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This questions concerns the linear transportation equation in R3

Of(t,x,v)+v-Vauf(t,z,v) + F(t,xz,v) - Vyf(t.xw) =0
f|t:0 = f07

where f, fo and F are in appropriate spaces.

(a) Write the characteristic equations for the linear transportation equation, and state
conditions under which there exists a unique global solution to the characteristic
equations.

(b) Sketch a short proof to the the existence and uniqueness theorem mentioned in (a).
Remark: Note that we only request a proof for the existence and uniqueness, not any
reqularity.

(c) Solve the characteristic equations for the linear transportation equation when F'(¢,z,v) =

v, and use it to write an explicit solution to the linear transportation equation when
fO € C;,v (Rs x Rs)’
Remark: You are not required to prove the formula for the explicit solution.

(d) Denoting by X (¢, x,v), V(t,x,v) the solutions to the characteristic equations at time ¢,
with initial datum X (0, z,v) = z and V' (0, z,v) = v show that under the assumptions

of (¢) we have that
B X, V)N 5
J(t,x,v) = det <78(x,v) > = e

(e) Show that in the general case, as in (a), one has that
8t'](t7 z, U) = (VV : F(tv X, V)) J(t7 Z, U)7

and conclude that if V,, - F((t,z,v) = 0 then J(¢,z,v) = 1.
Remark: You may assume that all differentiations are allowed.

(f) Assume that the conditions of (a) are satisfied and fy € C;’U (R x R%). Show, using
(e) and an expression to the general solution of the linear transportation equation, fy,
that || fi(, )|l L»(rs) is conserved in time for any 1 < p < cc.
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Formally state Duhamel’s Principle for the partial differential equation

Oft,y)+Df(t,y) =gt,y) t>0,yeY.
f(0,y) = fo(y) yEey,
where D is a differential operator that has no time derivatives and Y is a domain

without a boundary (this means you are required to give a solution that may only be
valid formally).

Use Duhamel’s Principle to give an explicit solution to the equation

Oif(t,z,v) +v-Vaf(t,z,v) + f(t,z,v) = g(t,z,v) t>0, z,0€ R
fli=o = fo.

Use Duhamel’s Principle to write an expression for a possible solution to the linear
Boltzmann equation

fli=o0 = fo,

where K f(t,z,v) = [pa k(t, 2, v,v.)f(t,z,v.)dv.. The solution should be expressed
as a fixed point formula

f=F(fo) +7(f)
where F(fp) is a function depending on fy alone and 7 is an operator acting on the
function f.

We say that f is a weak solution to the linear Boltzmann equation in (c) if it solves
the appropriate fixed point problem

f=F(fo)+7(f).

Prove that if k(t,z,v,v.) = ki(t, z,v)ke(vs) where ki continuous, bounded and non-
negative, and ks is non-negative and in L'(R?) then there is a continuous and bounded
weak solution, f;, for all £ < T, whenever fj is a continuous and bounded function.
Hint: Use the dominated convergence theorem to show that

/ ko(vi) f(t, 2, vs)dvy
Rd

is a well defined bounded continuous function when f is continuous and bounded.
Remark: Note that we only asked for the existence, not uniqueness.

Assuming that the weak solution, if exists, is unique, show that if the continuous and
bounded functions fi, fo,0 satisfy fio(z,v) > foo(z,v) for all z,v then the weak
solutions to the linear Boltzmann equation with initial datum f1, f2,0, described by
the fixed point problem in (d), satisfy

fie = for,

for all time ¢ > 0.
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In this question we will consider the relaxation to equilibrium of the solution to the

equation

auf(t,v) = p(f)(H)M(v) — f(t,v) veR,E>0.

f|t:0 = f07
where p(f) = [ga f(v)dv, M(v) is a positive function with [pu M(v)dv =1, d > 1, and f
is in an appropriate space that would be described next.
We denote by £2? the space L? (}Rd, M _l(v)dv), and define a linear operator L : £? — £?
by

L(f)(v) = p(f)M(v) — f(v).

With the above notation we can rewrite our problem as

Oif(t,v) = L(f)(t,v) veR%t>0.
f|t:0 = f07

where f, fo € L2,

(a) Show that p(f) is well defined on £2 and that L is a bounded operator.

(b) Show that L is a self adjoint operator on £? (i.e. (Lf,g)p> = (f,Lg)2). Moreover,
show that

L P =5 [, FEIME) = F0M (@) M @M (o) dede,

1 F@)  FO) N Lo e dude
=5 Lo (Wi~ 10y MMt <0

In class we have used (b) and Jensen inequality for the probability measure M (v)dv to
show that

(L), F e < —5 I = (DM

from which we concluded that the spectral gap of the operator L is at least %, leading to

17 = p(fo) M| 2 < €72 || fo — p(fo) M| o -

In what follows we will show that our estimation in class was too coarse, and we can
actually get a better (and more accurate) spectral gap estimate.

(c) Define IT : £2 — £2 by II(f) = (f, M) ;> M. Show that Il = L + I and conclude that
IT is linear, bounded and self adjoint.

(d) Show in addition that I1? = II and that KerL = ImlII, proving that II is an orthogonal
projection on the kernel of L.

(e) Use (c) and (d) to show that

(LU, S = IO = 1% = = If — TI(F)][Z2 -
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(f) Show that f; is the solution to our differential equation with initial datum fy then
II(f;) = II(fo) for all t > 0, and use (e) to conclude that

e = p(fo) Ml 2 = e[| fo — p(fo) M| z2

Remark: Any solution that doesn’t use (e) will not be awarded points.

Part III, Paper 6 [TURN OVER



2% UNIVERSITY OF
Y% CAMBRIDGE 6

In this problem we will consider a simple version of the spatially homogeneous
Boltzmann equation on R3 and show convergence to equilibrium of its solution, under
some conditions and a specific distance. The equation we will consider is

{atf(t7v) = Q(fa f)(tav) t>0

fli=o0 = fo,
where )
Q(fa f) = Q2] ) (f/(U)fi(U) - f(U)f(U*)) d’U*dO',
’S | R3xS?

with f'(v) = f(v'), fi(v) = f(v)), f+(v) = f(vs) where

;v Ul v p_ vt Ju—u

2 5 7 T T 2 7

o € S? and do is the uniform surface measure on the unit sphere S? (can be thought of as
the restriction of the Lebesgue measure) with [ do = |S?|.
In what follows we will always assume that f is non negative

/R Fdo =1,

/3 vf(v)dv =0

and

R
| f(v)dv = 1.
R3

You may assume that f is smooth enough and decays nicely enough to allow all
differentiations, integration by parts and Fubini Theorem.

(a) Defining the Fourier Transform

~

FO =] fwe*vdv
]RZS

(notice that in class we had —27i€ - v in the exponent, instead of —i - v, this is just
a different scaling), show that the first two conditions on f imply that

o~

|7 <70 =1 vio=o.

The goal of this exercise is to prove prove the so called Bobylev Identity: Taking the
Fourier Transform in the v variable of our Boltzmann equation we get

~

{ajﬂ&) = @y Joo £ (S57) F(57) do = FOF(0) 1> 0
fli=0 = fo.
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(b) Use the fact that any orthogonal rotation R on R? is a surjective map on the sphere
S? that preserves the volume, i.e.

p(o)do = | ¢(R(c))do
S2 S2
to prove that for any z,y € R?

[ etlsl-oyar= [ 6 tial-o)do

when ¢ is continuous.
Hint: Use an appropriate rotation matrix connecting between the direction of x and y.

(c) Show that
/ f)f)e S dvdv,do
R3 xR3 xS?2

vty SJv—vk|
N / f(v)f(v*)e_z%.ge_z 2 ‘devdv*da,
R3 xR3xS?2
Hint: You may use the fact that the map
(v,v4,0) = (V', 0], 0)
1s surjective with Jacobian 1, as well as the formulas
v4+v, =0 + v;

and

v =, = v — o

(d) Use (b) and (c) to show that

/ I\, —iv-€ o — &+ ‘5’0) ’\<§_ ’£‘U> o
/R3><R3><S2 f@) f(vy)e dvdv,d /S2 f ( 5 f 5 d

Hint: You may also use the fact that the map

(v,v4,0) = (V', 0], 0)

1s surjective with Jacobian 1

With this identity at hand we can show convergence to equilibrium of the spatially
homogeneous Boltzmann equation, under a specific form of distance.
item Let f, g be two non-negative function on R3 such that

[ sy = [ awi

/]R3 vf(v)dv = /]R3 vg(v)dv

/ \U\Qf(v)dv,/ v f (v)dv < 0.
R3 R3
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It can be shown (you may take this as a given) that
d(f,g) = sup ‘
€€R3 €17

is well defined metric, under the above conditions.

(e) Denoting by ¢+ = % prove that [£7]? + [¢F]? = [¢|? and under the condition that
Jra f(0)dv = [gs g(v)dv =1

‘ o~ o~ ‘

FENF(E7) —9(EM)gE)

Gk
Fen-gen)| erp [FEr-a6)| jep
< . + .
Gi G G G
<d(f,9)-

(f) Use (a), (f) and Bobylev Identity to show that if f, g are solutions to the Boltzmann
equation with the additional mentioned conditions then

FO -39\ | f& -3¢
at( G; )* G;

Remark: The above is enough to show

d(f(t),9(t)) < d(fo,90)-

though we will not show it here.
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(a) Let A: R+ R be C* function. In general, we say that u = u(y), y € RY solves
div,A(u) = g, in the sense of distribution,

if and only if we have the following formulation

- [, A Vields = [ aota, (1)

RN

for all function ¢ = ¢(y) that is C* with respect to y € RY and has a compact support,
i.e. the closure of {y € R : ¢(y) # 0} is a compact subset of R,

Suppose f(t,z,v), (t,z,v) € R x R3 x R3 solves a linear transport equation
Ohf+v-Vof=g, z,0eR teR

in the sense of distribution. Write down the corresponding formulation like (1).

(b) Let f(t,x,v),g(t,z,v) € L (R x R3 x R?), meaning that

/// fo dedvdt < oo, /// g¢ deduvdt < oo,
RxR3xR3 RxR3 xR3

for C'*° function ¢(t,z,v) with a compact support. Suppose that
Oif +v-Vyf =g in a sense of distribution,

and define F(t,x,v) = f(t,x + tv,v) and G(t,z,v) = g(t,z + tv,v).

Show that, for almost all z, v, as a function of t € R, G(t,z,v) € L (t € R). [Hint:
You may use Fubini theorem and change of variables (t,x,v) — (t,x + tv,v).]

Show, for almost all x, v,

to
F(ty,z,v) — F(t1,z,v) = G(s,z,v)ds, for all t1,t2 € R.
t1

[Hint: You may use a test function ¢(t,x,v) = ¢1(x — tv)de(t) and proper change of
variables. You may use the fact that if [ h(y)p(y)dy = 0 for all p(y), which is C* and
has compact support, then h(y) =0 for almost all y.

(c) Let a linear functional L satisfies that, for all h € L%(R3), (i.e. [gs |h(v)]*dv <
00),

/ Lh(v)h(v)dv > § |h(v)[2dv.
R3 R3
Suppose f(t,z,v) is C* and has a compact support and solves
Oif +v-Vof+ Lf =0, in the sense of distribution.

Then prove that, for all t; < t9 € R,

1/2 1/2
{// |f(t2,x,v)]2dvdx} < e d—t) {// |f(ty, z,v)Pdvdz| .
R3xR3 R3 xR3
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(d) The Boltzmann equation reads as

8tf+vv$f:Q(f7f) J},UER3.

where you can find the explicit form of Q(f, f) in Problem 4. Assuming f > 0 solves the
Boltzmann equation and f is C*° and has a compact support. Show that

1
QUr.N| v |dv=0.
R3

Ll

[Hint: You need some identities related with [z; Q(f, f)(v)¢(v)dv. Write down such

identities clearly without proof.]
/ / flogfdvdx <
R3xR3

Also show that
[Hint: You also need the fact (1 — X)InX <0 for all X > 0./

(e) Write down explicitly one example of f(t,z,v) which is not a constant function
of x, but solves the Boltzmann equation

atf+vv$f:Q(fvf)v J},UER3.

Show that your example solves the equation by direct computation.

[Hint: Use five parameters, for example a, by, by, bs, ¢, to express the general solution
M (Mazwellian) to Q(M, M) = 0. Compute WM +v -V, M =0 and find the equations
for a, by, ba, b, c: you may compare the coefficients of polynomials of v. Find non-constant
solutions of the equations. ]

END OF PAPER
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