 for N large enough.
Hence, again for N large enough, we obtain

vs(T) < C(T, N)N®.

3.2 Second case: x; is a good particle

Next, we want to estimate ¢,. For this we consider a good particle z;. This works almost
analogously to the case x; = xg, as we assumed zy to be a good particle in the new system
X=U {zo}. However, we need to be a little careful, as the effect of zy on z; cannot be
as easily estimated by our law of large numbers, as zq is not i.i.d. like the other particles.
Because this is only one particle, this can be handled without too much effort.

For x; good we have for any to, ¢, € [0, 7]:

[ xS aaar= [7 [ G- ) dye
o N i N

< /ttl ]:t]Z(fN(qi_Qj) _fN<‘ji_(jj)> de (2a)
0 SV gt
S G- a = [5G = D) e o) dydr (2b)
o IV gz fo JR
[ L@ ke @ - [ @ pkmde]. (2

Est. 2a) We start with the first summand:

/:1 ]1VZ (¥ =) = NG — ) dt

o AV

For this, we consider the effect of the good and bad interacting particles separately.
First we consider the effect of the good ;.

Good prts. As the stopping time has not been triggered yet, in this case we know that

L 4.5,
@i —q; — (G — G;)| < €+ max(e; +€) < 2N 530 < c(N).
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Bad prts.

Hence, we can introduce ¢V by 2.2:

t1 1 B 5
> M — NG —g;) dt
j#i good
t1 ]_
< — N(g — 2¢ dt—i—/ — €0 + €4) dt.
; N#i%mdg (Gi — G5) - 2¢4 3 9" (@ = do) - (eo + )

To further estimate we need to use our law of large numbers. Hence, we had to split
off the effect of x( as it is not i.i.d..

To estimate the effect of xy, we use 2.7 and the fact that as ¢; is a good particle we
2
know max(|G; — Gol, |Di — Po|) = N~5. This yields

hl N~ q C(T) N% —3430 . —5440
/to ~9 (Qi_QO)'(€g+€0>dt§TC(N)2(N 9137 1 N75+27) < O(T)N 9147,

N

For the remaining particles we can use our law of large numbers after removing a
set of bad starting configurations, where the estimates might not hold. This is the
first time we need to be careful about the fact that we have removed zy, and hence
we need to apply 6.23 here. To this end we define

X2l e Ay C RE(V-1

t
D<= dt1,ty G 0 T | /2 —qj ]_GW(%)(.TJ)dt
t1

to 1
—/ / gV (& — ) 1gn oy (2) dt - k(2) dz| > CN=8+7,
RS t1

Defining Aj; as the union over these sets, we can estimate P(X=! € A3) < C,N~7
with 6.23. Note that, as the probability drops faster than any power of N, it is no
problem that we need to apply this estimate up to N times for all the (good) z;.

With this we can estimate using 6.24 with Sy = €.
t1 1 B B
/ I Y. 9NG - @) 2
to j#1,0 good

<C(T)N 7€, (t,) + /t " C'In(N)e,(t) dt

For the bad 7 we do not have to worry about zg, so this works exactly the same as
the corresponding argument when estimating ¢;. Hence, we will keep this section
short and only repeat the main ideas. We have to estimate

['5 S (-0 - /G- a) ).

j#i bad

We split the sum using 2.10 with ry = 6N‘§_U, vy = N=% and ¢ = 0.

If |g; — g;| > 6N ~579, we use that the stopping time has not triggered and hence we
know

L _ . 2
i —aq; — (G — G)| <|ai — G|+ |g; — q;| <3N 7.
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Hence, we can introduce g by 2.2 and it remains to estimate
1
j;éz bad (6N7 977 ,00),(0,00)

We want to use Lemma 2.13, for which we need to control the number of bad
particles. For this we define

)(21 € ./441' - RG(N_U ("44)

1002 :
= (JZ 1M(JXR)’(U’V)(Q:Z_)(I']') > In(N)1[N3 R?* min(max(V, R), 1)*]

j bad

Again, we have P(X=! € A;) < C,N™ for A, = UA4,-. This is a property of X=1.
Recall that we need to be careful here, as 2.13 needs N i.i.d. particles, which can,
for example, be solved by adding an hypothetical N-th i.i.d. particle and noting
that this could only increase the number of bad particles.

=
win

VMY (X)| > In(N)IN

Now we can apply 2.13 to estimate

1 1
/ >og" @)1y~ (wo) (T7) At

];éz bad (6N 977 ,00),(0,00)

<N-57.CON-3t4 < ON-5+37,

—0

We are left with the particles that come closer than 6N -3 , which are divided into
the following collision classes (see 2.10) with ro = 6N"577 vy = N~5:

L M(o 70),(0, uo)(fﬂi)

2. M(](\)[ro) (N1yg, NU+1)84) (ZEI), 0

3. MG 10, (1,00 (1)

As x; is a good particle, the relative momentum at their closest point has to be larger
2
than N79, and hence we can rule out the first collision class.

With our established notation we estimate fV by 2.7 to obtain

c["L v
to N j#i bad
x ;€M (x;)
t1 ]_
<C| = >
N j#1 bad
x;€M(x;)

1 1
¢«(NyoN Z L

j#i bad
T EM(JIZ)

g —a5) — NG — g;)| de

Mg —a)| + [N (@ — ;)| dt

<C

Note that for the estimate of |f~(¢; — ¢;)| we need the second part of 2.7. The
required estimates for x; work just as with xy.



Moving on with our estimate, we use B = 6N"5-7, v > N5 as well as c¢(N) >
N-3%. Combining this with the upper bound for the number of bad particles in
this collision class obtained in A4, we estimate using ay = In(N)7

1 1

j#i bad
x;€M(x;)

<C- N [N R?min(max(V, R), 1)*]

1 1 2 1 1
< 1 259 4, 1
< CC(N)U ay N3 R° min(max(V, R), 1) +Cc(N)vNaN
min(V, 1)

< CN7ate +CN73T7 < CNTo %,

v
Here we used that in the remaining classes either v =1 or V = N7.

Combining these estimates, we are done with the first summand and have proven:

t
< ON=5+2 ¢ [TIn(N) - L,

to

/1121" @ — ;) — NG — @)

fo J#i

Est. 2b) We need to estimate:

[ WS @ wat= [ [5G DR ) dyet)

Compared to the previous segment, this is relatively easy. We split off the effect of
xo and then use the appropriate version of our law of large numbers.

The effect of xg can be estimated by 2.7, as we know that either the minimal distance
2
between T, and ; is greater than 6 N ~577, or their relative momentum at this point
2
is greater than N7%.

/ - o) ] <

Now it remains to estimate

/tllsz Gi — ;) dt — //RﬁfN k(y) L (o () dy

For this we need to remove a set of bad starting configurations, i.e.

x=t S .A5i

1=t
< dt1, 1y € [O T |N Z / fN —Q])]-GN( )(l'j)dt

_/RG/th ("% — 12)1an (e (2) dt - k(2) dz
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Setting A5 as the union, we can estimate the probability by C, N~ using 6.23.

Working on the complement, we can directly estimate

b1
1 ZfN G — dt—/ /GfN k(y)Len e, (y) dydi| < CN=#+7
R
Est. 2¢) Finally, for the last summand we simply have to estimate
/RGfN R vy ) dyde— [ [ 1= pkoly) dy |
0

f (G — D)k W) LGN (@ye (y) dy dt.

to

For this we note that
P(ve (0" @)°) s o (v i) (v ) = o

by 2.11.

Further, we can estimate f~ (g — ¢) by its maximum value, i.e. |fV], < Cc(N)? <
CN3to

Combining these two estimates, we obtain
t1
| L = k)L e () dy e
0

gCTN%/ k(y) d
(TIN? | ooy KW 49

<C(T)N3+7757% = C(T)N 577,

Gronwall Combining these estimates, we have proven that

/tl \ > M _qﬂ')dt_/: /R6 NG — 9)kol(y) dy dt

to J#l
<CMN-77 4 [ Cl(N) - e, (1) dt.

to

As this estimate holds for all the good particles x;, this implies for any ¢, <t <7

t
e (t) <ley(tn) + | Zeo(s)ds

tn

2¢,(tn) + Ct* In(N) - Leo(t) + C(T, N),

[}
Q)
Q
—~
~
~
IN

where C(T, N) = C(T)N~a+2
Hence, applying our Gronwall Lemma 3.2, yields

( )< N—7+3a

This proves that the stopping time cannot be triggered by a good particle.
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3.3 Second case: x; is a bad particle

We have weaker bounds for bad particles that make estimates harder.
We circumvent this problem using the following Ansatz from Grass. We define a cloud
of auxiliary particles around our bad particle, i.e. we define

Jy ={=[Nv],...,=1,0,1,...[N5]}S.

Then, for (ki,...,ks) € Jy we define x; 5, 1, = Ti + Z?Zl ij_%+2U€j7 where e; is the
j-th basis vector in R®,
We want to show that for any ¢y < 7 there is an auxiliary particle z; x, ., that satisfies

sup Moy =Ty kel < N_%+3U7 sup 22— 2Ty k| < N-Ttio
sG[to,t+N_ﬁ} sE[to,tJrN_ﬁ}
First, we note that
_ 1
|00, (D1 0(2:)) — 3] < C(T)|mi(to) — Ti(to)| < 6 = N757,

where we used 2.6 in the first step, and the fact that ¢ < 7 in the second estimate.
This distance is smaller than the auxiliary cloud, and hence we find an auxiliary particle
Tik .. ks that satisfies:

00 (620(20)) = T o] < CNT3727,
Applying 2.6 again, we obtain
[2i(to) = Fis,s (F0)| < C(T)NT5727.
Hence, for large enough N we at least have a small time interval such that

~ _4
sup |1xi(s) — 1xi,k1,...,k6(8)| <N 9-1-30’
s€[to,t1]
as well as -
sup |2xz~(s) — 2‘%i,k1,...,k6(8)| < N-18+19.
s€[to,t1]
The idea now is to estimate sup, <., |i(s) — Z;(s)| using the fact that it is bounded by

SUP |25(8) = iy, is (8)| + SUD Ty, (8) — Ti(s)]-
to<s<t to<s<t

This is helpful, as both summands are easy to handle. The first estimate works very
similar to the estimates for a good particle, because we know that the spacial distance
is bounded by N ~5. The second part is well behaved, as we compare two mean-field
trajectories. For ease of notation we write &;(s) = Tk, ., for the auxiliary particle that
satisfies the above condition on the interval s € [ty, tx11]. So Z; is the mean-field trajectory
of an auxiliary particle.

We start by estimating the second summand, i.e. the mean-field difference. For this we
simply apply 2.6 again to obtain:

|Ti ks () — Ti(t)]

< Ot F 1 ke(to) — Ti(to)]

< oC(t—to) (s (to) — xi(to)| + |zi(to) — Zi(to)])
< (Clt=to) (N—%+3U + |z (to) — ji(tO)D ;
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where we used the choice of Z; in the last estimate.

It remains to estimate |x; — 2.

The idea is to use the same estimates we have already used for the good particles. We
simply replace z; by Z;.

There is one additional problem we need to take care of, namely the bad interactions.
So far we only have worked with good particles, so even the interaction with other bad
particles was reasonable. In this situation the bad particle has at least one bad interaction.
These interactions are handled in an extra step in this estimate.

For x; bad we have for any t,,t; € [0, 7]:

! (g —g;)dt — ko(y) dy dt
Jow T J, fr
<| [ S~ ) e ) de (34)
. J#z
ol N( N
52 (= 0) = £~ 8) Love (o)) de (3b)
0 J#Z
S G- a = [5G - DR @) leve () dyde (30
0 J#Z fo
[0 - DR wevey @ dyde— [ [ G- D @ dva (3a)

Est. 3a) We have to estimate

/1 1 > M oV (e (@) dt| .

to J#l

This estimate was not necessary when working with the good particles, as it estimates
the effect of bad interactions. Again we need to remove some undesirable starting
configurations. This time we define

X=1 e Agier,. kg (Ag)
(i ey ., k6)<'rj> > In(N)3.

N

2
i (6N"97 7 NT9)

By 2.11 we know that P (y cR®|y¢ GN(2)> < ON=372 for all z € R®. Hence,

for ay = [(In N)1] we can estimate

New

—2_90\a an(—31-0)
G ON e < v,

N
IP)(XZI c AG,i,kl,...,kG) S ( >(CN—§—20')CLN S

Defining Ag as the union over all ¢ € {1,..., N} and (ky,...,ks) € Jn, we have

P(XZ' € Ag) < N(CN3)SNN(570) = N"ONOONT . N30 < N7ON3,
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Est. 3b)

Good prts.

Clearly, this decreases faster than any power of N. Working on the complement of
Ag, we can estimate

t11

N
IN
%
Q
3
=

oiﬂ

[SIN]

< ACT) 1V (V)

—(gj :[(GN(z NC dt

J#Z

We have to estimate

/t1 1 Z — fN(CiZ - %)) 1GN(i.i)(xj) dtl .

fo J#z

For this, again we consider the effect of good interactions and bad interactions sep-
arately.

As the stopping time has not been triggered yet, and by our choice of Z;, in this case
we know that

lgi — q; — (G; — G;)| < max(eg, €) + N-o+30 < N5 +30 < ¢(N).

Hence, we can introduce ¢V by 2.2 to obtain

'y X Fa-a) - - a)d

0 j#i good
il 77+30'
/ N Z g -2N
to j#i good

To further estimate, we need to use our law of large numbers. Before this is possible,
we need to split off the effect of z( as it is not i.i.d.. For this we use 2.7 and the fact
that z( is a good particle to Z; and hence still has a reasonable distance to z;, i.e.
max(|q; — Gol, |Di — Do|) > N—%. This yields

C N3

4 1 4
N—*+3¢7 < ON—f-i-JN—f—I—SU'
< NC(N) 9 < 9 9

t1 ] N
— gV (G — Go) - 2N <
/to ~9 (G =)

For the remaining particles we can use our law of large numbers after we remove a
set of bad starting configurations where the estimates might not hold. As we have
removed xg, we need to apply 6.23 here. We define

x=t S A7Z (k1,....k6) - R6( b (A7)
1 N=1 o, N
— Tt t, € [0,T]: ¥ / 0V (6 — G) 1w oy () dt

to
—// D= ) an oy (2) dt - k(2) dz| > CN=5F7.
R t1

Setting A7 as the union over these sets, we can estimate P (X 21l ¢ .A7) < C,N77
with Corollary 6.23. Note that as the probability drops faster than any power of NV,
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Bad prts.

30

it is no problem, that we need to apply this estimate up to N times for all the z; and
1
then again ~ (N9)5 times for all the auxiliary particles in the clouds around them.

With this we can estimate using Lemma 6.24
t1 1
[’ X Ma-a) Nt s N
to N j#i,0 good
Next, we deal with the interaction with other bad particles.
We have seen these arguments more or less twice now, so we keep it short. The only
difference is that we have Z; instead of Z; and that, this time, we in theory would

have to worry about the bad interaction partners. But we have already estimated
their effect in (3a). So it now remains to estimate

/tl 1 2 (fN i—q) = (@ _qj))]-G’N( y () dt].

];éz bad

We split the sum using 2.10 with ry = 6N_%_", vy = N=% and € = 0.
If |g; — q;| > 6N 577, we use that

4 — 45 — (@ — @)| < g — @] + g — @] <3N"57°.

Hence, we can introduce g by 2.2 and it remains to estimate

1 1
/ > 9@ =gy~ (o) () dt.

j#i bad (6N 977 ,00),(0,00)

We want to use Lemma 2.13, i.e. we need to assume that there are few bad particles.
For this we define

X € Agi (k... k) € RENTD (As)

= <Z M o (23) > I(N)T[NS R? min(max(V, R), 1)*]

j bad

VMY (X)| > 1n(N)iN§>.

We use Corollary 2.12 to estimate the probability of Ag, which is defined as the
union over all these sets. Note that we have to be careful, as we need to apply the
estimate not only for all the bad particles, but all their auxiliary particles as well.
But as the total number of particles is bounded by some power of N, we still obtain
P(X=! € Ag) < C,N~". As we have seen two times before, this is indeed a property
of X=!. Now we can apply Lemma 2.13 to estimate

1 1
/ Z 9 Gj) Ly ) (@-)(xj)dt

];ﬁz bad (6N 977,00),(0,00)

<N—*—0' CN 3—i—4c7 < ON—7+3U

We are left with the particles that come closer than 6 /N ’%’”, which are divided into
2

the following collision classes (see 2.10) with 7o = 6N =577, vy = N75:



L M(O 70),(0,v0) ('ijl)

2. MY

(0,70), (Nl‘svo N(lJrl)‘s’Uo)

3. MG 1), (1,00) (1)

As we only consider particles in GV (2;), we know that the relative momentum at

ln(%)
OVEYEE

their closest point has to be larger than N _%, and hence we can rule out the first
collision class.

With our established notation we estimate fV by 2.7 to obtain

o'y X - a) - - a)ar

to j#0 bad
mjeM(zo)
t1 ]_ R B
<C| 5 X |Ma—q)|+ [N
to j#i bad
x;€M(x;)
1 1
<C — 1.
c(N)v N #Z.Z];ad
x;€M(x;)

Note that for the the estimate of |f"(g; — ¢;)| we need the second part of 2.7. The
required estimates for x; work just as with zg.

Moving on with our estimate, we use R = 6N_%_", v > N~5 as well as c¢(N) >
N-57%, Combining this with the upper bound for the number of bad particles in
this collision class obtained in Ag, we estimate

1 1 1 1 2
= 1< —an[N5R*mi 1)*
(Mo N #izlgad < C’C(N)UNCLN[ s R°min(max(V, R),1)"]
x;€M(x;)
= 1a N3 R? min(max(V, R),1)* + C = 1a
il < il
(NN (NN
<oyt oo
v
<CN—*+20'

Here we used that in the remaining classes either v =1 or V = N%.

Est. 3c) Here we have to estimate

t11

Neriya) b= [ [ Y@= k) lev (v) dy de]

6
J#l to /R

This is a simple application of our law of large numbers after considering the effect
of xg separately. For xq we use Lemma 2.7, which can be applied as we have taken
care of the bad interactions already, to obtain

/n 1oy C(T) N
t

(G — Go) Ly (3,) () dE| < —==

< —5to,
s N N C(N) —%
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Est. 3d)

32

It now remains to estimate

/tl . ZfN ]-GN $] dt—/ / (y)le ( ) dy dt| .

fo J#O

For this we need to remove another set of bad starting configurations

Xzt e Agi (k... ke) © R6NV=D) (Ay)

.....

1 N-1 to
< Htl,tg c [O,T] ‘N Z fN<1 )1GvN( )(ij)dt

_/RG /t2 fN — Z)]_Gz\f ( )dt k‘( )dz > C’N*%Jm.

Again, we have to take the large amount of auxiliary particles Z; into account. As we
have seen before, this is no problem. The number of times we have to apply Lemma
6.23 is bounded by some power of N, and hence we can modify ~ to still obtain that
the probability of A9 = U Ag; k... k) can be estimated by P(X=! € Ag) < C,N~7
for any v. Working on the complement, we can directly estimate by

11 1
1GN(xi)(xj) dt
J#ZO

t1

L T = DR ()T (v) dy de) < CNZ3H,

0
t1
L [ 7= Dbt ton ) dyat ~ [ L £ =k () dyat
to R to

This works the same as our arguments for the good particles in the last section.
We note that P (y € (GN(#;))C) < C(T)(N5 )2 (N~8) = C(T)N~ 572 by 2.11,
Further, we can estimate fV(g; — ) by its maximum value, i.e. |fV], < Cc(N)? <
C(T)N3to,

Combining these two estimates, we obtain
t1
L L = D)L e () e
<C(T)N3* k(y) dy

(N (3))°
<C(T)N3t7~ 372 = C(T)N 377,
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At = N~ 1s

Combining all these estimates, we have proven (for large enough N):

t1 ] t1 - -
[ S a—ayae= [ [ @ - akoly) dydt
to i to R
<(t; — to)N"5T5 4+ C(T)N~-3+3,

Now we can prove that to =t + N ~15 is a valid choice.

Recall that we have to prove that for this choice

- _4
sup |1jS(5) — 1$i,k1,...,k6(8)| <N 9—&-30’
s€[to,t1]
as well as o
sup [*2i(5) = "o, ke (5)] < NTEFI7,
s€lto,t1]

First, we note that for t; —ty = IV ~15 we have

P2i(8) = *Tiy.ho (5))]

/s]iTZfN(%—Qj)dt_/t:/RﬁfN(Cfi—ﬂ)ko(y)dydt

to —
J#i
SN*%JrZa +(t — tO)N7%+% + C<T)Nf%+3a < N-1st30

<PPwi(to) — *Fipy...k(to)| +

To obtain a strong estimate for |'z;(s) — !

by Graf:

Lemma 3.3. There exists C' > 0 such that for all N € N, t,ty € [0,T] where
|t —to| <1 and x,y € Rg it holds that

Tiky.. ke (s)], we need the following result

@) = pn0) — (12 = 1y) = (o =)t —to)
<C(t - t0)2(|1$ — Yyl + o =2yt — t0|).
Proof. This is Lemma 2.1.3. in [9]. O

Using that 4
|7i(t0) — Tikr,...ke ()| < N 9t2%

and that |t; — o] < 1, this estimate yields

'2i(s) = Ty, ()]
<I'i(to) — Figyie (to)| + (t1 — to) N~ 1817 4 N=5+2
<N-9%20 L N" Nt 4 O(T)N 912 < N-ot30,

This also proves that

|~

+

o0
W

sup |z;(s) — Z;(s)| < C(T)N 1

t1<s<t2

4 (3.4)

Finally, this allows us to prove our actual goal, namely that |z; — Z;| stays small.
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Recall that this term is bounded by
|zs — Zi| <o — Ty + 20 — T4
Combining the estimate 3.4 with the estimate
[£3(5) = Zi(s)| < 7T (NI o fay(ho) — (1))

from the beginning of this section, we obtain

_ 1
sup o — i < € (NTH 4 [layt) = Mai(to)]) + C(TINF e
tOSSStl
1
SQCN 18 |1$z(t0) _ 15&@<t0)‘ + C(T)Nflngr%U.

Choosing equidistant ¢t with tx = k- N _ﬁ, we obtain the series of inequalities

_ L
< N T ‘11'1@”) - 1L%Z<tn)| + C(T)N*%JF%O.

sup ’x@ — Z;
tn<s<tn41

With a small induction one can conclude that

n—1 1
sup |zi(s) — d4(s)| < ON"1+10 . 7 (20N Tk,
0<s<ty 1;:0

_ 1
Using that T'V i constitutes an upper bound for n and that 1 —e“N ™ < CN ~1s
for large enough N, we get

+o

=

sup |z;(s) — &i(s)] < C(T)N~#+i7 < N~

0<s<Tt

This then implies that the stopping time cannot be triggered by a bad particle.

This concludes the proof of our version of Graf’s result in [9].



4 Proof of the main theorem

After all this preparation we just need some notation before we are now able to state and
prove our main theorem.

Definition 4.1. For X = X='U {x} € R® and § € R® we define the disturbed configu-
ration X° = X2 U {xg+6} € R%. This means, that 23(0) = z4(0) 4§ and x%(0) = z;(0).
We write ) for the mean-field evolution of zj. As we only disturb one particle, it is
reasonable to simply apply the same mean-field evolution. This also implies that for the
other particles (z;, @ > 1), where the starting position does not change, the mean-field
trajectory does not change either, i.e. we have 7% = ;.

We also introduce

0i(t) :xf(t) —z;(t), 64(t)= sup sup |0(s)] and 0(t) = sup sup |d;(s)],
;70 good 0<s<t X,;bad 0<s<t

as well as deltas for the particles in the k-th ring:

S(t)=sup  sup |0i(s)] and 6F(t) = sup  sup |0;(s)|.
x;ERF good 0<s<t x;ER* bad 0<s<t
We use 'd; and 2§; to denote the position and momentum component, respectively.
Analogously 'd, and 0, are defined as the suprema over their respective '4;.
Lastly, we write 0o = T5 — .
By slight abuse of notation dg(t) = x§(t) — z¢(t) will sometimes also be used for dy(t) =
SUPg<.<q |00(s)|. The same is true for do.

With this notation we can finally state our main result. It states that for a typical con-
figuration X=! the trajectories in the original system X = X='U{xo} and the trajectories
in the disturbed system X° = X=! U {x + §} stay close to each other.

Theorem 4.2. Let 0 > 0 and fV be the force from our Set up and k be a density satisfying
the conditions we introduced in section 1.1. Let'T > 0 and v > 0. Then we find a C., such
that for all zo € R®, all 6 < ¢(N) and all k € [0, é] we have the following estimates for
the conditional probabilities:

]P’( sup |dp — do| > N-1tio . 9] ’ xo 1S good) <C,N7,

0<s<T

Cli9,- : _
]P( sup  sup |ad — x| > N7oT207ho | ‘ xg 1S good) <C,N77,
z;€ERF good 0<s<T

P sup sup |20 — ] > N1 t20 ko, 0] ‘ xgts good | < C,N~7.
2, ERF bad 0<s<T

Here all probabilities are taken with respect to X=' € RSW=Y " Importantly xo, unlike all

the other x;, is not a random variable.

By “xq is good”, we mean that xo becomes a good particle in X=1 U {xo} with respect to
our definition 2.8.
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The theorem states that, with a very high probability, for all particles that were not
disturbed the trajectory stays more or less the same, i.e. the change is of a significantly
smaller order than the §. For the disturbed particle itself it gives a good estimate on
how the trajectory changes. We can simply investigate how the mean-field trajectory
changes when we move the particle by ¢, and this will give us a good estimate on how the
real trajectory changes. As the change of the mean-field trajectory is easily estimated by
Corollary 2.6, our result implies an estimate on |dy|. More concretely, we find a constant
C1(T) (independent of 4, X and N) such that

sup [Zg — Zo| < Co(T)|75(0) — Zo(0)| = C1(T)|3].

0<s<T

Hence, our theorem implies that in almost all cases |do| < C1(T)|6| + N~1574|5|. Our
result is much more interesting, as we were able to extract the leading order of § in dy.

As an alternative formulation of our result, one could consider a configuration to be
stable if all good particles can be moved a bit without disturbing the system too much.
This alternate formulation follows directly from the one we stated above, i.e. from Theorem
4.2. Tt is in fact slightly weaker as all the particles — including the disturbed particle — have
to be i.i.d.. At its core, it is still a version of our result that, depending on the situation,
might even be easier to work with.

Theorem 4.3. Let fV : R* — R? be the force from our Set up and k be a density satisfying
the conditions we introduced in 1.1. Then for all T > 0 and all v > 0 we find a constant
C, such that for all § < ¢(N) and k € [0, ]

P < sup |8y — dg| > N_%8+4”|5| ‘ xg is a good particle in X) <C,N77
0<s<T
P( sup  sup |@) — > N5

+2o—ko) 5| ‘ xg s a good particle in X | < C,N™7
2, €ER* good 0<s<T

1
P sup sup |20 — x| > N- 11207k ‘ xg 15 a good particle in X | < C,N™7.
2,E€RF bad 0<s<T

This time the probabilities are taken with respect to X € R®Y | and hence zq is a random
variable.

This can be strengthened further. Instead of only considering xqy in the probabilities, we
can estimate the probability that there exists a good x; € X, which — when moved — disturbs
the system too much.

Proof. We assume z is a good particle in X. Then

P ( sup |dp — do| > N118+4°'5>

0<s<T

< IF’(sup B0 Byl > Nt |$0=y>'k0(y)dy
yE]R6

0<s<T

< CyN™ - ko(y)dy = C,N 7.

yERS
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Here we simply used Theorem 4.2, as the conditional probability has exactly the right
structure, i.e. it considers the random variable X=! together with a fixed xy. Of course,
we make heavy use of the fact that X=! and z, are i.i.d. and that the constant C., does
not depend on xy = y. The other two estimates follow analogously.

Finally, we consider the probability

P (Elat € X | z good particle that infringes one of the estimates above).

As all particles are initially i.i.d. and as the probability for each particle is bounded by
C,N77, it is clear that this probability is bounded by NC,N~7. We set C‘v = Cy41 and
conclude that the probability for a configuration to have one or more good particles, that,
when moved, disturb the system is bounded by C~*7N -7,

O

Proof We will spend the entire remaining chapter proving this result.

First, we fix the constant in our he namely ¢ = 2C1(T') + 1 which, as promised, does
not depend on N. From now on we will omit the index and simply write h. Later in the
proof it will become clear why this choice was made.

Now we define 7 as the latest point in time < T', for which

b0 = dol < NTIH|o; do(r) < 2 (1|3 85(r) < NGl o (r) < NS,

We want to show that this stopping time typically never triggers, i.e. that P(7 # T) <
C,N7.

To this end we want to estimate the difference in force between the particles in the
original system and their counterparts in the disturbed system. The advantage of this
approach is that we can assume that our stopping time has not been triggered so far, and
hence we have strong estimates on our particles. Our final goal will be a Gronwall-style
argument.

In the proof we will distinguish different cases. We will first consider the difference of
force for the 'good’ particles that were not moved, then the ’bad’ particles and finally we
will have to deal with the moved particle x, separately.

What we will prove is a stochastic result. Hence, it is okay that we will not consider
every possible starting configuration and rather work with a subset of configurations that
have desirable properties. For this, we will remove sets of bad starting configurations
multiple times throughout this proof.

Before we start, we can define the first such set. By slightly altering the result of Grafi,
we were able to prove that for any fixed zy configurations x1, ..., zy will typically be well
behaved with respect to o in the sense that if x( is a good particle in X = xoUX=!, then
the real trajectories in X stay close to their mean-field trajectories. To make this precise,
we define

_)(21 € Bl - R6(N_1) (Bl)
: <= (Ji good SUP |z — T4 > N-1+o v Jibaa SUp |z — 7| > N_%_”).
0<s<T 0<s<T
In Theorem 3.1 we have proven that for any v > 0 there is a C, > 0 such that P(X=! €
By) < C,N77. From now on we will work on the complement of By, i.e. we will only

consider configurations where the particles stay reasonable close to their mean-field tra-
jectories.
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Remark 4.4. Grafl uses a slightly different definition of good and bad particles, i.e. his
definition uses the Mgy we defined in 2.8. However, our definition is more strict as
Gryv(y) € Mgryv(y), and hence more particles are considered "bad” in our definition. In
conclusion, Graf}’s result is even stronger than what we use here.

We already need to restrict our configuration further to make sure that our partition
into rings works properly. For this, we remove

XZl S BQa,i g R6(N71) (B2a)
R —— (Z 1MN_1 _;($1)<%) > ln(N))
7 bad N 9 N 9

By Corollary 2.12 the probability X € By, ; is less than C,N~7 foralli € {0,1..., N —1},
so the same is true for By, := UBa, i.e. P(XZ' € By,) < C,N7, for any v and
suitable C,. From now on we will also work on the complement of By, i.e. we work on
(REM=D\B)) \ By,. We will remove more bad starting configurations while proving our
theorem, and in the end we will work on RS\ |J B,.

Working on the complement of By, allows us to prove the following two important
lemmas for our rings of particles around z.

Lemma 4.5. Let k= 0,..., K + 1. Ify € R*, then sup, |j — | < CN=T5_ Only for
k = 0 we have sup, |§ — Zo] < CIn(N)N~5.

Proof. Recall that our definition of the k-th ring definition 2.16 did account for chains of
bad interactions. Otherwise this lemma would follow directly from the definition of the
rings and the fact that the mean-field trajectories are Lipschitz.

With our definition, however, we still know that, if y is in R¥, there has to be a particle
z in B* \ B*¥! and a chain of bad particles connecting the two. As we work on the
complement of By, we know that in the N~s ball around z there are at most In(N) bad
particles. By Lemma 2.6 and their definition we know that the mean-field trajectories of
the bad particles stay in a C(T)N~3 ball around their collision partners. That means
that in the worst case the In(/V) bad particles around z can build a chain with length
of at most C(T)In(N)N=5. As min | — &o| < N~ this means that |j — &| <
N—§+ko 4 C'ln(N)N~5.

If £ > 1, we can estimate C’ln(N)N_% by N5 vielding the desired result. If k = 0,
we estimate N~5+% by In(N)N ™8 to obtain the stated estimate.

O

Lemma 4.6. For j < k—11lety € RF and z € R/. In this case we have y €

C
Mleng(kfl)a 1N 3+(-1)o (Z) .
2 12

Proof. Assume to the contrary that there is a point in time where | — 2| < %N*%“k*l)".

By the lemma above this means that |j — &o| < |§ — 2| + |7 — | < N=s7¢=D vielding

a contradiction as y ¢ B*L. O

We can now also use our version of the law of large numbers to prove that in nearly all
cases there are very few particles near x, i.e. in the rings R* with k& < &= + 2. This will
be helpful as, when we move z(, particles that are this close to the disturbance are most
heavily impacted by it.
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Lemma 4.7. We have

P (#{z =1,...,N | z; is near xo} > C’Nl%) <C,N77.

Proof. We consider the set of particles near z,. Recall that near means that x; € R* with
k< ﬁ + 2. First, note that by Lemma 4.5 we know that these particles x; will stay in
their corresponding C'N —5+h ball around zp. As k < 18% + 2, this yields that they will
stay in the CN ~15729 hall around xo. The rest is a simple law of large numbers argument

(i.e. Lemma 6.17). For this proof we will write M = M(JZYN%HU CN7%+20)($0). As our z

we will use 1(xg) — P(x; € M).
By construction and as the z; are i.i.d., we have E(z;) = 0. Next, we set b(N) = N'2~1,
and by Lemma 2.11 we have

E(27) < E(1y(xp)*) =P(z; € M) < CN27 71

We also can estimate |zx| = |1p(zx) — P27 € M)| <1 < /Nb(N).
Now our law of large numbers 6.17 yields

P(|z] > CN®'In(N)) < N 7.
As a simple consequence we obtain
P(|M|> CN* In(N) + CN"™7) < N7,
Hence, typically we have that the number of particles in this ball around xzy is bounded
by CN1%, ]
This allows us to define
XZ! € By, C RSV (Bay)
‘%U+2

<= | |J R*|>CN™.
k=-1

The previous lemma directly implies that we can estimate P(X=! € By,) < C,N™. In
the following arguments we will need to restrict our possible starting configurations a few
more times, but for now we are ready to start considering the difference in force for a good
particle.

4.1 First case: x; is a good particle

We want to show that the stopping time does not trigger because of a good particle. For
this we will prove that 6,(r) < N~9%27|4| and or(7) < N~5+20-k7|§] T achieve this, we
will estimate the force difference between x; and x¢ and then use a Grénwall estimation.
From now on we will write k(i) to reference the ring our particle z; is in, i.e. x; € R*®.
The same holds for all the other particles, i.e. k(j) references the ring with x; € RF0).
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4.1.1 Estimating the difference in force

Recall that the force on the original particle x; is given as

ZfN (4:(t) — ¢; (1))

J#z

)

while the force on z is given as

Z V@) = (1))

J#Z

After taking the difference and integrating, we can apply the triangle-inequality multiple
times to obtain:

/“Z(fN £10) = 4(0) - (00 - 5(0) )

to J#i

"L ( — ) — £ at) - qj<t>>) at

J#z

_ /m D G- 86 6)a (12)

J#l

(1b)

+/O G — @) (0 dt—/ S DG — )6 dt

%o J#Z

5 4))5, dt — /to L DY@ = k)1 @y ()i dydt| (o)

ol /RG P KO ors i - Df%)csidt\ (1
+ /ttlDfN(‘ji)&dt‘ (1e)

t1
<C [ Wn(N)-1oFdt + C(T)N-5+190-k07|5)

to

The last estimate is not obvious at all but rather our goal for this section. We will
estimate each of the summands (1a)-(le). Often we will need to further split the sums,
and consider the effect of good and bad particles separately. For better readability we have
marked the sections on the left. The final estimate for each of the summands (1a)-(1e)
is double underlined. Important interim estimates, that are combined to get to the final
estimate, are simply underlined.
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Est. 1a) We can use the mean-value-theorem on fN (¢ (t) — ¢2(t)) — f™ (¢:(t) — ¢;(t)) to obtain

"< ( ¢; (1) — g3 (1)) — flai(t) — %(ﬂ)) dt
o Nz
- [ o a6 @)dt‘
o Nz
< /: ]1[2/01 (DfN (Qi_Qj + S(5i—5j)) - DfN(CZ‘—C]j)> (6:(t)—0;(t)) ds dt
bl DfN i —qj+ s(0; — 5)) DfN(G — q;)|ds |6;(t) — 8;(t)] dt.
o N5z

We split the sum into the effect of the moved particle z(, the good particles and the
bad particles.

Moved prt. Here we need to estimate

t1 1 1

Jo vk

As we assume that the stopping time has not been triggered so far and as we work on
the compliment of B, we can estimate

|gi — qo + 5(6:(t) — 00(t)) — (G — Go)| <
<

DN (i — a0+ s(3:(t) = do(t))) = DFN (G — o) | ds |6:(t) — do(t)| dit.

@i — @il + g0 — Go| +2C1(T)[0] + |6
(2C1(T) + 1)e(N).

This allows us to introduce h by lemma 2.4. With this we obtain

t1 1 gl
Jowh

< (60 + 59)11v /1t YN G — qo)(zc1 (T) + 1)e(N) dt

D fN (g — qo + s(6:(t) — 6o(t))) — DN (@ — Go) | ds |6:(t) — bo ()| dt

1 .
<QOUT) + 155N, [ Y@ — a)dt
We estimate the integral over h with Lemma 2.7:

(20 + 125N [

1 C
< N)o—
< Ccf >5N ¢(N)3max(Ag, Ap)

Ni+o—k(i)o
(N)QN
<C|(5|N9+ oc—1—k(i)o C|§|N77+ o— k(z)a

hN( — qo) dt

< C|4|

where we used that for good particles in RF(®) either Ag > i1N —§Hko—o o Ap >
IN=5+k@Do=0 by 4.6,

Note that this is true even for the particles in the 0-th ring, as there are no bad particles
around xg.
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Good prts. For the effect of the good particles we need to estimate

42

ds [6:(t) — 6,(t)| dt.

t1 1
. ¥

Again, we can use that the stopping time has not been triggered yet in combination
with the fact that we work on the complement of B; to estimate

/|Df Gi—a; + s(5:()=6,(1)) — DfY (Gi—q,)

];éz good

- . - - _lio, Ty
a0y + S((6)=0,(0)) — (@] < las — @l + la, — G| + 2N 575 < BN,

Hence, we can introduce h by lemma 2.4. With this, we obtain

t1 ]
to Nj#O%ood
'/01 DfN(gi — g5 + s(6:(t) — 0;(£))) — DS (G — G;)| ds 6:(t) — 0;(¢)| dt
t1 ]
5 X WY@ - a)BN RS — 60 dt
0 j#0,i good
< [" 5 X DG G)INTES] +16,0) dr,

j#0,i good

where in the last step we used that |h| < Cec(N)|Df].

To make the following estimates a little easier, we start and estimate the d; part, i.e.
EERTEL N
Nt [C ST DN G - @)l dr.
to j#0,i good

For this, we want to use our law of large numbers 2.14 and hence we need to remove
a set of bad starting configurations, i.e. fori € {1,..., N — 1}

X=! € By C ROV (Bs)
L= Htl,tQG[O,T]:‘ Z/ 1D N (G — @) Law () () ds
j#0,3
[ 1D = Dy () dskly) dy| > N
R
as well as for R=V = N~&%°
X=! € By, CROND
Ce= dti, 1y € [O,T] : | ; / |DfN ij)|1Mgv($i)C<xj) ds
7#0,1
" N(~ ~ N
= [ [ DI = DI tary e (v) dshly) dy| > N=4+.
R t1 ’

Defining Bs as the union over these sets, we directly obtain P(X=! € B3) < C, N~7 by
applying 6.19 and 6.20 for B3, and Bs,, respectively. From now on we will assume that
we work on the complement of Bs.



With these tools ready, we can estimate by

t
N_les+2g vl

~ Df —q;)|16:(t)| dt
to IV j;éO i good ‘ !
1 . t1 ]_ - -
SCN7E+205§(0 (tl)/ - Z ‘DfN(ql — QJ) dt
to j#0,i good

) . o] o
<ON~ist20gk0) (tl)/t v > \DfN(qi - Qj)’ Lon (2 () dt
o AV i

B: . t1
<ON-w206E0 (1) . <N-é+f’ + / . / DfN(G = )| Lew (e (y) dsky () dy>
R to

SCdlgﬂ(z) (tl)N_Tngrga,

where we estimated the integral by C(T") In(N) using Lemma 2.5.

It now remains to estimate

1 t1 1
N [T S DG - )1l d

j#0,i good

As we have to deal with a very similar estimate when we deal with 1b, we simply

estimate by
> [y - g a

7#0,i good

We now split the sum one last time to consider the effect of different rings. We start
with the rings RFY) with k(j) > k(i) — 1 and k(j) # K + 1. We implement this
restriction via an indicator function by defining RZ = UkK(i)fl RF. This allows us
to use that the stopping time has not been triggered yet, to estimate d; by 55(”
N—§+20—(k(i)-1)o

As we work on the complement of Bs, we can apply Corollary 2.14 to estimate

t1 ]
I'5 X DY ) ()0 dt

0 77#0,i good
1 ~ 1496 (k(i)-1)o
2> / DFN(Gi — @))| Lo () N 520D 51 v () d
j#Ozgood
SCN‘§+"N"+2" |5|

—|—N 9+20' (%) ’5‘

) = '2)| 1w (@) (2)1R= (2)h(2) dzds

*) . A
SCN—%+4U—]C(Z)U|6| + C«N—§+3a—k(z)0N—3a 1H(N)|5|
SN—é—k(i)U—&-ol(ﬂ‘
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At () we estimated the integral by

/R3 /R3 Df('@(t) - 15)’1GN(M)(Z)1R>(Z)/€(2) d(*z,%2)
: [2z—220|<CN - /Ilz—lxo|§CNa IDFC@(t) = "2)Law e (2) [kl d(*2,%2)

gczv*%/ Ce(NY |k d Lz

['z—=1Gi(t)|<c(N)
1

+CN3 /

cW)<ta—1gw<t |te =1 g (t)]?

+CN‘3"/ Okl d

[1z—1G;(t)|>1 and |1z—1zo|<CN—°

<CN~% In(N).

k|ood 'z

Here we made heavy use of the fact that k # K + 1 to get the N 737 in this estimate.
For k = K + 1(= o0):

/t1 = le GRK“Df ( _QJ>

fo J#%
1
SN / (Gi —q])‘é lonvg )(LL’])
j;ézk: =K+1
SCNT*"(SOO
+ 5°° / / sup )DfN G(t) — 'z ’1sz z)dsk(z)dz
t1 R3 JR? 5¢[0,7]

2.5 _lyg 0o .
SON=37 .52 +/t1 CIn(N) - 6 ds

1 t
<N+ [ CI(N) -5 ds.
t1

Now it remains to estimate the effect of the good particles that are significantly closer
than z;, i.e. the ones with x; € R*Y) with k(j) < k(i) — 1. We first consider the
particles that still are reasonably far from z, i.e. the particles with k(j) > ﬁ + 2.
Again we will use an indicator function and define

k(i)—2
Ry, = |J R:

__1
k=1g5+2

For all z; € Ry, we know 6; < N~8+20~(5:27|§] = N~15|§|. Also note that the set of
such particles is empty if k(i) < 18%7 +3. So by Lemma 4.6 we know that the mean-field
distance between x; and z; has to stay at least of order CN —5+15+20 >N ~5+°. This
means that for R = V = N~5%° we can add the indicator function for M R,V(:Ui)c,
which then allows us to obtain the stronger estimate when switching to the integral
using 6.20.

In this case we need to consider each ring R* C Ry, individually. However, as there is
a finite amount of rings only depending on ¢, this is no problem.



All in all, for the particles that are closer than z; but still are far from xy we can
estimate for each k(j) with R*0) C Rf,

t1 1

[ o 3 ) L oo () D (@ — )10
0 j#0,3
t1

Z ‘ @ — q;)

7#0,4

0y Mty oo () Loprn () dt.

Here we used that particles in the ring R*) have to stay in C(T") B*Y) for some constant
by Lemma 4.5. This estimate is necessary, as we want to apply our law of large numbers
and our definition of R*Y) depends on the complete configuration xzy, ..., zx.

With this we can now apply the law of large numbers in the form of 6.24 with Sy = 5’;0 )
Note that we can use the stronger version here (see remark 2.15), since we have the
suitable restriction on the particles. This yields

fz [ lpsra-a)|a
SCN*W%;U)(@)

[ a505) [, [ IDFCT) = 2 Lty e () Leme (2) dsh(z) dz

5kG)

1MR,V(9%)C (xy')]-CB’“(j) (xj> dt

+

(%) .
< ON“TH LR (g) + " ON-$HK0 1n(N ) - 65U) () ds
1

< CNTHIONTE|S] + ON 7307 [y (N) N =820 k0 )
< CN_%+U|5| + ON—%+2k(j)o+k(i)o‘—k(i)(r 1n<N)N—§+20|6|

k<k(i)—2
=9 ON75H|§| + ON~3+3+Do=20 (V) N =5 +20 k(7|5
k()< g5 . 2 i

< CN75%9|§| + CN~°In(N)N 5 k0|4

< CON-519[5| + ON -5 HL5o kD),

In (%) we used a similar trick as before by estimating for each k(j)

[, [ IDF0GE) D)L (e Lopo (Dh(z) A2 22 (11)
1~ 1~ 1,2
/2z2xo<CN 3+kG)e /lz 1x0|<CN7§+k(J)U |Df( Qi(t) N Z)|1GN(y)<xi)|k:|oo d( % Z)

<N 5H+3k(G) / Ce(N)3|k|sed 2

['2—1G:(t)|<c(N)
1

6 .
+N—5+3k(a)a/ ot hedls
C(N)S‘lz—lqi(t)‘gl |1Z 1 ()|3| |
+ N—%+3k(j>o/ Ol d L2
[z—1G;(t)|>1 and | z—1zg|<N—°

<CN~3H3FD7 In(N).
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Bad prts.

46

Finally, for the particles that are closer than k(i) — 1 and are also near x(, we estimate
the integral over Df with 2.7. This can be done leveraging that by Lemma 4.6 we
have Ag > N —§—o+k(o oy Ap > N=5-9tk(07  We can also estimate the number of
summands by Lemma 4.7 as we Work on the comphment of By,.

t1
5k > DfN(q — g;) dt
N j<k(i)—1 near to

C
N ]<k(i)z:1 near C(N)2max(Aq, Ap)
N3+o—k(i)o
(VN

§C¢|5|N—é+l6a+%—l—k(i)a < C|(S|N_%_k(i)a.

<N +2o ’wlé’

SN—%+20’—I€0’0|6|N120

All these estimates satisfy our goal, as they are bounded by C(T)N _%_k(i)”+1‘5”|5 | +
C(T)N~s.

This concludes the effect of the other good particles. Next, we look at the effect that
the bad particles have.

We have to work with weaker estimates when considering the bad particles. However,
we know that there are few of them, which can be leveraged to our advantage.

This time we want to estimate

Y [P g s -5500) — D @) Al -, (o) ar.

]751 bad

We now split the sum further using definition 2.10 with rq = 6 N~ ”" vg =N -3 and
e=o.

We start with the classes where the minimal distance between ¢; and ¢; is larger than
6N 5.
For the bad particles we can estimate

- - - _2_,
|qi—q; + s(0:(t)=0;(t)) — (Gi—G)| < lgi — @l + |g5 — 5| +2max(dy, 6,) < 3N"577.
This means that because |¢; — ¢;| > 6N =39 we can introduce h by Lemma 2.4, and it

remains to estimate

2 [t 1 .
C (8, + 6, )N~ /t D S A (/I Ty (o () dt.

o

j#i bad (6N 977 00),(0,00)

We want to use Lemma 2.13 and hence need to make sure that there are few bad
particles, which we have already seen in Lemma 2.12. Note that this was a probabilistic
result, so we have to remove a set of bad configurations again. Namely, let

21 €B4a,i,(r,R)(u,V) - REN-1) with 7 € {0, R N—l} (64)
2.9 . 4
(J%;d M Ry, v>(xl)( zj) > ay [NrjR min(max(V; &), 1) W

VMY (X)| > aNN§>



and

x=t 6641)’1-’]-(“1%)(@"/) - ROWNV-1) with ¢ € {1, - ,N—l}

1<:>< > Ly | @, . (@) (T5)
:EJGM{)V(X)

> an [N%Rng min(max(V;, Ry),1)* - min(max(Va, Ry), 1)41 ) :

where ay = In(N)i. We then define By as the union over these sets over all i and
all collision classes we are considering in definition 2.10. As the number of collision
classes does not depend on N, by Lemma 2.12 (for By,) and 6.26 (for By,) we have
that P(X=! € By) < C, N7 for any ~ and suitable constant. From now on we work on
the complement of By, i.e. we assume that we can control the number of bad particles
in each class. Note that we will only need By, later when considering the interaction
of two bad particles.

Now we can apply Lemma 2.13 to estimate

2, (1 N
O(8 + 0,)N 3 / ~ ¥ W@ - @)ty | (o) () i

to Nj;éi bad (6N 77 00),(0,00)

<SCN™HHGNT 7 . CN79F%7 < N734.

ol

g

We are left with the particles that come closer than 6N —5- , which are divided into
2

the following collision classes (see definition 2.10) with ro = 6N 579 vy = N74:
L. M(](\)[,m),(o,vo)(xi)

ln(vi)
2. M(](\)[,TO),(NZO-'UO7N(Z+1)U'UO)(xi)’0 S l S \\ 0 J

3. M(](\)[,ro),(l,oo)(xi)
Here we cannot introduce h. However, because z; is a good particle the relative mo-

mentum at their closest point has to be larger than N ~5. This means that we do not
need to care about the first of theses classes.

In the following we will simply write x; € M(z;) as a placeholder, to later plug in one
of the remaining classes. When we use v,V or R its always meant with respect to the
class.
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With this being said, we estimate D f by Lemma 2.7 to obtain
t1 1

to N Z

j#i bad
z;EM (x;)

[ (= + sty = 500) - ¥ (- )

t ]
LN

j#i bad
ijM(aci)

-/01 DfN (g — g5+ s(5i(t) —53'(75)))‘ + ‘DfN(@z‘—%)

C

ds [6,(t) — 8;(1) e

<C

1 1
<C =y (165 + 164])-
c(N)2v N #Z.Z];ad J
z; €M (x;)

Note that for the estimate of ‘DfN (qi —q; +s(0;(t) — @(t)))(L we need the second part
of Lemma 2.7. We apply this with y; = x; + s0;,y2 = x; + 50; and 21 = x;, 20 = ;.
To verify the conditions of the lemma, we use |'Z;(tmin) — 'Zj(tmm)| < 6N ~5— and
2% (tmin) — 2% (tmin)| > N—4. This yields

N5 "% (tmin) — " (bmin)| < N5 < [Fi(bmin) — 22 (bmin)| = Ap
as well as

sup |7;(t) — x4(t) — 804 < N5 4 b, < ON—5-0 < N“5Ap
as well as

sup |, (1) — ;(t) — s6;| < N707° +6, 2N 79 < N3 Ap.

Moving on with our estimate, we use R = 6N "5, v > N5 as well as c(N)% > N-3-%

to estimate the 9; part first. This is done easily, as the number of elements in the sum
2

can be estimated by ay[N3 R? min(max(V, R),1)*] using Corollary 2.12. Thus

1 1
N 2
x;EM (x;)
1 1
(N2 N
< OO e N R min(max(V. 7). 1)+ Co3)
min(V, 1)

v

|6

< O,

[N§R2 min(max(V, R),1)*]
1
c(N)2wN™

< ORI N5t + CSFON=3+7 < ON~5t20650),

Here we used that in remaining classes either v =1 or V = N%v.

For the d; we need to further split the sum. First, we consider the case of the far off
particles, i.e. k(j) > k(i) — 1. Note that here k(j) = K + 1 is allowed. Again we used



2.12 and that all the 55(” are bounded by N~-1st20~(*@)=17|5| a5 the stopping time
has not been triggered yet.

1 1
e
c¢(N)2v N #§ad J
x; €M (x;)
1 , 1 1 2
SC’N*EH"*(M’)*U%C(N)2U N [N3 R?min(max(V, R), 1)*]
, 1 1
SCN_11ES+2”_(k(Z)_1)”|5|(MNaNNd R?min(max(V, R),1)*
1
CN is +20 z o
+ 8 | | (N ) v NCLN
<CN*f+20 (4) ’(S‘N +a mln(‘/a 1)
v

+ CN*%JrQUf(k(i)fl)a’6‘N75+a
<N—é+a—k(i)05

Y

where again we used that v =1or V = N%.

Finally, if k(j) < k(i) — 1, we know that Ap > CN~35®7~2 Ly Lemma 4.6 and the
fact that in the collision classes we are considering right now Agq is small. We also know
that the corresponding particles stay close to xy. To leverage this, we use Lemma 6.26
with Ry, Vo = CN —§Hk@) to obtain a strong enough bound for the number of particles
we have to consider.

1 1
O o I
c¢(N)2v N #iz;ad J
x;€M(x;)
1 1
< Céj(g)c(N) aNfN R?min(V;, 1) NS¢ ~5 k() )
symin(1 V) 2_4 2 2 . k 1 1
< Cé’“(])mln( » V1 Nf—7—20+*+J—1N6(—7+k(])0) s () 7
< b " 379 3 9 —+ b c(N)QU NCLN
< 0‘5’N*%+207k(j)aNfé70N7%+6k(j)a + C’5|Nfl—lsfk(j)cr+20Nf%fk(i)cr
< 0‘5’N—ﬁ-ﬁ-QaN—%—aN—%-i-Sk(j)a + C’&N—%—k(j)a—iﬁa]\[—%—k(i)a
< N_%_k(i)0+1'50|5|,

where we used

N5 +5ko _ N5 +5kotk(i)o—k(i)o < NG k(D)o —k(i)o < N~k
Combining all of this, we obtain

t11

( —ﬂﬁ—%>—ZDf (5,(6) — 8,(1))

J?ﬁl j#i
SC(T)N‘§+1'5""“(“"|6| + O(T)N—3|8] + / Cn(N) - 52 ds.
t1
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Est. 1b) Clearly, we have

/ ZDfN . — ) (0, 6dt—/ S DN (G — )0 dt

J#Z

—/to — SO DG — G)o; dt

1751

IN

'y = G-

to 7#0,i bad

ti ] N
L% X Dri-a)d+

j;éO 1 good

+

/ *Df (Qi—%)(sodt‘

to
For the third summand we can apply Lemma 2.7 and estimate by
/t1 in (G — Go)do dt’ < Céo(t1)+ ! !
to N N ¢(N)? max(Agq, Ap)
SC«Nféf(k(i)fl)a+%a’5’ < CN—%—k(i)oJr%ad’

where we used that as z; € R¥®) either Agq > N5 HED-Do o Ap > N—§+E@O-Do
The second summand can be split further. If Ag > 6N _%_", we can use 2.13 to obtain

t1 ] B 5
/to N > DG -, (a:)(25)0; dt

j#i bad (6N~ 977 ,00)(0,00)

ol

<C(T)N~3t19§, < N73|§|

We have just handled the case Ag < 6N =379 in the section above, and hence we can
estimate by

/to Z DfN B qj) -2 (wi)(xj)dj de

];éz bad (0 6N 979)(0,00)

. 1 to
<C(T)N—5+150=k@a |5 4 C(T)N=3|5] + / CIn(N) - 6 ds.
t1

The first summand is the summand we have already mentioned in our estimates for
la) and there we have proven that

/ttljif Y DY@ - )5

0 j#0,i good

1 ; L h
< N=5—k@o+150|5| 1 C(T)N=3 5| _|_/ CIn(N)6,°.
to

Combining all these estimates, we get the same estimate as for 1a)

AR - [ S0

J#Z
< ON73|9| + CN-5+L57-k0o|5] 1 O'In(N )/15§°(t)dt.
to

t11




Est. 1c) This is a simple application of our law of large numbers, i.e. we can apply Lemma 2.14
to estimate

t1 1 5 5 t1 5 5
/ — > DN (G — §;)6; dt — / / DY (G — ")k (y)Lan o, (y)d: dt dy
to N i RS to

<ON75+0§E 0 (¢),

where we again used that we work on the complement of B;.

Est. 1d) Here we simply estimate Df by |Df|, and then use Lemma 2.11 to estimate the
probability of particles coming this close.

/t t DY@ = ")k 1 (o) ():(8) At - /tt DF(G,)0:(t) dt
/t;:l . DfN(qi — ly)k(y)lgw(mi)c(y)éi(t) dt‘

<CON [ k() lan e (v) dy
<CON" P (y € GV ()
<SCN'™I5,(NT 72 (N7a)
§0N1—%+a—2059
—CN~577,

<CN-8+39§].

Est. le) Using Lemma 2.5, we have

/ " DF(a)'s

to

t1 ~ t1
ar< [0 [ D G- wlkar < [Com) oot

to

Now that we have a strong estimate on the difference in force, we can apply Gronwall’s
inequality to conclude that the stopping time was not triggered by a good particle.

o1



4.1.2 Gronwall estimate

Combining all the previous estimates, we conclude that if x; is a good particle (and not
the moved particle z) for any 0 < ¢ty < t; < 7, we have

/t: ;Z (f (qz-(t) - qj(t)) — f(qf(t) — q;?(t))> dt

J#i

t1 . .
<C [ In(N)- (F6FD 4 15) 4 O(T)N~5+157 -k 5| 4 C(T)N 54,

to

Before we apply our Gronwall lemma, we can simplify this a bit. First note that if

k(i) = oo, we can simply add up '6¥® and '62°. Otherwise, we know K +1 = Z and

hence §; ™ < N-st20~(K+l)o|5| < N=3+7 which for k(i) < K is a good enough estimate.
Thus, after changing the constants, we can leave out the 1550.

Similarly, we also note that as k(i) < 2, we have N~a+150k(@)7|§| > N=5+157|§| This

90’
proves that we can (after changing the constants) leave out the N~3|d| in the estimate.
This leaves us with the new estimate

/ jvg (f(q,-u) —ai(0) = F(a}(t) — ] <t>)> &

t1 . .
<C [ In(N)- 1650 4 C(T)N=5 150k ),

to

Now it is time for our Gronwall argument. We have already proven a useful version of
Gronwall in the chapter on our modification of Graf’s result. Hence, we can simply apply
it again here.

We apply Lemma 3.2 to 68, Using v; = 050, vy = 2680 as well as C(T,N) =
C(T)N~5+159=k@7|§| one easily checks that the conditions of the lemma are met. Hence,
with ¢ = 2 we obtain 25,(7) < C(T)N~5177-*@|§]. This then implies that

159(7,) < O(T) . 259 < C(T)Nf%+l.75crfk(i)o|5‘.
Combining this, we obtain that for large enough N (depending on C(T'), o) we have
5,(r) < Nbr2rke| |

Thus, the stopping-time was not triggered by a good particle.
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4.2 Second case: x; is a bad particle

This works very similar to our estimates for the good particles. However, this time the
mean-field trajectories might be a significantly worse estimate for these particles. We cir-
cumvent this problem using the following ansatz from Graf. We define a cloud of auxiliary
particles around our bad particle, i.e. we define Jy = {—(N%], o, =1,0,1,. .. (Nﬂ}ﬁ.
Then for (ki,...,ks) € Jy, we define x4, 5 = 2; + Z?Zl k:jN_%+ZUej where e; is the
j-th basis vector in R®,

In the proof in Theorem 3.1 we were able to show that for any t; < 7 there is an
auxiliary particle x;y, . x, that satisfies

1 1~ —443s 2 2~
sup T — Ty, ke S N9, sup |“z; — “Ti g,
1 1
s€[to,t+N " 18] s€[to,t+N " 18]

----------

With this in mind, we define t; = 0 and tpy1 = g + N-15. For now we fix any k,
and for ease of notation we write Z;(s) = X, 4,k for the auxiliary particle that satisfies
the condition above on the interval s € [ty, tr11]. So #; is the mean-field trajectory of an
auxiliary particle.

Using Z; instead of Z;, we can salvage most of our estimates for the good particles. There
is one small problem we have to deal with. Good particles (that have a reasonable distance

N, (tt .
— oM " k1) , (#;) in
AN"377 05N~

our estimates. This is helpful as now, if z; € GV (x;), we can conclude z; € GN(%;).
Assume z € GV (x;), i.e. for all s € [0,T] we have

to ¥;) may come too close to #;. For this reason we use GV (Z;)

"2 =13 S6NTIT7 = |PZ— 23] > N9
This then implies that on [tx, tx11] and for large enough N

'z — 14| <AN"5
s 'Z = F| < ' =] 4 |wi— | SANTSTO 4 N7 4L N7 < 6N
— [’7 - 23| > N3

2

— 27— 20| > 27— %% — |# — | — |G —ag| > N8 —N"879 - N"wt7 > N3,

| —

We also need to make sure that this new definition does not mess up our definition of
rings. To this end we prove the following modified version of Lemma 4.6 and Lemma 4.5:

Lemma 4.8. Let k> j+1 and x; € R* and z € R7. Then

A C
T; € M%N,%jL(kfna,%Nf%qL(k—Ug (Z)

and

1
*N_%—’—(k_l)g < inf |i‘z — f0| < sup |i’z — f0| < CN_%+kU.
2 s€[0,7] s€[0,7]

If k =0, the upper bound is C’ln(N)N’% instead.
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Proof. Recall from Lemma 4.6 that we have Z; € M%N,%“k,l)(,’%]v,%ﬂk,l)d(z)c. As the

distance between Z; and Z; in phase-space is bounded by N _%J“’, which is of significantly
smaller order in NN, the first part follows. For the second estimate we note that
Ly-3t-ne o i |2 — Zo|
2 s€[0,T]
has to be true. For k = 0, this is the fact that z( is assumed to be a good particle, i.e.
|Z; — Zo| > 6N ~5-9. Using that #; and #; stay very close, this vields the estimate. For
k > 1, this has to be true as otherwise (again using how close #; is to ;) &; would be in
RE=1 or even closer to .
The upper bound follows directly from Lemma 4.5 where we have seen that sup, |#; —
Zo| < CN _%““’, with the same caveat for £ = 0. Again, we simply use the triangle

inequality and the fact that |2; — ;| < N~3%7 to obtain the required estimate (with a
slightly bigger C'). O

The reason the estimates will become worse for bad particles is that we have to do N i
estimates to cover the time period 7'

4.2.1 Estimating the difference in force

With all this done, we can estimate

ter1 1
W N (f (Qf (t) — Q§(t)) — f(qi(t) - qj(t))> dt
ter1 1
- wo N (f(q?(t) - q?(t» a f(q’<t> - qﬂ(t))>1GN(aei)0($j) dt (2a)
ter1 1 o
wo N <f<gi_q]) = f(df=aj) = D (@=a;)("0i - 15j)> Low (s, (w;) dt| - (2D)
k+1 ]
‘/ ZDfN — )16 — 15j)1GN(gzi)<xj)dt
1751
fern 1 Z DfN(G: — ;)0 1GN (x]) dt| (2¢)
J#i
k J#z
tht1 /R6 DfN _ g)k(y)l a?i)(y)(si dt‘ (2d)
+ /tk“ DI (G =)k (Y) Lo ;) ()8 At — " Df(g;)6; dt (2¢)
tr R "
+ ;k+ Df(4:)6; dt‘ (2f)
<C /tk-s-l ln(N)1(5b dt + C(T)N_%+U|5|.

The estimate in the last line is not trivial at all, and we will now estimate the terms
(2a)-(2f) individually to reach the desired estimate.
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Est. 2a) This estimate was not necessary when working with the good particles, as it estimates

the effect of bad interactions. Again, we need to remove some undesirable starting
configurations. This time we define

X7 € B,y C ROV (Bs)
= 2 1w ) (T3) = (N

G4 6N 977N

=

2
9

By Lemma 2.11 we know that P(y € R® : y ¢ GN(2)) < CN~57% for all z € RC.
Hence, for ay = [(In N)7] we can estimate

N

an

>(CN§2")“N < N (CN—3727)an < Nov(-3-0),

P(XZ' € Bsigyns) < (
( 5,5,k1,....k ) = = (CCLN)“N

Here the last estimate holds for large enough N as ay — oo.
Defining B; as the union over all : € {1,..., N} and (ky,...,ks) € Jn, we have
P(X2! € B;) < N(CN&)SNeN(-5-9) < N—on3,

Clearly, this drops faster than any power of N.

Working on the complement of B5, we can use the mean value theorem to estimate

a1 1 b h)
. N 2. (f(%’(t) - QJ(t)) - f(qi (t) — ¢ (t))) L (g0 (27) dt
e 1 ' N 1 1
<752 | D (s + s(0(0)-6,(1))) ds (6i(6) = 5,0 Lo ()
k i
tk+1 1 C
< — Y\l N dt
T N 6~ (ae (1)
¢ .
= / () E L0 S A g o ()
b i '
trt1 3 ;
:/ 1n(N)4 165()21]\/11\] . 2(@)(1‘])(”
b G 6N 977N
trt+1 .
< [T )0 m() ar
tr
teht1
<c [ n(N) - 165D q
173

Here we used that all the x; € GN (#;)¢ must have a bad interaction with x; by our
definition of GV and hence have to be in the same ring R*.

We also point out that this is the estimate that prevents us from shrinking our cut-off.
While we can handle the In(N) in front of our §}, any power of N would be detrimental
to our Gronwall estimate later on.
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Est. 2b) In a first step we can use the mean-value-theorem to rewrite the term into

v 2 Lave,

t
k J#z

: /01 (DfN (¢ — @+ s(3(t) = 6;(1))) — D (i — @)) (:(t) — 0;(t)) ds dt‘
tk+1 1

< NZlgN

t
k J#i

. /01 |DfN (qi —q; + s(6;(t) — 6j(t))) — DfN(Gi — @)

tev1 1

ds

i(t) — 0;(t)] dt.

Again, we need to consider the effect of the good and bad particles separately.

Good prts. In this case we know that for all times in [ty, tx.1]
gi—q; + s(0:(t)=0;(1)) — (Gi—;)| < lgi—Gi| + lg;—G;] + |0i[+104] < (2C1 + 1)e(N).

Hence, we can introduce h by lemma 2.4. Again, it is helpful to split off t?e effect of
7o and use that for i # 0 we can strengthen the estimate above to < 3N~9737. With
this we obtain:

ter1 ]
>

j 7 7 gOOd

/1
0
tk+ I

~ S NG — @) - 3N 5(1) — 6,(1)| dt

bk j#0,i good

1 [te+ N/ A B
+ (50 +8) /t WY (3 — Go)(2C) + 1)e(N) di

tr

ds

DY (= g+ s(6i(t) = ;1)) ) = D™ (di — i)

(1) = 6;(0)| dt

4 1 tret1 . N .
BN Y [N G =) (590 + |5l 0)

7#0,i good
+ (20, + 1)?|]e(N N/ do) .

We start by estimating the effect from the moved particle xg, i.e. the second summand.
To this end, we estimate the integral over h with Lemma 2.7:

1 [t Noa B
2+ DoV [ - o)
1 C
< N 5—
SCANIPI R SN max(Ag, Ap)
N9+a k(i)o
057

§0’5’N§+§0—1—k(i)a — C’é‘N—%—i—%a—k(i)a’

where we used that for particles in R*® either Ag > iN —§+k(o—0 o
Ap > %N_%J“k(i)"_” by Lemma 4.8.
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Note that this is true even for the particles in the O-th ring as there are no bad particles
around xg.

It remains to find a suitable estimate for the first summand. Here we need to define
another set of bad starting configurations by defining

XZ' e B, € RRWVY withi e {1,...,N—1} (Bg)
1 tet+1 Noa B
= X [ 3 e ()
N iz

tet1 " 1, _
= I ) ds L () k() dy) > AN (N)
k

Using 2.14, we can estimate P(X=' € Bs) < C,N~7. From now on we will work on the
complement of Bg, and hence we apply Lemma 6.24. To make the following estimates
easier, we start and estimate the §; part which we can estimate by 55 @ o obtain

_digs thr1 1 N/A -
CN™s \5z(tk)|/ N > NG = gy)| dt
tk j#i good
<ONTFHGY - C(T)e(N)
SOéllf(i) (tl)N—%+4o’

where we used ¢(N) = In(N)"1N 3.
It now remains to estimate

N 5+30 $ /tk+1 1

A ~ k(e
AR AR ORD
j#0,i good ¥ *k

As we have to deal with a very similar estimate when we deal with 2b, we simply
estimate (quite generously) by

e 1 -
S [P @)l ok e
j#0,i good

To estimate this further, we want to use our law of large numbers 2.14. Again, we need
to remove a set of bad starting configurations, i.e.

X! € By C RO (B7)

1 tht1 J
< Htl,tg € [O,T] . ‘N Z /t |DfN(QZ _QJ)|1GN(CCi)($j>dS
i#0,i 7t

> AN"5%°.

tpi1 Noa 1o
= [ [P G = D) v () dskiy) dy
k

Defining B; as the union over these sets, one can show that P(X=! € B;) < C,N~7
by applying Lemma 6.20 and Corollary 2.14. After removing these configurations, we
can estimate the effect of the x; with k(j) > k(i) — 1, k(j) # K + 1. We consider each
possible k individually. For the particles in the corresponding ring we can introduce
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o8

an indicator function on the set C(T)B* for some constant by Lemma 4.8. This allows
us to estimate:

tkv1 1
N Df (Gi )10( )Bk(%’)(sj
b §#0,0

j good

Z / k+1

7#1,0
j good

SCN—%+UN—7+2G— a|5|

l41 ) R .
N_%”U_k(’)a\(s! /11{6 IDf("Gi(t) = '2)[Law () (2) Lo s (2)k(2) d2 ds

D™ (g — N‘)’ _7+20_(k(i)_1)0|5’1GN(x1-)(93]') Lorypr(T))

173
2.5 . .
SON—%+20—}C(Z)U|6| + CN—%-I—QU—(k(z)—l)UN—iiU ID(N) |5|
SN_%_k(i)U—HT’(ﬂ-

Here we used the estimate
L LD = 2)[1an ) (D) Lo (2) A2, %)
R3 JR

< D 1Ait_1~ koodl 2
= /PZJMNJ FCa(t) = 12)| [kl d(*2,%2)

SN‘?"’/ Ce(NY |kl d 'z
121G <e(N)
1

+ N o
c(N<a—g<t [tz =1 g (t)]?

+N*3"/ Olklood 'z
|2—1G;(t)| 211 z—1ao|<N 7
<CON7*1In(N).

|k|ood 'z

For k = oo, we have

trt1
k+1 1 ZDf
th J#Z
1 k+1
< > f 0)| 5 Lo e (23)
J#, k(j)=o00
<ON™5+7§%
tet1 ~
[0 [ sup DS — 1) an o (2) dsk(z) dz
23 se[OT]

t
2on-tr g [ om() - as

173

1 k+1
<N5)5] +/ Cn(N) - 52 ds.
173

Now it remains to estimate the effect of the good particles that are significantly closer
than z;, i.e. the ones with x; € R*Y) with k(j) < k(i) — 1. We first consider the
particles that still are reasonably far from z, i.e. the particles with k(j) > ﬁ + 2.



Recall that

k(i)—2
R;.,= U R~
k= 180‘+2
As we have seen before, we know that §; < N~9+20~(m:+27|§5| = N~i5|6| and that

the mean-field distance between Z; and z; has to stay at least of order CN —5+ist2o >
N~5+7. This means that for R = V = N~=5%° we can add the indicator function for
M Ryv(iz-)c which then allows us to obtain the stronger estimate when switching to the
integral using 6.20.

For the particles that are closer than x; but still are far from zy we can estimate for
each k with R* C Rf,

t1 ] R B .
/ N S° DN — @)00V Lagy, e ()| dt
o J#i g}«;id
T;€ ’

1
<7 /
<5 X
J#i good
xJERk

— 4|0

MDLGN o) () * Ly aye () dE.

As we work on the complement of B; and as we have the suitable indicator function,
we can apply the stronger version of 6.24 here (see remark 2.15). This yields

<ON-TH7650) (1)

/tk+1 - /Rg/ sup  [Df("Gi(t) — '2)[1gn ) (2) dsk(z) dz

sE[tr, tk:+1]

+

I |
<ON-Tto . N8| + / T ONTEREOT 10 (N) - 550 (5) ds

<ON75HI|§| 4 CN73F3R07 N =5 kD)2 |5
SONT¥|3| + CN -5 0o N =32 5]
<CN™379|§| 4 ON-3+2E N5+ . |5
<C(T)N~3t74).

In (%) we used the same estimate we already used when considering the case of a good
particle x;, i.e. section 4.1.

For the particles x; that are closer than k(i) and also very close to x, we can estimate
the integral over D f With Lemma 2.7:

. k+1
5k(J) /
9 ”

j j<k(i) 1 close

SN_§+2O_k(j)U|5| - Z
j<k(i)—1 close
N 3+o—k(i)o
¢(N)2N
§C|5|N—é+20+%+2a—l—k(i)a < O|5|N—é—k(i)a7

¢(N)?max(Ag, Ap)

SN*é+207k(j)00|5’
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Bad prts.

60

where we used that there are only very few close particles by Lemma 4.7 and that the
distance is large enough by Lemma 4.8.

Next, we look at the effect that the bad particles have.

Note that we only have to care about bad particles that do not collide with x; as we
already dealt with them in 2a. For better readability we will leave out the corresponding
indicator function throughout this section.

We have to estimate

tet1 1 / ’Df —q; + s(0;(t)—6;(t ))) DN (Gi—3;)| ds |6:(£)—6; ()| dt

tk j#i bad

770

for Wthh we now split the sum further using definition 2.10 with rq = 4N~
0.5N~% and € = o with Y = T.

, Vg =

We start with the classes where the minimal distance between ¢; and ¢; is larger than
2
AN—97°,

For the bad particles we can estimate
O N . _2_,
g — q; + s(0:(t) — 6;(t)) — (G — Qj)‘ <@ — @l + g — @l + 26 <2N7577.

This means that because |§; — g;| > 4N ~§% we can introduce h by Lemma 2.4 and it
remains to estimate

tev1 1 ~
C(Sb B N Z hN ].MN ) (xz)(‘r])dt

tk j#i bad (4NT9 77 100),(0,00)

We want to use Lemma 2.13 and hence need to make sure that there are few bad
particles. We have already seen this in Corollary 2.12. Note that this was a probabilistic
result, so we have to remove a set of bad configurations again. Namely,

X €Bgi (rrywy) € RIVY (Bs)

< Y1 M V)(zl)( z;) > aN(N3R min(max(V, R),1)*]

7 bad

VMY (X)) > aNN%),

where ay = In(N )%. We then define Bg as the union over these sets over all < and all
collision classes we are considering in definition 2.10. As the number of collision classes
does not depend on N, by Corollary 2.12 we have that P(X=! € Bg) < C,N~7 for
any 7 and suitable constant. From now on we work on the complement of Bg, i.e. we
assume that we can control the number of bad particles in each class.

Now we can apply Lemma 2.13 to estimate

_2_, tk+1 ]- N

tk j#i bad (4N7577 00),(0,00)

<CN w3 |5|N~577 . N~ < N—%|5|.




g

We are left with the particles that come closer than 4N =579 which are divided into
2 2
the following collision classes (see definition 2.10) with ro = 4N 577 vy = 0.5 N ~5:

N A
L. M(O,ro),(o,vo)(xi)

2. M(]g’m)’(Nzava(lﬂ)(svo) (il), 0

3. M(]&To),(l,m)<ji)
Here we cannot introduce h. However, we already dealt with the first of these classes
in 2a. As we know that the interaction between z; and Z; has to be relatively well

behaved, we know that at their closest point their relative momentum has to be larger
2
than 0.5N 5. This can be used to estimate D f by Lemma 2.7 to obtain

ter1 ]
C _
te Nj;éizl;ad
' /01 DfN(g; = g5 + s(8:(t) = ;(1))) = DY (G — G5)| ds|6i() — 6;()| dt
tkr1 ]
<C -
B te Nj;é;ad
./01 DfN (i — g5+ s(5i(t) —5]-(75)))‘ + ‘DfN(@-—gﬂ ds|0i(t) — 6;(t)| dt
1 1
SCWN% j#zl;ad(’(sj‘ + 16il).

Note that for the estimate of ‘DfN (qi —q; +s(0:(t) — (5j(t)))‘ we need the second part
of Lemma 2.7. We apply this with y; = x; + 50;,y2 = z; + sd; and 21 = 24,20 = ;.
To verify the conditions, we use |'Z;(tmin) — *Z;(tmin)] < AN=57° and 1?2 (tmin) —
2% (tmin)| > 0.5N 5.

This yields

©ol

N%'&;(tmin) — "5 (tmin)| < 0.5N
as well as

Sup |j1(t) - ffz(t) - 55i| < N_%_U + 0 < 2N—%—0' < N_%Ap

te[tknthrl]

< |2Z)A3'i(tmin) - 2%]' (tmin)| = Ap

as well as
sup |7;(t) — z;(t) — sd;] < N7 46, <2N 577 < N 5Ap.

tE(tr tht1]

Moving on with our estimate, we use R = 4N~577 v > 0.5N "5 as well as ¢(N)2 >

N=37% to estimate the ; part first. This is done easily as the number of elements
2

in the sum can be estimated by ax[N3R? min(max(V, R),1)*] using Corollary 2.12.
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This gives us

1 1

C -~ 0an |6Z|
¢(N)*>v N .#Z;ad
<C’5i# ! [N3R min(max(V, R), 1) W
= NN
<Cs5F0 ! iaN]V%R2 min(max(V, R),1)* + s ! iaN
= (NN Y b ¢(N)2wN

min(V, 1)

<M N+
v

+ CSFON-ste < Nt HD,

For the (550 ) we again take cases depending on the ring z; lies in. First, we consider
the case of particles z; € RFY) that are further out, i.e. k(j) > k(i) — 1. This time we
do not need to split off k(j) = K + 1(= 00). Again, we use 2.12 and that all the 550)
in this case are bounded by N~1s+20=(:()-1)|5| Hence,

1 1
¢(NPoN™" %ad !
<C«N—1—18+2a—(k(i)—1)0’| 5| 1 1 [Ns R? min(max(V, R), 1) w
= (NN
<C¢N—T18+2O' (k(3) 1)0" ’ 1 i NNS R2 mln(maX(V R) )
= c(N)*v N
N 4 1 1
CN77+207(k(Z)71)0 -
+ 18 | ’C(N>2U N
SCN7%8+207(k(i)71)ow,NféJrUM
v

+ CN*%+207(k(i)71)0w’NféJra
<N~ k@o|5).

If on the other hand k(j) < k(i) — 1, we know that Ap > CN =357~ by lemma 4.8.
At the same time the corresponding particles stay close to xg, i.e.

&, — &o| < Cln(N)N~5+0)7

by 4.5. We use that we work on the complement of B;. Here we need the second
part, i.e. By, with Ry, V) < Cln(N)N’%”“(j)" to obtain a strong enough bound for
the number of particles that are close to xy and in one of the corresponding classes
with respect to z;. There is one small problem here: What we know is that for
B(N) = CIn(N)N~—5+kie

2 .
Z 1MéV(N)ﬁ(N)(xo)ﬂMgv(m)(xj) > an [N3R2 mm(maX(V, R)7 1)4 ' B(N)Ej—‘
z;EMY (X)



In our prove for this result it was essential that z; is a random variable; so we cannot
simply replace it with ;. However, as x; and &; are very close by design, we can
simply modify our R and V' a bit by multiplying by a small constant such that if z;
is in Mg{y) 50v)(@0) N ME(2:), it also lies in My, 5x(20) N ME;(2;). This then
allows us to use this estimate for #; (with a slightly larger constant) to obtain

1 1

C —ay, 10,
C(N)QU N j#%ad ’
k(j)<k(i)—1
b1 1 ke
SC’éf(])(N)NaN [N3 R min(V, 1) N5 +H07) 1n(N)°]
<05 MN%_%+ +o— 1N6(—3+k(3 + C5k(3 1 iaN . 111(N)6

v c¢(N)>v N
Scallj(j) +20N——+6k ()o + 05 N—f—k(z)tﬂra
<CON- 320k @e] . N—3+20 N5 H+6k(G)e 4 -5 —k()o
SN—éfk(i)aNf19—2+5k(j)0+k(i)a+40‘5’ + Nféfk(i)0|5|

<oN—sHO7g),

where we used that

(5k(5) + k(i))o < <5(92 ~1)+ 920> o< 192 — 5o.

Combining all of this, we obtain

tm; <f(qi—qj)—f(q;-5—qj )—ZDf q;)(0; — 6;) dt
b i i

< C(T) (N—é+1~50—k<i>ff|5| + NS+ / In(N) - 62°(t) dt).
tg

Est. 2¢) Clearly, we have

tev1 1
ZDf —q;)(6; — 4;)d / ZDf ;)0; dt
K J#z J#z
t 1
=[5 Z D@ - )d e
K J#z
ter1 1 tet1 ]
< — Y DG - ) dt| + — > DG — )9,
tk N j#0,i good ’ te N j#0,i bad ’

tk+1 1

DI s = o) dt].

tg
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Est. 2d)

64

This works very similar to the corresponding estimate 1b in the case of good x;. For
the third summand we can apply 2.7 and estimate by

tei1 1 1 1
v, N N ¢(N)? max(r,v)
<CN-sHEO-Do|5| < N5 FOoHL5e 5

DN (G — Go)do dt| < Cp(trsr)

where we used that for z € RF() either r > N—3+*@=1Do op ¢ > N=5+k@ 1o,

The second summand can be estimated using 2.13 if Ag > 6N _%_", and we have

already estimated the remaining cases at the end of 1b. Combining this, we obtain

ther 1
Y DG - )6 dt
N J77]

bk j#i bad

<C|§|N~sto+i7 L ON73|5).

The first summand is the summand we have already mentioned in our estimates for
2b and hence we have already seen this estimate.

Combining all of these estimates, we get the same estimate as for 2b, i.e.

tk+1 1

5 2 D 5 dt —/ ZDf )6, di

b J;ﬁz J#Z
<C(T)(N~5+157 kDo |5 4 N=5+ 5] + / () - gt di).
ty

After splitting of xg, this can simply be estimated using the fact that we work on the
complement of B;. This yields

tet+1 1 B
3 Lo () D (0 — )0
Uk j#4,0
tk+1
~ L[ Y @)D s~ k()6 dt dy
RS ti

gCN‘Tf”(SI’f“ .

The effect of xq is also easily handled as we can simply apply Lemma 2.7 to estimate
D f yielding
tkr1 ]

3 DI (@ = Qo)idt] < NTEHEOG.
tg




Est. 2¢) The estimate of

/t:k+1 /JRG Df™(d: = y)k(y)1 N o (Y)0; dy dt — /:CH Df(4:)0; dt’

works analogously to what we have done for good particles:

/t:kﬂ /RG DfN(‘ji_y>k(y)1éw<@i>(y)5idydt— : Df(G:)0; dt‘
/tk / DfN (G = Y)kY) Ly g0 (1) dydt‘

k+1

" k(Z/)lGN(xl) (y)
<CSENYIALP(y € GN(%)C)
<C’N1+a5k( At( —*—0)2(]\[—%)4
<CNIH T2 g O A = ONTE T ALY,

<COFO NI A

where we used Lemma 2.11.

Est. 2f) As seen before, we have
bt

/ D f(q:)0:
g

This concludes the cumbersome part in our effort to prove that the stopping time cannot
be triggered by a bad particle. Our Gronwall argument works almost identically as in the
case for good particles. The only difference is that we had to artificially split the time frame
[t,t + At] into smaller intervals for our auxiliary particles to work. Hence, we now need to
add our estimates up to obtain the estimate for the complete time [¢,¢ + At].

t .
(N 16 g,

tg
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4.2.2 Gronwall estimate

We have proven that for all & we have

tet1 ]

W N Z (f(%‘(t) - Qj(t)) - f(qf(t) — q?(t))) dt

trpa1 . .
< CIn(N) - 679 (s) ds + C(T)N 5137k 5.
tg
So far the estimate looks very similar to the one for good particles. The estimate becomes
1
a bit weaker now as we have to take into account that we divided the integral into ~ N1is

many segments. Hence, for any t and At we can use equidistant t; with to = ¢t and
1
tkr1 = tx + N7 18 to obtain

/tt—l—At ]17 3 <f (a:(t) — q;(8)) = (0 (t) - q?(t))) dt

J#i
[ALNTS] -
< >[S00 - 00) - 10 - dw))

<c [ TN (6O 1 O(T)NE NSk )
Again, we use Gronwall. Fortunately, we can simply use our Lemma 3.2 with
o =100 =2 and  C(T,N) = C(T)N itk |5,
Hence, the lemma yields that 26, (r) < C(T)N~1+167=k@)e  This in turn yields
1511:@‘) <T. 2517 < Tc(T>N—§+1.60—k(i)cr'
Thus, for large enough N (depending on C(T") and o) we have
55(1) () < N7%+2Ufk(i)a(5.
We conclude that the stopping time cannot be triggered by a bad particle. Now only

the most interesting case remains. We need to show that the moved particle does not
trigger the stopping time.
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4.3 Third case: x; is the moved particle x

Here we follow a slightly different approach. Instead of estimating oy directly, we are going
to show that dy stays close to 6. The arguments and ideas remain mostly the same, and
we start by estimating the corresponding difference in force.

4.3.1 Estimating the difference in force

Similar to o, and 6, the relevant force for d is given as

7ZfN fN<0_qJ)
J#O

On the other hand, the force for ¢ is given as
@) = @) = [ 5@ =)~ @ — k() dy.

As we want to estimate |0p — 0|, we consider

/tl 1 > flao—d5) = flao— ;) = (f(qg)—fN(§0)> de

J#O
<\ [ 52 (=) Flao— )~ (FN@ - %)~ P @ - @) (Ba)
fo J#0
/MZ @) — (G — dy))
J#0
- L (76 =) = 0= 1) T M) (3b)
LY@ =) = £ - ) (1 Levy D) dy i (30)

<CN-T+3 5] +/ In(N)|'6 — 18] dt.
to

Again, the estimate in the last line will be our goal for the next section. While many
arguments should feel familiar, we will distinguish between two new cases: Namely, we
will need different estimates depending on whether |§| < ¢(N) or || = ¢(N).
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Est. 3a) As usual we split the sum into the effect of the good and the bad particles. The effect
of the bad particles can be estimated very similar to the previous cases, so we consider
them first.

Bad prts. We have to work with weaker estimates when considering the bad particles. However,
we know that there are few of them, which can be leveraged to our adventage.

Using the mean-value theorem on both sides followed by triangle-inequality, we esti-
mate

' X sad-d) - fao—a) - (7@ - 3) - - ) de

j#0 bad

t1 1
S| N / |Df QO—QJ+5(5O—5‘)>(50 )
to 770 bad
— Df™(Go — G + 0 )do| ds dt
t1 1
DFY (a0 — 45+ (00 — 6,)) (30 — )
to j#0 bad
— DN (Go — G;)(60 — 6;)| ds dt (4.2)
t1 1
A DY DN (Go — ;) (60 — 6;) — DN (Go — ;)| ds dt (4.3)
to j;é() bad
t1
+ N Df (G0 — @;)00 — DN (Go — @ + 0)do| ds dt (4.4)
to j#0 bad

We note that the second summand 4.3 can be estimated by
[ Do = )0 — ;) = DV (o — §)%
0

<

ds dt

760 bad

Df™(do — ;)| - Cld|

to ]7&0 bad
<CN-+59],

where we used Lemma 2.13 with a = 3 in the last step. Note that this is applicable as
we work on the compliment of B,.

The last summand 4.4 can be estimated similarly using |6| < C(T)|5| < C(T)e(N)
and Lemma 2.13:

t1 ]
/N Z /‘Df qo—q])é Df (o—qj+s55‘dsdt
to j#0 bad

t1 ~
<[ < > @ g
to Nj;éo bad

IN

C(T)N5+57¢(N)|3|
C(T)N~5+7|5)|
C(T)N~5%7]§).

IN

IN
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Only the first summand 4.2 remains, i.e. we need to estimate

t11
Ly >

j#0 bad

1P (0= a5+ 5060 = 5)) G = 5) = DI @0 — 5)(6 — 5,)| ds
<L S /1‘DfN(q —q;+ 5000 — 6;)) — D™ (o — @)|(do + 0b) ds dt
= Ji Nj¢0bad 0 0 7 0 J 0 7 0 .

We now split the sum even further using the partition introduced in definition 2.10
with r = 6N_%_", v=N"%and § = o. First, we will consider the case where the
minimal distance between ¢; and ¢; is more than 6.V ~379. We note that for the bad
particles we can estimate

- - . _2_,
90—3; + s(00(t)—0;(t)) — (Go—G;)| < |go—do| + [¢;—G;| + 2max(do, dp) < 3N 577,
This means that in this case we can actually introduce h by Lemma 2.4 and it remains

to estimate:
_2_4 t 1 N/~ ~
CIs|N"3 /t ~ X W@ - @)y (o () dI.

4§70 bad (N7 977,00),(0,00)

As we work on the complement of By, we can apply Lemma 2.13 to estimate

2, (1 .
Cl5|N~3 / + X V@)t (o () dt
to j#0 bad (N7 577 00),(0,00)

<C|6|N"577 . CN~5t57 < CN~3H19|§)

We are left with the particles that come closer than 6 N ~5-7. Here we introduce the
collision classes from definition 2.10 again:

N
L. M(O,ro),(O,vo)(xi)

N <1< |G
2‘ M(O)TO)’(NZ(S’UO7N(l+1)67~)0) (CL‘Z)’ O - l - 6111(N)

3. M(](\)[,ro),(l,oo)<xi)
In these cases we cannot introduce h. However, because xq is a good particle, the

relative momentum at their closest point has to be larger than N ~5. This means that
we do not need to care about the first of these classes. It can also be used to estimate
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Df by Lemma 2.7 to obtain
t1 1

N >

to §#0 bad
-/01 DfN<(]0_q]‘+3(6O(t)_5())> Df™ (G — )

t1 ]
<['L ¥y

to j#0 bad
| (0= 0+ 5660 - 5500) |+ | @ - )
<C(0p + 09)

C

)| ds |0(t) — 3;(t)| dt

ds |G (t) — 0;(t)| dt

1 1

2.9 . 4
WNGN IVNSR mln(maX(V, R), 1) —‘

Note that for the estimate of ‘DfN (ql q; +s(0;(t) — 9;(¢) )’ we need the second part
of Lemma 2.7. We apply thls with y1 = xg + 80, y2 = x; + s0; and 21 = 29, 22 =
and a bit confusingly o = §. Note that we can apply b) here as

N5|'Z — 7| < N75 < [’To — 23] = Ap

as well as

sup |Fo(t) — xo(t) + s6;] < N"577 + N73 <2N 57 < N 2Ap
as well as

sup |%;(t) — a;(t) + 50| < N"577 £ N~3 <2N 577 < N 2Ap.

2

Using R = 6N~579, v > N~5 as well as c(N)? > N=377 we estimate

1 1
C(op + 50)WN ~[NER?min(max(V, R), 1)"]
1 1 2 . 4 1 1
<C(d + 50)WNQNN3 R?min(max(V, R), 1)* 4+ C(8, + 50)WN(IN

min(V, 1)

<C(8y + o) N~ 57 .

+ O (84 6)N™577 < CN~97%5],

where in the last estimate we used that we can estimate % < N?. If we are in
one of the second classes, we always have % = N?. If we are in the last class instead,
we know that v = N77. Combining all of these estimates, we obtain

/t1 1 > ( — flq—q;) — (fN(qg_%‘) — N (Go— ))) dt
]#Obad

<C(T)N~5+77)3].

Good prts. Now we estimate the effect of the good particles, i.e.

/t:;f > (f(qS—Q§)—f(qO—qj)—(fN(CYS—dj)—f (Go— )))dt

j#0 good
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J < ¢(N)

For this section we need to remove a set of bad starting configurations:

X € By C ROV

= (Eltl,tg €[0,7]: ‘ / (Go — @j) LN (zo) (75) ds
370

_/Rﬁ/” (G — 2)Law(a (=) dsk(z) dz| > AN F7¢(N)~ )

and
X=! € By,; CRONY
<~ <E|t1,t2 S [O,T] : ‘Z/ Df qo — qJ)lgN(xO)(mj)dS
J7#0
t
—/6/2Df Go — "2) 1w ) (2) dsk(z) dz| > AN~ 9+0>
R
as well as
X=' € By,; CROWNVY
to
< (Eltl,tg E 0 T ‘ f((jo — (jj)].C;N(xo)(l’j) ds
Jj#0
to
_/R/ Go — "2 1w ) (2) dsk(z) dz| > N~ 9+0>

Defining By as the union of all these sets, we can estimate P(X=! € By, ;) < C,N~7
for any v > 0 and suitable (., as the same is true for each of the individual sets by

2.14.

We distinguish two cases: Our ansatz depends on whether ¢ is very close to our cut-off
¢(N) or § is significantly smaller than the cut-off. This is the case we will start with.

Assume |§| < N=1¢(N). In this case we start by introducing Df via the mean-value
theorem:
t1 ] 5 B 5 B
I'5 2 Plao—a) = =) - o —a) — @ - )t
to Nj;ﬁ()good
t1 1
:/ - /Df do—aj + 5(00—0;)) ("0 — 18;) — D™ (do — G + s0)5 ds dt
to j#0 good
t1 1 - ~
g/ ~ /Df Qo= + 5(60—07)) (*60—"6;) — D (do—3;)(*60—"5;) ds
to j#0 good
[ X DY@ - )i
to Jgood

+/t1;] S DY (Go— G)('6 — 8)dt

to j#0 good

+/to > / DY@ — @) — DN (@ — g + 9))d dt

]750 good
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0~ c(N)
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We note that by our assumption
0 — @j + 5(0 — 0;) — (@0 — &) < 2N"5+% 4 5y + §, < C(T)N"T5¢(N).

Hence, we can introduce h to estimate the first summand by

] ~ ~ _1 _1
['% 3 0V — ) dt < CT)NFe(N))gy — b < CTIN 5]
to j#0 good

where we applied Lemma 6.24 with 8 = 1, which is possible as we work on the comple-
ment of By. The second summand can be estimated similarly using Lemma 6.24 again
with 5 =1 as

t1 1 _ ~
/ > DY (G — )] - 16;] dt
to j#£0 good
t1 1 ~ ~
=/ N > 1GN(xo)(9Cj)’DfN(QO - qj)
to 7#0 good

<C(T)In(N)s,
<C(T)N~5%5|3].

5, dt

Following the pattern, the third term can be estimated by

t1 ] ~ 3 ~
/ N Yo DM@ — @)l - 1Mo — 1ol dt
to

7#0 good

1 ~ tl ~
<C(T)N-3+7|'6, — 8] + / C'In(N)|16y — 4] dt,
to

where we this time used § = |8y — 6|. We apply Lemma 6.24 one last time for the last
term to estimate

t1 ] - ~ 1~
[ S — B8 de < CT)e(N) 5P < TIN5
o N2 -

where we used our assumption || < N~ 1¢(N) as well as |5| < C(T)]6|. Combining
all these estimates, we have proven that if |§] < N~1s¢(N):

/ttl zlv > flao—a) = flag — ) = (Y@ — @) — V(@ - 3)) dt

0 j#0 good

1 tl ~
< C(T)N~|6| +/ Clu(N)|'6, — 18] dt.
to

If |§] > N~1s¢(N), we change our approach slightly. This time, we first estimate the



distance between the particles and their mean-field counterparts.

t1 1 _ ~ N ~
'y X Pa—a) = —a) - (M- @) - @ - )t
to 7#0 good
t1 1
5 T Ma-a) - -6+ - ) - 16— ) d
to 7#0 good
t1 ] 4
</ v 2 /\Df (@ — @ + s(ao—do—g;+d) )| - 2N 7977 ds lt
0
7#0 good
tli DN _ 0_ 0 _ eV (1gf — 130 — 10 £ 16 ) dsd
+ > f qo q; + s(ao—a qg’"“b))(% do— 4q; + QJ) sdt
]760good
t1 1 _da
<[ % X !Df (do — )| - 2N 7057 dt
to 7#0 good
t1 1 _ag
AP /\Df do — @ + s(g0—Go—a;+3;)) — D™ (do — @) 2N 7977 ds dlt
0
t 770 good
1 D B 1 160 10 215 dsd
Z f QJ+S(QO QO q]‘HJJ))(qO do q; + C]g) sdl
J#Ogood

where we used that |¢; — ¢;| < N—5+30,

The first summand is easily handled by Lemma 6.24 with § = 1 yielding

/ > |IDfY(Go — G;)|12N 539 qt < C(T) In(N)N 913 < N-1t3595|,
to B B &

] good

1

where we used [§] > N~ 15¢(N) = N1 (In(N)) "1 in the last estimate.

In the second summand we can introduce h followed by Lemma 6.24 to obtain

bl
/ Z/ DN (G — G5 + s(a0 — do — 45 + ;) — DF ¥ (do — G)| 2N 517 ds dt

] good

t1 1
<[5 /jh (Go — G)| 2N~ 577)2 ds dt

] good

<C(T)(NTH)e(N) ™ < NT157%]4),

where we again used |§] > N~ ¢(N).

We want to use similar estimates for the last remaining summand. There is one small
inconvenience here, namely that to apply Lemma 6.24 we would need our law of large
numbers for 5, and hence our probability estimate would depend on 6. To avoid this,
we cover the area around xg, or more precisely the area around zy, with auxiliary
particles.

We consider the ball with radius ¢(N) around x, in phase-space and fill it with particles
that have distance N=s¢(N)* from each other. We need about CNs¢(N)™® of these
particles. We now find a particle that at ¢ = 0 has a distance of less than N _éc(N )4
to z3. We reference its mean-field trajectory by #. We then know that for all times

until 7 the distance of 25 and #J is less than C(T)N~3¢(N)* by Lemma 2.6.
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Using these auxiliary particles, we can now deal with the last summand. First, we note
that 1 4 4
|4} — @5l = lgj — @] + gy — @;] < N751%[g| +- N7557 < aN~oH%

which implies

'a) =3 =)+ 'a < ') — a0+ a0 — Tdo + a0 — @)+ 'd) —
< BN 4|15, — 18],

This can be used to estimate

t1 ] . ~
/t N 2 /DfN b—di+slad— @ -4+ @) () =% — ") +'g) dsdt

0 j7#0 good
= 2 D@ - )| (BN 4 |1g, — 1)) dt (4.5)
to j#0 good
t1 1 ~
/ ‘Df (G — a; + s(ag — dg — ¢} + G;)) ds (4.6)
to ]750 good
— DN — )| - (BN 4 |§y — b)) dt

Next, we want to apply 6.24. We run into a similar problem as with the auxiliary
particles we used for our bad particles. While xq is good and hence we can simply add
the indicator function 1gn (4, (7;), the trajectory of £3 might come too close to some

particles. For that reason we again use GV (#9) = GivN"*“ 05N (:Cg)

As |zg — 25| < C(T)e(N), we can prove that GN(zg) € GN(#9). Before we can finally
apply Lemma 6.24, we need to remove some bad starting configurations

X' € Bioai C REV=D (Bio)

= (Eltl,tg €0,7]: |Z/ Df ) GN (48 )(a:j)ds
J#0

_/RG /tt Df((d): - 15)1@(@8)(2) dsk(z)dz

> 4N—é+f’>

and
X' € B, C ROV

= (Htl,tge[O,T ‘Z ) hN(( )_g)1GN( 5 (@) ds
JA0 M

Lo [ (@)= 1) 1 gy () dshz) 2

where the 7 index all of our C N éc(N )~% auxiliary particles. Defining Byg as the union,
we find for any v > 0 a C, > 0 such that P(X=! € Byy) < C,N7 using Corollary
2.14.

> 4Ns1>+"c(N)1>,



Working on the complement of this set, we can finally apply Lemma 6.24 with g =
s -
3N~9137 4|8y — d| to estimate the first summand 4.5 yielding

/t1 Ly IDFN @) — @)] - (BN 4116y — 15]) dt

ngOd
t1 1
N Z ]‘GN(:L‘ x] ’Df _QJ)

j good

1 4 ~ 11 4 ~
< C(T)N"5H(BN"5+3 1|5, — &) +/t CIn(N)(BN=3+% 4 16, — 18])

(3N73+3a + |150 . 18|) dt

to

4 t1 ~
<O(T)In(N)N-st3 [ Cln(N)|'6o — 16|

to

1 h 5
SN_E+3’5U|(5|+/ OIH(N)|150_1(5’7
to

where we used our assumption |§] > N~15¢(N) in the last step.

It only remains to estimate 4.6. This can be done by introducing h (we have already
seen above that this is okay) and then estimating h by Lemma 6.24. This yields:

[5x

j good
~ - - - ~ - _4d.43, N
/ ]DfN(qO—qj+8(q3—qg—Q§+qj))—DfN(qS—qj)\(iiN 57 4 [dg — b]) ds dt
t1 1
Z AN (g YBN 8437 4 |5, — §])2d
]good
t 1 +40
/ > Lonaph™ (@ - 8)ANE 52
j good

<C(T)N~5785|%c(N)~*
<C(T)N~5+%g],

where we used |§y — 0| < N~1574 and in the end |§| < ¢(N).

/tl ¢ X flav—a)— 16— )~ (70— 4) — G - @) d

j good

< O(T)N~T5+35 5] +/101n(N)\1(50 14t
to

Est. 3b) Next, we want to estimate

[~ @ -4 — o - 3)

fo J#O

—/ F@ =) = Yo — 1)) Lew(wo) (v)k(y) dy dt).

For this we again need to consider the cases |dy| ~ ¢(N) and |§y| < ¢(IN) separately.
As we are already working with our auxiliary particle, we start with the case dg ~ ¢(N)
this time.
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d~c(N) If o] = Nﬁ%C(N), we can use our auxiliary particles to estimate
1 t1 ~ R 3 3
‘N 2 /to (FY@ = @) = M@ — ) dt
_ /Rﬁ/t fN () e e (7 1@))1@(%)(3/)/%@) dy dt‘
0

Z f (Go — q; dt—/

RG

t1
(G0 = "9) Lo gy (v)k(y) dt dy

+ / 1 ¥ 3 (@ -0 - 5N - @) a

* /tl / qo N ?7 fN(qg - lg))lGN(xo)QJ)k(y) dy dt‘

+ *Z/ (@ — @) /RG/ TG = 9) 1w (a0) ()R (y) dt dy|

J7#0

The first summand can be estimated by 4N —5to using Corollary 2.14, which is appli-
cable as we work on the complement of By.

The second and third summand can be estimated quite brutally by leveraging that
120 — 73| < C(T)e(N)*N~5. This yields

/tl S AN@ - @) — @ - g;) dt

J#O
t1
[N @ - - fW—1@))1GN<xO><y>k<y)dydt\

<C)Ny N [* S IDfL dt + )N N[ [ 1D k() dyat

to J#U
<C(T)e(N)*N~5¢(N)™ < C(T)e(N)N~8 < C(T)N ™54,

where we used |6] > N~ 1s¢(N).

It remains to estimate

1 t1 R B t1 . ~
NZ/t FM(a@p — q;) dt —/R@. £ = '9)Law @) (9)k(y) dt dy]
j7071o

to

At first, this looks like an easy application of our law of large numbers, i.e. Corollary
2.14. However, on the right side we have the wrong indicator-function. Hence, we

estimate
h N BN 1~
*Z/ MG —g5)d —/RG/t TG0 = 9)1ew ooy () K (y) At dy
0
L UuNas BN 11 .
< Nj%/to f(Go — g;) dt —/R6 /to Fo@ = 9w e (9)k(y) dt dy

N /RG /t: PN =) (Lowep (9) = Lov o (v) R(y) dt dy’ -
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We start with the more interesting second summand. As GN(z9) € GN(29), we can

estimate by
t1
fof, 11

Using that we work on GV (23) as well as Lemma 2.7, we can estimate by

(Go—"'y ’1sz NN (ao)c (W) K(y) di dy.

1
< o C(T)nglv(w )NGN (20)C (y)k(y) dy
1 N c
<o) )2N1P>(X6G (20)°)

<C(T)e(N) N3 (N7577)*(N~9)*
<C(T)NsTON~5 2
<C(T)N~ 577 < C(T)N 5¢(N) < C(T)N 14,

where in the last step we used our assumption |0] > N _ﬁc(N ).

To estimate

Z/ (G — @) /RF)/ FY@ =19l @ (Wk(y) dy

J#O

we need to introduce a last set of bad starting configurations.
“te B, C ROV (Bi1)

= <3t1,t2e 0,77 : ‘ f(( )i — )10N(x0)(x])ds
Jj#0

_/R/tt 2) L (o) (2) dsk(z) dz

where the ¢ indexes all of our CN éc(N )~ auxiliary particles.

> 4N‘3+">,

By Corollary 2.14 we can estimate the probability By; = U Bi1,; by

P(X=' € By) <C,N7.

On the complement of B;; we, of course, have

Z/ FY@ - @) —/ / FY(@ = "9)Len s (y)k(y) dt dy

J#O
§4N 9+a S N*%+2a|5"

7



8o < ¢(N) If |6 < N=15¢(N), we can estimate
f N ~ Ni~ =~
Z M@ -a) - Mo - 3)

fo J#O

[ (8 = ) = £ o = 1)) s ()0 dt|

/t1 ! Z/ Df™(Go — G; + s6)d ds

fo J#O

— /RG /0 Df¥(Go—y+ 85)1Gw(x0)(y)k(y)5ds dy dt‘

/Df O_QJ+35) Df™(Go — ;)

15| dt

to

/RG / IDFN(Go =y + 56) = DY (@0 — )| dsLan (ay) (y)k(y) 6] dy dt

[ NI @ -0) = [ [ DI~y lox k() de|5(t)
0 J#O
2
< Nz]h o — )| 13(1) at

“ [ I

/to =S DG — dt—/RG t? DN (do — )L (any (1) K(y) dt

J#O

o — )| [5(t)[ dt dy

[0(t1)].

Here the first summand can be estimated by Ce(N)~162 < CN~156 using Lemma 6.24
(with 8 = 1); the second summand can be estimated by Cc(N)™16% < CN~184 using
Lemma 2.5. Finally, the last summand can be estimated by 4NV _%”5, as we work on
the complement of By.

Combining these estimates, we have proven

t11

Z fN (@ — ) fN(QNO—QNj)>

fo J#O
- [ U@ =0~ 6= ) e )

<C(T)N-T+275].
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Est. 3c) We already had a similar estimate:

[5G =) = £ = )1~ Lov () K0) dyct]

<C|5|

t1 1 5
[ L D+ 5Dk e ) syt

<C|d|Te(N)~3

/RG k()1 @p)e (v) dy’
<CT|S|IN" Py € GN(20)¢) < CTN'"7|5|(N~57 )3 (N 5)*

<CTN'“ 5 %|5| = CTN 373].

4.3.2 Gronwall estimate

We have proven that

/ttl jiffNWO —a5) = (g5 — ) = (FY(@) — F(@)) at

0

1 t1 ~
<CN-T+357|§] 4 c/ In(N)|'6 — 18] dt.
to

Finally, we can use our Gronwall argument Lemma 3.2 one last time. This time with
vy = "6 — 6] and vy = 26y — 26| as well as C(T, N) = CN~15735|5|. The lemma then
yields that

|250(7_) _ 25(7_)| < ON_%+(3'5+6)0|5|.

Hence, for large enough N we can conclude that
80(r) = 3(r)] < -1+

This means, the stopping time was not triggered by the added and moved particle z.
Combining this with the other results from this chapter, we can conclude that 7 =T. Of
course, this only holds true on the complement of all the B. As
11
P(UB)<CN,
k=1

we conclude that P(7 # T') < C, N7 for a suitable constant. This directly proves our main
theorem.
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4.4 Discussion of the main result

One could interpret our main result as a form of stability of the system. Following this idea,
the result can be summarized in one sentence as:

If you change the starting position of one particle in a many-particle system by a bit,
the system as a whole typically stays stable.

Inspired by this interpretation, we will call a configuration X=! stable with respect to x, if
it satisfies all the estimates from our main result, i.e. 4.2.

This point of view also motivates some mathematical results: In the next chapter we will
prove that if X=! is stable with respect to xy, even after moving zo a bit, the mean-field
trajectories will still be a good estimate for the real trajectories in this disturbed setting. In
the first order sense, i.e. as in Graf)’s result, this is an easy corollary. However, this is even
true in the second order sense, but that proof will be slightly more involved.

Comparing our result to Graf, he was able to prove that typically the mean-field trajec-
tories, i.e. the p(x), are a good estimate for the real trajectories ¢(x). We have proven in
Theorem 4.2 that in a typical configuration this approximation still holds when considering
the derivative (with respect to the starting position of z in phase-space). We will make
this precise in the following chapter, but it is already intuitively clear that this is just a
rephrasing of our result. We studied how ¢(z+0) — ¢(x) behaves and were able to show that
o(z+8) —p(x) is a very good estimate in the sense that the error is smaller than N~ 15+47|4].
So, after dividing by |d| and taking the limit, this becomes a statement about derivatives.
One, of course, first has to check that both functions are differentiable, which we will do in
the next chapter.

This approximation of first order yields many useful results. For a nice enough configura-
tion X=! and a fixed t € [0, 7] we will compare the map ¢;(zo) with the map (), which
adds x( to the configuration and then applies the Newtonian time evolution.

The mean-field flow ¢, is a diffeomorphism, and with our new estimates we will be able
to lift this property onto ¢/;. This can be applied when estimating probabilities. In fact, we
will show later on that in certain cases the probability of the Newtonian trajectory passing
through a given area after some time can be estimated using mean-field trajectories.

Before we move on to some of the consequences and corollaries we have already mentioned,
we want to briefly discuss the strengths and shortcomings of our result.

We start with the cut-off ¢(N) = N=3In(N)~i. Our intention in the beginning was to
build on the results by Graf in [9], and hence we at first considered a cut-off at NV —1sto
for small ¢ > 0. This cut-off, however, was not tenable. The problem is that we deal with
higher derivatives of the force, which are more singular. This can be seen very clearly in our
estimate for the bad particles, more precisely at the beginning when estimating the term
2a. Most of the time the cut-off is not so relevant in the estimates, because we have other
stronger conditions, like particles being good particles. In this estimate we are considering
exactly the effect of bad interactions, and hence the only estimate we can do relies on the
cut-off. Because we have to extract our §, we have to consider Df. Comparing this to
the same estimate in Graf}’s paper, he only has to deal with the force f itself, making the
estimate quite trivial even with the larger cut-off.

One of Grafi’s stated goals was to bring the cut-off below N ’%, which is the mean
inter-particle distance in 3-dimensional space. Our cut-off of N -3 In( )’i, at least barely,
achieves this goal.
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While on the topic of cut-off sizes, we also repeat the following observation by Graf.
Following the ansatz both we and Grafl used, it is impossible to shrink the cut-off behind
an order of N~2. This stems from the fact that the law of large numbers at best yields a
control of order N~z around the expectation value. For a more detailed discussion see [9].

Finally, we want to give an outlook on how our result could be improved. First, any
ansatz that improves on Graf’s result is at least very promising to also yield a better cut-off
or better estimates for us. One such example is Feistl’s approach in [5] to not only consider
good and bad particles but rather three types of particles. With this approach she was able
to shrink the cut-off and a similar idea could work in our setting.

On a related note, we kept the definition of good and bad particles from Grafi but
changed our cut-off. It is plausible that definitions tailored directly to our configuration
could strengthen our result.

Furthermore, we only considered the effects of moving one good particle. However, when
carefully reading our proof, one will realize that moving m € N good particles for a fixed
integer m should yield similar results. In fact, we believe that moving = In(V) good particles
should still be manageable with our approach. Considering multiple particles will make the
notion of rings around the moved particles more complicated, and one probably has to take
into account how close the moved particles are to each other. If the moved particles are too
close to each other, the rings might overlap making estimates more involved. As a first step
one could drop the notion of rings. This is the same as assuming all particles are in the first
ring around xy and should still yield interesting results.

Finally, we are confident that one can also move bad particles. The main difference is
that the disturbed bad particle will infect its bad collision partners. After the interaction
the infected particles will behave like disturbed particles themselves. But we know that
typically the amount of bad particles in the cluster around one bad particle can be estimated
by = In(N); so we are hopeful that this can be resolved. Of course, we expect that moving
a bad particle has more effect on the system than moving a good particle.

81






5 Applications of the main result

5.1 Interpretation as stability

One consequence of our result is a form of stability to our system. As a direct corollary of
our main result we obtain that our result from Chapter 3 not only holds typically for any
zo € R, but in fact typically holds for all potential z, inside a small sphere.

With a bit more effort we will then also show that our main result satisfies a similar
stability.

5.1.1 Stability of our result in Chapter 3

In this section we will quickly prove the following corollary as a combination of theorems 4.2
and 3.1.

Corollary 5.1. et 0 > 0 and let fV : R> — R® be the force from our set up and k be a
density satisfying the conditions we introduced earlier. Let T > 0 and v > 0. We find a
constant C, such that for any y € R® we have for all zo € BN_T78_2[,(y) we have

P ( sup  sup |zi(s) — zi(s)| < N4 |y is good particle in X>' U {m0}> <C,N77,
z;€X good 0<s<T

P ( sup  sup |ails) — Fi(s)| < NHH
z;€X bad 0<s<T

y is good particle in X=' U {x0}> <C,N7".

(N-1)

Here all probabilities are taken with respect to X=' € R® , so importantly xq, unlike all

the other x;, is not a random variable.

Proof. Let X=! € ROV=D he a configuration which is stable with respect to y, i.e. that
satisfies the estimate from our main result 4.2 when moving y. As always, we assume that
y is a good particle in X = X='U {y}.

This implies directly that our result from Chapter 3 holds, i.e. we know that for the good
particles (including y) we have

sup |zi(s) — Zi(s)| < N7+,
0<s<T

and for bad z; we still have

sup_|z,(s) — i(s)| < N5
0<s<T

Using the newly proven stability of the system, these estimates hold true if we would have

added any zo = y + § with small enough ¢ € R® instead. Note that our result allows us to
7

choose any ¢ with |§| < ¢(N), but for this result we will only need to consider |§| < N~15727.

5
The idea is to now interpret the system X=' U {z,} as (le U {y}) :

83



To avoid weakening the estimates, we start with the ever so slightly stronger bounds that
came up in the proof of 3.1, namely, for good particles

sup |zi(s) — &i(s)| < C(T)N~5+37<,

0<s<T

and for bad z; .
sup |z(s) — (s)] < C(T)N"3777%,

0<s<T

for some small € > 0.
With this in mind, we obtain the following estimates for the three categories of particles:

7o As y is good we have supyep 7 [y — 7| < CN—st39=¢_ Using that
1Yo — 9o — (@) — y)| = 00 — 3| < N1 T47|5] < N7 T4 NI 27 = N0 2,
we obtain
|20 — Zol = |v* = 7’ < o — vo — (o — yo)| + |yo — 7ol
< N*%JrZo + CN*%Jr?)ofs < (C+ 1)Nfg+3075.

For large enough N this, of course, is bounded by N _%+3", which is a good enough
estimate. Note that we do not care whether x( is a good or a bad estimate.

x; good For the other good particles we have |z; — ;| < CN—5+30—¢ jp X1 U{y}. This time

we also know that |z; — f| < N7s720§ < N=5+20 N=15-29 = N=5_ This allows us to
estimate:

|$f —I;| < |If — |+ |z — 3] < N—3s + ON-5+30—< < (C+ 1)CN_%+3"_E,
This again is a suitable estimate for large enough N.

x; bad For bad particles the estimate is weaker and we only know |z; — &;| < C(T)N~3+7—=
At the same time we have |z; — 29| < N-15727|§| < N~s. Combining these estimates,
we obtain

a0 — &) < | — @] + o — 3| < N75+ CN"3972 < (C + 1) ON 372,
which — for large enough N — is bounded by N—5+7.

5
This means that for large enough N for all good particles in X=' U {z,} = (X 1y {y})

we have |z; — ;| < N ~5737 and for bad particles the distance to the mean-field trajectory
can be estimated by N5+, O

The same argument can be applied to our alternative version 4.3 where we have proven
that for suitable configurations any good particle can be moved. In this setting we obtain
that even after moving any good particle in such a configuration the estimates from 3.1
still hold. Note that we needed the estimates provided by our new result. Hence, not
every configuration, that satisfies 3.1 with respect to xy, will automatically satisfy this local
version.
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5.1.2 Stability of our main result

In this section we give a sketch on how to prove that our main result is stable in the same
sense. By this we mean that for zo € R® a typical configuration is not only stable with
respect to zo but stable to all y in a small neighborhood around x.

Ideally, this should have been integrated in our version of the result, but due to time
constraints we handle it here. Note that most of the times our estimates did not depend on
xo and that all the conditions on the starting configurations were handled in the B sets we
removed.

Here, we are going to prove that all these B can be modified to work with all y in a
N~1729 hall around xg. Of course, one does need to carefully check the whole proof to
make sure that no other problems arise, but we are very confident that this is the case.

One important aspect is that most of our definitions use the mean-field trajectories. In

particular, adding a good particle y to a configuration, will not change which particles are
good and bad.

to By This is just our version of Grafi’s result, which, as we just have seen, typically holds
on a N~1529 ball around zo.

to By In By, we considered

X= € By SRV

D= (Z Ly~ | () (T5) > ln(N)) .

jbad NTONT

o=

Here we had to make sure that the clusters of connected bad particles stay relatively
small. For x; # xy this does not depend on xy. In the case of x; = xg, of course this
depends on xy. However, a typical configuration will satisfy

(w0)(T7) < In(N)

by Lemma 2.12. In such a configuration we have for all y in the NV ~1529 ball around

To that
Z ].MN,; ,l(y)(xj> S hl(N)
j bad N 9,N 9
For By, recall that
1—180+2
X2 € By CRW = | | J RF|>CON'.
k=0

First, note that by Lemma 4.5 we know that these particles z; will stay in their
1

corresponding CN~5%29 ball around zy. Estimating the expected number of particles

inside this sphere works similarly to our arguments for Byy,.

g

Note that if we would center our rings around a y with |zg —y| < N — 152 , we still

have the same estimate (with a modified constant).
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Let z; € U18 o+ R’yC where the y in the index reflects that these rings are centered
around y.

This then implies that the trajectory of x; stays in the CN —5+20 sphere around y. By

the triangle inequality and as the mean-field trajectories are Lipschitz by Lemma 2.6,
=~ 1

this means that it also stays in the O N~5%27 ball around .

With the same arguments we used in our proof we can show that for a typical config-
uration the number of particles in the C N~ 729 hall around xo can be estimated by
CN*'9_ This then implies the corresponding result for any y close enough to .

to Bs Recall from Bs that
X1 € By, C ROV

1 ¢
D= EItl,tQE[O,T]:‘NZ/QDN
; J#

o,

as well as for R=V = N~5+7,

(x )(ZL']> dS

i — dj)

1
-3+
> N-ato

DN (G = 1)1 (@ (v) dsk(y) dy

X7 e By, C ROV

1 ¢
D= 3t1,t2€[07T]:‘N2/2DN
—

A

Note that xy is actively avoided here, and we are only considering the mean-field
trajectories of the other particles which do not depend on the added particle x.

(@ — C?j)‘lM;;V(xi)C(ﬂfj) ds

> N6t

DfY(q — g ’1MN (e (y) dsk(y) dy

to By Recall from B, that

XZ' € Biajirrywyy C ROV with i € {0,..., N—1}
e < %:d MY o V)(“fz)(%) > ay (NSR2 min(max(V, R), 1)*]
i ba
VIMNX)| > aNN§>
and
X €Buyijirrywyy C ROV with i € {1,...,N—1}
= ( > Ly ool . @) (25)

z;e M (X)

> ayn [N%Rng min(max(V3, R;),1)* - min(max(Va, Ry), 1)4W ) :

where ay = In(N)1.
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We start with By,. For x; # xg this does not depend on z(, as we assume xy to be
good. Hence, it does not change the amount of bad particles, as these definitions only
depend on the mean-field trajectories.

If x; = xp, we use the argument from B, again. Here we need to be careful as we
consider many different R and V', namely

(1) M(N(J,rg),(o,vo)(y)
(i) MY W, 0<1< |5

(0,70),(N'ewg, N+ Deng) eIn(N)

(111) M(]g,ro),(l,oo) (y)

(iv) M(levksm,N<k+1>sm),(g,Uo)(y)v 0<k< Lln(})V)J
<

(v) M{]Vvksm,mkm%),(stwumvo)(y), 0<k

. ln(rl)
(1) My sy 1.0 ®): 0= 6 < | S|

(Vll) M(]yv—a,oo),(o,oo) (y)

with rg = 6N_%_",vo = N5 and ¢ = 4. Hence, the smallest (and most prob-

lematic) class is given by M N _» and our trick works again. We only
(0,6N~977),(0,N~9)

consider configurations where we can control how many bad particles there are in
N (zo). By the triangle inequality this then allows us to control

(0,12N"379),(0,2N" %)
(y) for y in the N~15727 ball

how many bad particles there are in MY L,
(0,6N~977),(0,N~9)
around zy. This works analogously for all other classes as well.

One needs to be a little careful as the constants in the estimates change slightly, but
importantly the order of IV in the estimate stays the same.

The argument for By, is basically the same. To obtain a bound for

Z;V 1M1]'ty1,v1 (y)mMJJ':YQ,VQ(l’i)(xj)’
z;EM (X)

we first get a bound on

Z 1M%172V1(zo)ﬁMg27V2(xi)(xj)'
Tj EMZJ)V(X)

Then, as |zo — y| < N~15727_ it follows that

2 Luy o, @0 @) S D Ty o, 4, 0 (@5):
z; €M (X) z;E MY (X)

This argument only works if Ry, V} > N “15727 We only apply this result once with
R=V =ClIn(N)N-5+k0)o 5 N-15-20

Again, the estimate we get is slightly worse by a factor of 26, but the order of N stays
the same.
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to Bs Recall from By that
XZ' € Byigykg © ROV

pe= ) 1y

jFi 6N 977N

=

o (Ti k..., kﬁ)(xj) > 1H(N) .
9
In this case we only considered bad x; and estimated how many bad interactions one
bad particle can have. So, whether we add xy or another close particle y does not

change anything as long as the added particle is good.

to Bg Recall from Bg that

X2! e Bg; C ROV-D with i € {1,...N —1}
1 oo
= 2 Y - ) Lo ()
J#0,i 70

to
_ /Rﬁ/t |]’LN<Q\Z — 1g)| dS]_MG(X)<y>k(y) dy > 4N—%+UC(N)—1

Note that x( is actively left out of the sum and that we only consider the auxiliary
cloud of particles around bad particles here, i.e. not xg.

to B; Recall from B; that
Xz e B;; CRSW-Y

= dity,ty € [O,T] : ‘ Z / |Df )|1GN )(ZL'])dS
7#0,4

to )
_/Rﬁ/t IDFY (G — @)Ly (y) ds k(y) dy| > AN7577.
1

This works exactly the same as Bg.
to By Recall from Bg that

X=! € By rmywyy € ROV

RS < > 1M(JYR)( V)(ji)(:vj) > ay[N3R? min(max(V, R), 1)]
j#ibad

or | MY (X)| > aNN§>.
We only consider the auxiliary clouds around the bad particles and, as the sum only
counts bad particles, the choice of xy has no influence.
to B1g We first consider Big, as we need its estimates for By. Recall from B that

X= € Bipas C R6WV=D)

e atl,tQ G [O,T] : |Z/ Df ) GN( )(.I])ds
J#0
—/ DF((@). — D)L gy (2) ds () dz| > ANT5H
RS t1
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to Bg

and
X=' € Bigp; CRONY

< Htl,tQE[O,T}I|Z/ hN AJ —~)1GvN(z)( )dS
J#0

¢
—/6/2hN 1~> GN (@8 5)(2) ds k(z) dz| > AN"5H7¢(N) !
R t1

Note that here we used ¢y to cover an area around our particle. To account for other
particles y near xg, we simply cover a larger area. This way we always find a suitable

auxiliary particle.

More precisely, we still want the auxiliary particles to have a distance to each other of
order N=a¢(N)* but this time to fill a ball with radius of 2¢(IN) instead of just c(N)

around .

As we will apply this for By, we also want our configurations to satisfy:

X=! € Bige; CROVD

< <3t1,t2€[O,T]2‘Z/ fN A(S _~) N s )(l'j>d8
J#0

= [ £ = () a5k | > AN,

This is the only modification we need here as the auxiliary particles do not directly

depend on the added particle, and we only consider their mean-field trajectories.

Recall from By that
X2 € By, C ROV

to
RS (3151,752 € [O,T] : ‘Z/ qo — q] lgN(xO)(.Z‘])d
370

L [ @0 = )1 ) dsh(2) de| > AN H () )

and

X=! € By,; C ROV

to
RS <E|t1,t2 € [O,T] : | Z Df qo — qj)leN(xo)(l’J)dS
J#O
to
—// Df (o — 2)1gn (ayy(2) dshk(z) dz| > AN~ w)

R

as well as

X7t e By.; C REV=D

e (Htl,tg € [O,T] : |Z/ C_Io - QJ ]-GN(xo)(x])d
Jj#0

L [ 7= D1 (2) dsh(z) dz

>N~ 9*")
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These estimates clearly depend on the choice of zy3. We use our auxiliary particles one

more time. For any particle y close enough to xg we find a auxiliary particle zy with
1

|5 — Zo] < N7oc(N)™L

With this we can estimate

to
| / WY (MG — ) Lan ) (25 ds—/ WY (Mg — ') 1an ) (2) dsk(z) dz
j#0 t
to
S’Z/t Qo — Gj) L (30 (25) ds —/ / W (Go = '2) 1w ) (2) dsk(z) dz
Jj#0 t1

53 /t WY (G = 45 Lan g () s—*z / B (do = ) Lon sy (1) ds

J#O

/Rfj/t Z)1any)(2) dsk(z2) dz—/ tlh (Go—"2)1 gz (2) ds k(z) dz|,

Here the first summand can be estimated by 4NV ’5“’0(1\7 )~! after removing a suitable
set of bad starting configurations (i.e. Byp). The second and third summand can be
estimated using that |go — do| is very small. However, we need to be careful as the
indicator functions do not match.

In the case of the second summand this is no problem as we have GN(y) € GN (%)
and all z; are good with respect to y which means that they also lie in GV (Zy).

Hence, we can estimate the second summand by

1 2 e - -
S 3[R = @)~ BV - 35) ds
5707t

This is the first time we have to estimate how h behaves under small changes in the
variable. Looking back at the definition of h (see Lemma 2.4), this can be estimated
by the function

h'N( B Cic(N)™ if |g| < 3cc(N),
R AT

for suitable constant C';. More precisely we have:

Lemma 5.2. If § € R satisfies 5| < cc(N) or || < %|q|, it holds that
[h%(q) = kY (g + 0)| < W™ (g)]6].
Proof. Let § € R° be given such that |[§] < cc(N) or || < 1]g|. The estimate is trivial

for |q| < 3ce(N). If |g| > 3ce(N), then we can conclude that |q 4 sé| > 2ce(N) for
all s € [0,1] in both cases.



Hence, we can estimate

1) = ¥ (q + ) =[(2€)'Cllal ™~ la+ 0]

1
< C max |[———| - |d]
0<s<1 ||q + 50>
1
< Cl4| 5
2= il
ql
1 1 1
CM'W T S CW 2°[6] < h'N(q)]é].
A=)
In the last estimate we used that |6 < |q|. O

As |Yj — Go] < N=3¢(N)* < ce(N), this result can be applied to obtain

1 oo o
N Z/ WY (' = g;) — N (Go — g;) ds
j70
<— Z/ WY (LG — G;) - N“3¢(N) ds < ON"3¢(N)™L,
J#O

where we estimated i’ by C'c(N)°.

For the third summand, i.e.

/R6 DY = 12) 1wy (2) dsk(z )dz—/ hN<q0—1z)1GN J(2) dsk(z) dz]

RS t1

we have to take care of the indicator function. As mentioned before, we know that
GN(y) € GN(2), and so on GV (y) we can estimate by

to
/R6 /t1

where we can introduce A’ again. Hence, this term is bounded by

W (G = 12) = BV (Go — '2)| 1aw () (2) dsk(2) dz,

to 1
/ / WY (5 —12) - NThe(NY4Lgw ) (2) dsk(z) dz < ON~He(N) ™.
RS t1

However, we still have to estimate

to
/Rﬁ/ qO_ Z)]-GN(wO)\GN( )( )k’(Z) dsdz|.

The set we are integrating over is contained in GV (y)¢, and we have already seen that
P(z € GN¥(y)°) < N~3720 by 2.11. Combining this with 2.7, we obtain

to
Lo 7B o = 2w v () dsk(2)

L el N L v (D)
(N)PNSHIN=3727 < N7ac(N) ™

<C

<Ce
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Combining all these estimates, we have proven that for a typical configuration we have
for all y close enough to xg:

Z/t — )1y (z5) ds

th,tg € [O,T] : ‘
370

_/R6 /t2 AN (G — '2)1gn () (2) dsk(z) dz S4N7%+UC(N)71.

The other two estimates work analogously.

to By Regarding By;, we recall that
X=! € Byy; C ROV

Z/t = ) Len (g (25) ds

= <3t1,t2 €1[0,7]: ‘
Jj#0

to
1 i
—/RG /t1 )1Gw(x0 (2)dsk(z)dz| > 4N "5+ >’

which works exactly the same as Bjg, i.e. we have to account for the slightly larger
area covered with auxiliary particles.

5.2 Interpretation as a higher order approximation for the trajectory

Our result can also be interpreted as a higher order approximation. We have proven that
the mean-field trajectories are not only a good approximation themselves, but the way they
behave under small changes is a good estimate for the corresponding behavior of the real
trajectories as well.

To make this more precise, we consider the following map:

Definition 5.3. Let X 21 ¢ RW=Y he any startmg Conﬁguratlon For any z € R® and t > 0
we define the map @Dt : R® — R® by setting X~ (z) as the position in phase-space of z
after applying the Newtonian time evolution in X = X='U {z}, i.e.

£ (2) = o ().

This is the Newtonian-flow of one added particle.

We introduce this new notation to emphasize that the function depends on z in a so-
phisticated way. This becomes clear when comparing it to the corresponding mean-field
version.

Adding the particle has almost no effect on the mean-field force, and hence ¢;(z) behaves
very predictable and has many nice properties, which can be summarized in ¢V : R® — RS
being a diffcomorphism. When considering v(z), things are more complicated, and it is
apriori not obvious whether ¢(z) satisfies some of the same properties as ¢;(z).

While the Newtonian flow of the whole system is reversible and hence bijective, this map
with focus on only one particle does not need to be bijective apriori.

Consider the situation, where two different particles when added X=! create distinct end
states, but these two particles end up at the exactly same position in phase space.
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This is where our main result proves useful. Restating it by using our new function, we
have the following:

If X=1is stable on M C R®, then for any z € M that becomes a good particle in X='U{z}
we have:

() — p(2)] < N7t
and for § € R® with || < ¢(IN) we have

(2 +8) — ¥(z) — (p(z + 8) — p(z))| < N~15+47,

In the next few sections we will use these estimates to prove nice properties for . Note
that these arguments only work if z is good in X=! and all these results are probabilistic in
nature, as we assume X=! to be stable.

The results can be nicely summarized as

Corollary 5.4. We work in our usual setup with o > 0 and a reasonable force f~ and
density k. Let T > 0 and zo € R® such that X=! is stably stable on the ball with radius
N=1%72 ground x, i.e. on B = BN,ILB,QU(xO). We assume, that all z € B would be good

particles in X=* U {z}.
Then for large enough N we have for any t € [0,T] we have

1.) ¢ is injective on B

2.) SOt(BNfllgfsa(%)) C Yu(B)

3.) Wy is Lipschitz-continuous on B

4.) Yy is a diffeomorphism onto its image almost everywhere on B.

This corollary will be proven throughout the next sections.

1 is typically locally injective

Fix zo € R® such that X>' is stable on the N~152% ball around z, and such that all z in
this ball become good particles in X=' U {z}.

Then the map z — ¢;(z) from the ball around ¢ is injective. Let zy, zo with |z; — x| <
N~152° and assume that Ui(2z1) = Yi(22). We know 25 = 21 + 9 with § < IN—1520, Hence,
we have

[e(22) — u(21)] = [e(21 + 6) — thu(21)]
> [i(21 +0) = i) = N7
> (C(T) = N7+47) o).
As the constant does not depend on N, for large enough N this implies 6 = 0. But that
means z; = 29 and v is locally injective.
This idea can be extended. Even for an unbounded set M we can apply similar arguments

as long as X=! is stable with respect to all z € M and the z would be good particles in
X=tu{z}.
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Let z1,20 € M and assume that ¢;(z1) = ¥y(22). We write 2o = 21 + 6. If § < ¢(N), we
can simply apply the argument from above and again obtain
[Ui(22) — Yu(21)] = |¥u(21 +0) — thi(21)]
> |pu(z1 + 0) — i) — N7H+4
> (C(T) = N=5+47)|].

If 6 > ¢(N), we can use the first order approximation instead, i.e.
[(22) — ¥(21)] > J(22) — @(21)] — 2NT97%7 > CJg| — 2NT543 > Ce(N) — 2N 7543,

For large enough N we know that Cc(N) > 2N -5 and hence obtain injectivity.
This proves part a) of Corollary 5.4.

v is typically locally surjective

Let M € R® and X=! be a configuration that is stably stable (in the sense of section 5.1.2)
with respect to all z € M and such that the z € M would be good particles in X=! U {z}.
Then ;="' : R® — R’ is surjective onto wi(M). We fix y € M and consider ¢,(y). We know
that |g:(y) — i(y)] < N~5+5.
We define yy = y and construct y; such that ¢, (y;) comes closer to ¢;(y) than 1 (yo).
For this we set

01 = ¢ (2ulwo) + pely) — tulo)) — wo

Rewriting 0 = ¢; "(:(y0)), we can use that ¢! is Lipschitz by Lemma 2.6 in order to
obtain )
611 < Clenly) — vilyo)| < ON757F9

This choice might seem a bit random, but it is done such that ¢;(yo + d1) = ©i(yo) +
wt(y) — ¥e(yo), which will be perfect for our next estimate.

We claim that ¢,(y1) = ¥ (yo + 1) comes closer to ¢(y) than ¢4 (yo).

Using the choice of §; followed by our main result in combination with the fact that § is
reasonably small, we obtain

’w(yo +61) — w(y)‘
=[t (o + 61) — ¥(vo) — (2o + 1) — (o)) + ¥ (w0) + (2(yo + 81) — 0 (v0)) — 2 (v)|
=[1(yo + 1) — ¥yo) — (2o +61) = () )| < NI, < CNTI47p(ye) — ¢ (30)].

As we started with |, (y) — ¢, (y)| < N=5+39 this implies that
[(yo +01) — p(y)| < N7 NTIF,
Next, we can define §; inductively by

Sip1 = () + 2ly) — V() — v

and then
Yjr1 = Yj + 0j41-
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Following our arguments from above, we know that

S = (p(wy) + 0(y) —¥(y) —ws
= ¢ (p(yy) + 2ly) = V() — o (@) < Clely) — dly))l-

Furthermore, we have ¢(y; + 0;41) = ¢(y;) + ¢(y) — ¥(y;) and

0y, + 6j41) — (W)
=0y + dj41) — ¥ (w;) = (s + Gj01) — () + ¥ (w;) + (0(y; + 0541) — 2(w;)) — (W)
=[(y; + 0501) = () = (W + 051) — @ (v))|
<NTEHO|5 ] < ONTE7|o(y;) — 9(y;)].

With a small induction this implies that
() = p(y)] < CNT ) N0,

and
|6j] < C(NTTH7)=I NG+

For this to be meaningful, we need to check if the sequence (y;),en converges.
For j > [ we have

J j
y— il < Y 6 < N7at87 3 (N te)ke
k=l+1 k=I+1

which clearly makes (y;);eny Cauchy and hence convergent in R®. However, by our estimates
we know that for the limit y., we have ¥;(y~) = ¢¢(y) making 1, surjective onto ¢, (M).

There is one thing we need to be careful about. We use our arguments not only for yo € M
but also for the y; which do not need to be in M. However, we assumed X=' to be stably
stable with respect to y, and hence it suffices to check that our y; stay close enough to y.
This is the case as we have:

J j
g, —y < D06 < N3+ SON-w 7Ykl < N33 « N2
k=1 k=1

In particular, if we define M = {93 € RS | dist(z, M) < C’N’%HU}, we have that ¢;(M) C
y(M). This proves part b) of Corollary 5.4.
v is typically Lipschitz

Let M € R® and XZ' be a configuration that is stable with respect to all z € M and such
that the z € M would be good particles in X=' U {z}. Then Y=t . M — RS is Lipschitz.
Let 21,29 € M and define § = 2o — z;. If |§] < ¢(N), we have

(21 +8) — v(21)] = Jge(z1 + 8) — @u(z1)| + N™T416] < (C(T) + N™15+49)|5].
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If |§] > ¢(V), we have

|wt<21 + (5) — 'l/)t(21>’ < |Q0t(21 —+ 6) — §0t<21)‘ + 2N*%+3U
< Cld’ + Nfé+4o|5‘ < (C(T) 4 N*$+4a>’6‘.

In both cases this can be estimated by C(T")|d|, which proves the Lipschitz continuity.
This proves part c) of Corollary 5.4.

Remark 5.5. Here and in our argument for injectivity one can clearly see the strengths and
shortcomings of the result |p(z) — ¢¥(2)| < N —5+39 Tt is a very strong approximation as
long as we are interested in distances and estimates that are of smaller order than N~ 5130,
However, if particles come closer than that, this estimate is not very useful. This is exactly
where our main result has the edge, as it can deal with arbitrarily small distances.

In fact, both results complement each other very well as our main result cannot deal with

particles that are too far apart.

v is differentiable

Let M € R® and X=' be a configuration that is stable with respect to all z € M and such
that the 2 € M would be good particles in X= U {z}.

As a direct consequence of the Lipschitz-continuity we obtain that ¢ is almost everywhere
differentiable on M by Rademacher’s Theorem.

We already have an idea what the differential should look like, namely Dy;(xg), which is
given by

Dpy(xg) :== edo A(t),

0 Es
At) = = - .
) (DfNG:co(t)) 0 )
To prove this, we want to show that
|i(0 + 8) = @i(wo) — Depi(w0)8| = |0 — Dipy(0)| < |].

Note that in all our arguments ¢ was in a way interlocked with N. In this case, we first want
to prove that for any N this result holds.
As usual, we use a Gronwall-Argument and hence consider the difference in force, i.e.

’/ (Fo +6,) — fN(%o)—b\]’(fo)-ngot(xo(t))édt‘.

where

Recall that f(zq) = fgan f(* Lo — )k’t( ) dy is a convolution. As convolutions are compatible
with the differential, i.e. D f D f , we can use mean value theorem followed by the triangle
inequality to obtain

/m V(&0 + 8,) — I (@) — Df (o) - ngot(xo)édt’

to

— /ttl /01 DNf(i() + Sgt)lgt — DNf(fO) . 1D(pt($0)(5 ds dt’

/tt1 B}(fo)(lgt DSOt T0)6 '

0

IN

Df(&o + 5'0:) — Df (%0)) 1| .
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The first term can be estimated using Lemma 6.24, which is applicable as we work on a
configuration that is well behaved with respect to x, yielding

/ttl D (&0)(8 — D@t(wo)d)’ < / In(N)[5, — Dy (x0)3].

0

The second term can be estimated by introducing h by Lemma 2.4

dsdt

: [ (DFGo -+ 5) ~ Df ) b
)L
L

- /t (o) 3,2 dt

0

< /tl In(N)e(N)~1[3[2.

to

DfN(fo + 85~t —y) — DfN(fo - y)‘ ku(y) dy - |St‘ dsdt

N (o — y y(st\ ke(y) dy - |0, ds dt

This means that we can apply our Gronwall Lemma 3.2 one last time to obtain that
[i(z0 + 8) = ¢e(wo) — Dipe(wo)d] < C(T)Ne(N) %,

where € > 0 can be arbitrarily small. We conclude that ¢,(z) for any fixed N is differentiable
in its position in phase-space.

This is helpful as for the derivative D1y we know that it is close to D¢ (at least where it
is defined). For any § with || < ¢(NN), we have

| D ()6 — Dipy(2)]
<|(We(z +6) — v(2)) —
<|(We(z +6) — v(2)) —
<Rs+ N™ 544§ + Ry,

Dip(2) - 0] + |(4hu(z + 0) — u(2)) — Dep(2) - 9
Du(2) - 8| + N5 15] + [(0u(2 + 6) — @u(2)) — Deau(2) - 9|

z

where & — 0 for § — 0. As this holds true for all 4, after dividing by |d|, we obtain that
the difference between D1 and D¢ is bounded by N “1s e,

Our next goal is to show that ¢ locally is a diffeomorphism (almost everywhere) onto its
image. For this, it is sufficient to show that D1 # 0.

Note that D¢ is defined by the Matrix efot A®  Tts determinant is given by e to the power
of the trace of [ A(s) which — considering the form of A — is simply ¢® = 1. Hence, our
approximation for the derivative vanishes nowhere.

We can say even more. We know that for any § with |§| = 1 we have

[Depi(20) A0 - |pe(0) = pu(o + A9
K. G|

| Depi(0)0] = — Ry > C(T) = Ry,

where Ry — 0 for A — 0. Hence, we obtain

| Dep(0)d] = C(T)
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for all § with |§| = 1. This means that for these 0 we also have
[Dwd| > |Dipd| = N7I+13] > (O(T) = N75H7) > 0.

So, for large enough N the differential does not vanish, and hence for suitable configurations
¥ : RS — RS is locally a diffeomorphism onto its image.
This proves part d) of Corollary 5.4.

Reverse direction

As we have seen many times in this paper, it is very helpful that ¢ is reversible and that the
reverse direction still satisfies strong estimates.

We have now seen that with the right configuration ¢ is also — at least locally — bijective.
Hence, we want to prove a corresponding estimate for 1.

Let M € R® and XZ! be a configuration that is stably stable with respect to all z € M
and such that the z € M would be good particles in X=* U {z}.

This implies that 1 is injective on M and surjective onto p(M). Let y € R° and || <
N-15¢(N) < N1 such that y and y + ¢ both lie in (M) as well as ¢ (y) and ~1(y +¢)
both lie in M. Then, using that |¢,(z) — 1 (z)| < CN=53 for all nice enough z and large
enough N, we have

Wty +e) — vt (w) < CD) ey +2) — e ()]
< O(T) | (7 (y + €)) — (7 ()] + C(T)N~573°
< ¢(N).

This means our main result is applicable to § = 1; *(y 4+ ¢) — ¥; *(y) yielding

Wty +e) =7 W) = ler (e (y +e)) — o (e ()]
C(D)lee(vy 'y +€)) — (¥ (v)]
( )

< C(T) (07 (y + £)) — (W ()] + C(T)N -5+ ]
< Cle| + CN" w59 |e| < C(T)e],

which implies that v; ! is also Lipschitz continuous (for points that are close).
If the points are further away we can use that ¢! can be estimated by ¢!

W () — o (W) < CD)lee(r () — el ()]
= C(D)lee(¥7 () — e ()]
< C(T)N~5+37

With this we obtain

Wy +e) — o ()] < 1o (y +€) — 7 (y)| + C(T)N %37
C(T)|e| + C(T)N~9+3

which becomes a good enough estimate for || > N~1s¢(N).
Finally, we also want to prove a corresponding reverse direction for our main result 4.2.
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_ For this we consider [g] < N*%C(N) again and define § = ¢, '(y + ) — ¢; '(y) and
6 =y (y+e) — ¢ H(y). As ¢! is Lipschitz continuous we know |d] < Cy(T)|e|. For this
constant Cy(T") we have

N0, (T)e]
= | (v + ) — vu(wy (v) — e + NTHHICo(T)e]
=¥ () + 0) — W @) — (el (W + ) — @il ') | + N7 Co(T)el
> oWy (1) +0) — 00 (1) — (2ler  (w +2)) — auler (1) |-

In the estimate at the end we used |0] < Cy(T)|e| and hence can apply our main result to
estimate:

W (W) +0) — v ) — (Jee ' () +6) — oW (v)|
<N-mH9|§) < N~ 700 (T)el.

Moving on with the estimate, we can now introduce D¢ while using our estimate from the
section above.

o () +0) — e ®) — (el () + ) — eulor @)
> | D (7 ()0 — D™ ()3 — C(T)e(N) N7 (5% + 62

Using the triangle inequality for the first summand, and noting that § > C(T)e and § >
C(T)e because 1 and ¢ are both Lipschitz, we obtain

D ()8 — Doy~ <>> — C(T)e(N) N7 (5 + 5?)
> | Dep(i; ' ()6 — Deplipy >5! )Ds@ vy ())—Dw(wfl(y))\lﬂ—C(T)C(N)‘1N0|€|2

2 ‘Dgp(got_l(y))((S - 5) edo Aster f As( ! 6] = (T )N‘$+U|g|

*

C(T)|6 — 6| — C(T)N~5H19|e| — C(T)N~1+7¢].

Before we go into details for our estimates in (%), we first finish our argument. We have just
proven, that

N0 (T)|e| > C(T)|6 — 6| — C(T)N 5| — C(T)N~15+|e].
After rearranging and simplifying, we obtain
6 — 8] < C(T)N~THe].

Rewriting this without 6 and 4§, one clearly sees that this is the desired reverse direction of
our main result:

W o) = o7 ) = (e W+ o) — 9 ()] < CT)N 57,

We still need to prove our estimates in (). There we estimated |Dyp| and ]efo Aler W) _
edo AT W),
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For the first estimate we want to show that

D ())(8 — )| = C(T)|8 — 4.

If (6 — 5) = 0, the estimate is trivial; otherwise recall that we have just seen that for any
normalized vector v we have

|Dgy(@; ' (y)) - v| > C(T).

Normalizing (§ — 0) and applying this estimate gives us exactly what we want.
For the second estimate we note that as the matrix exponential is Lipschitz, we have

oA o]

Jy At )|

oo AT W) _ fy AT )| <

[ A o) - aw o) dt\ .

The second and third factor are each bounded by e“*) a

0 Es
Adlo) = (%(%» 0 ) |
This means it suffices to note that
|[ Divta)|| < o).

where we simply applied 2.5.
The first factor can be estimated by

‘/ot Ay ') — As(v; (y)) ds
- ‘/t D\?N 1808( 71(3/))) - D?”N(lsos(zb;l(y))) ds

</ o3t (y)) - C(T)N =357 ds
C(T)e(N)TIN=3+% < O(T)N =5+,

<

where we applied 2.5 again.

5.3 Estimating probabilities

We consider a sequence of sets My C R® where My = Bya(0) with a > 0.
We then want to estimate

P (X 2! is stable with respect to every z € M N) :

The idea is that for any y € My the probability that X=! is stable with respect to all
z€ B, 1 (y) can be estimated by C,N~7 for every v > 0. Importantly, C, does not

—ﬁ—QU

depend on y.
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This means that we can cover My by approximately CN*N 5727 guch spheres and hence

can find a set of CN®Nist20 points vy, such that it is sufficient to be stably stable around
all the y,,. Hence, for any v > 0 we find a C., such that

P(3z € My such that X=! is not stable with respect to z)
<P(3y, € My such that X=" is not stably stable with respect to y,)

<CNONw . C N7,
If we apply this with ¥y = v+ a + 1—78 + 20, we obtain that
P(32 € My such that X=! is not stable with respect to 2) < C, N7

for every v > 0.

As we have seen, this means that we have many strong estimates on My. Furthermore,
note that the volume of My goes to infinity for N — oo. Hence, for suitable densities k we
can choose My in such a way, that typically almost all the particles will lie in My. As we
are mostly working with probabilistic results, we can typically work on a set where all our
new results hold.

As a final outlook we want to give one example on how our main result can be used to
obtain strong estimates for probabilities. We are going to give a proof sketch — with one
additional assumption, which we will discuss in a second — that for a typical configuration
X=! and under certain conditions we have

P (¢4(z) € By-(2)) = P (@1(x) € By-«(2)).

In words, this means that under the right conditions the probability that the real trajectory
of a newly added particle passes close to the point z at the time ¢ can be estimated using
the mean-field trajectories.

To make this more precise, let o > 0. We then consider sets My C R® such that P(x ¢
My) < N75% and only consider configurations X=! = (z1,...,zy_;) that are stable on
all of My. As we have just seen, this is a reasonable assumption, and in fact a typical
configuration will satisfy this (for very large N).

However, we will need one additional assumption as we would run into a problem otherwise.
We want to add a new randomly placed particle g and estimate the probability on where it
ends up. While we have many tools for good particles, we have no control for bad particles
as all our results assumed that the added particle was good. For this proof sketch we will
only consider configurations X=!, where, if we add a bad particle zo € My to X=!, we still
know that sSupq <, (o) — 1s(xo)] < N75+9.1

Let z = ¢(yo) and let X=! be a configuration that satisfies the condition from above.
Furthermore, we assume that

B (yo) C My

C(T)(N-2+N~5+9)

INote that this assumption is at least somewhat reasonable. N ~5%9 was exactly the margin we have proven
for bad particles in 3.1. Of course, in that theorem we always assumed that the newly added particle
becomes a good particle in the system. There are some new problems one has to account for if one drops
this assumption. For example, one has to be careful, because adding a particle that becomes bad might
flip an existing good particle to become bad as well. Still we are hopeful that this assumption — or at
least some variation of it — should be provable.
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and that any z from that set becomes a good particle in X=' U {z}.

The constant C'(T") is chosen such that ¢ is Lipschitz on [0, 7] with Lipschitz-constant
C(T), which is possible by 2.6.

Under these assumptions we will prove that

[P (4(2) € By-a(2)) = P (p1(x) € By-a(2))| < N7

Here N~% is the expected order of the probability P (p:(z) € By-a(2)) because ¢ is a
probability preserving diffeomorphism.

Proof sketch. The first step is to show that for reasonable X=! both o™ !(By-a(p:(y))) and
™ (Bn-a(p:(y))) are contained in

BC(T)(N7Q+N_%+U) (y) °

This is very helpful as it gives us a playing field we can focus on. However, this claim is not
necessarily true. The problem comes from particles outside from My, as for such particles
y ¢ My we have no control on how ,(y) behaves. So we will only consider particles
inside My. Note that from a probabilistic point of view this is not really a problem, as
P(x ¢ My) < N7 and hence the error coming from particles outside of My is of small
enough order. From now on, whenever we consider sets and their probabilities, we always
consider the intersection with My unless otherwise specified.

Even without this assumption the argument for ¢ is quite easy, as it is Lipschitz continuous
by 2.6, i.e.

o~ (By-e(£1(1))) € Bon-+(¥) € By oo y-tomy )

Things become a bit more involved for the pullback under .
We do this by contraposition. For this z ¢ B ry s -4y (y),ie. |z—y| > C(T) (N~ “+

*7). As we mentioned, we assume x € My, and hence we know that |¢(z) — ¢(z)| <
*7. However, at the same time we have

Wl W=

V-
N
O(D)|pi(x) — @i(y)] = o —y| > C(T)(N~* + N~5%7)

because ¢! is Lipschitz.
This is exactly the constant we have chosen, and hence we obtain

o 1,
o(x) —p(y)| = (N7% + N7379).
Combining this with |¢(z) — ¢(z)| < N~5%7, we obtain
140 —a 140 140 —o
[¥(x) = ()] = lp(x) = @(y)| = N73%7 > (N7 + N73%7) = N73%7 = N~

In words: ¥ (x) does not lie in the N~ ball around ¢,(y), and hence = does not lie in the
corresponding pullback under .
In conclusion, we have proven that both ¢! (BNfa(gpt(y)D and ¢! (BNfa(got(y))) are
contained in
C(T)(N*a—i-N_%Jr”)(y)'

Moving on, we consider two cases regarding the order of N=%: First, we assume that
1 7 1
N~ > N~1¢(N) > N~ 1577, and later we will consider the case N~* < N~ is¢(N).
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fN“>N ’T180(N ), we can use that particles stay close to their mean-field trajectories
(on My), namely |t(z) — ¢y(x)| < N~5+3 = ¢. This means that

¢i(2) € By-a_c(p:(y)) = ¥1(x) € By-a(p:(y)) = ¢1(x) € By-ayc(0:(y))-

These implications follow directly from |1(z) — ¢y(z)] < N~3+39 = ¢ (on My). Let x be
a particle such that ¢y(x) € By-a_(1(y)). As we have seen, we can conclude x € My, and
hence we obtain

() — u(y)] = () — oe(x) + @i(x) — @u(y)| < N75737 4 N~ — N—5+3 — N~

The argument for the second implication works analogously.
Considering the possibilities, we note that

P () € Beralin)) =P (41(0) € Buo (i) + |, k)

N—ap(Pt(YN\By—alet(y))

<P (mx) € BNam(y») +C((N™+€)° = N7 [k

IA

P (m:c) c BN-a«ot(y») + Ok eN
<p (mm) e BN-am(y»)  O(T)N-HH7 oo,

Here we used N=* > N’%C(N) > N~157 = N1s~4¢. Analogously, we get

P (¢i(x) € By-a—(1(v)) > P (1(x) € By-alipi(y))) — C(T)N -1 +47 N6,

Combining these estimates, we have proven:

< C(T>N71—18+40N76a’

‘IP’ (¢1(w0) € Br-a(1(y))) — P (1(x) € Bx—=(1(v)))

which concludes our estimates if N~ > N~ ¢(N).

Next, we consider the remaining case r := N~ < N-1s¢(N).

The idea is to consider the pullback of B, (y;(y)) under both ¢ and v and show that both
pullbacks are close to each other.

As the mean-field trajectories are a good estimation for the real trajectory, we can conclude
that the center-points of these pullbacks (i.e. the pullbacks of p(t)) stay reasonably close to
each other.

Our new result adds that both pullbacks have a similar shape. Combining these two
results, we get the following picture 5.1:
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Figure 5.1: Pullback of B,(¢:(y)) under ¢ and 9

Let us now formalize this idea. We first note that by choice of X=! and My we find
exactly one point (in My) v; *(¢:(y)). This allows us to rewrite the pullback under .

P (wt(a:) € Br(%@))) - /¢,1<BT<w(y)>)

= ko (vt + ) do.
B (B )~ (e (9) o (V7)) + 9)

ko(x) dz

Here ¢! (Br(cpt(y))) consists exactly of the 2 € R® that, if added to X=!, pass through the
d-ball around ¢;(y) at the time t.

The transformation of variables in the last step shifts our focus to the relative position
around the center of the ball. Our goal is to show that this relative position is similar to the
mean-field version of this integral, which we will consider next:

P (aio) € Br(only) = /so oy PB4z = /w;l(Br(w(y)))—y K+ 0)da

~1(Br (¢t

We want to estimate the difference between both integrals.
First, we consider the intersection

U = (¢, (B(&r(®)) = y) N (&7 (Bolee®)) — v (2e(w)).

The volume of U is bounded by ¢! (Br(tpt(y))) which in turn is bounded by C(T')r% by 2.6
as the original ball had radius 9.
Inside the integral we have to estimate:

[k +6) — k(¥ (eu(y)) +0)|

This difference in density can be estimated as the density & is Lipschitz by our conditions
in the very beginning 1.2. This means we only need to estimate

Y+ 0 — (7 @) +8)| = [y Heey)) — 07 H(oe(y))| < C(T)N~5+3.

The last estimate uses the fact that mean-field trajectories and real trajectories stay close.
However, here we used the reverse direction we have proven at the end of the last section.
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Combining these estimates, we obtain
/U (0 (@u(y)) +6) — k(y + 0)| < C(T)ON#+7.

On the intersection we leveraged that the difference in density is small. Away from the
intersection we have no similar option. Instead we will prove that the intersection makes up
most of both sets. For this we will need our main result.

To this end, we write By, = w_l(Br(got(y))) — w_l(got(y)) and B, = go_l(Br(got(y))) — .
First, we estimate the volume of By, \ B,.

For any point § € By, we have § = ;! (got(y) +e> — ! (got(y)) for suitable £ with |e] < r.

We know that 6 = go_l(@t(y) + 5) — (gpt(y)> is a very good estimate in the sense that

6 — 5| < C(T)N -5t

Here we simply applied the reversed version of our main result, which is applicable as we
assumed |r| < N=1s¢(N).

This already seems very promising as for any J € By, we find a very close be B,. But we
need some regularity on B,. Otherwise, this closeness in distance does not imply a closeness
in volume, as can be seen in 5.2.

Figure 5.2: A sea urchin like set inside a ball

The sea urchin like set satisfies the closeness in distance to the points inside the ball but
can have arbitrarily small volume.

As B, is simply the pullback of a sphere via the diffeomorphism ¢y, it has enough regularity
(and cannot be a sea urchin).

One possibility to make this this rigorous is the following: We consider ¢ (B, \B,). Because
¢ is bijective, this is simply ¢(By) \ B, (0). Note that we still know that points in this set
have a distance of at most C(T)N -1+ to o(B,) = B.(0).

Since B,(0) is a simple ball, this means that ¢(By) \ B,(0) is contained in the r +
C(T)N~15+49§ ball around 0 € R®. This means the volume can be estimated by

(r+ C(T)N -1 Hop)6 — o6 < O(T)N -1+,
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So now it only remains to compare the volume of By, \ B, with the one of ¢, (B, \ By,).
However, as ¢, is differentiable and the differential has to be bounded by a constant C(T')
by 2.6, we know that

V(By\ By) < C(T)V(au(By \ By)) < C(T)N ™15+,

As the density is bounded by a constant as well, this yields a suitable estimate.

It now remains to estimate V' (B,, \ By), which works very similar. However, this time we
need the differentiability of ¢/ instead of .

We consider (B, \ By). Since 1 is bijective on this set, this pushforward is given by
Y(By) \ Br(0). As points in B, had distance of at most C(T)N-+9 to By and as 1) is
Lipschitz, we obtain that the points in ¢(B,) have distance of at most C(T)N —1s oy to
B.(0).

Just like before, this implies that the volume of the difference (B,) \ B,(0) can be
estimated by C(T)N 154776,

Finally, as v, is differentiable almost everywhere and the differential is bounded by C(T),
we obtain

V(B,\ By) < C(T)V (B, \ By)) < C(T)N 15747y,

In the first estimate we simply removed the points where 1, is not differentiable before
applying the estimate that required the bounded differential. Because the set of these points
has a volume of 0, this does not effect the estimate.

In conclusion, we were able to prove that under suitable conditions

P (vu(x) € B.(2)) — P (@) € Bo(2))| < 1"

5.4 Final remarks

Through out the section, we always had to consider sets of good particles. 1 being injective,
surjective and differentiable and our probability estimate just now — all of them had to
assume that we work with good particles. In the last section we already had to assume that
we have some control on bad particles. Hence, extending our main result to also include
newly added bad particles, would strengthen it significantly.

Considering our last result, i.e. that under the right conditions, we have

[P (vr(2) € Bo(2)) = B () € B(2))| < .

It becomes clear that the most interesting case would require dealing with bad particles.

As it stands, we have to restrict ourselves to configurations where the considered z € R®
are good particles when added. This means that this estimate is not suited to answer the
question whether a newly added particle has a collision or not. As collisions are of upmost
importance to understand the system as a whole, extending this result could entail new
approaches for the derivation of the Vlasov equation.

As we discussed previously, we do believe that our arguments can be extended to include
the case of xy being a bad particle with some effort. We are hopeful that solving this next
problem will entail new interesting results.
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6 Appendix

In the appendix we go into more details for the results we simply stated in Chapter 2.

6.1 Proofs and further explanations for Chapter 2

We start by calculating the derivative of f¥. We have

B
N 1 —39:‘5 | i 3y —‘%lzy
blfw=rs| W 17
lql el lal
for |q| > ¢(N). For |g| < ¢(N) we have
2?|qlr'(lgD)+r(laD(al*=2*) @y’ (laDlal=r(la))) zz(r'(laDlal=r(lal))
P zy(r'(laDlgl=r(laD) — v?lalr'(laD+r(aD(al~y*)  yz(r'(laDlal=r(lal)
wz(r'(la])lgl=r(lal)) yz(r'(laDlal=r(al)) — 22lalr'(lal)+r(la)) (gl —=?)

instead. Keeping in mind that ' < C,.c(N)™3 as well as r < C.c(N)72, it is easy to see that
all these entries can be estimated by % for |¢| > ¢(N) and by 8C,c(N)™? for |¢| < ¢(N).

Hence, the matrix norm can be estimated by Cprc(N)™* for a suitable constant.

We will also need to understand how D f" behaves if we have small changes in the argu-
ment. For this we will use the second derivative.

We start in the case where |¢q| > ¢(N). Because of symmetry in coordinates, it is sufficient
to look at the second derivatives of ﬁ. They have the form

; 3z (202 — 322 — 3y?) =3y (y* + 2% — 42?) —3z (2% +y? — 42?)
1
d[222]|l|‘3 = W _3y (y2 + 22 — 433'2) 3x (4y2 — 22 — ;CQ) 15gjzy
x 7y ’z q q
-3z (z2+y2—4x2) 1522y 3 (422_y2_$2)

It is not to hard to see that this can be estimated by n ‘4
For |¢| < ¢(N), up to symmetry, we need to consider the following derivatives.

gl =15 |5 — (Plal*"(1a) + 3 + 22l (1g]) = 3(* + 2*)r(Ja]))
d x Y /

a0 |q| rlal) = 75 (vPlaPr"(al) + <x2—2y2+22>|q|r<|q|>—(x?—zyuz?)rqu)
d 1 2 // 2 ’ 9 9

Ta - -3

dxdy|q| rlal) = 1.5 (#*vlal*r”(al) + vlal ol = 32%)"(al) = y(lal* = 32*)r(Ja))

d 1 2 //

dydzm, r(lah) = 75 (zy=lal’s” (la)) + ayzlalr’(al) + 3zy=r(la))).
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Note that our force does not need to be two times differentiable on the sphere with |¢| = ¢(IV).
This calculation still allows us to estimate all entries by C'c(N)™ for some constant C. We
hence find a constant ¢, such that D £ is Lipschitz-continuous on its complete domain with
Lipschitz-constant c,c(N)™%, and such that the matrix norm can be estimated by %chﬁ

for |g| > ¢(N).
The estimates for D fV can be combined and we get the following lemma.

Lemma 6.1. There is a constant Cpy > 0 (independent of N and the configuration) such

that
Cpse(N)2if g| < e(N) .
ZAUE { gj;f!f}! ’ if gl ZC(N)} < Cpye(N)73,

This allows us to introduce
Definition 6.2. We define ¢ : R* — R™ by
Cppe(N)™>  if |q] < 2¢(N),
Chrlg|™® else.

This function can be used like the derivative of f& in many cases as the following lemma
shows.

Lemma 6.3. Let fV be our force from 1.1. The following estimates hold for all q, g, ¢1 € R®.
IDfY(g)| < g(q)
(@) = £ (@0)| < g" (min(go, ¢1))lar — ol
Further, if 6 € R® satisfies |§| < c(N) or |6] < 3lq|, it holds that
1N (g) = (g +0)| < gV (a)ld].
Proof. The first result follows dlrectly from the definition and the lemma above. All the

other results are consequences of the mean value theorem. For the second statement we
estimate

‘fN<Q1) - fN(QO )| = ‘/1 DfN (g0 +5(q1 — q0)) ds - (q1 — qo)

< max ’Df (CIO + S(Ql - CIO))| : |Q1 - QO| < gN(min(qo,ql))|q1 - QO’-

0<s<1

Now let § € R® be given such that [§] < ¢(N) or |[§| < Llg|. The estimate is trivial for
lq| < 2¢(N). If |g] > 2¢(N), then we can conclude that |¢ + sd| > ¢(INV) for all s € [0,1] in
both cases. Hence, we can estimate

1Y) = Mg+ 90) = /1DfN(q+s5)ds~5’

C;
< S max oo
max |DfN(q+ s6)| - 1] J2ex 23]q + 5(5’3

1 1
Ny
’q_|q\|5|’
1\3 1 1 1 1
< (=) Cpsld)z - ———5 < ==Cpr—= - 236] = g™ ()|0].
<(3) Corloln oy S w2 =0
In the last estimate we used that [0] < 1|q|. O
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Using the bounds on DD fV from above, namely

cne(N)™if |q] < c(N)
cnlg) ™ else

IDDfY(q)| < {

for a suitable constant ¢, > 0, we can define another very helpful function, namely h.
Definition 6.4. For ¢ > 1 we define hY : R* — R by

che(N)™ if |[q] <2c-¢(N)

(2¢)cnlg|™  else '

The ¢ will be chosen later and it will not depend on the number of particles N but only
on the time frame 7" and our density k.

The following Lemma shows how h. can be used and why the constant c in the cutoff is
needed. It allows us to give good estimates as long as the disturbance ¢ satisfies |§| < c¢(IV).

Lemma 6.5. Let [N be our force from 1.1. The following estimates hold for all ¢ € R® for
fixed c > 1.

IDDfN(g)| < B2 () for lq| # c(N)
‘DfN(C]o) - DfN(Ch)‘ < ke’ (min(go, q1))|g0 — -
Further, if § € R® satisfies |6] < cc(N) or |8 < %|q|, it holds that
IDFN(g) = DN (q +8)| < hd (q)l6].

Proof. The first result follows directly from the definition and the estimates stated above.
All the other results are consequences of the mean value theorem. For the second statement
we estimate

DY (@) = Df ()| = ’/01 DDf"(go + s(q1 — qo)) ds - (01 — o)

< max, ‘DDfN(fh + s(q2 — %))) ds - |qo — q1

< hN(min(go, ¢1))lg0 — @1-

Now let § € R® be given such that || < ce(N) or |§] < 1|g|. The estimate is trivial for
lg| <2ce(N). If |[g) > 2ce(N), then we can conclude that |g+ sd| > cc(N) for all s € [0, 1]
in both cases. Hence, we can estimate

Df¥(q) ~ D (g +9)] = ’/01 DD g+ 58)ds

< N . < _h
< Orgggcl\DDf (q+35)} 0] < max Iqus5|4|5|
1
< anldl———q
2=l
1 1 1
< opld g - < ey - 2°18] < hY (9)]9).
I N
lq|
In the last estimate we used that |6 < |q|. O
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Before we can close this chapter, we also want to be able to estimate the mean-field versions
of Df and he, i.e.

Lemma 6.6. Let q(s) be any point in R® (here s € [0,T] is some fived time). Then the
following three inequalities hold.

L, 1P (as) = ) [ () dy < (), (2)
s DfN(q(s) — y)ks(y) dy‘ < Cpy, (b)
L1 als) = 9)Fuly) dy < Che(N) 7, ©

where C}, does depend on the constant ¢ chosen in h.

Proof. All three proofs follow the same pattern. We divide the integral into two or three
parts and then estimate. Only the estimate for (b) is a little more involved.
For (a) we estimate

8
1

<C’( / (N)3|kN o dy + / m%mwdy + / kN (y) dy)
la(s)

—y|<c(N) c(N)<lq(s)—y|<1 lg(s)—yl>1

DfN(q(s) — y)| kN (y) dy

<C(e(N)? - ¢(N)3 + In(N) + |kN];) < CIn(N).

The idea for (b) is the same and we estimate

| DF(als) = )k (v) dy

g/ (N) 3|y o dy
lg(s)—y|<c(N)

w|f
o(N)<|q(s)—yl<1

+ / kN (y) dy
lg(s)—y|=>1

<C (kY |soc(N)? - e(N)* 4 ¢(N) + k) 1) < Coy.

DF(a(s) — )i (y) dy\

Here we had to estimate DN (q(s) — )N (y) dy| by Ce(N):

/C(N)Slyq(S)lﬁl
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/ D
(V) <ly—g(s)|<1

J s
e(N)<ly—q(s)|<1

IN

/C(N)Slyq(S)lél

+
c(N)<]y—q(s)|<1

=0+ /C(N)Syq(S)ISI D (ats) = )|k

< / !
c(N)<|y—q(s)|<1

(4(s) —y)?
<Cc(N),

-C - q(s) —yldy

where we used that the entries of D"V are anti-symmetric and hence [ DfN = 0 for sym-
metric domains. The estimate for (c) is easier again:

L0 als) = )R () dy
2¢)’

<c / (N4 EN(y) d +/ — —kN(y)d >
h( ly—q(s)|<2ce(N) (V)" (w) dy y—a(s)[>2ee(N) |q(s) —y|* v)dy

<Cen((cc(N)) - e(N) = + (2€)'e(N)Y) = Coe(N)~.

This concludes our discussion for fV and its derivatives.

The next lemma tells us that the mean-field trajectories behave Lipschitz-continuously. A
result that will be useful many times.

Lemma 6.7. For all T > 0 there is a constant C' > 0 such that for all z,y € R®, N € N
and to,t; € [0,T] it holds that

|90t0,t1($) — 90t07t1(y)| < |x _ y|60‘t1_t0|,

Proof. See [9] Lemma 2.1.2. . O

We will have to estimate f~, Df™ and h" quite often in our final proof. To this end the
next lemma is very useful.

Lemma 6.8. Let 1 < o < 3 and consider a function gV : R* — such that

Cec™ ) <
M <N T ldse
L if |q| > en.

lq|*

Then the following estimates hold:
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a) Lety, z € RS, t,im be a point in time where

min [15(5) — ()| = "2 (tmin) — Gltmin)| = Ag > 0
and 2Z(tmin) — 2U(tmin)| =: Ap > 0.

Then there exists a constant C' > 0 (independent of y,z and N ) such that

/OT ‘g (lg(s) — 1@(3))‘ ds < C'min (Alqa’ C?V%Ap’ AqallAp> .

b) Let T > 0,21,z € R® be given and consider differentiable 'y;, 'y, : Rsg — R, We
denote the derivatives by *yy, *yo and write y, = (*yr, 2yr). Assume that for some o > 0

Na‘lgi@min) - l%(tmln)’ S IQ/Z\I(tmzn) - 225(tmm)‘ = Ap (Al)
and

sup |z1(s) —yi(s)| < N"7Ap A sup |Za(s) —ya(s)| < N7 Ap. (A2)
0<s<T 0<s<T

Then there exists some Ny such that for all N > Ny we have

/OT 19 ("91(5) = "a(s))| ds < C'min ( 1 1 > |

AP ming<s<r [y1(s) — ya(s) o1 Ap

Before we prove this lemma, let us briefly discuss the result. The important part in the
estimate is that we can use Ap to control the integral. This means that even if particles (or
more precisely their mean-field trajectories) come close, we might still be able to estimate
the effect of the force as long as their relative momentum is close. This is very intuitive, as
if their relative momentum is very large, they will not be close for long, and hence the effect
of the force can still be controlled. This is one of the key ideas in the later proof of our main
result.

This was already used and proven by Gra$ in [9]. As we use a different notation and need
a slightly modified version of the lemma in Grafl’s paper, we decided to give a proof for b)
here as well.

Proof. We prove b). First, note that by Al we know that |Z1(¢in) — Z2(tmin)| is of order
Ap, i.e.

Second, we can apply 6.7 to obtain a constant Cy > 1 depending on T such that

|21 (timin) — Z2(tmin)| < Co OI%%HT |Z1(t) — Z2()]

. . 1., .- .
and OIgtaé}% ’Zl (t) — Zg(t)| S ico‘zl(tmer — ZQ(lfmm)‘

Combining these estimates, yields

Ap . - - - .
T, S onin, Z1(1) = ()] < max [21(2) - Z(1)] < Colp. (1)
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For large enough N we use the second assumption A2 to obtain

N Y Ap o Ap ..
in |y1(t) —y2(6)] = min [2(t) — ()] - 2N Ap> -z —2N"7Ap > 55 (i)

For any ¢ € [0,T] and C} > 1 let ¢/ . denote a point in time where |'y; — 'y»| obtains its

minimum on [/, t' + Cl]‘ The main step is to prove that

Claim:

! 1
t!

Note that after we have proven this we are basically done: As min |'y;(s) — tya(s)| <

() — Yyo(t! )|, by definition we can add up these estimates for the whole interval
[0,T] to obtain

C 1 1
1 s) — 1 S dS < 7mln ( Y > ’
g( yl( ) y2( ))’ Ap a1 |1y1( mzn) - 1y2( mzn)’a !

[ loCunts) —unls))as
<3 [T o)~ )]s

t+
<Gy [ Jo('a(s) = "ya(s))| ds

e i)
- Ap N |1y1( mzn) - 1y2( mzn)|a !
<C(T) min < afl ) ! — > .

AP ming<eer [y1(s) — a(s)[* Ap

It remains to prove the claim, and for the argument above to work we need to make sure that
both constants, i.e. C; and the C'in the claim behave nicely. If |1y, (¢ .. ) —ya(t ;)| = fcf; ,
the properties of our map imply that

/ 1
4

< < 1 1 ) - c . < 1 1 >
min < —min | —, —
‘1?/1( mm) - 1y2(t;mn)’a Ap ! ‘1?/1( mzn) - 1y2( mzn)| !

where the last estimate is clear if the min takes on the value on the right, and otherwise we

also know CN 2 | yl( mzn) - y2< mm)' - %

9"y (s) = 'ya(s))| ds

We now want to prove a similar result in the case |'y; (¢ !

In this case we have

Y2 ( mm)| < 400'

mzn)

1 2

) Ap )
|1y1(tmzn) - Y2 ( mm)| < = 40 ’ yl( mm) y2<tmzn)‘7 (111)

0
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as otherwise

‘yl(tlmzn) - yQ(ﬂnm)' = \/llyl(tlmzn) - 2y2( mzn)| + |1y1( mzn) - 2y2<t;nm)|
Apl* | ap

<JM% 1Cy
_ V2hp
— 40,
< Bp
- 20
(i9)

<
< in [1(t) — a(0),

which obviously yields a contradiction.
By [9] Lemma 2.1.3. it holds for all [s —#;,;,| < & that

*Z1(s) — *22(5) — (Z1(tin) — *Z2(thin))]

< Cls = il ("2 Ehin) = Z5 i) + P21 (i) = Za(Enin)l 5 = i)
Combining this with our previous estimates, we obtain

*Z1(s) = *22(5) — (Z1(thin) — *Z2(thin))]

< C1s = thnl (I'1 (tin) = "Z2(tin)| + P21 (tgn) = 222 tmgn) |15 = thainl)

< Cls— rinl (1'"Z1(Ein) = Za(tnin)| + CoApls = i)

Z0)s - Brinl (101 (Enin) = "2 (thin)| + 2N 7 Ap + CoApls — 1, ])

(423)

< C‘S - tmzn‘ | yl( mzn) - 2y2(tlmin)”

where the constant may depend on Cj but importantly not on N.
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This can be used to obtain the following estimate for large enough N and |t — ¢/ . | < 2-

() = 2(8)) = (1 (thin) = "12(thin)) = Co1(Emin) = 22(Ehin) ) (E =t

/t, = 2(5)) s = Cy(Fnin) — 2l (£~ tg)

™ ’(Q,Z\I(t;nw) 22(tmm)) ( Y1 (tm'm> - 2y min, ’ ’t m'm‘
(iv)
< 2max sup 12k(8) — yr()[[t — tin]

k= 120<

+ C1| yl( mzn) - 2y ( mzn)”t - tmzn‘2
+2max sup |Zk( ) — yr(s)[[t —
—120

A2 -0 2 2

(zzz

< 4CN™ U| yl( mzn) - Qy ( mm)”t mzn| + C|2y1(t/mzn> - 2y ( mzn)”t - tmm|2

TTLZ’VL |

Solving this estimate for |(1y;(t) — y2(t))| yields that for t € [/, + C%] we have

(o (t) = "2(1)))]

> (91 (Fin) — "2 (trin)) + Co1 (Eoin) = 22 (i) ) (= i)

min

B C) Y1 mzn) y2( mm)‘ |t - tmzn’(4N + |t - tmzn’)
1001 E) — i) + C Ei) — i) €~ Fr)

1
- 7|2y1 (tfrmn) yQ(tmzn)| |t - t;mn|
(%)
> max(] yl( mzn) 1y2<t;nm)" ‘2y1<t;nm) - 2y ( mzn)”t

1

mzn‘)

3
>4 max(| yl( ly ( mzn>| ‘ yl( mzn) - 2y2(t;n'm)| ' |t - t;nml)7

mzn)

where () holds for large enough N if we choose C so large that [t — ;| < &
The estimate at (xx) stems from the fact that ¢/ . was defined such that
("1 (i) — "92(thy,))| is minimal on the interval [t',# + &-]. This yields three cases:

t' .. =t | This means that the derivative of |(*y;(t) — 'y2(¢))| which is easily calculated as

1 o,
ORI O A A e 2 U)

needs to be non-negative at t = t/

min®
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Hence, ('y1(t) — 'ya(t),%y1 — *ya(t)) needs to be non-negative which leads to

(o) = "otnin)) + Co(Ein) = 292 (Eonin)) (¢ = thns)|

mwn

= ["91(tin) — W2t * 1 Co1 (Ein) — Y2 (trin) ) (E — t10i)

man

20t = thysn) ("1 (Eonin) = Y2 (i) 201 (i) — 292t
> s (Frnin) = (i) 2 4 1ot (Erin) — 292t (= )|

min

> max (|'ya(tnin) = Y2 (tonsn) P 1 Co (i) = (i) (= E13)[7)

‘ 2

mwn

o=t + c% In this case the same argument leads to

(1 Ein) = "o, 1 (Fo) = 295(Fr) ) < 0.
This then implies
2
( yl(tWZﬂ) yz(tmm)) + ( yl(tmzn) - 2y2(t;n7,n))<t ~ g >’

mwn

= 1 (Enin) = 2 (Ei) 1P+ 1 (i) — 292t (t — )|

mn

+ 20t = thogn) ("1 Erin) = 92 (i) 2 91 (Erin) — 282t

> (11 (i) = i) 12 4 1Co1 Eoin) — 2(Ein)) (E = )|

min

> max (192 (Eusn) — Y2 (Ein) 2 Gt (Ernin) = V2(Epnin))(E = Ehi)?) -

mwn

1 .
' <t <1+ & |In this case we have

<1y1 (t;n'm) yQ(tmzn) yl(ﬂnm) 2y2(t;n'm)> = 07
which leads to the desired result. In conclusion we have proven that
3
(o (0) = ")) = Fmax ("1 (thnin) =92 (trnin) | [P0 (Enin) =02t [ 1t = thnial ) ()

for all ¢ in the interval. Using r = |(*y; (t,) — v (th))| and v = |Cy1 () — 292 ()| as
well as 7 = max(r, cy), we get

Y

[ aCs) ol ds

!

'+ o 1
<C '
= v max (|(*y1(t) — 1ya(t))], cn)®
OF ¢ +cl 1
= 3 max (7, v|t — th|)®

| 1
ity 7 it 22 (U]t = tn])®

<C (U ral v (i:_i = c;“))
e ( 1 1 )
T Ap N 1M (i) — (i) |27
This closes our case distinction from the very beginning of the proof.
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In our estimates we will distinguish between "good” and "bad” particles. We call particles
"bad” if their mean-field trajectories come very close to other particles’ mean-field trajectories
in phase-space, i.e they come close physically and they have a small relative velocity.

It might be tempting to say particles become bad if their real trajectories come close.
However, it is (to our knowledge) basically impossible to get meaningful estimates with this
approach, as the real system is too complicated.

With our mean-field approach on the other hand, we will be able to prove that there are
typically only few bad interactions. This is a very important step towards our main goal,
as good particles (i.e. the ones that are not bad) are often easier to work with and we can
prove stronger estimates for them. For the remaining bad particles we can then leverage the
fact that there are only very few of them to offset the fact that they are harder to estimate.

We now give a rigorous definition of good and bad particles.

Definition 6.9. Let R,V > 0. We say a particle z € R° has a bad collision with a particle
y € R® in the time frame [to, ] if

3t € [to,t1] : ['Z2(t) = 'G@)| < R A PZ(1) = 2H(t)| < V.

Most often we will work on the time interval [0, 7], and in this case we will simply say two
particles have a bad collision. If the two particles do not have a bad collision, we write
z € GRy(y). We call a particle z; good if all other x; € Gy (z;). Otherwise it is called
bad. The set of good and bad particles in a configuration X € R®" is denoted by Mév (X)
and MY (X), respectively.

For the vast majority of this paper we will work in the setting R = 6N*%*", V = N-5.
Whenever we talk about good and bad particles, it is meant with respect to this choice of
R and V', unless we specify it to be something else.

We also define the related sets M(ng)l(ﬁ),)(y) C RS where 0 <r < R,0<v <V by

N7 b
zZ € M(r,g)l(;j?\)/) (y) C RG <~ dt e [tl, tg] :
r < min |1Z(S)_1g(s)|:|1g(t)_1?j(t)| <R A 0v< |25(t)—237(t)| <V

s€E[to,t1]

We will often leave out the time indicator if we consider the time frame [0, 7. We write

Mg,v(y) = M(JX,R),(O,V) (y)-

These sets have a focus on the physical distance since the distance in space dictates the
points we are interested in. Only for the points of minimal spacial distance we even consider
the relative momentum.

Remark 6.10. Both sets, i.e. G/ (y) and Mf, (y), measure how close particles come to
each other or more precisely whether they satisfy a certain condition on their distance. One
might be curious why we need both definitions. The first definition is more simple and
hence arguably more natural. However, in some cases we want lower bounds on the relative
position and momentum. It is hard to introduce such bounds in a meaningful way without
changing the definition fundamentally. This is where the second definition is helpful, as the
introduction of the minimal relative position allows us to introduce the lower bound in a
sensible way.

This definition, however, becomes less stable as the point of minimal distance to another
particle might jump drastically even if we only move one particle a tiny bit.

So, depending on the circumstances, both notions of distance are useful.
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The sets M(Jq\f ’g)l(f)) will mainly be used to define the following partition of R".

Definition 6.11. For each 7, vy, > 0 and y € R® we introduce a cover of R®:

(1) M(](\)[,ro),(o,vg) (y>

.. N ln(%)
(i) Mg,0), (Vg NG00y (¥), 0TS Lmd’w
(111) M(]g,m),(l,oo)<y)

. ln(%)
<1V) M(Jyvkaro,Nw*l)ero),(O,Uo)(y)’ 0<k< \‘aln(?V)J

(v) MY

(Nkerg, N(k+1epg) (Nleyg, N+Deyq) (9)7

. ln(%)
(Vl) M(]yvkiro,N(kJrl)sm),(l,oo) (y)7 0<k< \\51n(?V)J

(vii) M(]YV*E,oo),([),oo) (v)

Here |-| is the floor operator.
Note that this is indeed a — not necessarily disjoint — cover of R® as seen in 6.1.

Av . :
() | 10 (i)
1 i i i
@ (vii)
ON IR
r | | | N0 Az

Figure 6.1: Collision classes

Here we see the seven classes depending on the relative position of a particle to y. The
dotted lines are used to indicate the subdivision we use in (ii) and (iv)-(vi). For smaller ¢

this subdivision becomes finer and can be considered as a discrete density.

The number of pieces used in the cover grows as 7, vy and € get smaller. In our applications
ro and vy will depend on N. Note that this is okay as long as they are bounded from below
by some power of N, i.e. rg,vg > N~ with o > 0. One easily checks that, as long as ¢ does

not depend on N, the number of k£ and [ only depends on the « in the bound.
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As mentioned, we want to estimate how many ”"bad” interactions and "bad” particles exist.
The first step to this goal is the following lemma:

Lemma 6.12. There exists a constant C > 0 such that for all Aq,Ap >0, N € N, y € RS
and [to, t1] C [0,T7] it holds that

i) Pz Rz e (GA RV W)°) < C(APAP'At + Ag® max(Ag, Ap)?)
i) P (x cRl:2 ¢ ng(gjptl)( )) < C(APAP*At + Ag® max(Ag, Ap)?)
i) P (x € R® : ming<yer |'7(s) — '7(s)| < Aq) < CAG.
Proof. (ii) follows directly from (i), as Mg&f&tl (y) C (Gﬁq“g;l (y))¢. For the proof of (i)
and (i7i) see Grafi’s paper [9, Lemma 1]. O
Remark 6.13. We will often apply the following combination of results. We can estimate

P (93 €ER°: X ¢ MAq(ZOptl)(y)) < C(APFAP* At + Ag® max(Aq, Ap)?)
< O(T)Aq¢* max(Aq, Ap)*.

At the same time, if 2 € MY, A, (y), it implies that

min |'Z(s) — 'g(s)| < Ag.

0<s<T

Hence, we can also estimate it using (iii) which yields

P (x €R®:x € My, . (to, tl)(y)) < CAG.

q,Ap

Combining these estimates, we get

P (a: €R®:2 € My, I (to, 2el)(y)) < O(T)Aq? min (max(Agq, Ap), 1)4.

q,Ap

While these estimates are helpful and give a first intuition how many bad particles we
might expect, they only answer the question how probable it is that a particle x is bad with
respect to a given particle y. The question that we are more interested in is how many of
our z; are typically bad. This may seem like an easy application of the law of large numbers
at first. We know that for each z; the probability to be bad is approximately N 3 by 6.12.
Hence, the expected value of bad particles should be about N 5 However, one has to be
careful as the question whether particles are bad is clearly correlated, i.e. if xq is bad it has
to have a bad partner, so the probability for all other particles to be bad increases. This
correlation, however, is very weak, and hence with some tricks we are still able to prove the
following lemma:

Lemma 6.14. Let y € R0 <7 < R,0 < v <V and ay be any sequence s.t. an — 0.
Then for any v > 0 there exists a C, (independent of r, R,v,V,a,, N and y) such that

P(!Mév(Xﬂ > aNN%) <C,N™ and

Plo> 1y (2;) > ax[N3R?min(max(V, R),1)'] | < C,N77.
‘,EJEMI])V(X) (r,R),(v,V)
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The first part states that MY (X)| < ayN?F holds almost surely. The second part gives
an estimate how many bad particles come how close to a given particle y. Note that here
the left side depends on r,v while the "bound” does not. The result is at its strongest for
r = v = 0, but we will often use it with r, v # 0 and hence stated it in this generality.

Proof. We do both estimates at the same time. For the first estimate we set A = ayN 5 and
2
for the second one we set A = ax[N3R*min(max(V, R),1)*]. Also, let by be a sequence
with by — 0 and ay - by — oo (e.g. \/C%)
Before we can estimate how probable it is that >-, ¢ My x) 1

(z;) = [A], we

M Ry, o) @)
need to prove the following claim.

Claim: If > 1 MY o o ) (7) = [A] then one of the following three statements has to
z; E_/\/[b T v
be true:
1.

Z )C .Tk [bN CLN] (1)

2. Thereisa j € {1,..., N} such that

M=

LN (z;))c (Tx) > [bn - an]. (2)

k=1

N
3. There exists a subset S C {1,...,N}*\ | J (n,n) satisfying the following three condi-

tions: e
o) 18- 5]
b) V(i k) €S :x;e (GN(x)" N MY, (y) (3)

c) (J1, k1), (Ja, ko) € S = {j1, k1 } N {J2, k2} = 0.

The first inequality states that there are many particles making y bad; the second statement
states that there is at least one x; that has many bad interactions. The third statement is a
bit more complicated. It states that one finds many (different) pairs of particles x;, x) such
that z; and z;, have a bad interaction and x; comes R,V close to y. For the estimate of all
bad particles we set R =V = oo and hence work with MY _(y) =R°.

To prove the claim, we assume

> Luy, () > A (4)

7 bad

We now additionally assume that neither (1) nor (2) are true, and under these assumptions
we will construct a set S that satisfies all conditions we stated in (3).
For convenience we will say particles z; and z; have a collision if 21 € Mg () while

c
saying that they have a bad collision if z; € (GN (22)) :
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We start with the set By of bad particles that have a collision with y. By definition and
assumption (A), we have that |By| > A. At the same time, because we assumed that (1) is
not true, there are at most |byay | particles that have a bad collision with y. We remove all
of those particles from By to obtain By C By. It is easy to see that |By| > A — |byay] > 1
where the last inequality holds for large enough N by choice of by.

Next, we take one of these remaining bad particles z;, from B;. Since z;, is bad, it has
to have a bad collision with another bad particle, which by definition of B; cannot be y (if
y is not one of our particles x;, this is trivial). Take one of those bad collision partners of
z;, and label it k;. This gives the first tuple (ji, k1).

Now, by our assumption that (2) is wrong, x;, and zy, each have at most |b,a,]| other
bad collisions. After removing all of those collision partners, we obtain By C B;. So, as long
as By # () we find a particle z;, that came close to y and by definition had to have a bad
collision. This gives us our particle xy,. Note that j, # j; as otherwise z;, = x;, would have
had a bad collision with z;, and we already would have removed it. Analogously, one can
prove that x;, and xj, have to be completely new particles.

This means that by construction the tuples (j;, k;) created in this way satisfy b) as well as
c) in (3).

It now only remains to check that we can create enough tuples this way, i.e. we have to
know how long this procedure can be repeated.

We know |B;| > |B,—1] — 2|bna,]. We also have |B;| > A — |bya,|. Hence, by an easy
induction we obtain |B;| > A — (21 —1)|b,a,|. So if we ask for which [ we have |B;| > 1, we
have to find an [ such that A + |b,a,| > 2l|b,a, | + 1. Clearly, this works as long as

] < A—|— LbNaNJ —1
- 2LbNaNj
But
A + I_bNCLNJ -1 > A
QLbNaNJ - 2bNaN'
This means one can construct the [*" tuple as long as [ < |55 ;‘GNJ. This proves our claim.
So, instead of estimating the probability for
2 Ly (@) 2 A, (A)

7 bad

we can instead estimate the probabilities for (1), (2) and (3). Using Lemma 6.12, we can
estimate

sup P (X € G(2)¢) < C(T)(6N97)2(N~0)' < C(T)N ™57 (%)

2€RS
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With this we can now estimate the probability for the first two events.

(3] Z lG(x] ZL‘k) > lrbNCLN—I V Z ]-G(y)c [Ek) [bN(IN—|>

k=1 k=1

<NP <Z Loaye (zx) 2 (bzvazﬂ) +P <§: Lowe () 2 MN&N})

k=2 k=1

<(N+1)supP <Z Loe (zr) > [bNaJﬂ)

2€RS k=1

N NaON
[bNaN—|> suIéglP’ (X €eR: X € G(z)c> [hvax]
zE

[byan]
|—bNCLN-|!
< (N + 1) N2 brvan] (O N—5)lbran]
< (CN)slbvaxT,

Here we used ayby — oo in the last step. This also implies that this is a suitable estimate.
Next, we want to estimate how probable the existence of a set S satisfying the three
conditions in (3) is. For this, we define ¢y = | and estimate

<

< (N +1) (CN—5727)[bwax]

A
QbN(lN

P (35 c{1,...,N}*\ L_Jl{(n,n)} S| = e,
\V/(], ]’C) - S . 37]' - G(l’k)c M MRJ/(y),

(1, k1), (J2, k2) € S = {j1, b1} N {J2, ka} = @)
< (Zj) P (V(j, k) € {(1,2),(3,4) ..., (2ex — 1,20x)}

z; € (G(zx)? N MR,v(y))>

N2cN CN
< ' (Sup P (xo € G(Z)C) sup P (xo € MRy(z)))
CN 2€RS

2€RS
(*) N2en w
< ON——— C’(T)N_%_QU sup P (:1:0 € MRVV(Z)) :
CN 2€RS

Recall that we are trying to prove two statements at the same time. Here we have to consider
the two possible choices of A and hence ¢, separately. For the estimate of the number of all
2
bad particles we set A = ayN3 and Mry(2) = My (2) = R®, so we simply estimate the
2

remaining probability by 1. In this case ¢y = L%J > N3 for large enough N and hence we

get
2 2
C(T)c (N N——2cr>

CN

NQN—%—QO’ N
<c(T)™ | ————
e (XN )

<(C(T)N~27)N.
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For the other estimate we have A = N5 [N%R2 min(max (R, V), 1)*] and can apply 6.12
to estimate the probability

sup P (X € Mpy(2)) < C(T)R?(min(max(R, V), 1)".

2€RS

With this it now remains to estimate

NZen 4 N
< C(T)™N — <N320C(T)R2(min(maX(R, V),1)4>
CN
20,0 4
< C(T)QCN N(%—?U) . R (I?ln(maX(Ra V)7 1) )
{ [N3 R2 min(max(R,V),1)4] J
2y
2¢ (2-20) 20 - 4 4by o
< oy [ NG - (R {min(max(R, V), 1)) - —
[N3R?min(max(R, V), 1)4]

by )CN
N3 R? min(max(R, V), 1)?

< C(T)% ( NG=29) . (R?(min(max(R, V),1)"))
C

As cy > 5= — oo for N — oo and as C(T)N~% < 1 for large enough N, this proves our

2N
claim.
To make this precise, let v > 0. Then the probability

v (Z L1 1y oy (23) > an[ N5 B2 min(max(V, R), 1)*] v [ M7 (X)]| > M%)
j bad rR),(v,
can be estimated by the sum of the two estimations we just did, i.e. by

2. (C(T)N™27)N = (C(T)N~7)¥ . N7,

As cy — o0, we find an N > 0 such that cyo > v and (C(T)N~7)* < 1. This means for
large enough N the probability is bounded by N~7. Now we can choose C., such that the
estimate holds for all N € N. [

Setting ay = In(IN), this lemma gives:

Corollary 6.15. Let 0 <r < R, 0 <v <V andy € R®. Then it holds for every v > 0 that

{N%R2 min(max(V, R), 1)*]

Ll

v <jzba:d1M(1¥,R),(v,v)(y)<xj) > 111(]\[)

VMY (X)| > 1n(N)iN§> < C,N7,

Proof. Simply set ay = In(N )% in the lemma above. ]
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In one specific situation we will need a slightly modified version of this lemma that takes
into account not only the relative position of the bad particles to z; but also their relative
position to xg. The proof works very similar and it can be found at the end of the appendix,
ie. 6.15.

It is not surprising that we will have to estimate the influence of bad particles on other
particles. Given that there is sufficient control on the number of bad particles we will need
to estimate the interaction force and some of its derivatives coming from bad particles. This
can be done with the following lemma:

Lemma 6.16. Let 0 <r < R,0<v <V andy € R°. Let X € R*" be a configuration such
that

Wi

Ns.

e

E:%m(w(ﬂgmwmwﬁ%m@mmmgmAngﬂgmm

j bad

Further, let gV : R®* — R™ be a family of functions such that

o) < {ch)a if ol < c(N)

IR if lal > e(N)
Then
. CN=3t3  ifa=2
Z / ) 1u —2.,4 (w) (25) dt| < CN-atio ifa=3
N e (6N 77 ,00)(0,0) ON-b+5o Fa—4
and

CN-3t%  ifa =2
< {CN-st5 ifa=3.
CNG§+6o if o =4

5 35 [0V - e )

j bad

Proof. We use our partition 2.10 with ry = 6N_%_", vy = N_%, e = o and y = x;. For the
first estimate we only have to consider the classes with » > 6N -5,

We start with the set M n-o o) (o, Oo)( x;). In this case we know that the minimal distance
between ¢; and §; is larger than N7 and estimate using the bound on [¢"|

tll

1M(N 7,50),(0,00) (Ti) (xj) dt

]#z bad

t 1
S CON* — Z ]-M Y (xl)(x)dt
to Nj;éibad (N—9,00),(0,00) J
)

¥ Noo IH(N)iN% < CN*%+(O£+1)U,

where we used our assumption on the number of bad particles in the last line.
2
For the other classes with r > 6 N7577 we know R = N?r and can apply 6.8 to estimate
g. Then we can use our assumption on the number of bad particles to estimate the sum.
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This yields

t1
/ (qi - qj)]'M(r,R),(v,V)(zi) ($J> dt
to ]7&7, bad

1 C 1
S/to - N Z 1M(r,R),(v,V)(Ii)(xj>dt

ro~l max(r, v) i4itad

o) = n(N)4 [ N3 R% min(max 4
— re~tmax(r,v) N1 (N)i[N5R ( (V,R),1)7]

1 1
<C(T)—
< )Nra*1 max(r,v)
,min(max(R, V), 1)

max(r,v)

In(N)i (N R?min(max(V, R), 1)* + 1)

< C(T)N(a73)(%+0')*%+3 + C(T>Na(%+cr)fl+o-

< C(T)NG+o)=1+e,
where in the last step we used that we can either estimate v > 1 or know that max(R, V') =
N7 max(r,v).
For the second group of estimates we also need to cover the cases where r < 6N~ 5.

However, because we only need to consider particles that are good with respect to z;, we
2
know that v > N79 and can estimate

t1
Z / i) 1N (@, )(xj)leR),(v,w(%)<xﬂ')

]bad
1 1 2
< 771 1[N3R?mi 1)4
C N (V)T n(N)i[N3R*min(max(V, R),1)"]
1 2
< . o 5 PR2mi 4
C’ N (V)= 1vN (N3 R*min(V,1)" +1)

< CN(a—l)(§+a)+§+a—1mm(Va 1) i ON@-DG+o)+5+o-1
o v
< O( ) +a)—m+2a

where we again used that we are in a collision class where v > 1 or V' = N%v. Combining
these estimates, we have proven that

Z/tl v (2)(75)

] bad (6N 9 I

< C( )N—g-‘r(a—i-l +CNa( +o0)— 1+0'

as well as

Z /tl @i — G;) 1N (2 (@)

jbad
SC( ) 3+(a+1 +C< )Na +U 1+U+C( ) +U),E+20

]

Lastly in this chapter, we will introduce a helpful version of the law of large numbers and
than prove some related results in our setting.

We start with the following version of the law of large numbers that gives strong estimates
for random variables that (can) depend on N.
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Lemma 6.17. Let z;, be a sequence of i.i.d. random variables with E[z;] = 0, E[2?] < b(N)
and |z;| < Cy/Nb(N), where b(N) : R — R is our bounding function. Then for any v > 0
the sample mean z = % SNz satisfies

. Gy/b(N)In(N) .
P(!z\z N )SN ,

where C., only depends on C and .
Proof. Can be found in [8, Lemma 1]. O

Next we will give a slightly weaker, more complicated looking version of the law of large
numbers that is better fitted to our needs.

Corollary 6.18. Let §,Cy > 0, N € N and let (z)r € N be a sequence of i.i.d. random
variables xy, : Q — R distributed with respect to a probability density k € £ (RG). Moreover,
let (MN)icr be a family of (possibly N-dependent) sets in RS fulfilling U;c; MN = RS where
[I| < Cy and gy : R® = R be a family of measurable functions which fulfill |gn|s < CoN'70
as well as

i€l

maX/ L (®)*k(y) dy < CoN'°.
M:

Then for any v > 0 there exists a constant C, > 0 such that for all N € N it holds that

P (| Sovten) = [k

> CVN%) <N,

Proof. This is a result of Lemma 6.17 above, with z; = g(z;) —E(g(z;)) and b(N) = C2N'~%.
By assumption we have

2] < 2|gn|e < 2CoN'™° = 2C3b(N) </ Nb(N).

It now remains to estimate
E[2}] < Elgn(x:)?] < C3N'™ < CIN'"% = b(N).

As C,N=2/b(N)In(N) = C;N~2 In(N) < C,N =3, the result follows. O
We will mainly need the following application:

Lemma 6.19. Let y € R°, t € [0,T],m € N and j~¥ : R* — R™ be given. If || <
N5 fN|, then

9% = [ V05~ 2) dstavy(2)

satisfies the conditions of Corollary 6.18 and hence for any v > 0 we find C,, > 0 such that

P (‘;] /Otjzzjlecg — l.’ij) dSlgN(xi)(l'j) - /RG gN(Z)k(Z) dz

> N—%) <C,N7".
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Proof. Note that our law of large numbers required the function to map to R. This can easily
be resolved, as we can simply consider the m coordinate functions ¢gi¥,..., g. Since all of
these are bounded by |¢"|, we can estimate the function |g"V| and thereby prove that all the
coordinate functions satisfy the conditions for our law of large numbers 6.18. To estimate
|g"|, we use the partition defined in 6.11 with 7o = v = ¢(N) and € = 0. By abuse of
notation we also write r, v, R, V' for the r;, v;, R;, V; in the collision classes M; := M, r.), (v:,v)-
With this notation and setting 7 = max(r, ¢(NN)) we can estimate:

N 2k d6
S, 0Bl %

i

<[ ([T 120as) ke

MY (y)

8 t 2
etz [ ([ 10T D)las) k() e

2
<CNs~ % (min (}2, })) / ko(z)d%z
e rv MY (y)

1 1
<ON32min (=, o min(1, R R2V! + B max(V, RY))
T r<v
1 R? RV RS
<CN5~% mi -
=LA (f%?’ 7202’ 72 max (7, v)? * )

where we first used 6.8 followed by 6.12. Using our partition, the minimum can be estimated
as follows. The enumeration is the same as in 6.11.

. C 6
(i) < &3 < e(NV)?

(i) < END < N2o(Ny) < Vi

ees c(N 2
(iii) < c(](v);lz =1

(IV) S (]\7:747“)6 S N4U(N0'T>2 S NGU

(A GeE 4 002 < N7 ((N70)? 4 (N7)?) < 2N

r2y2

—~
=
IN

. o 2 o
(vi) < (7212) = N?

(vi)) < ey = NV

A\

Hence, we find a constant Cj such that

iel

max /M.N gn(2)%ko(2) d®2 < CoN'7°.

k3
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Next, we estimate |¢" | using 6.8.

[ 1@ = D) ds

< NT"/O 1§ = 2)|1gv gy (2) ds

45 . 1 1
= e mm(\l%(tmm = 3t )P o) Pt —2y<tmm>|> Lovw (2)
< C(T)N3~° max((N5+9)2 ¢(N)"'N$) < C(T)N3 °Nstis < C(T)N' 17,

Hence, |glse < CN'"167. So we can apply 6.18 to each gV, ..., ¢Y and get a constant C.,
such that foralll=1,...,m

(‘/t 1 i]l (Cg— Z‘J 1GN(x (a:j)ds—/RGglN(Z)k( )

> C, N7 ) < N7,

So by triangle inequality and as N ~169 < N _%”, we obtain that for large enough N

d

As this result holds only for large enough N, we have to choose a constant C, such that

f w28 = o) ds - [ kG %

]RG

> N—é") <N

t 1 N 1
(‘/ ("9 —"7j)1an (ay (25) ds — /R6 9" (2)k(2) d°2| > NGU) < OGN

holds for all N € N. ]

We also need this slightly modified version. Here the particles need to be better behaved
but we get a better estimate in compensation, as one can see in the initial condition on [jV]:

Lemma 6.20. Let y € R, ¢t € [0,T],m € N and jV : R* — R™ be given. If |iV] <
N2 fN|, then

/] 1 —12)dsly~ e (%)

NoBte N §+o

satisfies the conditions of Lemma 6.18 and hence for any v > 0 we find C, > 0 such that

(‘/ Zj ) dslen g (25) /g k(z)dz

Proof. Can be found at the very end of the appendix. O

> N‘é) <C,N7.

There is one small problem with the result we have just proven. So far, we have only
shown that at any time the probability can be controlled. However, we want to control the
error uniformly in time, which still requires a little bit of extra work in form of the following
corollary:
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Corollary 6.21. Let jV : R® — R™ be given such that || < |N%"’fN]. Then for any
y € R® and v > 0 there exists a C, > 0 such that

t2
P <E|t1,t2 € [O,T] ’Z/ —q] 1GvN( )(x])dt

_/RG/: L —15)1an () (2) dt k(2) dz

Proof. We note that for any integrable function a : R — R™ and any dy we have

to

/t a(s)dt
_ /OtQ a(s)dt—/otla(s)dt‘

<[ a1 i | [ awal ¢ [
<2

kén (k+1)dn
< max (/ als )dt‘ / la(s )|dt>
kE[O,(N2max(t1,t2)]] 0 kén

If we apply this to the function

Z] — ;) Lan ) (@;) — /RG 3V (G = 12) ey (2)k(2) dz,

> 4N-‘é> <C,N7.

we see that for our desired estimate to fail there needs to be a k such that

/MN ( Zj — g 1GN( )(xj) - /]RG jN(lg— 15)1GN(y)(2)/€(2) dz) dt| > N~%

or

(k+1)8x
L,

For the second case we can use triangle equality and the fact that |V ], < N %’“] N <N
for large enough N. Hence, we can choose dy as N~2 and the second condition cannot be
true. This means we have to be sure that for k € [0, AtN?| the first case cannot happen.
But for this we simply apply 6.19 for ¢, = kdy and all our k, with 4 = v + 2.

We then have

ZJ — @) lav (@) + [, 7V (MG = 12) L) (2)k(2) dz dt) > N7,

to
]P) <E|t1,t2 € [O,T] : ‘Z/ — C]J 1sz(y)(xj)dt
to o
—/6/ ("'g — "2)1an () (2) dt k(z)dz >4N_6>
R t1
t
<IP’<Elke [0, [N? max(t;, )] ‘Z/k NG = G)1gn ) (2;) dt

_/R/tt (1§ — "B) gy (2) dt k(z) dz

|— 2 max t1 tgﬂ
< > CGNTTEP=C,NT.
k=0

> N‘Z>
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[]

We stated this result with a general condition on j~. We will only need this result to
estimate four functions, and for better readability we restate the result in these cases.

Corollary 6.22. Let v > 0 and y € RS. There exists a C, > 0 (not depending on y) such
that for large enough N the following estimates hold

a)
to
P <3t1,t2 c [O,T] : ‘Z/ f 1gN( )(Ij) dt
to 4
—/ / PN = ) 1w (2) dt - k(z) dz >N9+"> <C N7
R6
b)
N
IFD <3t1,t2 € [O,T *Z . Df ( Qj)lgN(y)<Ij) dt
=1 1
to 1
—/ / DN (G —12)1gn o (2) dt - k() dz >N9+"> <C N7
RG
c)
to
P (3151,752 € [O,T] : ‘Z/ - q] lgN(y)<l’j)dt
t2 Ly %
— N —5t0 | <« -
/R/t Dlon gy (2) dt - k(z)dz| > N )_CVN
d)

P (Eltl,tz S [O,T} : ‘Z/ hN 1GN( )(J}J) dt

_/Re/tQhN ("5 = "2) 1wy (2) dt - k(2) dz

> N~5t7 (N)—1> <C,N7"

Proof. One simply has to check that 4N%’%7f, 4N%*%Df, 4N$*%Ug and 4N%*%C(N)h are
all bounded by 4N 50 fN for large enough N.

For example, . o )
AN~ S Df < Nr%]\]ﬁ%m = N 7|V

Hence, we obtain

1 N t2 1 g ~ ~
P <3t1,t2 €[0,7] :‘N > t AN S Df('j— ;) 1an y (z;) dt
i—1 1

—/ CANSTEDF(G — )1y (2) dt - k(z) dz| > 4N—%’> <C,N7.
RG

After multiplying both sides of the inequality by iN _é“?g, we obtain the desired result. [J
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Due to the special treatment the moved particle zy needs, it is helpful to state this slightly
altered version of the result, where only N—1 particles are considered. We will need this
version whenever we split off the effect of zy as then only N—1 i.i.d. particles remain.

Corollary 6.23. Let v > 0 and y € R®. There exists a C, > 0 (not depending on y) such
that for large enough N the following estimates hold:

a)

t2
P <E|t1,t2 G O T ‘ f 1gN(y)(ZL‘j) dt
t1

L P e ) k)

> CN‘3+”> < C,NT
b)
S I T
P Htl,tg € [O,T] : N Z ] Df ( y_Qj>1GN(y)(mj) dt

[ [ DO = D10 () de - h(2)

> CN5+<’> < C,NTY

1 3= s
P <3t1,t2 € [0,7]: ’N Z/ — Gi)Lan(y (z;) dt

_/R/tt ("7 — "2 1an(y (2) dt - k(2) dz

> ONéJrO') S CWN*'Y
d)
t2
P <3t1,t2 €[0,7]: ‘ Z /t he (g — G;)1aw ) (a;) dt
1

_/Rﬁ/tQhN ("5 = '2)1any(2) dt - k(2) dz

> CNé+Uc(N)1) < C,N77,

Proof. This follows from 6.22 and the fact that | V] < C|55 Y7,

IDfN| < Ol DY, 19N < C5 9N and [RY] < O RN O
Before we finally can start with the main proof, we need one last lemma, that gives

interesting estimates as long as the law of large numbers holds.

Lemma 6.24. Let M € {N,N — 1}, y € R® and By : RZ® — R=2% be a function that is
bounded independently of N. Also assume that we work on a configuration X € RN on
which the law of large numbers holds for some y € R® and DN, gV and hY in the sense of
6.22 and 6.23. In this situation the following estimates hold.

—zlgzv w)) [ D5V CT - )low(e) de
<CN7 5% sup B(s) + 2CID<N)/6N(t)dt

sE[to,tl] t1
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as well as

S L o) [ 19707~ )l

7j=1

<CON5% sup By(s)+ t2Cln(N>/8N(t)dt

sE[to,tl] t1

as well as
1 J 2N~ -
5 Lon () [ BV (G = 3)|8w(E) dt
=1 1
SC’N‘éJ”’C(N)_1 sup BN +/ Ce(N) ' py(t)dt
Proof. We estimate
1 Y b2 N~ =
¥ 2 Lovw(e) [ IDF (T = aplaw(e)

21GN wp) [ DS 05 - 4l ) de

_/Rﬁ /t IDFN (' — 12)|By ()1 (2) dt k(2) dz
+ /IR /:2 DY (15— 1z)|5N<t)1gN(y)(z) dt k(2) dz

6.22
<ON-sto sup B (s / sup [DfN('g —'2)|1gn ) (2) dt k() dz
E1S to tl] SE[O T
6.6
<CN™5% sup By(s +/ C'ln(N)By(t) dt.
SG[to t1]
This proves the first statement, and the other two estimate follow analogously. O]

Remark 6.25. Corollary 6.22, 6.23 and Lemma 6.24 all are based on 6.19. If we instead
base them on Lemma 6.20, we can strengthen the final estimates by N ~15 as one can see by
comparing the conditions in Lemma 6.19 and 6.20. In the first one we need the function to
be bounded by N3+7 fV: in the second one being bounded by N2+ fN suffices.

Of course, we need to replace the GV in the indicator functions by the more restrictive

c
(M ]]VVf Lio yd +U) for these results to hold, as this was exactly the leverage we used to
6T N~ 6
strengthen the estimate.
We will only need this for a certain group of particles, namely particles that stay reasonably

far from xy. We make this precise in the next section.
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6.2 Modified versions of previous lemmas

In this section we give two variations of previous lemmas. As we consider many different
cases in the proof of our main result, it is not surprising that we also need to adapt our
lemmas to the given situations. In the case of the two results in question, we only need
the variation once, and the proof works very analogously to the original version. Hence, we
decided to move those lemmas to the end of the appendix.

Lemma 6.26. Let xy be a fized point in RS. Let 0 < Ry, Ry,0 < V4, Vs and ay be any
sequence s.t. ay — oo. Then for any v > 0 and any x; € X = X=2U{xo} there exists a C,
such that

]P) ( Z 1Mg1,v1(x0)mMg2,v2($i)(:Ej) >
z;eMY (X)

ay [N%R%Rg min(max(Vi, R;), 1)* - min(max(Va, Ry), 1)4-‘ ) <C,N77

Here the probability is taken with respect to X=1 € R6(N71), and hence z; and all the x; are
random variables. As usual, X = X=*U{xo} and all the trajectories and definitions of good
and bad interactions are with respect to X.

Proof. We set A = ay[N3R2R2min(max(V;, Ry), 1)* - min(max(Va, Ry),1)*]. Also let by be

a sequence with by — 0 and ay - by — oo (e.g. iN)

Before we can estimate how probable it is that Yasem¥x0) LN | @oymd @ (T5) = [A],
‘1. V1 2:V2

we need to prove the following claim.

Claim: If ZN 1]\4}1%"/1 oMY, |, (@ () = [A], then one of the following two statements
ijMb (X)
has to be true:

1. Thereisa j € {0,1,..., N} such that

N
> Laveme(@r) > by - an]
k=1

N
2. There exists a subset S C {1,...,N}*\ |J(n,n) satisfying the following three condi-
n=1

tions.

A-1
) ISl= L]

b) V(j,k)eS ;€ (GN(:Ek))C N M}%thl(xo) N Mﬁg% (x;)
c) (J1: k1), (Jo, ko) € S = {j1. b1} N {J2, ka} = 0.

The first statement states that there is at least one x; that has many bad interactions. The
second statement is slightly more complicated. It states that one finds many (different) pairs
of particles z;, z; such that x; and z;, have a bad interaction and x; comes R,V close to .
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To prove the claim, we assume

> Luy o)y, (@) () = [A].

Ry,Vq
2 €M (X)

We now additionally assume that the first condition of the claim is false, i.e. for all j &
{0,1,..., N} we have 330, Lgn(,)c(ze) < [by - an]. Under these assumptions we will
construct a set & that satisfies all conditions we stated.

For convenience, we will say particles z; and 2z, have a collision if z; € M g v(22), and write
that they have a bad collision if z; € GV (z,)°.

We start with the set By of bad particles that have a collision with xy and x;. By definition
and assumption we have that |Byg| > A. At the same time, because of our second assumption,
there are at most |byay | particles that have a bad collision with 2 or z;. We remove all of
those particles from By to obtain By C By. It is easy to see that |By| > A — 2|byayx]| > 1,
where the last inequality holds for large enough N by choice of by.

Next, we take one of these remaining bad particles z;, from B;. Since x;, is bad, it has
to have a bad collision with another bad particle, which by definition of B; cannot be x( or
x;. Take one of those bad collision partners of x; and label it k;. This gives the first tuple
(] 1 kl)

Now, by our second assumption, we know that z;, and zj, each have at most |b,a,, | other
bad collisions. After removing all of those collision partners, we obtain By C Bj. So, as long
as By # (), we find a particle z;, that came close to x; and xo and by definition, had to have a
bad collision. This gives us our particle z,. Note that j, # j; as otherwise zj, = x;, would
have had a bad collision with z;, and we already would have removed it. Analogously, one
can prove that zy, has to be a completely new particle.

This means that by construction the tuples (j;, k;) created in this way satisfy b) as well as
¢) in our claim.

It now only remains to check that we can create enough tuples this way, i.e. we have to
know how long this procedure can be repeated.

We know |B;| > |Bj—1| — 2|bna,|. We also have |By| > A — 2|b,a,]. Hence, by an easy
induction we obtain |B;| > A — (20)|bya,|. So if we ask for which [ we have |B;| > 1, we
have to find an [ such that A > 2[|b,a,| + 1. Clearly this works as long as

| < A-1
~ 2|byan]|
But
A—1 A—-1
2|byay]| ~ 2byay’

and hence we can construct the [*! tuple as long as [ < |
So instead of estimating the probability for

j%a:d 1M<]X’R>,<v,v>(y)(93j) > A

A-1
2byan

|. This proves our claim.

we can instead estimate the probabilities for the two events in our claim. Using Lemma 2.11,
we can estimate

sup P (X € G(2)°) < C(T)(6N~97)(N~9)* < C(T)N 5. (%)

2€RS
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With this we can now estimate the probability for the first event:
N
P (Elj : Z lg@)e () > [bNCLNW>
k=1

iid N
S N]P) (Z 1g($0)c (l’k) Z beaJﬂ)

k=2

< NsupP (Z lg(z)c(xk) > (bNCZNW)

z€ERS k=1
N 6 o\ [evan]
<N sup]P’(XGR:XGG(z))
[bnan]) .cro
N(bNaN-‘ 4
CN———20 [onan]
Tonan] [(ON7)

< NN 20 fbvan] (C’N—%)beaN]
< (C’N)*%szvazﬂ_

<N

Here we used ayby — oo in the last step, which also implies that this is a suitable estimate.
Next, we want to estimate how probable the existence of a set S satisfying the three

conditions is. For this we define cy = |‘2Z74N_a1NJ and estimate

N
]P’(EIS c{l,....,N¥\ U{(n,n)} : |S| = cw,
n=1
V(j, k) €S x; € G(z1) N Mg, vi (20) N Mg, v, (25),

(U1, k1), (o, ko) €S = {j1, b} N {2, ko} = @>
< (jcw) P (vu, B) € {(2,3),(4,5) .. (2ex 205 + 1)} -
Ty € (G(xk)o N Mg, v, (20) N Mp,,v, (ﬂfi)) )

Before we can move on, we need to rearrange the intersection a bit.
We start with the probability of z; € Mg, v, (z¢) which can be estimated by

sup P (xj € MRl,Vl(z)).

z€R®
Next, we estimated the probability that under this condition, z; also lies in Mg, v, (z;). By
symmetry of the set, this is the same as the probability of x; € Mg, 1, (x;) which can be
estimated by

sup P (IZ € MRQ,VQ(ZD,

2€RS
where we have taken care of the effect of the condition on z; by introducing the supremum.

With a similar trick we can estimate the last probability by sup, s P (:ck eG (z)c) where
we again used the symmetry and the supremum to deal with the conditional probabilities.
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For simplicity and as all the particles are i.i.d., we use z, instead of z;, x; and x; and
obtain the following estimate:

< (Zj) <ZS;1R1%IP’ (mg € G(z)c) sup P (xg € MR1,V1(2’>> sup PP (IQ < MR27V2(2))>CN

2€RS 2€R6

N2CN c CN
< (Sup P (902 € G(z) ) sup P <$2 € MR1,V1(Z)> sup IP ($2 € MR2,V2(2)>>
CN 2€RS 2€R6 2€RS
26]\/

N .
< CN—m <C’(T)N‘s‘2

= 7sup P (ZL‘() € MRl,Vl(Z)> sup P (mo € MRQ7V2(Z))>CN

2€RS 2€RS

Using that
4
sup P (22 € Mg, v,(2)) < C(T) R} (min(max(Ry, V1), 1))

2€RS

as well as the corresponding estimate for Ry, V5, we obtain

N2CN
< o)™

<N__2(’C( )R%(min(maX(thl)a1))4R3<min(maX(R2’Vz)’1))4> N

N

2

S C(T)ZCN (N(5—20') .

R%(min(maX(Rl, 1), 1))4R§(min(maX(R2, Va), 1))4>CN

2
\‘ [N 3 R? R2 min(max(V1,R1),1)* min(max(Vz2,R2),1)%] J

20

CN

<C(T)* (N~*by)
< (c(m)*N—2)™

As ey > ;fNZi > % — oo for N — oo and as C(T)N~2° <« 1 for large enough N, this

proves our claim. O

We need to prove the stronger version of our law of large numbers for nice enough particles,
i.e.

Lemma 6.27. Let y € R°, t € [0,T],m € N and j~¥ : R* — R™ be given. If || <
N2 fN|, then

/] 1 —12)dsly~ e (2)

NoBte N §+o

satisfies the conditions of Lemma 6.18, and hence for any v > 0 we find C, > 0 such that

P (| /Otsz(l?J —17;) dslan e, (7)) — /QN(Z)]C(Z) dz

Proof. Note that our law of large numbers required the function to go to R. This can be
resolved as we can simply consider the, in this case m, coordinate functions gV, ... gN. As
all of them are bounded by |¢"¥|, we can estimate the function |¢"¥| and thereby prove that all
the coordinate functions satisfy the conditions for our law of large numbers 6.18. To estimate

|g™|, we use our partition 2.10 with o = vy = ¢(N) and € = %. By abuse of notation we

> N—f‘o) <C,N77.
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also write r,v, R, V' for the r;,v;, R;, V; in the collision classes M; := M, r,),(v;,v;)- With this

notation and setting 7 = max(r, ¢(/N)), we can estimate:

N(2)ko(2) d®2
Joiy) 9 Pho(2)

i

11
< CNY min <T4 W) min(1, B, R*V* + R* max(V?, R?))

< ON'2 min ( 1 R? R*v4 R6>

7202’ 202" P2 max(r,v)2 7

where we first used 2.7 followed by 2.11. Using our partition, the minimum can be estimated

as follows. The enumeration is the same as in the definition of the partition in 2.10.

. C 6
(i) < &3 < e(NV)?

Q

(ii) < % < NP (N%p)? < N*

eee c(N)?
(iii) < Wzl

=
A

< (N:I)G < N45<N57,)2 < N65

(Ner)2(Nev)*
r2y2

—~
=
IN

+ (N:I)G < N4E((N€U)2 + (NET)Q) < 2N65
£€,.)2

(vi) < U = N*

(Vll) S ﬁ = N4E.

Hence, we find a constant Cj such that
max/ gn(2)%ko(2) dX < CoN'™°.
el MZN

Next, we estimate |¢g" | using 2.7.

t
|13 = 2o () ds
1_, ¢ - -
< NE7 [ G = Dltan (=) ds
< C’(T)N%_U min< ! !

- Sl o ] = 5] 170
< C(T)N " max((N577)2, o(N)TING~7) < C(T)N= N
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Hence, |g|s < C(T)Nl’%" and we can apply 6.18 to each gV, ... g¥ to get a constant CA'7
such that forall I =1,...,m

(‘/ Z]z §— %) dslon (e (z;) — /GglN(Z>k(Z) dz

By triangle inequality and as N ~169 < N ’%”, we obtain that for large enough N
y g y

gV (2)k(z)d%2

> N-éf’) < N7

R6

As this result holds only for large enough N, we have to choose a constant C, such that

> Né"> < C,N77,

/Ot;]ng(lg_ )1GN( )(l‘j)ds—/RGgN(z)k(z)dﬁz

holds for all N € N. ]
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