EXACT SOLVABILITY OF SOME SPDES

ABSTRACT. These lecture notes are based on Ivan Corwin’s summer 2014 MSRI summer
school on SPDEs, as well as Jeffrey Kuan’s TA sessions accompanying these lectures.
Please email ivan.corwin@gmail.com if you have questions or find mistakes.

1. MILD SOLUTION TO THE STOCHASTIC HEAT EQUATION

The stochastic heat equation (SHE) with multiplicative noise looks (in differential form)
like
Oz = %amz + z€
2(0,2) = zo(x)

where z : Ry xR — R and zj is (possibly random) initial data which is independent of the
white noise £. Recall that formally £ has covariance

E[S(ta x)§(37 y)] ‘= 775t=5(sac:y:

though this is only true in a weak, or integrated sense. See Section 10 for background on
¢. The noise ¢ is constructed on a probability space L?(Q, F,P).

We would like to ultimately consider zo(z) = d,—¢ initial data. We will start, how-
ever, with L2(Q, F,P) bounded initial data and prove uniqueness and existence (and state
regularity / positivity results without proofs). We will also state (without proof) a more
general class of solutions considered by Bertini-Cancrini [5]. In the next section we will
explain a different way to construct a solution for §,.—q initial data via chaos series.

Definition 1.1. A mild solution to the SHE satisfies for all t > 0,2 € R the Duhamel
form equation

2(t,7) = /R Pt = — ) z0(y)dy + /0 /R plt — 5,2 — y)2(5, )& (s, y)dyds

where p(t,x) = is the heat kernel or fundamental solution to Op = Opep, with

1 —a?/2t
V2t
p(0,2) = 0y—¢. In this, we must have that fg Iz p2(t—s,x —y)E[zQ(S,y)]dyds < oo for the
1to integrals to make sense and be finite.

We will work with L?(€, F,P) bounded initial data and solutions:

Definition 1.2. A function z(-) is L*(Q, F,P) bounded if sup,cg E[20(2)?] < 0o and a
space-time function z(-,-) is L*(Q, F,P) bounded if SUPyeo,7] E[z(t,:n)z] < 0.
zeR
Clearly, d,—o is not L?(Q2, F,P) bounded. We will state a more general class after

the following theorem. We will not prove the result for this class, but rather present an
alternative d,—¢ construction.

Theorem 1.3. For L?(Q, F,P) bounded initial data zy there exists a unique L?(§2, F,P)
bounded solution z(-,-) to the mild form of SHE. Moreover, we have the following properties:
o If zo(x) > 0 then for any o < 1/2 and § < 1/4, (t,x) — 2(t,x) is almost surely
Holder o in space and Holder B in time.
o If zo(x) < z(x) for all x then z(-,-) < 2'(-,-) for all (t,x).
o If zo(x) > 0 with strict positivity on a positive measure set, then almost surely
z(t,x) >0 for all (t,z).
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We will prove existence and uniqueness following [35]. Regularity follows in a similar
manner and is provided in [35]. The comparison result will follow from the approximation
in Sections 3 and 4 of SHE by directed polymers, for which this is easily seen to hold true.
The positivity result will not be proved, [25, 27] for proofs.

Remark 1.4. In [5] a more general class of initial data is considered, such that

sup t'/2 /p(t,w —y)z0(y)dy < .
te[0,T
z€R

There in the analog of Theorem 1.3 is proved for this class of initial data and the class of
solutions which satisfy

sup / ds/ ds’ dydy'p(t — s,z —y)°p(s — s',y — y/)2E[z(8/,y)2] < 0.
te[0,T] R2
mGR

We will not pursue this further here.

Proof of uniqueness. Assume z and 2’ solve SHE with the same initial data. Let u = 2 — 2/,
hence u(0,z) = 0. Define

f(tv ‘T) = E[u(t7 x)2]
f(t) = sup f(t,x)

and note f(t) < oo by L%(Q, F,P) boundedness. Thus, by Ito isometry,

f(t) = sup f(t,z —sup/ / 2 (y, ))2} Pt — s,x — y)dyds

zeR zeR

< sup / /R Fls, )2t — 5,3 — y)dyds

zeR JO

gc/Otﬂs)

for some constant! ¢ > 0 whose value is not important for our purposes. Note that between
the second and third line we have evaluated the z—independent integral in y, thus explaining
why we have dropped the supremum. Hence,

<c/f s

Tterate to get

o [T [° duds [ " ¢ ds "
e /0 /0 f(u)\/(s—u)(t—s) Jo f )/u \/(s—u)(t—s)d

Exercise 1.5. Show that the integral over s is equal to ™ so that
¢
t) < 7702/ f(u)du
0

nc2)ntl ot
oy < T [t - wra

Iterate to show

Since f(u) < oo this shows that f(t) =0 hence z = 2/ O

lConstants will generally be denoted by ¢ or C' and can change line to line.
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Proof of existence. We will use Picard iteration. Let 2°(¢,2) = 0 and define progressively
measurable approximations

() = /R Pt = — y)z0(y)dy + /0 /R p(t — 5,2 — )" (5, 9)E (s, y)dyds.

Then 2" (t,x) := 2" 1(t,z) — 2" (¢, r) satisfies

(¢ 2) = t —s,x—1y)z"(s s s.
() = [ [ plt =52 = )2 )€l )y

Hence, as before, via the It6 isometry

E[(E”H(t,x))ﬂ = /Ot /Rp2(t — s, — y)E[(E"(s,y))ﬂdyds.

Define
f(t) = sup E[(E(s,x))z}

s€[0,1]
zeR

and note that f°(t) < co by hypothesis. Then,

P t) = sup E[(Z"H(t,aﬁ = sup / / (u—s,x —y)E[(Z(s,y))ﬂdyds

u€e(0,t] u€e(0,t]

r€R zeR
< sup/ / (u—s,z—y)f"(s)dyds

uel0,t

zeR

<supc/f"1 <c/f"1 ds
uel0,t Vu—s t —s
Between the second and third lines we evaluated the x—independent integral in y. The
inequality in the last line can be seen by applying a change of variables so the integral is
from 0 to 1, and then using the fact that f"~!(s) is an increasing function.

As before we may iterate this once more and then change the order of integration. We
thus find that

t
i <e [
0
Exercise 1.6. Iterating and using our a priori knowledge that f°, f' < oo show that
(Ct)n/z
(n/2)!

This goes to zero as n — oo hence proving that the z"(-,) form a Cauchy sequence in
L2(Q2, F,P). The limit point is z(-,-). It is clear, by convergence of stochastic integrals,
that z solves the mild form of SHE. O

fr) <

We close by noting a few relevant facts. The existence and uniqueness results can be
proved [35] with LP bounded functions using Burkholder’s inequality (Lemma 10.2), and
one can also work with more general SPDE’s such as 0z = £9,,2+ f(z) + 0(2)€ as long as
o is Lipschitz. The positivity result breaks down for the solution to 0;z = %&mz + 7€ if
~ < 1, in which case one can get (say for d,—¢ initial data) compact support of z > 0. The
methods described also break down if we introduce more non-linearity like (9,2)?, since it
is not clear how to even formulate a mild form of the equation.
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2. DELTA INITIAL DATA

We will define a chaos series (see also Section 10) to construct the solution to the SHE
with zg(x) = d,—0. We will consider the class of solutions to the mild formulation of SHE
such that for all test functions v, [p ¢(x)z(t, x)de — [ ¥(2)dp—odx =Y (x) as t \, 0 with
L?(2, F,P) convergence. Moreover, we w1ll require that for all T" there exists C = C(T') > 0
such that for all 0 < ¢t < T, and =z € R, the bound E[z2(t, x)] < COp?(t,z) holds.

Theorem 2.1. Within the above class of functions there exists a unique solution to SHE
with 8,—q initial data. That solution takes the following form as a convergent (in L*(Q, F,PP))
chaos series.

/ [ Brerts a5 = me
Ag(t)

where Ap(t) ={0 <s1 <--- < s, <t}, and

Pk;t,:c(ga 17) = p(t — Sk, T — yk)p(sk — Sk—1,Yk — yk—l) e 'p(Sz —S81,Y2 — yl)p(SL yl)

or in other words, represents the transition densities of a one-dimensional Brownian motion
started at (0,0) to go through the (time,space) points (s1,y1),-- -, (Sk, k), (t,x)). Also,
recall from Section 10 that d¢®F(3,7) is the multiple stochastic integral.

Proof. Note that we do not have L?(2, F,P) boundedness here, so the methods from Sec-
tion 1 will not directly work. We proceed according to the following steps:

(1) Show that the chaos series is convergent.

(2) Prove that E[22(t,z)] < Cp*(t, ).

(3) Show that the series solves SHE with §,—¢ initial data.
(4) Argue uniqueness.

p

Step (1): Consider a random variable X € L?(Q, F,P) such that
X = Z / (t, 2)dE®F (¢, 7).
Aj(o0)

for functions fi € L?(Ag(c0) x ]Rk), k=0,1,2,.... (From Section 10 we know that all X
have a unique decomposition into this form.) By the multiple stochastic integral covariance
isometry

E /Ak(oo) ka( )de®k (7, / /Rk T)de®I (T, x)] = Lk (s 9) 12 (A xRy

Thus,

Xz] - Z ”f’f”%?(Akak)‘
k=0

This can be applied to the series for z(¢, x).
Exercise 2.2. Prove that

P(t,y) = p(t,vV2y) =

w% \/%pwz,y)

and

t—s
/sz(t—u,a:—z)p2(u—x,z—y)dz: \/471(t—u)(u—s)p2(t_s’x_y)’

Lemma 2.3.
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Proof. The multiple stochastic integral covariance isometry implies that

E[12(t,2)] = / / P2, (5, §)djds,
Ag(t) R*

E[Ilg(talﬂ)] :/A ® ds - dﬁpz(sbyl)p2(82—81,y2—y1)"'p2(8k—8k—1,yk—yk—l)p2(t—3k,ﬂf—yk)-
k

or more explicitly,

Taking the integrals starting with 3 down to y; and using Exercise 2.2

2 _ =2 L t=s1 b~ Sk
E[I}(t,x)] = /Am) dsp (t,w)\/m(t o) \/M(t ~ 52)(52 — 51) \/47r(t — 5k) (S — Sp—1)

1 1 1 1
= dsVartp? (t, ©
/Ak(t) ( )\/47T81 V4 (se — s1) VAT (s — sp—1) /Am(t — sg)
t2p? (¢, x)

/ 55 1 1 1 1
_ S ...
(47T)k/2 A (t) \/§ \/82 — 51 \/Sk — Sk—1 \/t — Sk
Changing variables to factor out the t’s yields
ik /2 1 1 ) )
2(t, x) d*
Ag(1 \/_\/32—81 \/Sk—Sk_1 \/1—sk

@’ (
Exercise 2.4. For a; > 0, 1 <1 < k show that

dz xaz — z 1P(al)
H (Z 10%)

E[12(t,0)] -

0<z1, 74, <1
Z :Eizl

This is called the Dirichlet(c) distribution.
Using the exercise we conclude that

k/2 k
E[Ilg(t7x)] = (41;.)19/2 FI‘((lk//é)) p (t7x)'

O

Since I'(k/2) ~ (k/2)! this implies that the chaos series is convergent in L?(£2, F,P) thus
completing step 1.
Step (2): By Lemma 2.3 and the Itd isometry,

- i k/2 k
7l= kZ:oE[Ig(t’x)] =r(t7) kzzo (4,;)k/2 1;((2//22)) < Cp(t,z)

where the constant C' = C(T') can be chosen fixed as t varies in [0, 7.
Steps (3) and (4): Assume z(¢,x) solves SHE with delta initial data. We will show that
z(t,z) equals the chaos series. The mild form of SHE implies that

2(t,2) = plt,2) + /0 [ plt = s.0= )=, )6 s

Iterate this (like with the Picard iteration) to obtain

n
“(t2) = 3 Iult )+ Lo o Pt ) plorst v e
An+1 R
Comptue the L?(Q, F,P) norm of the remainder as

/ o / P 2(t — Sn41, @ — Y1) P2 (s2 — 1,92 — 1) - B[22 (s1,31)] dyds.
n+1 t R™
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Use bound E[2%(s1,91)] < ep?(s1,y1) and notice that the above expression is then bounded

as

t(n+1)/2 (1 /2)nt+1
5 ( / ) p2 (t, :E)

(4m)n/2 T'(n/2)

which goes to zero as n — co hence showing that z is the chaos series and that the chaos

series solves the mild form of SHE. (]

< cE[I,41(t, )] = ¢

We close by demonstrating one use of the chaos series to probe the short time behaviour
of z(t,z).

Corollary 2.5. The following one-point* weak convergence holds:

lim €'/4[z(et, €'/%2) — p(et, /%) / / (t—s,x —y)&(s,y)p(s,y)dyds.

e—0

Proof. This comes from the first term in the chaos series whereas our estimate on E[I (¢, x)?]
enables us to discard all subsequent terms. Recall

n(t,x) = /0 /R Pt — s, — y)E(s, y)p(s, y)dyds.

Apply scalings to study now 61/411(615, 61/233).
Exercise 2.6. Show that in distribution,
£t x) = eFHD2¢ (%t ex).

Use that to show that in distributional €'/*I,(et,e'/?x) = I, (t, 2) whereas €/*I},(et, '/ ?x) =
e I1(t,x), and compute a > 0.

From this exercise, it is now easy to conclude the corollary. U

Unfortunately, the chaos series is not very useful in studying large ¢ behaviours (e.g. for
log z(t, x)) and also the chaos series do not behave very well under applications of functions.
However, they can be useful in proving approximation as we will soon see.

3. SCALING TO THE KPZ EQUATION

The heat equation with deterministic potential v(¢,x) is written in differential form as
Oz = %&mz + vz.
Exercise 3.1. Show that if h := logz and u := O.h then
Oh = athr (a h)? +

1
Opu = §8mu + §am(u ) + Oyv

The first equation is a Hamilton Jacobi equation with forcing and the second equation
is a viscous Burgers equation with conservative forcing.

Define the mollifier p,(x) = p(k,z) (i.e. the heat kernel at time k). Note that as
k — 0, this approaches a delta function as it maximal height grows like x~/2 and standard
deviation shrinks like x'/2. We could just as well work with any similar mollifier sequence.
Define mollified white-noise via

Exlt,) = /R Pal — )t y)dy = (pr % )t 7).

By the It6 isometry,

E[gn(tv ZE)fR(S, y)] = 5t:sck($ - y), Cn(x) = (pn *pn)(:p).
Note that as x — 0, we have ¢, (z) — oo.

2Extending to space-time process convergence is not much harder.
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Exercise 3.2. Define z, to be the solution (same definition of solution as before) to
Oz = %8wxzn + Erix
and h, :=log z,.. Show that
Oy = 30ssh + [5(Orhe)? = e4(0)] +
Also show that z; — z as kK \(0. (Suggestion: use the chaos series.)

The exercise shows that in some sense, we can think of h = log z as the solution to
1 1
Oph = 50mh + [i(aﬁhk)2 — o0] +¢.

Since when studying interface fluctuations we generally need to subtract off overall height
shifts, this —oo should not concern us so much. This suggests the definition

Definition 3.3. The Hopf-Cole solution h : Ry x R — R to the KPZ equation with
ho : R — R initial data is defined as h = log Z where z is the solution to the SHE with
indtial data zo(x) = e"o@),

For some initial conditions such as d,—q, it does not make sense to take its logarithm.
However, for all positive ¢ and 2 € R, we know that z(¢,x) is strictly positive, hence the
logarithm is well defined. The solution to KPZ corresponding to this delta initial data is
called the narrow wedge solution (or KPZ with narrow wedge initial data). The idea is
that in short time the log of p(¢,z) looks like —x?/2t which is a steep parabola. Hence
the initial data corresponds to growth out of a wedge type environment. We will see a
justification of this later.

Now let us ask: what kind of discrete models converge to the KPZ equation? To motivate
this, let us do some rescaling of the KPZ equation.

Define the scaled KPZ solution

he(t,z) = eh(e *t, e L)
We find that under this scaling,
Oh = e Oh*
Ozh =€ 70,0, (0:h)* = €72 (0,h°)?

(ta) D N (2 ),
Thus 1 1
Ouhe = 562—zamvhe + 5E2—z—b(amhe)2 + Eb—z/2+1/2£‘

Note that the noise on the right-hand side is not the same for different ¢, but in terms of
its distribution it is.

We now pose a natural question: are there any scaling of the KPZ equation under which
it is invariant? If so, then we can hope to scale growth processes in the same way to
arrive at the KPZ equation. However, one can check that there is no way to do this! On
the other hand, there are certain weak scalings which fix the KPZ equation. By weak,
we mean that simultaneously as we scaling time, space and fluctuations, we also can put
tuning parameters in front of certain terms in the KPZ equation and scale them with e.
In other words, we simultaneously scale time, space and fluctuations, as well as the model.
Lets consider two such weak scalings.

Weak non-linearity scaling: Take b = 1/2,z = 2. The first and third terms stay
fixed, but the middle term blows up. Thus, insert the constant A, in front of the nonlinear
term (Ozh)? and set A, = €'/2. Under this scaling, the KPZ equation is mapped to itself.

Weak noise scaling: Take b = 0,z = 2. Under this scaling, the linear d,xh and
nonlinear (dxh)? terms stay fixed, but now the noise blows up. So insert 3, in front of the

noise term and set 8. = €/2, and again the KPZ equation stays invariant.
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One can hope that these rescalings are attractive. In other words, if you take models with
a parameter (nonlinearity or noise) that can be tuned, that these models will all converge
to the same limiting object. We will see that weak non-linearity scaling can be applied to
particle growth processes and weak noise scaling can be applied to directed polymers.

We would be remise at this point if we did not mention the broader notation of KPZ
universality (see [14, 31] for surveys on this subject). It was predicted by [17, 21] is that
under b = 1/2 and z = 3/2 scaling (called KPZ scaling) the KPZ equation should have
non-trivial limiting behavior. The exact nature of this limiting behavior (called the KPZ
fixed point in [16]) is still somewhat nebulous as we will briefly observe. The fixed point
should be the limit of particle growth processes and directed polymers. To understand
more about the KPZ fixed point, we will need to develop exact solvability, which will be
done in later sections.

Here is a fact (which can be shown, for instance from the approximation of the KPZ
equation from ASEP). If we start KPZ with two-sided Brownian motion, then later it will
be a two-sided Brownian motion plus a height shift. One can see this by showing that
particle systems preserve random walks. This suggests b = 1/2 (the Brownian scaling). In
this case, the only way to avoid blowup is to take z = 3/2. So this suggests that KPZ
scaling is, indeed, a natural candidate. But in this case, it looks like the noise and the
linear term disappears. What would be left would be the inviscid Burgers equation. But
this is not true, since, for example, the inviscid Burgers equation is deterministic and also
since the KPZ equation must preserve Brownian motion, but the inviscid Burgers equation
does not.

weak nonlinearity scaling weak noise scaling

////5’21/5\ : ’b:O\\\\

" z=32 | KPZ equation | ==2 |

\\ ﬂ :61/2 )\5261/2 //

\\f_#,y w5 _l--
Crowth P i Directed polymer
2 : b=1/2 - models

processes--_ . _-" KPZ scaling ST

=3/2 /

KPZ fixed point

FIGURE 1. Three types of scalings for the KPZ equation. Weak noise and
weak non-linearity scaling fix the equation whereas under KPZ scaling, the
KPZ equation should go to the (nebulous) KPZ fixed point. It is believed
(and in some cases shown) that these ideas extend to a variety of growth
processes and directed polymer models.

Because we presently lack a stochastic description of the KPZ fixed point, most of what
we know about it comes from asymptotic analysis of a few exactly solvable models. More-
over, most information comes in the form of knowledge of certain marginal distributions
of the space-time KPZ fixed point process.

In order to illustrate the ideas of weak universality of the KPZ equation, lets consider
the corner growth model, which is equivalent to ASEP. Growth of local minima into local
maxima occurs after independent exponentially distributed waiting times of rate p and the
opposite (local maxima shrinking into local minima) occurs with rate ¢, with p + ¢ = 1
and p — q =: v > 0. The step initial data corresponds to setting h7(0,z) = |z|. Here we
use h7(t,z) to record the height function at time t above position z, for the model with
asymmetry 7.
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rate p
Wt x) N7 <>

rate ¢
— A
<:> A4

p+qg=1, p—qg=~y€l0,1]

FIGURE 2. Corner growth model, or equivalently asymmetric simple exclu-
sion process (ASEP) started from step initial data.

The following theorem is an example of how the KPZ equation arises under weak non—
linearity scaling.

Theorem 3.4 ([3]). For the step initial data corner growth model

1 t
ze(t,x) = 56_1/2 exp <—61/2h51/2 (et e o) + 6_3/2§>
converges to the solution to the SHE with 0y—¢ initial distribution. (Convergence here
means as probability measures on C([0,T],C(R)) for any 6,T >).

What about weak noise scaling? One example of how this leads to the KPZ equation
is through directed polymers, a class of models introduced in [20]. To motivate this, lets
return to the heat equation with deterministic potential

1
Oz = §8mz +vz.

Recall the Feynmann—Kac representation. Consider a Brownian motion run backwards in
time, fixed so that b(t) = z, and let &), represent the expectation with respect to this
Brownian motion. Then

Auxyzam:xPaumyxp<1fu&b@»mﬁ}.

Exercise 3.5. Prove this. Hint: This can be proved via a chaos series in v.

Even if 2y is not a function, this can still make sense. For example, if zp(x) = d,—o then
the entire expression is killed if you don’t end up at 0. Thus we can replaced Brownian
motion with a Brownian bridge at the cost of a factor of p(¢, x).

What if v = & = (py * &) (t,2)? Then the solution, z,, to the mollified equation

1
8t2:l€ = 5890902& + gnzn

can be represented via the following path integral

%@@:&%WP@@WW<K&@MW@—%9g]

where ¢, () = (px * px)(x). See [5] for more on this.

Let us discretize this whole picture. We will discretize the white noise by i.i.d. random
variables and the Brownian motion by a simple symmetric random walk. Consider up/right
paths 7 on (Z,)2. Let w;; be ii.d. random variables and 8 > 0 be inverse temperature.
Let the partition function be

ZB(M, N) = Z B 2o, en Wij
m:(1,1)—=(M,N)
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<0

0 t

FIGURE 3. Path integral solution to heat equation with potential v.

This satisfies a discrete SHE
ZP(M,N) = ePvun (Z8(M —1,N) + Z°(M, N —1)).

NT oo

[ ] ﬂ- [ ] [ ]

. UZZ;] . . .
. . . . . ° M

FIGURE 4. Discrete polymer path m moving through random potential of w; ;.

Theorem 3.6 ([1]). Let w; ;j have finite eighth moment. Then there exist explicit constants
C(t,xz,N) (depending on the distribution of w; ;) such that

Zn(t,x) = C(t,x,N)ZN71/4(tN+x\/N,tN —zV'N)

converges as N — oo to z(2t,x)/p(2t,x) where z is the solution of the SHE with §,—¢
initial data and p(t,x) is the heat kernel.

Here N is playing the role of €2 from before, and this is readily recognized as a weak
noise scaling limit.

In the next section we will consider a semi-discrete polymer in which M has been taken
large and the discrete sums of w; ; become Brownian increments. For a modification of this
semi-discrete polymer model we will give a proof of an analogous weak noise scaling limit.
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4. WEAK NOISE CONVERGENCE OF POLYMERS TO SHE

The O’Connell-Yor partition function (also called the semi—discrete polymer or semi-
discrete SHE) at inverse temperature 8 > 0 is defined by
ZB(T N) = dgeﬁ(B{V(0,81)+B£V(81782)+---B%(SN71¢))

0<s1<s2< - <sy—1<T

where BN (a,b) = BN (b) — BN (a) with {BN}Y | independent Brownian motions.

N MVWMWMV By

N - lwmvﬂf\vm
\» Bn_1

S1 S9 c SN—-1 t

FiGure 5. O’Connell-Yor polymer partition function.

Theorem 4.1 ([28]). Then there exist explicit constants C(t,z, N) such that
Zn(t,x) == C(t,z, N)ZN " (tN + 2V/N,tN)

converges as N — oo to z(t,z)/p(t,x) where z is the solution of the SHE with d,—¢ initial
data and p(t,x) is the heat kernel. Moreover, there exists a coupling of the Brownian
motions BJN with & so the convergence occurs in L*(Q, F,P) as well.

1/4

This theorem is proved by developing Z?(T, N) into a semi-discrete chaos series. Let us,
therefore, recall the continuous chaos series for the solution to the SHE with delta initial

data: (
2(1,0) -
o1 0) = kZ:OIk(LO)

where, due to the division by p(1,0) we have slightly modified chaos terms

fi(1,0) = /A 05 /R dipy(5, FIEH(S 7).
k

Here we have again used the notation
Ap(t) ={0<s1 < -+ < s < t}, with  Ag(1) =: Ak

and
ou(5,7) = Pr;1.0(5, %) p(1 — Sk, Tk)P(Sk = Sk—1, Tk — Th—1) - - 'p(81,$1).
’ p(1,0) p(1,0)
Note that pg(S,¥) represents the transition density of a Brownian bridge from (0,0) to
(1,0) going through the points & at times §. We will not prove Theorem 4.1, but instead
will prove a result about a slightly modified polymer partition function, which is itself a

key step in proving Theorem 4.1.
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Definition 4.2. The modified semi-discrete polymer partition function is defined as

2N = A

N
das 1+ B8Bj(sj-1,8;)
Ana(T) ]1;[1( J\j—1 J)

where by convention so =0 and sy =T

Note that for a measurable set A € R™, we use |A| represent the Lebesgue measure of

the set. Also, observe that for small 8 we have the first order expansion e#5i(si-1:5) ~
1+ ,BBj(Sj_l, Sj).

Theorem 4.3 ([28]). As N — oo, we have the following weak convergence

2(1,0)

NN N = .
(N, N) p(1,0)

Moreover, there exists a coupling of the B]N with & so that this convergence occurs in
L2(Q, F,P).

Note that we have included superscript N on the B;V since, though for each N {B]N }jvzl
are marginally independent Brownian motions, as IV varies these collections of curves are
not independent and, in fact, a built from the same probability space on which ¢ is defined.
The L?(Q, F,P) convergence certainly implies the weak convergence.

Proof of Theorem 4.3. We proceed in three steps. In Step (1) we describe the coupling of
the B;V with &. In Step (2) we express ZP(N,T) as a semi-discrete chaos series and then
using the coupling to express this as a continuous chaos series in £. Finally, in Step (3)
we use convergence of the Poisson jump process to Brownian bridge to conclude termwise
convergence of the chaos series, and the convergence of the entire chaos series too.

Step (1): Define the function

N s x—s
s,) = =, —
¢ (s,2) <N \/JV>
This maps the square [0, N]? to the thombus {(t,y): 0 <t <1,—tv/N <y < (1 —t)V/N}.
Call

I Pt g
I]N(t)_[\/ﬁ \/Nt,m \/Nt]

Exercise 4.4. Show that since ©" has Jacobian N~3/2, if we define
s2/N
B;'V(Sl,SQ) = N3/4/ ds/ dx&(s, )
s1/N IJN(S)

then {BJN(O, s)}je[N],sefo,n] are independent standard Brownian motions.

We will use this coupling.
Step (2): Let us rewrite Z?(T, N) via an expectation. Let X, be distributed as the trajec-
tory on [0,7] of a Poisson jump process with Xy =1 (i.e. starting at 1 and increasing by
1 after independent exponential waiting times).

Exercise 4.5. Show that conditioning Xe on the event that Xp = N, the jump times of
Xo (labeled sq,...,sn—-1) are uniform over the simpler 0 < s1 < ... < sy—1 < T with
measure
ds
mlfeANﬂ(T)-
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N

Ny Z izl _ /N L_‘/_]
FIGURE 6. The mapping ¢ used to build the coupling of the ij with &.

We may rewrite

Z8( ﬁ 1+5/ 1x,—;dB;(s )‘XT_N

N

Z Bk Ju (T, N)

/[OT] > Hlxs—zj ()| Xr =N

DN] 1
where
DliV:{iele_:lgil<i2<"'<ik§N}'
and (for use later)
(‘)Dé\f ={ie Zi 01 <y <ig <--- <idp < N with at least one equality}.

The expectation can be taken inside yielding

Jr(T,N) = /ow > P(Xy, =it,..., X, = x| Xy =T)dBj, (s1) -+ dBi, (s1)-

We would like to use the coupling now, so it makes sense to change our probabilities into
the variables of the image of V. Call

pN(s,t,w,y):IP’(XNt s) Z{\/_y—i-Nﬂ [V Nz + Ns])
and

Nk/2pn(sk7 17 Tk, O) H?:l pN(tj—la t]a I'j_l, .Z'])
pN(0,1;0,0)

p]kv(§> f) =
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where 5 € Ay and & € R*. This is the semi-discrete analog of py(5,Z). The scaling N k/2
comes from local limit theorems. For f € L?(A; x R¥) define

Hsz—/ | s.apasiz

Lemma 4.6. There exists a constant ¢ € (0,00) such that for all k,N > 1

k
ok’ 113 < c*llpxll3.

Lemma 4.7. There exists a constant ¢ € (0,00) such that for all N > 1

N
N2
doledlz<c
k=1
and for each k > 1,
lim |pf" — prll3 = 0.
N—oo
Using our coupling and the formula for p{zv we can rewrite

ds Z H / dx]pk (5, 7)€%k (5, 7).

Ju(N,N) = N’“/‘*/
DN] 1

[0,1]*

The N'/* is the product of N=/2 from the definition of p{f and N3/4 from the coupling.
Lemma 4.8. The following convergence occurs in L*(Q, F,P):

lim N~F/4J, (N, N) = I;,(1,0).

N—o0

Proof.

N7FAJ.(N,N) /01 Z H/ dx]pk (s,2)E%% (s, x)

N]kJ 1
/ / dxjpkN(Sa$)£®k
0,1]* DN] /Iy

In the first term we can replace [0, 1]" by A (1) and the "] [ can be replaced by [p. (all
since pf’ vanishes otherwise). By Lemma 4.7, we can conclude that the first term limits to
I;:(1,0). Call E} the second term. By Lemma 4.6

(1) B[R] < [ a5 X T1 [ deontsa)? = o)

The 1/N factor can be understood as the cost of staying in the same level for two samples
of times. 0

We can now complete the proof of Theorem 4.3. From Lemma 4.8 we know that for
each M > 1,

M
; /
ngrlmkzozv k4 J.(N,N) kz

with convergence in L?(Q2, F,P). From Section 2 we know that for all ¢ > 0 there exists

M > 1 such that
> Ii(1,0)
k=M
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Thus, it remains to show that for all € > 0 there exists M > 1 such that

> NTHAL(N,N) <€
k=M

once N > M. By Lemma 4.6 we can bound each term on the left-hand side of the above
expression by a constant times

loR (£, 2) )15+ E[(EY)?].

By Lemma 4.6 and equation (1) these are both bounded by constants times ||px(Z, Z)|)3.
This shows that

Z NN N) < e Y Iy
k=M k=M
and hence taking M large enough this can be bounded by ¢ as desired. O

5. MOMENTS OF Q—TASEP VIA DUALITY AND BETHE ANSATZ

The interacting particle system ¢—TASEP will be the main subject of the remaining
sections (for more on this model, see [7, 12, 14, 15]). It is a model for traffic on a one-lane
road where cars slow down as they approach the next one. The scale on which this occurs
is controlled by ¢ € (0,1).

Particles are labeled right to left as x1(t) > xa(t) > ..., where z;(¢) records the location
of particle ¢ at time t. In continuous time each particle can jump right by one according
to independent exponential clocks of rate 1 — ¢%*P, where gap is the number of empty sites
before the next right particle. In other words, for particle ¢ the gap is ;1 — z; — 1.

rate 1 — ¢* rate 0 rate 1 — ¢’ rate 1
A P S\ A
o—— 00— @
1 1 1 x 1 1 1 1 1 1
1171(4) $1(3> $1(2> 1171(15)

FIGURE 7. The ¢—-TASEP with particles labeled z;(¢) and jump rates written in.

Since particle 7 only depends on 7 — 1, it suffices to consider an N—particle restriction.
In this case, the state space is given by

XN .= {f:(xo,...,mN):oo:x0>:E1>...>:EN}.

The role of fixing xg = oo is to have a virtual particle to make notation nicer. This system
can be encoded as a continuous time Markov process on X7 .

Recall the following facts about Markov processes on X (see [24] for more background
on Markov processes and interacting particle systems). A Markov process is defined via
a semigroup {S;}>0 with S, S, = S, 44, and Sp = Id, acting on a suitable domain of
functions f : X — R. For f: X — R in the domain of S, define E*[f(x(t))] = S f(z),
where X is the state space and E” is expectation with respect to starting state x(0) = .
The generator of a Markov process is defined as

L =lim Se—1d
t—0 t

and captures the process since

1
&Z#:ZE@W

k>0
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It follows then that %St =5 L=LS;, sofor f: X =R

d x x x
B [F(@(®)] = E°[Lf(2(6))] = LE[f (x(t))]-
The generator of ¢-TASEP acts on f: XV — R as
N
(LITASEL)(@) 2= Y (1= ™70 (F(#F) - £(2))
i=1
where 2}t = (29, 21,...,2; + 1,...,2y) represents the movement of particle i by 1 to the

right. Note that we will not worry here about specifying the domain of the ¢—TASEP
generator.

Consider the functions f1,..., fy defined by f,(Z) = ¢**. How can ¢*® change in an
instant of time?

dg® (t) = (1 — ¢*»=1 7%= 1) (g™t — ¢")dt + moise (i.e. martingale)
= (1 — ¢q)(¢g""! — ¢*")dt + noise
Now take expectations gives
d

aE[qmn(t)] = (1—¢q) <E[qxn71(t)—1] _ E[qmn(t)])

which shows that as a function of n € {1,..., N} the expectations E[g""()] solve a trian-
gular, closed system of linear ordinary differential equations.

In order to generalize this system, and then ultimately solve it, we will use a Markov
duality.

Definition 5.1. Suppose z(-),y(-) are independent Markov processes with state spaces X, Y
and generators LX | LY. Let H : X xY — R be bounded and measurable. Then we say x(-)
and y(-) are dual with respect to H if for allx € X,y € Y, LXH(x,y) = LY H(z,y).

Exercise 5.2. Show that duality implies E*[H (x(t),y)] = EY[H (x, y(t))] for allt and hence
%Ew [H(z(t),y)] = LXE*[H(x(t),y)] = LYE*[H(z,y(1))].

It turns out that ¢—TASEP enjoys a simple duality with a Markov process called the
g—Boson process [32, 12] (which is a special totally asymmetric zero range process) with
state space

VN =17 = (Yo, -, yn)|yi € Z>o}
in which there can be y; particles above site ¢ and in continuous time. According to
independent exponential clocks, one particle moves from ¢ to ¢ — 1 at rate 1 — ¢¥, nothing

enters site N and nothing exits site 0 (so the total number of particles is conserved over
time).

rate 1 — g¥(®)

rate 1 — ¢° ‘

® ® yi(t)

. . rate 1 — ¢
' &

|.01 @ 'e I.NI

T 2 - i

FIGURE 8. The ¢—Boson process.
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The generator of the ¢-Boson process acts on functions h: Y — R as

N
(quBosonh)(g) — Z(l o qyi)(h(g‘m—l) . h(g))
i=1
where 91 = (Yo,Y1,---,Yi—1 + 1,4y, — 1,...,yn) represents moving a particle from i to

1—1. Note that ¢~ TASEP gaps evolve according to the g—Boson jump rates. So, in a sense,
the duality we now present is actually a self-duality.

Theorem 5.3 ([12]). As Markov processes, q-TASEP %(t) € X" and q-Boson process
§(t) € YN are dual with respect to

N
H(#,§) = [[ o+
1=0

with the convention that H = 0 if yg > 0 and otherwise the product starts at i = 1.
Proof. For all Z, 7,

(LS TASEP Y (2, ) = S (1 = g5 Y(H(ZF, §) — H(Z, §))

i

I
.MZ

s
I
—_

N
(1 _ qxi—l_xi_l)(qyi _ 1) H q(l’j‘f‘j)yj
=0

(1—¢")(H (& §""™") - H(Z, 7))

I
WE

1
quBosonH) (f, ?j)

A~~~ =

O
We will use this theorem to solve for joint moments of ¢“r O+ a5 n varies in {1,...,N}.
In particular if we treat T as fixed then the duality implies
d N N
Rl (z;(t)+i)y; | _ 7q-BosonppZ (zi (t)+1)y;
(2) —E [qu ]—L E i]_IOq ]

where L4 Boson acts in the 4/ variables.

Proposition 5.4. Fiz ¢-TASEP intial data ¥ € XV. If h: R>o x YV — R solves
(1) For all 7€ YN and t € Rx

d
—h(t; ) = LYo h(t; §7);
59 (t:9);
(2) For all j € YN,

h(0:9) = ho(y) == H(Z,¥);
Then for all j € YN and t € Rxq, EF[H(Z(t),9)] = h(t;
Proof. By (2), Proposition 5.4(1) must hold for E*[H (#(t), )] and Proposition 5.4(2) fol-
lows by definition. Uniqueness follows because L4 B%°" preserves the number of particles
and restricts to a triangular system of coupled ODEs on each k—particle subspace. Then,

standard ODE uniqueness results [13] imply uniqueness. In other words, the system is
closed due to particle conservation of the g—Boson process. O

Since the g—Boson process acts on k—particle subspaces, it preserves the state spaces

VN ={gev":) yi=k}
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For ¢ € YkN we can associate a vector of weakly ordered particle locations in
Why={fi=(ni>...2n,>0)}

Write 7() and g(7) for this association. For example, if N = 3 and k = 4 and ¢ =
(yo = 0,y1 = 3,y2 = 0,y3 = 1) then 7 = (3,1,1,1). We will abuse notation and write
h(t, 1) := h(t,g(n)).

In order to solve the system of equations for h, its more convenient to work in these n
coordinates. Let us consider how the system looks for different k.

For k =11, 7i = (n) and the evolution equation becomes

Lh(t; 1) = (1 — q)Vh(t;7)

where (Vf)(n) = f(n—1) — f(n). This is just the generator of a single g—Boson particle
moving.
For k =2, i = (n; > n2) and we must consider two cases
o If n; > ngy, then we have for Proposition 5.4(1)

2

d
%h(t; niy,ng) = ;(1 —q)Vih(t;n1,n2).

e If n; = ny = n then

%h(t; n,n) = (1 — ¢*)Vah(t;n,n)
where we have chosen V3 in order to preserve the order of 7 so as to stay in W¥.
Unfortunately this is not constant coefficient or separable so it is not a priori clear
how to solve it. Moreover, as k grows the number of boundary cases may grow
quite rapidly like 281,

To resolve this, we use an idea of Bethe [6] from 1931. We try to rewrite in terms of
solution to k particle free evolution equation subject to k—1 two—body boundary conditions.
Usually this is not possible and one has many body boundary conditions, but if it is possible
then we say the system is coordinate Bethe ansatz solvable. Let us see this idea in motion.

For k = 2 consider u : R>¢ x Z2, — R which satisfies

2
d . R
au(t;n) = Z(l — q)Vu(t; )
i=1
as well as the zero boundary condition and initial data when restricted to n; > ns. Then,

when n; > ng this right-hand—side exactly matches that of the true evolution equation.
However, for n; = no = n the two right hand sides differ by

2
(3) > (1= a)Viultin,n) = (1 - ¢*)Vau(t; n,n).
i=1
If we could find a w such that (3) = 0 then when we restrict uw to {7 : n1 > ns}, it
will actually solve the true evolution equation: u‘ﬁewgo = h. The boundary condition is
equivalent to -
(Vi —=qV2)ulp,=n, = 0.

The only way we might hope to find such a u is to tinker with the initial data outside the
set W2,. In a sense, this is like an advanced version of the reflection principle.

For k = 3 might need more than two body boundary conditions (e.g. ny = ny = n3),
but amazingly all higher order cases follow from the two body cases. Hence we have a
coordinate Bethe ansatz solvable system. This is shown by the following result.
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Proposition 5.5. If u: R>qg X Zgo — R solves
(1) For all i € Zgo and t € R,
d k
Jult ) = ;(1 — @) Viu(t; i)
(2) For all i € Zgo such that n; = nijyq for some i € {1,...,k—1} and all t € R>g
(Vi = qVigpr)u(t; i) = 0;

(3) For all ii € WE, u(0; ) = ho(7);
Then for all it € W, h(t;7) = u(t; 7).

Exercise 5.6. Prove the proposition. Hint: if ny = --+ = n. > nqy1 then use the boundary
condition to replace Y ;_1(1—q)V; by (1—¢°)V., and use this to rewrite the free evolution
equation into LI B (when written in terms of the 7 variables.

It is possible to solve this for general h, cf. [10]. We will focus only on the par-
ticular case ho(7) = Hle 1,,50. This initial data corresponds (via Proposition 5.4)
with studying step initial data ¢—~TASEP where z;(0) = —i for ¢ = 1,...,N. Then
H(Z,§(7)) = Hle ¢"i W+ = 1 as long as all n; > 0. Thus, taking ho(7) = Hle 1,50

and solving the system in Proposition 5.5 we find that for 77 € Wgo,

k
[Ta™ (t”"i] = u(t; 7).

1=1

Estep

The idea for solving this (in fact for general initial data) also traces back to Bethe [6]. First,
solve the one particle free evolution equation (fundamental solution). Then, use linearity
to take superpositions of fundamental solutions in order to try to satisfy boundary and
initial conditions. It is not a priori obvious that this will work ... but it does.

6. SOLVING THE BETHE ANSATZ AND REPLICA METHOD LIMIT

The goal of the first part of this section is to explicitly solve the true evolution equation
with initial data ho(77) = Hle 1,,~0- This will yield a formula for EStP [Hle g®riO+na],
We will utilize Proposition 5.5 which reduces this to solving the free evolution equation
subject to two—body boundary conditions. Let us start with the case k = 1 (for which
there are no boundary conditions). For z € C\{1} define
ela—1)tz
(1—2)"

It is immediate to check that Proposition 5.5(1) is satisfied:

uy(t;n) ==

%uz(t; n) = (1 —q)Vu,(t;n).

Since k = 1, Proposition 5.5(2) is not present so it remains to check 3). Note that linear
combinations of u,(t;n) over z’s still solve Proposition 5.5(1). Consider then

utin) = o fuatin)
where the contour contains 1 but not 0. When ¢t = 0 and n > 1 expand contours to
infinity. We have at least z~2 decay at infinity hence no residue (recall from [2]) at infinity.
However, we crossed a first order pole at z = 0 which gives u(0,n) = 1. When n < 0,
there is, on the other hand, no pole at at z = 1, hence the integral is necessarily zero. This
shows Proposition 5.5(3).
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Hence we have proved that

—1 [ el gy
step [ ,zn(t)+n] _ I————
E [q ] ultin) = 27ri jé (1—2)" 2~

We will now propose, and confirm, the general k version of this result.
Theorem 6.1. Proposition 5.5 with hy(i) = Hle 1,50 is solved by

D o L gF(k=1)/2 ih—2p das
u(t; i) = —F—7—— 2m H 71_[“2; () Z.j
j

—qz
\<A<p<k “A T 9%B

with contours such that the z5 contour contains {qzp}p>A and 1 but not 0.

A

\/

FI1GURE 9. Nested contours for Theorem 6.1.

Corollary 6.2. For all i € W’;O

b k(k=1)/2 _ k (a=Dtzj .
Tn; (B)+ni | .7 ( ZA — 2B e 7 dzj
I« ] u(t; M) = 2m 7{ j(’{ II 11 A= =

—qz
i=1 1<A<B<k A —d Bj:l

Estep

Since ¢ € (0,1) and z,(t) +n > 0, the observable ¢*»()+" ¢ (0,1]. Hence, knowledge of
the joint moments of {qx"(t)" tnequ,...,ny for fixed t completely characterizes their distribu-
tion, and hence also the distribution of {x,()},cq1,.. ny! Later, we will see how to extract
some useful distributional formulas from these moments.

Exercise 6.3. Prove Theorem 6.1. Parts (1) and (8) clearly generalize the k = 1 case.
For (2) study the effect of applying V; — qVi+1 to integrand, and show integral of result is
0.

In the remaining part of this section I will study how ¢—-TASEP and its duality and
moment formulas behave as ¢ 1. Doing so, we will encounter a semi—discrete stochastic
heat equation or equivalently the O’Connell-Yor semi—discrete directed polymer model. In
our next section we will return to ¢g—TASEP and study some distributional properties.

From duality we know that the ¢-TASEP dynamics satisfy (for some Martingale M, (t))

dg™ Ot = (1 VgD dt + g" O M, (¢)

zn(0)+n =

q n>1 (for step initial data).

This suggests that as ¢ /1 the (properly scaled) observable ¢+ might converge to
the semi—discrete SHE.



EXACT SOLVABILITY OF SOME SPDES 21

Definition 6.4. A function z : R>g X Z>¢o — R>( solves the semi-discrete SHE with initial
data 20 - ZZO — RZO ’if.‘

dz(t;n) = Vz(r;n)dr + z(1;n)d By, (1)
z(0;n) = zp(n).
Theorem 6.5 ([7]). For q—TASEP with step initial data, set

q=-ce" ¢, t=c¢“T, z,(t) =€ 21— (n—1)e tloge ! — e L F.(1;n)

and call ze(T;n) = €372+ F.(m;n). Then as a space time process z(;n) converges weakly
to z(T;n) with zo(n) = 1,—1 nitial data.

Heuristic proof sketch. The initial data is clear since z.(0;n) = € 1e — 1,_1.
As for the dynamics, observe that for dr small,

dF.(rin) ~ Fulrin) - Fo(r — drsn)
=elr— E(Xn(€_27') — X (€727 — € 2%dr))
Under scaling, the g—TASEP jump rates are given by

1 — g1 O=en(0=1 _ | _ Felrin=1)=Felrin) 4 (2,
So in time €~2dr, by convergence of Poisson point process to Brownian motion
e(Xn(e_27') — Xp(e7 %1 — 6_2d7')) ~ ¢ tdr — T D=Fmmgr (B, (1) — By(r — dr)).
Thus we see that (using little oh notation)

dF.(m;n) ~ eFerm=D=Fmn) dr L dB, (1) + o(1)

Exponentiating and applying I[t6’s lemma gives
: 1 : . .
deZ<(mm) = <§eF€(T’") + eFE(T’"_1)> dr + 7" dB, (1) + o(1)

or going to z,
dze(T;n) = Vze(m;n)dr + z(T;n)dB, (1) 4+ o(1)
and as € \, 0 we recover the semi-discrete SHE. O

€

Theorem 6.5 implies that for ¢ = e,

-2 ~1 1 —
qmn(e T)ee TN 16 37/2 Z(T;’I’L).

Though not shown in the proof, it is quite reasonable to imagine (and perhaps prove,
without too much additional work) moments converge as well. We will check this (some-
what indirectly) in two steps. First, we will take limits of our known ¢—TASEP moments.
Second, we will compute directly the semi-discrete SHE moments. Consider

k
(4) [Estep [H qxn(e2r)eelreni—le—37/2]
i=1

B (—1)kghlk=1)/2 7{ ]é H 24— 23 ﬁ o(a—1)e 2z +e 1r—3r/2 e ldz;
(27Tl)k (6_1(1 — Zj))nj de ’

ZA — Qg2
\<A<p<k “A T 1%B ;5
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with ¢ = e~¢. Change variables z = ¢~“%, then as ¢ \, 0

ZA — ZB ZA — ZB
— = b
ZA —(qZB Za— 2z — 1

(q— Ve %z +etr — 3% —71(% - 1)

and hence
k .
. 1 ZA — ZB e7(zi—1)
N0 (2mi) l<A<Beck AT 9B S 7

with the z4 contour containing {z5 + 1} 5~ 4 and 0.

A
\J

FIGURE 10. Nested contours for semi-discrete SHE moment formulas.

We will now check that

lim (4) = & | [ (rim)

This is done though a limit version of the duality for g“TASEP. This now goes by the name
of the polymer replica method. For this we should recall the Feymann—Kac representation,

as briefly do now.
Consider a homogeneous Markov process generator L and deterministic potential v. We

will provide a path integral or directed polymer interpretation for the solution to
d
Ez(t,a:) = (Lz)(t,x) + v(t,x)2(t, x)
2(0,2) = zo(x)

Let ¢(-) be the Markov process with generator L run backwards in time from ¢ to 0 and
let £ be the associated expectation operator. For example, for L = V, trajectories of ¢

look like in Figure 11.
Let p(t,z) = &Y [130(0):0] be the heat kernel for L.
For v = 0, by superposition / linearity of expectation we have

2(t,2) = 7 [20(2(0))] -

When v is turned on, Duhamel’s principle allows us to write

z(t,z) z/Rp(t’x—y)zo(y)du(y)Jr/o dS/Rdu(y)p(t—s7y—w)2(s7y)v(s7y)
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0 t

FIGURE 11. A possible trajectory in the Feynman-Kac representation.

where p is measure on the state space (e.g. Lebesgue or counting measure). This iden-
tity can be applied repeatedly to yield an infinite series (which is convergent under mild
hypothesis) and which can be identified with

c(tor) = £ [a(o0) - exp { [ ottt}

which is called the Feynmann—Kac representation.
Exercise 6.6. Prove the Feynmann—Kac representation using chaos series in v.

When V is random (Gaussian) care is needed, as we must deal with stochastic integrals.
This leads to something called the Wick or Girsanov correction. For z(7;n) with v(7;n) =
dB,(7) and L = V this yields

which is called the O’Connell Yor polymer partition function. The study of general directed
polymer models is quite interesting but will be too far off-topic.

py) " B ‘ n

\/‘\,\/\/

o)

\V‘\/ anl

(49

<0

0 t
F1GURE 12. The O’Connell Yor polymer partition function.

Define z(7;7) = E [Hle z(7; nz)} then applying the Feynmann-Kac representation to
each z(t;n;) with ¢;(-) and &; associated to z;, we find

k

ITei™ [t - e [ as,0 - %}“ .

i=1

zZ(r;n) =E
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knl‘

By interchanging the E and & . 5;;’"1“ we get

H(riit) = EP™ - P [Hzocpz

b ds
exp {/0 ;dB%(S)(S) - 7}” .

Using E[eFX] = ¢¥°7°/2 for X ~ N(0,02) we find:
Exercise 6.7.
ds
exp / Z By, (s)(s) = 5 (| =exp (9)=p;(5) 05
0 1<z<]<k

or in other words, the exponential of the pair local overlap time.

Thus

A
/‘\

Hzo (pi(0)) exp / Z 1o (9)=p;(s) d

1<i<j<k

Exercise 6.8. Applying Feynmann-Kac again shows that z(7;1) with T € R>o, 7 € Z’;O 18
the unique solution to the semi—discrete delta Bose gas

ZV+ D Lue, | 2mi),

1<i<j<k
k
n) = H 20(ny;).
i=1
Notice that the above system involves functions symmetric in nq,...,n; whereas our
integral formula is only valid on ny > ng > ... > ng, and clearly not symmetric. It is

possible to check that extending the integral formula symmetrically we get a solution to
the above system. Alternatively we can show how the above delta Bose gas can be rewritten
in terms of a free evolution equation with boundary conditions.

Proposition 6.9 ([12]). If u: R>g x (Z>0)* — R>q solves
(1) For all i € (Z>0)* and T € R

(2) For all ii € (Z>0)* such that for some i € {1,....k—1},n; = njs1,

(8) For all i € Wi_fo, u(0; ) = Zo(7).
Then for all 11 € W§07 u(ry i) = zZ2(1; 7).

Exercise 6.10. Prove this proposition.

Exercise 6.11. Check our limiting integral formulas satisfy proposition, hence proving that
their restriction to 1 € W§0 gives Z(T; ).

Exercise 6.12. Reverse engineer the proof of the proposition in order to produce a delta
Bose gas at the q—Boson level.
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7. UNNESTING THE CONTOURS AND MOMENT ASYMPTOTICS

In the last two sections we proved moment formulas for step initial data ¢~ TASEP and
1,,—1 initial data semi-discrete SHE: For n; > ... >n; >0

k 1k k(k—1)/2 _ ko ola=Dtz g

2o, (+ny | _ (1) }[?{ 24— 2B e i dz;

5| [ e 11 I
J=1

] 1<A<B<k “A T 9*B
k i k .
1 ZA — ZB eT(zi—1)
E Hz(t;nj) :—k%}{ H H —dzj
j=1 | (2mi) 1cacper FAT B L 3

with nested contours.

Today we will look to study the growth, for instance, of E[Z(T, n)k] as 7 and n go to
infinity. This, it turns out, will require us to figure out how to unnest the contours so as
to perform asymptotic analysis. But first, let us motivate this investigation with a story
and a new concept — intermittency.

Parabolic Anderson Models are a class of models for mass transport or population dy-
namics in a disordered environment. We will be focusing on one spatial dimension, but
as motivation consider algae in the sea. Algae can grow (or duplicate), die or move. The
growth / death is very much a function of the local conditions (heat, sun light, nutrients,
etc.) while the movement can be thought as due to steady currents.

We would like to understand certain intermittent behaviors, like the occurrence of large
spikes in population for a little while in certain isolated areas.

Let us model the ocean as Z and think of algae as unit mass particles at the sites of Z.
There are no restrictions on particles per site, and in fact each particle evolves independent
of others, only coupled through interaction with a common environment. In particular in
continuous time, particles do three things independently:

e split into two unit mass particles at exponential rate r (7, n);
e die at exponential rate r_(7,n);
e jump to the right by 1 at rate 1.

The functions r4 and r_ represent an environment.

°
— _ — e

1 1

FIGURE 13. Particles choose amongst: (Left) duplication; (center) death;
(right) jump right.

Call m(7,n) the expected total mass (expectation over the random evolution). Then
one sees that

Em(ﬂ n) = Vm(r,n)+ (7‘+(7', n) —r_(r, n))m(T, n).

If the individual masses are very small, yet very many then this actually describes the mass
density evolution.

If the environment r,,r_ is quickly and randomly evolving, then it may be appropriate
to model r4(7,n) — r_(7,n) by white noise in which case

%mw, n) = Vm(r,n) + dBp(7)m(r, n)

and we recover the semi—discrete SHE.
Initial data m(0,n) = 1,-; corresponds with starting a single cluster of particles at
n = 1 and letting them evolve.
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It makes sense when studying this in large time, to scale 7 and n proportionally like
n = v7 (v = 1 making the most sense). We expect to see the overall population die out
(though never reach 0) at a certain exponential rate. However, we would like to understand
how often or likely it is to see spikes above this background level. One measure of this is
through Lyapunov exponents.

Definition 7.1. Assuming they exist, the almost sure Lyapunov exponent is
- .1
N (v) = Tll)nolo - log z(1,vT)
and for k > 1, the k-th moment Lyapunov exponent is
.1 k
(V) = lenolo;logE[z(T, vr)*].

If these exponents are strictly ordered like

) <mv) < # <...< 7%(v)

then the system is called intermittent.

Intermittency implies that moments are only determined by tail behavior, and higher
moments probe higher into the tails.

Exercise 7.2. Use Jensen’s inequality to prove that there is always weak inequality among
the Lyapunov exponents.

Exercise 7.3. Prove that if z is intermittent then for any o such that & (V) <a< V“Tl(y),

P(z(r,v7) > €°7) < e(a= )

Unfortunately, intermittency of z will preclude deducing the distribution of z from its
moments. We will return later to a way around this.

We will explicitly compute all of these exponents, starting with the ~4’s. For 4, this
will come later in a slightly different way.

In order to perform asymptotics of E[Z(T, I/T)k], we should deform all contours to ones
on which we can use steepest descent analysis. Such deformations may cross poles and
hence pick up residues. We will see how this works.

Consider the case k = 1:

1 7(2—1) 1
E[Z(T, I/T)] S f\ € dy — — ET(Z_l_Vlng)dZ.
2m ‘Z—l 1 v 211 IZI:l

Call f(z) = (2 — 1) — vlog z and observe that f'(2) =1 —v/z and f”(z) = v/22. So f has
a critical point at z. = v and f”(z.) = 1/v. To study the growth of the integral we should
look at Ref(z) and deform contours to go through the critical point.

Exercise 7.4. Show that Ref(ve') is strictly decreasing on 6 € [0, ).

This implies that as 7 — oo, the integral localizes to its value at the critical point. Since
f(v) =v —1—vrlogv this means

M) =v—-1—-vlogw.
Consider the & = 2 case:

Z1 — %2
E el (2)+f(22) 4, d
[2(7', vr)? 2772 jé?é o— G 21d2s,

with nested contours for z; and z. In order to deform both contours to the steepest descent
curve we must deform z; to zo. Doing this we encounter a pole at z; = 25 + 1. The residue
theorem implies

E[z(r,v7)?] =

LA )R gy 7{ of ot +2) g
z1|=|22|= 121—2’2—1 27
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FIGURE 14. Contour plot of Ref(z) — f(z.) so dotted line has maximum
at v and is monotonically decreasing away.

We must study growth of each term. The first term behaves like ¢2/(")™ while the second
term requires closer consideration.

Set f(z) = f(2)+ f(z+1), then f'(2) =2—v/z—v/(241) and so f has a critical point
at 2. = $(v— 1+ V12 +1). The plot of Ref(z) — f(z.) looks quite similar to those for f,
and hence the steepest descent proceeds similarly.

So the second term is like e/(*<)7. Comparing 2f(v) to f(%(l/ — 14+ Vr2+1)) we find
the second is larger, hence determines the growth of E[Z(T, 1/7')2].

Theorem 7.5 ([8]). The k-th Lyapunov exponent for the semi-discrete SHE are given by
(V) = Hi(2ek)
where
Hi(z) = kk = 3) +kz —vlog <kl:[1(z + 1))
2 i=0
and z., is the unique solution to H;(z) =0,z € (0, 00).

Proof sketch. For general k case there are many terms to consider in deforming contours.
However, there is an argument (which I won’t make here) that shows its the term coming
from taking the residue at

=z +k—1 z2=z+k—-2,...,2b_1=2+1

which matters. In terms of exponential terms this yields e™ (%) and steepest descent

analysis gives the result. U
Let us record 4y, to be proved later.

Theorem 7.6 ([29]). The almost sure Lyapunov exponent is given by
- 3 .
) =—5 + inf (s —vib(s))

where ¥ (s) = (logT')'(s) is the digamma function.
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By comparing these exponents we see (in very high resolution) the intermittency behavior
of this model. We also see that the k—moments grow like e 50 they do not determine
the distribution of z.

We finish this section by showing how nested contour integrals (at the g-level) expand
into residual subspaces as all contours are deformed to that of z;. This will also be impor-
tant in studying the g-moment generating function in the next section.

Theorem 7.7. Given nested contours vi,...,7vk and a function F(zi,...,z;) which is
analysis between the nested contours i, ...,V we have
dz dz ZA—Z
(5) 2—1 2—’“ [T =—ZFC.....2) 7{ %dm VE9( o \)
n ST AT calp<y PA T 97B ek LT,
l()\

where A =k means \ partitions k, a partition A = (A1 = A2 > ... = Ny > 0) with
Ai € Z>0, ) y,—p» and mi = [{j : Aj = i}|, the (complex valued) measure
(1 — q)F(—1)kqH=D)/2 10\

m1!m2! s

w),\j q)‘j ()‘)j_l)/2 di]:’

L 1
(6)  dux(w) = det [wiin _ ijj:l J Imi

and the function
Fa(A) ~ 9%0(B)
Eq(zly---azk): Z H %F(za(l),...,za(m)
0€Sy, 1<B<A<k ~0(A) T “o(B)
with
Wo A\ = (wl, qui, . .. 7(])\1_1101,102, qua, . .. ,(]AQ_IZUQ, W, QU - - ,q)‘l_l

where [ = 1(X).

wy)

Proof. Let us consider an example, k = 3, to get an idea of residue expansion structure.
The cross term (which gives poles) is

Rl T R2 k1 — 23 22— %3
21 —Qz2 21 —qz3 22 —qz3

As 9 deforms to 3 we cross poles at zo = ¢z3. We can either take the residue or the

integral.

21—23

21—qz3
As 71 deforms to 3 it crosses a pole at z; = ¢%z3. Again we can either pick the
residue or integral.

e Integral: Cross term remains the same. Now shrink v to vo. It crosses poles at

z1 = qz9 and z; = gz3. We can pick either of these residues or the integral.

e Residue: Cross term becomes 23(q — 1) and only the z1, 29 integrals survive.

In total, get five terms for various residual subspaces: z; = qzo and z3 = qz3; 21, 22 = qz3;
21 = Q22,235 21 = (23, 22; 21, 22, 23.
In general we index our residue expansion via partitions A - & and strings

i1<i2<...<i)\1,

I = j1<j2<...<j)\2,
where these indices are disjoint and union to {1,...,k}. Each row corresponds with taking
residues at z;, = 2y, Ziy = QZig, -5 25, = QZjoy Zjy = (Zjgs - - - $Zjago1 = AZjpy - This is
written as Res‘}f(zl, ..., 2k) and the output is a function of Ziny > Zingr e

1<2 1<3 2<3

For example, for k =3 and A = (2,1) we can have I € {37, "5, 7]
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Calling S()) the set of all I’s corresponding to A, we thus see that

B dw1 dw; ZA — ZB
LHS(5) = Z ml'mg }{ 9 j{ 5 —Res H ——F(z1,...,2)

zZA —(qz
Ak Trespye T T 1<A<p<k AT 978
%

where the m;!’s come from symmetries of A and multi—counting of residue subspaces arising
from that. For each I we can relabel the z variables as

(Zilv"'vzi,\l) = (yMw--ayl)
(Zj17' N 7yjA2) = (y)\1+>\27' .- 7y)\1+1)

and call o € Sy the permutation taking z; — y,(;) and call the last y’s wj = yx, . 42,1 +1-
This change of variables puts all residual spaces with given A into the form

Yy = qYxi—1,---,Y2 = qy1
Yxi1+xa = QYN i4+Xo—15 - - - s YN +2 = Yx 41

We denote the residue on this subspace Resg\. Thus

dw1 dw Yo(A) — Yo(B)
LHS(5): % % Res —F(yol 7"'7y0'k)
AZ: ml'mg omi A 1<A1:J]:3<k Yo(A) — 4Yo(B) o *)

Notice: not all o € S} arise from I S, but it is easy to see that those which do not have
residue 0. Finally, rewrite

H Yo(A) — Yo(B) _ H YA —YB H Yo(A) — QYo (B) '

1<A<B<k Yo(A) — Y5 (B) ALB YA —qYB 1<B<A<k Yo(A) — Yo(B)

The Sip—symmetric part has no poles in the residue subspaces and can be factored, leaving

1 dw, dwy YA —YB .
LHS(5) = coo ¢ T Res! E%(i o \).
S) =2 sl fik 27i ﬁk oo | 11 B o)

Ak Azp YA~ 1YB

Regarding Resi as a function of w’s one easily checks to that this yields dpu (). O

8. FROM MOMENTS TO THE ¢—LAPLACE TRANSFORM FREDHOLM DETERMINANT

We will start by applying the residue expansion theorem to our nested contour integral
formula for EP[¢F@n()+m)] j e taking all n; = n.
Corollary 8.1. For step initial data q—TASEP, k> 1 and n > 1,

(N et(qkjfl)wj

(N
e fghenen) = 30 (ot fod S0 [ L] T
v m1'm2 2mi 2mi wight —wj |y 5 (wj;q))\j

where the integral occurs over vy, a small contour containing 1. Here, (a;q); = (1 —a)(1 —
qa)--- (1 — q'a) is called the q—Pochhammer symbol, k! = (¢;q)x/(1 — q)*.

Proof. Apply the residue expansion theorem with

F(z1,...,2) = (—1)gFk—D/2
(zlv y % ) H 1 — Z] Zj
Observe that due to the symmetry of F' in the z’s
2o —qzs
Ezy, ..., 2k) = F(z1, .. Z H M:F(zl,...,zk)-kq!

0€8, 1<B<A<k “0(A) T Zo(B)
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and the rest comes from simplifications and telescoping in the geometric substitutions. [

Exercise 8.2. Prove that
> I T
—z
0€S, B<A Zo(A) a(B)
The formula for E [qk(w”(t)*'”)] can be written as

d d

1= 1 ! AL, A= 1
A+ =

l

7j 1

where R
(ML= ) =D (w; ¢) "
w q)\ — '

K\ w N, w') =

Notice how the symmetry factor was replaced by ll, due to the unordering of the
Alyeees Ak

In principle, since the moments of ¢ determine its distribution, so too will any
moment generating function. We will consider one well suited to the formulas. For ¢ € C

define (this is only consistent for small |C])

ZE k(ﬂcn +n]]§':1+zllz Z%;l':; %@det[ (wia/\ﬁwjv/\j)]
A=

E>0 =1 =l
=: det(1 + K)L2(Zzoxw)

1
milms!...

T (t)+n

Notice that the kernel does not depend on X, so the summations can be brought inside

yielding
dw1 dwl 1
3D Y e f e )]
=1 AM=1  N=1
with kernel

E:g )((1—g)¢)*

(@ —1)tw ( (P wig)oo >n

W;q) oo

and

A
9(q") = P

The reason for rewriting in terms of ¢ is that it is now seen to be an analytic function in
A (previously just in Z>() away from its poles. We could stop here, but we will do one
more manipulation to K and replace the summation by an integral using a Mellin—Barnes
representation. This is done with an eyes towards ¢ ,* 1 asymptotics for which the sum
of termwise limits in the sum defining K fails to be convergent, while the entire sum does
have a nice limit. Going to contours away from Zx>q allows us to show this and study the
limit.

Lemma 8.3. For g satisfying the below conditions and ¢ such that || < 1,{ € Ry,

- n n o __ m S s ﬁ
Do a6 = [ i e

The function g and contour Cs must satisfy: The left-hand—side is convergent and the
right—hand—side must be able to be approximated by integrals over C), contours which enclose
{1,...,k} and no other singularities of the right-hand-side integrand and whose symmetric
difference from Cy has integral going to zero as k goes to infinity.

Exercise 8.4. Prove this using residue calculus.
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Applying the lemma brings us to:
Theorem 8.5. For || small enough

> . e CF =1 [ dw dw;
G(() =) _E[g"=OF )]k—q, =1+ il j{ 2—7”1 . ]égdet K (wi, w))]}
k=0 ’ =0 "7

with

s Sy n
/ ico+1/2 . ela® —1)tw (7(‘%1;;;12000) ds
K(w,w') = - (—(1—(1)0 5 7 9
—ico+1/2 Sin(Ts) wqgs — w 27
The important fact is that ¢,n,( come into this in a very simple way! So, G(¢) should
contain the distribution of x,(¢) + n, but how to get it out? We need an inverse transform

of sorts. For this we will go a little deeper into the theory of g—series.
In 1949 Hahn [18] introduced two g—deformed exponential function:

1
(1= q)a;q)s0
where recall that (a;¢)eo = (1 —a)(1 —qa)---

eq(@) = Ey(x) = (=(1 = )2 @)oo,

Exercise 8.6. Show pointwise convergence of eq(x), Eq(x) to e* as q /1.
We will focus on e, (z). this has a Taylor series expansion for |z| small

T
eq(x) = Pl
k=0 T

which is a special case of the ¢-Binomial theorem [4].

Exercise 8.7. For |z| <1, |¢| <1 prove the identity

— (a; Ok k _ (0739)o
kzzo(q;q)k  (@0)x

This, along with the fact that ¢*»()*" < 1 implies that for |¢| small enough

E [eq(ngn(t } ZE [ (@n(t)+n } ng' =G(C¢) =det(I + K).

The interchange of expectation and summation is completely justified for small |¢| and
then the left-hand-side and right-hand-side are seen to be analytic in ( € C\{R} thus
allowing extension of the equality.

The left-hand-side is called the e,~Laplace transform of ¢*»M*" and the fact that it
is given by a Fredholm determinant [22] is quite miraculous and as of yet, not so well
understood.

Theorem 8.8. For ( € C\{R;},q < 1,t>0,n>1,

[ee]
1 !
B [ea(am O] =14 30 g f o f et (K]
- v
We close this section by demonstrating how to invert the e,~Laplace transform.

Definition 8.9. For a function f € (*(Z>o) define for ¢ € C\{g™" }m>0

#0) = i:jo T <= £’ [ (ﬁqﬂ)

with n distributed according to the measure f.
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Proposition 8.10. The e,-Laplace transform is inverted by

~ dC

— n+1 -, ()

f) = " [ (@G ) f O

with the ¢ contour containing only ¢ = q~",0 < m < n poles.
Exercise 8.11. Prove this via residues.

So we have found a rather concise (and analyzable) formula for the probability distri-
bution of x,(t) + n, from which we can perform asymptotics. In fact, for our applications
we can work with the e,~Laplace transform instead of its inversion.

For instance, applying our knowledge from Theorem 6.5 of how ¢—TASEP goes to the
semi—discrete SHE and performing some asymptotic analysis we prove:

Theorem 8.12 ([7, 9]). For semi—discrete SHE with zo(n) = 1,=1 and for Re(u) > 0,

infty

3T
—ueTZ(T’n) B 1 d’U1 dUl ‘ \l
E[e }—1—1—2ﬁf{%...f{%det[K(vl,vﬂ)]i’j:l

=1
with contour v a small circle around 0 and

K(v,v') = / e g(v) ds
T —ico+1/2 sin(—7s) g(v+s)v+s—1

g(z) = (F(z))nu_ze_mz/2.

Note that had we tried to prove this theorem directly from our moment formulas we
would have failed. The moment generating function is a divergent series. It is only be
work at the g—level and explicitly summing the series that we could then take ¢ 1 and
prove this.

Here is one application:

Theorem 8.13 ([7, 9]). For allv >0

. log z(T,vT) — 91 (V) B
lim P ( )7 <s| = Fque(s)

where d(v) = ( — mb”(s(u))/Q)l/3 with s(v) = arginfsso (s — vi(s)). Here, i(s) =
(log ') (s) is the digamma function and, as before,

B1(0) = —2 + inf(s — v (s)
1s the almost sure Lyapunov exponential.

This describes (in parabolic Anderson model) the typical mass density fluctuations or
the particle location for a continuous space limit of (—TASEP and is consistent with the
KPZ universality class belief.

Finally, utilizing Theorem 4.1 we one can prove

Theorem 8.14 ([3, 9]). Consider z, the solution to the SHE with zo(z) = dz—¢. For all S
with Re(S) >0,

E[e_sa/%lz(tm] =det(1 — K)p2(m,)
with kernel

S
no_ . . /
Kn) = [ dre—m Ailr + m)AiGr + ).

Additionally,

. log 2(t,0) +t/24 B
A F ( i =) = Fevel)

where Fgug is the GUE Tracy- Widom distribution (see Section 12).
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9. ¢—BOSON SPECTRAL THEORY

Recall that ¢—Boson particle system in 77 = (ny > ... > ny) coordinates has backwards
generator

(LIBen )iy = Y (1= g (f iz ge,) — F (D))
cluster ¢

Also recall the generator of k free (distant) particles is

k

(Lu)(i) = 3 (Vi) (),

i=1
where V, f(7) = f(n — 1) — f(n) in n; variable.
We say that u satisfies the boundary conditions if
(vl - qvi-i-l)u‘ni:nprl = 07

for1<i<k-—1.
The question we now confront is how to find the left and right eigenfunctions of L4 Boson,
We have already seen the below essentially contained in the proof of Proposition 5.5.

Proposition 9.1. If u : Z¥ — C is an eigenfunction for L with eigenvalue X\, and u
satisfies the boundary conditions, then u is an eigenfunction of L9785 with eigenvalue \.

In order to find such eigenfunctions we will use another idea going back to Bethe [6] in
1931 (see also [23]). This idea goes under the name of coordinate Bethe ansatz and takes
the following general form.

Proposition 9.2. Consider a space X. FEigenfunctions for a sum of 1d operators acting
on {functions on X}

k

(LY)(@) = Y (Li)(@), &= (w1,...,25) € X"

1=1

(with L; acting in the i—th coordinate) that satisfy boundary conditions depending on B
acting on {functions on X2}

Bi,i-i—lw(f)‘xi:xprl = O, fOT’ 1 < i, < k—1

(with B; ;41 acting on the i,i+ 1 coordinate) can be found via:

(1) Diagonalizaing the 1d operators Lip, = X\, where ¢, : X — C and z is a param-
eter (e.g. complex number)
(2) Taking linear combinations

k
1,[)5(3_3‘)) = Z AU(Z) H ¢Zg(j) (33‘])
) e

oeS(k
(3) Ewaluating A, (Z) as

S Zo(a)s Ro
A,(2) = sgn(@) [ H

a>b

where

Bz ® 1z, (7, 2) '

S(z21,22) = Vo (2, ()

Then (Lv2)@) = (5, As)v(@).
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Proof. By Liebniz rule, it is clear that ¢z(Z) are eigenfunctions for the free generator. It
remains to check that the choice of A, implies that the boundary conditions are satisfied.
Let 7; = (i,i + 1) act on permutations by permuting 7 and ¢ + 1. It suffices to find A, (or
show that our specific choice of A,) that satisfy that for all o € S(k), and all 1 <i < k-1,
when B; ;1 is applied to

k
T, + 140, where T, = A,(2) H Vo) (xj),
j=1

the result is zero whenever x; = x;+1. Indeed, if one sums the above left-hand side over
all o € S(k), the result is 2(B;11%z)(Z) and if each summand can be made to equal zero
(when x; = x;41), so too with the entire sum by zero.

From definitions, one sees that

BT, = S(20(i)> Zo(i+1)) To-

=T
So
Biis1 (T + Tro )| = S(2o(i)s Zo(i+1)) Lo + S(2a(i11)s 20(i)) Trio-

Unwinding this, we find that in order for this sum to be zero, we must have

Ti=Ti+1

A, (3) = _S(Za(i)7za(i+1))AU(Z_,).
S(Zo(i)7 Zo(i—l—l))

The transpositions 7; as 1 < i < k — 1 varies generates S(k) and hence fixing A;(2) = 1,
the formula uniquely characterizes the A,(Z). This expression matches that claimed by
the proposition. O

Let us apply this method when L = V and (Bg)(z,y) = (V1 — ¢V2)g(z,y). We can
write 1d eigenfunctions of L as 1,(n) = (1 — z)™" (here n replaces = from the proposition).
This choice of 1, has eigenvalue (1 —¢)z and leads to S(z1,22) = —(21 — gz2). Thus, Bethe
ansatz produces left eigenfunctions for all z1,..., 2, € C\ {1}

D L) (R

z
seS(k) 1<B<A<k oA~ j=1

such that when restricted to 7 = (n; > ng > -+ > ng),

k
(Lq Bosonwé 7_7: Z 1 - q zj ¢Z )

Jj=1

As a brief remark, notice that these are eigenfunctions for any choices of z; € C\ {1}.
If instead of working with the g-Boson process on Z we considered a periodic (or other
boundary condition) portion of Z, then in order to respect the boundary conditions of the
finite lattice we would need to impose additional conditions on the Z. These restrictions
are known as the Bethe ansatz equations and make things much more involved. It is only
for solutions ' of these algebraic equations that 1%(i) are eigenfunctions (on the finite
lattice).

Having identified left eigenfunctions, we come now to the question of right eigenfunc-
tions. Had our operator L4 B°" heen self-adjoint, the left and right eigenfunctions would
coincide and we could decompose and recompose functions with respect to this single set of
functions. It is clear that L9 Bo%" is not self-adjoint, however it is not too far off, as it enjoys
the property of being PT-invariant (in fact, this property is shared by all totally asym-
metric zero range processes, provided their jump rate g(k) is reasonable). PT-invariance
means that the process generated by LB ig invariant under joint space reflection and
time inversion.
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The product invariant measure p for the ¢g-Boson process in the ¢ variables have one

point marginal
Yo

- 9(y0)
where o > 0 controls the overall density of the invariant measure, and g(k) = 1 —q" is
the ¢-Boson jump rate. Time reversal corresponds with taking the adjoint of in
L?(¥, o) (the choice of o does not, in fact, matter here). Then PT-invariance amounts to
the fact that one readily shows [10] that

quBoson —p (quBoson) *P—l

where (Pf) (%) = f({y—i}icz) is the space reflection operator (clearly P = P~1).
PT-invariance can be written in terms of the 7 variables and using matrix notation as

quBoson _ (PCq) (quBoson) transpose (PCq) -

pa(yo) = 1yozog(1)g(2) :

where now (Pf) (n1,...,nk) = f(=ng,...,—n1) and Cy is the multiplication operator with
. k=) 4 Q)e;
Oyl = (-1)fg i [ ALDe
cluster ¢ (1 N (]) '

Note that we could have defined Cy(7) as any function depending only on k, times the
product over clusters of the (¢;q)., terms. The choice above will be well suited to avoid
messy constants in what follows.

Returning to the matter of right eigenfunctions, it is clear from PT-invariance that
applying (PC'q)_1 to left eigenfunction, produces right eigenfunctions. Thus, we define
right eigenfunctions

(i) Zg(A) — q_lza(B) i "
EOESDE | _Hl(l = Zo())"™
]:

0€S(k) 1<BeA<k “o(A) T Zo(B)

which satisfy
k
((Lq Boson)transposowr> Z 1 —q 2]1/1 )

J=1

Note that ¢(71) = g~ (PCy) " w(7).

Having defined left and right eigenfunctions, it remains to demonstrate how to di-
agonalize LA BoS" with respect to them, with the ultimate goal of solving %h(t; n) =
LA Bosonp (-7 for arbitrary initial data. We proceed now by defining a direct and inverse
Fourier type transform.

Definition 9.3. Fix the following spaces of functions:
Wk = {f : {ﬁ =(ny >ng >+ >ng)} = Cof compact support},

Sym
Ch = (a1 = F,. . (5 = )F] "

In words, W* are all functions of @i to C of compact support in @i and C* are all symmetric
Laurant polynomials in the variables (zy — 1) through (zr, — 1). We may define bilinear
pairings on these spaces so that for f,g € W* and F,G € C¥,

(Fra)y =Y [fldg(@)

ny>->ng

<F,G>C:j{ jq{du (@) [[ —— F@)G(@),

where the integrals are over circles centered at the origin or radius exceeding one, and the
notation duy (@) (here (1)F is the partition with k ones) is recalled from (6).
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Define the direct transform F : W¥ — C* and (candidate) inverse transform J : C*F —
Wk as

(FH@) = {f85)y
(7G)() = (¢ (7). G),,
In the second line we have used V' (f) to represent the function which maps Z to Q,Z)g.(ﬁ).
The operator J can be written in two alternative ways. The first is given by

k
ZA— 2 1
(7G) (R 2m j{ j{ H A~ %B Hl q —zj)"j“dzj

—qz
\<A<p<k “A T I%B -

with contours such that the z4 contour contains {¢zp}p>4 and 1. This equivalence follows
by the fact that one can deform such contours to all lie on a large circle centered at zero of
radius exceeding one. Then, since all contours lie upon the same circle, one can symmetrize
the integrand and after an application of the Cauchy determinant formula, we recover the
initial expression for 7. The second expression comes from unnesting the contours, but
onto a single small contour around one. This is accomplished by applying Theorem 7.7,
and hence we find that

L(N)
GO® =T g f o f duata H o V(MG ),

AR j=1

where the £(\) integrals occur upon a single contour which contains 1 and has small enough
radius so the image under multiplication by ¢ is outside the contour.

Theorem 9.4 ([10]). On the spaces W¥ and C* the operators F and J are mutual inverses
(i.e. JF is the identity on W* and FJ is the identity in C*). Consequently, the left and
right eigenfunctions are biorthogonal so that

CAGRCAGY S

and

k
<7/)§'(0),7/)17;7(0)>W = % H ZA —qzp H - —12j det [5(zi - wj)]szl

. ZA — % ’
1<A#B<k “A 7 "B ;5

where this last equality is to be understood in a weak (or integrated) sense.

At the end of this section we will prove part of this theorem, that JF is the identity.
A generalization of the above theorem (which in fact admits easier proofs) is provided in
[11]. But first, let us apply this theorem to solve the ¢g-Boson backward equation.

Corollary 9.5. For hg € W¥, the solution to

d

yr h( ) (Lq—Bosonh) (t, ﬁ)

with initial data hg is given by
h(t,it) = J(et(q_l)(zl+“‘+zk)}'ho)(t )

A — ZB t(g—1)z; (1 _ . \nj+1 eV Ed
271'2 7{ 7{ H —quHe 71— z)" (fho)(z)dz,

1<A<B<k

with nested contours.
Proof. From the theorem, JF is the identity on WW*. Hence,
h(t, ﬁ) _ (etquBoson ho)(ﬁ) _ (etquBoson j]:ho)(ﬁ)
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Using the explicit form of the transforms, we find that

k
(etquBoson jfho)( tLq Boson f\ %du 'u_f H

We now use the fact that wfa are the left eigenfunctions for L4 B%°" and thus e

acts diagonally with eigenvalue e/(@=D(wi+wi)  Plugging this in (and going to the nested
contours as explained earlier) yields the formula in the corollary. O

() (Fho)(Z).

quBoson

There are two apparent limitations of this corollary. The first is that it only applies for
ho € WE. In Section 6 we were concerns with initial data hg(7) = H?:l 1,,,>1, which does
not have compact support. For this initial data it is possible to extend the validity of the
corollary with a little work (likely this can be done for a much wider class as well). The
second limitation is more serious — the expression (Fhg)(Z) involves an infinite summation
of initial data against eigenfunctions. However, such an infinite summation is not so useful
for asymptotics. We would like to be able to evaluate such summations. Unfortunately,
this may be quite hard. However, such a summation is automatic is hg = J G for some
Gy € CF. In that case, Fho = FJGo = Gy by the theorem.

For initial data ho(7) = H§:1 1p,;>1 it can be shown (via residues and extending the fact
that F7 is the identity to some functions outside of C*) that ho(i7) = (JGy)(ii) where

E(k—1)

Go(2) =q 2 H§:1 ijzl. Using this we can recover the solution given in Theorem 6.1

and its corollary. This approach can be applied to some broader classes of initial data (cf.
[?]), though we will not pursue these here.
Let us close this section by proving that

K .= JF = Identity
on WF,
Sketch of JF = Identity. PT-invariance implies that for f,g € W¥,
(KF,9)yy = (£ (PC) T E(PCy)g)y,

This can be shown by expanding K into eigenfunctions and using the relation between left
and right eigenfunctions implied by PT-invariance.

In order to prove that K acts as the identity, it suffices (by linearity) to show that for
f(7) = 17—z for some 7 fixed, (le) (%) = 1y—z. Showing that (le) (Z) = 1 involves residue
calculus, and we will skip it. We will, however, show that for i # Z, (IC f ) () =

Set g(7) = 15—y, then

k
R e R N | =3 | (R}

— gz
\<A<B<k A T 9%B ;5

with integration along nested contours. We wish to prove that this is zero. Consider
expanding the z; contour to infinity. This can be done without crossing and poles, so
evaluating that integral amounts to evaluating the residue of the integrand at infinity. By
expanding the right eigenfunction via its definition, we see that the largest exponent of
(1 — z1) is 1 —y1 — 1. Thus, in order that there be a residue at infinity, we should have
x1 — 1y — 1 > —1, or in other words xy > y;. The implication is that if 1 < y1, then
(K1) (@) =

But, using the PT-invariance relation

(KF) @) = (Kf,9),, = (f, (PCy) ' K(PCyg),,,

This switches the role of z’s and y’s and the same reasoning as above shows that this is
zero if y; < x1. The overall implication is that for (Kf)(%) to be nonzero, we must have

1 =Y1.
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In light of this deduction, assume that z1 = y;. It is now quite simply to evaluate
the residue as z; goes to infinity. This yields a similar expression except without the z;
integration valuable. Thus, in the same manner we establish that in order that (IC f) (¥)
be nonzero, x3 = y2 and so on until we find that all z; = y;.

10. TA SESSIONS: WHITE NOISE AND STOCHASTIC INTEGRATION

In one sentence, white noise £(t,x),t > 0,z € R is the distribution valued Gaussian
process with mean zero and covariance

E[§(t, 2)8(s,y)] = 0(x —y)d(s — ).
Let us be more precise about what this means. Recall that if g is a distribution and f is a

smooth test function, then [ fg is a real number. For example, [ f(z)dé(z — y)dz = f(y).
Therefore, for a smooth function f(¢,x) of compact support, the integral

/ Pt 2)E(t, 2)dadt
Ry xR

is a random variable. These random variables are jointly Gaussian with mean zero and
covariance

E [/RMR f1(t, 2)E(t, z)dxdt /RMR Fo(s,1)E(s, y)dyds
N / dudt / E[£(s, )&t )] f1(t, ) f2(s, y)dyds
R4 xR Ry xR

= / fi(t, z) fa(t, x)dxdt.
Ry xR

There are many ways to construct (¢,x). One way is to choose an orthonormal basis
{fn} of L*(R; x R) and independent Gaussian random variables {Z,,} with mean zero and
variance one, and set

f(t x) = Z ann(ta ‘T)
n=1
One can check that this is a well-defined element of the Sobolev space H_1_s10c(R4 X R)
for 6 > 0. Recall that for oo < 0,
Hojoc(R) = {f : for all p € C°(R), pf € H_o(R)},
where H_,(R) is the closure of C¢°(R) under the norm

17]1? = / @ |fo

—00

Assume that £(t,x) has been constructed on some probability space (€2, F,P). Now let
us construct stochastic integrals with respect to white noise. For non-random functions
f(t,z) this is not hard. If f € L?(R, x R) then there are smooth functions f, with compact
support in Ry x R such that

/ | fr(t,x) — f(t,a:)]2da:dt — 0.
Ry xR

Since

E

2
( [ altr) - fm<t,:c>>s<t,:s>d:cdt) ] = [ Afaltsw) = )P o,
R+><R R+><R

this means that fR+XR fn(t,2)E(t, x)dxdt is a Cauchy sequence in L?(Q, F,P). Since

L*(Q, F,P) is complete, then this Cauchy sequence has a limit, which we defined to be
f]R+ xR f(ta x)g(t, x)dxdt
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For random functions, the definition of the integral is a little more complicated. As in
the one dimensional case, one has to make a choice of the integral (It6 vs. Stratonovich) .
The construction here is essentially the standard Ito integral, but only in the time variable.

Start with smooth functions ¢(x) on R with compact support. For ¢ > 0 we can define

| teaeesie.s)dods
Ry xR

This is a Brownian motion in ¢ with variance [ *(z)dz, since it is Gaussian with mean
zero and covariance

E [ [ touGe@gt uds [ 1u(ptae s
Ry xR Ry xR

min(tl,tg)
:/ ds/<p2(x)dx
0 R
:min(tl,tg)/goz(:n)da:.

(Note: one often hears the statement “white noise is the derivative of Brownian motion”).
Let Fy = () and for each t > 0 define F; to be the o—field generated by

{/ 1o,q(w)p(u)é(u, v)dzdu : 0 < s < t,¢ a smooth function of compact support in R} .
Ry xR

It is clear that F; is a filtration of F, that is Fs C J; for s < t.
Now consider slightly more complicated functions. Let S be the set of functions of the
form

ft,z,w) ZX W) (g, b (B)pi(z),

where X; is a bounded ]-"a;measurable random variable and ; are smooth functions of
compact support on R. For functions of this form, define the stochastic integral as

/]R+><]R f(t,x)E(t, x)dadt = ZX /R R1(ai7bi](t)<p,~(a:)§(t,m)dmdt.

+ X

It is easy to check that the integral is linear and an isometry from L?(R; x R x €, F,P)
to L?(Q, F,P), that is

/R B = [( /]R R x)dmdt) 2

Let P be the sub-o-field of B(R; x R) x F generated by S. Let L?(Ry x R x Q, F,P)
be the space of square integrable P-measurable random variables f(t,z,w). These will be
the integrators. It is important to note that these are non—anticipating in the sense that
f(t,z,w) only depends on the information F; up to time ¢. This is analogous to the distinc-
tion between It6 and Stratonovich integrals in the one—dimensional case. The construction
of the stochastic integral will be defined through the isometry and approximation.

Lemma 10.1. S is dense in L*>(R, x R x Q, F,P)

Proof. Same as one-dimensional case. O

Thus, if f € L2(Ry x R x Q, F,P) there exist f, € S wuch that f, converges to f in
f € L*(Ry xR xQ, F,P). By the isometry,

I, (w) = /R an(t,a:,w)f(t,x)dxdt
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is a Cauchy sequence in L?(Q2, F,P). Hence there is a limit point I € L?(Q, F,P) which
is defined to be the stochastic integral fR+XR f(t,x)&(t, x)dxdt. This is linear in f and the
[t6 isometry holds.

We can also define multiple stochastic integrals. Let Ay = {0 <3 < -+ <t} < 00}.

/ / Z)EOK (1, 7)dtdz
Ay JRE
Z/A kf(tl,---,tk,xl,---,!Ek)ﬁ(tl,iﬂl)"'5(tk,$k)d$1"'dxkdtl"'dtk-
k JRF

This is defined inductively. For example,

/A /2 f(ti,to, @1, 22)&(t1, 1) (L2, x2)da 1 daadt dty
2 JIR

o0 to
:/0 /R[/O /Rf(tht2,$1,:172)£(t1,x2)dx1dt1} 5(t2,$2)dx2dt2,

which is well defined because we just showed that the integrand is progressively measurable.
The covariance of these multiple stochastic integrals is

| [ [ st Catas [ [ 606 = (00
Ak RFE Aj RJ

It also turns out that they span L?(€2, F,P).
This defines an isometry between @52, L?(Ax x R¥, F,P) and L*(Q, F,P) by

X = Z / R (£, )%k (), 2)dtdz.

Here fy is the constant function EX. This summation is called the Wiener chaos decom-
position.

Aside: in a sense, the Wiener chaos decomposition holds more generally (that is, for
Gaussian Hilbert spaces, not just for stochastic integrals with respect to white noise). If

H is a Gaussian Hilbert space in a probability space (2, F,P) let Py(H) be the closure in
L2(Q, F,P) of

Pr(H) ={p(&,...,&m) : p polynomial of degree < n,&y,...,&, € Hym < oo}.

Let
= Pr(H) & Pr_1(H) = Pr(H) N Pr_y(H)"

Set H% to be the constants. The Wiener chaos decomposition is then

L*(Q, F(H),P) = é H*.
k=0

For example, if the probability space is (R, B,v) where dy = \/%e_xz/ Tdx and H = {tz :

t € R} is a one-dimensional Gaussian Hilbert space, then H*** is also one-dimensional and
spanned by the k—th Hermite polynomial h;. The Wiener chaos decomposition then says
that L%(dv) has {h;} as an orthogonal basis.

This is related to the Wiener chaos decomposition above because polynomials of iterated
stochastic integrals are themselves iterated stochastic integrals (see e.g. Theorem 2.13 of
“Theory of Malliavin Calculus”).

We will also need Burkholder’s inequality:
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Lemma 10.2. For each p > 2 there is a C, such that

P p/2]?
E [ } <Gy [ / F2(t, x, w)dedt ]
Ry xR

Proof. Apply 1t6’s lemma to the function |z|P evaluated at the martingale M; := fot [ fédads.

/ flt,x,w)E(t, z,w)dzdt
Ry xR

We have
R
and hence
1 _
Al = oo = i ([ )i i
R
Thus,

(1) = ot~ VE | [ 137 [ (s.0)dnds].

By Doob’s maximal inequality,

p
M, :=E [ sup |Ms|p} < <L> E [| M |?]
0<s<t p—1

so by Hélder’s inequality to the integral [, fot, the p/(p — 2) norm of |M|P~% and the p/2

norm of fR f2dx to get
</ /fzda:ds> ]

My < cp(Myp) E E

11. TA SESSION: TIGHTNESS AND MARTINGALE PROBLEMS

Given a sequence X (™ of stochastic processes, we would often like to show convergence
to another stochastic process X. Here, we will show how this can be done using tightness
and martingale problems.

A family of random variables {X,,} is tight if for all € > 0 there exists a compact set K,
such that

SupP(X, ¢ K.) < e
n

Prokhorov’s theorem says that if {X,,} is tight then there exists a subsequence {ny}i>1
such that X, converges in distribution. Furthermore, if the limiting distribution is the
same for every subsequence, then X,, converges to some random variable X.

However, we also need weak convergence of stochastic processes, so there needs to be a
metric on a space of stochastic processes. Let D be the space of cadlag (right continuous,
left limits) functions from [0, 00) to R. We say that z,, converges to z in D if and only if
there exist strictly increasing A, mapping [0,00) — [0,00) such that for each T > 0,

711151[(3081110(\A () =t + [(zn 0 An)(t) — z(t)]) = 0
This roughly says that the distance in space and time is small. The first term measures dis-
tance in time, and the second term measures distance in space. It turns out the Skorokohd
topology is metrizable so D is a complete separable metric space.

How could we prove tightness in this funky metric space? Here is a sufficient condition
due to Kurtz.
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Theorem 11.1. (Kurtz) Assume (for simplicity) that {X,}n>0 is a time-homogeneous
Markov process. Also suppose that for a dense subset of [0,00), the probability measures
{Xn(t)} on R are tight. If there exists 5 > 0 and random variables v, (0) such that for
0<u<d

|Xn(u) - Xn(0)|5 < 'Vn(é)
and

lim lim sup E[v,(d)] = 0,

=0 n—oo

then { X, } is tight in D.

Once we have tightness, we would now like to be able to describe the limiting process
X. Here is where the martingale problem is useful. Roughly speaking, all the information
about a stochastic process is contained in its generator. If one can show that the generators
A, of X, converges to the generator A of X, then this should imply that X, converges in
distribution to X.

Recall that given a continuous time real-valued Markov process X (¢), its generator A
is the operator on test functions f defined by

o ER(X)] - fla)
A(f) ) = lim t .

Given A, we say that X (s) solves the martingale problem for A if there exists a filtration
Fi such that for all f in the domain of A,

FX(0)) — F(X(0)) — /O AF(X(s))ds

is a {F;}-martingale.
Each Markov process solves the martingale problem for its generator. To see this, observe
that by the Fundamental Theorem of Calculus,

S(t)f—f—/o —/0 AS(r)fdr =0
where S(t) f(z) = E*[f(X(t))]. This implies that

X)) — F(X(0)) /O AF(X(s))ds
is a martingale.

Theorem 11.2. Let X (t) be the Poisson process of rate 1. Then as n — oo,
X(nt) —nt
vn

where B(t) is a standard Brownian motion.

— B(1),

Proof. First let us show tightness. This follows from the Kurtz condition with 5 = 2 and
E[y,.(8)] = (6 + 1/n)c>.

By Prokhorov’s theorem, there is a limiting stochastic process (along a suitable subse-
quence) Y. Let us identify the generator of Y.

Recall that the Poisson process X (t) of rate 1 has transition probabilities

k

P(X(7+6)— X(r) = k) = L

t
H,T,tZO,k?GN

Then its generator is
Af(x) = }g% e'f(z) +e'tf(z+ 1)+ et_ttzf(x +2)/2 4 — f(2)
=flz+1)— f(z).

We can neglect the higher order terms in ¢ by assuming that f does not grow too quickly.
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Consider the rescaled Poisson processes

™ () = X(nf/)ﬁ— nt,

which has transition probabilities

P )((n)(rthf)—X(”)(T):—\/HHi :e‘”t(nt)k7t>0keN
\/ﬁ k! Y ) — ) *

Thus its generator is
A f(z) = liny e ™ f(x — /nt) + e "nt ];(x _ At 1) — f@)
=nf(x+1/vn) —nf(zr) —Vnf' (),

by L’Hopital’s rule. Now taking n — 0, we have
1
nfe+1/v/n) =nf(z) + Vaf (@) + 5 f"(x) + O(n~"2),

so that A — %A.
So since

t

S (1)) — (X (0)) - /O Anf(X(s))ds

is a martingale, this implies that (make rigorous, take limits along some subsequence)

t
1
FO) = SO70) = [ ARV ()
If Y (s) solves the martingale problem for A, then setting f(z) = x and f(z) = 22
shows that both Y () and Y (#)? — t are martingales, which implies that Y (¢) is a Brownian
motion.
(]

Aside: solutions to martingale problems are equivalent to solutions of stochastic differ-
ential equations in the following sense. If X; is a weak solution to

dXt = b(Xt)dt + O'(Xt)dBt

then X; solves the martingale problem for
0 0?
A= bi— O "
zi: 8%2 - ;Ujaxixj

Conversely, if X; solves the martingale problem for A then X; is a weak solution to the
SDE above.

Now let us discuss stronger convergence limit theorems, called local limit theorems.
Assume that X is a lattice distribution, meaning that there exist b and h such that P(X €
b+ hZ) = 1. The largest such h such that this is true is called the span. Assume that
EX = 0 and EX? = ¢2. Let X; be i.i.d. with the same distribution as X and we want
to study S, = Xy + -+ + X,,. (For example, if X are Bernoulli random variables then S,
describes the (normalized) distribution of the Poisson jump process at time n). Set

pu(z) =P(S,/v/n=1x), L,=(nb+hZ)/vn
As usual
o(t) = Ee™,  N(z) = (2r0?) % exp(—z?/25?).

Theorem 11.3.
nl/2

——pn(z) = N(2)

=0.
h

lim sup
n—oo TELY
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Proof. Observe the n'/? term. Also observe that the theorem is false for 2 € R. Also note
that this is a stronger convergence than in the usual CLT case.
Use the following fact:

Exercise 11.4. If Y is a random variable which almost surely takes values in a + 0Z and
Y(t) = Ee'Y then

/6
P(Y =z) 0 / e (t)dt.

B % —7/0

Setting 6 = h/\/n and Y = S,,/y/n so that (t) = ¢"(t/\/n) then

) = £ [ ey yiya
—pn(x) = — e "™ (t/+/n)dt.
h 2T —my/n/h
Since
_ i —itx  —o?t?/2
N(z) = o /e e dt,
the inequalities © > 1, e_m| < 1 imply
/2 N -
(@) N @) < [ e - expl-o%2) di
—my/n/h
+/ exp(—o?t?/2)dt.
m/n/h

This is independent of z. The second integral clearly converges to 0. The first integral
converges to 0 if you can apply the dominated convergence theorem, which is an exercise.
O

If you try to examine the joint probabilities of Sg, N, ..., Sa,n, you will get N k/2 instead.

12. TA SESSION: BACKGROUND ON TRACY-WIDOM DISTRIBUTION

The Tracy-Widom distribution [33] has cumulative distribution function which can be
defined as the Fredholm determinant

Fy(s) = det(1 — Ay)
where Aj is the operator on L?(s,00) with kernel
Ai(2) AT () — AT () Ai(y)
T —y '

It can also be defined by

Fats) =exp (= [ (o 9alara
where ¢(x) solves the Painleve I equation
¢"(z) = zq(z) + 2q(z)°
with the boundary condition
q(x) ~ Ai(z), = — oo.

This is called the Hastings-Mcleod solution.

Fredholm determinants frequently occur in the context of determinantal point processes.
Without going into technical details, a point process on a metric space A is a probability
measure on locally finite sub-multisets of A, where a sub-multiset of A C A is locally finite
if AN B is finite for any bounded B C A. In other words, a point process is a random
set of particles in A, where two particles can possibly occupy the same location. A point
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process is simple if the probability of two particles occupying the same location is zero.
The correlation functions are

P(one particle in each B(x;,¢€;))

pn(T1, ..., xy) = lim
€i—0 €1 €n

And the point process is determinantal if there exists a correlation kernel K on A x A such
that

pn(T1, ..y mp) = det(K (2, 25))i =1
Theorem 12.1. Suppose there is a determinantal point process on R with Hermitian cor-
relation kernel K, that is K (z,y) = K(y,z). If K is trace class on all L*(s,00) and

TrK :/ K(z,z)dx < oo,

then the point process almost surely has a last particle T4, and
P(xmaz < s) = det(1 — Kj),
where K is the operator on L*(s,00) with kernel K (x,v).
Proof. Inclusion—exclusion (exercise). (]

In other words, the Tracy—Widom distribution describes the location of the last particle
of the Airy determinantal point process.

Fredholm determinants are also useful for numerical approximation. Recall the method
of Gaussian quadratures. The idea is that for a function f that approximated by a poly-
nomial, and suitable weights w;, and points z; € [a,b],

b n
/ f@)ds =S wif ().
a i=1

If f is a polynomial of degree 2n — 1 then this approximation can be made exact. In
the case when the polynomial is the Legendre polynomial normalized to P,(1) = 1 and
[a,b] = [—1,1], then z; is the i—th root of P, and the weights are

2
(1= @;)2[Pr (@) ]*
This is called the Gaussian—Legendre quadrature.
Now, given any quadrature, we can approximate the Fredholm determinant by

det(1 + K) = det(d;; + w; K (z;,x;))

w; =

n
i,j=1"

This turns out to give very good approximations for Fy(s) (see Figure 77).

13. TA SESSION: ASYMPTOTIC ANALYSIS

The goal is to find asymptotics of expressions of the form

/g(m)e"f(x)da:
as n — 00.

Theorem 13.1. Let f,g: [a,b] — R be smooth. Assume f has a unique global mazimum
at ¢ € (a,b) and that f"(c) < 0. Define I(n) by

b
/ g(x)e™ @ dg = n=2en O [ (n).
Then

Tim I(n) = —f?,—?c)g@).
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Proof. (Sketch) Since f(z) has a global maximum at ¢, then as n — oo most of the
contributions to the integral come in a small neighbourhood around ¢. Setting y = n'/ 2(z—
),
b nt/2(b—c) 12
/ g(z)e™ @ dz :/ gle+n~V2y)enfletn™ " ) =12y,
a —nl/2(c—a)

Now use the Taylor expansion f(c +n~'/2y) ~ f(c) + 3 f"(c)n"1y? to get that

: _ = ey, | 2T
T 1) = g(e) [ e O Ry = [

Here is an example to find the asymptotics of n!. Use that

nl=T(n+1)= / the tdt = n”“/ e " dx
0 0

by the substitution ¢ = na. This is of the right form, with f(z) = logax — z,g(z) = 1.

Solving for the maximum of f on (0, c0) yields ¢ = 1 with f(c) = —1, f”(¢) = —1. Therefore

nl ~n"e "V2mn,

which is Stirling’s formula.
We will now use similar ideas to find the behaviour of the tails of the Airy function

Aiz) = - / it [3+at) gy

T o

Note that, as written, the integral is only defined conditionally, since the integrand does
not converge to 0 at ¢ — +00. This can be resolved by deforming the contour integral to

1 co-e™i/6 o,
Ai(z) = — / el /30 gy
2T Joo.emi/6
Note that the integrand is not yet in the form e¢®/®). To resolve this, simply take the
substitution t = z1/2z to get
1/2 00-e™i/6
Ai(z) = i/ =13 gy
2T ) so.e5mi/6

where f(2) = i(23/3 + 2).

As before, we want to find the saddle points of f(z). Solving for f’(z) = 0, we find that
the saddle points are at ¢ = +i. So we know that we want to deform the contour to go
through either ¢ or —i (or both). Furthermore, the absolute value of the integrand should

decay quickly as it moves away from the saddle point. Since e f(2)| = oRe(=*/f =) we

should look for contours where Re(f(z)) < Re(f(i)) or Re(f(z) < Re(f(—1)). The first
case is shown in Figure 15.
Therefore, the contours can be deformed to begin near ocoe

end near coe’™. Using the Taylor expansion
2

fe)m =S = (=)

and the substitution u = z%/*(z — i) we get

1/2,—223/2/3 —2x3/2/3 oo
. T e _3/2(0_\2 e .2
Al(a:)mi/ex (Z’)dzmil/él/ e du
2w 2mx oo

57i/6 56 through i and then

This finally yields
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FIGURE 15. Shaded regions indicate where Re(f(z)) < Re(f()).

4L

Exercise 13.2. FExplain would go wrong if we tried to use the —i saddle point. Figure
16 shows a plot of Re(f(2)). Hint: it is important to keep in mind the endpoints of the
contour.

FIGURE 16. Shaded regions indicate where Re(f(z)) < Re(f(—1i)).

4L

Exercise 13.3. Use a similar argument to show that as © — oo

: 1 2252
Al(—l') ~ W CoSs (Z — T) .
Figure 17 should be helpful.
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