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Abstract

In the context of randomly fluctuating interfaces in (1+1)-dimensions we consider the
Kardar-Parisi-Zhang universality class. In the last 20 years integrable techniques were
developed to study representative models in this class and mathematical predictions have
been experimentally verified with extreme precision.

The most general integrable model available to study KPZ phenomena is the Higher
Spin Vertex Model (HSVM) and in this thesis we extend the theory of its integrability.
This is accomplished through the study of two families of special symmetric functions: the
spin Hall-Littlewood (F) and the spin ¢-Whittaker (IF) functions. Yang-Baxter relations
endow F and F of symmetries and in parallel offer them probabilistic meaning via bijec-
tivization techniques. Random fields weighted by F and F possess Markov projections
giving rise to the HSVM.

Novel eigenrelations for these special functions allow a systematic study of one point
statistics of the fields. From these we recover the 1 : 2 : 3 scaling and characteristic
fluctuations for the HSVM and its various specializations.
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Chapter 1

Introduction and results

1.1 Background

1.1.1 Brief history of KPZ universality

Investigations around universality aspects of growing surfaces have been conducted by
the statistical physics community since at least the early '80s. It was then known, thanks
to numerical observations and renormalization group arguments, that certain models of
random surfaces allowing lateral growth and possessing smoothening mechanisms exhibit
non trivial relaxations patterns, resulting in the emergence of scaling exponents for corre-
lations and fluctuations. The most eminent representative of such growth models became
the KPZ stochastic partial differential equation, studied first by Kardar, Parisi and Zhang
in 1986 [KPZ86]. For one spatial dimension it reads

O H = vO>3H + g(axa{)Z +vDn, (1.1)

where #H is the height profile, ) is the space-time Gaussian white noise and v > 0, D > 0, A
are non-zero constants!. In this particular case scaling exponents can be explicitly deter-
mined and predictions on the universal phenomena made more precise [KPZ86; HHS85]:
this is the case of the so called KPZ universality class, borrowing the name from the model
that started the field. This class of systems includes directed polymers, random stirred
fluids and many more processes along with growth phenomena, but in general each of
them can be described by its own height function h(z,t) depending on the time ¢ and on
one spatial coordinate x. In the large space-time limit the process h, under the 1: 2 : 3
characteristic scaling,

eh(e %z, € °t) e —0, (1.2)

is expected to converge, after model dependent deterministic shifts, to a universal fluctu-
ation field, today commonly known as KPZ fized point [MQR17]. This the strong KPZ
universality conjecture. In fig. 1.1 we compare the KPZ scaling theory with that of weakly

LA rescaling of height, space and time transforms (1.1) into the same equation with v = A = D = 1.



KPZ-type evolution Evolution with no interactions

O(t'/3) O(t1/?)

Figure 1.1: Comparison between two types of random evolution of a surface, both obtained
as large scales of discrete systems. In the left panel the microscopic dynamics follows a
corner growth model, defined in section 1.1.2. Fluctuations have size t'/? and since the
initial profile is flat they obey GOE Tracy-Widom distribution when ¢ > 0. Spatial
correlations scale as t¥3. In the right panel each point of the interface updates f(x) —
f(x)+1 with rate 1. In this case one point fluctuations have size t'/2 and they follow the
gaussian distribution.

interacting systems (obeying the gaussian law) to give a taste of the non trivial implica-
tions of such predictions; for example one point fluctuations scale as t'/3 and they are not
in general governed by the gaussian distribution.

The pivotal realization that KPZ universal fluctuations admit an exact description
came in 1999 from the work of Baik, Deift and Johansson on the Ulam problem [BD.J99].
This asks to characterize the statistics of the longest increasing subsequence in a random
permutation, but it can rephrased as a problem of growth of random surfaces. The
absolutely surprising finding is that the limiting law of the longest increasing subsequence
is given by none other than the Tracy-Widom distribution F5, that describes fluctuations
of the largest eigenvalue in the Gaussian Unitary Ensemble (GUE) [TW94]. Tracy-Widom
distributions were already known to be universal object in random matrices and more in
general they were regarded as the analog of the gaussian bell curve for strongly interacting
systems.

Stemming from these intriguing developments, the literature of the last twenty years
has presented a constellation of spectacular progresses in characterizing KPZ phenomena.
Further connections with random matrix models came from results of Baik and Rains
[BRO1] and Sasamoto [Sas05] that related asymptotic law of the Gaussian Orthogonal
Ensemble (GOE) with that of a surface growing off a substrate, while Johansson [Joh00)]
studied first the so called droplet initial condition case and related the one point fluc-
tuation with GUE statistics. Growth processes corresponding to other special classes of
initial conditions were also considered. As an example the limiting process produced by
the stationary evolution of a surface was characterized again by Baik and Rains [BROO0],
although this was not found to have connections with matrix models. More recently a full
description of the KPZ fixed point for general classes of initial conditions became avail-
able thanks to Matetski, Quastel and Remenik [MQR17]. We will give a more thorough
account of this list of progresses and what made them possible in the following sections,



but we still like to suggest the interested reader to consult [Corl12], [QS15] and references
therein for a detailed exposition on the topic.

The existence of exact methods to determine exponents and fluctuations for a general
class of growth phenomena carries significant physical implications. The derivation of
laws such as Tracy-Widom statistics is only possible while studying very special exactly
solvable system, therefore experimental proofs of theoretical predictions are of crucial im-
portance. Early attempts to detect universal scaling exponents were done in the late "90s
studying growing interfaces of mutant bacteria colony [Wak-+97] or slow combustion of
paper [Myl+01]. In 2010 breakthrough results of Takeuchi and Sano gave the first pre-
cise experimental confirmation of KPZ universal phenomena [T'S10], when they observed
that the growing interface of topological-defect turbulence in liquid crystals possesses
characteristic 1:2:3 scaling and GUE Tracy-Widom distribution. By properly triggering
the liquid crystal with a laser beam they were also able to reproduce interfaces growing
off a flat substrate [TS12] and off a brownian motion shaped profile [I[FT20], confirming
the emergence respectively of GOE and Baik-Rains statistics and therefore the geometry
dependence of the universal fluctuation field. Additional experimental studies include
cancer colony growth [Hue+12; Hue+10] and the deposition of colloid particles [Yun+11;
Yun+13]; see [Takl14] for a review.

Despite the tremendous successes achieved in the difficult task of pinning down the
universal scale invariant process describing out of equilibrium one dimensional fluctuating
interfaces, our understanding of properties and boundaries of KPZ phenomena is far from
satisfactory. Mathematically exact results such that of Baik-Deift-Johansson are only
available for a handful of models and no technique at the moment has proven successful
in rigorously extending universal laws to more general settings. A full comprehension of
the range of systems encompassed by the theory of KPZ universality is also currently out
of reach as literature keeps presenting surprises day after day; see [LZP19] for a recent
example and [Spo20] for a review.

1.1.2 Stochastic integrable systems and special functions

The major takeaway from the course of events leading to the discovery of Tracy-Widom
laws in growth processes is that a full description of KPZ universal phenomena is ac-
cessible thanks to inexplicably nice and rich algebraic structures underlying some of its
representative models. These are the so called stochastic integrable models and their
systematic study has become known in literature as integrable probability.

The scope of this subsection is to provide the reader a glance at some tools and
philosophy aspects driving the study of integrable probability, especially in the context of
KPZ class. We will do this presenting simple examples with historical relevance, such as
the corner growth model and the Schur processes and doing so we will stress the interplay
between stochastic systems and special symmetric functions coming from representation
theory and algebraic combinatorics.
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Figure 1.2: A realization of the corner growth model. Red cells lay at corners of the
interface delimiting the gray area and they will be absorbed (become gray) after a waiting
time given by the value of the respective g; ;.

Corner growth model and Schur measure

Among the earliest and simplest models of random growth in one dimension we find the
corner growth model [Ros81]. Decorate the cells of the lattice Zx X Zx¢ with independent
non-negative random variables {g; ; : i,j > 1}, like in fig. 1.2. In the figure the set of
gray cells represents the growth process, while the thick black down-right path m is the
interface. White cells become active (red) once they are at a corner of the profile 7 and
get absorbed after a waiting time given by the value of the respective g; ;. A simple
quantity we can consider is the first absorption time 7'(i, j) of a cell (i, ) and this also
turns out to have a simple characterization. Since the cell (4,7) can only be absorbed
if both (i — 1,7) and (i,j — 1) are already in the gray area, the function T satisfies the
recursion 1'(4, j) = ¢;; + max{T'(i — 1,7),T(i,7 — 1)} and more in general we have

QUSRS I § (13)
(i".5")€ep

where p: (1,1) — (¢, 7) indicates an up-right paths connecting cells (1,1) and (¢, 7). The
quantity in the right hand side of (1.3) is known as last passage percolation time in the
environment G; ; = {gir ;s : 1 <’ <4,1 <j" <j} and it is an object with deep meaning in
combinatorics. The celebrated Robinson-Shensted-Knuth (RSK) correspondence [Sag01]
provides a bijection between matrices of integers G; ; and pairs of semi-standard tableaux?
(P, Q) of the same shape A. A crucial feature of the RSK algorithm is that the shape A
is determined by the last passage percolation times of G; ; and in particular A\; = T'(4, j).
Assuming that random variables g; ;- are geometrically distributed as Geo(z;y; ) for some

2Given a Young diagram A = (A; > A2 > -+ > Xy > 0) a semi standard Young tableaux P is a N-
valued filling of cells {(7,7) : 1 < j < A;} that is strictly increasing along columns and weakly increasing
along rows. Here A is the shape of P.



set of positive parameters x;,y;/, a simple calculation and a careful use of the RSK show
that

i J
Prob{T(i,j) =k} o« S [[ad" J[vr* "

Gy T(i.j)=k a=1 =1 (1.4)

S

XX X )= X s@a),
A:d1=k \ P:sh(P)=X P:sh(Q)=X\ A =k

(©=% and normalization factor in the right hand side

where the monomial =" =[], xf{czp
is fo:1 H%Zl(l —2,Yys). Functions s), defined by the sum over tableaux in the parenthe-
ses are the Schur symmetric polynomials and are fundamental objects in representation
theory and algebraic combinatorics. They are basis of the space of symmetric functions
and they possess a large number of properties and symmetries, including determinan-
tal representations and summation identities. Their emergence in the study of corner
growth model is evidence of its integrability. In particular (1.4) shows that the study of

an abstract probability measure on Young diagrams weighted by Schur polynomials

S(A) o< sx(x)san(y), (1.5)

gives informations about a meaningful physical system once we consider the marginal
projection S(A : Ay = k). The probability measure S(\) takes the name of Schur measure
and was introduced in literature by Okounkov in 1999 [OkoO1]. Among all its outstanding
properties, the Schur measure is a determinantal point process and in fact it was employed
by Okounkov in the study of a system of free fermions.

The connection with Schur measures is not the only way to "solve” the corner growth
model. Other techniques involve connections with random matrices [Joh00], Gelfand-
Tsetlin pattern representations [Sas05] and many more; see [Sep09] for a review. In
particular an extensive study of this model led to the complete characterization of the
KPZ fixed point [MQRI17].

There also exists several other models that can be described in terms of Schur measures.
These include exclusion processes [Joh00], polynuclear growth models [PS02; Fer04], ran-
dom polymers at zero temperature in various geometries [BZ19]. Moreover a measure of
the form (1.5) admits straightforward generalizations replacing Schur polynomials with
more general symmetric functions, e.g. Macdonald polynomials [Mac95]. We will review
such extensions below in section 1.1.3 and construct a new class of measures, based on
spin ¢-Whittaker polynomials, in chapter 3.

Schur processes and TASEPs

The mapping contained in computation (1.4) is certainly not the only way to make physical
sense of the Schur measure. A different idea, that we will largely explore in this thesis,
allows to relate the Schur measure to Markov processes using certain summation identities.

10



To explain this we need to introduce skew variants of Schur polynomials. The skew Schur
polynomials sy, [Mac95] can be defined as the coefficients of the branching expansion

sx(x1, ..., ) = Z Su(T1, -y Tno1)Sa/u(Tn)- (1.6)

They are labeled by pairs of interlacing Young diagrams pu, A, that is
M 2> > A > g > (1.7)

and most importantly they satisfy the skew Cauchy identity

1
1—ay

Zs)\/%(y>3u/%($) = ZSV/,\(ZL')SV/M(y). (18)

x 14

Relation (1.8) is essential for probabilistic interpretation of skew polynomials and suggests
the construction of transition probabilities bringing the configuration s C pu, A — u, A C v
and viceversa. One example (but not the only one) of such transition probabilities can
be obtained taking the independent coupling as

Uivf;(% — VA ) o 5,0 (2) 5070 (Y), ngd(v — 2|\, 1) < 83/ (Y) Sy s () (1.9)
A :
Q ........... . ........... @ e PO
(1,3)
)\ ................... v A :
Uf“’d O b . ........... . .......... .
/3“5’2) R
(jbwd 20 S . ........... . .
: : A1) 3 (2,1) 73 (3,1)
M ILL
Q . . . ;
1) 1) |%)

Figure 1.3: Left: Forward and backward transition operators. Right: Construction of a
random field using U™?, where lighter arrows correspond to moves happening later in the
update.

Performing moves weighted by U™ we can construct recursively a full field of Young
diagrams {\() : 4, j > 0}, starting from initial conditions A(®9) = \#9) = & as done in
fig. 1.3. We see that such random field describes a growth process of Young diagrams and
as a result of branching rules its joint probability laws will be written in terms of products
of skew Schur polynomials. In particular the single point law is the Schur measure

Prob{ A\ = A} o sy(z1, ..., 2:)sx(v1, - - -, 5)- (1.10)

11



and the joint law across a straight segment is the Schur process of Okounkov and Reshetikin

[OR03]

Prob{)\(l’]) = ;L(l), ey )\(Z’]) = ,u(’)} X Sﬂ(1>($1)sﬂ<2>/ﬂ(l>($2) s Su(i)/u(ifl) (xi)sum (yl, e ,yj).

(1.11)
We can take a look at fig. 1.4 left panel to visualize a schematic example of a sequence of
interlacing Young diagrams such as those weighted by the Schur process.

Random fields built following this recipe are certainly integrable, since nice proper-
ties of Schur polynomials allow exact computations for a multitude of observables: they
are determinantal point processes [OR03] as a result of Jacobi-Trudi formulas, their cor-
relations are given by integral formulas thanks to certain eigenrelation [Aggl5] and so
on. Nevertheless this abstract algebraic construction does not reveal much about the
true physical meaning of the process. That is we do not know a priori if any reasonable
stochastic process will be described by a measure of the form (1.11). This is a problem
that needs to be addressed separately by carefully studying Markov maps U4, Ub¥d For
the case of fields built from Schur polynomials this sampling problem admits a number
of different solutions, from which one deduces that marginals of the Schur process are
sampled by very natural stochastic systems: the Totally Asymmetric Simple Exclusion
Process (TASEP) and its push variant (pushTASEP); see fig. 1.4. This last result was
found first by Borodin and Ferrari in [BF14], where this general construction was also in-
troduced. Employing the RSK algorithm more refined constructions of Markov operator
U4 lead to analogous results with TASEP and pushTASEP replaced by their discrete
time analogs [MP17]. In this thesis, we will construct generalizations of these arguments
in the context of growth processes of Young diagrams weighted by other special function,
namely the spin Hall-Littlewood and the spin g-Whittaker functions; see chapter 2 and
chapter 3.

We close this short section stressing the fact that probability measures on interlacing
arrays are not an unusual object. In fact they are rather common in random matrix theory,
where eigenvalues of minors of symmetric and hermitian matrices arrange themselves in
interlacing sequences®. Alternatively one can recall that Dyson’s Brownian motion [Dys62)]
for GUE random matrices arises from ensembles of reflecting Brownian particles, condition
that can be seen as a continuous analog of the interlacing. One can therefore think of the
Schur process (1.11) as a discrete versions of these common constructions.

1.1.3 Beyond Schur processes

The blueprint described above to construct growth processes on Young diagrams starting
for skew Cauchy identities (1.8) works in much higher generality. A truly successful
application of this scheme comes replacing the Schur polynomials sy,, with Macdonald
polynomials Py, [Mac95]. The Macdonald processes are introduced by Borodin and
Corwin in 2011 [BC14] and they sit on top of a vast hierarchy of integrable stochastic
systems; see fig. 1.5. They simultaneously generalize particle processes, random polymers
and last passage percolation models, ensembles of random matrices and also the KPZ

3this is the Cauchy interlacing theorem

12
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Figure 1.4: In the left panel we see an interlacing array p < --- < u®. Under the
Schur process, coordinates ,ugi) (circled in blue) and p%@ (circled in red) form autonomous
Markov processes. They are equivalent to pushTASEP and TASEP, whose dynamic is
sketched in the right panel. In the TASEP particles jump to their right neighboring site
with rate 1 provided the site is empty. In the push-TASEP, in case the target site is
occupied a deterministic push happens.

stochastic partial differential equation. Algebraic structures of Macdonald polynomials
descending from representation theory survive in each of these systems and provide tools to
analyze exactly a range of observables. In particular the theory of Macdonald processes
offers a way to rigorously solve the KPZ equation under a class of initial conditions
[BC14; Bor+15a; Bar+18]. Other techniques to solve the KPZ equation include duality
arguments, moment expansion, Bethe Ansatz and so on; see [ACQ11; SS10; CLRI10;
Dot11; LC12; IS13].

In the case of Macdonald processes the problem of characterizing interesting marginal
processes, like the corner growth model or the TASEPs in the Schur case, has attracted
considerable attention in the last decade. A certain simplification of the general Mac-
donald processes, called g-Whittaker processes, was found to be sampled by randomized
versions of the RSK algorithm [OP13; BP16; MP17], relating marginals to ¢ deformations
of TASEPs of fig. 1.4. Other uses of the RSK algorithm in Macdonald processes give
also rise to the stochastic six vertex model [BM18] and to random polymers [Cor-14],
[OSZ14], [0015], [CSS15].

In parallel to developments strictly pertaining Macdonald processes in the last 10
years, different techniques and theories have emerged and attracted their own share of
attention. The most remarkable of these is arguably related to Yang-Baxter integrability.
The earliest and most fundamental example of such systems is the stochastic six vertex
model dating back to 1992 [GS92| that was studied by Gwa and Spohn to confirm kinetic
roughening exponent of KPZ models. More recently the stochastic six vertex model was
resurrected [BCG16] and largely generalized using algebraic techniques of representation
theoretic origin. This is the higher spin vertex model [CP16], which we will discuss more
in detail in the next section. The higher spin vertex model is a rather general stochastic
integrable system that possesses as particular case a number of other interesting models:
these are exclusion processes like the ¢-Hahn TASEP [Pov13] and systems of random
walkers in random environment like the Beta polymer model [BC16a].

Before the works [BMP19; MP20] reported in this thesis it was not known if a de-
scription of the higher spin vertex model in terms of dynamics of interlacing arrays was

13



Spin Hall-Littlewood (¢, s)
Dynamic stochastic sixz ver-

Spin ¢-Whittaker (g, s)

Macdonald (q,t)l Stochastic higher spin siz vertex

tex model; stochastic higher model; qg-Hahn TASEP; 4¢3 model
spin siz vertex model g=0 F=0 and q-Hahn PushTASEP
5= 0\ / =0 \ g—1
Hall-Littlewood (t - - .
Stochastic siz v(evz- g-Whittaker (q) Spin Whittaker (.5)
tex model: ASEP q-TASEPs; q-PushTASEPs Beta polymer models
Schur Whittaker
Directed last / first Log-gamma polymer;
passage percolation O’Connell-Yor polymer

Figure 1.5: A scheme of various families of symmetric functions together with stochastic
systems based on them. Arrows indicate degenerations or scaling limits. The two families
which are our main focus are indicated in bold.

possible or not. Among the results we will see in chapter 3 we find a positive answer to
this problem employing random fields with spin ¢-Whittaker symmetric functions [BW17;
MP20]; see fig. 1.5. Consequences of this finding are algebraic derivations of formulas for
observables of the higher spin vertex model or also more generally the possibility to employ
line ensembles techniques as the one introduced in [CH14] for to study general stochastic
integrable models. These will be object of future studies.

1.1.4 The higher spin vertex model

Let us now informally define the main character of this thesis, whose investigation drives
the majority of results we present. The higher spin vertex model was introduced by
Corwin and Petrov in 2015 [CP16] in an attempt to unify under the same umbrella the
growing collection of different stochastic integrable models that had been studied in the
previous years in the context of KPZ universal phenomena. These include a variety of
exclusion processes, zero range processes and polymer models in continuous and discrete
time.

The higher spin vertex model is a probability measure on ensembles of directed paths
in the quadrant Zx>q X Z>; see fig. 1.6, left. Paths emanate from boundary vertices and
propagate through the lattice keeping up-right direction, where the propagation rules are
given by vertex weights L}", of fig. 1.7. More precisely the process is constructed as follows:

e cach vertex (0, 7) emanates bj paths initially directed to the right;

e cach vertex (i,0) emanates b paths initially directed upwards;

e the probability of observing a configuration (o, 81; ag, 52) at vertex (i,7), condi-
tioned on the configuration at all vertices (i’,j') with ¢ + j* < i + j, is given by

14
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Figure 1.6: Left: a configuration of up-right paths. The numbers in blue are the values
of the height function Hyg at each vertex.
Right: a configuration of paths in the triangle ¢ + j < 4. The probability to observe this
specific arrangement is reported in (1.13).

gf’vj(al, B1; e, B2). Moreover, this event is independent of choosing arrow configu-

rations at other vertices ..., (i — 1,5+ 1),(i+ 1,5 — 1),... on the same diagonal.

Informally the probability of a configuration of paths C in the full lattice is given by

Prob(C) = [ ] Prob(s!) x [] Prob(s}) x [] L., (Vertex Conﬁg') . (1.12)

i>1 i>1 ij>1 at (7, )
We notice that the system is completely inhomogeneous both in the ¢ and j direction

and this is due to the fact that weights L;E,vj depend on sets of parameters x;,v; other

than on global parameters s,q. We also will always assume that boundary paths B" =
(b, 08 ...), BY = (b},b,...) are sampled independently from each other and from the
bulk configuration. Since vertex weights L are assigned the measure on the path ensemble
is determined only assigning boundary conditions B", BY and we denote it with P(B", BY).

To illustrate more clearly how the construction woks, we report here the explicit
expression of the probability of observing, in the region {(i,j) € Z>o X Z>o : i + 5 < 4},
the configuration drawn in fig. 1.6 right panel. We have

Prob(fig. 1.6 right) =Prob(b = 2,05 = 1, = 0) x Prob(b} = 0, = 1,b] = 0)
L ()t () L (—) (1.13)
)L ()t () e ()

An equivalent description of the ensemble can be given defining a height function Hys.
Given a configuration of paths and a vertex (i,j) we set

Hus (i, j) = #{occupations at horizontal edges} — #{occupations at vertical edges},
(1.14)
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Figure 1.7: The stochastic vertex weights L}, for the up-right stochastic higher spin six
vertex model. Configurations that are not of the type reported in the table are assigned
weight zero. The stochasticity condition means that fixed down and left edges occupation

numbers ay, 81, the sum of weights L}’ (a1, 81; a2, B2) over all possible ay, 3, is 1.

counted on the union of two segments (3,3) — (i+3,3) — (i+1,j+3); see fig. 1.6 for an
example. The height function allows to relate the higher spin vertex model to exclusion
processes interpreting the difference H(n,t) — H(n + 1,t) as the gap between consecutive
particles and hence weights L™ as jump rules.

The stationary higher spin vertex model has been studied in [IMS20]. The model
is potentially fully inhomogeneous as weights L" can depend on both coordinates 1, 7,
therefore a proper notion of translation invariant measures ought to be defined. For
this consider random boundary conditions B", B and their shifts BY;, = (b2, b}, ...),
BY; = (bj,1,bY,,,...). We say that a measure P(B", B¥) is translation invariant if the
restriction of the ensemble to the quadrant Z>; x Z>; originating from a generic point
(4,7) is equivalent in distribution to P(BY,;, BY;).

Translation invariant measures for the higher spin vertex model form a one parameter
family. They are obtained fixing the law of boundary conditions as

v L{vj h
bj ~ Ber <1 n [{Uj) , b ~ gNB(—sz;, d /x;), (1.15)

where Ber indicates the Bernoulli distribution and ¢NB is the ¢g-negative binomial distri-
bution defined by

0 (00 (3 @)oo
(4 @)n (PD; @) oc’

X ~ gNB(b, p) — P(X =n)=p for all n € Z>o. (1.16)
We used the notion of ¢g-Pochhammer symbol (a;¢q), (A.1). We refer to the model with
boundary conditions (1.15) as the stationary higher spin vertex model with density 4. We

will study its asymptotic properties and establish Baik-Rains characteristic fluctuations
in chapter 4 based on results of [IMS20].

1.1.5 Spin Hall-Littlewood functions

The salient feature that makes the higher spin vertex model an integrable systems is the
fact that stochastic weights L, , are in fact U,(sl;) R-matrices and they satisfy the Yang-
Baxter equation. This equips the model with a large variety of symmetries that produce
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striking implications and whose investigation is at the moment still active; see [Pet19;
BGW19] for very recent developments.

Coordinate Bethe Ansatz eigenfunctions of the transfer matrix of the higher spin
vertex model are known as spin Hall-Littlewood functions. They were defined in [Borl7]
and their main combinatorial and algebraic properties were studied in [Bor+15¢; BP18a].
These include the symmetrization formula [BP18a]

I76))

Fa(ug, ..., uy;s) = (q(}q;—nqi; Z 0{ H quj HH (1—3]%) Eul ﬁiSAl}’

ce6, 1§i<j<n i=1 j=1
(1.17)

that we largely make use of in chapter 2. Specializing all spin parameters s; = 0, functions
F» reduce to the Hall-Littlewood polynomials and additionally setting ¢ = 0 they become
the Schur polynomials. Most remarkably spin Hall-Littlewood functions form a complete
set as a result of orthogonality relations both in the A and in the u variables.

In [BMP19; MP20] eigenrelations for them with respect to Macdonald type operators
were first established. We will review these results in chapter 2.

1.2 Results

Before we enumerate the list of results presented in this thesis we like to dedicate a small
subsection to stress motivations driving the author in the extensive study of stochastic
integrable systems.

1.2.1 Motivations

In the last twenty years the study of stochastic integrable systems has brought significant
advances to the understanding of properties and boundaries of KPZ universal phenomena.
In the last decade in particular the understanding of algebraic and combinatorial struc-
tures underlying certain models of growth has allowed rigorous derivations of solutions of
the KPZ equation [ACQ11; SS10] along with a full descriptions of conjectural universal
limiting objects [MQR17].

Among the highest goals of the theory is to capture a general set of conditions that
would automatically provide a physical process of KPZ behaviors and hence to establish a
“central limit theorem” for strongly interacting systems. Nevertheless at the current state
such general type of result appears to be out of hand: rigorous statements are proven only
for a few toy models and the real breadth of the universality class is still object of active
investigations.

We are then forced to develop a solid theory of the few models we are able to solve,
possibly discovering new ones with the aim of expanding the scope of their associated
universality. In doing so, in the last decade a number of models were defined. Starting
from the classical Totally Asymmetric Simple Exclusion Process (TASEP) which we briefly
touched upon in section 1.1.2, it was realized that its exact solvability does not break
by adding additional parameters in specific ways. ASEP and ¢-TASEP are two such
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deformations (see also the g-boson of [SW98]): both systems depend, albeit in a different
ways, on a quantization parameter ¢, governing the asymmetry of the transport. By
taking scaling limits in ¢ one discovers that integrability of discrete systems translates into
solutions of otherwise intractable continuous models, like directed polymers in random
media [OY01] or the KPZ equation.

More recently it was found that integrability survives the addition of a further pa-
rameter, which in this thesis we denote with s, leading to the introduction of the g-Hahn
TASEP [Pov13] and of the higher spin vertex model [CP16], defined in section 1.1.4. The
presence of two “quantization” parameters offers the possibility of richer scaling limits,
that in the particular case of the g-Hahn TASEP led to the remarkable discovery that
certain phenomena in diffusion in random media or certain statistics in extreme value
theory of strongly correlated processes obey KPZ universal laws [BC16a].

The scope of this thesis is that of deepening the understanding of the stochastic in-
tegrable systems in the (141)-KPZ universality class. We do so by defining a general
integrable system, which we call spin g-Whittaker process. The importance of this new
model lays in the fact that it simultaneously generalizes all the models introduced above
and a number of other ones, which we will discuss below. This solves a question that was
asked several times in literature (eg. [Corl4]) and that is to inscribe integrable stochastic
models in more general dynamics on interlacing arrays in the spirit of the Macdonald
Processes [BC14]. Properties of the spin ¢-Whittaker processes are described by a family
of special functions we study extensively: the spin ¢g-Whittaker polynomials. Based on an
idea of [BC14], we also propose a systematic scheme to recover formulas for observables
of the various systems, that passes through the computation of eigenrelations for the
spin g-Whittaker polynomials. This has also allowed to solve certain conjectures which
had appeared in literature in recent years [CMP19] regarding the rigorous derivation of
observables for models with diverging moments. We imagine that the simplicity of this
procedure will find applications in establishing refined convergence results of the different
systems to the universal object (eg. convergence of two-point distribution as in [Dim20]).
From a more probabilistic standpoint one of the consequences of our constructions is that
there exist Gibbsian line ensembles behind all of the integrable vertex models. These
objects, considered first in [CH14], represent a powerful tool to show regularity of con-
vergence of various models to universal objects and their analysis will be object of future
works.

Along the way we study the stationary states of the higher spin vertex model, as a
general model of KPZ growth, and establish the convergence of the one point function to
the so-called Baik-Rains universal law. A brief discussion on experimental relevance of
this last result is offered below.

We are now ready to explain in detail the results contained in this thesis.

1.2.2 Improving the theory of spin ¢g-Whittaker polynomials

In [BW17], Borodin and Wheeler defined a family of symmetric functions that they called
spin ¢-Whittaker polynomials. Their basic properties were studied from a combinatorial
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standpoint leveraging Yang-Baxter relations, but no result about their relations to prob-
abilistic integrable systems or about their relevant algebraic properties was given. Our
first stream of results is an attempt to resolve this issue.

We introduce modified versions of the spin ¢-Whittaker symmetric polynomials. Their
expression can be given through a usual branching expansion

F,(z1,...,08) = > TTF v (20), (1.18)

g=10<pyl<.yn=)i=1

where ' are non-negative signatures of i parts, < is the interlacing condition (1.7) and
the branching coefficients are

F, _ Al H 8/3j q N (7875 Q) xi (G D ririin A=A > > N1 >0
/ i= >\ Mz(q q)uz z+i(s2; q))\i_/\iJri ’ po=p1 == > 0.
(1.19)

We used again the notion of ¢g-Pochhammer coefficient (a; ¢), (A.1). Our polynomials are
slightly more general than the Borodin-Wheeler’s version FZ" [BW17], since we have

Fy(xy, 2o, ... ’x")‘xlzo =F3W (29,..., 1),

but, rather surprisingly, this little improvement grants them of a number of additional
properties, including shifting, summation identities and eigenrelations. We outline now a
list of their features all of which are proven in chapter 2.

e The ) are symmetric with respect to exchange of the x variables. This property
follows from a combination of two Yang-Baxter type relations. One is a classi-
cal Yang-Baxter equation for the fused U, (5[2) R-matrix [Manl4]. The other is a

new commutation relation between U, (5[2) R-matrix and a new ”corner” weight we
introduce; see fig. B.7 and proposition B.2.1.

e Under the degeneration s = 0, both families F and F£" coincide and turn into the
usual g-Whittaker polynomials. The different scaling s — 0, xs = const. produces
the Grothendieck polynomials, a key object in algebraic combinatorics. This second
fact was also not observed before in literature.

e They satisfy skew Cauchy identities as a result of Yang-Baxter equations for U, (EE)
R-matrices and corner weights.

e We present ¢-difference operators ©;, ®; which act on our new spin ¢-Whittaker
polynomials diagonally as

D.F, =¢"F, and ©F,=q¢ MF,.

These represent one parameter generalizations of the first ¢-Whittaker operators
(these are t = 0 degenerations of the Macdonald operators from [Mac95]). The
emergence of a theory of operators is a strong hint of algebraic relevance of our spin
g-Whittaker polynomials.
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e We observe that the operators ®,, ©; can be represented as conjugations of the first
g-Whittaker g-difference operators. From higher ¢-Whittaker operators we thus get
higher order g-difference operators commuting with either ®; or ®; (the conjuga-
tions leading to ©; and ®; are different, even though these operators commute).
The higher order operators coming from the ¢-Whittaker operators are not diagonal
in the spin ¢-Whittaker polynomials.

Our modification of the spin g-Whittaker polynomials originates from computer ex-
periments informed by the existing definition from [BW17] combined with the desire to
have g-difference eigenoperators. A particular case of one of the eigenoperators appeared
in [BMP19], while the ®;,D; we present here were introduced in [MP20]. This led us
to discover the existence of commutation relations involving corner vertex weights. It
would be very interesting to connect our corner vertex weights and the corresponding
Yang—Baxter equation with known integrable vertex model constructions.

The major unsolved problem in the theory of spin ¢g-Whittaker polynomials, that
we believe could uncover their true algebraic meaning, is represented by the conjectural
orthogonality relation

/ Fa(z1,. .. 28) Fu(1/21,...,1/2n) mé\fs(zl, ooy 2ZN)dzy - odzy - calazy; (1.20)
']I‘N

see section 2.7 for precise definitions of quantities. This represents a natural generalization
of the torus scalar product for Macdonald polynomials [Mac95]. In the Macdonald case
the existence of families of commuting eigenoperators suffices to show the orthogonality,
but in our case operators could only suggest us the exact form of the scalar product and
are not enough to conclude. Our conjecture was tested numerically for small examples,
a more thorough check was made under the assumption ¢ = 0 and in the text we also
provide a few arguments in support of it.

1.2.3 Characterizing marginals of random fields

We provide a detailed anaysis of random fields of Young diagrams weighted by spin
Hall-Littlewood and spin ¢g-Whittaker functions. Leveraging on their combinatorial and
algebraic properties we identify two classes of Markov marginal projections and match
their distribution with a number of general integrable stochastic systems. The theory
of eigenrelations offers a systematic way to study multi point joint distribution of the
processes, that in turn allows us to recover determinantal formulas for the one-point
distrubutions of certain observables using a strategy introduced in [BC14]. The following
is a list of main results contained in chapter 3.

e In section 3.1 we review a general scheme to construct integrable probability mea-
sures on fields of Young diagrams XA = {\#7) : 4, j > 1} from pairing of symmetric
functions satisfying skew Cauchy identities. In the case of spin Hall-Littlewood
(sHL) and spin ¢g-Whittaker (sqW) functions, leveraging on Yang-Baxter relations,
we build up Markov processes with the remarkable property sampling the respective
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Figure 1.8: Schematic representation of marginals of fields studied in section 3.3. The
first row of a sHL/sHL field is equivalent to the stochastic six vertex model (green). The
first and the last row of a sqW/sHL field are equivalent respectively to the up-left and
up-right directed higher spin vertex model (blue). Finally the first and the last row of
a sqW/sHL field are equivalent respectively to the 4¢3 vertex model and to the ¢g-Hahn
TASEP (red).

fields. The construction of these Yang-Baxter fields uses a technique called bijec-
tivization that was introduced in [BP19]. As a result of bijectivization certain classes
of projections of the fields are found to be form autonomous Markov processes.

e Bijectivization of the Uq(EB) Yang-Baxter equation reduces, in the limit ¢ — 0 to
local moves of the Robinson-Schensted-Knuth insertion algorithm. This reduction
to the RSK is presented in section 3.2.

e We define the sHL/sHL field A, where joint law of partitions is given by products
of skew sHL functions. For example the single point distribution is

Prob(A®) = \) oc Fy(uy, . .., u)Fy (v, ..., 05). (1.21)

The first row marginal of the field )\gi’j ) forms an autonomous Markov process and it
is equivalent in distribution with the height function of a stochastic six vertex model,
see fig. 1.8. This result was obtained first in [BBW18; BP19]. Additionally, making
use of scaled geometric specializations of sHL functions studied in section 2.5 we
can produce fields of Young dlagrams with gibbsian random boundary conditions.
These, at the level of the )\1 w9) marginal produce the six vertex model with two sided
Bernoulli boundary conditions studied in [Aggl8].

e In the sqW/sHL field A joint law of signatures is given by product of pairs of skew
sqW and sHL functions; for example the single point distribution is

Prob(A®) = \) oc Fy(21, . .., :)F3 (01, .. ., v5). (1.22)

Using bijectivizations we characterlze two autonomous Markov marginal projections.
The first row marginal )\ W) g equivalent to the height function of a variant of the
higher spin vertex model with up-left directed paths. On the other hand the last
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row marginal )\gi’j ) is matched with the height function of a higher spin vertex model
with up-right directed paths; see fig. 1.8. These results were obtained in [BMP19;

MP20].

e We finally construct the sqW /sqW field A and in it joint law of signatures is given
by product of pairs of skew sqW and sqW functions; for example the single point
distribution is

Prob(A®) = \) o< Fy(21, ..., 2)Fi(y1, ., ) (1.23)

The fields possess two natural Markov marginal projections. The first row marginal
A&” ) is equivalent to the height function of a general exclusion process with pushing
mechanism called 4¢3 vertex model with up-left directed path. This was introduced
in [BMP19; CMP19]. The last row marginal )\,Em ) is matched with the position of
a tagged particle in a ¢-Hahn TASEP; see fig. 1.8. These results were obtained in
[BMP19; MP20].

e In asimplified “Plancherel” (or “Poisson-type”) continuous time limit we construct a
Markov dynamics on interlacing arrays under which the last rows marginally evolve
as a continuous time version of the ¢-Hahn TASEP (appeared in [BCI16b]). Our
new two-dimensional continuous time dynamics is a model of 2d anysotropic growth
and represents a one-parameter deformation of the g-Whittaker 2d-growth model
introduced in [BC14, Definition 3.3.3]. The latter growth model has continuous time
g¢-TASEP as the last row marginal dynamics.

e Eigenrelations for sHL and sqW functions provide nested integral formulas for joint
g-moments of the fields. In particular the generating function of single point ¢-
moments of coordinates /\gi’j ) or )\Ei’j ) can be rearranged in a Fredholm determinant.
In the simple case of the sHL/sHL field this gives a determinatal formula for the
height function Hgy of six vertex model with domain wall boundary conditions. We
have

1
E(@fmﬁﬂ@ )Zdaud+mﬂmw ¢ € C\ Ry, (1.24)

where the integral kernel K is given by

K(w,w') = l/ (_O f(w)/fg"w) dr, with f(w) = —Hl?zl(w — uk)
21 Jyr sin(mr)  qrw — w’ 7 (w— )
(1.25)
Formulas for models with random boundary conditions are also accessible thanks
to analytic continuations and fusion techniques.

The main immediate consequence of the connection between random growth processes
of Young diagrams weighted by our symmetric functions and stochastic integrable systems
in the KPZ universality class is a fully algebraic unified theory of observables for these
models. This was used in [BMP19] to prove conjectures about determinantal expressions
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for certain systems of particles and polymers formulated in [CMP19]. More in general
our theory brings the realm of complicated integrable systems, like the higher spin vertex
model, closer to that of determinantal point processes like the Schur processes. We en-
vision that further studies might reveal additional connections extending our theories to
the evaluations of more interesting observables, including multi point joint distributions.
A possible strategy to describe multi point statistics would be to follow techniques intro-
duced in the very recent work of Dimitrov [Dim20], where he characterized the two point
correlations of the stochastic six vertex model using difference operators analogous to our
;. We leave these investigations for future works.

1.2.4 Asymptotic analysis for the stationary higher spin vertex
model

In chapter 4 we establish KPZ fluctuations for the stationary higher spin vertex model.
Our starting point is a Fredholm determinant expression for the ¢-Laplace transform
of the height function that was obtained in [IMS20]. The derivation of the formula we
use employs an elliptic generalization of the Cauchy determinant, following techniques
invented by Imamura and Sasamoto in [[S19].

Stationary growth processes in the KPZ class exhibit typical fluctuations and char-
acteristic 1:2:3 scaling only if we follow the evolution of the interface along a specific
direction. To explain this phenomenon consider the KPZ equation. In the stationary evo-
lution the height profile is a Brownian motions and we consider its displacement between
two point in space and time that with no loss of generality we take as (0,0) and (x,t).
Such height displacement possesses in the long space time limit two different regimes.
Around the characteristic line of the Burgers equation associated with the dynamics, that
one can understand as the direction of the growth, the height scales according to KPZ
exponents and its one point distribution is governed by the Baik-Rains distribution Fj
(see Definition 4.2.3). Alternatively, when we move away from the characteristic line
the size of fluctuations coming from the stationary initial data, the brownian motion,
overwhelms any possible nontrivial behavior produced by the random dynamics and the
height performs a gaussian process. The same is true for discrete models where instead
of the brownian motion, the stationary profile of the height is given by a sequence of
independent increments.

For the stationary higher spin vertex model we now want to give the exact expression
of scaling parameters defining the characteristic line and the expected behavior of the
height function H. For simplicity in this case we suppress time inhomogeneities and we
set v; = v. We make use of ¢g-polygamma type functions v defined in chapter A. For
non-negative integers k consider the functions

n

an(d) = vi(qud) — ve(vd),  hu(d) = % S (weld /1) — ve(—d5)) (1.26)

=2
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and, depending on the parameter &, define the quantities

1

1/3
=) = ha(), == (Gl - () . 020

)
al(c{)

We assume that the functions h; always converge in the large n limit and we refer to the
curve (n,kon) as the characteristic line of the stationary higher spin vertex model. For
random growth models usually the characteristic line is expressed as a function of the
time ¢, rather than of the coordinate n, but in our case, since the system exhibits spatial
inhomogeneities we find more natural to adopt the notation (n,kon). The parameter 7
multiplied by n is readily understood as the expectation E(H(n, kon)), whereas v will be
used to describe the size of the characteristic fluctuations of H around 7y. By slightly
perturbing quantities kg, 79 we can analyze the asymptotic behavior of H in a region of

Rgo =

size n?/® around the characteristic line. For this we extend the definitions given in above
setting
h2a1 — h1a2 w
Kew = Ko + > TE (1.28)
ao(h2a1 — h16L2> w h2a1 — hlag w2
New = No + 3 73 ORCYEL (1.29)
aj m ay v2n

where w is a real number parameterizing the displacement from the characteristic line
and functions ay, hy are evaluated at 4. We come now to state our result.

Theorem 1.2.1. Consider the stationary higher spin vertex model with density d. Then,
for any real numbers w,r we have

lim P (H(”’ Falt) — Tl —r) = F.(r), (1.30)

n—00 'yn1/3

where F(r) is the Baik-Rains distribution presented in Definition 4.2.3.

For a more precise statement of this theorem we refer to chapter 4.

An alternative procedure we could have followed to establish Baik-Rains fluctuations
for the height functions of the higher spin vertex model is by using Fredholm determinant
formulas derived in chapter 3. These turn out to be different than those obtained through
elliptic determinant calculations and their asymptotic analysis would have been more
along the line of [Aggl8] where Aggarwal studied the stationary six vertex model.

1.2.5 A new class of functions: the spin Whittaker functions

Our final series of results deals with the ¢ — 1 scaling limit of the spin ¢-Whittaker
polynomials and of stochastic systems associated with them. This leads to the definition
of a new class of functions that can be seen as one parameter deformation of Whittaker
functions [Jac67; Kos78]: we call them the spin-Whittaker functions.

The spin Whittaker functions fx,  xy(L1,...,Ly) depend on a global parameter S >
0, complex numbers Xi,... Xy, such that |X;| < S and a continuous signature L, =
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(Ly > ... > Ly > 0). They may be defined via a recursive Givental-type integral
representation. Let L'y _; and L, be interlacing sequences:

I1<Ly<Ly <Ly 1<...<Li<I4

(notation: L’y_; < L) and define the branching functions
(L L) 1 Ly---Ly \ %
OENTENTTB(S + X, 8 = X))V N\ Ly, L

N S—X-1 L S+X-1 L 1-29
Ae-2) (%) (%)
1_[1( ] L;' Lj

J

(1.31)

where B(S + X, S — X) is the Beta function. Set fx, (L;) := L; ', and, inductively,

=N-1

dL
P (L) = | o (o) o (s L) S50 (132)
Ly_1: Ly =Ly

To familiarize the reader with the notion of spin Whittaker functions we report the
simplest nontrivial case N = 2 that takes the simple form

fxy(u,2) = (z/u)u X"V Fy (S ;SX’ ot Y‘ 1— 5) ,  1<u<z,

u

where o F} is the Gauss hypergeometric function (A.24).
We now give a list of results concerning spin Whittaker functions contained in chap-
ter 5.

e After establishing regularity and well posedness of the Givental representation (1.32),
we define a notion of dual spin Whittaker functions gy, v,,(Ly). The pair of func-
tions f, g satisfies Cauchy identities an example of which reads

(X1 +Y)) I'(X; +Y;)T(29)
/fxl ..... xx(Ly) ovi... HFS+X1 ( (S + X, S+Y)>

(1.33)
For the usual Whittaker functions, the first Cauchy type identity with M = N is
due to Bump and Stade [Bum89], [Sta02], [GLOO08], and was later generalized in
[Cor+14, (1.2)], [BC14, Section 4.2.1].

e Consider the spin ¢-Whittaker polynomial Fy(xy,...,zy) and introduce the scaling
g—= 1,  wm=qv,  s=-¢", ¢N=L,

where S > 0, | X;| < S, and 1 < Ly < ... < Ly are fixed real numbers. We show in
Theorem 5.1.14 that under this scaling the convergence

F)\("El,...,.’L'N) —)le 77777 XN(Ll,...,LN), (134)

holds uniformly on compacts. Similar results are also given for dual functions F*
and g.
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e We also define spin Whittaker processes. These are probability measures on in-
terlacing sequences of continuous signatures L; < L, < ... < L, with probability
weights expressed through the spin Whittaker functions. Cauchy type identity (1.33)
provides an explicit normalizing constant for the spin Whittaker process. We match
the distribution of the marginal process L,;}f to the strict-weak beta polymer model
of [BC16a] (Theorem 5.2.6), and the distribution of the other marginal process Ly 1
to the other beta polymer like model which appeared in [CMP19] (Theorem 5.2.11).

e We show (Theorem 5.3.3) that the functions fx, _x,(Ly) are eigenfunctions of a
deformation of the gly quantum Toda Hamiltonian

N
— 1 2 —2(j—1) Juj—u;

i=1 1<i<j<N

Introduce a change of variables L; = SN17%/¢%. Then in these variables we have

N
1
:}fﬁXl,..A,XN = <_§ ZX32> fX17--~aXN‘
j=1

e As S — +4oo and under the scaling L; = SNT17%e% X, = —i);, the operator
Hy and the spin Whittaker functions fx,  x,(Ly) formally reduce to the usual

quantum Toda hamiltonian Whittaker functions

N—
j_CzToda _ _% Z aa - Z i1 Ui j_CTodaw/\ u]\l (__ Z )\2) w/\ uN

(1.36)
A similar reduction brings spin Whittaker processes to Whittaker processes from
[OCo12], [Cor+14], [BC14]. We do not fully justify these limit transitions, as this
requires a much finer analysis and justification of the interchange of the S — +o0
limit with Givental-type representations. However, we note that at the level of
marginals, the strict-weak beta polymer becomes the strict-weak log-gamma poly-
mer [BC16a, Remark 1.5]. We also show (Proposition 5.2.13) that the other beta
polymer type model turns into the log-gamma polymer from [Sep12].

The emergence of new classes of functions with a list of remarkable features is not a very
common event. In this thesis we define the spin Whittaker function in full generality and
establish some of they immediate properties. We do not consider the study of non trivial
scaling limits, that could reveal additional hidden structures. For example we do not
investigate to what extent such functions arise from different combinatorial constructions,
like the classical Whittaker functions and their relation to tropical RSK [OSZ14]. We will
explore these directions in further works.
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1.2.6 Physical relevance of results

This thesis mainly focuses on mathematical properties of the stochastic integrable models
in the KPZ class. Nevertheless, our results clearly have relevance also from the experi-
mental standpoint. Here we will briefly discuss two examples.

Transport in inhomogeneous space

The higher spin vertex model can be seen as a model of transport in inhomogeneous
space. To see this we naturally interpret the path ensemble as a collection of trajectories
of particles forced to move in one spatial dimension (the i coordinate in fig. 1.6 left) over
time (the j coordinate). A scaling of parameters v = ¢ ~ 0,5 = —1 transforms the
probability weights of fig. 1.7 into

Lo ( gllr) ~em(l—¢) LI HF> ~ i,

This, following a time rescaling j = t/e, translates the higher spin vertex model in a
continuous time process of particles in the lattice obeying the following dynamics:

e particles are positioned at vertices of Zx(, possibly sharing their location;

e if at time ¢, g; particle are sitting at location 4, with rate x;(1 — ¢%) one of them
activates and starts flying to its right. During this rightward motion the particle
crosses each location ¢/ > i with probability z;¢%" otherwise it stops there;

e with a fixed rate r a particle is injected at the leftmost location i = 1.

What we have just informally described is a model for a one dimensional fluid with
viscosity (governed by the parameter ¢) and microscopic inhomogeneities (produced by the
x;). Result of theorem 1.2.1 establishes that, under certain conditions on the parameters
x;, the height function of this process, which is closely related to its cumulative current, in
the stationary state follows typical t'/3 KPZ asymptotic fluctuations distributed according
to the Baik-Rains law. Conditions on the inhomogeneities do not forbid the presence of
“slower regions”, where the particles, in the long time tend to accumulate with higher
density.

In mathematical and physical literature “slow bond” problems are of great interest
since it is known that for one dimensional transport, the presence of even minimal mi-
croscopic defects has the effect of drastically changing hydrodynamic properties of the
system [BSS14; BSS17]. In this sense we show that defects of the form described above
(which are qualitatively different from those in [BSS14]) do not affect KPZ asymptotic
limit of the process; see also [BP18b].

In recent years KPZ exponents and sometimes fluctuations have been observed di-
rectly in a number of remarkable experiments, involving liquid crystals [TS10], collidal
suspensions [Yun-+13], bacteria growth [Hue+10] and many more. In particular it became
possible only very recently to directly detect KPZ universality and Baik-Rains universal
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law from systems in steady states [[F'T20]. It would be very interesting to see whether
a direct observation of KPZ exponents can be made also in more anthropological con-
text. The model of viscous fluid we introduced above can be thought as a traffic model
(for pedestrians more realistically) in an environment where overtaking is allowed and
a few roadblocks are present. Steady states in such systems are reached at peak hours
and predictions of theorem 1.2.1 imply that a certain linear combination of the initial
state and the cumulative current through a location will exhibit t'/3-sized fluctuations,
when the time ¢ is sufficiently large. The discussion in section 4.2.1 can then be used to
express scaling parameters k, 7,y appearing in theorem 1.2.1 in dependence only of phys-
ical observables of the macroscopic system; see also [Spol2]. We leave such interesting
developments for future works.

Baik-Rains distribution in diffusion processes

Other new physical implications of our results can be argued considering the Beta polymer
model; see definition 5.2.4. It was observed in [BC16a] that such model of polymers is
equivalent to a simple model of diffusion: the Beta random walk in random environment
(RWRE).

A particle X (¢) moves on the lattice Z jumping at each time step to its left (resp.
right) neighboring site with probabilities p (resp. 1—p), that are themselves i.i.d. random
variables (the environment) with Beta distribution. It is clear that in the long time limit,
the particle obeys the central limit theorem and the fluctuation of its endpoint are of size
V't and converge to the gaussian law. KPZ statistics enter the picture when conditioning
the walker to have an anomalous speed. In this case the large deviations of the random
walk endpoint are corrected at the second order by a random term which scales as t*/? and
converges to the GUE Tracy-Widom distribution. More precisely [BC16a] proves that

. log P{X(t) > txo} + I (o)t
lim P ( Clag) 1/

< y) = Feue(y), (1.37)

t—o00

where P is the probability of the random walk, P is that of the random environment and
I(xg),C(x) are constants.

A question raised by this result is how other KPZ universal statistics can describe
properties of RWRE and our analysis of the stationary higher spin vertex model (which is
a generalization of the Beta polymer and hence of the Beta RWRE) suggests the answer
for the case of the Baik-Rains distribution. This is done by replacing the logarithm of the
probability P with an appropriate expectation of statistics of walks with free endpoint;
see also [BRS19] for a probabilistic approach to the topic. We will cover such interesting
developments in a further work.
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Chapter 2

Spin Hall-Littlewood and spin
g-Whittaker functions

This chapter presents results contained in sections 3,4,5,8 of

[BMP19] A. Bufetov, M. Mucciconi, and L. Petrov. “Yang-Baxter random fields and stochas-
tic vertex models”. In: arXiv preprint (2019). arXiv:1905.06815 [math.PR]. To

appear in Adv. Math.
and of sections 2,3 of

[MP20] M. Mucciconi and L. Petrov. “Spin ¢-Whitaker polynomials and deformed quantum
Toda”. In: arXiv preprint (2020). arXiv:2003.14260 [math.PR]

2.1 Basic notions

2.1.1 Partitions and Signatures

A partition is a sequence of nonnegative integers A = (A\; > Ay > ...) such that \; =0
eventually. The last positive entry of the sequence is denoted with A,y and £()) is called
the length of the partition A\ while elements i, Ao, ... are its parts. Denote by Y the set
of all partitions including the empty one A = @ (by agreement, /(&) = 0). A partition A
is naturally represented by its Young diagram, obtained drawing on the plane N x N left
justified sequences of \; boxes; the order we use is matrix-style with ¢ growing downward.
The use of a multiplicative notation is also common:

A =1mWom2) o where  my(\) = #{j: N =i}
For a given A its transposed partition X' is given as
o= #{j: N > i, i=1,2....

We easily see that the Young diagrams of A\ and X\ are related by reflection with respect
to the main diagonal.
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Given two partitions p and A we say that they interlace if
ML Z A 2> g > s 2 A 2 g = Ay =00 (2.1)

We will use notation p < A for interlacing. When A and p are such that p/ < X\, we say
that they are transposed interlacing, and use the notation p <" A.

A nonnegative signature is a partition with a fixed finite number of parts N. We
will drop the word “nonnegative”, and refer to them simply as “signatures”. Their set is
denoted by

SignNI:{)\:()\lz"'Z/\NZO)I)\Z’GZZO}, NGZZO

and by agreement, Sign, = {@}. To define the transposition in the context of signatures,
introduce the set of boxed signatures

Signy == {A=(\>---> My >0):0< )\ < N} C Signy,

and Sign=V = UMzo Signﬁv When \ € Sign]ﬁN we have \' € Sign?VM. In this case, the
Young diagram of A fits inside the the box

Box(N, M) = {1,...,N} x {1,..., M},

while that of A fits inside Box(M, N); see Figure 2.1 for an illustration. For pairs of
signatures A, ;1 the notion of interlacing is defined dropping unnecessary inequalities in
(2.1).

N

M

Figure 2.1: An example of a signature A = (5,4,1,1) € Signf. Its transposed signature
is N = (4,2,2,2,1,0,0) € Signs".

2.1.2 Young diagrams as arrow configurations

Functions we introduce in this Chapter are labeled by (skew) Young diagrams which we
represent as configurations of vertical arrows on Zx. Let A be written in the multiplicative
notation as A = 1422 . where [; is the number of parts of A which are equal to i. By
definition, the arrow configuration corresponding to A, denoted by |\), contains I; vertical
arrows at location ¢. The number of vertical arrows at 0 is assumed infinite which reflects
the fact that one can append Young diagrams by zeros without changing them. See
Figure 2.2, left, for an illustration. At times it will be convenient to work with the arrow
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configuration corresponding to the transposed of a specific Young diagram A. In this case
we observe that the number of arrow at position 7 in |\') is given by A; — ;1 and we call
this the dual arrow representation of M.

We will use arrow configurations to construct our special functions following a simple
recipe. Decorate each vertex x of the lattice Z>o with a function w,(u) that assigns a
weight to arrows configurations around x. Assuming that the weights w are non-zero
only at up-right directed arrow configurations and that they are 1 if no arrow crosses the
vertex, we consider then the transfer matrix T(u) = wo(u)w; (w)ws(u)--- and its matrix
elements

Snvu(u) = (plZ(w)|A).

Then the functions § are well defined and they admit multi-variable extensions stacking
together multiple rows, as in Figure 2.4, left panel. This procedure guarantees that they
also follow branching rules (e.g. (2.4) below). To impose symmetries we will request
that the weights w will be solutions of Yang-Baxter equations, for example we easily see
that the commutation of transfer matrices T(uy),%(uy) implies that the §’s are symmetric
with respect to the permutation of variables. In the following sections we will need also
families of dual functions &, that we will generally produce using down-right directed
path ensembles; see Figure 2.4, right panel.

00

17170 1017

S 1101707
Figure 2.2: Left: Configuration |\) of vertical arrows corresponding to the Young diagram
A= (4,4,2,1,1,1). Right: Interlacing of A with u = (4,2,2,1,1,1).

2.2 Spin Hall-Littlewood functions

2.2.1 Stable spin Hall-Littlewood functions

The first collection of vertex weights we work with is given in Figure 2.3. Along with ¢,

these weights depend on two quantities u, s € C, which are called the spectral and the spin

parameters, respectively. The weights w,, ¢ satisfy the Yang-Baxter equation, see (B.1).
For vertices at the left boundary we set

00
ww( ) = Wy, (00, @;00,1) = u, wu,s( o ) = Wy, (00, @;00,0) =1, (2.2)
00 00

Both in Figure 2.3 and in (2.2), we attribute weight zero to all configurations which are
not listed. In particular, the following arrow conservation property holds:

Wy s(71, J1; 2, J2) = 0 unless 7y + j1 = iz + Jo. (2.3)

31



12 g g g g+1

a | T A
I | | H

i1 g g+1 g g
waslin i o) || M| e =

Figure 2.3: In the top row we see all acceptable configurations of arrows entering and
exiting a vertex; below we reported the corresponding vertex weights w,, s(i1, j1; 92, j2)-

Definition 2.2.1. Consider a sequence of spin parameters s = (s, $2, - -+ ) and a spectral
parameter u # 1/s, for all z. For u, A € Y with u < A, the stable spin Hall-Littlewood
function in one variable, denoted by Fy/,(u;s), is defined as the total weight (= product of
individual vertex weights) of the unique configuration of arrows between |u) and |\) as in
Figure 2.2, right panel. Here the individual vertex weights are the w, s,’s from Figure 2.3,
and the left boundary weights are (2.2). If u A A, we set Fy/,(u;s) = 0. In case all spin
parameters are equal s, = s we will drop the explicit dependence on s and write Fy/,(u).

In the sequel we will mostly omit the word “stable” (cf. [BMP19, Section 3.3] on
connections to the non-stable functions which were originally defined in [Bor17]), and will
also abbreviate the name to simply the sHL functions.

Define the functions with multiple variables inductively via the branching rule:

Fau(ur, ... ug;s) ZFA/V ug;S) Fuyu(us, ... ug—1;8). (2.4)

That is, Fx/u(u1,...,ux;s) is a partition function of ensembles of up-right paths as in
Figure 2.4, left, with height k, spectral parameters wuy, . .., u; corresponding to horizontal
slices, and boundary conditions |u), 0%, |\) and empty at the bottom, left, up, and
right, respectively. The fact that the paths are directed up-right corresponds to the arrow
conservation property (2.3). Note that Fy/,(u1, ..., us;s) vanishes unless 0 < €(A)—£(p) <
k, but this condition is not sufficient.

The Yang-Baxter equation implies that Fy/,(u1, ..., u;) is symmetric with respect to
permutations of the u;’s, see, e.g., [Borl7, Theorem 3.6]. These functions also satisfy the
stability property
Faju(u, ... ug, 058) = Fyyu(u, ..o ug;s). (2.5)
For y = @, the stable spin Hall-Littlewood functions admit an explicit symmetrization
formula [BW17; BP18a] which we recall below. When all s, = 0, the stable spin Hall-
Littlewood functions become the usual Hall-Littlewood symmetric polynomials [Mac95,
Chapter III].

Theorem 2.2.2. For any Young diagram X\ such that n > €(\), we have
£(N)

(;;1(1;—7221) 3 a{ 11 _qu] HH (1 —_sjvi) Eu@ ﬁz’%}_

o€e6, 1§i<j<n =1 j=1
(2.6)

Fa(ty, ... up;s) =
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Here the symmetric group acts on the indices of the variables u;, but not on \;.

Proof. This theorem is an easy corollary of [BP18a, Thm. 4.14], where a similar formula is
stated for the non-stable spin Hall-Littlewood functions. To obtain (2.78) from equation
(4.23) of [BP18a] all it takes is to set so=0. The denominator (g; ¢)n—e(») in the prefactor

is a consequence of our choice of boundary weights (2.2). O
00 Y 0 |24)

Ug o e 4 U1

us - V2 -

Uy . U3

us () o PRRRNY'S o e

UQ | ——a—W s e )r Vs .

Ul ° . Ve ‘A .
I— n n
|1) v)

1 2 ... 1 2 ...

Figure 2.4: Examples of configurations of up-right and down-right paths used in the
definitions of Fy,, and F respectively.

*
v/

We also report an additional remarkable property of the sHL functions usually called
spatial biorthogonality. The following theorem was proven in [BP18a).

Proposition 2.2.3 (Corollary 7.5 [BP18a]). For any Young diagrams A, pu, we have

S )\ ; n— d d n l I )
cs(A) (g 9) e(A)% 21 % z 2 — Zj Fa(2ta s 2mi S)Fu(1/21, o 1 2ns8) = 1y,
v Y

(1 —q)"n! 2miz 2Mizn | ey B T 47
IFISN

(2.7)
where v is a positively oriented contour encircling 0, ¢*s, for all k > 0,z > 0, and the
contour g (its image under the multiplication by q), but not the points s;'. Finally the
coefficient cs(N) is

Cs()\) _ H (Si; Q)fk (28)

o (@)
assuming A = 142 ...

We remark that for the statement of Proposition (2.2.3) we are tacitly assuming that
the spin parameters allow the construction of the contour v. Such assumption will always
be satisfied for practical uses of the orthogonality throughout the thesis.

2.2.2 Dual stable spin Hall-Littlewood functions
Let us introduce the dual weights to w,, s from Figure 2.3 as follows:

(5% 0)ir (45 9)s

- N wv,siaj;iaj . 29
(7 @)ir (5% Q)i (b2, 5131, 2) (29)

wy, (i1, J1; 02, J2) =
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The arrow conservation law (2.3) implies that w; (i1, j1;i2, j2) vanishes unless iy + j; =
11+ J2, and as a result the corresponding vertex model produces configurations of directed
down-right paths (see Figure 2.4, right). The explicit form of the weights wy ¢ 1s given in
Figure 2.5. The weights w , at the left boundary are given by the same formulas as in

v,$

i2 g g g g+1
s w | 0 |
m m m u
i1 g g+1 g g
wi i diinga) || =" | Ak

Figure 2.5: In the top row we see all acceptable configurations of paths entering and
exiting a vertex; below we reported the corresponding vertex weights w:,s(il, J1; 12, j2)-

(2.2).

The weights w}, , can be obtained from w, s by substituting v with 1 /v, swapping the
values of both horizontal edge indices j; and js (that is if j; = 0, then we change its value
1 and vice versa, and the same for js), and multiplying the result by (v—s)/(1—wvs). This
swapping construction of the dual weights was instrumental in deriving Cauchy identities
for the sHL functions from the Yang-Baxter equation [Borl7] (a bijectivization of this
argument appeared in [BP19]). In the present thesis we employ a more direct approach
with down-right paths which is better suited for the generalization to spin g-Whittaker
functions. The Yang-Baxter equation connecting w,, s and wj , is recorded in (B.2).

Definition 2.2.4. Consider a sequence of spin parameters s = (s, s, -+ ) and a spectral
parameter v # 1/s, for all . Fix s¢,v € Y with s < v and place the arrow configuration
|v) under |»). Then there exists a unique configuration of horizontal arrows between |sr)
and |v). By definition, a dual stable sHL function in one variable, denoted by F7_(v;s),
is the total weight of this horizontal arrow configuration, where the individual vertex
weights are the wy  ’s from Figure 2.5, and the left boundary weights are the same as in
(2.2). If ¢ A v, we set F}, (v;s) = 0. We will mainly work with two instances of dual
sHL functions, depending on the choice of s. When we take s, = s for all x we will use

the notation Fz/%(v). When we take s1 = -+ = sy 1 = s and sy = sy11 = --- = 0 for
some N we will use the notation F},_(v).
The multivariable generalization F /%(vl, ..., Ug;8) is defined via the branching rule

exactly as in (2.4). It is the partition function of ensembles of down-right paths as in
Figure 2.4, right, of height k, spectral parameters vy, ..., v, corresponding to horizontal
slices, and boundary conditions |»), 0%, |v), and empty at the bottom, left, top, and
right, respectively.

The relation (2.9) between w; , and w,, s implies that

cs(N)

—F is) = F} ; 2.10
Cs(/l) /\/M(uh 7uk7s) )\/,u(ula ,U,k,S), ( )
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where the factor ¢s was defined in (2.8).
The symmetry of FA/#(vl, ..., Ug;8)) in the v]s follows from the symmetry of Fy/,. The
dual sHL function also satisfies the same stability property (2.5) as the non-dual one.

2.2.3 Skew Cauchy identities for sHL/sHL pair

In this section we consider the homogeneous versions of the sHL functions, obtained setting
all spectral parameters s, = s, for some s € C. Generalizations in non-homogeneous
settings are straightforward and are contained in [BP18a].

One of the main consequences of the Yang-Baxter equation (either Proposition B.1.1
or Proposition B.1.2) is the skew Cauchy identity for the sHL functions:

Theorem 2.2.5 ([Borl7], [BP18a], [BW17, Section 7.4]). For any two Young diagrams
A, w and generic parameters u,v € C such that |(u — s)(v — s)| < |(1 = su)(1 - sv)|, we

have
— quu
ZFV/A Fugu(u) = ——— ZFA/% Pl (0). (2.11)

A more refined proof of Theorem 2.2.5 can be given using bijectivization arguments
described below following the approach of [BP19].

2.3 Spin ¢-Whittaker polynomials

2.3.1 Spin ¢-Whittaker polynomials

The spin ¢-Whittaker polynomials are partition functions of up-right path ensembles and
they are labeled by signatures rather than partitions.

We consider up-right directed paths living in the half-quadrant {(i, j) € ZsoxZ>1: j >
i} and we assign weights to a generic vertex (i, j) as:

Wi (k) = a* Cs/miae if i = 0;
’ (@ Q)n

(2.12)
i (=5/230) 5, (=525 0)i, 3o (45 Q)i

Wx,siaj;ivj ::11'1 j1=12 '21i1 jo L ) 1f0<2<]?
( b 2) K I = (Q§ Q>j2(q; Q)ilsz(SZ;q)iz
(2.13)
W3 (k) = Cil/ : if i = j.
(=s/z; )
(2.14)

Here in (2.12) and (2.14), k € Z>( denotes the number of paths going through the vertex,
and in (2.13) the numbers i1, j1, 42, jo € Z>o denote, respectively, the numbers of entering
vertical, entering horizontal, exiting vertical, and exiting horizontal paths to/from the
vertex.

35



Remark 2.3.1. One can readily check that the condition i; > 75 in (2.13) implies that up-
right path configurations with nonzero global weight are those associated with sequences
of interlacing signatures A' < A2 < .... In particular, the configuration in Figure 2.6, left,
has global weight zero.

J
4_ 44444444444444444444444444444444444444444
3_
2__
1 ' } } } } 7 1 } } } 7
O 1 2 3 4 5 0o Y1 2 Y3 4 ¥

Figure 2.6: Left: Example of an up-right path ensemble. All paths must be above the
main diagonal. Right: Example of a down-right path ensemble with N =5 and M = 4.
All paths must be inside the rectangle.

Remark 2.3.2. When s = 0, the bulk and the corner weights (2.13)-(2.14) coincide.
More precisely, we have W (k) = W, ,(0, k; k,0) = (¢; @)x-

Definition 2.3.3 (Spin ¢-Whittaker polynomials). For given interlacing signatures 1 < A
with p € Sign, and A\ € Sign,_, the skew spin q-Whittaker polynomial in one variable
is the weight of the unique path configuration between p/ and X\ at the k-th slice. It is
given by

F, — =lul H S/SL’ q Ai uz( Sx'Q)ui*AiH (Q;Q))\i*)\zﬁrl (2 15)
il o1 (@O (6 Dy (57 D

This is clearly a polynomial in x, even though the right corner weight (2.14) is not poly-
nomial. We will often abbreviate the name “spin ¢g-Whittaker” as sqW.

For p € Sign, and v € Sign,,,, we also define n-variable polynomials in a standard
way via branching:

Fopu(@i, ) = Y Fupulrn,. o 2n1) Foplza). (2.16)

The polynomials F, (1, ..., %,) are partition functions of up-right path ensembles as in
Figure 2.6, left, in a domain with the bottom and the top boundary conditions determined
by u € Sign, and v € Sign,_,,, respectively.

We will use the shorthand notation Fy(x1,...,2,) = Fy/p(1,...,2,), where X €
Sign,,.

Remark 2.3.4. It is important to notice that the number of variables in a sqW polynomial
¥,/ is determined by the signatures v, u. If v € Sign,,,, and p € Sign,,, then we can only
evaluate I, at n variables.
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2.3.2 Comparison with Borodin—Wheeler’s spin ¢-Whittaker poly-
nomials
It is important to note that our version of the spin g-Whittaker polynomials is different

from the original definition of Borodin and Wheeler [BW17]. Namely, the one-variable
skew polynomials in [BW17] have the form

IF)\/ |/\| lul H S/ZE q i ,ul( ST Q)M—M-H (q; q>>\i—>\i+1 : (217)
> Q)i — i (¢; q)urkiﬂ(SQQ q))\i*)\iw%’

where p € Sign,, A € Sign, ., and the product over i extends to ¢ = k£ + 1 with the
agreement that Apio = pgr1 = 0. That is, our one-variable functions differ from (2.17) as

( 3/37 q)/\k+1F/ ( )

F = 2.18
Mﬂ( ) (82 q))\k+1 ( )
The n-variable polynomials FJ'V(z1,...,z,) are defined from FY)V'(x) by branching

as in (2.16). They admit a lattice path construction similarly to I, /,, but with the right
corner weights W7 replaced by the bulk weights W, ;.

The Borodin—Wheeler’s spin ¢-Whittaker polynomials arise from our I as a particular
case:

Proposition 2.3.5. For all X € Sign,, we have
Fr(0,29,...,2,) = F2W (29, .., 2p). (2.19)

Proof. The up-right paths that start at the left boundary at height 1 must immediately
turn up at the right corner at (1,1). If there are j such paths, their contribution to the
global weight is W (j)W; (j) = . For xy = 0, this forces no paths to start at height
1. Next, due to the presence of 1.,>, in the bulk weight W, ,;, we see that paths started at
height 2, ..., n cannot reach the diagonal with the special right corner weights. Therefore,
the partition function for Fy(zy, xo, ..., x,) with x; = 0 involves only left boundary and

bulk weights, and is thus the same as the partition function for F¥W (x, ... x,). O

Note that FEW (x,, ..., z,) is well-defined for any A, and vanishes if £(\), the number of
nonzero parts in A, exceeds n—1. If £(\) < n—1, then we can treat A as an element of Sign,,
with A, = 0, and then (2.19) holds. Moreover, one readily sees that both sides of (2.19)
vanish if A\, > 0. Therefore, any polynomial F¥" can be obtained from our polynomial
IF\ by specializing one of the variables to zero. (By symmetry, see Section 2.3.3 below, we
can specialize to zero any variable, and not necessarily the first one.)

2.3.3 Properties of the spin ¢-Whittaker polynomials

The fact that the Borodin—Wheeler’s sqW polynomials are symmetric in their variables
follows from the Yang—Baxter equation which we reproduce in (B.12). By looking at
(2.18), it is not immediately clear why our version of the sqW polynomials should also be
symmetric. We prove this next.
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Proposition 2.3.6. For any p € Sign,, v € Sign, ., the polynomial ¥,/ (x1,...,xy) is
symmetric with respect to permutations of its variables x;.

Proof. We use the Yang—Baxter equations (B.12) (B.25) and employ the standard “cross
dragging” / commuting transfer matrices argument, cf. [Borl7, Theorem 3.6]. Using
branching, it suffices to consider the two-variable case. The two-variable polynomial
Fy/u(z,y) is a partition function of up-right paths on two consecutive levels, with param-
eters x, y at the bottom and at the top, respectively, and boundary conditions determined
by A, u.

First we use the new relation (B.25) that, as shown in Figure B.7 (a), implies that
swapping the spectral parameters z <> y at the right corners makes a cross appear at
their left. Then we sequentially move the cross to the left while swapping the spectral
parameters using the bulk Yang-Baxter equation (B.12), as shown by Figure B.5 (a). We
proceed till the left boundary of the domain.

At the left boundary, we can swap the last two spectral parameters by noticing that

W () — (5% q)oo o
s (j) = ——— W, (00, 1;00,7), for any | € Z>. (2.20)
’ (_va Q)oo ’ -
This means that the left boundary weights W* also satisfy the Yang-Baxter equation
(B.12), and so we can take the cross out of the lattice. This completes the proof. O

Our sqW polynomials also satisfy an index shifting property which is the same as for
the classical homogeneous Macdonald polynomials Py(+; ¢q,t) [Mac95, VI(4.17)]:

Proposition 2.3.7. For any signature A\ € Sign, with Ay > 0, we have
IF)\(LUl,...,l’N) :x1-~~xN]F,\,1N(x1,...,:cN), A— 1N = ()\1 — 17---7>\N_ 1)

Proof. First, note that (2.15) implies that the one-variable skew polynomials satisfy the
shifting property as
FV/M(ZE) = $F(V_1k+1)/(u_1k)($), (221)

for any v € Sign,,, and p € Sign, with 441 > 0 (this also implies pr > 0, since
U > Vky1). Next, we use the expansion

IF)\(l'l,...,l‘N) = Z FA1<$1)FA2/>\1(1‘2)...IF)\N—l/AN—z(ZL‘N_l)IF)\/AN—l({EN)
A< <AN=12)
(2.22)
coming from iterating the branching rule, and apply the shifting property (2.21) to each
of the terms to get the desired result. O

Remark 2.3.8. The polynomials F¥" do not satisfy the index shifting property of Propo-
sition 2.3.7, which can be seen from (2.18).
On the other hand, the polynomials F¥W satisfy the stability property

FoW(xy, .. an_1,—s) =FW (21, .., 25 1),
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whereas the polynomials Fy do not. More precisely, we have
Fa(z1,...,eN-1,—8) = (—s)ANFX(xl, Ce e TN-1),

where \ = (A1 > -+ > Ay_1) and this is easily proven since the branching coefficient
(2.15) evaluates as Iy ,(—s) = (—s)*¥ | | AR BV
In the following proposition we use the coefficient

N-1

_ (5% @) ai-ns .
c(A) = — o o A € Signy.
( ) g <Q;Q>z\¢*)\¢+1 .

Proposition 2.3.9. Let |sx;| <1 fori=1,...,N. Then we have

c(\) (—s)NFy (x oy (E9)Y2n o Qo5 )X
2. W) (=5215 @)oo - - - (—5TN; Qoo (2.23)

A€Sign
An=0

Proof. We will use the ¢-Gauss identity (A.8) that implies

~ @)k (a;Q)n—r _ (ab;q)n
,;a (GO (G Dnr (GDn (2:24)

Expand the left-hand side of (2.23) as:
D S

; N_yN-1
A=AN€Sign AN —1€Signy_, (a; q))‘l -
AN=0

i AN \N-1 (—=szn; q)A,ilelfA{j (_S/I’N;Q)A]Ij—xfj—l
AL ™ =10 (60
P q;q ANZLN q;q AN ANt
(—sxN;q) N1 ~
AN (LN TIR (2 ).
(45 ¢)\y-1

Summing over A\ by means of the g-binomial theorem gives us the factor (s%; ¢)oo/ (=87 n; @) oo-
We then sum sequentially over indices A, ..., A¥_; and using (2.24) we are left with

(32§ q)oo Z

(—st;Q>oo AN-1cSigny_,

(_SxN;CD)\N_l B
(q q) N ]1\[71 E()\Nil)(_s)l)\]v I‘FAN_I(mh cee 7xN71>7
! AN:I

where ¢(AN™1) is the result of applying (2.24). Repeating the same procedure we can
reduce the previous expression to

(5% 9)%
(—52N; @)oo (—STN-1; @)oo

« Z ((_3)2$N—1$N; Q)A%ﬂ

N—
( . ) : —27:()\]\7—2)( S)P\ 2|E)\N72(ZE1,..-,5L‘N—2)‘
AN=2¢Sign o 1: 9 AN2

39



Here the reason for the appearance of the product (—szx)(—szy_1) in the g-Pochhammer
symbol is again (2.24), where we also used that A} "1 is not necessarily zero (in contrast
with the first summation over AY). Continuing inductively, we exhaust all the summations
down to the bottom one over Al, from which we recover the factor ((—sz1) -+ (—sTn); @)oo/ (—571; @)oo

This completes the proof. n

2.3.4 Skew Cauchy identities for sqW /sHL pair

The Yang-Baxter equations for the weights wy ,, W, s given in (B.26), (B.26) imply the
following “dual” skew Cauchy identity for the sHL and sqW functions. We recall that the
notation F® was introduced in 2.2.4

Theorem 2.3.10. Fiz M > 1. For N > 0, let u € Signy" and \ € Signﬁj\fl. Then, we

have e
o VT
Z Fo (@) oy (v) T 1_ s Z F/se() By (V). (2.25)
uESlganfl %GSIgn*

For N =0, we have

S Fu(a) o (v) = (14 v2) Fa(a). (2.26)

VESigHISM
Note that all the sums in this proposition are over finite sets of signatures, so there
are no convergence issues.

Proof of Theorem 2.3.10. The proof of (2.25) is similar to that of Proposition 2.3.6 as it
also uses a “cross dragging” argument. The summation in the left-hand side of (2.25) is
the partition function of path configurations across two rows of vertices glued together:

e the lower row has weights W ., W, i, W7 & and boundary condition p at the bottom

x,s?
and v at the top;

e the upper one has weights w; ;. with s; = 0 for : > N, and boundary condition v at
the bottom and A at the top.

Recall that the encoding of arrow configurations by signatures is described in detail in
Section 2.1.2.

The Yang—Baxter equation (B.26) implies that the action of swapping weights at the
rightmost pair of columns, makes a cross weight appear at their left, as shown in Fig-
ure B.5 (b). We then push the cross to the left one vertical step at a time, each time swap-
ping the vertex weights and using the Yang-Baxter equation (B.11) as in Figure B.5 (b).
This procedure sequentially turns the left-hand side of (2.25) into the right-hand side.

At the final step, we push the cross out of the lattice at the leftmost site. Using (2.20)
and the left boundary weight (2.2)

wy () = (1 = sv)wy (00,l;00,5),  forl=0,1,
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we obtain the combined contribution of the cross vertex weights R, , s (defined in Fig-
ure B.4 in the Appendix) corresponding to the two cross configurations . and < . Their
sum gives the factor (1 4+ vz)/(1 — sv) in the right-hand side of (2.25), as desired.

The second identity (2.26) can be verified by simply using definition of functions. [

Combining the skew Cauchy identities of Theorem 2.3.10, we come to the following
corollary for several variables:

Corollary 2.3.11. For any positive integers N, M, m we have

Z ]F)\(l’l, ce ,ZL'N) F;\/(Ul, PN ’Um) = H (1 _18vj> B HH(l +iji)‘ (227)

Aesigns/Y j= i=1 j=1

Proof. We use the branching expansion of functions Fy, F}, and then apply the single-
variable skew Cauchy identities (2.25) and (2.26). O

2.3.5 Dual spin ¢-Whittaker polynomials

Let us also define the dual versions of the sqW weights. These dual weights correspond
to down-right lattice paths, and are given by (we use the notation (2.12)-(2.13)):

Wi (g) =Wy, (5); (2.28)

(5% 9 (4:9)i, o
W, s(i2, 71571, J2)- 999
(¢;9)i, (8% )4, ys (12, J13 11, J2) ( )

W (i1, j1yin) = Ligejy =i, (2.30)

Wy (i1, 1 12, J2) =

This choice of vertex weights implies that nonzero global weights are assigned to
configurations of down-right paths in the grid {0,..., N} x {0, ..., k} which are encoded
by sequences of interlacing signatures A!' < --- < A*. (Compare this with the transposed
interlacing property for the sHL functions.)

Definition 2.3.12. For given interlacing signatures A, i € Signy, the skew dual spin q-
Whittaker polynomial in one variable FY / u(y) is the weight of the unique down-right path
configuration between 1/ and X at a single row of vertices, with the weights (2.29), (2.28)
and (2.30). Recall that the encoding of arrow configurations by signatures is described in
Section 2.1.2.

An explicit expression for the skew dual sqW polynomial is

N-1
atel 58/ Donun 1T 58/Y Dni—0 (—8Y5 Qi1 (€ Dipsi—puisa

Fuw) =y (2.31)
/m (C]; q)AN*uN i=1 (q; q)/\z‘*m (q; q)urMH(SQ; q)ur#iﬂ
Observe that I}, (y) is a polynomial in y.
Multi-variable extensions F} / u(yl’ ..., Yk), where A\, € Sign, are arbitrary, are de-

fined via branching in the same say as in (2.16). The non-skew functions are F; = F* O
where v € Sign,, and 0V € Signy is the signature with all parts equal to zero.
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Remark 2.3.13. Like the dual sHL functions and unlike the usual sqW polynomials
(cf. Remark 2.3.4), the dual sqW polynomials IF’:\/M(yl, ..., Yr) make sense for any number
of variables k, regardless of the signatures A, p.

Proposition 2.3.14. The polynomials ]F;/N(yl, ..., Yg) are symmetric.

Proof. This follows from the Yang—Baxter equation (B.12) and the sum-to-one property of
the R-matrix (B.14). It suffices to consider swapping two variables. We apply the usual
“cross-dragging” argument to exchange spectral parameters of two consecutive rows of
vertices. Similarly to the proof of Proposition 2.3.6, identity (B.12) suffices to swap
spectral parameters from the leftmost column up until the rightmost one. Since the right
boundary weights W*™ differ from the bulk weights W*, we have to prove that we can
drag the cross one more step to the right. We have using the definition of W*™ that the
partition function near the right wall with the cross vertex is equal to

D Ruy(in, i by, ko)W kg, o )W (is, ks bs) = ) Ray (i, gy in+ia—js—k, k—Js).
k1,k2,k3 k

(We used the arrow preservation property iy + is + j3 = i3.) The right-hand side is equal
to one. Indeed, this sum-to-one property readily follows from identity (2.24). On the
other hand, without the cross vertex, the partition function near the right wall is equal to
> W5 (is, ig; K)W*(k,i1; js). This is also equal to 1, because only the summand with
k = i1 + 73 is nonzero. This completes the proof. O]

2.3.6 Skew Cauchy identities for sqW /sqW pair

The spin ¢-Whittaker polynomials also satisfy the following skew Cauchy identity which
follows from the Yang-Baxter equations (B.12), (B.27):

Theorem 2.3.15. For N > 0, let pn € Signy and X € Signy,,. Then, for |zy| < 1, we
have

5 m/ummz/A(y):(‘s“”” S“ S B Fuy).  (232)

2.
S X
vESigny g ( ! q) Y d »#E8ign

For N =0, we have
—ST;5q) oo
Y F(x)F ) = QFA(U@). (2.33)

(TY; @)oo

veSign g

Proof. For N > 0 this is proven using the same method explained in Theorem 2.3.10 with
the help of identity (B.10) (with ¢/ — —x/s, ¢! — —y/s) when extracting the cross vertex
weight from the rightmost column. For N = 0 the statement is simply the g-binomial
theorem. O

Corollary 2.3.16. Let |z;y;| <1 foralli=1,...,N, j=1,..., k. Then, we have

b (s N-1 Ak (—sxi;q)
> Falwr,an) B m) H( yﬂ’ ) HH+‘1°°, (2.34)

x
A€Signy j=1 i=1 j=1 ( Zy]aQ)oo
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2.3.7 Pieri rules

Pieri type rules for the Borodin-Wheeler spin ¢-Whittaker polynomials FZ" are given in
[BW17]. These are analogs of the classical Pieri type rules for Macdonald polynomials.
The Pieri type rules follow from skew Cauchy identities, and here we present these rules
for our version of the spin g-Whittaker polynomials.

Proposition 2.3.17. Let |z;y| <1 for alli=1,...,N. Then we have

> Falwy,...an)F ), 0) = (Zyimw(i)(%---,$N))Fu($1,---,IN)-

AESign >0 (:4)s

Proof. By the skew Cauchy identities of Theorem 2.3.15, we can write

3" Fa(z,...an) A/ﬂ(y)_(%> i H%m@l,...,m, (2.35)

A€ESign <82; q)OO i=1 (xzya q)oo
and the claim follows by expanding (—(( Syq()lio )N_l 1Y, ((;qugzj using (2.34). O

Proposition 2.3.18. We have

Z]F)\ L1y...2 F)\//# (ZF. Fll 1'1,...1’]\[)) FM(Il,...,ZL‘N)

Proof. By the skew Cauchy identities of Theorem 2.3.10, we have

> Falzr,...ay) ;/#(v):( ! ) ! [[a+z0)Fu(ar,....an),  (2.36)

- 1—sv
AESign

=1

and the claim follows by expanding (l_lsv)Nfl Hf\;(l + x;v) using (2.27). O

Pieri type rules of Propositions 2.3.17 and 2.3.18 are eigenrelations on the spin ¢-
Whittaker polynomials in the label variable. Indeed, define operators $%W, §HL ag

(&Y f) Zf (Y (S f) (1 Zf ) P (v (2.37)

Then these operators act diagonally on spin g-Whittaker functions f(A\) = Fy(z1,...,2zn),
with respective eigenvalues

N
i\ —5/Y:4)i .
ST Dig ey and 3 F @) Faln . ).
i>0 (Qa q)l i=0
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2.4 Analytic continuation

2.4.1 A common generalization of skew Cauchy identities

The skew Cauchy identities given in the previous sections admit a (partial) common
generalization which can be viewed as an analytic continuation. In [Borl7], [BP18a],
principal specializations of non-stable spin Hall-Littlewood functions were considered.
They are obtained by setting spectral parameters to finite geometric progressions of ratio
q. In our context, define

S)\‘h (ul,...,un) = FA/H(ul,qul,...,q‘h*lul,...,un,qun,...,q‘]”*lun;s) (2.38)

Qi(;/l# (vl,...,vm) = Fi/ﬂ(vl,qvl,...,qh*lvl,...,vm,qvm,...,ql’"*lvm;s). (2.39)
It is a consequence of the fusion procedure (dating back to [KRS81] and briefly recalled
in Appendix B.1.2), that we can view 3)\ )(ul, ...,Uy) as a partition function in a
“smaller” vertex model obtained by attachmg together n (instead of J; + ...+ J,,) rows
with fused weights w*), (B.3) where k = 1,...,n. Analogously QS(Il"“Im)(vl, o, Upy) are

partition functions of a vertex model with fused weights ka( ) (B.6). As usual, at the
leftmost column of these lattices we place infinitely many vertical paths.

As a result of the vertex model constructions and of the fact that the weights w(
w*) degenerate both to w, w* and W, W* (see Appendix B.1.3), we see that (2.38), (2.39)
interpolate between the spin Hall-Littlewood functions and the Borodin-Wheeler’s spin
g-Whittaker functions. These functions (2.38)—(2.39) satisfy the following general skew
Cauchy identity which we state for an appropriate “analytic” range of parameters:

J)

Theorem 2.4.1. Fizm,n € Zso. Take q € (0,1), and let s; # 0,u;, q¢"*, v, q" be complex
parameters satisfying

qiuk - Sj
11— ¢isjuy

<9 for all k, 1,1, 7, (2.40)

i
q'v; — s;
"1 —gisy

for sufficiently small 6 > 0 which might depend on m,n, but not on the other parameters
of the functions.! Then we have

(1, Iy
Z 31’/L ) . 7un)®l(//1)\ )(U]_, e 7’Um)
s gt
ukvl, ukvlqh-‘n}k q Y 1y---,U H/% 1yeneyUn).

k=11=1

(2.41)

Remark 2.4.2. This identity immediately degenerates to the skew Cauchy identities for
spin Hall-Littlewood and Borodin-Wheeler’s spin ¢g-Whittaker polynomials after appro-
priately specializing the parameters uy, v; and ¢”*, ¢'.

Here and below in this section we treat ¢/* and ¢t as separate symbols independent of q. At the
same time, for .Jj, a positive integer, ¢’* means the corresponding power of ¢, and same for ¢.
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Remark 2.4.3. It is not true that the principal specializations of the spin Hall-Littlewood
functions degenerate to our version of the spin ¢-Whittaker polynomials and this is because
it does not seem possible to construct the corner weights W- via fusion. Nevertheless, since
most of our arguments and construction work the same for both cases, in order to keep
the notation compact We will sometime refer to the sqW polynomials as a specialization
of the functions S Jl’

The proof of Theorem 2.4.1 requires an absolute convergence result for spin Hall-
Littlewood functions with principal specializations:

Proposition 2.4.4. Fir n € Zs;. Let ¢ € (0,1). Take s # 0,u;,q”" to be complex
parameters satisfying

i
q Uk — S

. <46 for all k., (2.42)
1 —q'sjuy

|51 [k, g™ ],

for some & = 6, > 0 (which might depend on n). Then for all Young diagrams p we have

> |8 )

A puCA

< 00. (2.43)

The proof of Proposition 2.4.4 will be given later in Section 2.4.2. First we use its
result to justify the general Cauchy identity (2.41):

Proof of Theorem 2.4.1 modulo Proposition 2.4.4. By Theorem 2.2.5, identity (2.41) holds

3 J I 7J 1 ) 71 :
in case Jy,...,Jy, I1,..., I, are positive integers. Functions 3 e (’5(”1# ™) are finite

sums of finite products of weights w$"), wy ™ which are ratlonal functions of ¢’¢,q".

Therefore, S/\‘;lu ") 65\% m) admit an extension to generic complex numbers ¢’k, gl

This implies that the right-hand side of (2.41) extends to ¢”*, ¢/t in a complex region, too,
since the sum over s is finite (it ranges over s C p, \).

The summation in the left-hand side of (2.41) has infinitely many terms as the only
condition on v is that u, A C v. Therefore, to show that it can be extended to parameters
q’*,¢" in a complex region we need a result of absolute convergence of the sum over
v. Under assumptions (2.40), this is a consequence of Proposition 2.4.4. Therefore, the
left-hand side of (2.41) can be extended, too.

The equality between the two sides of (2.41) in a wider region (2.40) follows because
these expressions agree for infinitely many values of Ji, I;, namely, positive integers: if
lug| < 6, then |ugg”’| < 6 for all J, € Zsy. This completes the proof. O

Despite the fact that the general skew Cauchy identity (Theorem 2.4.1) offers a unified
description of all skew Cauchy structures we study, throughout the text we still consider
possible degenerations separately. There are several reasons for this. First, the spin
Hall-Littlewood and the spin ¢-Whittaker functions are more basic from an algebraic
standpoint (see, e.g., Section 2.6 where we describe difference operators diagonalized by
these functions). Second, when u,q”,v, ¢’ are general parameters, it is difficult to give a
probabilistic interpretation of the random fields — the positivity of the measure obtained
by multiplying § and & is in general not guaranteed.
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2.4.2 Absolute summability

We now turn to the proof of the absolute summability result of Proposition 2.4.4. This
proof requires explicit expressions for the fused weights which can be found in Chapter B.
We begin with a number of preliminary estimates, and assume that ¢ € (0, 1) throughout

the subsection.
Lemma 2.4.5. Consider the fused weights w&?(il,jl;ig,b) defined in (B.3), with v =

q’ € C and iy, j1,42,j2 € Z>o. Let s #0 and § = max{|s|, |u|, |yu|} < 1. Then
‘wu{s (i1, J1; i27j2)‘ < (min{iy, jo} + 1) C2, (2.44)
where C'is a positive constant independent of the vertex configuration (iy, j1;i2, j2)-

Proof. Expand w'’) combining (B.3) and (A.9) as

(= 1)tz gan (200 g2 tiyit (u/s; )i, (4);
(Q; Q)il (q; Q)jz (SU; Q)j1+i1

i1 k
X Z(q_q—q)k(q—il;q)k(q i2. s r(suy; @)r(gs/u; Q) (2.45)

1+j2—i1+k. 1—ig—jat+k.

x (¢"s%; @i k(g Q)i k(74  Q)is k-
First, the factor
(=1)"2(q; 0)j, (swy; @)i(d"s®; Q)ir -
(43 0)ir (6 @) 32 (55 )y i, (@ D
is bounded in absolute value by a constant independent of i1, j1, i3, jo. The g-Pochhammer
symbol (g'+72=4+k o), vanishes unless & > i; — j, and its contribution is bounded in

absolute value by 1. The remaining factors are
gz I SR (w51 q) 5, (07 k(a5 @rlas /e @)r(va T @) g

Rewrite

k—1 i1—k—1

¢ (7% k(v T ) e = [ [ (@ — (@" =), (246)
=0 =0

where we used the arrow conservation property, and

qi1(i1—1)/2+k —11 k: H Jl _ ’YC] (_1)i17i1_k<qi1_k+1; q)k(qjl/fy; Q)il—k~ (247)

The factors (—1)% (¢t =¥+1; q);, are bounded in the absolute value. By substituting (2.46),
(2.47) into (2.45), we see that it remains to address the term

S ()53 4) g5 (a8 Ok @ v @k [ [ (@ = ). (2.48)
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We consider two cases based on the sign of jo — 4;.
Case j; > i1. The factor [[}) (¢/* — ¢”>*) in (2.48) is bounded by a constant inde-
pendent of the vertex configuration. The remaining terms are

’il—k'(

7 (u/830)p—ir - U (g5/ws @k - Y@ @i

Distributing the factors s, u, and v into the g-Pochhammer symbols, we can bound the
above expression by const - 472, where js is the total number of terms in the product. Note
that the estimate works uniformly for small s, u, 7y, too.

Case i; > jo. Rewriting the g-Pochhammer symbol with the negative index (cf. (A.1))
and using the fact that ¢; — jo < k <4y, we have

k—

H(qj1 _ qj2—i1+l)_

=0

—_

9 48) = (—1)—d2qd2(yi1—d2+1 . AR I A ) (i1712'2+1)
( : ) ( ) u (q S/U7Q)k—l1+J27 (q /’77Q)21—kq

~

i1 *J’2+1)

The term (—1)i1_j2q( 2 (g7 — ¢~y is bounded. The contribution of the term

i1—Jj2+1

u’(q /U Q) kivt iV (@)Y Q) ir -k

is bounded by const - 672 similarly to the previous case.

We see that (2.45) can be written as a sum of terms bounded by const - §72. Because
the number of terms is

< min{iy, i} + 1 — max{0,4; — jo} < min{iy,jo} + 1,

we get the desired bound. ]
Lemma 2.4.6. Let .
sup TS 5. (2.49)
neZso | 1 — q"su
Then |
[w()(0, s 2, 2)| < Clin) 6%, (2.50)

where C'(0) =1 and C = sup,{C(k)} < oo.

Proof. This bound follows from (B.3): after setting i; = 0, the g-hypergeometric series
disappears, and we use the definition of § to estimate the prefactor. O]

For a Young diagram A, let m;(\) be the number of parts in A which are equal to 7.

Lemma 2.4.7. Let s; # 0,u,q’ be complex parameters such that

q'u — s;

|51, lul, g ul, <6, foralli,j, (2.51)

1 —q'sju
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Figure 2.7: The decomposition of the Young diagram v as a free superposition of 1 (black
paths) and s (blue paths) used in the proof of Lemma 2.4.8.

for some § € (0,1). Then there exists C' > 1 such that for any two Young diagrams p, A
we have

)Sw ‘ < oM WH ) 4 1)ghA=lul, (2.52)
where
M\ p) =1+ #{i: miy(p) #0 or my(\) # 0}. (2.53)

Proof. Tt suffices to assume that © C A (i.e., u; < \; for all i), otherwise the skew function
vanishes. We have

SYAOEY wu:?(

J0,J1,->0

) TT w2, mup), G (M), ), (2.54)

>1

where the infinite sum has only one nonzero term due to arrow preservation. From (B.5)
we have for the leftmost vertex

0o

00

Lemmas 2.4.5 and 2.4.6 provide estimates for the remaining vertex weights: they are all
bounded by C'§’t, except if both m; (i) = m;(A\) = 0 when the bound is given by ¢. [

<O, (2.55)

Lemma 2.4.8. Let 0 <0< 1,C>1,1<A<d6", and M(\, uu) be as in Lemma 2.4.7.
Then for any Young diagram p we have

S Mgl A9 T (my(v) + 1) < € AL, (2.56)

v: uCr i>1
where C1, A1 > 1 are constants.

Proof. The sum over v can be visualized as a sum over path configurations in a row
of vertices as in Figure 2.7. We distinguish the paths coming from the configuration u
(black dashed in Figure 2.7) and when they originate at the leftmost vertex (blue solid in
Figure 2.7). Calling » the Young diagram generated by the blue paths and 1 the Young
diagram generated by the black paths we can write v = 3 U n (this decomposition is not
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unique). The sum in the left-hand side of (2.56) is dominated by a sum where > and 7
vary independently, and therefore we have

th 2. 56 (Z CM(%@ 5|%|A€ ) H )

i>1
(2.57)
. < Z CM@.u) sinl=lul A6(k) H(mz(n) + 1))
n: pCn i>1
£(m)=£(p)
We estimate separately the two factors in (2.57), starting with the first one. Since £(s) =
>imi(3) and [»| = .., im;(s), the summation over s can be rewritten as follows.
Separate the term » = &. In the remaining sum, first select »; > 1 and its multiplicity
r > 1; then for each ¢ = 1,...,s — 1, select a multiplicity m; > 0. Summing over all

these possibilities, we have

x1—1
C+Y Y a=cir+nA [] <Z G0 (my; + 1)5imiAmi> .

x12>1 r>1 i=1 m; >0

Simplifying the geometric summations and using the fact that A < 1, we can reduce the
above sum to

Aca%l 2 — A5™) T 1
Cred Ty Al (1-e (- =)

x1>1

For all i > g, where ig depends on C, A, the i-th term in the product is less than 6!
(because § < 1 and the term goes to 1 as i@ — 00). This implies that the above sum is
convergent and thus is estimated from above by a constant.

We now address the second factor in the right-hand side of (2.57). We can again
bound the sum over 7 by a superposition of () noninteracting paths starting at p;. This
implies that the sum over 7 in (2.57) is dominated by

o(p) S (p)
[ D cMtemigashm = {202/1 (1 + 01—5)} :

=1 ki >p;
This completes the proof. [

Proof of Proposition 2./.4. We first expand SE\‘;IH (ul, ..., Uy) in (2.43). Utilizing the

branching rule and the triangle inequality, we can estimate

Ihs (2.43) < Z H‘Sww
™ =1

#c,\lc CA"

(2.58)

In order to evaluate the previous nested summation we start from the most external term.
For fixed \*~! we have

n \yn— ni_|yn—1
Z ‘SA"/M L (un) <H mi(A"H) + 1) Z CMO™A 1)5|1>\ =

A An=1C AR i>1 Am: An—1C AR
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where we used bound of Lemma 2.4.7 for some §; € (0,1). We can further estimate the sum
over A" with the help of Lemma 2.4.8, and obtain the bound [, (m:(A""1)+1)C; A"
Replacing 0; by a smaller value 0 < §, < A;" if needed and ;nultiplying this bound by
the next term Sf\‘iﬁl/)/\n,Q(un_l) in (2.58), we can apply Lemma 2.4.7 and then sum over

A"~ with the help of Lemma 2.4.8. Iterating this procedure finitely many times, we get
the desired statement with a sufficiently small ¢,, > 0. m

2.5 Scaled geometric specializations

In this section we introduce a third specialization — the scaled geometric one — of the
general fused functions from the previous section. This specialization allows to include
into our analysis stochastic particle systems with more general initial configurations.

2.5.1 Definition of scaled geometric specializations

We now introduce yet another specialization of (2.38), (2.39) which admits a meaningful
probabilistic interpretation — it corresponds to two-sided stationary initial conditions for
stochastic particle systems on the line arising as marginals of our Yang-Baxter fields.

Definition 2.5.1 ([BP18a]). The scaled geometric specialization with parameter « of the
spin Hall-Littlewood function is given by

s N _ _ _ J-1.
Fau(dys) = 11;% Faju(—ae, —aeq, ..., —aeq’ s s) ot (2.59)
The dual analog of F(a;s) is given by the conjugation F}, (d;s) = % Fi/u(dss) as
in (2.10). The skew functions in multiple variables Fy/,(&1,...,dy;s) are defined in a

standard way using the branching rules as in (2.4), and similarly for dual functions.

The functions F/,(a;s), F /M(ﬁv; s) also admit a lattice construction with the vertex
weights

wg ;= lim w0

e—0 5678 qlzl/g.

The expressions for these weights are given in Section B.1.4. The functions Fy/,(d;s), F} / M(B :S)
vanish unless g C A (which means that p; < \; for all 7).

By adding the scaled geometric specialization to our symmetric functions, we can
define mized specializations Fyj,(u1, ..., Uy, a1, ..., ay). They are obtained through the
branching rules as

Fau(ui, ..o tn, G, 03 S) = Z Faje(dn, ... anss)Foyu(ur, ... ug;s),
Vel

and similarly for the dual functions. By the Yang-Baxter equations (Section B.1.4),
these functions are symmetric in all the N + n variables. We will also sometimes use

50



the notation sHL(u) and sg(«) to denote the two types of specializations of the general
symmetric functions (2.38), (2.39). Similarly we will at times say that w, s and &, are
respectively the sHL(u) and sg(a) specializations of the weight wi.

Since the dual spin ¢-Whittaker functions can be obtained from F* from fusion (unlike

the non-dual F), we can define their version with mixed specializations as

5 (Wrs s G, ) = > FS (b, GN) B, ), (2.60)
where A € Sign, and by agreement F:\/%(dl, ..., ay) is equal to Fj/%(o“zl, ..., Qn;8), with
spin parameters s; =+ =8 1 =28, Sp = Sgpa1 =+ =10

2.5.2 Mixed Skew Cauchy identities

The scaled geometric specializations allow to extend the skew Cauchy identities considered
in previous sections. We will list the results without going into the proofs, that in all cases
follow arguments seen in the sections above.

In the following statements we will assume that ¢ € (0,1), s € (—1,0].

Proposition 2.5.2. Take u € C such that |s(s — u)| < |1 — su|. Then for all & we have
ZFW Foa(@) = (1+au ZFW P2 (). (2.61)

Proposition 2.5.3. Take o, x such that |ax| < 1. Then, for all p, A € Signy, we have

° v _Sa; q oo ) v
> Fopula)Fy @) = u D Faul@)Fy(a), (2.62)
veSign (Oéi[}, Q)oo
N+1
if N > 1. When N =1 we have
Y Fu@)F (@) =

vESigny g

»€8igny_

1

WIFA/%@). (2.63)

We finally report the skew Cauchy identitiy for pairs of scaled geometric specializa-
tions.

Proposition 2.5.4. Take o, 3 such that |ozﬁ\ < 1. Then, for all i, X, we have

Z FV/N V/)\ Z F)\/% ,u,/% ) (264)

2.6 Difference operators

In this Section we prove that the (stable) spin Hall-Littlewood and the spin ¢-Whittaker
functions are eigenfunctions of certain (¢-)difference operators acting on symmetric func-
tions. In this section we denote the quantization parameter in the sHL functions by ¢
instead of ¢ because the sHL eigenoperators are the same as in the Macdonald case (recall
that for s = 0, the sHL: functions become the usual Hall-Littlewood symmetric polynomi-
als, which are the ¢ = 0 degenerations of the Macdonald symmetric polynomials).
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2.6.1 Eigenrelations for the spin Hall-Littlewood functions

Consider the space of symmetric rational functions in w4, ..., u,. Let the operator T, ,,
on this space be

TQ,uif(ula S ,Un) - f(u17 vy Ui—1, QUG Ujg 1,y - - - Un), (265)

that is, it acts by multiplying the variable u; by ¢. In this subsection we will use the ¢ =0
version, Tp,,. Note that this operator acts only on rational functions whose denominators
do not contain positive powers of u;.

Definition 2.6.1 (Hall-Littlewood difference operators). For 1 < r < n, let the r-th
Hall-Littlewood difference operator be

% tu; — U
@r = Z ( H ru]) TO,I, (266)
Ic{l,..,n} ~ i€l v J

with TOJ = HiEI T‘Jvui'

The Hall-Littlewood operators are the ¢ = 0 cases of the Macdonald difference op-
erators [Mac95, Chapter VI.3] (the latter are obtained by taking 7}, in (2.66) instead
of Ty;). The operators ©, are diagonal in the Hall-Littlewood symmetric polynomials
F)\‘SZO:2

D Fa(ur, .. un)| oy = er(Lt, . " I Ey (ug, . u)] s (2.67)
where the eigenvalues are given in terms of e, (uy,...u,), the r-th elementary symmetric
polynomial:

er(z1,...,2N) = Z Ziy 2 (2.68)
1<i1<-<ip<N
In particular, e.(21,...,2x) =0if r > N.

In the following Theorem we extend (2.67) to the spin Hall-Littlewood symmetric
functions:

Theorem 2.6.2. For all Young diagrams X\ and n € Z>; we have
D Fa(ug, .. up:s) = ep(Lt, . " Oy (uy, .. uyss). (2.69)

Remark 2.6.3. Certain difference operators acting diagonally on the non-stable spin
Hall-Littlewood symmetric functions were considered in [Dim18].

In order to prove Theorem 2.6.2 we make use of a preliminary lemma.
Lemma 2.6.4. We have
— U; — tUj - n—1 Ui — tuj
ceG, 1<i<j<n oceS, 1<i<j<n
We have Fy(u1,...,un)|._y = Qr(u1,...,un;t) in the standard notation of [Mac95, Chapter III].
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Proof. This is the A = @ case of the known Hall-Littlewood relation (2.67). Notice that
the symmetrized sum in fact does not depend on the variables uq, ..., U,:

Sl I ==

o Uy
oe6y, 1<i<j<n

see [Mac95, Chapter II1.1, formula (1.4)]. O
Proof of Theorem 2.6.2. For a fixed Young diagram A we define
€A

u; — tu,; no U; — S U;
A= H ui—uj]’ B:HH(l—sjljbi)7 C:Hui—sA'

1<i<j<n i=1 j=1 i @

With this notation, using (2.6), the left-hand side of (2.69) can be written as

DY | “jj T, 3 o {ABCY, (2.71)

, U — U
Ic{1,...,n} iel oeGy
[I|=r = J€{l,...n}\I

where ¢y = (1 — )" /(t;t)n—yn). We first observe that

O'{C} if 1 g {O’g()\)Jrl,...,On},
0 otherwise.

TOJO'{C} = {

Therefore, we can reduce the sum over the symmetric group in (2.71) to permutations o
such that I C o({¢(\) + 1,...,n}). Moreover, we see that the claim of Theorem 2.6.2
follows for r > n — ¢(\) since both sides of (2.69) vanish. Thus we will now assume that
r<mn-—{LN\).

For a given permutation o define the ordered sets V,, W, as

o{l,....4N)}) = {Ul, . ,Ug()\)} ,
o({t(N)+1,...,n}) ={wr,..., wag} = TUK,

Vo
Wo

and rewrite (2.71) as

o S Y oeser I t"“‘i_“jj Tyso{A}, (2.72)

» Ui — U
Ic{1,...,n} c€6, el
|I|:r ICW, _]6{1 7777 TL}\I

where we used the fact that o{BC'} only depends on variables u; for j € V,. We now
focus on the remaining factors. For two disjoint or coinciding ordered sets S7, S5 denote
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P(S1,8:) :=1] Y When Sy = S, the product is only over i < j. We have

1€51,J€52 u;—u;

tu; — u;
[T "2 Ty {A} =P )PV, V,)P(Vy, K)
; U; — Uj

Jeltn

x To.s (P(I, K)P(I,1)P(V,,I)P(K,I)P(K, K)>

= P(V,,V,)P(V,,W,)P(K,I) Ty, <P(I, K)P(I,1)P(K, K))

Uy, — Ly, u; — tuy u; — tu; Uy, — Py
1<i<j<e(n) Vi eV, jeW, T iew,\Ijel " J 1<i<j<n—e()) Wi

In the above calculation we used the fact that T ; acts on P(S,I), S # I, by turning
it into one. The action T ;P (I, I) does not make sense before the symmetrization (i.e.,
summation over o), and so we do not apply Tp; to this expression just yet. In the last
line, the first two products are independent of I and of the ordering of W, and the last
two products are independent of the ordering of V. Therefore, we can rearrange the two
summations in (2.72) as

oD H—Zz__tzﬁ“ T{ 11 —Zvi_tu”" B(J}

o Uy,
VC{l,...,n} TEGyn veg/ 1<i<j<e(n) vj
V]=L(\), W=Vv¢ we
[VI=£(X) (2.73)
tu; — Uy, Uny; — Ly,
<> 1 = > o 1l =
U; — U Uy, — Uy,
ICW i€l ! v €S, gy C1<i<j<n—f(n) i wj

[I|l=r weW\I

The permutations 7,0 permute the variables w,,, u.;, v; € V, w; € W, acting respectively
on indices ¢ and j. We can now employ Lemma 2.6.4 to transform the second line of

(2.73) into
Uy, — LUy,
(1t § | | R 2.74
6( V) 3 ) g uw —/U/w] ( )

€6,y 1<i<j<n—f())

Therefore,

Ihs (2.69) =ep(Lt,....t" "My > > 11 %

VC{l,..,n}  TEGyy) veEV
[VI=tN), W=V 0€6, ) WE (2.75)

X 0{ H —Zwi.— fw, } T{ H Yo 7 Wy, __tuvj BC}.

— Uy, Uy, — Uy,
I<i<j<n—g(x) W I 1<i<g<eny

The summations in the right-hand side of this last expression (along with the factor cy)
are easily rearranged into the symmetrized sum (2.6) producing the spin Hall Littlewood
function F,. O
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2.6.2 Eigenrelations for F$

The operator we introduce next depends on the number of variables M and on an ad-
ditional positive integer N. Moreover, this operator acts only on a certain subspace of
rational functions. Namely, let V(M) be the space of symmetric rational functions in M
variables vy, ...,vy of degree < 1 in each variable. That is, its elements are functions
f(vr,...,vn) = a(vy,...,va)/b(v1, ..., v5), where a and b are polynomials such that
deg,,(a) —deg, (b) < 1foralli=1,..., M. One readily sees that V(M) is a linear space.
The dual sHL functions F$(vy,...,vy) belong to V(M), see (2.78).

Definition 2.6.5. For positive integers M, N define the dual s-deformed Macdonald op-

erator by
R v tvl
Jj=11=1
l#j
where

e — g\ N1
<N ::vj< ! ) (—s)N M lime T, .

1 — sv; e—0
The limit lim, ,g&7.-1,, is well-defined on V(M), so D7 y acts in the space V(M).

Theorem 2.6.6. For any bozed signature X C Box(N, M) (recall that this is Signs} ), we
have
tnF =e(lt,. . YR, (2.77)

where X' is the transposed signature. In particular, Ny = #{i: \; = N}.

For the proof it is useful to specialize symmetrization formula (2.6) to the case of
functions F*.

Proposition 2.6.7. Let A € Sign]ﬁN, then for all k > M we have
Vi — qU; o vi—s \ N 1 Dy
F3 e = C(A -— i [ —
)\(Ulv JUk) ( ) ZO' H v; — v; HU <].—SUZ‘) (1—S’UZ‘> ’
ceSy 1<i<j<k i=1
(2.78)

where the symmetric group Sy acts on the variables v; but not on elements of the signature
Ai, and the constant prefactor has the form

(1= 9)* 77 HDmy
e = (43 Qr—en) 1 H (@ Dy (2.79)

Proof of theorem 2.6.6. We make use of the symmetrization formula (2.78) (recall that
we have replaced the parameter ¢ by ¢ throughout this subsection). We use the notation

o)

Ar—1 1
—t , T 1 Ar<N
A= H u—t and B=1]]v ,
v — Uy 1—svr 1—sv,

1<l<r<M r=1
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so that F{ = C(\) > o{AB}. The operator D7 y acts as

0'661\{
. ° Vi — t/UJ
SRR ) | e e Rr
i=1 ]7&1 ceG
JF

The action of €; 5 on the product c{AB} can be split as

¢, n(o{AB}) = hH(l) o{A} y x € n(o{B}). (2.80)
e— v;=1/e
Assume now that Xy = L, that is A\ = --- = Ay = N and A4y < N, for some

L €{0,...,M}. We focus on the second factor of (2.80). A simple computation shows
that
o{B} ifieo({l,...,L}),

2.81
0 else, ( )

¢ n(o{B}) = {
that in particular, implies that &; yo{B} = 0 when L = 0, confirming (2.77) in this
specific case.
For L > 0 and a permutation ¢ such that i € o({1,...,L}), call k the element such
that o(k) = i. We rewrite A into a product of factors A = A; Ay A3, obtained dividing
the triangular product as

v — tu, v — Uy, v — tu,
A= H v — vy AQ:HU v As = H v — Uy
I<l<r<k T 1<i<k Lk 1<l<M Lo
max(l,k)<r<M

We can evaluate the first factor in the right-hand site of (2.80) as

Mo — to;
H L lim o {A}
J

= tkila{AngAg},

vi=1/e

1 Vi — UJ e—0
J#i

where

~ v — ty;
AQ = H k .
_ Vg — U
1<i<k F !

The action of D7 y on the sHL function can be therefore expressed (ignoring C(\)) as

Ztk 12 > 0{A1AA3BY = Zt'f 'Y o{A1AAB) (2.82)

=1 c€G s ceG s

o(k)=i

To prove relation (2.77) we show that each term O—{AlAVQAgB} is equal to one of the
terms T{AlAQAgB_} in the expansion of the original sHL: function. For each permutation
T € G, and each k define the permutation o as

r(G+1) ifj=1,... k-1,
o(j) = 7(1) if j =Fk,
7(5) if j=k+1,... M.
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With this choice we can easily check that o{A3B} = 7{A3B} and more crucially that
o{A1 Ay} = 7{A Ay} since the cyclic shift in the first & terms of ¢ makes up for the
exchange of A, and A,. This in particular shows that the symmetric sum in the right-
hand side of (2.82) is independent of k and it is equal, up to a factor €(\) that we omitted,
to F§(v1,...,vy). The sum S5 %=1 is the desired eigenvalue e;(1,t,...,#*»~1). This
completes the proof. O

Remark 2.6.8 (Limit to the Hall-Littlewood case). In the limit s — 0, the new operator
D1 x (2.76) acting on the dual sHL functions should be replaced by

D{N_ZHU] oM limeN T, (2.83)

oy YT el
I#j
by mimicking the action (2.81). Similarly to Theorem 2.6.6, one can show that D7 y acts
diagonally on the Hall-Littlewood polynomials Py(+;0,t).
The same operator (2.83) can be also obtained as a ¢ — 0 limit of a certain operator
diagonal in the Macdonald polynomials Py(+; q,t). Take the first Macdonald ¢~ !-difference

operator
tr; — tw; —

M, = ZH P Tyt (2.84)

7=1 =1

7]
It acts on the Macdonald polynomials Py(x1,...,2y;q,t) with eigenvalues Zf\il g Mt
(this follows from, e.g., [BC14, Section 2.2.3]). Denote by Py the subspace of polynomials
in x1,...,xy which have degree < N in each of the variables z;. It is spanned by the

Macdonald polynomials Py(xy,...,x;q,t) with Ay < N, ie,, A C Box(N,M). On Py
consider the operator ¢V M. Its limit as ¢ — 0 is well-defined. By looking at eigenvalues
on Hall-Littlewood polynomials Py(x1,...,z5;0,t) with A; < N, one readily sees that
this limit coincides with Dy y.

2.6.3 Eigenrelations for the spin ¢-Whittaker polynomials

The duality between sHL functions and sqW polynomials (Corollary 2.3.11 and Proposi-
tion 2.2.3) allows to pass from the eigenoperators for the sHL functions to the ones for
the sqW polynomials.

Definition 2.6.9 (Spin ¢-Whittaker difference operators). Fix a positive integer N, and
define the s-deformed q- Whittaker opemtors

(14 sx;)
Z H Tyo:, (2.85)
pr et 1 —x;/z;
J#i
and

9, => ]I M Ty, (2.86)



Let us make a remarks after this definition.

Remark 2.6.10. The operators ®; and ®; reduce for s = 0 to the ¢ = 0 specializations
of the two Macdonald ¢-difference operators. The first one is the standard first order
Macdonald operator S~ []., =% T, . (denoted by D} in [Mac95, Ch. VI]), and the

J#t zi—xj
second one is S0 ] i x:ﬁ Ty1 4, (denoted by D} in [BC14, Section 2.2.3]).

We establish two eigenrelations for the sqW polynomials in the next two theorems.

Theorem 2.6.11. For all signatures \ € Sign, we have

D1F\(x1,...,2N) :q)‘NIFA(:rl,...,mN). (2.87)
Proof. We will prove the identity

(1= (1 =)D} y) H(z;0) = DiTI(;0), (2.88)

where

(s ) = ﬁ (1 _18Uj)N_1 ) ﬂ ﬁu o). (2.89)

j=1 i=1 j=1
Indeed, modulo (2.88), the Cauchy Identity (2.27) and the eigenrelations (2.77) imply

Z CVFa(zy, . o) F (v, o) = Z D1 F (2, ..., xn)FS (v1, .. o0r),

ACBox(N,M) ACBox(N,M)

and hence (2.87) follows by orthogonality of the sHL functions (Proposition 2.2.3).
It thus suffices to establish (2.88). Define

M
H 1 + vj
7j=1

We have

D,11(x; v) _ D1h(x1) - h(zy) _ _7{
I(z; v) h(z1) -+ hzn) .

zi(l+s2) h(qz) dz
ri—2z h(z) 2(1+sz2)’

.....

=P

where in the second equality we used the residue expansion of the complex integral and
the contour encircles only the poles z1,...,xy. By subtracting 1 from both sides, we
can enlarge the complex contour to also include the pole at z = 0 (note that h(z) is
nonsingular at z = 0). After a change of variable z = —1/w, we get

N

(=1 +D)I(x;0) B - qvk _ )Nt
s _ 72 T I1; . x] . (2.90)

J=1
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In the right-hand side of (2.90), after the change of variable, we switched the contour to

a positively oriented curve around vy, ..., vy, which yielded the negative sign in front.
Using
1 il Ty T
li - - 1 , _ N
50 ° ((1 — s/e)N-1 ]1;[1( * x]/5)> (—s)N-1

and expanding the right-hand side of (2.90) as a sum of residues, we can rewrite it as

(- )0} M)
(x;v)

This proves (2.88), and hence the desired eigenrelation (2.87). O

Theorem 2.6.12. For all signatures \ € Sign, we have
D,Fy = ¢ MF,. (2.91)

Proof. The proof of this eigenrelation is identical to that of theorem 2.6.11. And it uses
the fact that

M (1 —(1- q)@i) (x;v) = D11(z;v),

where II(z;v) is given by (2.89). We will not repeat the detailed argument here. O

2.6.4 Commutation and conjugation

The g-difference operators ®; (2.85) and D, (2.86) commute. For this statement we can-
not appeal to the eigenrelations of Theorems 2.6.11 and 2.6.12 since we did not prove that
the sqW polynomials form a basis for the ring of symmetric polynomials in /N variables.
Nevertheless, the commutation can be checked independently:

Proposition 2.6.13. We have ©:9:1F = DD+ F for all symmetric polynomials F in N
variables.

Proof. By polarization, it suffices to check the action on product form functions F'(z1,...,xy) =
f(z1)... f(zn), where f(z) is an arbitrary polynomial.
The action of each operator can we written as a contour integral:

%H (1+s2)\ flgz) dz
 2mi —z f(z) z(1+s2)’
_ %H w+s\ fl¢g'w) dw
T 2mi w—ux;) flw) w+s’
where both integrals are over a contour containing x1,...,xxy and no other poles of the
integrand. Throughout the proof we assume that all contours exist, which might impose

some restrictions on the z;’s. After checking the commutation under the restrictions, we
can lift these restrictions by an analytic continuation.
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We have

= w+sm(1+sz) w—2z f(q2)f(¢g'w) dw dz
D19, F = 27“ ]{j{wll( , )

w—T; T;—Z w—qz [f)f(w) w+sz(1+sz2)

where ~! contains both v} and ¢ '~} while 7/} is around z1, ...,y and no other poles.
In the other order, we have

oo f {11

Zzl

xi(l +s2) w+s\ ¢ Hw—2)fl¢gw)f(gz) dz dw
( T — 2 w—@») ¢ lw—2z  flw)f(z) z(1+sz)w+s’
but now 72 contains both 42 and ¢v2, while 42 is around z, ..., 2y and no other poles.

Note that the integrands in both formulas coincide.

In the first expression, deform the integration contour 7! to coincide with 7., which
picks up the residue at z = ¢ 'w. In the second expression, deform the contour 72 to
coincide with 42, which picks up the residue at w = ¢gz. The resulting double contour
integrals are over the same contours and are thus equal. It remains to check the equality
of the single integrals of the residues. We have

N
Res (integrand in ©,9,) = DY = ¢)(s 4+ w)N g + sw)N i f (i)
Res (integ 1) = —(-1)¥ (1= g)(s + ) (g Lo
N f )
1 in D, — N N 1 T 7
&sz(mtegrand in®9,) = (-DV(1 —q)(1 +52)" (s + ¢2) H CETaTp—

We must show that the integral of the first expression over 7. is the same as the integral of
the second expression over 72. Noting that both expressions have zero residue at infinity
due to quadratic decay, we can compute the first integral as a sum of minus residues at
w = qx;. Then one readily sees that each minus residue at w = qx; is the same as the
residue of the second expression at z = x;. This shows the desired commutation. O

The discussion in the rest of this subsection aims in part to demonstrate why the
result of Proposition 2.6.13 is a rather unexpected one.

Both operators ®; (2.85) and ©; (2.86) are related via conjugation to g-Whittaker
difference operators. The latter are t = 0 degenerations of the Macdonald ¢-difference

operators from [Mac95]. Denote for r =1,..., N:
Wh=>_ H / % Wi=> ] T HT%, (2.92)
|I|:riel,j§é1 TiGer I el j¢l
where the sums are over subsets of {1,..., N} of cardinality r. These operators are

diagonal in the usual g-Whittaker polynomials (which are ¢t = 0 versions of the Macdonald
polynomials). In particular, W}, and W} have eigenvalues ¢*V and ¢~*!, respectively, on
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g-Whittaker polynomials. All the operators Wy, Wj{,, r=1,..., N, commute. We refer
to Sections 2.2.2 and 3.1.3 in [BC14] for details. Let

N N

1 1
U=l e el

A straightforward computation shows:

Proposition 2.6.14. The spin q- Whittaker operators (2.85), (2.86) are conjugates of the
first q- Whittaker operators (2.92):

D, =U'Waly, D, =V WiVy,
where Uy, etc., mean multiplication operators.

Because the g-Whittaker operators (2.92) commute, we get many operators commuting
with either ®; or ®;. That is, for r =1,..., N we have:

(D1, Uy Wi Un] =0, (D, V' WiVy] =0. (2.93)

For example,

1
[U_IWQU — 1 : N-1 1 N—1 T xT -
N YWNVN ”;;ék( + sx;) (14 sxy) j-gk(l_xi/xj)(l_xk/xj) gzt gz

(2.94)
However, one can directly check that the operator [U]_\N,l W2Uy does not commute with .
This suggests that the operators Uy' WUy or Vi' WV, 7 > 2, should not be diagonal
in the spin ¢-Whittaker polynomials Fy. The following example shows that this is indeed
the case:

Example 2.6.15. Take N = 2, then (1—s*)F(10)(21, 22) = s+ 21 + T2+ sz122. Applying
(2.94) to this function, we obtain (1 + sz1)(1 + sz2)(s + qz1 + qra + s¢*w175), which is
not proportional to [F(j g (x1,22) unless s = 0. Note that for s = 0 both Uy and Vy are
the same (and are equal to the identity), and ®1,®; are the usual ¢-Whittaker difference
operators.

We also observe that by (2.93), polynomials of the form U]_VIW}\}UNIFA, r=2...,N,

are eigenfunctions of the operator ®; with eigenvalues ¢*¥. Similarly, VEW}\}VNIFA are

eigenfunctions of ®; with eigenvalues ¢~*'. However, one can check that ©; does not act
diagonally on, say, the polynomial Uy W2U NF(1,0)-

It remains unclear how to construct higher order ¢-difference operators which would
be diagonal in the sqW polynomials (and whether such operators exist at all).

61



2.7 Open problems

2.7.1 Orthogonality and spectral theory for spin ¢-Whittaker
polynomials

The ¢-Whittaker polynomials satisfy orthogonality relations coming from (the ¢ = 0
degeneration of) the Macdonald torus scalar product [Mac95, Ch. VIL.9]. This relation
states that the s = 0 versions of Fy(z1,...,2y) and F,(1/2,...,1/2x) are orthogonal
to each other when p # A\ with respect to a certain weight on the N-dimensional torus
™ ={|lzs|=1,i=1,...,N}.

Remark 2.7.1. Under the generalization with a spin parameter, the spin Hall-Littlewood
polynomials also satisfy a version of the torus orthogonality (called spatial orthogonality in
[Bor+15b, Corollary 3.10], see also [Bor17], [BMP19, Proposition 8.6]), as well as another
biorthogonality involving the summation of over A instead of integration over z. Here we
discuss only the former conjectural orthogonality of the spin ¢-Whittaker polynomials.

Define

N ( ) 1 (5% 21/ 25 @)oo ool ( )e TV

m, (z1,...,2N8) = — I I I I 21y 2 .
gs\ Tl N NI AL (52 —5/20) 00 21 27izy” b o

1<i#j<N =1

When s = 0, mé\fs reduces to the orthogonality measure of the ¢-Whittaker polyno-
mials on TV, which is a t = 0 degeneration of the Macdonald’s torus scalar product
A(z1,..., 2§39, t), cf. [Mac95, VI.(9.2)].

Lemma 2.7.2. Both eigenoperators ©,, ®, (2.85), (2.86) for the spin q- Whittaker poly-
nomaials are self-adjoint with respect to the scalar product

(fs9)qs = /N [z, 2n) 9z, o) mé\,{s(zh coy2n)da .. day,
T

where f, g are Laurent polynomials with coefficients in R(q, s).
Proof. A direct verification. m

Conjecture 2.7.3. We have for all signatures A, pu:

/N Fa(zt, o) Fu(1/ 21, 1 zn) ml (21, an) dz - day = exlacy,, (2.95)
T

where o
1 (5% @)oo (6D ri—riis
Cy = i Aid1 2.96
’ Hl (4 Doo (8% Dni—2ia (2.96)

Note that for N < 2 the statement (up to the concrete formula for the norm c,) follows
from Lemma 2.7.2 and the eigenrelations of Theorems 2.6.11 and 2.6.12. However, for
N > 3 the two operators ®, ®; are not sufficient to conclude orthogonality.
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Remark 2.7.4. When s = 0, the constant ¢, (2.96) coincides with the ¢ = 0 degeneration

of the torus scalar product norm of a Macdonald polynomial [Mac95, Ch. VI.9, Example
1].

Let us present one further argument in favor of Conjecture 2.7.3. It was proven in
[IMS20, Proposition 4.10] that the probability mass function of a tagged particle in the

homogeneous ¢-Hahn Tasep with parameters v = s? and p = —ys is
_ N t
(q;Q)oo)N Yo (H(z-;y))
P(H(N,t :6:( m, (21,...,% S——— L2
(W8 =4) (5% @)oo ™ ° % N)jl;[l II(—s;y)
N o\ N 2. \N—1
- ez 7q oo S 7q o]
X(( : ) e (10 dzy - - - dzn,
zi0o2n ) (=821, —82N; @)oo
(2.97)
(=52 @)oo .
where I1(z;y) = ﬁ The same probability can be expressed as
—8Y;q)0
S Fa(esn ) Al l)
A€Sign (_S’y)

An=¢

Assuming Conjecture 2.7.3, this sum becomes

I1(—s; ez
™ o1 \I(=s19) VAN Nesigny

AN=0
Here we used the Cauchy Identity and the torus scalar product to express the dual function
3, and the shifting rule of Proposition 2.3.7 to take out the monomial of degree /.
Evaluating the sum inside the integral as in (2.23), we recover exactly (2.97).

2.7.2 Accessing spin ¢-Whittaker polynomials via free field

In this thesis we did not focus on Fredholm determinantal structures for marginals of
spin g-Whittaker processes. These aspects have been covered quite extensively in litera-
ture for specific models in the last few years [Corl4], [CP16], [IS19], [IMS20], [BMP19].
Techniques to access such Fredholm determinantal formulas usually rely on manipulations
with integral representations of g-moments (as in [BC14], [BCS14]).

In the realm of Macdonald processes there exists an alternative approach to expose
the determinantal nature of specific observables. This is done via a free field realization of
Macdonald functions and Macdonald operators [Fei+09], [Kos19], see also [Bor+16] and,
e.g., [FW09] for the Hall-Littlewood case. In the yet simpler case of the Schur processes
this reduces to the infinite wedge representation of Schur functions [OkoO1], [OR03]. It
would be of great interest to understand to what extent our spin ¢g-Whittaker functions,
operators, and processes admit a description in terms of Fock type representations of a
hypothetical (g, s)-deformed Heisenberg algebra.
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Chapter 3

Integrable random fields of Young
diagrams

This chapter presents results contained in sections 6,7,9 of

[BMP19] A. Bufetov, M. Mucciconi, and L. Petrov. “Yang-Baxter random fields and stochas-
tic vertex models”. In: arXiv preprint (2019). arXiv:1905.06815 [math.PR]. To
appear in Adv. Math.

and of sections 4,5,6 of

[MP20] M. Mucciconi and L. Petrov. “Spin ¢-Whitaker polynomials and deformed quantum
Toda”. In: arXiv preprint (2020). arXiv:2003.14260 [math.PR]

3.1 Integrable stochastic dynamics on interlacing ar-
rays

In this section we implement the general scheme of passing from symmetric functions

satisfying Cauchy type summation identities to probability measures. This approach
closely follows the ideas of Schur / Macdonald processes [OR03], [BC14]. We use the
framework of skew Cauchy structures which is explained in detail in [BMP19, Section 2].

3.1.1 Skew Cauchy structures and random fields

We say that two families of functions §,® form a skew Cauchy structure if they satisfy
the following properties:

1. §x/u» B/, are symmetric rational functions in their respective variables, parametrized
by pairs of Young diagrams \/u (or signatures with appropriate numbers of parts).
In particular, §/,, &5/, are nonzero only if u C .
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2. Branching rules: for all u, A we have

SV/A(ula ce. 7un) == Zg,u,/k(uly s 7un71>8'u/p,(un)
w

for any n and any set of variables uq, ..., u,, and analogously for &.

3. There exists a function II and a set Adm C C? such that the skew Cauchy identity

(u;0) >~ Fppoe)B(v) = Y Fuya(1) B, (v) (3.1)

holds numerically for all (u,v) € Adm. Note that u,v stand for single variables, as
in Theorems 2.2.5, 2.3.10 and 2.3.15.

4. There exist two sets P, P C C, with P x P C Adm, such that for any choice of
u € P and v € P the functions Sa/u(t), By, (v) are non negative for all A, p. In this
case we say that u,v are positive specializations. (Nonnegativity of single-variable
functions together with branching implies nonnegativity of multi-variable versions
of the functions.)

Consider now two sequences of Young diagrams (or signatures) X = (A,...,\") and
g=(ut, ..., p"1) with

g Y

and sequences of positive specializations uq,...,u, and vy,...,v, respectively of § and
®. The §/®B process is the probability measure

. 1 n—1
PI'Ob()\, ﬁ) = E 8’/\1 (Ul) (H ®Ai/ﬂi (UZ')S)\HI/M (Ui+1)> @)\n (’Un), (32)

i=1
where the normalization constant is Z = [, ; I(u;; v;).

For applications to stochastic dynamics, it is of interest to consider random fields
{AED} of Young diagrams indexed by Z2,, whose marginal distributions along down-
right paths are given by suitable §/® processes. A down-right path is

w = {wr = (ig,Jx): 0 < k < L}, where iy=j, =0 and w1 —wy € {€1,—es}.
Here L is arbitrary and depends on w, and ey, e, are the standard basis vectors (1,0), (0, 1).

Definition 3.1.1. Consider positive specializations uq, us, ... and v, vs, ... respectively
of functions § and &. An §/®& field is a probability measure on the set {)\(i’j) 1 4,J € Lo}
that associates the probability

1
Z_ H -,S)\Wk+1/)\wk (uikJrl) H 6)\"71@ /)\warl (/Ujk> (33)
@k W1 =wWk+€1 k: wpp1=wp—e2
to the event of finding Young diagrams A®' ... A®L-! along an down-right path . Here

the normalization constant is Zm = []; ;) pelow o LL(1s;v5), and at the boundary we fix
M09 = XG0 = & with probability one.
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Remark 3.1.2. While the §/® process is defined uniquely by (3.2), it is not determined
uniquely by Definition 3.1.1. Below in this section we outline two different constructions
of a field in our particular cases. See also the discussion in [BMP19, Section 2.6] for more
details and additional references.

To visualize an §/® field, decorate edges (i — 1,75) — (i, 7) of the first quadrant with
specializations u;, and edges (¢, — 1) — (4, ) with v;. Then for each down-right path o,
the probability of finding the sequence A™* is computed by climbing down w and picking
up skew functions §(u;,) along horizontal edges, and &(v;,) along vertical edges. See
Figure 3.1 for an illustration.

@ /\j

Ul( - - - - > 7
: Y v :

N A NN AN F
Uy Uz us Ug Us

Figure 3.1: A down-right path (highlighted) in a random field, and edge decorations.
In this thesis, particularly interesting instances of §/® processes will be those arising

when considering paths w of the form (0,7) — (N,7) — (N,0). Taking the marginal
distribution of ANVD . AN we arrive at the following definition:

Definition 3.1.3. The ascending §/® process is the probability measure on the set of
Young diagrams (or signatures)

M c...c\V

)

assigning to each such sequence the probability weight
1
N T
[Tz Hj:l IT(us; v5)

8%\1(1“)3)3/)@(U2) < 'SAN/AN—l(UN) 6)\N(U17 te ,UT).

3.1.2 Fields based on spin Hall-Littlewood and spin ¢-Whittaker
polynomials

Here we specialize skew Cauchy structures to three cases involving spin ¢g-Whittaker and
spin Hall-Littlewood functions.
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Definition 3.1.4 (sHL/sHL field). Let s € (—1,0) and take parameters u;,v; € [0,1).
The sHL/sHL field is obtained by specializing §x/u(2;) = Fy/w(x;) and &y/,(v;) =
Fy /! (v5)-

The corresponding skew Cauchy identity is given in Theorem 2.2.5. One readily verifies
that the sHL functions specialized like this are nonnegative, which leads to probability dis-
tributions. Joint distributions along down-right paths in this field are given by sHL/sHL
processes which are specializations of (3.2).

Definition 3.1.5 (sqW/sHL field). Let s € (—1,0) and take parameters z; € [—s, —s™ '],
v; € [0,1). The sqW/sHL field is obtained by specializing §»/.(x;) = Fy/.(x;) and
G/u(v) = F )0 (v)).

The corresponding skew Cauchy identity is given in Theorem 2.3.10. One readily
verifies that the sHL and sqW functions specialized like this are nonnegative, which leads
to probability distributions. Joint distributions along down-right paths in this field are
given by sqW/sHL processes which are specializations of (3.2).

Definition 3.1.6 (sqW/sqW field). Let s € (—1,0) and take parameters z;,y; € [—s, —s].
The sqW/sqW field is obtained by specializing §x/u(z;) = Fa/u(z;) and &y).(y;) =
F;, ().

The corresponding skew Cauchy identity is Theorem 2.3.15. The range of parame-
ters here also leads to nonnegative functions F, F*, thus producing probability measures.
Joint distributions along down-right paths in the sqW/sqW field are given by sqW/sqW
processes which are specializations of (3.2).

3.1.3 Sampling a field via bijectivization

As mentioned in Remark 3.1.2, a random field is not determined uniquely. Moreover, its
properties (like marginal stochastic dynamics) heavily rely on a particular choice of the
field’s construction. This choice can be encoded by certain Markov transition operators.
Let us return to the general formalism of skew Cauchy structures.

Suppose that we have Markov transition operators

UnsGe = v [ A ) and Uy — s | A, p),
that satisfy the reversibility condition
Uty (2 = v [\ )11 (63 0)F /e (0) B/ () = U (0 = 52 | X 1)y (1) B, (v). - (3.4)

Here Ul (5 — v | A, 1) encodes the probability of a transition s — v conditioned on , 11,
whereas US4 (v — s | A, j1) describes the probability of the opposite move (specializations
u,v are assumed positive). See Figure 1.3, left, for an illustration. Summing (3.4) over
both v and s and using the Markov property of U™, UP"4 one recovers the skew Cauchy
Identity (3.1). Condition (3.4) determines UP¥® once U™? if given, and vice versa.

If U™ is given, we can construct a random field {\*): i, j € Zs,} as in fig. 1.3,
right panel. Namely, fix empty boundary conditions. Inductively for n > 2, assuming we
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already sampled Young diagrams A7) with i + j < n, pick A7) for each 7/ + j' =n+1
at random with probabilities
yiwd ()\(i’—l,j'—l) A" | )\(i/—ld/)’)\(i’,j'—l))

ui/,vj/

Y

independently for various pairs (i, j'). We say that the field is generated by U™d,

Proposition 3.1.7. Assume that U™ is known. Then the procedure described right above
samples an §/® field.

Proof. One has to show that the distribution of the Young diagrams along any down-right
path is described by the corresponding §/® process. This is readily verified by induction
on adding one box to the area below the down-right path, and using (3.4). We omit the
details. O

3.1.4 Borodin—Ferrari fields

Let us now describe a particular choice of the forward transition probabilities which
guarantees the existence of a field for a skew Cauchy structure. This construction is
based on [BF14] and follows an earlier coupling idea of [DF90]. Choose

Sua ()G ()
(;0) 32 Bpusoe() B (V)
T30 0),1 (1) B (0)
22 oA (1) Gy (v)
In general, although transition probabilities (3.5) are explicit, in particular examples their

concrete meaning may be far from transparent.
A helpful simplification can be made if we assume that & admits expansion

UNde 5| A\ p) = i

,U

(3.5)

szf]d(u — x| A\p) =

G, u(v) = (v — v*)d(”/“)(g,,/u + O(v —v")), (3.6)

for some fixed value v* independent of v, u, coefficients g, /,,, and a “nice” degree function d
such that d(v/v) = 0. Then one can consider a Poisson-type scaling limit of the field (3.5)
as v; — v* for all 7. Under this scaling, the discrete vertical axis becomes continuous,
and the field turns into a Markov dynamics {A\): 4 € Zsg,t € Rso}, where ¢ is the
continuous time variable. The dynamics lives on sequences of signatures.

When §, ® are Schur functions, such continuous processes is the push—block dynamics
introduced in [BF14].

3.1.5 Bijectivization of the Yang—Baxter equation

In many cases, skew Cauchy Identities descend directly from the Yang-Baxter equation
and we have seen examples of this phenomenon in chapter 2. This observation was used
in [BP19], [BMP19] to provide an explicit construction of random fields for sHL and sqW
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functions, which we briefly recall here. In general, this approach produces fields which
differ from the Borodin—Ferrari ones. On the other hand, Yang-Baxter fields by design
possess Markovian marginals.

For any given identity with positive terms

Z w(a) = Z w(b), (3.7)

acA beB

we say that two stochastic matrices p™4(a, b) and p*¥4(b, a) (with indices a € A, b € B)
form a (stochastic) bijectivization of identity (3.7) if they satisfy the reversibility condition

p™(a — b)w(a) = p™(b — a) w(b) foralla e A, be B.

A bijectivization always exists since we can take p™4(a — b) oc w(b). A bijectivization is
unique only when A or B has a single element. Another simple case is given when both
A and B have only two elements.

Example 3.1.8. When A = {a;, a2} and B = {by, by}, identity (3.7) becomes

w(ar) +w(az) = w(by) + w(bs).

bwd

In this case all stochastic bijectivizations p™¢, p?"? are expressed as

w(az) —w(b) + (1 — y)w(a1)
w(az)
a9 — bg) =1- hWd(CLQ — bl),

pfwd(

fwd (

a1—>b1):’y, p G2—>bl):

Y

fwd ( fwd (

p(ar —b)=1-7  p

for a parameter v € [0, 1].

Let now (3.7) be one of the Yang—Baxter equations from Chapter B, corresponding to
fig. B.5 (b) or fig. B.7 (b). Let us rewrite them in a unified notation as

S WK 1) =) wr(K'|I,]), (3.8)

where [ = {iy,i9,13}, J = {Jj1, 72,73}, K = {k1, ko, ks} and K’ = {k, k}, k% }, and weight
functions wl, wr denote the terms in the left and right-hand sides of each of the Yang-
Baxter equations of chapter B involving pairs of non-dual and dual weights. Equations
(B.26) and (B.27) involving corner weights, by agreement, correspond to the choice j; = @.

Denote by p{"(K — K’) and p"/'(K’ — K) a stochastic bijectivization of (3.8).
Then pf'§ is the probability of moving the cross from left to right (in the local config-
uration in Figure B.5 (b)), while transforming the occupation numbers K into K’. The
probabilities p?ﬁd(K " — K) similarly correspond to moving the cross from right to left.
By the conservation of paths at each vertex, once I, J are fixed, the configuration K is

completely determined specifying only one of the numbers &y, ks, or k3 (and similarly for

K').
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Bijectivizations of the Yang-Baxter equation are building blocks of operators U4, Ubwd,

Given Young diagrams s, u, \,v we identify path configurations through two rows of
vertices as in Figure 3.2, that is using their dual path representation! as discussed in
Section 2.1.2. Vertices crossed by blue paths are assigned non dual weights (w or W)
(2.12)—(2.14) whereas those in red have dual weights (w* or W*). We assume that at the
leftmost column an infinite number of paths flows in the vertical direction. The transition
probability U™d(sc — v | A\, ) is the product of probabilities of sequential local moves
p™4 obtained dragging the cross vertex from the leftmost column to the right. In case we
are considering transition probabilities between signatures such dragging will terminate at
a specific location N, where the corner weights W+ will necessarily have to be employed.

The operator UP"¢ is constructed using the opposite local moves with probabilities

p"V4 starting from a column very far to the right. See Figure 3.2 for an illustration.

Definition 3.1.9. The random field constructed from operators U™ takes the name of
Yang-Baater field. In this case we say that U™ is generated by local moves pf™d.

3.1.6 Three Yang-Baxter fields

In this subsection we specialize the construction described in section 3.1.5 to demonstrate
that Yang-Baxter fields sample random fields weighted by sHL and sqW functions.

We consider first a stochastic bijectivization p™9 and p"*? of the Yang-Baxter equation
(B.2). We fix parameters ¢ € (0,1), s € (—=1,0), and w;,v; € [0,1), i,j € Z»1. To
distinguish this case from the one that we will follow we will denote the Markov operators

generated by p™? and pP¥? respectively as Uiﬁi(u) <HL(y) and UEI"{VE(u) SHL(v)"

Proposition 3.1.10. The random field {\"9) : 4,5 € Zso} generated by Ug"}v&(ui%SHL(vﬂ is
a sHL/sHL field as in definition 3.1.4. In particular the single-point distributions have
the form

.. ]_ — U1 V;r
PI”Ob()\(m) = V) = H — 1 FI/<U1, e ,Ui) F;/(Uh ce ,vj),
1<i'<i 1= qujvy
1<5'<y

where v is an arbitrary fized Young diagram.

The proof of proposition 3.1.10 is a straightforward consequence of the following bi-
jective proof of the skew Cauchy identity (2.11).

Proposition 3.1.11. For any four Young diagrams p, >, A\, v we have

1—quv . .
UiHi(u),sHL(v)<% — Vv | )‘7 /J“) FA'/%/(U) F,u’/%’ (U)

= UEIVJVS(U),SHL(U)(V = | A ) F;’/A’ (v) Furjr (). (3.9)

Summing (3.9) over both s and v, we obtain the skew Cauchy identity for the stable sHL
functions (Theorem 2.2.5).

1to a Young diagram A\ we associate the arrow representation |\’). We switch to this convention in
order to treat random fields corresponding to sHL and sqW functions on an equal footing

1 —wuv
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He—He+1 ‘ ’ Het1 — He+2 ‘ He—1—He

pfwd

| | [N
frmm] [ poow] ]
-

[ [
p==n

bwd - |
]

Figure 3.2: A local random move in a Yang-Baxter field. Moving the cross through the
column ¢ updates the value of s, — 2., to v, — Veyq.

Aet1 — Aet2 ‘ ’ Ae—1—Ae

Proof. The product Fy /.. (u)F}, ,(v) is the weight of a configuration p > > < A in a
vertex model obtained attaching a w,, ,-weighted row of vertices on top of a wj, ,-weighted
row of vertices. The leftmost column is occupied by infinitely many paths. The factor

(1 — quv)/(1 — uv) is the R,, weight of a cross " attached at the left of the lattice.
Now we employ the definition of Ugvﬁi(u)’sHL(v) and drag the cross all the way to the right,

replacing s by the random v. This procedure, along with the local reversibility condition
of the bijectivization leaves us with the right-hand side of the desired identity (3.9). [

Results of proposition 3.1.10 and proposition 3.1.11 extend naturally to the case when
we consider Yang-Baxter equations related to sqW polynomials. In the following we report
these results omitting the details of proofs.

Proposition 3.1.12. Let p™ and p®™? be a stochastic bijectivization of Yang-Bazter
equations (B.11), (B.26) for the weights W,w*, and U™ be constructed from sequential
local moves p™4. Then the random field generated by U™ is a sqW/sHL field.

Proposition 3.1.13. Let p™? and p®™? be a stochastic bijectivization of Yang-Baaxter
equations (B.12), (B.26) for the weights W, W*, and U™ be constructed from sequential
local moves p™4. Then the random field generated by U™ is a sqW/sqW field.

3.1.7 Markov marginals of a Yang-Baxter field

By the very construction, we see that for any fixed ¢ > 1, the update (s,..., %) —
(v1,...,V.) in a Yang-Baxter field is independent of s, ui;, A; for all i > ¢+ 1. Therefore,
we have:

Proposition 3.1.14. Let {\®9: i j € Zjcs0} be a Yang-Bazter random field as above.
For any ¢ € Z>y, the marginal process {(/\5“7) >.o> Ay e Zso} is a Markov
process.

Proof. This is [BP19, Proposition 6.2]. O

In the simplest case ¢ = 1, transition probabilities of the one-dimensional marginal
field can be written down explicitly:
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Proposition 3.1.15. Let {\): i j € Z>0} be a random field generated by UM con-

structed from bijectivization of the Yang—Baxter equation. Let {)\gi’j): i,j € Zso} be the
first row marginal process. Then for all i,j > 1 we have

Prob{A\{"" = n | AUV =y A1) — p ATHTY Y — L, (m—k =k n—C, n—m),
(3.10)
for all m,m,k,n >0, where L is the stochastic vertexr weight

L (jQ jl- k:/ k;/) — Wr{O,O,OO},{jl,jgpo}({ki, ké? OO})
u,v ) y vy vo ) — .
Zkhkz Wl{O,O,oo},{jl,j%oo}({kl, k27 OO})

Note that interlacing implies that £ < m < n, k < ¢ < n, so the arguments of L,, ,,
in (3.10) are all nonnegative.

(3.11)

Proof of Proposition 3.1.15. This is proven in [BMP19, Section 6.4] and we briefly repro-
duce the argument here. The update A?‘l’j‘” — A?’j), once A(li_l’j), )\(li’j_l) are fixed, is
determined only by a single random move at the leftmost column of vertices. By con-
struction, the vertical direction at the leftmost column has infinitely many paths. The

corresponding Yang—Baxter equation is

Z W|({]€1,]€2,OO} | {070700}7 {jl;j%oo}) = Z Wr<{k/17kévoo} ‘ {0707 00}7 {j1,j2,00})-

ki,k2 k1:kg
(3.12)
This implies that taking

L0000} (1 ooy (LK1, k2, 00} = {Kf, k), 00}) = Ly (o, jr; K, k7)

indeed produces a bijectivization.? Here u, v denote generic spectral parameters of weights
appearing in the Yang-Baxter equation. Recall that occupation numbers are related to
signatures as

I PSS U RPUE) -
1= M 1 ) 2 = M 1 .
This completes the proof. O

The fact that the sqW functions are parametrized by signatures with specified number

of rows also allows to access the random dynamics of last rows of a field by writing down
explicit bijectivizations. In particular, the evolution of {)\Ew ) i,j > 0} is related to the
Yang—Baxter equations (B.26), (B.27) corresponding to configurations depicted in Figure
B.5 (b).
Remark 3.1.16. The construction of a random field using stochastic bijectivizations does
not guarantee that the evolution of last rows is autonomous. This contrasts with the fact
that the first rows form autonomous Markov marginal processes by the very construction
of Yang-Baxter fields (Proposition 3.1.14). In Theorems 3.3.10 and 3.3.16 below we show
that the marginals {)\Ei’j ). i,7 > 0} of sqW /sHL and sqW /sqW fields, respectively, are in
fact autonomous for a particular bijectivization we construct.

2This bijectivization is in fact unique for our choices of weights (this follows similarly to [BMP19]).
However, we do not need this fact.
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3.2 Schur case: Robinson—Schensted—Knuth from Yang-
Baxter

In this section, as a simpler illustration, we consider the degeneration of the vertex weights
and the Yang-Baxter equation obtained by setting ¢ = s = 0, and show how this pro-
duces (via bijectivization) the classical Robinson—Schensted-Knuth (RSK) row insertion
algorithm [Knu70], [Ful97], [Sta0l]. We would obtain a “local” description of the RSK
insertion in terms of “toggle” operations. We refer to, e.g., [Pak01], [KB95], [Fom95] and
also to the recent notes [Hop14] for this description.

We consider the ¢ = s = 0 degeneration of the Yang-Baxter equations ((B.12)(B.26))
proving the sqW /sqW skew Cauchy identity (Theorem 2.3.15). Note that for ¢ = s =
0, the spin g-Whittaker polynomials become the Schur polynomials. The Yang-Baxter
equations we need are illustrated in Figure B.5. In fact, in the Schur degeneration the
corner Yang-Baxter equation Equation (B.27) illustrated in Figure B.7 (b) is the same as
the usual one, and so we only need the equation from Equation (B.12).

The weights entering the Yang—Baxter equation degenerate as follows:

. .. . _ J
WI,O(“’]l?Z?’j?) - 1i1+j1=i2+j2 11'12]'2 x 27
Wi oliv, Jisda, J2) = Liyyjomintin Linzjo Y2 (3.14)

I N min(J1,52
Rx,y,s(zla]l722a]2) - 1i2+j1=i1+j2 (iL‘y) ( )

Equation (B.12) thus reads for all fixed i1, 2, 13, j1, j2, j3 € Z>0:

2, J min(k1,k
E Loow preservation ]-kgzmax(jl,jz) xhy]l (%y) (k1.k2)

k1,k2,k3>0

§ : min(j1,52) .k, K
= Lorow preservation 1i32k’2 1j32k’1 (371/) (G ]2)3; 2y, (315)
K1 kb k4 >0

where by “arrow preservation” we mean the intersection of all the conditions of the form
a; + by = as + by in (3.14) which the indices ki, ko, k3 and k7, k), k5 must satisfy. In
particular, by arrow preservation we have

ko =io + k1 — 11, ks = i3+ j1 — k1, ky = jo + ki — 71, ky =iy + jz — ki,

and thus the summands in the left- and right-hand sides of (3.15) are indexed only by k;
or ki, respectively. Equation (3.15) admits a bijective proof (or, in terms of Section 3.1,
a bijectivization which is deterministic):

Lemma 3.2.1. Setting
ki = j1 — min(jy, j2) + min(ky, is + k1 —d1) (3.16)

produces a bijection between the terms in both sides of (3.15).
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Proof. By (3.16) we see that the powers of y in the corresponding terms match. The
powers of x match, too:

jg + min(/ﬁ,ig + k?l — 21) = min(jl,jg) +j2 + ]{Zi —jl,

where £} is given by (3.16). It remains to check that if k; is such that the product of
indicators in the left-hand side of (3.15) is nonzero, then the same holds for k] in the
right-hand side. This check is straightforward. O]

Let us now interpret a sequence of bijective Yang-Baxter transformations as a row
RSK insertion. Fix signatures A, u and use Lemma 3.2.1 to construct a bijection between
the sets

{06 <X\, e < pu} X Zsog+— {v:iv>=A v>=u}. (3.17)

This bijection would correspond to a local move in the “Fomin growth diagram” [Fom95]
interpretation of the RSK.

Interpret u, s, A as a path configuration as in Figure 3.2. The numbers of paths
through vertical edges are then equal to p. — pter1, 3. — .41, and Ao — A\.11. One can also
check that the horizontal edges carry p. — s and \. — », paths.

Attach a cross at the leftmost boundary of the path configuration. This cross is not
uniquely determined since at the leftmost boundary (with i3 = j3 = 00, iy = iy = 0) the
Yang-Baxter equation (3.15) takes the form

o0

j2, .7 k min(j1,j jo—3 § K, k!
x’? yjl (l’y) = (.Iy) Gn ]Q)xh I 1arrow preservation £ ty.
k=0 k[ >0

Arrow preservation in the right-hand side here means that there exists an arrow configu-
ration with the given k.

Selecting an arbitrary k£ in the left-hand side is equivalent to selecting an element of
Z>o in the left-hand side of (3.17). Then we set based on the Yang-Baxter equation (see
Lemma 3.2.1):

Ky = ji —min(jy, jo) + k.
In terms of signatures, k] corresponds to the new number of paths on the horizontal edge,
and so the above equation means that

v — i = A — o —min(\ — e, 1y — 1) + kK,

that is,
v1 =k + max(Ag, q). (3.18)

After dealing with the leftmost boundary, we move the cross one by one to the right,
updating each s, — 5.1 to v, — V.41, Where ¢ > 2. At each step the signatures correspond
to the path numbers as

J1 = Aet1 — Het1, J2 = g1 — ey, ki = e — 2, ko =io+ k1 — i1 = pe — 2,

K] = Ver1 — Heta, ky = jo 4+ K| — j1 = Vey1 — Acy1.
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The local bijection of Lemma 3.2.1 then leads to

ky = j1 — min(jy, j2) + min(ky, k2)
= )\c+1 7 min<)\c+1 = et 1y Mer1 — %chl) + min()\c — My e — %c)

= )\c—i-l - min()\c—i-la ,uc+1) — .+ min(>\ca ,uc)a

which leads to
Ver1 = Max (A1, Het1) + min(Ae, fle) — 5. (3.19)

Formulas (3.18)—(3.19) for v in terms of s provide the local RSK bijection between
the two sets (3.17). Moreover, these formulas have the “toggle” form, e.g., see [Hop14].

Therefore, we see that in the Schur degeneration the Yang-Baxter equation of Equa-
tion (B.12) produces a bijection, and this bijection coincides with the “toggle” bijection
in the local description of the classical Robinson—Schensted—Knuth row insertion.

3.3 Marginals of spin Hall-Littlewood and spin g¢-
Whittaker fields

In this section we characterize marginals of random fields defined in Section 3.1.2 corre-
sponding to the first and last coordinates )\gi’j ) and /\gi’j ). These are matched with stochas-
tic vertex models or particle dynamics introduced in [GS92] [Pov13], [CP16], [CMP19].
In case of fields weighter by sqW functions, these results extend the characterization of
marginals of the ¢-Whittaker processes given in [MP17] by adding the spin parameter s
into the picture. The matchings are summarized in the table in Figure 3.3.

first row )\gi’j ) last row )\gi’j )
[3.3.2] Stochastic six vertex
model [GS92],[BCG16]

[3.3.4] Stochastic higher spin

sqW/sHL field | six vertex model [CP16], [3.3.3] Stochastic higher spin six
[BP18a] vertex model [CP16], [BP18a]

[3.3.6] 4¢3 vertex model and | (335 337 ¢-Hahn TASEP /
sqW/sqW field | ¢-Hahn PushTASEP [CMP19], | Boson particle systems [Pov13],

[BMP19] [Corl4]

Figure 3.3: A summary of matchings of Section 3.3, with numbers of relevant subsections.

sHL/sHL field

3.3.1 Stochastic vertex models

We work with two typologies of stochastic vertex models: up-right or up-left. These
are probability measures on directed path ensembles (of the corresponding direction) in
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the integer quadrant, constructed from families of stochastic vertex weights L; ;. By
“stochastic” we mean that the weights must satisfy the sum to one condition

Z L j (o, Brsas, B2) = 1 (3.20)

az,822>0

for all ay, 31, where oy, as, 1, B2 € Z>( are the occupation numbers of edges at a vertex
(4,7)-
For the first type of stochastic vertex models, equip the lattice with up-right vertex

weights L(“ir i) subject to the arrow preservation condition

L(uz‘r,j)<@1>51; ag,f2) =0 if ar + Bi # g + fo.

Definition 3.3.1 (Up-right stochastic vertex model). The up-right stochastic vertex model
with weights L{}, and boundary conditions BY = {oh b5, ...}, BY = {b},0%,...}, with
bh by > 0, is the unique probability measure on the set of up-right directed paths on

Y]
ZZI X ZZ()? such that:

e cach vertex (1,7) emanates bi paths initially directed to the right;
e cach vertex (,0) emanates b paths initially directed upwards;

e the probability of observing a configuration (ay, f1; ag, 52) at vertex (i,7), condi-
tioned on the configuration at all vertices (i’,j’) with ¢ + j* < i + j, is given by

L?f j)(al, P1; @z, B2). Moreover, this event is independent of choosing arrow configu-

rations at other vertices ..., (i —1,j+1),(¢+ 1,5 —1),... on the same diagonal.

Up-right directed lattice path configurations can be encoded by the height function:

H" (i, 7) = #{occupations at horizontal edges} — #{occupations at vertical edges},
(3.21)
where occupations are counted along the path (,2) — (i+3,3) — (i+ 3,7+ 3) (equiv-
alently, along any up-right directed path from ,%) to (i + %,j + %)) See Figure 3.4,
right, for an illustration of the vertex model and the corresponding height function.

Remark 3.3.2 (Up-right model and TASEPs). Path configurations can be interpreted as
trajectories of particles performing totally asymmetric random walks, with time running
in the upward direction. In particular, one can define a process

{X() = Ca(t) > xa(t) > -+ ) brezsg

by setting x,(t) := H"(n,t) —n. Then X is a discrete time totally asymmetric simple
exclusion process, in which the random jump x,(t — 1) — x,(t) of the n-th particle at
time t is governed by

Ly ()1 (= 1) = (t = 1) = 1, %01 () = Xn-1(E = 1); Xn—1 () = X (£) = 1, %5, (£) — x5 (£ — 1)),
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o 1 2 - i 0 1 2 - i

Figure 3.4: Realizations of the up-left and the up-right stochastic vertex models (left and
right panels, respectively).

Let us now turn to up-left path ensembles. The up-left weights LE‘ZI i) satisfy the
following arrow preservation property:

Ll(lil,j)(alyﬁl; g, 32) =0 if oy + Po # P1 + as.

Definition 3.3.3 (Up-left stochastic vertex model). The up-left stochastic vertex model
with weights L{ ; and boundary conditions B" = {t},b3,...}, BY = {b7,b3, ...}, with
b, bj > 0, is the unique probability measure on the set of up-left directed path on Zx; x
Z>q, such that:

e cach vertex (1, ) has b} paths entering from its left;
e cach vertex (i,0) emanates b paths initially directed upwards;

e the probability of observing a configuration (aq, 81; as, f2) at a vertex (i, j), condi-
tioned on the path configuration at vertices (¢, j') with ¢/ + j' < i + j, is given by
L?il’ j)(al, P1; i, B2). Moreover, this event is independent of choosing arrow configu-
rations at other vertices ..., (i — 1,5+ 1),(i+ 1,5 — 1),... on the same diagonal.

Up-left directed lattice path configurations can be encoded by the height function:

H"(i,j) = #{occupations at horizontal edges} + #{occupations at vertical edges},
(3.22)
where occupations are counted along the path (3,3) = (i+3,3) = (i+3,j+3) (equiva-
lently, along any up-right directed path from (3, 1) to (i+ 3,7 +3)). Notice the difference
in sign with the definition of H"™ (3.21). See Figure 3.4, left, for an illustration of the
up-left vertex model and the corresponding height function.

Remark 3.3.4 (Up-left model and PushTASEPs). Define a process

Y (@) = (ya(®) > ya(t) > - ) hezey
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by setting y,(t) = —H"(n,t) —n. Then Y is a discrete time totally asymmetric simple
exclusion process under which particles jump to the left, and a pushing mechanism is
present. The random jump vy, (t — 1) — y,(t) of the n-th particle at time ¢ is governed by

L?rlz,t) (ynfl(t - 1) _Yn(t - 1) - 17 ynfl(t - 1) - ynfl(t); ynfl(t) _yn(t> - 1a yn<t - 1) - yn(t))'

In the rest of this section we establish the matching results outlined in Figure 3.3.

3.3.2 First row in the sHL/sHL field

Here we study the scalar Markov marginal )\gi’j ) of the sHL/sHL Yang-Baxter field, and
match it to the stochastic six vertex model.

Lo S R
| | |
H 1 wv(l—t) ‘ 1—uv ‘ t(1—uv) ‘ 1£;jv ‘ 1

Luv (i1, 13 42, j2) 1—tuv 1—tuv 1—tuv

Figure 3.5: The vertex weights Lw(il,jl; i, J2) in the stochastic six vertex model. This
parametrization of the vertex weights follows, e.g., [BM18].

Definition 3.3.5 ([GS92], [BCG16]). Specialize the up-right stochastic vertex model of
Definition 3.3.1 by taking Ly = Ly,v; given in Figure 3.5. We refer to this model as the
stochastic six vertex model. We consider the step boundary conditions:

by=1 and b =0, (3.23)
The next theorem is analogous to [BP19, Proposition 7.3].

Theorem 3.3.6. Let H\(i,7) be the height function of the siz vertex model with step
boundary conditions and let {\“D} be the sHL/sHL field. Then the two random fields

{j— )\gi’j) 20,J € Lo} and {H,(i,7) 14,j € Zso} are equal in distribution.

Proof. Recall that, by proposition 3.1.15, the Markov evolution of the scalar marginal
Aﬁ“’y) is determined by the quantity L of eq. (3.11) corresponding to Yang-Baxter equa-
tion (B.2). Its expression can be readily written down using (2.2), (2.9), and Fig-
ure B.3. Comparing these quantities to the stochastic six vertex Welghts L., in Figure 3.5,
while taking into account the relation between ja, j1; k7, k5 and A\ (i:9) (3.13), we see that
Lty sn) (2, L = Jis K1, 1 — k5) = Luo (2, j1s K, k3) for all ]2,]1,kl1ak'/2 € {0,1}. This
implies the claim. O

Remark 3.3.7. While Theorem 3.3.6 essentially follows from [BP19], let us empha-
size what is different here. Theorem 3.3.6 connects the ordinary stochastic six vertex
model with stable spin Hall-Littlewood polynomials. On the other hand, previously the
same stochastic six vertex model was matched to Hall-Littlewood processes and measures
[BBW18], [BM18], and the non-stable spin Hall-Littlewood polynomials gave rise to a
dynamic version of the stochastic six vertex model [BP19]. Therefore, formally Theo-
rem 3.3.6 is a new statement.
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Figure 3.6: The stochastic vertex weights L}, for the up-right stochastic higher spin six
vertex model.

3.3.3 Last row in sqW/sHL field
We start by defining the stochastic higher spin six vertex model:

Definition 3.3.8 ([CP16], [BP18al). Specialize the up-right stochastic vertex model of
Definition 3.3.1 by taking L?Zr 5 = L;;vj, where the latter are given in Figure 3.6. We
refer to this model as the up-right stochastic higher spin sixz vertex model. We consider

the step-stationary boundary conditions:

bY ~ Ber [ — 19 and 0P =0, (3.24)
J 1 + l‘l’Uj

where Ber(-) are independent Bernoulli random variables with the probability of success
given in the parentheses.?

Remark 3.3.9. The model in Definition 3.3.8 is equivalent to that of [BP18a] (the latter
with step boundary conditions b7 = 1, b} = 0), under specializations &;s; — @1, 52 — 0,
Sala = Ta, S — —sT, and ug — —vp.

Theorem 3.3.10 (sqW /sHL last row). The last row marginal {)\Ei’j)}izl,jzo of the sqW/sHL
field has the same distribution as the height function {H}s(%,J)tis1>0 of the up-right
higher spin sixz vertex model with step-stationary boundary conditions.

Proof. We use Proposition 3.1.12. During the update
/\(n—l,t—l) N )\(n,t)’

for fixed AL \(W-D) (3.25)

weighted by the stochastic matrix U™9, the law of the rightmost local move is given by a
stochastic bijectivization of the Yang—Baxter equation (B.26). A computation shows that
one such bijectivization is given by the choice

pf{?ld,i%i;;},{gjz,jgg}({kl’ kQ’ k3} - {kiv k;? ké}) = L;,rv(j?) — iy — kla kl;j3 — iy — k/b kll) (3'26)

3A slightly broader class of boundary conditions than the step-stationary ones, where also b are
allowed to be positive numbers, can be considered using the fusion argument introduced in [Aggl8]; see
also [IMS20], [BMP19].
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This can be readily verified using the parametrization from Example 3.1.8. In terms of
elements of signatures in (3.25), the integers is, j3, k1, k| are interpreted as

=AY AT, A e

ky = )\7(171_—11,15) . )\7(171_—11,15—1)’ k‘; _ )\'Eln,t) . )\Sln,t—l).

Remarkably, transition weight (3.26) only depends on the difference j; — i and on kq, k7,

but not on other edge occupation numbers. Therefore, the law of AP g solely determined
by A7 LD AT LD This implies that the last row marginal {1 50 is an
autonomous Markov process. Moreover, this autonomous process has the same multitime
joint distribution as the height function of the up-right higher spin six vertex model

because L™ appears in (3.26). This completes the proof. ]

In [CP16], [BP18a], joint ¢-moments of the up-right stochastic higher spin six vertex
model were expressed in terms of nested contour integrals. These moments completely
determine the joint distribution of the model’s height function H}{s(+, j) along any given
horizontal line (because ¢ € (0,1) and the random variables in question are nonnegative).
Let us reproduce the g-moment formula:

Proposition 3.3.11 ([BP18a]). Consider the up-right stochastic higher spin siz vertex
model with step-stationary boundary conditions and assume v, # qug. For any iy > ... >
ig > 1 we have

¢
E [T o0 = q<s>j<,{ dij{ O |
P EN 2mi = 21 v ZA — Q2B

. ; (3.27)
1 20 (1 + sz 1+ quazp
s H (zk(1+szk) H Lo — Zk H 1+Ua2’k .
k=1 a=1 a=1
Here, integration contours are y[—V|k] = v[—V]Urk ey, where v[—V] encircles —1/vy, ..., —1/v;
and no other singularity, cy is a small circle around 0, and r > q~'. All curves are posi-
tively oriented, and r*~'cy never intersects y[—V] for k=1,... (.

Proof. This follows from Theorem 9.8 in [BP18a] by identifying the parameters as in
Remark 3.3.9 and noting that HJis(i,7) is the same as the height function h(i) at the
j-th horizontal slice. Note also that [BP18a, Corollary 10.3] is essentially the same as
our g-moments (3.27), but with contours dragged through infinity, and identification of
s? with x;. The latter follows by comparing (3.24) with [BP18a, Remark 6.14]. O

Eigenrelations for sqW polynomials given in Theorem 2.6.11 can be employed to pro-
vide an alternative proof of the moment formula (3.27).

Alternative proof of Proposition 3.3.11. We express g-moments of last rows of the sqW /sHL
process using the ¢-difference operators ©; (2.85) at several levels, following the argument
in [Bor+16, Proposition 4.4].
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Denote by @gi) the operator ©; acting on ¢ variables xq,...,z;. Then for any ¢ and
any sequence 1 <1i¢; < --- < iy, we have

K = 5 (328)

H(C(Jl,..-7$N;U17-~7Uj)

¢ \iRod) @gil)...@gié)ﬂ(xh...,:L'N;Ul,...,'Uj)
EHq

where N > 1, is arbitrary, and

J 1 N-1 N j
H(:):l,...,xN;vl,...,vj):H(1_SU) HH(1+vrxi)
1 T

r= i=1r=1

is the partition function in the right-hand side of the sqW/sHL Cauchy identity (2.27).
Equality (3.28) is a straightforward consequence of the Cauchy identities (2.25), (2.27),
eigenrelation (2.87), and the branching rules for the sqW functions.

Let us now express the right-hand side of (3.28) in terms of nested contour integrals.
For ,

j
h(z) =[]+ v2),
we have . .
D DR (2y) - hay)
h(z) - h(zy)

Moreover, for any meromorphic function h we have

o (i He) = o f IT (e 20222 ) B0

where the curve ~; encircles 0 and all poles of 1(gz)/h(z). The latter poles may include
infinity, too. In other words, the integral over «; is equal to the sum of minus residues of
the integrand at xq, ..., z,.

By iterating this integral representation, we can evaluate (3.28) and match the result-

r.hs. (3.28) =

ing expression with the g-moment formula (3.27). The equivalence of processes )\gi’j ) and
5 (4, j) stated in Theorem 3.3.10 allows us to complete the proof. O

3.3.4 First row in sqW /sHL field

Let us define an up-left version of the stochastic higher spin six vertexr model. Take
an up-left model in the sense of Definition 3.3.3, with the weights L‘(JZ1 5= L;Cﬂ v, given in

Figure 3.7. We take this model with the same step-stationary boundary conditions (3.24).
In fact, this model is essentially the same as the one from Definition 3.3.8:

Remark 3.3.12. When at most one path occupies each horizontal edge (as in our case),
swapping the horizontal occupation numbers 0 <+ 1 is a bijection between up-left and up-
right models. Their height functions are related as H(i,7) = j — His(i,j). Moreover,
the weights LY become the weights LY from Figure 3.6 after this swapping of horizontal
occupations, and the inversion of the parameters (z,v) =~ (z71 0.
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Figure 3.7: The stochastic vertex weights L;{U for the up-left stochastic higher spin six
vertex model.

However, it is convenient to work with the up-right and the up-left models separately,
as in the sqW/sqW case they are genuinely different.

Theorem 3.3.13 (sqW /sHL first row). The first row marginal {)\gi’j)}izwzo of the sqW/sHL
field has the same distribution as the height function {H¥s(i,7)}is1 550 of the up-left
stochastic higher spin six vertex model with step-stationary boundary conditions.

Proof. We use Yang—Baxter fields similarly to the approach taken in [BMP19, Section
7.3]. Let us specialize the general notation of Proposition 3.1.15. We need to match the
stochastic vertex weight L of (3.11) with L, and verify boundary conditions.

The random move /\gi_l’j_l) — /\gi’j), conditioned on /\gi’j_l),/\gi_l’j) is determined
by the bijectivization of the Yang—Baxter equation (B.11) for i« > 1,7 > 1 and by the
bijectivization of (B.26), if i = 1. We start with the first case, where in (3.11) we get

(after canceling common factors)

v (Csfnia),
1 —sv (4 4o
VM K, (_3/$§Q)k;

X
1 —sv (¢ C])kzg

WI{O,O,oo},{j1,j2,oo}<{kla k27 OO}) = Rx,v,s(oy 07 kla kQ)

Wr{0707oo}7{j17j2’oo}({k3/1, ké? OO}) = RLv,S(ké’ kiv ij ]1)

One readily sees that then (3.11) gives the stochastic weight L2, .

For the boundary signature /\gl’j ) case, configuration weights wl, wr become (after can-
celing common factors)

Wl{O,O,oo},{Q,jg,oo}<{k17 k27 OO}) = Rx,v,s(oa 07 klv k2) xﬁ?
/Ukll kl

Wr{O,O,oo},{Qf,jz,OO}({ki’ ké, OO}) = 1 " o0 xXr 27

which leads to the step-stationary boundary conditions (3.24) since N0 = g foralli. O

3.3.5 Last row in sqW /sqW field
Define the up-right stochastic weight by

L;»ry(al’ 61; Qg, 52) = 1a1+51=a2+62 Soq,xy,—sx(ﬁ2 ’ 051)7 (329)
where ¢ is the ¢-beta-binomial distribution (A.16)—(A.17).
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Definition 3.3.14 ([Pov13]). The ¢-Hahn vertex model is the up-right stochastic vertex
model, in the sense of Definition 3.3.1, with weights L}, = L;;yj. We consider step-
stationary boundary conditions:

by ~ Pgary;,—sz1 (@ | 00) and b? =0, (3.30)

where the random variables for 0} are independent. Denote the corresponding height
function by H} .,

Remark 3.3.15. The model of Definition 3.3.14 is equivalent to that of [BP18a, Section
6.6.2], where parameters have been specialized as s — —sz, and ¢7> — —y,/s.

Theorem 3.3.16 (sqW /sqW last row). The last row marginal {Af’j)}izl,jzo of the sqW/sqW
field has the same distribution as the height function {H g, (1, J) bis1>0 of the up-right
q-Hahn vertex model.

Proof. This follows from Theorem 3.3.10 which established an analogous result matching
the last row of the sqW /sHL field and the height function of the up-right higher spin six
vertex model. By fusion, the dual sHL functions turn into the dual sqW functions (cf.
[BW17]). Therefore, the sqW /sHL field under fusion turns into the sqW/sqW field.

On the other hand, the same fusion procedure turns the up-right higher spin six vertex
model into the up-right ¢g-Hahn vertex model?. This completes the proof. O

In [BP18a, Corollary 10.4] the multi-point g-moments of the up-right ¢-Hahn vertex
model were expressed in terms of nested contour integrals:

Proposition 3.3.17 ([BP18a], Corollary 10.4). Assume min, |sz,| > gmax, |sz,|. For
any 11 > ... > 1y > 1 we have

L
ur - d d _
B [T g ) = (—1)%(3) 7{ dwi },{ dwe qp wazus
k=1 R v

Hlosx] 271 H—sx] 2mi \<hip<e WA~ qWB
14 i J
1 1 — wy 1+ wiya/s
X .
kl;[l (wk(l — wy,) }_[1 1+ wi/(sxq) 01_[1 1 — wy
(3.31)

Integration contours encircle —sxy, —sxs, ..., and leave out 0,1 and are q-nested in the
sense that gy, [—sx] is inside v, [—sx] for all k =1,...,0—1.

Proposition 3.3.17 was obtained in [BP18a] as a corollary (under fusion) of the multi-
point g-moment formula (3.27) for the up-right higher spin six vertex model. Both of
these g-moment formulas have several different proofs: via duality [CP16], manipulations
with symmetric functions using Bethe Ansatz [BP18a], or distributional matchings and
difference operators [OP17]. Eigenrelations for the sqW polynomials provide yet another
independent proof:

4For a practical explanation of fusion in the context of sly stochastic vertex models see [BW17] and
[CP16], [BP18a] and references therein.
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Alternative proof of Proposition 3.3.17. Similarly to the alternative proof of Proposition 3.3.11
given in Section 3.3.3, we will use eigenrelations of the sqW polynomials to compute ¢-
moments. To express ¢g-moments of the sqW/sqW field, we use formula (3.28), after
replacing the function IT with the right-hand side of (2.34). The action of the difference

operator ©; (2.85) (in n variables) on a meromorphic function h can be written as

’Dl@(:pl)---h( e 75 ( )xaéiJrSZ))Nll(qz) dz

—z h(z) #(1+s2)’

where the integration contour contains i, ...,z,, but doesn’t contain 0 or any pole of

h(qz)/h(z). Using this formula repeatedly, we can match the g-moments of the marginal

/\(l ) to expression (3.31). The equivalence of processes between last row of the sqW /sqW
ﬁeld and height function of the ¢-Hahn vertex model stated in Theorem 3.3.16 yields the
proof. O]

3.3.6 First row in sqW /sqW field
For our fourth and final vertex model, define the up-left stochastic weight by

y2sraeemer gh a0 (s g)y (—5/y5 9)s,

(=8/25@)ar (—=5/Y5 @), (45 0o (= 0/ (5Y); @) a0
(5172 @)oo (7Y @) o 3 g g, —sx,—q/(sy) ’q .
(—Sy, Q)oo(_517§ Q)oo 4¥3 S/y’ql—l-cu 51 .73(]1 Bo— al/s

1 .
Lg,y(alv 51; Qg, 52) = 1a1+ﬂ2:a2+51

(3.32)

where 4¢5 is the regularized ¢-hypergeometric function (A.10).
Remark 3.3.18. An expression equivalent to (3.32) for the stochastic weight LY is given

by
min(¢,L)
LY (g, 69+ L—0L) = > 010 —syqrr (k| 0) Wy _grssy—qos/mszqre (L — k), (3.33)
k=0

where we used the ¢g-beta-binomial and the g-hypergeometric distributions (A.16), (A.20).
This can be proved through simple manipulations of the g-Pochhammer terms. From
(3.33) it is immediate to see that L2, possesses the sum to one property (3.20). The
positivity of the weights (under certain restrictions on the parameters) is proven in sec-
tion B.3.

Definition 3.3.19. The 4¢3 vertex model is the up-left stochastic vertex model, in the
sense of Definition 3.3.3, with weights L}"; = Lgi’yj. We consider the same step-stationary

boundary conditions as in (3.30). The height function of this model is denoted by H}.

Theorem 3.3.20 (sqW/sqW first row). Let s € (—,/q,0). The first row marginal
{Ag””}@MZO of the sqW/sqW field has the same distribution as the height function {H}\(i, j)}i jez.,
of the 4¢3 stochastic vertex model.
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Proof. The proof of this matching is similar to that of Theorem 3.3.13, and follows from
Proposition 3.1.15. Namely, we specialize formula (3.11) using the Yang—Baxter equations
(B.12), (B.27). For updates of “bulk” transition Aﬁi‘l’j‘” — )\gi’j), fori > 1,7 > 1,
conditioned on Aﬁ”‘”, Aﬁi‘l’j), the stochastic weight (3.11) uses

W|{070’oo}7{j17j2’oo}({kl’ ko, oo}) _ R:my,s((); 0; ki, k’z) yjl (—S/ZJ; Q)jl 272 (—8/513; Q)jz

(¢ 2 (¢a)p

w (58/Y Dry gy (=8/25 @)y

wr o] i1,72,00 k/,k/,OO = :v skak,ajaj y xkz 2'
{0,0,00},{41,J2, }({ 1) v }) 3Ys ( 25 V15 J2 1) (q Q)k’ (q'Q)k’

Using the expression of the R—matrlx Rx .5 and summation identity (B.10) one can match

L., with L,,. At the boundary )\ )| we use a stochastic bijectivization of (B.27) and
therefore in this case we have

WI{O,O,OO},{@,jQ,OO}({k17 k’g, OO}) = Raz,y,s(()a O, kl, k2) sza

’ ( 'S/y;q)k’ (—Sy, q)oo k!
Wwr 0, 7 7.7 ( k‘,’k‘,’ ) yk‘l 1 3:2’
{0,0,00},{@,j2,00} { 15 V2 OO} — ( : )k,l (S ; )

that yields boundary conditions (3.30) after using again summation identity (B.10). [

3.3.7 Push-block dynamics for sqW /sqW process

Let us now present another, more explicit matching of last rows of the sqW /sqW field
in a “Plancherel” (or “Poisson-type”) continuous time limit. Here the dynamics of the
last rows is matched to the corresponding continuous time limit of the ¢-Hahn TASEP.
This construction is very similar to how the continuous time ¢g-TASEP emerges from
g-Whittaker processes in [BC14].

Consider the Borodin—Ferrari forward transition map (cf. Section 3.1.4)
Foa(@)F;,, ()
(w5 ) 32, Fupe(2)F5 . (y)

U (3¢ 1 A, ) = )
In the limit as y = —s + &(

(3.34)
(7(;”;;,‘;)) ((s;z)q) 1—gq), e = 0, the dual sqW
function at a single variable becomes (we use the notation [r], = (1 —¢")/(1 — q))

1+ 0(e), A= g
(s te(l=q) = (=)' (@),
7]y (gri-172is%q),

where II(z;y) =

+0(e?), A= pu+re; for some i,r > 0.

see (2.31). Take y; = —s + (1 — ¢) for all j and rescale M = |t/e], t € Ry, in
the sqW/sqW field. Thus, we get a continuous time dynamics on interlacing arrays
A(t) < A2(t) < ---, where at time ¢, each A¥ jumps to \¥ + 7, 7 > 1, according to an

exponential clock with rate (see (3.34))

_ k—1 k_\k k—1 k

rate(\F —» A+ ey | A1) = g7 (2T 2 N s/ay, @ N g,
' F [T] )‘k /\k 1+1 >‘z Az 1 2 )‘f 11 >‘ .

a (g , s, —q "STk; Q)

(3.35)
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When an update occurs at level j bringing N N o= M4 re;, the signature M1 is
instantaneously updated to A’*! in the following way:

o if X < AT! then Mt = At
o if A > M then assume X — M = m and set Mt = M+ (m + ()e; with

probability

pr0b<)\j+1 — Xj+1 | )\j — XJ) = lim IE‘XHI/X]' (x)FXj+1/)\j+1(y)
e—0 Zn:)\j+1+(m+zl)ei F'I]/S\'j <I>]F;;/>\j+1 (’y)

y=—s+e(1—q)

for any ¢ > 0 (for ¢ large enough this probability vanishes). See Figure 3.8 for an
illustration.

~ rob(M+1 — ML o N
rate(AF — AF|NF—T) prob( | )

—. } } } . } } . } k T T . T T T . T ._ J + 1
Ai'c+1 Ak ’)‘\’k )\{4»1 ')V\J_HLI )\zjll
—t——t—+—+—+—+—@— - k — 1 ——t—t——+—+—+—+—+— j
A A NN

(a) (b)

Figure 3.8: Push-block mechanism in the half-continuous sqW /sqW field. Each A¥ jumps
to Xf = A+ r at rate (3.35), which only depends on \*~1; see left panel. When a jump
happens at level k and breaks interlacing, it triggers an instantaneous push at levels above
to re-establish interlacing; see right panel.

When s = 0 and ¢ € (0,1) in our dynamics, we recover the continuous time g-
Whittaker 2d-growth model introduced in [BC14, Definition 3.3.3]. Further setting ¢ = 0
brings the original Borodin—Ferrari’s push—block process corresponding to Schur measures
[BE'14]. Note that in our case, in contrast with the Schur and g-Whittaker situations,
jumps are long range.

Restricting attention to the last rows (leftmost diagonal) of the array and setting
i =k in (3.35), we see that the rate only depends on A} and )\’,zj. Moreover, the pushing
mechanism does not affect the leftmost diagonal of the array. Thus, the marginal evolution
of the particles in the leftmost diagonal is an autonomous Markov process. Its jump rates
are

k—1 k
_ L, (=s) (q/\kfli)\’ﬁlir; Q)r
rate(A\f — AL+ 7 | AJZ1) = 2, 7] Ae—T 3k '
¢ (=g say; ),

These rates correspond to an inhomogeneous version of the continuous time g-Hahn
TASEP studied in [BC16b], which is also a continuous time degeneration of the ¢g-Hahn
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TASEP of [Corl4]. Thus, we see that the continuous time push-block dynamics in the
sqW case agrees with the last row marginal evolution.

3.4 Random boundary conditions

In this section we show how to generalize the construction of the Yang-Baxter fields given
in sections 3.1 and 3.3 in order to produce fields with random boundary conditions.

3.4.1 Fields with scaled geometric specializations

Stochastic bijectivizations of Yang-Baxter equations with scaled geometric specializations
(B.22), (B.24) can be employed to produce fields with random boundary conditions. Fix

additional parameters «, 8 € [0, —s~!], and consider specializations py, p, i = —1,0,1,...:
pti=sgla),  ply=se(B), g =sHL(w),  pj=sHL(v), (3.36)
as in section 2.5. Let m be the Yang-Baxter field on the lattice Z>_; x Z>_; generated

by the Markov transition operators U™,  Restricting the field i to the nonnegative
P50}

quadrant, denote A = 17|Z>Oxz>0. We callj ): the sHL/sHL Yang-Baxter field with two-sided

stationary boundary conditions.

Proposition 3.4.1. The single-point distributions in the sHL/sHL Yang-Baxter field with
the two-sided stationary boundary conditions are given by

.. N 00 1 —_— 3/ Ug/ o *
Prob{\) = v} = - (ab; q? H # For(ug, ..., u; &)F; (v, ... 05
Z v<i - AU
jl—:ll(l " vj/a) i’l;ll(l +uib) 11;’%

Joint distributions in this field along down-right paths are expressed through products of
skew functions similarly to eq. (3.2).

Proposition 3.4.2. Consider positive specializations

Pl =sqW(z;),  p'y =sg(B),  p}=sHL(v;), 4,j>0 (3.37)
and let m be the Yang-Baxter field on the lattice Z>o X Z>_1 generated by the Markov
transition operators Uf)VV_th. Denote A=m|,_ ., . We call A the sqW/sHL Yang-Baxter

3P = =
field with two-sided stationary boundary conditions. Then X is an sqW/sHL field with
mixed specializations. In particular its single-point distribution is given by
_ ngygi(ﬁxi’; q)oo (1 — SUj/)i_l
(—=s8; )51 1557< ngi/gi(l +vpai)

Prob{)\(i’j) =v}

Remark 3.4.3. The use of Yang-Baxter equations with corner weights automatically
produces random entries along the vertical boundary. This is the reason why to produce
a random sqW /sHL field we only employ scaled geometric specializations in the dual
term.

87

Fo(x1,...,x)F (v, .. ,vj,ﬁu).

v

p).



Proposition 3.4.4. Consider positive specializations

p? = sqW(x;), pLy =sg(B), ,0}] = SqW(yj)v i, =0 (3.38)

and let m be the Yang-Baxter field on the lattice Z>o X Z>_1 generated by the Markov
tmnsztwn operators UZde Denote A = 77|Z>0Xz>0. We call X the sqW /sqW Yang-Baxter

VRS

field with two-sided stationary boundary conditions. Then X is an sqW/sqW field with
mixed specializations. In particular its single-point distribution is given by

i1
L. ’ xz y [e'e) i'Yi; [e%¢}
Prob{\(") = 1} = H1(<’ <t B q | | ( ) | | (@Y @)oe F,(z1,. ..
Sy]7

_sx, .
1<5'<j 1<i'<i (=83 @)os
1<5'<j

3.4.2 Vertex models with double sided stationary boundary con-
ditions

Let us now turn to the marginal of fields with the two-sided statlonary boundary condi-
tions described in Section 3.4.1. We will consider the behavior of >\ ") at the boundary:

Proposition 3.4.5. Consider the transition probabilities L given in (3.11). Then we have

: (var)k
LSg(a)uSHL(V)<07j1;klhk/) 1]1+k‘1—k21+va (339)
(up)k>
Lotivuyse0) (2, 05 k1, K2) = Lipoagmng 37 ek (3.40)
af)kz
Lisg(a)s8) (0, 0 K1, k) = 1y k/g(aﬁs 7)oo; (3.41)
*(q; @)y
. , (=8/75 )k (B75¢)00
Leo(5) saw(a) (0, j1: k) kY = 15 o (Bz)F1 1 ’ , 3.42
g(8)saw(2) (0, J1; K1, k) = 1, g =iy (B) @Dn (—5B;0)s (3.42)
)k
Lsg(8),5aw () (0, 03 k1, k) = L=y (5z) (873 q)oo- (3.43)

(g Q)k’

The cases (3.39), (3.42) correspond to the bottom of the lattice and the left boundaries
and (3.41), (3.43) arise from the bottom left corner. Finally (3.40) is found at the vertical
boundary of the two sided stationary sHL/sHL Yang-Baxter field. Observe that (3.41)
defines the ¢-Poisson distribution (cf. eq. (A.19)).

Proof of Proposition 3.4.5. All expressions follows by direct evaluation of (3.11) with the
indicated choice of vertex weights. Normalization constant always come from the correct
specialization of (B.10) when evaluating the sum of the cross vertex weight. [

Now take the stochastic six vertex model with independent Bernoulli boundary con-
ditions (we call these the two-sided stationary boundary conditions:

uzﬂ v 1
b ~ Ber (1 m uz/B) and bj ~ Ber ( ' ) . (3.44)
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That is, given a realization of these random variables, we then consider the stochastic six
vertex model with these boundary conditions according to Definition 3.3.5. We have the
following

Theorem 3.4.6. Let M be a q-Poisson random variable with parameter af8 independent
of the stochastic six vertex model with two-sided stationary boundary conditions (3.44).
Let {\09) 4, 5 >0} be a sHL/sHL field two sided stationary boundary conditions. Then
two random fields {j — A" : i, j € Zso} and {HE (i,j) — M :i,j € Z>o} are equal in
distribution.

Proof. Theorem 3.4.6 follows in essentially the same way as Theorem 3.3.6 by matching
the value of vertex weights L, ., and probability laws of entries b2 bY with those given by

L (on the boundary this follows from Proposition 3.4.5). We will not repeat the argument.
O

Result of theorem 3.4.6 extends with little modifications to all other marginal fields
we considered in section 3.3 and summarized in fig. 3.3. We report the cases concerning
the A\; marginal in the following list of theorems.

Theorem 3.4.7. Let A = {\@9) :4,j > 0} be a sqW/sHL field with mived specializations
and let M ~ q-Poi(fxy1) be independent of A. Then the marginal field {)\gi’j) 21,7 >0} s
equivalent in distribution to {H¥s(i,j) + M;i,j > 0}, where Hily is the height function
of the up-left higher spin vertex model with boundary conditions

;T
b? ~ qu,miﬁ,—s/mi(.‘oo>> and b}'] ~ Ber (#Ujlxl) . (3'45>
Proof. The proof is equivalent to that of theorem 3.4.6 and consist in matching weights L
with vertex weights and boundary conditions of the up-left higher spin vertex model. []

Theorem 3.4.8. Let A = {\07) 4§ >0} be a sqW/sqW field with mized specializations
and let M ~ q-Poi(Bz1) be independent of X. Then the marginal field {A?’j) 21,7 >0} is
equivalent in distribution to {H} (i, j) + M;i,j > 0}, where Hyjg is the height function of
the 4¢3 vertex model with boundary conditions

b? ~ Wq,x¢ﬁ7*8/wi('|oo)7 and ij‘ ~ @q,myj,—sxl('bo)- (3.46)

We conclude our discussion about marginals of fields with random boundary conditions
with the following remark.

Remark 3.4.9. It is possible to extend the characterization of marginals of fields with
two-sided stationary boundary conditions to include the last row case /\EW). Here the
resulting processes would be the up-right higher spin vertex model with boundary con-
ditions (3.45) and the ¢g-Hahn vertex model with boundary conditions (3.46) respectively
for the sqW /sHL field and the sqW /sqW field. To justify our claim we should construct
sqW functions labeled by signatures A with integer parts (possibly negative) and define
yet another class of specializations for dual functions analogous to the scaled geometric
ones. The scheme is the one employed in [[S19]. We will not repeat the construction here.
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3.5 Fredholm determinants from g-moment formulas

Here we derive Fredholm determinant expressions for the g-Laplace transform of the
random variable A{"” where A = {A@)} is one of the Yang-Baxter fields described in
Section 3.1.2 In the sHL/sHL case, these Fredholm formulas are known [BCG16], [Agg18].
In the sHL/sqW case, they are present in the literature for the step and step-stationary
boundary conditions [CP16], [BP18a], [BP18b]. A Fredholm determinantal formula for
the stochastic higher spin six vertex model appears also in [IMS20] and we recall it below
in chapter 4, though the expression we establish here is different for this case. In the
sqW /sqW case, a similar Fredholm formula for the ¢-Hahn PushTASEP was conjectured
in [CMP19], and here we prove this conjecture.

For the sake of this section in many cases we use the Borodin-Wheeler’s version of the
sqW functions, as for the sake of marginal Aﬁ” ) there is no difference between the two
variants. The derivation of Fredholm determinantal formulas for marginals )\Z(-i’j ) can be
carried on the same footing, but for brevity we will not treat this case here.

3.5.1 Six vertex model observables through difference operators

In this subsection we rederive known results about the g-moments of the six vertex model
[BCG16], [BP18a] making use of the difference operators acting on spin Hall-Littlewood
functions. Consider the inhomogeneous stochastic six vertex model with the step bound-
ary conditions and height function Hg5,. Recall that the model depends on the parameters
v; and wu;, i,j € Z>1, which we assume positive (cf. definition 3.1.4). Let vy, vs,... be
spaced in such a way that

gsup{v;} < irjlf{vj}. (3.47)

Proposition 3.5.1. Under (3.47) we have

Eeter (g #00)) = ql(l_l)/2f ?{ I1 FA— 2B
vt el ZA 4B

vill 1<a<B<i

I j i
42k — Va 1 — zpug  dzg
X
H {H 2k — Vg H 1 —qzkua27rizk}7

k=1 \a=1 a=1

(3.48)

where the positively orientated contour y[v|j] = v Ur?~tCy for z; is the union of a curve
Vv that encircles vy, . ..,v; and no other pole of the integrand, and the dilation r'=*Cy of
an arbitrary small circle Cy around 0. Moreover, r > q~*, and the shifted contour qvyy
must lie completely to the left of v, and completely to the right of r'Cj.

Proof. This is an application of the eigenrelations from Theorem 2.6.2. Define the operator
% as
D= g <]d 4 (g 1)5’{) , (3.49)

acting on v variables and diagonally on the sHL functions as

ﬁF’;\(Ul, Co, ) = q_g(’\)Ff\(vl, Ce, ).
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This operator, acting on product functions H(vy, . ..,v;) = h(vy) - - h(v;) admits an inte-
gral representation

~ —q v, 1 dw
DH(vy,...,v;) = H(vy, ..., v, 2m]§ H o ) o (3.50)

From theorem 3.3.6 we have the identification H, (7, 7) = j — A", where A(%) is the
sHL /sHL field. Therefore, we have

Estep(qmg{,(i,j)) _ qu QIH(Ul,--in;Ul,---,Uj)

(g, ... w01, .00,05)
where
1 — qugv,
M(ug, ... w01, .., 0 HH .
bt 1 —ugv,

The nested contour formula (3.48) follows by recursively applying integral expression
(3.50) for the action of © on factorized functions. O

Proposition 3.5.1 combined with well-known manipulations of summations of nested
contour integrals like (3.48) (e.g., see [BCS14, Section 3]) give rise to a Fredholm deter-
minant® expression for the one-point distribution of H%,

Theorem 3.5.2. Consider the stochastic six vertex model with step boundary conditions.

We have

1
ste .
= ((éq”grv(i’j); q)oo) =det (Id+K)pay, (€ C\Rey. (3.51)

The expression in the right-hand side of (3.51) is the Fredholm determinant of the kernel

K(w, w') = l/d O fw)/flgw) ;. (3.52)

Lir sin(mr)  ¢mw — w!

where d € (0,1), and
J i
f(w) = H(w —v,) 7t H(l — UyW).
a=1 a=1
The kernel K is defined on the Hilbert space L?(C), where C is a closed positively oriented
curve encircling 0,vy,vs, ... such that, for all r € d + iR, C contains ¢"C but not q”"ui_1
fori=1,2,....

We present the main steps of the proof of the Fredholm determinantal formula, and
refer to [BC14] or [BCS14] for detailed explanations.

°0On Fredholm determinants in general see, e.g., [Bor10].
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Idea of proof of Theorem 3.5.2. Assume first (3.47) and |(| < 1/q, and consider the nested
contour expression (3.48). We can deform all contours, one by one, to be the same C
around 0, vy, vy, ..., and such that C contains its image under multiplication by ¢. This
contour shift will cross poles z4 = gzp, A < B, and one can rewrite (3.48) as

176y

‘ 2(N) e dz
() ) l ml'm2 / / det <w A Jw]) kl:[lf(wk)/f(q W)

A=

where the sum is taken over all partitions A of [, and m; = m;()) are the multiplicities of
the parts ¢ in A. Summing over [, we have

Z Cl ]Estep( lHléV »])) EStep (( ,Hur(lz. ) ) 9

1>0 (4 q) CqTtev7); q) o

where we used the absolute summability of the left-hand side (since 0 < ¢'*&v < 1 and
we assumed || < 1/q) to exchange the summation with the expectation sign and the
g-binomial theorem. The result we obtain is the Fredholm determinant of the kernel

¢ L[ O fw)/fw)
> ) ) = 5 .

—~ qmw e Sin(mr)  ¢rw — w!

Once we reach (3.51), we can relax conditions on u;’s and ¢ since both side are analytic
functions of their parameters. Formula (3.51) holds for any choice of u;,v; € (0,1) and
¢ € C\ ¢%20 (in particular, we can always find d in (3.52) such that C satisfies the required
properties). ]

In the next theorem we perform fusion of the sHL parameters. Recall the principal spe-
cializations Fo-7) (ug, . . ., u;), UL (vy, ... v;) defined in (2.38), (2.39). Parameters
ug, Ji, vy, I, are complex numbers satysfying (2.40) which we reproduce here:

quy, — s
11— gisuy

<9 forall 0 <k <y, 0<I<zx i>0.

(3.53)
for sufficiently small 6 > 0 which might depend on x,y, but not on the other parameters.

qv; — s
11— gisy

Theorem 3.5.3. With the above notation, we have for all ( € C\ Ry

H (Uavﬁ; Q)oo<uavﬁqlﬁ+Ja; Q)oo

(408975 @)oo (Ua¥8G7*; @)oo

0<a<i
0<B<j

(J0yeeeyd. (Io,-.-,1;)
XZS 0 (UO,...,Ui)ﬁAO ](/1)0,...,1}

i)
(Ca: ) = det (Id + K)2(c) -

(3.54)
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The kernel K is defined as

h_ 1 (=) f(w)/f(q"w)
K(w,w') = 2 /dHR sin(rr)  q"w — w' ar,

where d € (0,1) and

f(w):H( va/wq H (Uaw; @)oo

J
Ui U (g )

The contour C is a closed positively oriented curve encircling 0, ¢*v; for k,i > 0 and such
that, for all v € d + iR, C contains ¢"C and ¢"*q"v; for all k,1 > 0, but leaves outside
1/(¢" *w) and 1/(q*q”'w) for all k,1 > 0.

Proof. Considering principal specializations in Theorem 3.5.2, we see that (3.54) holds

for any Jy,...J;, Io,...,I; positive integers. Indeed, this follows from the computation
for I, J € Zzl:

qw—vqgw—qu qw—qu1 1l—uww 1-—quw 1 — ¢’ tuw

w—v w—qv  w-—vg! 1—-qguwl—qguow 1-q¢q¢/tuw

_ a0 wig)e (T0/wig)e (uwi @) (ug'wg"sq)u (3.55)

(v/w; @)oo (T70¢" /05 @)oo (UG7W; @)oo (UWGT; G) oo

The factor ¢! (leading to ¢"o*++L) in the kernel) disappears after replacing ¢ by
Cq~To=+~%i_ This change of variable accounts for the fact that in the left-hand side of

(3.54) we take the g-Laplace transform of ¢~“* as opposed to the height function in
Theorem 3.5.2.

By the absolute convergence result of Proposition 2.4.4 and the boundedness of 1/(¢ g ‘W q)oos

the left-hand side of (3.54) is an analytic function of ¢’¢, ¢/t under the bounds (3.53). In

order to establish the analyticity of the Fredholm determinant we first observe that, due

to the compactness of C' and of the image of r — ¢" for r € d+ iR, there exists a constant

M; independent of J; or I; such that

w,w’ €C, qw—w
red+iR

This implies that |K(w,w’)] < M, integrating over r due to the exponential decay of
1/sin7r for large |r|. We can thus estimate the Fredholm determinant of K with

ll/QMl
det wl,w]))' dw; - - -dw; < Z

>0

ll

>0

where we used the Hadamard inequality to bound the determinant of K(w;,w,), and
My = M5¢(C). This shows that the right-hand side of (3.54) is an absolutely convergent
sum of analytic functions and hence it is analytic. This completes the proof. O
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Remark 3.5.4. Fredholm determinantal expression (3.54) degenerates to a number of
known results. In particular, considering the specialization vy = —ae, uy = —Pe ¢ =
¢ =1/, e > 0,and J; = ... =J; =1 = ... = I; = 1, we recover the expression
for the g-Laplace transform of the height function of the six vertex model with two-sided
stationary bound conditions from [Aggl8, Proposition 4.1] (in the latter one has to set
p = 0). The latter formula is obtained by a more involved analytic continuation in ¢’
than in the proof of Theorem 3.5.3.

3.5.2 Higher spin six vertex model observables

The eigenrelations for the sqW or sHL functions give rise to moment formulas for the
stochastic higher spin six vertex model. Consider the model with step-Bernoulli boundary
conditions (see eq. (3.24)). Assume that the parameters x, x5, ... are spaced in such a
way that

gsup(l/z;)i>1 <inf(1/x;)i>1. (3.56)

Following the same approach as in the proof of Proposition 3.5.1 (applying either D
or ®; from Section 2.6 to the sum of the corresponding Cauchy identity), we obtain a
g-moment formula which was essentially first written down in [CP16]:

Proposition 3.5.5. We have
B <q—mgs(i,j)> 1) glt-1/ ]{ 7{ ZA— 2B
[=[1] [=I1] 1<A<B<l “A T 4%8B
! i
1+ sz Zk + Va/q dz,
X
H {H 1 — 202k 1_[1 2k + 0o 2mizg(l+szi) |
where the positively oriented contour U'|x|k] is around 1/xy,...1/x;, Uz, |k + 1], and
no other pole of the integrand.

(3.57)

The following determinantal expression for the g-Laplace transform of the height H{
is obtained specializing the general formula (3.54).

Theorem 3.5.6. Consider the higher spin six vertex model with two-sided stationary
boundary conditions (3.45) and let M ~ g-Poi(x1/) be independent of the vertex model.
Then we have

1
E ol = det(ld + IC)L2(C). (358)
(Cq Hiys (4,5)—M. q)

The kernel IC is defined by
d

21 Jopr sin(nr)  grw — w’

where d € (0,1) and

C (=B/wig)e P 1
flw) = (—21W; @)oo H v

=1

f[ ( (53 @)oe (3.60)

1—9 —T|w; Q)oo
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Here C is a closed complex contour encircling 0,vy,vs, ... and such that for all r € d+iR,
C contains —q" k3 for all k > 0, but leaves outside 1/(q"*s) and 1/(¢*x;) for all k,1 > 1.

Proof. We use an analytic continuation argument staring from identity (3.54). Consid-
ering specializations sg(3) for vy, ¢’ and sg(z1),sqW(z1),sqW(x3),. .., respectively for
ug, ¢, uy, ¢ ug, g™, ..., we can prove expression (3.58) for values 3,v;,z; is a small
neighborhood of the origin. Once (3.58) is established for parameters in an open set,
we can perform an analytic continuation, always keeping them in a region where they
define a probability measure. This is possible since both sides of (3.58) can be written as
absolutely convergent series of holomorphic functions in 3, v, x;. O]

Using the integral expression for the g-moments (3.57) we can obtain an alternative
expression for the Fredholm determinant:

Theorem 3.5.7. Assume conditions (3.56). Let C be a closed positively oriented contour
encircling —1/x1, —1/x, ... and which does not contain any point of the interior of qC.
Then the Fredholm determinantal formula (3.58) holds when replacing C with C.

Proof. The proof of this alternative representation can be given as in theorem 3.5.2. We
can start from step-Bernoulli boundary conditions and then obtain stationary boundary
conditions via fusion. For detail we refer to [BMP19] O

Remark 3.5.8. Another Fredholm determinantal formula for the stochastic higher spin
six vertex model with two-sided stationary boundary conditions was obtained in [IMS20]
and we use this below in chapter 4. While the two formulas differ from each other, one
should in principle be able to transform one to the other. We do not focus on this in the
present work.

3.5.3 4¢3 stochastic vertex model observables.

By using the fact that the 4¢3 vertex model is equivalent in distribution to a marginal
of the sqW/sqW field we can obtain contour integral expressions for the g-moments of
the height function H“l Indeed, this is possible by employing the eigenoperator Dj.
However, only finitely many of the g-moments exist, and this also involves certain bounds
on the parameters. Consider the model with step-stationary boundary conditions (3.30).
Assume that x, xo, ... satisfy (3.56).

Proposition 3.5.9. If [ is such that ¢' > max;<,<;{z1y,}, we have

[Estep (Qfm;'(i,j)> — l ¢/ ]{ f A T 2B
Tla|1] Tle|l] 1<A<B<l ZA —(4zB
l L1 4sy o + /g s (3.61)
2k k
X
kl:[l {H 1= a2 ] H - 2k — Yo/ q 2mizg(1 + s2) }
where T[x|j] is a positively oriented contour around 1/x1,1/xo, ..., qUz|j + 1], and no

other pole of the integrand. In case ¢' < max<i<,{T1y;} we have E*P <q*m‘dl>l("’j)> = 00.
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Despite the fact that the distribution of 'Hgl is not characterized by its ¢g-moments
since only finitely many of them exist, we can still write down Fredholm determinant
expressions for the g-Laplace transform of 7-[;1_

Theorem 3.5.10. Consider the 4¢3 stochastic vertexr model with two-sided stationary
boundary conditions with parameters (3.46). Let M ~ g-Poi(x1) be independent of the
vertex model. We have

1
R
(Cq Mo b= M gy

The kernel K is defined by
K(w, ') = — / (=0)" B(w)/5lg"w) - (3.63)
d

21 Jyr sin(mr)  ¢"w —w’

E(

where d € (0,1) and

7

] .
—T1W; @)oo 1oy S/w Do 1y (—TW; @)oo
Here € is a closed complex contour encircling 0,¢*s for k > 0 and such that, for any
r € d+iR, € contains ¢"C and —q" Fy;, —¢"%B for all k.1 > 0, but leaves outside
1/(q"*s) and —1/(q*x;) for all k,1 > 0.

Proof. Expression (3.62) is derived from the general summation identity (3.54) in the same
way as Theorem 3.5.6. First we establish (3.62) for parameters 3, s, y;, z; is a small neigh-
borhood of the origin by considering specializations of ug, ¢%, w1, ¢’*, ..., vo, ¢, v1,¢" in
(3.54). Subsequently we relax conditions on these parameters moving them away from
the origin but keeping them in real intervals in such a way that they always define a
probability measure. This is possible due to the analyticity of both sides of (3.62) in the

parameters. ]

Theorem 3.5.11. Assume (3.56) and let € be a closed complex contour encircling —1/xy, —1/, . ..

and that does mot contain any point of the interior 0fq€i. Then expression (3.62) holds
with contour € replaced by €.

Proof. This alternative determinantal expression for the g-Laplace transform follows from
Theorem 3.5.7 using the sqW specializations and subsequent analytic continuation. [

Remark 3.5.12. Both Theorems 3.5.10 and 3.5.11 degenerate to Fredholm determinantal
formulas for the ¢-Hahn pushTASEP. In particular, expression given by Theorem 3.5.11
was conjectured in [CMP19] (Conjecture 3.11) for step initial conditions. Therefore, we
have established this conjecture. Moreover, by sending all parameters to 1, one can
also get the proof of [CMP19, Conjecture 4.6] on the Laplace transform of the one-point
observable in the beta polymer like model introduced in [CMP19].
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Chapter 4

KPZ fluctuation of the Higher Spin
Vertex Model

This chapter presents results contained in sections 5 and 6 of

[IMS20] T. Imamura, M. Mucciconi, and T. Sasamoto. “Stationary Higher Spin Six Vertex
Model and g-Whittaker measure”. In: Probability Theory and Related Fields (Mar.
2020)

4.1 Fredholm determinants from elliptic determinants

In section 3.5 we derived a number of determinantal formulas for the higher spin vertex
model and its degenerations. There the scheme we employed was to use nice nested con-
tours representations for g-moment formulas, that after a certain shift of contours give rise
to terms of the series expansion of a Fredholm determinant. Nevertheless this is not the
only way such nice expressions can be derived. A possibly more straightforward proce-
dure was discovered in [IS19] and makes use of Frobenius elliptic generalization of Cauchy
determinant (see [KN03]). In this section we will report an alternative representation for
the ¢-Laplace transform of the height function of the higher spin six vertex model found
in [IMS20] and we will omit the details of the derivation of our formulas, which can be
found in [IS19; IMS20].

4.1.1 Double sided stationary higher spin vertex model

Techniques employing elliptic determinants allow to consider a more general vertex model
than the one discussed in chapter 3. In fact throughout the section we will allow spin
parameter to be completely inhomogeneous in space. This requires a change of notation
the and stochastic weights we use are those reported in table 4.1. Moreover, since in this
chapter we only consider the up-right higher spin vertex model and no other model we
will drop the use of superscripts " and we will refer to the stochastic weight as L"* = L
and to the height function Hjjq = H.
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g g—1 g g+1
| | nE |
I | | H
g g g g
L 1—q9€satr | —Solett+q9€esate | —Su€utitszg? 1—s2¢9
EaUt,Sa 1—sz&zut 1—sz€zut 1—sz&zut 1—sz&zut

Table 4.1: Fully inhomogeneous stochastic weights

Definition 4.1.1 ([BP18a]). Specialize the up-right stochastic vertex model of Defini-
tion 3.3.1 by taking L{; ;) = Le,u,,s,, Where the latter are given in table 4.1. We refer to
this model as the fully inhomogeneous stochastic higher spin six vertex model. To ensure
well posedness of the model we assume that parameters are

0<qg<1, 0<s, <1, & >0, uy < 0, for all x,t. (4.1)
We consider the two sided-stationary boundary conditions:
W~ gNB(s2,v/(€x52)), b ~ Ber(du/(du, — 1)), (4.2)

where Ber(+) are independent Bernoulli random variables and ¢NB(:) are independent
g-negative binomial random variables (A.18). Parameters v, d play the role of densities
and we assume

gsup{&sit < d < irilf{&-si} <sup{§;si} < Hllf{gz/sz} (4.3)

and
0 <wv <inf{{s,}. (4.4)

It was proven in [IMS20] that even for a fully inhomogeneous model such as that of def-
inition 4.1.1 a notion of translation invariance and hence stationarity can be defined. For
this consider random boundary conditions B", B and their shifts BY;, = (b2, b8, ...),
BY; = (bY,1,b),,...). We say that a measure P(B", B) is translation invariant if the
restriction of the ensemble to the quadrant Z>; x Z>; originating from a generic point
(4,7) is equivalent in distribution to P(BY,;, BY;).

We have the following
Theorem 4.1.2 ([IMS20]). Consider the higher spin siz vertex model of definition 4.1.1
with double sided-stationary boundary conditions of densities v,d. Then, if v = d the

model is transfation invariant and we call it stationary higher spin vertex model with
density d .

4.1.2 Fredholm determinants for two sided stationary boundary
conditions: elliptic determinants form

In this section we give a Fredholm determinant expression for the g-Laplace transform of

the probability mass function of the shifted height function H(x,t)— M. The proof of the-

orem 4.1.3 is based on calculations involving an elliptic version of the Cauchy determinant
that were developed in [IS19] and it is therefore omitted.
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Theorem 4.1.3. Consider the higher spin vertex model of definition 4.1.1 and letv < d .
Also set M to be an independent q-Poisson random variable of parameter v/d (see (A.19)
for the definition). Then we have

1
Ens(,0)@m ((Cq q)oo) = det(1 — fK)p(). (4.5)
where )
fn) = —, 4.6
) = —oc (4.6
z—1
=D am)u(n) + (& = )@ (m)Wa(n), (47)
=1
l
dw 1 1 (qv/w; @)
n)=r71(n — , 4.8
(bl( ) ( >/D i e +n—I+1 ]}:[1 (w _ £k+15k+1> F(w) ( )
!
§i415141 (I F(z)
di(n) = 225 [ = (2 = Gese) o (4.9)
) Jo2m @/ )
dw 1 R 1 (qu/w; q) oo
O, (n) = — , 4.10
(n) =7(n) /D 2riwnttw — 4 ’g w—&esy F(w) (4.10)
1 dz 21 -
U,(n)=—— [ ——— — F(z). 4.11
"= /C i (o)LL~ S0P () )
The contour D encircles {d, &S, ..., 8.} and no other singularity, whereas C' contains
0 and vg®, for any k in Zsq. Finally, T(n) is taken to be
b fn >
7(n) = =0, (4.12)
" ifn <0,
with
v<b<d<inf{&s;} <sup{&sit < e <inf{&/si},
1>2 i>2 i>2
and

F(z) = (qz/d;q °°H (1 — zu; H q(iéig/k;li) )O)O (4.13)

The next proposition ensures that the Fredholm determinant expression (4.5) makes
sense.

Proposition 4.1.4. The kernel fK defined by egs. (4.6) to (4.11) is trace class.
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Proof. From fK being a finite sum of products of operators of rank one, it is enough
to show that each one of these operators is of Hilbert-Schmidt class. This is essentially
proven in Appendix C.1. In fact the generic terms f(n)@;(n)yi(m) and f(n)®@,(n)¥,(m)
are bounded in absolute value by quantities exponentially small in |n| + |m/, thanks to
Proposition C.1.1, and therefore the double summation

Y K@ m)f

nmez
is indeed convergent. O

An alternative expression for the kernel K is given defining an auxiliary kernel A as

r—1

A(n,m) =) di(n)hy(m) (4.14)

=1
of which we report the explicit form.

Proposition 4.1.5 (Double integral kernel). The discrete kernel A admits the following
ETPTESSILON

7(n) ujz
A(n,m) = ) 27r1 /dw/alzwwrl (1_%] )

2/ (&ksk), wsk/fk, Qoo \ (qv/w,qz/d;q)0e 1
XH( (w/(Ersk)s 25/ k@)oo )(qv/z,qw/z[;q)ooz—w'

(4.15)

Proof. All it takes to show (4.15) is to perform the summation

z—1
> u(n)ihi(m
=1

using the rather tricky identity

_ T x—1 _ l
1 w“"ll—[z—ak . Z a1 wlll—[z—ak
z—w | 2271 W — ay w 2! w—ay

k=2

which can be proven by induction. We see that the addend (2 — w)~! in the left hand
side doesn’t give any contribution to the integral as integrating over the variable z it only
leaves an integral in w over a path containing no singularities. O]

We like now to state some regularity properties of the integral kernel fA defined by
(4.6),(4.14) that hold for parameters v, 4 such that

qu < d <v/q. (4.16)
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Proposition 4.1.6. Let ( < 0 and take f,A as in (4.6), (4.14). Then 1 — fA is an
invertible operator. Moreover both fA and (1— fA)~! are well defined, bounded operators
in the region (4.16).

In the proof of Proposition 4.1.6 we use the following biorthogonality property.
Lemma 4.1.7. Let v,d be such that v < d or (4.16) holds. Then we have
> ain = OLm- (4.17)
neZ

Proof. This is a simple consequence of the contour integral expressions (4.8), (4.9). The
generic term in the summation in the left hand side of (4.17) is

dwdz " w =t T, (2 — &ksi) G(w)
) = s [ | S (2)' 2 T (0 6o) G

where, in the function G, we gathered together the factors independent on n or [, m as

Glu) = —(qz/;ﬁ(z))w

We see that in order to take the summation over all integers inside the integrals we need
|z/w] to be suitably defined depending on the positivity of n itself.

Consider the contour C being a circle of radius r such that max; |¢;s;| < r < min; |£;/s;].
We can write

dwdz " w!t HZL 2(2’ — &esi) G(w)
Z(bl = Sm1Smi1 [2/ / 27i)? zmtl Hl+1 (w — &esi) G(2)
G(

nez
/ / dwdz n wt TT (2 — ks

)
27i)? Zzmtl HZH (w — &si) G(2)
G

e[ (1) éﬁi’z T o G
s glafﬁz‘ e

= gm—i—lsm—&—l

Y

where, for the last equality, we deformed C into an union or the two contours C' and 15,
with the latter being a curve encircling D and no other singularity for the z variable.
Performing the z integral we get

I+1 m
dw . 1
Emi1Smi1 | =—w T L + Ls H ——— + L0 H (w — &ksk) | -
p 2mi fmm1 T ShSk k=142

Naturally, when m > [ there is no pole inside D and the integral vanishes. On the other
hand, if m <[ we can evaluate the residue at infinity and obtain the result. O

101



Proof of Proposition 4.1.6. We want to show that || fA|;2z) < 1, so to define (1 — fA)~*
through the geometric series
> _(fA)

k>0

A first observation is that ||A|| = 1 and this follows from the biorthogonality relation
(4.17). For this set V = span{t;|i = 1,...,2 — 1} and notice that, by biorthogonality,
we also have V' = span{¢;|i =1,...,2 — 1} (if v = ) ¢;¢; such that v L V', then v = 0).
For any h € (*(Z) write the orthogonal decomposition h = hy + hy . where hy € V and
hy 1+ € V. Then we have Ah = Ahy = hy for all h since Ag; = ¢; foralli=1,...,2—1

and we conclude that m
) = sup 1AL
mev ||yl

To show that the operator norm of fA is strictly smaller than 1, consider the following
bound for the function f, defined in (4.6),

f(n) < (I —e)f(n+no) +eb(n),

with P,,(n) = 1,>,, and &, ng, ny, suitably chosen. In particular, taking ng large enough
and e small we can let ny be an arbitrary big number. Moreover, the fact that f is a
diagonal operator implies the simple estimate

IFAI < (T =) FIA[l + ell Py Al < T — & + ][ P, Al

Let’s consider now an element 7 in the unitary sphere of [*(Z). By simply using the
definition of the kernel A and the Schwartz inequality we have

2\ V

[P, Anl] < D | Luzmn(n) Y du(m)n(m)

r—1
1 nez meZ

2 z—1 1/2
<>l (Z !¢z(n)|2> :

n>ni

=

which, thanks to the bound (C.1), can be shown to be geometrically small in n;. Therefore
IFA] < 1.

Finally, we remark that for sequences ¢; or v, the bounds (C.1) hold true also in the
region (4.16), so A is analytic in this domain, so are its powers and so is (1 — fA)™! as
one can show the geometrical decay of derivatives of (fA)Y as well. O]

4.1.3 Decoupling and stationary limit

In this Section we give a proof of Theorem 4.1.8, that characterizes the probability dis-
tribution of the height function H in the higher spin vertex model with double sided
stationary boundary conditions. Our starting point is the Fredholm determinant formula
stated in Theorem 4.1.3. Removing the effect of the independent g-Poisson random vari-
able M from expression (4.5) we find that determinantal expressions we obtain are well
defined in the region (4.16). In Corollary 4.1.10 we specialize the result of Theorem 4.1.8
to the relevant case of the stationary higher spin vertex model with density 4.
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Theorem 4.1.8. Consider the higher spin vertex model of definition 4.1.1 and assume
v, d satisfy (4.16). Then we have

E (( 1 ) - 1 Z (—1)’%](5) <E>k%w7d(§qk), s,

H(x,t)- . .
CqH™1); q)oo q/d; Qo = (G \d

where the function V., ¢ ts defined as

Vit (€) det(1 — fK)IQ(Z)-

:1—v/¢{

The following lemma offers a tool to decouple a generic process from the contribution
of an independent g-Poisson random variable.

Lemma 4.1.9. Let M ~ qPoi(p). Then, for any bounded function B, we have

1 (—1)qC)

b= (P @)oo =5 (G0

P"Em(B(z — M —k)). (4.19)

Proof. To verify identity (4.19) we simply open up the average in the right hand side with
respect to M, as

- B . l(p§Q)oo Y] —
Enm(B(z—M—k)=> p @0 B(z—1—k).

>0

We can now rearrange the double summation in the indices k, [, naming L = [ + k, as

k

Lo (Z1)kg(3)
rhs of (4.19) = Z B(z— L) Z (q;(Q)kl()q;(JQ)Lk,

L>0 k=0

which completes the proof, after recognizing, in the right hand side, the g-Pochhammer
expansion (A.3) (with z = 1) that is one for L = 0 and zero otherwise. O

In the remaining part of the paper we will use the following decomposition of terms
P, U,:

+ 0P (n), (4.20)
+U®(p), (4.21)

&

N

2
I
&

P(n)
(

T

<
LN
S
I
<
z

obtained separating from the integration (4.10) (resp. (4.11)) the contribution of pole
w = d (resp. z =v) from that of other poles. The exact expressions are

&M (n) = ;fjﬁ g d _Zm (q”]é ‘({;‘)1)”, (4.22)
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@ (n) = 7(n) /Dd—w ! wi[[H _1 <qv/w;q)oo7 (4.23)

2mi wnt! i W — &Sk F(w)
Wi(n) = T?(]:L) H(U — &kSk) (ng;io, (4.24)

T

O R | CECESLC (4.25)

7(n) Je, 2 (v/2@)o0 -

where F' was given in (4.13), contour D; contains {¢;s;};>2 and no other singularity and
C) contains {¢*v};>; and no other singularity.

Proof of Theorem /.1.8. Using Lemma 4.1.9 setting B : z — E(1/(¢¢""%;q)o) and ex-
pressing the g-Laplace transform Eps, ) (1/(C¢™;¢)) as in (4.5) we obtain formula
(4.18). Therefore we only need to show that expression (4.18) is well posed in the region
(4.16).

Using basic properties of Fredholm determinants, along with the regularity of the
kernel fA proved in Proposition 4.1.6, we can write

det(1 — fK)=det(1 — fA—(d —v)fP,V,) =det(1 — fA)det (1 — (4 —v)(ofP,)V.,),

where we called o = (1 — fA)~!. This allows us to express V.., () as

Vx;v,d(C) = det(l - fA) 1 —1U/Lf (1 - (L{ o ’U) Z(Qf(pz)<n)qu(n>> ) (426>

ne”

We turn our attention to the term

> (of®.)(n = f(n)@u(n)Ta(n) + > (fA0D)(n)Ta(n), (4.27)

nel nel nel

that we rewrite, using eqs. (4.22) to (4.25) as

(427) =" f)@P )TV )+ Y- N fm)@D ()T (n)+D (fAfP,)(n)Ta(n).
nez 4,j=1,2 n€Z ne”Z
(i) #(1,1)

(4.28)
We easily see that, thanks to bounds stated in Appendix C.1, the second and the third
terms in the right hand side of (4.28) are geometrically convergent summations in the
region (4.16). On the other hand, the generic term of the summation in the first addend
of the right hand side of (4.28) takes the form

1 l AN v — &y, (qv/d;q)0 F(v)
1—q"/Ccf< ) lld—éksk (@ 0)e  F(d)
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We can perform the summation over n through the Ramanujan 11¢; formula ([Ism05],
Theorem 12.3.1) as

1 v\ _ (v/(4¢),aCd/v,q, ¢ @)oo
ZW(Z) - (v/d,qd [v,1/¢,qC @)

nez

which itself leads to the expression

1 (v/(dQ), q¢d /v, ¢; @) F(v) ﬁ v — &Sk (4.29)

F(n)@WD )TV (n) = .
2SIV 0) = 20T g @) L7
Combining the explicit formula (4.29) with (4.28) and (4.26) we see that V., ;, does not
in fact present any singularity in v = 4 by virtue of the Taylor expansion

1

rhs of (4.29) = ﬁﬂLZ (Uo(l/g) — Vo(qC) + 2vo(q) + zho(d) — Z%(ﬁﬁ) +O0(d —v),

j=1

(4.30)
where we used the ¢-polygamma type functions v defined in Appendix A, their combina-
tions ag, hy presented in (4.34) and the notation ay(d’; j) stresses the dependence on the
spectral parameters u; as

ar(d;j) = Vi(quid) — vi(u;d).

Therefore V., 4 is an analytic function of both parameters v, 4 in the region (4.16) and
this concludes the proof. O

Calculations performed during the proof of Theorem 4.1.8 can be exploited to obtain
determinantal formulas for for the stationary higher spin vertex model.

Corollary 4.1.10. Consider stationary higher spin vertex model as in definition 4.1.1.
Then we have

.
1 1 (-1, K k-1
Ens(s, = g (Va(Cg™) — Va(Cq ;o (431
iR ((Cq”(”’”;q)oo) (@ Do i (G D (Val¢a™) = Vol ). @A
with the function V, = Vy.4.4 being

t

Va(C) = det (1 — fA) <— o(1/¢) +vo(¢) — 2v0(q) — who(d) + > _ ao(d; j)

Sa X ) - (a0

(i.0)#(1,1)
(4.32)
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Proof. All it takes to show (4.31) is to take the limit v — & of both sides of equality
(4.5). We exchange the limit sign in v — 4 and the summation sign in the right hand side
of (4.5) and this can be done as, in the proof of Theorem 4.1.8, the function V., , was
shown to be uniformly bounded in a neighborhood of v = 4 and its limit V., s — Vis 4
is readily computed using (4.30). This is enough to prove that

im 1 — 1 (_1)kq(g) K
s ((Cq”(%”;q)oo) (G0~ ;; woe ) (4.33)

Finally, substituting V,(Cq*) with ¢*V,(Cq¢™*) + (1 — ¢*)V,({q™*) and rearranging the
summation in the right hand side of (4.33) we obtain (4.31). O

4.2 Asymptotic analysis in the stationary regime

In this section we prove that the asymptotic fluctuations of the stationary higher spin
vertex model obey the Baik-Rains distribution, when taken along a special direction. For
simplicity we will suppress time inhomogeneities and we will take the model in defini-
tion 4.1.1 with u; = v and v = 4.

We first fix a number of scaling parameters and for this make use of ¢g-polygamma type
functions vy, defined in Appendix A. For non-negative integers k consider the functions

T

ar(d) = vi(qud) —v(ud),  hi(d) = é > (W(d/(€ys,)) —vilds, /&) (4.34)

y=2
and, depending on the parameter &, define the quantities

oy ()
7 a1(d)

We assume that the functions h; always converge in the large x limit and we refer to
the curve (z, ko) as the characteristic line of the stationary higher spin vertex model.
For random growth models usually the characteristic line is expressed as a function of the
time ¢, rather than of the coordinate z, but in our case, since the system exhibits spatial
inhomogeneities we find more natural to adopt the notation (z, koz). The parameter 17
multiplied by z is readily understood as the expectation E(H(x, koz)), whereas v will be
used to describe the size of the characteristic fluctuations of H around 7y. By slightly
perturbing quantities kg, 79 we can analyze the asymptotic behavior of H in a region of

1/3
) = hald), = = (G - (). (439

size 12/% around the characteristic line. For this we extend the definitions given in (4.35)
setting
h2a1 — thLQ w
Ko = Ko + a% ’)/1’1/3 (436)
. ao(h2a1 — hlag) w h2a1 — h1a2 w2
New = Mo + Py /3 a y2x2/3’ (4.37)

where w is a real number parameterizing the displacement from the characteristic line
and functions ayg, hy are evaluated at 4. We come now to state our main result.
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Theorem 4.2.1. Consider the stationary higher spin vertex model with density d as
in theorem 4.1.2. Assume that parameter satisfy additional conditions given below in
definition 4.2.5. Then, for any real numbers w,r we have

. H(z, Kpl) — ek
xh_)r{.lo ]P)HS(J,J) ( ’yml/?’ > =1 | = Fw(r), (438)

where F(r) is the Baik-Rains distribution presented below in Definition 4.2.3.

4.2.1 The KPZ scaling for the Higher Spin Six Vertex Model

Before we enter the discussion it is appropriate to recall the definition of the Baik-Rains
distribution [BR0O0], which will ultimately describe long time fluctuations of the stationary
height function A under a suitable scaling. Rather than showing the original definition
given by authors in [BR00], formula (2.16), we present an equivalent expression first found
in [IS13] (see also [FS06]).

The building blocks for the construction of the Baik-Rains distributions are given in
the following

Definition 4.2.2 (Airy function and Airy kernel). The Airy function Ai is given by

1 eiToo 23
Ai(v) = 5 /i exp {3 — zz/} dz,
e 3700

where the integration contour is any open complex curve having the half lines {Re§”|R >
0} and {Re™37|R > 0} as asymptotes.
The Airy kernel' K Airy 15 defined as

2 T
3Ty ¢ dw 1 wd 2P
K piry(v,0) = — — — = = — 05, 4.39
airy (1, 6) /—gﬂoo 2mi 27rlz—weXp{ 3 3 W } (4:39)

where again integration contours are non intersecting complex curves whose asymptotes

are half lines {Re*57|R > 0} for w and {Re¥37|R > 0} for z.
We come to the next

Definition 4.2.3 (Baik-Rains distribution). Let @ € R and define the one parameter
family of functions

Xw(r) = Fa(r) ( Y / T (1) D ()

ij=1,2 7T
(1,5)#(1,1)

—/ dVTw(V)/ d)\l/ d)\ZQAiry;r(Va)\I)KAiry()\la)\Q)Tw(>\2))
(4.40)

L
e e3 0o

where terms Fa, 0 airy.r, Tg), T, are given by:

'Sometimes the equivalent expression Kairy(v,0) = [~ Ai(A + v)Ai(A 4 0)dA is found in literature.
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e Fy(r) is the GUE Tracy-Widom distribution ([TW94])

Fy(r) = det (1 = Tro0) K airg) ooy | (4.41)
® Ouairyr (v, A) is the kernel
~1
QAiry;’r(V7 /\) = (1 - ]]-[T,OO)KAiTy) (Vu A)a (442)
e auxiliary functions Tg), T are
3 870 dw exp{ w? +wr}
T(1) _ T vw T — / a 3 4.43
w (V) € 3 Y w (V> 6—%1’”00 27Ti w + o Y ( )
where the integration contour passes to the left of —w;
o lastly
To(w) =TOwW) + 13 (1), (4.44)
The Baik-Rains distribution F, is
For) = 2 xal0) (1.45)
(1) = =—Xw(7). .
8?"X

Remark 4.2.4. The equivalence between F, of (4.45) and an analogous expression found
in [F'S06] is discussed in the Remark at the end of Section 5 of [[S19]. Further, in Ap-
pendix A of [FS06] the authors prove that their definition of the Baik-Rains distribution
is equivalent to the original one introduced in [BROO].

We now possess all the ingredients to give a brief explanation of the KPZ scaling
theory, which gives a precise conjecture to describe stationary (asymptotic) fluctuations
of the height function of models in the KPZ universality class ([PS00]).

We start considering a properly rescaled version of our model, where, for convenience
we interpret the vertical spatial coordinate as a time direction and where we regard
space and time as continuous parameters. In this case the height function H, defined for
the higher spin vertex model in (3.21), still contains every information on the random
dynamics thanks to relations

H(x,t) — H(x + dx,t) = # of paths in [x,x + dz] at time ¢, (4.46)
H(z,t + dt) — H(x,t) = # of paths crossing = during the time interval [¢, ¢ + dt].
(4.47)

For the sake of argument assume that the average of space and time infinitesimal in-
crements of H are regular enough to define the deterministic density p and current j
as

E(H(x + dz,t) — H(z,t)) = —p(z, t)dz, E(H(z,t +dt) — H(x,t)) = j(z,t)dt.

108



The system is autonomous, or, in other words, its evolution depends on space and time
only implicitly, therefore the current j must only be a function of p and the continuity
equation linking these quantities reads

Op(z,t) + 0pj(p(x,t)) = 0. (4.48)

At this stage the height H remains defined, through (4.46), (4.47), only up to a global
constant and to remove this ambiguity we fix its value at the reference point x = 0,¢t =0
to be H(0,0) = 0. With this choice the average profile of H at the generic space time
point (z,t) can be expressed as

ety == [ otw.0rt+ [ (ol 5))ds (4.49)

and the study of fluctuations of the height is, by definition, the study of the random
quantity
H(x,t) — n(x,t). (4.50)

Assume now that the system has reached its steady state, or equivalently assume that
at time zero the measure is stationary. Qualitatively, the randomness of (4.50) is affected
by two different contributions. One is coming from the stochastic evolution of the system
and the other is given by initial conditions. For growth processes in the KPZ universality
class, when initial conditions are deterministic and sufficiently regular, fluctuations in the
long time scale are expected to present with size of order ¢'/3. This conjecture goes back
to the seminal paper [KPZ86], where authors argued such property to hold for the solution
of the one dimensional KPZ equation itself. On the other hand, from our knowledge of
the stationary measure of the higher spin vertex model displayed in theorem 4.1.2, we
certainly expect fluctuations in the space direction to have size of order z'/2, as a result
of the Central Limit Theorem applied to independent occupation numbers at each site.
This means that the information we have about H, which is the choice H(0,0) = 0,
will be transported by the random dynamics along the direction of growth of the surface
and along this line we can observe the emergence of the 1/3 exponent. Along all other
lines, the distribution of (4.50) will be affected very little by the process, and asymptotic
fluctuations remain of gaussian nature. An earlier evidence of this last fact was found in
[FF94] (see also [BFP10], Appendix D).

The direction along which nontrivial fluctuations are observed is given by the charac-
teristic line of partial differential equation (4.48). This is the curve (zy,t), where z; is set
to be the solution of the differential equation

{:z;t = J'(p(z,1)), (4.51)

To = 0.
When the system is in its stationary state, equation (4.51) loses its dependence on time

and the 7; is only function of the stationary density profile pg. In case the model does
not present space inhomogeneities the characteristic curve is simply the line (j'(pg)t, t),
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but when the stationary density is not constant, this is no more true. We use the explicit
parametrization (z,t,), rather than (zy,t) and by integration of (4.51), we obtain

_ [
= || Ty 452

To reiterate what we just explained, consider diverging = and t. Assume first that
[t —t.| = O@***7),

for some § > 0. Then, asymptotically (4.50) obeys the gaussian distributions and its
size becomes of order /2. When on the other hand, (,t) is taken in the vicinity of the
characteristic curve, say
t—t,] = O,
then fluctuations become of size #'/3 and their law is described by the Baik-Rains distri-
bution.
We can be more precise. Take at first ¢ = ¢,. The convergence result, in this case, is

H(z,t,) —n(x,t,)
fyxl/?’ Z—00

F07

where, calling aidy the variance of the number of paths lying at time 0 in the infinitesimal
segment [y, y + dy] and its mean
_ 1 [
0? = lim — aidy,
z—oo T Jo

then the constant ~ is given by
7? == lim 25" (pa)(0%)*— (4.53)

T—00

The explicit parametrization of a fan of size %% around the characteristic line can be still
expressed in terms of macroscopic quantities. Consider a perturbation of ¢, of the form

—=2 1!
TP v Sg) 223, (4.54)
Y5 (Pst)

with w being a real number. The resulting effect on the expression of 7 reads, up to order
1/3
x/°) as

tw,w =1, —

52j//(ﬂst)j(:0st)x2/3 _ 1w2 (UQ)Qj,/(Pst)xU?)'

W/j/(pst>2 2 ’7/2j/(pst)
In this case, the convergence result for fluctuations along the line (x,, ) becomes

New = N(x, 1) — @ (4.55)

H(ZE, taz,w) —Nzyw D
7x1/3 T—00

F. (4.56)

The same kind of results are conjectured for discrete time systems, where the char-
acteristic curves can be again explicitly expressed through relation (4.52). In the next
section we will establish result (4.56) for the stationary higher spin vertex model. For this
model, the scaling parameters k, 75,7 were defined in eqgs. (4.35) to (4.37) and it is a
simple exercise to verify that they match with expressions given in egs. (4.53) to (4.55).
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4.2.2 The Baik-Rains limit

This subsection is devoted to the proof of Theorem 4.2.1, that characterizes the asymptotic
fluctuations of the height function in the stationary higher spin vertex model. Throughout
the proof we will assume that the model presents only spatial inhomogeneities and hence
the spectral parameters U are taken as

U = (u,u,u,...). (4.57)

Our strategy relies on taking the large x limit of the g-Laplace transform of the height
functions H given in (4.31). The computation of such a limit for the right hand side
of (4.31) might look complicated, but the expression will simplify after the right change
of variables (discussed in detail below in Section 4.2.3). Motivated by the KPZ scaling
theory discussed in Section 4.2.1, we fix parameters t and ( as

t = Ka and ¢ = —q et (4.58)
Here and in the rest of the Section, for the sake of a cleaner notation, we set
N = New, and K = Kg,

dropping the explicit dependence on the real number w from 7, k4 introduced in eqs. (4.36)
and (4.37). The first choice in (4.58) means that we are considering the behaviour of the
height along the critical line, while the choice for ( reflects the fact that we study fluc-
tuations of size yx'/3 around the expected value 7 of the height function. We assume
the parameter r of (4.58) to be fixed throughout the entire section and it will ultimately
represent the argument of the Baik-Rains distribution, as in (4.38).

The asymptotic analysis of expressions given in Corollary 4.1.10 will be performed via
a rigorous steep descent method. Although we postpone the details of the analysis to
Subsections 4.2.4 and 4.2.5, we now fix hypothesis on parameters ¢, =, S, that will hold
true throughout the rest of the Section.

Definition 4.2.5 (Conditions on parameters). Take a, o such that a > 4 and o € [0, 1).
Parameters ¢, 4, =, S are assumed to satisfy (4.1),(4.3) and they are spaced so that there
exist Ry, Ry, Ry, with the properties that

a < &sp < a+ R, o< si <o+ R,, for all &, 0<¢<R, (4.59)
and
bRy« 20 g (4.60)
a < ——— ) )
1+o 4

Numbers R,, R,, R, are strictly positive, yet small in the sense given by Proposition C.2.3.

The first and the second conditions in (4.59) are not too much prohibitive and they
essentially say that we can consider perturbations of a general homogeneous model, since
parameters a and o can be chosen freely. The strongest assumption in Definition 4.2.5
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is indeed the third one in (4.59) and it says that the parameter ¢ has to remain reason-
ably close to 0. The reason for such restrictions in the choice of parameters lies in the
perturbative approach we used to prove Proposition C.2.3. There, we showed the steep
ascent property (for the function g defined below in (4.80)) of integration contour D, in
the case where ¢ = 0, s, = a, 53 = o for each k > 2. Subsequently, through a continuity
argument we concluded that the same property must hold also when parameters are taken
in suitably small neighborhoods of our original choices, hence (4.59).

Although numerical checks show that a steep ascent contour D indeed exists also for
q reasonably greater than zero (yet not too much close to 1), obtaining sharp bounds
for parameters becomes difficult due to the complicated expressions we encounter setting
q > 0. More precisely, to prove Theorem 4.2.1 when ¢ is taken far from 0 would mean
constructing an explicit closed contour D on which one would be able to show that the
function g assumes a global minimum in a neighborhood of 4. This is indeed possible in
principle, but obtaining explicit bounds for parameters ¢, &, sy becomes prohibitive.

The first inequality in (4.60) is also technical and not very restrictive. It is used in
the construction of the explicit steep ascent contour D in Proposition C.2.3. On the
other hand the assumption 2a/(1 + o) < 4 /q, reported in (4.60), is used to ensure the
exponential decay of rear tails of f®,V, in Propositions 4.2.9, 4.2.10.

Remark 4.2.6. Conditions stated in Definition 4.2.5 are far from being optimal and
they are essentially consequences of our choice for the representation of the integral kernels
K,®,, ¥, in (4.7),(4.10),(4.11). In particular these technical assumptions are consequence
of the fact that D is a closed contour.

We will now present limiting expressions of terms entering the definition (4.32) of
function V,({), for x — oo. The proof of the next Proposition is reported in Section 4.2.4.

Proposition 4.2.7. We have

1

det (]_ — fA)ZQ(Z) = FQ(T) +

where Fy is defined in (4.41) and the error term R satisfies the following properties

1. For each r* € R, there exists M~ > 0 such that, for all x,

|RD ()| < M, (4.62)

xT

2. There exist € > 0, such that, for all * € [r — €, 7], we have

1
; W () — @) (x _ —
xlgglo (Rx (r*) — R,/ (r le/?’)) =0, (4.63)
uniformly.

Let’s now see what is the asymptotic behavior of remaining terms of (4.32). The
proofs of the following three Propositions are given in Section 4.2.5 below.
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Proposition 4.2.8. Recall choice (4.58). Then we have

! (tao(d) —vo(1/¢) — 2v0(q) +vo(q¢) — xho(d)) = r — @* + !

JoRTE RP)(r). (4.64)

yal/3
The error term R satisfies the following properties
1. for each r* € R, there exists M« > 0 such that, for all x,

|R2 (r*)| < My (4.65)

2. there exist € > 0, such that, foe all * € [r — €, 7] we have

)) — 0. (4.66)

tim (R207) R0 -
uniformly.
Lastly we state the convergence result for terms CID;(Z), P, o) LU,
Proposition 4.2.9. We have

xl/gz > )P m)eP(n) = > / T ()Y (v)dv + 1/3R3(T),

nezZ 4,j=1,2 ij=12 T
(G)#(LD) (@.)#(1,1)

(4.67)

where functions YW, Y@ are defined in (4.43) and the error term RY satisfies the fol-
lowing properties

1. for each r* € R there exists M,~ > 0 such that, for all x,

}3(3)(7«*)

T

< M,-: (4.68)

2. there exists € > 0, such that, for all v* € [r — €,r] we have

YE

T—r00

lim <R§§) (r* + ) — Rf’)(r*)) = 0. (4.69)

uniformly.

Proposition 4.2.10. We have

1/3Zfz49f<1> )(n) W (n) =

nel

o 1
/ dVTw<V)/ d)\1/ d/\QQAiry;r(Vy /\I)KAiry<>\17 >\2)T—W(A2) + 71,1/3 R;L)(T),

(4.70)

where the integral kernel gaiy,r and the function Y. were defined in (4.42), (4.44) and
the error term RS satisfies the following properties
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1. for each r* € R there exists M,~ > 0 such that, for all x

|RY ()| < M, (4.71)

T

2. there exists € > 0 such that, for all v* € [r — €, 7], we have

lim (Rc(f) (r*) — Rgf) (r* —

T—00

)> — 0. (4.72)

YR
uniformly.

Using convergence results reported in the Propositions 4.2.7, 4.2.8, 4.2.9, 4.2.10 we are
now ready to prove our main Theorem.

Proof of Theorem 4.2.1. Using a rather elementary argument, detailed in Secion 5 of

[F'V15], it is possible to show that proving (4.38) is equivalent to showing that

. 1

To do so we use formula (4.31) to express the g-Laplace transform on the left hand side.
We want to evaluate

) = F._(r).

k+1>

lim L Z (_Dkq( i

w200 (¢ @)oo =5 (G0

(ValCa™) = Va(¢a™ ™) (4.73)

and to do so we aim to bring the limit inside the summation symbol. We start by fixing
a small number € and we split the summation in (4.73) into two different contributions.
One comes from the sum over k ranging in the region [0, eyz'/?] and the other is given by
k in (eyx'/3,00). For each of these terms we can use different estimates.

We start with the latter, that is we take k > eyz'/?. A general inequality that can be
deduced from the definition of V, = lim,_,4 V,., » and from Theorem 4.1.3, in case ( is a
negative number, is

1 1
+(Cq*) =lim—FF
V (Cq ) 'Ul']I}} 1 _ 'U/L{ HS(U,E[)@M (Cq_qu_M7 q)oo

1 Lk
EHS(U,J)@M <(Cq_k*qH_M,q)oo) - V;(Cq k )7

which holds for every k* < k. By taking k* = eyz'/? and r* = r — e we obtain the estimate

<1i
=1 o/d

q(ky) (V:C(Cq—k) _ Vz(Cq_k_l)) < 2q(k§1)vx(cq(r*—r)'yxl/3)
4
= 24("%) (vxl/3xw(r*) + ) SO RO () + O(x_1/3)) .

(4.74)
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In the right hand side of (4.74) we used results of Propositions 4.2.7, 4.2.8, 4.2.9, 4.2.10 to
provide the approximate expression of V. Function x, was defined in (4.40) and terms
S’ are explicit, bounded functions which for convenience we do not report explicitly.

We can therefore write
k+1)

1 Z % (Va(Cq™) = ValCg™ ) = o(e=), (4.75)

<q’ q>oo k>eyzl/3

for some positive constant ¢, since, from (4.74) we see that the right hand side is a quantity

k
exponentially small in %2, due to the presence of the term q( ).
We now consider the contribution of the summation in (4.73), when the index k is

smaller than eyz'/?. Once again, using results of Propositions 4.2.7, 4.2.8, 4.2.9, 4.2.10
we have
k E+1
N —k—=1y _ .1/3 _ _ _
VG ) = Vel ™) =32 (xalr = ) = xelr = S50
4
: k , k - k+1
@y (@) (p _ _ RO (p _
#3280 ) G R )
+0(),
(4.76)
which immediately implies
Va(Cq™) = Val(Ca™™ )| < const, (4.77)

after expanding x., around r — #
We can finally evaluate the limit (4.73). Using the bound (4.75), we write

eyzl/3 k+1)

. —1)kql" _ ke
ar=tim [ S+ 3 ) T ) - vt )
T—00 b k> eqzl/3 (Qu Q)OO(Qa Q)k:
o (4.78)
= YV e )

00 (G Qoo Ok ! et
and following estimate (4.77), we can employ the bounded convergence theorem to ex-
change the limit and summation symbols in the right hand side of (4.78). Here the

pointwise convergence

0
lim Vo (Cq™*) = Va(Cq™ ) = 57 Xe=(7)

can be established through the expansion (4.76), using the fact that the difference between
remainder terms Rg(f)’s converges to zero, as reported in Propositions 4.2.7, 4.2.8, 4.2.9,
4.2.10. We can therefore write

k41

C1)kg("2Y)
(4.73) = Z ((U—QEXW(T) = aQXw(T%

= (6 9)oo(4;9) Or

which concludes the proof. O
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4.2.3 Scaling form of determinantal formulas

In this Section we present expressions of kernels f(n), A(n,m), ®®(n), ¥ (n), o(n, m)
one finds in the definition of function V, given in (4.32), that are amaenable to rigorous
asymptotic analysis.

We fix a parametrization of integer indeces n, m as

n=n, = —nx+ vyz'’?, m=my = —nz + Oyz/>. (4.79)
Here v, 0 belong to the set of rescaled integers
Z={veR|—nz+vyz'? e}

and we will use the symbol i to denote a summation where the index ranges over Z
rather than Z. We also introduce the scaling function

g(z) = —nlog(z) + ka_1(2z) — h_1(2), (4.80)

where

a_1(z) =log(1l — zu) and h_i(z) = izlog (%) '

y=2
Functions ag, h, for k > 0, were defined in (4.34) and they satisfy the properties

d d
zEak(z) = ap11(2) and zﬂhk(z) = hit1(2),

for all £ > —1.
The combination of the KPZ scaling (4.58) and of the change of variable (4.79) is
summarized in the following:

Proposition 4.2.11. Assume (4.58), (4.79) and fiz a real number L such that
—L<r. (4.81)

Define the sequence

Z/’yxl/3 : > T
Fv) = {g - WL (4.82)

7(n,), ifv<-—L,

1

where < is a number in a neighborhood of order x=Y3 of & and its exact expression in

given below in (4.86). Define also

fv) = fln) = 15 go—rna (4.83)
Z(V 9) _ M/ dw / % 297951/3 e®9(2) (qcf/u;,qz/tf;q)oo 1 (4 84)
| 7(0) Jp 2miw Jo 2miwe'? e (qd [z, qu/d; q)oc 2 — W :
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&)(1)(V) — L{—V’yxl/3—1€—xg(u[) &;(2) (I/) _ / dw w—l/'yxl/?’e—xg(w) ((JL{/U), q)OO 1 7
p, 2miw (qu/d;q)oo w — &

{fj(l)(]j) — gvvat/? gag(d) (IVJ(Q)(V) :/ %ZVWCI/SGOCQ(Z) (¢2/d;q)e 1 _
’ * c, 2mi (94 /2 q)oc 2 — d

@, (v) = W (1) + 0P (1), U, (v) = UM () + 0O (1)

Then formula (4.31) for the q-Laplace transform still holds if we substitute, in the ex-
pression of V,, (4.32), f, A, o v &, W, with f, A, d VY &, W, and we change the
summation signs »_, with .

Proof. We can easily see that the tilde notation corresponds to applying to functions in

4.32) the change of variables (4.79). The Fredholm determinant det(1— fA);2(z) is clearly
(Z)

not affected by the multiplication of A with the gauge factor % TT((’::’))

of variables and it is therefore equal to det(1 — fNAV)l?(ZZ)' Similar considerations are true

, nor by the change

also for the remaining functions in (4.32). O

The function ¢ was used to simplify the expression of integrands of quantities A, ), ¥,
Its crucial feature is that, in a neighborhood of size =3 of 4, it admits the expansion

(2 =¢)°
6!

9(2) = 9(<) + 4" (<) +o(z'?),

where ¢ is another point in a neighborhood of size =3 of 4. In other words ¢ has a

double critical point ¢ in the vicinity of 4 and this will enable us to analyze the asymptotic
form of A, @@ W) through saddle point method. This is precisely stated in the following:

Proposition 4.2.12. With the choice w = 0, the function g has a double critical point
at &, that is ¢'(d) = ¢"(d) = 0. When w # 0, there exists a point ¢ = ¢(w) such that

3
¢(6) =g'")=00/a).  ¢"() = 2] +O0C") (4:85)
and " (s) < 0 for x large enough. Moreover, such ¢ admits the expansion

w 1 w2 Cl2h3 — a1a2h2 + 2@2}11 — a1a3h1
=dl1 — 1 1 2 1 2/3
N ( + yxl/3 * 2 y2x2/3 ( * ay(aghy — ayhs) )) +o(1/277),
(4.86)

where ar, = ay(d), hy = hi(d) are as in (4.34).

Proof. Equalities reported in (4.85) can be verified by direct inspection making use of the
approximate form of ¢ (4.86). Therefore the only thing we are left to prove is that 7 is a
positive quantity. From expression (4.35) we write

g3 1 hi(d)
=5 (hg(z{) — (@) ag(nf)) ) (4.87)
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Functions aq, as have the explicit expressions

<

-1 —quq] J—-1

(1= dug’)*

—dug’ (1 + dug’)
(1 —dugi)?

a(d) =

<.
I
o

Jj=0

that can be recovered using the form (A.12) to compute vy,V2. On the other hand,
expressing the v;’s in hy, hy using (A.11) we can write, after some algebraic manipulations,
the right hand side of (4.87) as

11 d (1—s2h) N —udg 1+ udg’
-2 oo Tued
ZxZZ( ) 1—¢F Z (1 —udg?)? < 1—u¢[qﬂ)7

S
y=2 k>1 §y Y j=

that is a sum of positive terms since u < 0. ]

4.2.4 Proof of Proposition 4.2.7

In this Section we present the proof of Proposition 4.2.7 that establishes the convergence
of the Fredholm determinant det(1 — fA) to the GUE Tracy-Widom distribution. Rather
than using the original expressions (4.6) and (4.14) for f and A we will use their riscaled
forms f A discussed in Proposition 4.2.11. Before we move to the more rigorous part of
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the presentation we like to outline the strategy we will follow:

Step 1 We first establish the pointwise convergence of the kernel g(y, 0)
to the Airy kernel K iy (v,0) and this is done in Lemma 4.2.13. Our
analysis relies on a saddle point method and because of this we can
control the error term up to order 2~'/3 for (v, 0) lying in an enlarging
rectangle [—L,2%3)? with § € (0,1/3). This corresponds to the red
region in Figure 4.1. The reason why we consider the convergence on
rectangles that grow with z is that this will allow us to control the
difference between det(1 — fA) and F, as a function of x (see also
Remark 4.2.18).

Step 2 We estimate the decay of the kernel A(v,6) for (v,6) in the set
[—L,00)? \ [~L,2%%?, corresponding to the yellow region in Figure
4.1. This is also done through a saddle point analysis; see Lemma

4.2.14. (4.88)

Step 3 Combining the exponential decay in z of f(v) for v <r and the fact
that terms A(v, 0) are bounded in modulus by 1 (see Lemma 4.2.15),

we can estimate det(1 — fA)g ) with det(1 — fA)lQ(ZZ_L) up to an
error of order e=¢°™*='* Thig is the result of Lemma 4.2.16.

Step 4 As a result of the exponential decay of front tails of the kernel
é(y, ) we can further approximate det(1 — fA)ZQ(iZ_L) with det(1 —
fA)lz(zﬁ[_L £4/3)) Up to an error of order e=c»t='* " This is the result

of Lemma 4.2.17.

Step 5 We can finally evaluate the convergence of det(1 — fg)ﬂ(zm[_ L29/3)
to the Tracy-Widom distribution and we can verify the ”continuity”
properties of the remainder R% (r*) in a neighborhood of r.

Let us now start.
Step 1: we have the following Lemma.

Lemma 4.2.13 (Convergence on moderately large sets). Let & be a number in the interval
(0,1/3). Then for (v,0) € [-L, %3 we have ?,

~ 1 B
A(v,0) = WKAiry(V, g) + WQ(V, 0)+ O (:1:25/3 B (4.89)
and the error term satisfies
2?BO@®3) —— 0, (4.90)
T—00

uniformly in the sequence of sets (v,0) € [—L,x%/3]?. Moreover the exponential estimates,

| Kany(v,0)],1Q(v,0)| < cre” 2wt (4.91)

2for motivation on the choice of sets [—L, z%/3] see Remark 4.2.18.
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5/3

Figure 4.1: We estimate the kernel A(v,6) in the red the region (see Lemma 4.2.13) and
in the yellow region (see Lemma 4.2.14). Because f(v) converges to the indicator function
L(r) and —L < 7, the contribution to the Fredholm determinant of ]?Z of integrations
in the blue region is negligible (see Lemma 4.2.16).

hold for all (v,0) € [—L, 2%, for an opportune choice of positive constants cy, cy which
do not depend on x.

Proof. The definition itself of scaling parameters is functional to perform a saddle point
analysis. In particular we want to show that, when v and @ are relatively small quantities,
compared to 2'/3, the integrals in (4.84) are dominated by the value of the integrands at
the double critical point ¢. To do so we suitably deform contours C, D in such a way that,
for x large enough, the following properties hold:?

L. max.cc Refg(2)} = 9(s(1 = 55573));
2. max.ec |z] = (1 = zhs);
3. minuep Re{g(2)} = g(c(1 + 577));
4. mingep |w| = ¢(1 + m)

The idea is to take paths like those depicted in Figure 4.2. Based on results of Appendix
C.2, we now construct the steep descent contour C'. The same procedure can be applied to
provide an exact expression for D as well and therefore we will omit this in the discussion.

3for the sake of the uniform convergence over compact sets conditions 2,4 are not necessary, but we
still state them as they will become useful later in Lemma 4.102.
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Fix an arbitrarily small positive number € and consider C' to be the union of two curves

51, 6'2 such that

Cy =D (0,¢(1—€)) N {z € C| Re(z) < 2(3 VT —Bet 462)} , (4.92)
. A4~20232 /3
Gy = {1[0 2 (oD (1 - i

87x1/3

+1

2
~al/3 2 2

o lloDs (1 _lely iﬁp) ol < 51— VT Be T 4e2>} (493)
where dD(c, R) indicates a circumference of center ¢ and radius R. To put it in simple
terms C' is a circle of radius ¢(1 — €) up until it intersects for the first time (from the left)
the two complex lines exiting from ¢ with slope i%” (as in Figure 4.2, b)). After C' meets
these intersection points, denoted with p., it becomes 62, a regular curve which coincides
with such lines for a while and passes strictly to the left of <.

We claim that the contribution of the integral in the z variable in (4.84) are given, up
to an error which is exponentially small in x, by the integral along the contour Cy. To
show this, we first notice that from Proposition C.2.1, if € is small enough we can assume
that, along C; the real part of g(z) is a decreasing function. Therefore, the contribution
of the term ) can be estimated by its values at the extremal points of 51,

3
—i<3+\/1—8e+462>ﬂ:i\/T—g(l—\/l—Se—kéle?)%g(l—ej:i\/§6>.

Let us evaluate the quantity Re{g(p+)} — g(s) through a Taylor expansion. By using
(4.85), we have
89" ()¢

Re{g(p+)} —9(c) = 3

where R(e€) is the Taylor remainder and it is a regular, bounded function in a neighbor-
3

hood of zero. The factor ¢®¢" (<) is strictly negative, as stated in Proposition 4.2.12 and
therefore we obtain the bound

4 R(e)e*

e?9()=9()) < omex for each z € 5’1,

which holds for some positive constant c.

Through an analogous argument we can deform the D contour too and separate it in
an union of two curves Dy and Dy (see Figure 4.2). As for the C contour case, we can
take Dy to be a curve that follows the two complex half lines {¢ +e*5p: p > 0} in a
neighborhood of size € of ¢ and that passes strictly to the right of ¢. For € small enough,
but still of order 1, the remaining contour D; can be chosen so that the contribution of
the w integral over D; to the kernel A are exponentially small in z.

We also remark that curves Cy, Dy are kept at a distance of size 27/3 from ¢ (and
hence from each other) due to the presence in the integral expression of Aofa singularity
at z = w.
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N

Figure 4.2: a) Choices of integration contours in Lemma 4.2.13. The red contour C encircles the
sigularities {¢"d }1>1, is contained inside a circle of radius ¢(1—¢) and joins the point ¢(1— 2#/’9
with slope § from above (resp. —% from below) The green contour D contains the singularities
{&ksk}k=2,.. » and forms at the pomt (1 + 5 1/3) a cusp of width 2 37, symmetric to that of C.

b) A representation of contours C' and D in the immediate vicinity of the critical point .

We can summarize discussion made so far expressing the kernel A as

- et/ dw 27" explag(2)} (98 /w, a2/ d3q) 1
A ) ) o0 —CT
(v6) = o 27?1 /DQ / Fwr T explag()} (ad 5 qu/di ) s —w O

(4.94)
where we notice that, with respect to (4.84), the integration contours have become 5’2
and D, and the remainder is a quantity which decays as an exponential in z. We can
now safely employ the saddle point method to give an estimate of the integral expression
n (4.94). The only significant contribution to the double integral (4.84) is given when
variables z,w are separated from ¢ by a distance of order z='/3. For this reason we like
to apply the change of variables

=g (1 z =q|1 W
Z=g _W ) w=gq _W )

and we write, through simple Taylor expansions, different terms of the integrand function
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in (4.94) as
I [ 1 (VW2 922) o (239 Wiy 2492 W%?)}

wrrP gl/’Y:pl/ii e—vW ,yml/B 2 2 2237 p2/3° p2/3° p2/3
(4.95)
enl®) 2 1 4 4 ARG
crg(w) cW3/3 {1 + —7$1/3 (E1Z 4 ) + O <m, m)] , (4.96)
(94 /w, qz/d; ) 1 ARR L
=14+ ——(EyZ — W)+ 0O —, —= 4.97
(qd/z,qu/d;q)s v 7x1/3< 2 W) + 22/3° 12/3 ( )

In these expressions, coefficients E7, F», naturally possess exact expressions, which we do
not report as they are irrelevant for the computations. B

Thanks to (4.94),(4.95),(4.96),(4.97) we obtain an expansion of A in the infinitesimal
quantity 1/(yz'/?). Collecting together terms of order 1/(yz'/3) and 1/(y2'/3)? we obtain

~ 1 / R R 1

A(V, 0) = — %6W3/3—VW W —Z + (’YI1/3>2

yxl/3 Qv,0)+O(z®/*7).

(4.98)

2 1 sl
377100 27T1 63100

with the kernel ) being given by

2 T

e300 d e 3'oco dz 6Z3/376?Z vIV?2 072
Qv,0) :/6 i i W3 /3 W < VQV Ty +E(Z =W+ By (Z — W)
(4.99)
By recognizing the expression of the Airy kernel (4.39) in (4.98) we write A as in (4.89).
All we are left to do is to prove the exponential bound (4.91) for @, since the same
type of estimate for K jy follows from well known decay properties of the Airy functions.

To do this consider the following parametrization of the integration variables

_2 3 T
37"100 27T1 673100

b : : b . ‘
Z = 2+ lorlem @ W = 2 gylem (e, (4.100)

for p1, p2 € R and b being a positive real number. Applying the substitution (4.100) in
(4.99), we straightforwardly obtain an inequality like

3 212 oo )
Q,O)] < e HII— / dor / dos (101F5(p1) + VI Fy(p2) + Silo1) + Sy(e2) )
0 0

b2 2 0 52 v 52
*1(P1+P2)*(§*§>P1*(§*§)P2
X e ,

(4.101)

where P; and S; are polynomials and by making use of elementary estimates on the
integrals on the right hand side of (4.101), we can finally show (4.91).
The error term O(x?/371) in (4.89) is obtained taking into account quantities

3 3 402 4,,2 8 8 2 2
O(Ze LEAVAY Wu)70<z W))O<Z W))O(e_m)

22/37 2030 p2/30 42/3 22/37 42/3 22/37 42/3
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from (4.94) and (4.95), (4.96), (4.97) in the saddle point integration. Due to the presence
of the exponentially decaying term e /3~W?/3=20+Wv e can formulate bounds like (4.101)
for these remainders as well, to finally show (4.90). This concludes our proof. n

Step 2: the following lemma establishes the exponential decay of g(y, ) in the yellow
region in Figure 4.1.

Lemma 4.2.14 (Exponential decay of front tails). Let L’ be an arbitrary large positive
real numbers (possibly of order x raised to some power). Then there exists ., such that
for all x > x, the bound

‘73:1/3;[(1/, 9)‘ < et (4.102)
holds for each (v,0) € [—L,0)*\ [—L, L'|*.

Proof. We use again suitable deformations of contours described in Lemma 4.2.13 to
estimate, for large x, the contribution of the factor

1/3
Z@vm

W

to the double integral (4.84). Let’s first prove (4.102) in the case # > v. When this is

the case, we take the contour D exactly as in Lemma 4.2.13 and we modify C' = 51 U 52,
where

3
YE

~ 2¢
ClzaD (O,C—W) ﬂ{zE(C| %Q(Z)§§<1— )},

3 L
Cy =¢(1— W) + i[—<a, sal

and @ is given by the intersections of the vertical complex line {¢(1 — w%/g) +1iy| y € R}

with the circle 9D (0, S — %) We can also write down its exact expression as

. [2 5 2 1 s
a = \/71:1/3 - 72‘7;2/3 N\/;m—i—O(LC )

From Proposition C.2.1, 9D (0, g(1— Wf—l/g)> is a steep descent contour for Re(g) and we

can assume that 3
max Re{g(2)} = Re{g(<(1 — oY ia))}.

To evaluate the real part of the function g on the complex segment Cy we use the

parametrization
3 Z
z= <1 +i ) . (4.103)

ol g3
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Figure 4.3: Choice of integration contours of Lemma 4.2.14. The red contour C'is the union of
(4, an arc of the circle of center 0 and radius ¢(1 — vxil/?’)’ and (o, a vertical segment passing
for the point ¢(1 — w%/g) on the real axis. On the other hand D, in the vicinity of the critical
point ¢, stays close to the lines exiting from ¢ with slope +% (dotted lines).

In this case Z is a real number ranging in an interval which, up to corrections of order
x7 13 s [—/2y2'/6, \/2y2'/6]. Expanding g in Taylor series around ¢ and recalling (4.85),
we have

§4g(4) (§> 72 g4 76

1
2 4
(—27+9Z )+_$4/3—4W4 Z°+0 (—$4/3,—x5/3,—x2), (4.104)

_ l §3gm<g)

Relg(2)}—g(c) = — 33

where the presence of terms of order higher than three takes into account the fact that Z
can be of order 21/, When Z/(yz'/?) = @, (4.104) becomes

Relgls(1 = 5 + )}~ 000 = 1 (30760 + 5<9(0)) + Ol

and the term on the right hand side of order #2/3 is negative. This can be shown either
directly computing the derivatives of g or simply recalling that the point ¢(1 — W—?{/S +ia)

lies on a steep descent contour. These calculations imply the estimate

1/3

2 0(2)=9)| < meat/?, for each z € C1, (4.105)

for some positive constant ¢. On the other hand, when z belongs to 52, (4.104) gives us
that
~72 ~
|29 =9())| < 927 for each |Z| < yaz'/3, (4.106)

for some other positive constant c.

To complete the list of preliminary estimates for terms depending on z in the integral
formula (4.84) of the kernel A, we need to address the factor 297", First we notice that,
since the contour C lies inside the circle centered at 0 with radius ¢(1 — 2/(yz'/?)), we
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have

G~l/3
2|7
S

as a result of the simple inequlity log(1 + y) <y, valid for all y > —1. Moreover, when z

2
< exp {H'Yxl/?’ log (1 - W)} <e for each z € C, (4.107)

is on 52, using the parametrization (4.103), we have

z 9+ 22

To evaluate the kernel A we also need to provide some estimates for quantities involving
the variable w. The choice of contours C, D implies that

(qd Jw,qz/d; @)
(qd )z, qw/d;q)oo

for some constant I'y. In addition, since v > —L and |w| > ¢, combined with the fact that
D is steep ascent for the function RRe{g}, as proved in Proposition C.2.3, we have that

[} 1/3 .
i 3 iz

Nl/3 + N l/3

= exp {97:1:1/3 log |1 —

1 S
z—w ~ yxl/?

and ‘ ' <Ty, (4.109)

—L'yxl/3

exp{z(g(s) — g(w))} < Ty, (4.110)

vyzl/3

S

expla(g(<) — gw)} <[>

for some other constant I'y. Combining together inequalities (4.108), (4.109), (4.110), we
can write

‘ S

|A(v, 0)]

/ / dw 27" expleg(=)} (¢d Jw,q2/d;q)es 1
}

Z/'y:r
alls 2mw wr exp{zg(w)} (¢d /2, quw/d;q)oc 2 — w

< [y (D) /
~(@m)2yal Jo
where (D) is the length of the curve D. The integral over C'is naturally split into different
contributions coming from contours C; and Cy. On (4, utilizing (4.105) and (4.107) we

have
A

whereas on Cj, from (4.106), (4.108) we obtain

aya'/? 9+ 27
/ §/ dZeXp{—9(3—+—w)+9—EZ2}.
A /3 2wt/
(4.113)
To estimate the integral on the right hand side of (4.113), set a large integer N and

split the integration segmant into |Z| < N and N < |Z] < ayr/3. When |Z| < N the
term 9*—?/3 is small and we can denote it with O(N?/x'/3). On the other hand, when

- (4.111)
i (g) exp{a(g(2) — g())}].

< e We (O, (4.112)

0 (g) " e lalo(e) — o)

2 (E) " eplatal) - o)
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N < |Z| < ayx'/3, since (3 — ;;;—f;) > 2, the integrand becomes very small due to the

presence of the exponential of —¢Z2. We can therefore write

N
rhs (4.113) < e % (6—9(1—O(N2/w1/3))/ 92 17 +/ dZeg_EZQ)
-N N<|Z|ayxt/3 (4114>

_ o2 (e—e(l—O(N2/x1/3))F3 X O(e‘EN2)> ’

with I's being a constant coming from the integration of the exponential.
We can now plug (4.112), (4.113), (4.114) into the right hand side of (4.111) to finally
obtain

~ _ —ca?l/S _ _ 2 $1/3 —Z 2 Fngl(D)
|A@ﬁﬂ<e%(e [(Cy) + e 00=OW /)Py 1 0o N”ZEW@EE‘ (4.115)
The term inside the parentheses can be made smaller than % taking x > 0 and

L' > 0 (remember L' < ), so that (4.115) reduces to
1

VR

|A(r,0)| < e

which implies (4.102) since —26 < —6 — v.
The complementary case v > 6 can be studied analogously, deforming the contour D,
instead of C', symmetrically with respect to the critical point . O

Up to this point we estimated the kernel Aina region where both 6 and v are bounded
from below. When this is not the case the saddle point method cannot be applied any
longer as the contribution to the integral (4.84) of the term

Z’yzl/?’e
w'y$1/3u
is no more negligible. In the following Lemma we show how to control the rear tails of A.

Lemma 4.2.15. The kernel A defines a trace class operator on 12(Z) with ||A|| = 1. In
particular we have the bound B
|A(v,6)] < 1. (4.116)

Proof. Since A is obtained from the kernel A through a simple change of variable and a

multiplication by a gauge factor %:((:9)), we can still write the expansion

[y

r—

i(mo) = di(v)d(6),

=1

A/(Vj 9) _ < 7/\:(’/) T(mQ)

7(0)

where ¢(v) = T;(EZ))@(”V) and y(0) = T%S))l/}l(me)- Functions ¢y, 4y, like ¢y, v, are

still a biorthogonal family and to prove this we only have to check that the summation
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Zygl(l/)%g(l/) is absolutely convergent. This can be done establishing exponential decay
of tails of 5;, Jk For the rear tails this is done as in Appendix C.1 for functions ¢,
(for the real tails), while front tails are estimated using a saddle point analysis as that
performed for the kernel A in Lemma 4.2. 13, 4.2.14. Such exponential bounds imply that
A is trace class for each , following the argument in the proof of Proposition 4.1.4. Also,
the biorthogonality of gbl, Y implies that ||A||— 1 as shown in the proof of Proposition
4.1.6. [

Step 3: we can now start the evaluation of the Fredholm determinant of the kernel fg

Lemma 4.2.16. There exist constants c,x* such that, for each x > x*, we have

< e eb? (4.117)

det (1 _ fﬁ) I (1 _ fﬁ)

12(ZN[—L,00))

Proof. First we set constants ¢, co such that the estimate

/ ) 1/3 cre v, if 0,v € [—L,00),
V /3 c2(mln(@,—L)—i—min(l/,—L))'y:vl/S

, else,

holds, for each z sufficiently large. This is always possible as a result of Lemmas 4.2.13,
4.2.14, 4.2.15 and from the fact that f(v), given in (4.83), decays exponentially in z/?
when v < 0. In particular we can easily deduce the additional bound

‘\/f(y)f(e)ﬁi(y, 9)’ < c3w11 e

true for any 0, v, for some constant c3. We have

—16]~Iv]
b

Ihs of (4.117) = |> (_kl,) i det ( f(w)f(%)ﬁ%%))

k>1 ’ (1/1 ..... vi)¢[—L,00)F (4.118)
k — = ~
D)1 Z Z %9’51( f(Vi)f(’/j)A(Vz‘,Vj)>'~
k>1 V1S—Ll/2 ..... 1473

. _ - L o - N\ 2
do ( f(vz)f(VJ)A(vuvj))‘ <11 (Z Fo) F) | A, ) )
1= J=
Jk/2 /8 ht f[ |
cav1ye /e k- e~ Vi
(yxl/3)k 3 i
so that, using this bound in (4.118), we obtain our result. O
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Step 4:

Lemma 4.2.17. Take constants L, such that —L < r and § € (0,1/3). Then there exist
constants C, x* such that, for each x > x*, we have

< Ce ™", (4.119)

det (1 — fﬁ) ~ — det (1 — fg>

2(Z>_1)

12(ZN[—L,z5/3))

Proof. The proof of (4.119) makes use of the exponential bound (4.102) choosing L' = x%/3
and it is similar to that of Lemma 4.2.16, therefore we omit it. O

Step 5: we can finally combine all previous preliminary Lemmas and give the proof of
Proposition 4.2.7.

Proof of Proposition 4.2.7. To prove this result we first use Lemma 4.2.16 and Lemma
4.2.17 to restrict our attention to the Fredholm determinant of fA in [2(Z N [~L, z%/3]).
The error we make while considering this restriction is exponentially small in  and hence
it is irrelevant when it comes to a decomposition like (4.61). Using results of Lemma
4.2.13 we have

~ 1

_ 1 26/3—1
A(Vv 9) - WKAiry(Va 0) + WQ(U7 0) + O(l’ )a

fW) = 1oy (v) + A (v),
where the term A, is simply expressed as

1 .
PRom—cE if v<r,
A(w) =

1 qv—r)ral/37 ifv=r

We can saparate the terms of the product f(v)A(v, ) based on their order in x~/3

as

1
BY(,0) = 1.0y (V) K ainy (v, ), B3 (v,0) = Wﬂ[noo)(’/)Q(Vv 0),
1
B®(1,0) = A, (v) Ky (v, 6), BW(v,0) = WAT(V)Q(V, 0),

(5) _ 2(6—1)/3
B (v,0) = O(x (0=1)/3y,

In this notation we write the Fredholm determinant of fg as

oy _ D" A" B (5)
det (1 — fA) l2(2m[_L7¢c5/3]) = 1+Z T Z 7x1/3 Z%e:tl (B (l/i, Vj) +...+ B (Viv Vj))

k>1 ’ Vle[fL,:r‘s/:;]
I=1,....k
(4.120)
and our goal is to separate the contribution of higher order terms B®, ... B®) from that

of BM. To do so we use a formula that expresses the determinant of a sum of matrices
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BW 4 ...+ B™) in terms of sums of determinants of matrices having for column %, the
i-th column of exactly one of the BM, ... BW) More precisely we have

det (BW + .-+ BM) = Y det (BUIV)), (4.121)

UM L={1,....,k}
Iiﬂszw if i#£j

where ( : o
Ndy) ol e
ey U T
This expansion holds for generic k x k matrices BY), ..., BN) and it follows directly from

the multi linearity of the determinant. Using (4.121) can rewrite the determinant in the
right hand side of (4.120) as

det (B 4+ B®) =det (BW) + Y det (BU2Is00)) (4.122)
U Li={1,....k}
LOL=0 if i)
L#o

The Hadamard inequality provides the bound

5 k 1/2
|det(BUH Iy < TTT] (Z |BO (1, uj)|2> :

=1 i€l j=1
while exponential inequality (4.91) allows us to write

1

—cav; 3 i — 1/
Ve i BO(v,py) < eghihe

BWY (v, 1)) < cre™?", B (v, v;) <
3

, B(5)(V,-, vj) = O(x2(5_1)/3).

cig e

(v v,
B (VMVJ) < ’7371/3

Integrating the generic term of the summation in (4.122) we obtain

—_—

k
Z (;1/3) ‘det(B(Il’I2’13’I4’]5))| — k20 (I—lb|/3—|13\/3—2|14|/3—|15|(2/3—5)) ’
Yr

VZG[*L,IB/‘&]
I=1,..k
(4.123)
where the exponents —|[3]/3 and —2|l4|/3 appear due to the fact that the function

1/3

q"’”'“‘l/3 is exponentially small in x outside of a neighborhood of size ="/ of r. Because

at least one among I, ..., I5 is not empty, we have proven that

1 1
= det (1 - ]l[r,oo)KAiry)lg(Zm[,L,mSB]) + WS:S: )(T)

det <1 — fg> "

ZN[—L,x%/3])

= det (1 = Lioo) K airy) oy + (S () + 5P ().

(4.124)

®) " pl/3
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In the right hand side the error S comes from contribution to the Fredholm determinant
of matrices B®,..., B® while S comes from substituting discrete integrations >
with integral symbols. Both these quantities are explicit and clearly bounded due to the
exponential estimates (4.91) and this proves (4.61), (4.62).

The continuity of the remainder term (4.63) can be proven following the same strategy
used to prove its boundedness. In fact for any r*, S;(Cl)('r*), 5t (r*) are sums of determi-
nants of kernels depending on r* and to evaluate the differences

SO () — SO (4 — 1/ya!/3)

we can first expand these kernels around r* and subsequently analyse the contributions
of terms of order zero and one in /% using an expansion of the form (4.122). We don’t
discuss these details any further.

O

Remark 4.2.18. The statement of Proposition 4.2.7 not only tells us that

det(1 — fA) — Fy(r),

TrT—00

but also it gives us an estimate of the error depending on x and this Wﬂl be essential

in the proof of Theorem 4.2.1. To measure such error term, namely 1 —i73 R i n (4.61),

we approximated the kernel fA on l2(Z2) with its truncated version defined only on
(Z N [—L,x°/3))2. The choice of the supremum of the segment [—L,z%/3] is actually very
relevant and possibly differentiate our analysis of the Fredholm determinant from that of
earlier works, such as [BFS08]. Had we considered the convergence of f A only on compact
sets like [—L, L], with L’ being some finite constant, we would have ended up, in Lemma
4.2.17 (replacing every z°/3 with L’), with a bound like

Ihs of (4.119) < Ce Y. (4.125)

This clearly would have not been enough for our purposes, as the right hand side of (4.125)
has no dependence on x and in particular does not decay when x becomes infinite.

4.2.5 Proof of Propositions 4.2.8, 4.2.9, 4.2.10

In this Section we carry out proofs of Propositions 4.2.8, 4.2.9 and 4.2.10, that were
stated in Section 4.2.2 and used in the proof of our main result Theorem 4.2.1. As in
Section 4.2.4, rather than the orlglnal expressions of f, A, ®@ WU) we will make use of
their rescaled forms f A o) , U0 discussed in Proposition 4. 2 11. First we present the
proof of Proposition 4.2.8 and the argument we follow traces that given in Lemma 5.12
of [IS19].

Proof of Proposition /.2.8. First we see that the term

qn/C qn+1 )

2
T—qj¢ T CT—gm

w(1/¢) + 2v0(a) = 3
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plays no role in the limit as it is a bounded quantity in x for each fixed r.
Less trivial is to calculate the limiting form of vy(¢¢), which is a summation like
qn+1—X
n+1-X"
n>0 1 - q

for X being large. The kicker here is understanding that the main contribution to the
sum is given by terms where m runs between 0 and 2 [X] *. Coupling the (k — 1)th and
the (2[X]| — k — 1)th addends and using the simple inequality

1 L—q < 1 L <1
1 + @24 ghX 4 X k2 T 1 4 Xk + 1+ ¢gX2[XT+k = 7
we see that ]
S _xiow

X—n—1
n>0 1 + q

We are interested in the case when X = nx — y2'/3r, so that, plugging this result into
(4.64) we are left to calculate

1
lim — (kzao(d) — xho(d) — nz + rya'/?)

z—o0 yl/3
22/3
=r+ lim —d¢'(d),
T—00 ’y

which gives (4.64) and (4.65) after expanding ¢’ around its critical point ¢ as

2

2 ¢? w 2/3
n n — 2
g =) = 559" (<) 5 ol ).

N | —

g'(d) =

This procedure also proves the boundedness of the remainder RY) due to the generality

of r.
Result (4.66) follows from expression (4.64). We have

(2) (,.% 1/3, % q"/¢ q"t'¢ . %
R (r*) = —yax/°r* — Z 1—q/C C1- g + (terms independent of r*),
s q q

where ¢ = —q~"+7@"*™" Tp this way the difference R (r*)— R® (r* —1/(v2/3)) becomes

qnz_,yxl/:ar* q—ﬁm+’7$1/37"*

—1+

14+ q77$*’7551/37"* + 1+ q*nﬁJr’YfEl/gT*’

which converges to zero exponentially as x goes to infinity. O]

“4here [] is the ceiling function
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Next we present the proofs of Propositions 4.2.9, 4.2.10. Our approach follows a saddle
point analysis analogous to that showed in Section 4.2.4. The only difference between the
argument we present next and that used for the evaluation of the Fredholm determinant
of fA consists in the proof of the exponential decay of rear tails of f fv )q)(l)( )\Tl( )(y).
In fact in Section 4.2.4 the decay of rear tails of fA was implied by the bound (4.116)
and by the convergence f — L(;,00)- Below to obtain similar estimates we use more direct
computations and hypothesis (4.60).

Proof of Proposition 4.2.9. By making use of the saddle point method it is easy, at this
stage, to obtain a convergence result as

DISANAR)! (%) (4)
d Z FW)eY (1) ¥ (v) — Z Lroo) (1) T4 (1) T (v) (4.126)
INES ,7=1,
(Z}j)#(l,l) (4,5)#(1,1)

and to estimate the error term depending on x and r. This holds for v in relatively large
sets of the form [—L, z%/3] for some fixed L > 0 and § € (0,1/3). Also, assuming a suitably
strong decay of tails of summands in the left hand side of (4.126), this easily leads to an
expansion of type (4.67).

Using suitable deformations of contours in the integral expressions of (AIS;(E), \AI};?), such
as those seen in Lemma 4.2.14, one can also establish an exponential type decay for the
front tail (v > 0) of (4.126).

The exponential decay we have in the left hand side of (4.126), when v goes to —oo
is slightly different from what seen previously and in particular, here we make use of the
hypothesis Sr—aa < ¢ 'd stated in (4.60). We evaluate separately each one of the three
summands in the left hand side of (4.67), when (¢,j) is either equal to (1,2),(2,1) or
(2,2).

We start with the (4, j) = (1,2) term. From expressions reported in Proposition 4.2.11,
we write

1 dz [z \"*v (qz/d;q)
p e / z w(9(x)-g() W92/ B3 D)oo 1y 1o
f( ) ( ) ( ) 1+ q»yxl/3(y r) c 271z (L{) © (Qa q)oo ( )

We take O} to be a circle of center in 0 and radius ¢(1 — h/(y2'/3)), where h is chosen so
that |z| < 4 for all z in C (e.g. take h > w). When z is large enough, such C is a steep
descent contour for RRe{g}, as proven in Proposition C.2.1. This, along with the fact that
¢ is a double critical point for g allows us to state the bound

|exp{z(g(z) — g(d))}| < const for all z € C4. (4.128)

Moreover, the choice of C also allows us to write

1/3y 1/3 1 h 1 w
= 1—— - 11— — 1
o {0 (1 (1= ) =1 (15 ) ) +o0}

< oxp {v(w — h) + o(1)} ,

F
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having used the simple logarithmic inequality li—y <log(1+y) <y, valid for all y > —1.
Despite the right hand side of (4.129) is a quantity which diverges exponentially when
v — —o0o0, its contribution is easily balanced by the term 1/(1 + ¢**"*=") in (4.127),
which, for v < —L, decays as ¢~(0="/D'"*  Following (4.128), (4.129) we come to the
estimate

I(c .
(4.127)| < const-gi-lze<hﬁ””q<1T/L>7f/3”
m

where in the right hand side the constant term also includes a trivial bound for the factor
—(q(zq/, Z;‘i‘”. This is enough to show that for L large enough, we have

1(4.127)] < e ™ forall v < —L, (4.130)

where ¢; and ¢y are two suitably chosen positive constants.
We now want to establish a type of bound similar to (4.130) for the term (7, 5) = (2,1)
of the left hand side of (4.67). Again, from (4.23), (4.24) we write

~zl/3y )
‘ff(V)EI;(Q)(V)\TJ(l)(V) = 1 / dw £ e®g(d)—g(w)) (gd/w;q)oe & ‘
x x 1+ q’ml/S(u—T) Dy 2miw \w (qw/cf; q)oo w—d

(4.131)
As a contour Dy we can simply take the contour D described in Proposition C.2.3. Since
we can always deform the integration contour in a neighborhood of size /3 of ¢, without
loss of generality, we assume that 4 lies strictly at the left of D;. With this choice, we
know that D; is a steep ascent contour for Re{g} and this, along with the fact that < is
double critical point for g implies the bound

|exp{z(g(d) — g(w))}| < const for all w € D;.

Another consequence of the choice of contour D; is that

2a
max |w| < :
weD; 1+o

as reported in (C.8). This immediately gives us the estimate

~yal/3y

for all w € Dy,

2a

d
w

vat /oy . ’<1 to)d

since in this case v is taken to be negative. In expression (4.131), the contribution of the
factor f /(w — &) is bounded, in absolute value, by a quantity of order 2'/3 and therefore
we come to write

1 /3y
ﬂq*(lfT/L)d ) (4.132)

(D
|(4.131)] < const(Q—l)xl/3 5a

7

When L is large enough, the assumption 2a/(1 + o) < ¢~ 'd of (4.60) guarantees that
the right hand side of (4.132) is bounded by an exponential function in y2'/3v whenever
v < —L and this concludes our analysis of the rear tail of the term (i,7) = (2, 1).
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To obtain the same type of result also for the case when (7, j) = (2,2) one can repro-
duce, with minor adjustments, the same argument we used for (7, j) = (2, 1) and therefore
we omit details on this part.

We have, at this point proved a bound for the summands in expression (4.67) of the
form

Z F)dD ()T ()| < cre ! for all v < —L,
ij=1,2
(4,9)#(1,1)

for suitably chosen positive constants ¢y, cy. This concludes our argument. O]
We conclude this Section presenting the proof of Proposition 4.2.10.

Proof of Proposition 4.2.10. First we expand the expression in the left hand side of (4.70)
as

L Y WA 2 T0E.06) T 0, (4.133)

u,)q,/\gei

We can split the summation (4.133) as

y — —

w1 IND DENEE D DR | (R RN e RN )}

(v A1,02)E[=L,x8/3)3  vA1, o [—L,25/3]3

Using estimates already encountered in the proofs of Proposition 4.2.7, 4.2.9, we know
that the contribution of summation where indices do not belong to [—L, #%/3]% is exponen-
tially small in some power of 2. On the other hand, when all v, A;, Ay belong to [—L, 2°/3],
we can safely employ the saddle point method to estimate the summand terms in and
obtain their expansion in power of 27!/3, as done in (4.89) for A. This would ultimately
lead to the convergence result (4.70) and to a verification of properties (4.71), (4.72) for
the remainder term. The procedure is analogous to what explained throughout the rest
of the section and therefore we do not describe its details any further. ]
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Chapter 5

Spin Whittaker functions from ¢ — 1
limit

This chapter presents results contained in sections 7,8 and 9 of

[MP20] M. Mucciconi and L. Petrov. “Spin ¢-Whitaker polynomials and deformed quantum
Toda”. In: arXiv preprint (2020). arXiv:2003.14260 [math.PR]

5.1 Spin Whittaker functions

In this section we introduce new one-parameter deformations of the gl, Whittaker func-
tions [Jac67], [Kos78]. These deformations arise from our version of spin ¢-Whittaker
polynomials in a scaling limit as ¢ — 1. The deformation parameter is denoted by S > 0.

5.1.1 Whittaker functions

Before proceeding with deformations of Whittaker functions, let us recall the usual gl
Whittaker functions. These functions play a central role in representation theory and
integrable systems [Kos80], [Eti99], [Giv97] as well as are related to several models of
random polymers [OCol12], [Cor+14], [OSZ14], [BC14].

The gl Whittaker functions ¥y, . (uy) are indexed! by N-tuples uy = (un1, ..., uyn) €
RY, depend on A = (Ay,...,A\y) € CV, and may be defined through the recursion (fol-
lowing from the Givental integral representation [Giv97], cf. [Ger+06]):

N-1

Uy (Uy) = Unedw 1 (Un—1) ]AV;N_l(HN,@N—1) H dun—1,k, (5.1)
k=1

!To match the historical notation for Whittaker functions, here and in the discussion of the spin
Whittaker functions we place the “variables” into the subscript of a Whittaker function, and the “index”
in the parentheses.
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where

N-1

iVﬁN_l(Q_LNvQN—l) _ eik(lezl uN,i—Zf\SluN—l,z‘) H exp {_6UN—1,7;_'U«N,1' o 6“N,i+1_uN—1,i}
i=1
(5.2)

is known as the Baxter Q-operator. The function A — ¥, (uy) is an entire function
of A € CV for all uy € RY. For N = 1, we have ¢\(u) = ™. For N = 2, the
Whittaker functions can be expressed through the (single-variable) Bessel K function
K,(z) =3 f_oooo e exp (—%(em + e"'”)) dz.

For the Whittaker functions, f\V;N “Huy, uy_,) plays the role of a branching function
like the single-variable sqW function F,/,(x) (2.15) (here x plays the same role as Ay,
and v, i correspond to uy,uy_q). Note that the Whittaker functions are not indexed
by ordered sequences of numbers u,. Rather, in the Baxter Q)-operator, the interlacing
condition among arrays wuy_,,uy is replaced by the “mild interlacing”. Namely, QV 7V ~!
(5.2) decays doubly exponentially whenever un ;11 > un—1; OF Un_1; > Un,;.

The Whittaker functions satisfy the following analogue of the Cauchy identity due to
Bump and Stade [Bum89], [Sta02], [GLOO0S]:

N N
/RN e " (), (uy) [T duwy = T Ty —in). (5.3)
j=1

7,k=1

See also [Cor+14, (1.2)], [BC14, Section 4.2.1] for a generalization when one of the Whit-
taker functions is replaced by a certain integral coming from the limit of the torus product
representation of Macdonald polynomials:

QX(HN) = /RN wz(ﬂN> HHF(Yz‘ - in) : m H mdz, (5-4)

i=1 k=1 1<A#B<N

where Y = (Y1,...,Yr) € RT. We refer to 0y (uy) as the dual Whittaker function.
Similar integral representations for dual spin Hall-Littlewood functions are found in
[Borl7, Proposition 7.3], [BP18a, Section 7.3].
The Whittaker functions are eigenfunctions of the gly quantum Toda Hamiltonian
H;°d2 see formula (1.36) in the Introduction.

Convention on multiplicative notation. The papers [Cor+14], [OSZ14] use multi-
plicative parameters Uy; = e"N+ € Ry instead of the additive ones. In multiplicative

notation, the integration in (5.1) and (5.3) is over the product measures of the form
dUnm i
Um,i
discussion of the spin Whittaker functions. We will often denote multiplicative variables

and parameters by capital letters.

. It is convenient for us to adopt multiplicative notation throughout most of the

5.1.2 Signatures in continuous space

In contrast with the usual Whittaker functions indexed by unordered N-tuples of reals,
the spin Whittaker functions will be indexed by nondecreasing sequences of real numbers.
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Introduce the Weyl chamber of RJZV1 by
Wy = {LN = (LN,i)lgigN € RJZVIZ LN,N < LN,N—l <...< LNJ}. (55)

By Wy denote the interior of the Weyl chamber with strict inequalities in (5.5).
Given two sequences Ly_; € Wy_1 and Ly € Wy, we say that they interlace if

LN,i+1 S LNfl,i S LN,Z'; for 1 S 1 § N —1. (56)

As in discrete setting, we denote interlacing by Ly_; < L. The interlacing relation is
naturally extended to sequences of the same length by dropping the last inequality in
(2.1).

We endow the Weyl chamber Wy with the measure 22 = TV bk

Ly o k=1 LN,k
.. . . . . . dL .
we do not explicitly indicate the integration domain Wy when the measure 7= is used.
N

. In most cases

Define the continuous Gelfand-Tsetlin cone as

GTy ={L, = (Lki)i<i<k<n € R]zvaH)/Qi Liy1it1 < Lii < Ly}, (5.7)

which is the set of interlacing sequences L; < --- < Ly. The set G7, is endowed with

dL dL.: -
=N __ g,
the measure T = | |1§i§j§N T

5.1.3 Spin Whittaker functions

We begin with a branching function from which we can recursively build spin Whittaker
functions. The branching function is an analogue of the skew polynomial evaluated at a
single variable.

Fix a deformation parameter S > 0 throughout the section. Let us denote

Asx(u,0,2) = gra— X1 S X) (1- §>S_X_l (1- %)S+X_l (1- g>1_25’ (58)

where 1 <u < v < z are real, and | X| < S. Here B(-,-) is the beta function (A.21).

Definition 5.1.1. Let |X| < S and k > 1. The spin Whittaker branching functions are
given by

X k

Liti g1 Ligaa X

fx (Lgs L) = 1p,<1, ., ( +Lk:- L 1+ HAS,X(LkJrl,iJrly Lpis Lis1,).
) : =1

We now introduce the main object of the present section.

Definition 5.1.2 (Spin Whittaker functions). For N > 1, consider parameters X7, ..., Xy
and S such that | X;| < S for all i. The spin Whittaker functions fx,... xx(Ly), Ly € W,
are defined recursively by

fx,(L11) = Ly (5.9)
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for N =1, and via the branching rule
dLy_,
le ,,,,, XN(LN) = fX1 ,,,,, XN—1<LN—1)fXN(LN—1;LN)L— (510)
Ly <Ly ZN-1

for N > 2.

Example 5.1.3 (Two-variable spin Whittaker function). Let us compute the integral
(5.10) for N = 2. Denote X, = (X,Y), L, = (u,u + «), where u > 1, « > 0. Then

fxy(u,u+ )

_ (g™ (0w N / (o )T o
S B(S+Y,5-Y) U+ a " ! u+ v !

uY (u+ a)® ! X—_g S5-Y-1,8
= ta) X9 (1 —¢ VR
B(S+Y,S—Y)/0(u+ a) -1 ’

where we changed the variable as v = u+at, t € [0, 1]. The integral can now be evaluated
using Euler’s representation of the Gauss hypergeometric function o F} (A.24). Let us also
rename back z = u 4+ . We have

fx,y(u,Z)Z(z/u)Su_X_YgFl( A ‘1—2). (5.11)

When |1 — z/u| > 1, the hypergeometric function in (5.11) should be understood in the
sense of analytic continuation.

We remark that most of the properties of the spin Whittaker functions given below
in this section can be directly derived for N = 2 from known properties of the Gauss
hypergeometric function o Fj.

Proposition 5.1.4. For X = (Xy,...,Xn) with | X;| < S, the spin Whittaker function
fx, (Ly) is well-defined and continuous in Ly € Wy.

In particular, we can first define fx, (Ly) for Ly € ‘Ijl/N, and then extend to the whole
Weyl chamber by continuity. (Note that Ag x(u,v,2) (5.8) might have a singularity at
u = z.) The proof of Proposition 5.1.4 is based on the next two lemmas.

Lemma 5.1.5. Let ¢; > 0 and let f(-) be a left continuous function on Rsy. Then, we
have

bde
lim £_2~AS,X(€37€27€1)]C(€2) = f(l1). (5.12)
Zg*}gl {3 2
Proof. To compute the limit set /3 = ¢; — § for a small positive . After a change of
variable ¢y = {1 — (1 — ¢,), the integral in (5.12) becomes

1 1 A S+X p <
A P p\S—X—1pS+X—1 B o
B(S+X,5—X) /0 at (gl 0 gé)) (1= G)S X1t X 1 (0 = §(1 — ),

Using the left continuity of f, we see that the integrand converges to (1—£,)5=X=102TX=1£())
as 0 — 0. The limiting integrand integrates to B(S+ X, S — X), and so by the Dominated
Convergence Theorem the lemma follows. O
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Lemma 5.1.6. Let f : Wy_1 — C be left continuous in each of Ly_1;. Define F : ‘T/DVN —
C as

P = [ 2 s (L1 L) T2 5,13

Then F is continuous and can be extended by continuity to Wy .

Proof. For Ly € Wy, the singularities of the integrand in (5.13) come only from the
branching function fx(Ly_;, Ly) and they are of the form

<1_ LN_LZ)S X—1 . <1_ LN7'L‘+1)S+X_1
Ly ’ Ly_1;

for some i. Because | X| < S these singularities are summable. Therefore F', is continuous
inside the interior ‘IjVN of the Weyl chamber.

To prove that F' can be extended by continuity to Wy we first define, from small
positive increments d1, ..., dy_1, the quantities d; = §;+- - -+dy_q foreach: =1,... , N—1.
We aim to compute the limit

lim F(LN,NaLN,Nfl+dN717---7LN,1+d1>7

(51,‘..,5]\]_14)0

when some of the Ly ;’s are equal to each other. Before the limit, this function is equal
to

LN,N—1+5N_1 dL ) )
e N—1,N—1
X
Ly,1+d2+61 . HN?l LN .
.. AS,X(LN,Q + do, Ly-11,Lni1+ dy + 51) N—1,1f(L ) ) i Yy
/LN,2+d2 LN—l,l N—-1 Hf\il (LNJ. n dl)

For any ¢ such that Ly; = Ly 11, make the change of variables Ly_;; = Ly ;+d;+1—0;(1—
ln_1;). As in the proof of Lemma 5.1.5, this removes all the corresponding singularities.
Therefore, the limit as d1,...,0y_1 — 0 exists, is finite, and can be computed using
(5.12). m

Proof of Proposition 5.1.4. For N = 1 the spin Whittaker function (5.9) is clearly con-
tinuous. Therefore, by Lemma 5.1.6, fx, x,(L,) is well defined and continuous on Wh.
Proceeding by induction on N, we get the result of Proposition 5.1.4. O]

The next corollary gives a Givental type representation of the spin Whittaker func-
tions, obtained by writing down explicitly the recursive definition (5.10).

Corollary 5.1.7. We have

| lLfkl dL
% =N-1
th XN LN / | | LXk ‘ | | AS,Xk+1(Lk+1,i+1aLk,i7Lk+l,i) I :
1<k<N i=1 "k 1<i<k<N-1 =N-1
(5.14)

Proof. Because the sequence of integrations as in (5.10) leading to fx, (Ly) is (abso-
lutely) convergent, so is the integration over the Gelfand-Tsetlin array G7, ;. The two
integration procedures give the same result by the Fubini—Tonelli theorem. O
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5.1.4 Dual Spin Whittaker functions

In this section we define a dual family of functions. Given interlacing sequences Zk < L,
of the same length k, introduce the dual spin Whittaker branching functions

. Z E Y Z S—-Y-1
- . kot L B ﬂ
gY(Lk7Lk‘) = lgk<Lk F(S _ Y) (Lk,k - Lk71> <1 Lk71>

A (5.15)
X H-AS,—Y(Lkz,Lkzazkz—l)
=2
For pairs of interlacing sequences L, ; < L, k > 1, of different lengths, set
oy (Ly—1; Ly) = gy ((1, Ly,_1); Ly).
Remark 5.1.8. One can also write gy as
~ S-y-1
= Liy Ly =
L:L)=——"—|1—— v, ;L 5.16
gy (Ly; Ly) T(S—Y) ( Lix foyv (Ce—y; L), ( )

where L, = ({;,_y, Li1).

Definition 5.1.9. Let N < M and consider parameters Y;, ..., Yy such that |Y;| < S
for all 2. The dual spin Whittaker functions are defined recursively by

~ ~ dL '
/gY1 ----- YM—1(LN)9YM(LN§LN)Z;N it N < M,
ng ..... YM(LN) =N ~ (517)
T T dLy_y .
gyy,..., YN—l(LN—l)gYN(LN—l;LN) = it N =M.
LN—I

In particular, for M = N =1 we have

L_Y<1 _ L—l)S—Y—l
T(S—Y)

gy(L) =gy(1;L) =

The next two propositions explain that gy, . y,, are well-defined as elements of the
“dual” space of compactly supported continuous functions on the Weyl chamber #Wy.

Proposition 5.1.10. Let f(Ly) be a compactly supported continuous function on Wy.

Then the function
dLy

5.18
o (5.18)

EN = /gY(ZN;LN)f<LN>

18 also compactly supported and continuous.
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Proof. We evaluate the integral (5.18) using expression (5.16) for gy as

~ S—-Y -1
dLy 1 Lya dly 4 o
/ le\?:ly F(S _ Y) <1 - LN’1> /f(gN—h LNyl) £N_1 f*Y(ﬁN—DLk)'

By Lemma 5.1.6, the integral in the variables £, _; defines a family of continuous bounded

functions in z ~» depending on Ly ;. The (improper) integral in Ly is convergent both
at Ly and oo (the latter because f vanishes for Ly ; large enough). This proves the
claim. =

Proposition 5.1.11. Let f(Ly) be a compactly supported continuous function. Then the
integral

dL
/ Ovi,...Yar (LN)f(LN) L;N
=N

15 absolutely convergent.

Proof. This follows from Proposition 5.1.10 applied recursively after expanding gy, . v,,
using the branching rules (5.17). O

5.1.5 Convergence of the sqW functions as ¢ — 1

Here and in the following subsection we establish that the spin Whittaker functions fx (L)
and gy (L) are scaling limits, as ¢ — 1, of the spin ¢-Whittaker functions Fy(z1,...,zxn)
and F (y1, . .., yx), respectively. Recall that they also depend on two parameters, ¢ € (0, 1)
and s € (—1,0).

First, this subsection we deal with the non-dual functions. Let us fix a scaling of all
parameters.

Definition 5.1.12 (Scaling). We consider the following renormalization of parameters:
z; = ¢, s=—q°, )\; = \_logq(l/Lm)J ) (5.19)
We will assume throughout that
S >0, | X5 < S, and 1< Liy1j41 < Lij <Lt

for all 4, j. Therefore, the pre-limit quantities in (5.19) satisty s € (0,1), z; € (=s, —s7"),
and 0 < AEL < A5 < AL

For any triple of real numbers 1 < /3 < /5 < {1, set n; = Llogq(l/ﬁi)J (so 0 < ng <
ny < my).

Lemma 5.1.13. With the above notation, for any function f :7Z — R we have

ny A
Z f(n2) :/e mf([logq(l/fz)ﬂ%a (5.20)
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where

—logq if ng < ng < ng;
min(¢1,g~ 27 1) dr 1 nig . < _ .
Aq(£3,£27£1) = / _/2 — Og(q n1)+1 an?) %) ny; <521)
max(lsg2) G2 —log(q™*'s) if ng =na < na;
10g<€1/€3> Zf ng = nNg = nNq.

When €5 = {1, the integral in (5.20) is understood in the limiting sense.

Proof. This follows by observing that A, is the measure of intervals where the function
0+ |log,(1/€5)] is constant, and simultaneously 5 lies in the interval [(3, (1]. O

The rescaled spin g-Whittaker functions are defined recursively as

N-1

(@) (L - L ) _ 1 I ( .

=ZEN-1) & - AN /AN-1 J,’N) ;

e 1}_[1 Ay(Lvprr, v Lva) -/ scaling (5.19)
O (L1a) = 2 X1 [log,(1/L1,1) .

=4q 3
scaling (5.19)

dLy_
fE?f ..... XN(LN) = /fE?f ..... XN_l(LN—l) ggJ)V(LN—ﬁLN) LN 1’
Ln—1

The next theorem is the main result of this subsection:

Theorem 5.1.14. We have

i ) vy = Fxix (5.22)

uniformly on any compact subset of Wy.

Pointwise convergence in (5.22) is a consequence of a simpler result stated in Lemma
2.2 of [BC16a] (reproduced as Lemma 5.1.25 in Section 5.1.9):

- (lg”; q)oo B_A
lim ————=(1—-/ 5.23
21 (0gF; q) s S (523)
for any ¢ € (0,1) and A, B > 0.
By (5.23) and through a repeated use of the identity

“ L'y(b _ 1 q)oo
(4% q) gt 1o q()<1_q)b (""" q)

(4% On ['y(a) (¢*™ @)oo

where I'; is the ¢-Gamma function (A.15), one readily gets the pointwise convergence

b+n.
, (5.24)

of the branching function g?)(LN_l;LN) to fx(Ly_1;Ly). Nevertheless, for the finer
uniform convergence result of Theorem 5.1.14, a slightly more accurate analysis of ratios
of g-Pochhammer symbols appearing in the sqW functions is required. We postpone this
technical discussion to Section 5.1.9. Let us summarize the main technical result proven
in Section 5.1.9:
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Proposition 5.1.15. Let f(Ly_,) be a continuous function on Wy_1. Then for any
Ly € Wy we have

dL dL
hm/f Ly 1)fx (Ly_1;Ly) EN L /f Ly 1)fx(Ly_1;Ly) L_N - (5.25)

=N-1

and the convergence is uniform on compact subsets of Wy .

The continuous function f in Proposition 5.1.15 can also be replaced by a uniformly
converging sequence:

Corollary 5.1.16. Let f9 (L 1) be a sequence uniformly convergent as ¢ — 1 on com-
pact subsets of Wy_1 to a continuous function f(Ly_,). Then

. dL dL
iy [ Oy 1) 9 Ly L) T = [ L) i L) T2

Ly
and the convergence is uniform on compact subsets of Wy .
Proof. This follows from Proposition 5.1.15 and the fact that for fixed Ly € Wy, the

functions Ly_; +— fg?) (Ly_1;Ly) and Ly — fx(Ly_q; Ly) are compactly supported on
Wn_1. O

Proof of Theorem 5.1.14. For N =1 we have

FO(L) = ¢ leaD] s =X =y (L),

qg—1

uniformly with respect to L > 1 varying in any compact domain. Corollary 5.1.16 then
implies Theorem 5.1.14 by induction on N. O]

5.1.6 Convergence of the dual sqW functions as ¢ — 1

We now establish the convergence of functions F* to the dual spin Whittaker functions g.
The scaling of parameters we adopt is that of Definition 5.1.12. For consistency with the
previous sections, dual functions will depend on y variables for which the scaling is

v = q", Y| < S. (5.26)

For two interlacing arrays Lk < L, define the rescaled dual spin Whittaker branching
functions
k

1
=~ = F e 5 (k)
H Ay(Ly;, L 5, L/w‘—ﬂ) AR/

Jj=1

. (5.27)

scaling (5.19),(5.26)

gﬂ%@)@—W%(

where, by agreement, zk70 = 00, and A, is given by (5.21). In particular, the rescaled
one-variable function is (assuming L > 1 and ¢ close enough to 1)

S—-Y.
1 (@750 og, /1) ¢ Loz, (1/1)]

(9) DTy — (1 - )Y
%@—WQM—GQ)(%m)@M%MU
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For interlacing arrays of different lengths L, _; < L;, we set g(q)(Lk,_l;Lk) = gg)((l Ly 1); L),

as before. Define the rescaled dual spin ¢-Whittaker functions recursively as

/ggﬁ? ..... Y 1(LN)9YM(LN7LN) 7 it N < M,
Ly

77777

/gg/l, Yn_ 1(LN 1)9y)(LN 1,LN) it N=M.

LN
The next result establishes a weak convergence of rescaled branching functions g(@.

Theorem 5.1.17. Let f(Ly) be a compactly supported continuous function on Wy. Then

7 dL = dL
Egi/gg)(LN%LN)f(LN)L;N = /QY(LN;LN)f(LN) Ly’ (5.28)

Ly
and the convergence is uniform with respect to z N

Proof. We start by rewriting the branching function ggf) (E ~; Ly) as (this follows from
straightforward algebraic manipulations with (5.27))

Vidwz (1—q)5Y

(q; Q)Allc_)\gc Aq(zk,la Lj1,00)

YA (g

f(fg/@k—ﬁ Lf)

q

The integral in the left-hand side of (5.28) becomes

de;7 k (qS_Y§ Q)/\If,}:lf (1 — q)S_Y dl
/ 71 - g™ . - = / Ek : f( D (L 1 Ly) f(l L)
k,1 (qa Q))\’f_)\lf Aq<Lk717 Lk71, OO) Lr—1
(5.29)

The inner integral involving the function f(_qz, is uniformly (with respect to zk) convergent
to
by
b

by virtue of Proposition 5.1.15. On the other hand, the term inside the parentheses in
(5.29) is uniformly convergent to

ffY(ﬁk—ﬁ zk)f(ﬁk—h Lk,l)

Lo nan)T
F(S—Y)( ~ b/ "“’1) ’

when Ly, is kept away from Ek 1 Moreover, the term inside the parentheses is abso-

lutely bounded by const x (1 — Ly 1/Li1)°7 Y1 when Lj,; approaches Ly 1, thanks to
Lemma 5.1.26. Since the resulting term after the ¢ — 1 limit coincides with the expres-
sion (5.16) for the dual branching function gy (Ly; Ly), we are done. O

Similarly to Corollary 5.1.16, we can let the test function f depend on ¢:
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Corollary 5.1.18. Let f\9(Ly) converge, as ¢ — 1, to a compactly supported continuous
function f(Ly), uniformly on Wy. Then

dLy

Ly

~ dL ~
lim ggg)(LN;LN>f( )(LN) I = /9Y(LN%LN)f(LN)

q—1 Ly

and the convergence is uniform with respect to Z N-

5.1.7 Properties of the spin Whittaker functions

In this subsection we describe the properties of the spin Whittaker functions which follow
in the ¢ — 1 limit from the corresponding properties of the spin ¢-Whittaker functions.

Proposition 5.1.19 (Symmetry and shifting). The spin Whittaker function fx, . x(Ly)
1s symmetric in the X;’s for all Ly € Wx. They also satisfy the shifting property:

fxixy(aly) =a X7 N5y v (Ly), a>1.

Proof. The symmetry follows from the corresponding symmetry of the sqW polyno-
mial Fy(z1,...,2y), which ultimately is a consequence of the Yang—Baxter equation.
The shifting property can either be deduced from Proposition 2.3.7, or obtained in a
similar way by noting that the branching spin Whittaker functions themselves satisty
fx(aLy;aLy) = a=*fx(Ly; Ly). o

We now turn to Cauchy type identities for the spin Whittaker functions.

Theorem 5.1.20 (Skew Cauchy type identity). Assume |X|,|Y]| < S and X +Y > 0.
Then, for any Ly_,, Ly we have

dLy

/fX Ly_ 1aLN)gY(LN7LN) I
Loy

(X +Y)I( / dLy_,
P (Lyvs La)ay (Ly_y: L) S5 (5.30)
F(S+X) (S+Y X\EN-—1 EN)VY \EN-—1)EN-1 LN_I
and, when N =1 we have
~ dL x+Y ~
/fX(Ll,l)gY(LLl;LLl) L:;l = ((S+X))f (L11)- (5.31)

Proof. We first observe that (5.31) is equivalent to the integral representation of B(S —
Y, X+Y).

In order to prove the general case (5.30) we use Corollaries 5.1.16 and 5.1.18. Take a
compactly supported continuous test function ¢(L,_;), and set

Bi(Ln) = [ AL i L) T L) = [ or(Tovori Ly )0l )

=N-1
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Analogously define ¢§q) and CI)éq) by substituting respectively fx and gy with fg?) and

ggg) in the above formulas. It follows from the skew Cauchy Identity for sqW functions

(theorem 2.3.15) that

dL (X +Y)l _
O (L)l (Ly: Ly) =N = / Ly)® (Ly_y) =21,
/ f (Ln)gy (Ly; Ly) Ly T,(S+X)T S+Y fX Ly_y;Ly) (Ln_1) T
(5.32)
By Corollary 5.1.18 we have (IDSQ) — @, uniformly, and further ®; is compactly supported

and continuous by Proposition 5.1.10. This implies, by Corollary 5.1.16, that the right-
hand side of (5.32) converges to

r'X+Y)r /f o, (L )dZN_l
F(S"‘X S+Y X\EN-— 17 g N—-1 ZN_l .

The integral in the left-hand side of (5.32) is absolutely convergent when X +Y > 0. Since

<I>f(q) — ®; uniformly by Proposition 5.1.15, Corollary 5.1.18 implies that the left-hand side

of (5.32) converges to
dLy
/q)f(LN)gY(LNvLN) I
Ly

Since the function ¢ was arbitrary, equality (5.30) follows. [

Corollary 5.1.21 (Full Cauchy type identity). Let N < M and | X;|,|Y;| < S, X;+Y; >0
for alli,7. We have

[ 151t L) 95 () df—}j T (H D(X, +Y))0(25) )

- IS+ Xy) LS+X)r s +Y,)
(5.33)

Proof. Immediately follows from Theorem 5.1.20 and the branching rules for the functions
f, g O

We also have an identity involving a single spin Whittaker function:

Proposition 5.1.22. Let |X;| < S. Then we have

/ Py (L )]ﬁl (1 _ M)QH dLy; _T(S+ X)) - I(S + Xy)
Lyt N Ly, NS T TSN+ X+ + Xn)

Proof. This is a scaling limit of Proposition 2.3.9. O]

We now consider the scaling limits of eigenrelations for the sqW functions stated in
Theorems 2.6.11 and 2.6.12. This produces two operators acting in the X, variables
which are diagonal in the spin Whittaker functions. For the next definition we use the
shift operator

Tx f(X) = f(X +1). (5.34)

147



Definition 5.1.23. For any N > 1 set

DVIEE T I

=1 j= 1 %
i i

e

The next proposition represents a partial generalization of eigenrelations satisfied by
Whittaker functions (e.g., see [KLO1]).

Proposition 5.1.24 (Eigenrelations for spin Whittaker functions). We have

Proof. We easily see that operators Dy, D; are limiting forms of ©;,®; (Definition 2.6.9)
under the scaling (5.19). At the same time we have ¢*¥ — LN}N and ¢~* — Ly under
the same scaling. Therefore, (2.87), (2.91) and convergence (5.22) imply the claimed
eigenrelation. O

5.1.8 Formal reduction to the usual Whittaker functions

Just like the sqW polynomials reduce to the g-Whittaker polynomials setting s = 0, it
should be possible to prove that, under the correct scaling, our spin Whittaker functions
converge to the Whittaker functions. An evidence for this is suggested by the following
computation.
Set
Ly; = SF172euwni X = —i)y, (5.35)

then, in the limit S — oo we have

Lk b Lk . Xk k+1
( ’ ) e L. zuk,,

Lygi g1 Lgsin

ki Ui —Uk41,i | .
1— —  exp {—e ) ’ } ;
Lyy1,

Lit1,i+1 S+ X1l
(1 _ %) ———— exp {_euk+1,i+l_uk,i} : (536)
ki

I \1-28
(1 _ M) L
Liy1

4582 B(S+X,8—X) — 27

All the limits in (5.36) are straightforward (note that the last one requires the Stirling
approximation). Thus, the branching function f, rescaled by a factor depending solely
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on S, converges locally uniformly to the Baxter Q-operator QN =N=1 (5.2) for the usual
Whittaker functions:

N—1
47 2 scaling (5.35)
(m) fxn(Ln—1; L) S—> Qe " s un—1)-

These computations suggest that the same type of convergence should hold for the full
functions. Namely, under (5.35) and as S — 400, the spin Whittaker functions fx (L)

rescaled by (4S5~ 17/16%) 5 should converge to the usual Whittaker functions ¥, (uy)-
A proof of this convergence would require a finer analysis to justify the exchange of the
S — +4o0 limit and integration, and goes beyond the scope of this thesis.

5.1.9 Proof of Proposition 5.1.15

Lemma 5.1.25 ([BC16a], Lemma 2.2). Let A, B > 0. Then
(69 9)o B-A
lim ———=(1—-/ 5.37
ql_rf} (EQB; Q>oo ( ) 7 ( )
uniformly in ¢ belonging to any compact subset of (0,1).

Note that the uniformity in ¢ in (5.37) is not claimed in [BC16a] but easily follows from
the uniformity of all Taylor expansions involved in the proof in the cited paper (which we
do not reproduce).

Lemma 5.1.26. Let A, B > 0. Then, for alln € Z>, and all ¢ € (%, 1), we have

(@™ @)oo

(@B q)oo

where ¢ 1s a constant independent of q,n

<c(l—g")P 4, (5.38)

Proof. Set ¢ = e™°. The result of the Lemma is restated, taking the logarithm of both
sides of (5.38), as

1 — e e(A+n+k) o
Zlog ) (B — A)log(l —e™") < ¢, (5.39)

for all € € (0, —log2) and a constant ¢’ independent of £,n. Using Lagrange mean value
theorem, we can rewrite the generic term of the infinite sum as

1 — —e(A+n+k)

(1—e ) _(A-B) £

(1 — e—e(BHnth))

10g 65(t~k+n+k) _ 1’

where numbers #;, belong to the interval (min(A, B), max(A, B)). We show that for any
positive bounded sequence {t;}r C (0, M), with M fixed, the quantity

—8 —En
> S 7 T los(l —e™) (5.40)

k>0
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is absolutely bounded uniformly in € and n and this would prove (5.39) and hence (5.38).
To evaluate the infinite sum over k we fix a positive constant § and distinguish two cases.

Case 1, k > §/e. We use the estimate

€ _ €
< e ek
ecltktntk) _ 1 — 1 —e 9’

that implies, summing over k,

€ 1 € 2log 2
k>6/e

Case 2, k < d/e. In this case we use again Lagrange mean value theorem to express the
denominator of the generic term of the summation of (5.40) as

IS efsgk,n
ettt — 1tttk

for some &, € (0,tx +n + k).

This implies the bounds
e—a(M—i—n—I—k) c 1
< < .
M+n+k — es(thrnJrk)_l “n+k

We focus first on the lower bound given by the first inequality in (5.42). Summing over
k we find

O/ p—e(M+ntk) 5/e p—e(M+n+k) d+e(M+n) ok d+e(M+n) /1
)Y —dk:/ —dk’z/ (-—1) k',
M+n+k: 0 M+n+k: E(MJrn) k’l 8(M+n) k/

k=0

(5.42)

which gives
d/e

3 o
——>1 1+ —— | —6. 5.43
kz:% esttictnth) —1 Og( e +n)) (543)
We turn now our attention to the second inequality in (5.42) and, since
/e 1 /6/5+n dk
oS
c~n+k n k—1/2
we obtain
3e € )
—— < 1+ —= ). 5.44
> w1 <% (1 i) o4

Combining results obtained from the analysis of cases k > §/e and k < /e in (5.41),
(5.43) (5.44) we can finally write

4] 4]
1 1+ ——)(1—e" 0(9) < (5.40) <1 1+ —)(1—e " 0O(9).
o8 (14 )L =€) )4000) < (5:0) < o (14 )1 = ) ) 4000
This concludes our proof since the arguments of the logarithms in the left and right-hand
side are bounded functions for € € (0,log2) and n > 1. O
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For the next lemma we define the quantity

A9, (0,0, 01) = 1 (@ Dnrmns (@ Dngmny (G D ny—ng |
’ Ag(ls, 02, 01) (G 9)ny—ns (€ Dnp—ns (€% Qny—ny

where we assumed 1 < (3 <, < ¢y and n; = |log,(1/4;)]. Here A, is defined in (5.21).
We think of Ag{)X as a g-deformation of Ag x (5.8).

Lemma 5.1.27. For any continuous function f({3) we have

f de f by
lim f(£2) (53752761) 2 = f(€2)-/45x(€3,€2,£1)

5.45
q—1 05 52 f3 62 ( )
uniformly for any 3 < 1 bounded away from oo.

Proof. Fix small positive 9. We will prove our claim distinguishing two cases, based on
the distance between /3 and /;.

Case 1, {4 — (3 > 0. The integral in the left-hand side of (5.45) can be decomposed as

01 01— 5/2 53—&-5/2

When (3 +6/2 < ¢y < {1 — /2, by virtue of Lemma 5.1.25, we have

1—6/2 ¢ £1—6/2 df
[ AL [ sl )
1

5+8/2 2 4=l Jpis)0 ly’

uniformly.
On the other hand, when /3 < ¢y < {354 §/2 we use estimates

CAs x (3, 0o, 01) if ng < no,
AL (s, 2, 01) < C ( 1—gq )S+X " ,
if ng = no.

Ag(ls, o, b)) \1 =3/t ’ 2

valid for some constant C' independent of ¢ of /5 and that can be deduced using Lemma 5.1.26
and identity (5.24). This implies that

£345/2 d0 I S+X
[ oA 0§ =00 o (151)

In an analogous fashion one can also show that

b dl 1-¢\"
[ A e e - om0 (151)
0—6/2 ly )

This concludes the proof of (5.45) when ¢; — ¢35 > §.
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Case 2, ¢; — (3 < §. Assuming 9§ is very small, for any ¢y € [¢3, (], we can write, by
continuity, f(f2) = f(¢1) + o(1), where o(1) tends to 0 as 6 — 0. Thus, we have

01 d€ ni
f(éz)A ) x Uz, bo, b)) —— = Z (f(61) +o(1)) g~ D=2 six s (g — nalng — ng)

l3 62 na=ns
= f(&) +0o(1),

and by Lemma 5.12 this concludes the analysis of the case 1 — f3 < 4.

Since all the estimates we provided are controlled as functions of 9, the convergence
in (5.45) is uniform provided that ¢; stays bounded. O

Proof of Proposition 5.1.15. The integral in the left-hand side of (5.25) is equal to

Ly nN-1
ANy g@) (oo L
I sx (LN, Ln-1n-1, Lnn-1)
Ly.n N-1,N-1

Lya dLn_ Ly in1-—Lyv_11\~
. / N-1,1 A,(Sl'])x(LN,Q,LN—Ll,LN,l) ( N-1,N—-1 N 1,1) f(LN,I)
Ly Ly-1, ’ Lyn---Lyg

and we can take the ¢ — 1 limit in each of the N — 1 integrals using Lemma 5.1.27. This
establishes the convergence to the right-hand side of (5.25) as ¢ — 1, uniformly on any
compact subset of Wy. n

5.2 Spin Whittaker Processes and beta polymers

In this section define spin Whittaker processes, and establish their connection with two
beta polymer type models introduced in [BC16a] and [CMP19], respectively.

5.2.1 Spin Whittaker processes

The definition of spin Whittaker processes is a straightforward analogy of the discrete level
§/® processes (Definition 3.1.3). The key role is played by the Cauchy type identities
(established for spin Whittaker functions in Section 5.1.7).

Definition 5.2.1. Set X = (X3,..., Xy) and Y = (Y3,...,Yy), with |X;],|Y;] < S and
X;+Y; >0 forall i, j. The (ascending) spin Whittaker process is the probability measure
on interlacing sequences L, (T') = (Lyi(T'))1<i<k<n (that is, on the Gelfand-Tsetlin cone
GT  (5.7)) with the following density with respect to the measure dLéN = [licicjen dLL L

o (L) (s L) -y (L 1: L) (L)
Previly) = X ) '

(5.46)

The normalizing constant in (5.46) follows from the Cauchy identity of Corollary 5.1.21:
T N
X, +Y; X, +Y,)'(2
IS+ Xy) Pl FS+X)r s +Yy,)
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For the next result we denote the ascending sqW /sqW process, subject to the rescaling

(5.19), (5.26), by

0 () - PR (L L) P (L i Loy (L)
BYA=NS @ (X;Y) ’

where the normalization constant is (cf. (5.32))

(X1 +Y)) ( T, (X; + Y;)[,(29) )

9(X;Y)
HF (S+Xy) r, S+X S +Y;)

Theorem 5.2.2. Under the scaling (5.19), (5.26), the ascending sqW/sqW process con-
verges weakly to the spin Whittaker process

Dy o Pxy (5.47)

Proof. For any continuous bounded test function ¢(L N) on GT 5 we have

1 dL dL
B - ey | oo ) [ T, LR Lo L) B8 (Lo L)o(Ly)

(5.48)
The integral is absolutely convergent and as a consequence of Corollaries 5.1.16 and 5.1.18
it converges to the average E(¢) with respect to the spin Whittaker process. [

Remark 5.2.3. Developing the argument sketched in Section 5.1.8 it should be possible
to show that the spin Whittaker process of Definition 5.2.1 converges to the a-Whittaker
process from [Cor+14], [BC14]. In this case the correct way to rescale the random variables
Ly ;(T) is
Ly (T) = STH+1=2 gura(T) (5.49)
In the limit S — oo the process {ux;(7): 1 < i < k < N} should be then described by
the density
11)20(217 0) 12)?21 (g, uy) - - - i]g(ZNil(QmﬂNq)eY(ﬂN)

[T T DX+ Y)) ’

where Q*17% and @y are given in (5.2) and (5.4), respectively.

(5.50)

5.2.2 Strict-weak beta polymer model

We will now recall the strict-weak beta polymer introduced in [BC16a].

Definition 5.2.4. Let B, ; ~ B(X;+ Y, S —Y,) be a family of independent beta random
variables. The strict-weak beta polymer model partition function Z(i,7), i > 1, j > 0, is
the random function satisfying the recurrence

Z(1,0) =1 for i > 0.
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Note that all the partition functions Z(i, j) belong to (0, 1]. In particular, the proba-
bility distribution of the strict-weak beta polymer is completely determined by the joint
moments.

Proposition 5.2.5. Recall the q-Hahn vertex model height function Hyly,,,, (Section 5.3.5).

Define Z\W (i, j) = ¢tnam@)  Then, under the scaling (5.19), Z9 converges weakly to
the strict-weak beta polymer partition function:

(@) (;: = ..
Z (Z,j)ﬁZ(’L,j).

Proof. This result is equivalent to Proposition 2.1 of [BC16a] in the homogeneous case
X;=X,Y; =Y for all 4, j. One can easily check that the proof given there also works in
our inhomogeneous setting. [

Theorem 5.2.6. The marginal process {Lyyx(T)™': k = 1,...N, T > N} of the spin
Whittaker process Px v s equivalent in distribution to the strict-weak beta polymer par-
tition functions model {Z(k,T): k=1,...,N, T > N}.

Note that since Ly x(T) € Rsq, we have Ly (T)~! € (0, 1], which agrees with the range
of the beta polymer partition functions.

Proof of Theorem 5.2.6. This is a direct consequence of Theorems 3.3.16 and 5.2.2 and
Proposition 5.2.5. Indeed, the last row marginal of the sqW/sqW process is matched to
the ¢-Hahn vertex model height function, and in the limit ¢ — 1 this implies that the
last coordinate marginal of the spin Whittaker process is matched to the beta polymer
Z(1,9). O

Let us make two remarks on this result.

Remark 5.2.7. A weaker version of Theorem 5.2.6 that matches Ly, x, (7))~ and Z(k;, T)
for each single time T can alternatively be proved using moment formulas. Namely, the
eigenoperators of Definition 5.1.23 may be used to extract multiple integral formulas for
the joint moments of Ly, x, (7))~ under the spin Whittaker processes. These formulas can
then be matched to the ones for the joint moments of the beta polymer. The latter in
the homogeneous case are obtained in [BC16a, Proposition 3.4], and their inhomogeneous
generalization is rather straightforward, cf. [Pet19, Proposition 6.1].

Remark 5.2.8. It was noticed in [BC16a, Remark 1.5] that under the scaling Z(i,7) =
ST=#12(3,T) the process z(i,T) converges, when S — oo, to the strict-weak gamma
polymer model introduced by Seppéléinen in an unpublished note and studied in [OO15],
[CSS15]. This scaling of polymers corresponds to the scaling (5.49) for the full spin
Whittaker process. As S goes to infinity, Theorem 5.2.6 turns into the matching between
strict weak gamma polymer model and a-Whittaker process that was originally discovered
in [OO15]. This observation is another piece of evidence supporting the formal S — +oo
scaling described in Section 5.1.8.
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5.2.3 Another beta polymer type model

Let us now recall the beta polymer type model which was introduced in [CMP19]. We
employ notation from Chapter A.

Definition 5.2.9. The random function Z (i,7), for i, 7 € Z> is defined by the recurrence

1 for j =0,

o Z(1,j —1)By; for i =1,

Z3) = W2 Z(i,j — 1) + (1— W2) Z(i — 1) it Z(i,j— 1) > Z(i — 1,§),
(1 - W) 20,5 — 1)+ WSZ(i — 1, ) if Z(i,j—1) < Z(i —1,7),

(5.51)

where ELJ‘ ~ B Y(X; +Y;,S —Y;) are independent inverse beta random variables, and

1 Z(i—1,j—1
W7~ a@3t |25 -1, %(Z ) =26 =1, ),XZ—I—YJ,S—Y]- ,
Z(ij—1) = Z(i—1,j-1)
- . (5.52)
We ~ st 291, %(Z’ 1) %@_1’9 1),XZ+YJ,S—X1-

For ¢ > 1, 7 > 0, we have Z(z’,j —1) # Z(z —1,7) with probability one.

Proposition 5.2.10. Recall the 4¢3 vertex model height function HY (i, 5) (Section 3.3.6).

Define Z q)(z Jj)=4q —HYE) Then, under the scaling (5.19), Z'9 converges weakly to the

process Z: B B
290, 5) —> Z(i,J)-
q—1

Proof. In the homogeneous case X; =0, Y; =Y for all 4, j, this was proven in [CMP19].
The same argument also essentially applies to the inhomogeneous case, and we will not
repeat the computations here. The non-trivial part of the proof is to understand how
the X; parameters appear in the definition of ij, W> The interested reader can check
the validity of our statements starting from (3.33) and reproducing the computations of
Section 4.3 of [CMP19]. O

Theorem 5.2.11. The marginal process {Lx1(T): k=1...N, T > N} of the spin Whit-
taker process Px y is equivalent in distribution to the process {Z(k,T): k=1,...N, T >
N}.

Proof. This is established similarly to Theorem 5.2.6 by combining the matching of The-
orem 3.3.20 with the ¢ — 1 scaling limits. O

5.2.4 Reduction to log-gamma polymer

Here we show that the model Z (1, 7) of Definition 5.2.9 reduces, as S — +o0, to the well-
known log-gamma polymer model introduced in [Sep12]. This proof is more involved than
the rather straightforward observation for the strict-weak beta polymer (Remark 5.2.8).
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Definition 5.2.12 (Log-gamma polymer). Let {g;;: 7,7 € Z>1} be a sequence of inde-
pendent inverse gamma random variables, g; j ~ Gamma ™' (X; +Y;) with density (A.22).
The random function z defined by the recurrence

915 (Z(i—1,j) +2(¢,j — 1)) ife,j>Tandi+j=>3;

0 else,
is the point-to-point log-gamma polymer partition function.

The log-gamma polymer model was introduced (with a proof of its exact solvabil-
ity) by Seppéléinen in [Sepl2]. One can view z(i,j) as a partition function of up-right
directed paths from (1,1) to (i,7), where the weight of each path equals the product
of the quantities gy j along the path. In [Cor+14] the log-gamma polymer model was
given a powerful combinatorial interpretation using Kirillov’s geometric RSK (Robinson-
Schensted-Knuth) algorithm. This showed the distributional matching of the log-gamma
polymer with a marginal of the Whittaker process (5.50).

The next statement shows that the log-gamma polymer model can be obtained in a
S — 400 scaling limit from the beta polymer like model of Definition 5.2.9. Modulo
Remark 5.2.3, this together with Theorem 5.2.11 produces an alternative derivation of
the results of [Cor+14].

Proposition 5.2.13. Consider the scaling Z(i,j) = STH=125) (i, ) of the process from
Definition 5.2.9. Then the rescaled process z°) converges weakly to the log-gamma poly-
mer:
29, ) —— 2(4, §).
S—o0

Proof. We argue by induction. When i = j = 1, then 2%)(1,1) = S71'87 (X, +Y}, S—Y}).
In the large S limit this converges to Gamma™'(X; + Y;), which is precisely z(1, 1).

Fix 7, j and assume that for all 7/, j’ such that i’+j’ < i+j the convergence z(*)(i’, j') —
z(i',j') holds. Let us compute the densities of random variables S™'W; and S™'W;5,
that are rescalings of (5.52), in the large S limit. We show the computations only for ;>
since the other case is very similar. The density of S _1Wi7>j (depending on the variable

x € (0,1)) is, from (5.52) and (A.23), equal to

L= s+ x)

N'X:+Y;) SXAYI(S —Y;)
L \25-1 251, S+ X; b
X (1 ps) oy (S . Y; B Ps 1 S ) (554)
where
) ZGi—1j)—2Z(i-1,j-1) SZ&6i-145)-296-1-1)  Zi—1})
S = = ~ = =~

= = = == T = ; ; P ==
Z(Zaj_l)_Z<Z_17]_1) SZ(S)(Z’]_1)_Z(S)<Z_17]_1) Z<Zuj_1)
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is smaller than 1.
The limit of the first few factors in (5.54) is straightforward:

R (- N G R 0 ()" e
[X,+Y;)  SSOIS-Y) s DX +Y)

To compute the limit of the Gaussian hypergeometric function, we use the Euler trans-

formation
oy (CCL’ b‘ Z) =(1—2)"""%F (C —ca, ¢ j b‘ Z) ,

so that the remaining terms in (5.54) become

1— 25-1 —X;-Y; _S_YV. X, -V,
( Ps ) (1_ps+p_s) 2F1< S—Y;+1, XC Y

(-2))

l—ps+ % Sw 5= Y
We have
1 _pS 25-1 ( pS —Xi—Y}‘ __2p —X.-Y;
- I ‘_> — e 0-pe(l— T
(1—Ps+g_i) pS+Sm e O (1=p)
whereas
-S=-Y;+1, -X;,-Y; 1 —_— A = e
2F1( S—Y}, B Ps(l—g S—00 1FO _ ‘_p —(1+p) J

Our computations imply that

2(t—1,j) + 20,5 — 1)
S—oo Z(1,7— 1) —2z(1 — 1,7)

STIW Gamma ' (X; +Y;).

Essentially repeating the computations for § _1I/I/ifj, we obtain
2(i—1,j) +2(i,5 = 1)
S—oo  2(i—1,7) — 2(i,j — 1)

STIWS Gamma ' (X; +Y;).

Thus, we see that in the scaling limit as S — 400, the beta polymer like model recur-
rence relation (5.51) becomes (5.53), the recurrence for the log-gamma polymer partition
functions. This completes the proof. O

5.3 Deformed quantum Toda system

In this section we consider the scaling limit of the Pieri rule (2.36) which states that the
spin ¢-Whittaker polynomials Fy(z1,...,zy) are eigenfunctions of an operator acting on
the label \. This scaling limit leads to an eigenoperator for the spin Whittaker functions.
This operator acts as a second order differential operator in the (additive versions of the)
variables L,. We call is the S-deformed quantum Toda Hamiltonian. Our scaling of the
Pieri rules are inspired by [GLO12] where the Pieri rule for the ¢g-Whittaker polynomials
was understood as a discretization of the (undeformed) quantum Toda Hamiltonian.
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5.3.1 Refined Pieri operators

We start by refining the Pieri operator (™" f)(n) = 35, f(M) F} /. (v) introduced in
(2.37), by considering its expansion in powers of v. Recall identity (2.36) which states
that

1—sv

mSHLf)(A):(( =) H<1+m>> L I E I NE)

=1

Defining $; by
(1 —0s)N Lyt = Zv D (5.55)

we see that
s = ex(@r, ..., ox)Fy. (5.56)

The action of the $;’s on functions f(A) can in principle be recovered using the vertex
weights w* in fig. 2.5 (without the denominator 1 — vs) which compose the sHL functions
(1 —ws)N- 'F% /v In the simplest cases k = 0 or N one can verify that

ﬁOZIdy yjN:n1”.7:lN7

where T is the shift operator

0, otherwise.

Indeed, ) requires no vertical arrows to change from p to A\, and $ corresponds to
adding a full horizontal path starting at zero and ending at N, so that the arrow configu-
ration corresponding to A is obtained from the one for p by adding one vertical arrow at
location N.

When 1 < k < N — 1, explicit formulas for $; look significantly more involved. We
need only the one for k = 1, and will not discuss the other operators §;.> In the next
statement, by agreement, we set py = 400, ny1 = —00.

Proposition 5.3.1. We have
$H1 = hopld + Z PieTen = T

0<k<(<N

with

N—1

_ Mg —Hji4+1

hoo = —s § g i
j=1

hkz,ﬁ — (1 _ qﬂk_ﬂk+1)(_S)e_k’_lq“k+1_llé<1 _ 82(]’”_“”1).

2 Appropriate scaling limits of the higher operators §j;, could potentially lead to higher order differential
operators commuting with the deformed quantum Toda Hamiltonian Hs introduced below in this section.
We leave this investigation to a future work.

158



Proof. Express the action of £ as

H1f(p) =D H(m NN,

H<A

where the term H(u; \) corresponds to the weight of a row of vertices having a configu-
ration A at the top and p at the bottom. Recall that we are using down-right directed
paths as in fig. 2.5, and all the individual vertex weights are multiplied by (1 — vs).
Observe that each vertex H— somewhere in the bulk comes with the weight v(1 —
gti~Hi+1). Therefore, terms proportional to v can only come from configurations with
no horizontal arrows H H H H H or with a single sequence of horizontal arrows

The first case, corresponding to A\ = g, provides us with the term
hoo. For the latter case, let k& be the column of the leftmost vertex emanating an hor-
izontal arrow, and let ¢ be the column where the single horizontal path stops. Such
configuration corresponds to a partition A = 1 4 €41 + - - - + €. Isolating the coefficient
of v in the expansion of product of vertex weights, we recover hy . O

5.3.2 Scaling of the Pieri operators

Introduce the differential operators acting in the variables uq, ..., uy:
N
g-Cl = Z auz-; (557)
i=1
|
3y =~ doon o+ Y ST (S = 0,)(S + D) (5.58)
i=1 1<i<j<N

In the second operator, the product is understood in the usual way as

(5 = 0u) (S + auj) = 5%1d + S(Ou; — Ou,;) — auiauj~

=
For the next result we define the rescaling
—u

—& i €

qg=ce¢ -, q" = m, s =—e . (559)

Proposition 5.3.2. Under the scaling (5.59), we have

1
Uflzlim—(ﬁl—N),

e—0 ¢
.1 1_, 3
5{2——?_{%?(531—]\7—1-551\7—251\74-5)-

We remark that the combinations of the refined Pieri operators leading to H; and
Hy are the same as in the ¢g-Whittaker case [GLO12, Proposition 2.1], and correspond to
the scaling of eigenvalues in the proof of Theorem 5.3.3 below. The scaling (5.59) of the
variables, however, is different.
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Proof of Proposition 5.3.2. First, expand the shift operator as ¢ — 0. From (5.59) we see
that the increment by 1 in ju; corresponds to the increment by log(¢~!) =  in the scaled
variable u;. Therefore,

2
€
T = 1d + €0, + §8§k + o(£?),
and hence

£ 2

a=k+1 k+1<a,B<4
This implies that
1, 3 al )
§ﬁN—2S§N+§:—5Z&Li+o(€ ). (5.60)
i=1
Next we address the scaling of $;. Set
{S“‘”%“é“k if1<k<(<N,
k0 =
0 else.
Expanding the coefficients hy ¢, we have
22 N-1
h0,0 = (1 — &8 + 552) Z Qj 541 + 0(52),
j=1

and (recall that we assume k < /)
hie =(Akt10 — Qg — Q1,041 + Qg pt1)
+ 55{ — =k —1)(ar1e — ape) + (0 =k + 1)(ar1,001 — ak,£+1)}
# S50k 1Pk~ ) = (= bt DX s — o) |+ ()
Together with the action of the shifts 7, we see that hy ¢Ti+1 - - - 7T; expands as

(Qr1,0 — Qg — Qg1,001 + Qg eq1) 1d

+ 5{ =Sl =k —1)(aps1,e — are) Id + S — k + 1)(@rs1,041 — Gres1) Id

¢
+ (Akt1.0 — Qg — Q1041 + Q1) E &m}
a=k+1

2
+ 5{52(6 —k— 1)2(ak+1,€ - ak,é) Id — 52@ —k+ 1)2(ak+1,£+1 - Clk,@ﬂ) Id

2
+ (ak+1,z — Q¢ — Q41,041 T Gk,e+1) E aua,uﬂ
k+1<a,B8<L
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To evaluate the summation ZOSk<Z§N hiee Ty
tion C.3.1. We obtain

hO:O + Z hk,ﬂﬁkﬂ T 7;{

0<k<(<N

N N
=N+e) 0, +¢ {% door - > e (S —0,,) (S + D) } +o(e?).
=1

i=1 1<i<j<N

wir - Ty, we use the identities in Proposi-

Together with (5.60) this yields the proof. O

For the next result we employ the spin Whittaker functions in the additive parameters
u;, where the multiplicative parameters Ly = (Ly v, ..., Ln1) are expressed through the
u;’s as

Ly = SNt1-2ieu, (5.61)

Denote the spin Whittaker function fx (L) in the additive parameters by f§(uy, ..., uy).
Here X = (X1,..., Xy) are such that | X;| < S for all i.

Theorem 5.3.3. The spin Whittaker functions fgjd(ul, ...,uy) in the additive variables
(5.61) are eigenfunctions of the differential operators Hy (5.57) and Hy (5.58). In partic-
ular, we have

FOF 8 (un, . yun) = — (Ko 44+ Xn) F8%u, ),

1
ﬂgfidd(ul, L UN) = —5 (X12 4. —{—XJQV) gdd(ul, CoUN).

Proof. This result is a combination of the refined Pieri rules (5.56) viewed as eigenrelations
for the spin ¢-Whittaker functions, and the convergence of the functions (Theorem 5.1.14)
and the operators (Proposition 5.3.2). More precisely, under the scaling z; = e~=% for
the eigenvalues ex(z1,...,xy) we have

1

g(el(l'l,...,llj'N) — N) m} _Xl — ... —XN,
and
1 1 9 3 1, s 9
- 61(151,...,1‘]\])—N—l——BN(ZBl,...,l'N) —26N($1,...,£L‘N)—|—— —)—(X1+XN)
€ 2 2] =0 2
This leads to the desired results. O

5.3.3 Reduction to the quantum Toda Hamiltonian

It is natural to call the second order differential operator H, (5.58) the deformed quantum
Toda Hamiltonian. Namely, it is diagonal in the spin Whittaker functions which (formally)
reduce, as S — 400, to the classical gl,, Whittaker functions (Section 5.1.8). Further

161



justification to this name comes from the fact that the operator H, itself degenerates as
S — 400 to the usual quantum Toda Hamiltonian

1 N N-1
WA W e
=1 =1

Proposition 5.3.4. As S — +oc0, the operator Hy (5.58) converges to the quantum Toda
Hamiltonian H3°% (5.62).

Proof. The factors S720=9 1 < i < j < N, in the sum in (5.58) decay at least as fast as
S~2 as S — 4o00. Therefore, the only surviving contribution in the limit S — 400 comes
from the terms with j = ¢ + 1, for which we have

S—Qeui+1—ui(8_an)(S_’_aUHI) N eui+1—ui7 S — +00.

This completes the proof. O
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Appendix A

Special functions

A.1 g¢g-deformed quantities

Along the course of the thesis we largely made use of ¢g-deformed quantities, such as ¢-

Pochhammer symbols and ¢-hypergeometric series. The reader might consider these as

fairly common and established notions, but, for the sake of completeness, we still like to

dedicate this appendix to recall their definitions.

Assuming ¢ is a parameter in the interval [0, 1), we define the ¢g-Pochhammer symbol
(1—2)1—2q) (1 —2¢"1), if n € Zo,

(z;0)n = < 1, if n=0, (A.1)
(1—2¢")" (1 —2z¢g" V)t (1= 2¢q)7Y, ifn € Zoy,

for every meaningful z € C. We also denote the product of multiple g-Pochhammer
symbols of the same order in the compact notation

(Zl;Q)n"'(Zk;Q)n = (217"'7216;Q)n' (AQ)
When n is positive, the g-Pochhammer symbol (A.1) is a polynomial in z and it admits

the expansion i
(2:0)n = D (~2)q() (Z)q (A.3)

k=0

where we introduced the g-binomial

(Z)q N (q;quzcg? Z)nfk. (A4)

The g-binomial admits the combinatorial expansion

(Z)q _ Zn}qnf—(’“;l), (A.5)




with I = {iy,... i1} and ||[I]| =41 + - - + ig.
When we let the integer n grow to 400, we see that the product in the left hand side
of (A.1) is convergent and hence we can define

(21 @) = H(l - 2¢°). (A.6)

An important result concerning g-Pochhammer symbols is the summation identity

Z (GQQ)ka _ (20 @)oo for a € C,|z| < 1, (A.7)
G (50w

which can be found in [Ism05], Theorem 12.2.5. and it is usually called g-binomial the-
orem. A slightly more general version of summation (A.7) is the so called ¢-Gauss sum-
mation ([Ism05], Theorem 12.2.4)

i ' (a’ b; q)n - (c/a, C/b; q)oo or |c/(a or Z<o
; (ab> (c, q; q)n B (C, C/(ab);q)oo’ f | /( b>| <1, b e q . (A8)

The g-hypergeometric series

¢ ai, az, .. 7ar+1
r+1%r
b17 b27 :

Y

Z (ay,... ar+17¢1)kzk, (A.9)
by,

br, Q)

is defined for generic parameters ai,...,a,41 € C, by,...,b, € C\ ¢%<° and |z|] < 1. In
the case when at least one of the a; is of the form ¢~*, for some non-negative integer k,
the g-hypergeometric series (A.9) becomes a finite sum and its definition holds also for
more general complex numbers z. The regularized terminating ¢-hypergeometric function
is also defined as

é q_naalu"'ua'r
e bla b27"' 7b7“
In the thesis we also made use of functions v;, defined as

v(z) =Y W2 (A.11)

k>11_q

g, Z) = kzzo zk% (a5 9)x(d"bj; @) (A.10)

j=1

They are related to the more classical g-polygamma function [Wei]

n+60

Py (0) = —log(1 — q) + log(g Z %,
vol?) = 55 [log(l mO Y GZEZD} (A-12)
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and

d 1
L)) = Toynle). (A.13)
The inverse of the infinite g-Pochhammer symbol (A.6) is often called g-exponential and

through it one can define a g-deformed notion of the common Laplace transform. For a
given f € ('(Z) the function

f() = ZZ W{;(—";)OO for ( € C\ ¢* (A.14)

is the g-Laplace transform of f. As for the usual Laplace transform, the operation f — fv
admits an inverse. This is discussed, for example, in [[S19] and we do not report the exact
form of the inverse ¢-Laplace transform as we do not explicitly make use of it during this
thesis.

The g-gamma and the g-beta functions are

[,(X) = %(1 -, B,(X,Y)= % for XY > 0. (A.15)

A.1.1 qg-beta binomial distribution

Recall the definition of the g-deformed beta-binomial distribution ¢, ,, from [Pov13],
[Cor14].

Definition A.1.1. For m € Zs, consider the following distribution on {0,1,...,m}:

W/ Dm—y (G Dm

P (i | m) =4/ ., 0<j<m. (A.16)
o ;@) (4:0);(¢; D
When m = +o00, extend the definition as
: (v 9); (15 @)oo .
Carnw(j | 50) _ g W0 e (A1)

(¢9); (1@)s
The distribution depends on ¢ and two other parameters pu, v.

When 0 < 4 < 1 and v < p, the weights ¢,,.,(j | m) are nonnegative.! They also
sum to one:

ZSOq,u,u(j | m) =1, m € {0,1,...}U{—|—oo},
7=0

Particular cases of the g-deformed beta-binomial are the g-negative binomial distribu-
tion defined as

b; @)n (15 q) o

!These conditions do not exhaust the full range of (g, i, v) for which the weights are nonnegative. See,
e.g., [BP18a, Section 6.6.1] for additional families of parameters leading to nonnegative weights.
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and the ¢-Poisson distribution

X ~ q—Poi(p) = P(X =n) = (q]')q) (95 @)oo, forallm € Zsy  (A.19)

The g-hypergeometric distribution is
¢ \" (a,b;q)n (¢, ¢/(ab); @)
wbe(n) = (— ) A.20
Yaapeln) <ab> (¢, ¢ @)n (¢/a,¢/b;q)o (5.20)

The fact that the weights (A.20) sum to one over n € Zx follows from the ¢-Gauss sum
(A.8).

A.2 Classical special functions

It is well-known that I';(X) converges to I'(X) as ¢ — 1 uniformly for X > 0, where
I is the usual gamma function I'(z) = [ e " 'dt, z > 0 (e.g., see [And86]). Hence
B,(X,Y) — B(X,Y) uniformly for X,Y > 0, where B is the beta function

I'(z)I(y) /1 -1 -1
B(z,y) = ——= = "1 —t)Ydt, x,y > 0. A.21
@) = p = [ #a-y (A1)
The inverse gamma distribution T~ (a) on (0, +00) with a parameter a > 0 is
x—l—ae—l/m
rt = A.22
(@)l = 5 (A22)

The beta distribution on (0,1) with (real) parameters m,n > 0 has density
xmfl(l _ 'I)nfl
B(n,m)

We also recall that a random variable with negative binomial distribution has probability
mass function

B(m,n)lx] =

for z € (0,1).

AB(r, p)[k] = p*(1 —p)" (k + l: -1

and r > 0, 0 < p < 1. Sampling x in the interval (0,1) with B(m,n + k) law, where k is
a NB(r, p) independent random variable generates the negative beta binomial distribution
on (0,1). It has the probability density

)7 for kEZZO

NBB(r,p,m,n)x] = S p)’"g?ﬂ 7%_ )" 2 F (2’ " —tm‘ p(1 — x)) , (A.23)

where we used the Gauss hypergeometric function
a, b (a)x(b)x 2"
Fi 7 ‘ = — A.24
o (1) =S .

and (r)y = r(r+1)---(r + k — 1) is the Pochhammer symbol. Note that the inverse
gamma, beta, and the negative beta binomial are continuous distributions, while the
negative binomial is a discrete distribution.
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Appendix B

Yang-Baxter equations

Here we review the Yang-Baxter equations used throughout the thesis.

B.1 Uq<§[2) R-matrices

B.1.1 Basic cases

Most of the Yang-Baxter equations we use can be traced to the following basic one:

Proposition B.1.1. Consider the vertexr weights w,r defined respectively in Figure 2.3
and Figure B.1. Then we have

Z Tu/v(i27 Zl; k27 kl) wv,s(ii’n kla k37j1) wu,s(ki’n k27 j37j2>

k1,k2,k3

o o o (B.1)
= Z wv,s(ké’,a 11573, kll) wu,S<Z37 12, k;l%u k/2) 7ﬁu/’u<ké7 k/17]27.]1)
K1,k kg

for all iy,1is,j1,72 € {0,1} and i3, j3 € Z>o. A visual representation of this equation is
giwen in Figure B.2.

72 (i1, j1; d2, j2) H 1 ‘ 21(1_723) ‘ T ‘ qfl_;? ‘ 11jqqz ‘ 1

Figure B.1: In the top row we see all acceptable configurations of paths entering and
exiting a vertex; below we reported the corresponding vertex weights 7, (i1, ji;i2, Jo).

Proof of Proposition B.1.1. This is established by a straightforward verification. Equa-
tion (B.1) appeared in several other works, including [Man14], [Bor17], [BW17]. O
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wus w’US

)

Tu/v . .
J3 J3
ko . . k1
11 . J2 11 0 J2
. k}g pu— ]{,’3 )
2 oy J1 2 ko J1
i3 13
Tu/v
Wy . s Wy, s

) I

Figure B.2: A schematic representation of the Yang-Baxter equation (B.1).

As explained in Section 2.2.2, from vertex weights w,, ; one can define the dual weights
w,, ¢ by changing u to 1 /v, swapping the value of horizontal occupation numbers 0 <> 1,
and multiplying by (s—wv)/(1—sv) in order to assign weight 1 to the empty configuration.
These manipulations clearly preserve the structure of the Yang-Baxter equation, provided
that the same swapping of the occupation numbers is applied to the cross weight r,. This
leads to the definition of the cross weight R,, see Figure B.3, also normalized so that the
empty configuration has weight 1.

J1 . 12 - . - - v:./ \ - - / \.:: - \./
N NN S s A
R (i1, j1; 42, j2) H 1 ‘ (liqz)z ‘ T ‘ e ‘ = ‘ q

Figure B.3: The cross vertex weights R, (i1, J1; 12, jo)-

Proposition B.1.2. Consider the vertexr weights w,w* and R, defined respectively in
Figures 2.3 and 2.5, and Figure B.3. Then we have

Z R (i, 13 ko, ka) wy (i3, ks ks, 1) wa,s (Ka, ka; 3, J2)

k1,k2,k3 (B 2)

2:*/-,-/ AR roar,
= wv,s(kisa7'17]37k1>wU,S(Z377'27k37k2)Ruv(k27k17.727j1)
LANINA

for all iy, ia, 71,72 € {0,1} and i3, j3 € Z>g.

B.1.2 Fusion

Through a fusion procedure we generalize vertex weights w, s and allow configurations
with multiple paths crossing a vertex in the horizontal direction. This technique of gen-
eralizing solutions to the Yang-Baxter equation was originally introduced in [KRS81] and
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consist in collapsing together a series of vertically attached vertices with spectral param-
eters forming a geometric progression of ratio ¢. The fusion of vertex weights also admits
a probabilistic interpretation [CP16], [BP18a], [BW17].

Define the fused vertex weight

(_1)i1+j2 q%il(i1*1+2j1)3j2*i1 uh (U/S; q)jl i ((]; q)j1

(@5 0)i, (45 9) o (595 Q) jy 44,
g sug? qs/u (B-3)
X 404 ’ q.q |,

82, q1+]2—11 , ql—lz—Jz-i-J

YT R
Wy 4 (217]17227]2) - 1i1+j1:i2+j2

where 4¢, is the regularized g-hypergeometric series (A.9). Here J is originally a positive
integer representing the number of vertices which were fused together. However, it is easy
to see that w(”) depends on ¢’ in a rational way, thus ¢’ can be regarded as the fourth
independent parameter in (B.3) (along with u, s, and ¢). Since the regularized series 465
terminates, (B.3) depends on all these parameters in a rational way. Moreover, in case
11,19 — 00, the weight w loses its dependence of j; and we have

7 2 (0775 0)5 (5uq”; @)oo

lim w()(n, ji;n + ji — ja, j) = (—ug”)?

n—00 (G0 (5u3¢)00 (B4)

Just as in the J = 1 case, the fused boundary weight is obtained removing the normal-
ization factor from (B.4), and we define

W [ D
”( o " > () (@@ (B-5)

This normalization is needed to assign weight 1 to the empty configuration of paths in
the grid. The fused analog of the dual weights w is defined similarly to (2.9):
2. )
D (i s ) = (50 Die 1y, . . .
w1, J13 2, J2) = g Wy 4 (T2, 715915 J2)- (B.6)
(45 @)ir (5% Q)i
These quantities also depend on v, s, ¢, and ¢! in a rational way.

What makes the fused weights remarkable is that they satisfy a general version of
the Yang-Baxter equation (previously in Section B.1.1 the horizontal occupation numbers
had to be either 0 or 1). In order to state this equation we need to consider the fusion of
the cross weights R, leading to

i2i1+%jz(jz—1)+j2=7(—z)j2 O

q
2Q) 1+ (60 12 (6 i (7 /25 @)y -

g, 2 g ) (B.7)
q,9 ] -
q

*J’ ql+j2*i27 q1*i1*j2+1

RO (i, jusia, J2) 7= Ligyjimis 4 (

X 4¢P
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Proposition B.1.3. Consider the weights w),w*Y) and RY) defined in (B.3), (B.6),
(B.7). Then we have

Z RE (g, ix; kg, k) wiy$) (s, ks ks, 1) wi7) (ks eas Jis, o)
ki,k2,ks (B 8)

= D wykh i s, k) wild(is, i K, K5) RSV (K, K . ),
K1,k k5
for all admissible values of iy, 1z, j1,J2 (that is, i1,j51 € {0,1,...,1 —1} for I a positive
integer, or iy, j1 € Zso if ¢* is generic, and similarly for is, jo), and iz, jz € Zxg.
Note that in (B.8) (and in all other Yang-Baxter equations in this Appendix) for fixed
boundary occupation numbers iy, i9, i3, ji, Jo, j3 the sums over k and £’ indeces in both

sides are finite due to arrow preservation, so there are no convergence issues when i3 and
Js are finite.

Remark B.1.4. The fused cross weights R\*/) inherit symmetries of the unfused weight
R of Figure B.3. One of these is given by the identity

R (i, jryia, jo) = RUD (ju, i o, i) (B.9)
for all i1, j1, 42, ja € Z>o.

Proposition B.1.5. Consider the vertex weight R defined in (B.7). Then we have

I. J.
Z REI’J)(CLQ,CH; ki, ko) = REI’J)(O,I;O,I) _ RgI’J)(J,O; J,0) = (2¢"; @)oo(20”; @)oo
(2 @)oo (26" @)oo
k1,k2

(B.10)

for all ay,as € Z>y.

Proof. The second and the third equalities in (B.10) follow, after algebraic manipulations,
from the definition of the fused cross weight R given in (B.7).

The first equality in (B.10) is a trivial check in the case when I = J = 1, using the
definition of R, of Figure B.3. It lifts to more general I, J as the fusion procedure does
not affect the structure of the identity. O

B.1.3 Spin ¢-Whittaker specialization

The spin ¢-Whittaker specialization of the general fused weights (B.3), (B.6) is ob-
tained by setting u = s and ¢ = —ux/s (recall that one can regard ¢’ as a generic
parameter). After this specialization the complicated expression wf[ls) (11, 71512, 72) (B.3)
factorizes and becomes W, (i1, j1; 42, ja) given by (2.13). Analogously, the dual fused
weight w;jgl)(il,jl;@,jg) (B.6) turns into Wy (i1, ji; i2, j2) (2.29) after setting v = s and
¢ =—y/s.

The most general Yang Baxter equation (B.8) specializes to Yang-Baxter equations
involving W, s and Wy as long as the corresponding specializations are applied to the

cross weight RfLIv’J), too. Let us record the resulting identities:
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Proposition B.1.6. We have the following Yang-Baxter equations:

Z R.I v,8 Z27 7’1, k?a kl) <Z37 k17 k37j1) WZE,S(]{:?)’ k?;j37j2)

iohaiha B.11
* / . . / . . / / / / . . ( ° )
== Z wy,5<k;37 11573, kl) Wx,s(l& 12, k37 kQ) Rx,v,s(k27 kl;j27]1);
k1 Ky Ky
Z Rey,s (G2, 15 ko, k1) Wi (i3, ki; ks, 1) W s (K3, ka; J3, j2)
fhaiba (B.12)
Z W 37 Zlv.]37 k ) Ww,s(i37 227 k2/37 k;) Ra?,y,s(ké7 kiujZa.]l)
KAl

The cross vertex weights in (B.11) are given in Figure B.4. In the third identity (B.12)
the cross vertexr weights do not factorize (here iy, s, j1, jo € Z>p):

.. 1. /- .
o geaR D (se)”(q; q);,
R, ,S<217]1;227]2) = Lot j1=i1+j
Y FrmnT <S2;Q)]1+12<q q>]2(Q7 ) ( Q/< ) )11 —J1
q 127 q 117 —SY, —Q/<S£If) (B13)

X 40y . o ‘q,q
—S/x, q1+32—127 —yql_“_”/s

J

- g+1 \ g—1 \ g
g \ g - g \\
1—¢%sv Ev+q?sv

Rgvs Z1,]1,22,]2 ‘ 1—sv 1—sv

i1

7 +v€
1—sv

Figure B.4: The cross vertex weights Rx,v,s(il,jl; i2,72)s J1,J2 € {0, 1}, i1,i9 € Z>o.

So far we have listed Yang-Baxter relations between weights W and their dual form
W*. Nevertheless eq. (B.1) extends, after fusion also to a Yang-Baxter equation for pairs
of W weights. Let us introduce the cross vertex weight

o o (589305 (/% @)in—3 (65 9)i
Tx,y(217]1;227.72> = ]-i1+j1=i2+j2 1i12j2 (y/‘r)J2 (Q' Q)' (;2(]) ] (—ls]/2x'q)' - <B14>
) J2\1 11—J2 ) 11

Proposition B.1.7. For any 11,12, 13, j1, J2, J3 € Z>0, we have

Z Ty (i2, 15 ko, k1 )Wy s (i3, k1; ks, 1) Wa,s (K3, k2; s, J2)
k1,k2,k3>0

Z WZS Z3JZ2Jk37k )W (k377'17j37k )T:Ey(ké7k17j27]1)
k’/ k/ k’/20

(B.15)

where W* are the bulk weights defined by (2.13). See Figure B.2 for a graphical interpre-
tation.
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Proof. This is obtained in [BW17, Corollary 4.3] via fusion from the elementary Yang—
Baxter equation for the higher spin sly vertex model. Note that the claim of [BW17,
Corollary 4.3] contains a typo: the spectral parameters z,y in the definition of the cross
vertex weight should be swapped. This is corrected here by defining R, , in (B.14) with

parameters already swapped. O
Js Js Js Js
i1 h/—l— J2 1 KL 2 i1 e D) iy e KL o
/. Ikg = k"l ./ o ks = K .
io o Ve io _I Ko g io fy e i fg w0 gy
ig Z3 i3 i3
(a) (b)

Figure B.5: Graphical representation of the Yang—Baxter equations with non-dual weights
and dual weights resp. (a) and (b).

B.1.4 Scaled geometric specialization

The scaled geometric specialization of the general fused weight wq([fs) is given by setting

u = —ea, ¢/ = 1/e and taking the limit ¢ — 0. Analogously we can specialize the dual
weight w;jgl) taking v = — e, ¢! = 1/e and again € — 0. In this case the expessions (B.3),

(B.5) simplify:

L (—a/s) (—s)2(q; ) TR sy gl
wa,s(217]1;22,j2) = Liitji=inte ( : ) ( . ) 3¢2 q, —————
4;4)i,\4; 4 827q1+j2_i1 (0%
(B.16)
and
0 ( Tk ) o (B.17)
Wa,s = = . .
00 (4 9)x

The dual weights wj , are defined in the usual way as in (2.9).
J - g+1 g—1 9

N\ N\
g9 \ g g \

(i1, j15 12, j2) 1 av 1—¢q9 q9 +va

i1

(sHL sg)

(sHL,sg) (

Figure B.6: The cross vertex weight R i1, J1; 12, J2), g1, j2 € {0,1}, 1,49 € Z>y.
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We also consider the scaled geometric specialization of the fused cross weight R+
in this case in the parameters v, ¢/, defining

J i _J. —11. 4—12 __ 1+21+7
S, . .. . —uq B) 2<q 7Q)z - q 4 ’ uﬁ q e
RS (i1, g1y ia, o) = Ligsjicis g ( “a0 e
B TR @) (@) ’ g7, qitiz—ie ug’f
(B.18)

The scaled geometric specialization of R>/) in the parameters u, ¢’ can be derived from
(B.18) using the symmetry (B.9) and it is

Rgfg)(il,jn in, o) = ngs,i’l) (J1, 115 J2, 2)- (B.19)

Further degenerations of fo{fg) involve specializations of parameters v, ¢’ in one of the
three cases, sHL(v) (which is simply I = 1), sqW(y), or sg(/3). These cross vertex weights
are given, respectively, in Figure B.6 and below:

s s ay J2 —5 y, q . _ q_jI; q_j2, —S q1+]1+22
R(()[%W g)(lla]1722a]2) — 122+j1 =i1+7J2 (< A ))((_ // ) ))D 3¢2 q, ,
4:4)5(—s/y: 4 s/y. g ay
(B.20)
o q g 141 +iz
RGese) i1y G132, G2) = Liy i i % 25 ‘q’ q ' B.91
,B ( ) 2+j1=11+7J2 (q; Q)j2 1 q1+i1—j1 O‘B ( )

These cross vertex weights enter a number of Yang-Baxter equations which are spe-
cializations of the general fused one (B.8):

Proposition B.1.8. We have the following Yang-Baxter equations:

Z R(sHLsg) (i, i1; ko, by ) w? (237]{;1’]{73’]1)’[1)@5(]?3,]52 J35 J2)

k1,k2,ks

« s , SHLSg) . (B.22)
- Z wv,s(k3721;]3ak )was(237227k3ak )R ( 17]27]1)
K Kl
Z REIV) (i, iy Ky, b ) Wy (i, K s, 1) Wa s (Ks, ks Jis, o)
k1 ko,k
v , o (B.23)
Z 377'1a]37k )was(7’3712ak37k )R Wsg (k27k1;327j1);
k) Kl ke
Z R(Sg’sg)(zz,h,kQ,k‘l)w[gs(%k17k3,]1)was(k3,k27]3712)
k1,k2,k3
(B.24)

- Z wﬁS(k?"Zl"h’k>w°‘5(23’227k37k52)Rszsg)(ké>ki§j27j1)-

A

Dual cases of (B.22),(B.23),(B.24) obtained swapping the specializations are easily derived
making use of the symmetry of the cross weight (B.19).
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In Chapter 2, Cauchy Identities for spin Hall-Littlewood and spin ¢-Whittaker func-
tions were stated as corollaries of the Yang-Baxter equations given in this appendix. In
particular, the emergence of the prefactors in the right-hand sides of all the skew Cauchy
identities can be traced to Proposition B.1.5.

B.2 Corner R-matrices

In this section we list the Yang-Baxter equations involving the class of vertex weight W-.

B.2.1 Non dual sqW/sqW Yang—Baxter equation

Proposition B.2.1. For any 11,12, j1, jo € Z>o, we have

> Faylingin; ko, k)W (k)W o (K, ka; o, 51) W3 ()
k1,k2>0 <B25)

= W;,s(iQ)Wy,S@% il;anjl)W;,s(jl)u

where W+ are the right corner weight defined by (2.14). See Figure B.5(a) for an illus-
tration.

Proof. Expanding both right and left-hand side of (B.25) and simplifying common factors
we end up with the identity
Zi(y/x>k—j1 (y/x, q)’iQ—kJ (—S:E; Q>k—j1 o (_Sy; Q)iz—jl

(G Disr (G Or—i (G Dir—sa

k=j1

which follows from the ¢-Gauss summation (A.8). O

B.2.2 Yang—Baxter equations with dual weights

Our additional Yang-Baxter equations involve the dual sHL weights wj ; which are given
in (2.9) in the text and the dual sqW weights (2.28)—(2.30). We use the cross vertex
weights R, ,.s given in Figure B.4 and the cross vertex weights (B.13).

Proposition B.2.2. For any i; € {0,1} and iy, 13, j2, js € Z>0, we have

Z R,y 15 Ko,y kn ) W (i3, ks bg) W s (K3, ka; Js, g2) Wi o (J2)

k1,k2,k3>0

(B.26)
= Y Wi, da; K, ko) W2 () wy (K, i s, k) W (S, K4 ).

K Kl k>0

See Figure B.5(b) for a graphical interpretation.
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Je N Jo N1 Js  J2 Js  J2

& I I L J2 4
i1 /2—| = = | i1 n adl i1 2 =] i1 |
2 k1 = i2 I Q k3 = kY kY
i2 k1 j ig — iz k1 -| ig . Y J
2
(a) (b)

Figure B.7: Graphical representation of the Yang-Baxter equations with corner R-
matrices.

Proof. Consider separately the cases i, = 0 and 4; = 1. Start with i; = 0. We see that
(B.26) is nontrivial only when iy + i3 = jo + j3 (say ja = ia + i3 — j3) and js > i5. Under
these conditions we have
R, (i, 0 i, 0)Wo (i3, 125 J3, G2 + i3 — j3) W (12 + i3 — Jj3)
+ ,R’CC,'U,S(i?? 0) i? + ]-7 1>W$7S(i3 - ]-7 7:2 + 1;j37 i2 + Z'3 - j3)W;,s(i2 + 2.3 - .]3)
= w, (73, 0; 73, 0)Wo s (i3, i2; js, fo + i3 — j3) W, J(i2 + i3 — J3)
+wy, (3 — 1,0 j3, 1)Wo s(i3, 405 3 — 1,42 + i3 — jz + L)W (d2 + i3 — js + 1).

After the required simplifications, the previous relation reduces to

(1 —¢”sv)(1+ szq” =) + (zv + svg™) (1 — ¢ )
(1= svg™) (1 + szg” 7 + av(l — ¢#72)(1 - %" ),

that can be checked directly.
When i; = 1, as in the i; = 0 case, (B.26) is an equality between sums of at most two
terms that after simplification reduces to

(1= q®)(1+ sz ™) + (¢” + v)(1 — ¢ =)
— (1 _ qj3+1>(1 4 quj3*i2> + .1'(1 _ qj3fi2+1)(v _ qu:s)’
which is again checked directly. O]

Proposition B.2.3. For any 11,1, 3, j1, J2, J3 € Z>o, we have

D Raylingins ko, k)W (ig, ki ks) W o(Ks, kas s, j2) W3 (o)

kl,kg,k3>0

—S * . . *. .
“ N Walia, i Ky, k) W3 (K) Wy (Kb, s, KW (), kS o).
K kb k5 >0
(B.27)

Proof. This follows from the analogous relation (B.26). In fact both the R-matrix R and
the vertex weight W* can be constructed respectively from R and w* via fusion with
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respect to the spectral parameter v (see [BW17], [BMP19] for details). The coefficient
((_;f—;iij’ arises from fusion of w* and does not simplify since in the left hand side of (B.26)
the bulk weight w* is missing. One can check that the fusion procedure preserves identity

(B.26) and hence (B.27) holds. O

B.3 Nonnegativity of terms in the Yang-Baxter equa-
tions

Here we list conditions which are sufficient for the nonnegativity of all terms in both sides
of the Yang-Baxter equations described in the previous parts of this Appendix. We will
not discuss which of these assumptions are necessary. If the terms are nonnegative, then a
stochastic bijectivization of the Yang-Baxter equation exists. We assume that s € (—1,0)
and g € (0, 1) throughout the rest of the subsection.

First, the weights w, , and w; ; given in Figure 2.3 and Figure 2.5 are nonnegative
for u,v € [0,1]. The cross vertex weights r,/, from Figure B.1 are nonnegative when in
addition v < v. Thus,

All summands in both sides of the Yang-Baxter equation (B.1) contain-
ing the weights w, s, w, s, and r,/, are nonnegative if 0 <wu < v < 1.

Next, the cross vertex weights R, from Figure B.3 are nonnegative when 0 < wv < 1.
Therefore,

All summands in both sides of the Yang-Baxter equation (B.2) con-
taining the weights w, s, wj ¢, and R,, are nonnegative if u,v € [0,1).

This in fact implies that (u,v) € Adm for the sHL/sHL skew Cauchy
structure (definition 3.1.4).

Let us now turn to the spin g-Whittaker weights. The weights W, ; and W/ are
nonnegative when z,y € [—s, —s™']. The weights R, , s from Figure B.4 are nonnegative
when v € [0,1) and = € [—s,s7!|. Thus, we have

All summands in both sides of the Yang-Baxter equation (B.11) con-
taining the weights nys,w;ﬁ, and R, s are nonnegative if v € [0,1)
and z € [—s, —s71.

Further, let us consider (B.12) containing W, s, W, s, and the non-factorized weights

R, 45 (B.13). Their nonnegativity is not as straightforward, and requires an additional
restriction on the parameters s and g:

Proposition B.3.1. Forz,y € [—s,—s™ '], ¢ € (0,1) and s € [—,/q,0), we have

Ry y.s(21, 71312, J2) > 0 for all iy, J1,12, J2 € Z>o.

The proof of this proposition is similar to [CMP19, Proposition 3.1], with an additional
simplification in the second case due to a symmetry of R, , ;.
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Proof of Proposition B.3.1. Throughout the proof we will assume that i + 71 = ;1 + Js.
We need to show that

sjz(—yql—il—jz/s;Q)z'Q 13 ( qﬂ'z’ sm, sy,q~"
(_Q/(Sx)QQ)ilfjl —%ql i1—J2 _§7q1+32 iz

)
Here we used (A.9) to get to the usual g-hypergeometric function, and also the fact that
the remaining prefactor in R, , ; having the form

q, q) > 0. (B.28)

g 20Dk (g3 ), (=5 /03 0)i (6425 )i,
(8% @) jr1i2 (6 0) (G @)y

is nonnegative under our parameter restrictions in a straightforward way:.
We will use Watson’s transformation formula [GR04, (II1.19)]

Qb <q—n’ a, b7 C )_ (d/ba q)n(d/CaQ)n q_n’a’qal/Z’_q01/2’£’a’b ¢ qun
e s (d; a)u(d/ (b)) "\ 12, 12 ¢ f. of of efd" © e )

(B.29)
where def = abcg'™ and o = ef /aq.

Case 1. When iy < jo, we apply (B.29) to (B.28) with n = iy. The prefactor in (B.29)
combined with the one from (B.28) becomes

572 (¢" )% Q)i (—ya" 72 /55 q)s,

(—=q/(57); @iy (¢'72/52%q)i,

We have

(ql i1 Jz/s 7q i qm Jz -1 _
(1]2/82 H mgg_ ZO

since m — jo < 0 in the product. We also have

s72(—yq =2 /s;q);, |2| ( e e gt
_ 1 12) [T (1 >0
(—q/(57);q)i—j " T )=

19)ir i k=1 m=1

Y

since all factors above (including s72) are nonpositive, and there is a total of 2j, of them.
The ¢-hypergeometric function after applying (B.29) to (B.28) takes the form

—i 1/2 1/2 jo—iy > —i o

q l2a0-7 qo / 7_q0/ 7_qu]2 wa?7_8y7q " q11+]2+1

q, )
ry

8P7

o1/2

, _01/27 _57 q1+j2*i27 _iqh*h’ 52qj17 32qj2
with 0 = s?¢”27271 € (0,1) because s*> < g. One readily sees that each summand in this
(terminating) ¢-hypergeometric series is nonnegative. Indeed, the only negative signs may
come from (¢7%2;q)x, (¢7%;q)r, and (s?q™';q)r. However, the product of the former two
factors is always nonnegative, and (s?¢';¢); > 0 also due to our additional parameter
restriction s? < ¢. This implies the nonnegativity of R, , s(i1, j1; 12, jo) when iy < js.
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Case 2. When i3 > jo, the claim follows due to the symmetry of R,, ;. Namely, by
means of Remark B.1.4, we have

Rx,y,s(ha .717 i2a .72) = Ry,x,s(jla 217 j27 22)
for all 41, j1, 72, jo € Z>p. This completes the proof. n
Proposition B.3.1 implies that

All summands in both sides of the Yang-Baxter equation (B.12) con-

taining the weights W, , Wy, and R, , are nonnegative if z,y €

[—s,—s7'], ¢ € (0,1), and s € [—,/q,0).

Finally, we address the nonnegativity of terms of the Yang-Baxter equations involving
scaled geometric specializations from Proposition B.1.8.

Proposition B.3.2. For a € [0,—s!], ¢ € (0,1) and s € (—1,0) we have
Wa,s(1, 1592, j2) > 0 for all iy, j1,%2, j2 € Z>o.
Proof. Under our assumptions the prefactor

(—a/s)" (=s)*(q;9);
(¢ 0)ir (450

is nonnegative. To check the remaining term, we write down the generic summand of the
terminating g-hypergeometric series as (cf. (A.9)):

oo ltjotia\ B oo —ir.
sq ) —ig 2 k 14+jo—i1+k
s k(=505 q)r(s7q"; q)ir - ;

(FL) A o s a4 ol

) Q)h—ka

where k = 0, ...,i;. The leading monomial term, along with (s2¢*; q);, _» and (q; q) are al-
ways nonnegative. The g-Pochhammer symbols of ¢~ and ¢~ either vanish, or they both
carry a sign (—1)F, so that their contribution is nonnegative too. Next, (g'™72=a+k; ¢);,
is either nonnegative if 1 4+ j, — i1 + k > 0, or vanishes if 1 + jo — 43 + k < 0 (in the
latter case, the last term of the product has power js > 0, which means that that product

passes through 1 — ¢° = 0). Finally, (—sa;q)x > 0 because o < —s7 L. ]

Proposition B.3.2 and the explicit form of R((XSEL’Sg) (Figure B.6) implies that

All summands in both sides of the Yang-Baxter equation (B.22) contain-

*
v,8)

ing the weights w, s, w} , and REEE®) are nonnegative if o € [0, —s~1],

vel0,1).

In order to demonstrate the nonnegativity of (B.23) we consider the corresponding cross
vertex weight:

Proposition B.3.3. For a € [0,—s!] and y € [—s, —s™!], we have

REIWSE) (i1, 1509, 52) =0 for all i, j1,ia, j2 € Zo.
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Proof. Assume first that y > —s. In (B.20), the factors outside 3¢, are nonnegative. In
the expansion of 3¢, using (A.9), one readily sees that all terms are nonnegative similarly
to the proof of Proposition B.3.2 above (here we use the fact that —sa and —s/y are less
than 1 because of our assumptions).

We can now take the limit y — —s and show that the weight R®4Ws8) survives this
transition. To do so, expand 3¢, using (A.9), and collect terms containing —s/y:

(=s/y;0)5.(—4"5/y; ), &
<_S/y; q)h

= (—"s/v;9) jo—r,

with £ = 0,...,min(ji, jo). The last expression is nonsingular at y = —s, and is nonneg-
ative. [

Therefore,

All summands in both sides of the Yang-Baxter equation (B.23) con-
taining we,s, Wy ,, and REIVS8) are nonnegative if o € [0, —s71],
y € [—s,—s .
We come now to the last Yang-Baxter equation we stated (B.24), in which one readily
sees (similarly to Propositions B.3.2 and B.3.3 above) that RS’%’Sg) is nonnegative when
0 < a,B < —st Therefore,

All summands in both sides of the Yang-Baxter equation (B.24) con-
taining s, s, W ,, and ngﬁ’sg) are nonnegative if a, 3 € [0, —s™!].
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Appendix C

Extras

C.1 Bounds for ¢;,v;, ®,, VU,

We collect here some useful bounds for the quantities ¢, 1, ®,, ¥, defined in eqs. (4.8)
to (4.11). Terms ®,, ¥, can be further decomposed as

obtained separating from the integration (4.10) (resp. (4.11)) the contribution of pole
w = d (resp. z = v) from that of other poles. Their exact expression was given in
eqs. (4.22) to (4.25).

Proposition C.1.1. Letv < d. Then, for all fized x, there exist constants 'y, 'y, '3, 'y >
0, such that

|du(n)], [¢u(n)], | . (n)], [@P (n)] < Tre ™ forallneZ (C.1)
and
[yelanl j Z
() < {0 T e B (2)
F3€ an| an/GZZZU

Moreover I'y, 'y can be chosen so that their relative bounds also hold for v, d in the region
(4.16) (in this case the parameter b appearing in the definition of T (4.12) satisfies qu <
b<d).

Proof. We start with the terms ¢;, ,(n), . Evaluating the complex integrals as sums
of residues it is straightforward to get the inequalities

ILnZO

[ou(n)]. @ (n)], | (n)] < const.r(n) (W

+ 1«0 m>a2x(|§i3i|)n) < Tye T2l

for some constants I'y, 'y depending on the integrand functions but not on n.
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To obtain a similar bound for the term ;(n) we distinguish two cases. When n is
positive we take the contour C to be a circle of radius r; so that qu < r; < b. On the
other hand, when n is negative we take C' to be a circle of radius r_ strictly bigger than
¢, not containing any of the numbers &;/s; (we remark that the definition itself of 7(n)
and of numbers b, ¢ is tailor-made for these conditions to be possible). With this choices
we easily get

1 n 1 r
n)| < const.—— | T,50r™ + 10— | < Tye T2
WZ< )| —= T(n) ( >0" + <07=|_n|> >~ 11

An argument equivalent to that used for ¢, can be carried to show (C.2). The only
difference here is that the radius r, has to be chosen so that v < r, < b and hence we
cannot extend this bound to the region qv < b < v. O

Proposition C.1.2. Let v satisfy (4.4) and v < d or possibly (4.16). Then, for each x,
there exist constants I'1,I'y > 0 such that

[61(n) Ta(n)], |25 () Wa(n)| < Tre 20, (C.3)

Proof. From Proposition C.1.1 we see that we only have to prove (C.3) for positive n’s.
When this is the case we see directly from the integral expression (4.11) and (4.8) that

we can bound both |¢;(n)¥,(n)| and |<I>§02) (n)W,(n)| with some quantity proportional to
v+ €|

minkzg |£k5k |n ’

(C.4)

by simply taking the C' contour as a circle of radius v + €, for € being sufficiently small.
Due to the condition
v < min |€k5k|7
k>2

we see that e can be chosen so that (C.4) decays to zero and this completes the proof. [

Proposition C.1.3. Let v, d satisfy (4.16). Then, for each fized x, there evist constants
'y, Ty > 0 such that
£ (n)®W (n) TP (n)] < Tye el

Proof. We use the integral expression (4.25). When n is positive we take the integration
contour C; to be a circle of radius qu 4+ €. A bound we can easily obtain is

F(m)@D ()72 (n)] < const. LT

T

for n > 0.

On the other hand, when n is negative we chose the contour ' as a circle of radius v — €
to get a bound like

1 (v—e"
|£(n)®W (n)W® (n)| < const. for n < 0.
L—q"/C 4"
In both cases condition (4.16) allows us to select € small enough to guarantee exponential
decay in |n]. O
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C.2 Construction of contours

Here we discuss the construction of the steep descent contour C' and that of the steep
ascent contour D which were used in the asymptotic analysis of the stationary higher spin
vertex model in section 4.2.

Proposition C.2.1. Consider fixed real numbers
0<wv<yg, 0<gx<l1
and assume that

¢ < inf{&sk} < sup{&sp} < 0o and  0< s <1, for all k > 2.
k>2 E>2

Take also a number p < ¢ and define the contour
C, = {pe|i € [0,27)}.

Then, for p sufficiently close to ¢ we have
d .
%%e{g(pe‘ﬁ)} <0 for0 < <m, (C.5)

where g is given in (4.80).

Remark C.2.2. The result of Proposition C.2.1 implies that C, is a steep descent contour
for Re(g) and in particular

L. max.cc, Re{g(2)} = g(p):

2. max.cc, |2| = p.

This easily follows from (C.5) and from the fact that ¢g(Z) = g(z), which implies that
Re(g) is symmetric with respect to the real axis.

Proof. Evaluating the derivative we have

d " , = q'up
_ ! =gind - .
dﬁiﬁe{g(pe )} SNV K (Z 1+ ¢®u?p? — 2q*up cos

=0

9’p @ sip

1 X
+ sin— E E Sk - ek
z - 9p %/p @' sip @ sip
k=2 ;>0 \ 1+ T -2 cos?y 1+ (=) —2="Lcos?
kSk EkSk &k &Sk
(C.6)

Each term .
q'up
1 + q%u2p? — 2¢'up cos vy’
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has a maximum in ¥ = 0 due to the fact that u and p have opposite sign, and so does each
single one of the summands in the double summation in (C.6), since the generic function

a aoc
14+ a2 —2acost? 1+ a20?2 — 2a0 cos?

is decreasing in 0 < ¥ < m, provided that 0 < a,0 < 1. Now, if p is taken sufficiently
close to the critical point ¢, in a neighborhood of ¥ = 0, the derivative of Re{g(pe)}
is negative by construction and, thanks to considerations we just made, it stays negative
along the whole half circle. O

The construction of an explicit steepest descent contour D for a general choice of
parameters ¢, =, S becomes more complicated. Therefore we use the next Proposition
both to exhibit a contour in a rather simple setting and to implicitly deduce conditions
on ¢,=, S under which our arguments of Section 4.2 are perfectly well posed.

Proposition C.2.3. For each choice of
0<¢<a, u < 0, O<o<1,

there exist constants R,, Ry, R, > 0, such that for each choice of parameters {& } k>2, { Sk br>2,
q satisfying

o <inf{€esi},  [Gsk—al <Ra  Isi—ol <R, g<Ry,

we are able to construct a complex contour D encircling the set {&sy }x>2, for which
1. min,ep Re{g(2)} = g(s);
2. min,ep |z| =,

where g is given in (4.80).

Proof. To show this result we essentially make use of a continuity argument. We start
studying the case when

q=0, &k, Sk = a si=o0 for all £ > 2.
With this choice of parameters the function g becomes

a—z

g(z) = —nlog(z) + rlog(1l — uz) + log ( ) + 0Oz, (C.7)

a—0oz

where we can neglect the contribution of the O(z~!) term as we are interested in this
result only in the limiting case of x — oo. We define the contour D to be the level curve

p={e s (22)} = ()}
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which is a circle and admit the parametrization
{c+p+p’lvelo,2m)},

with the radius p being
a®> — as — aso + %o

p= a+ ao — 260

We also report that the leftmost and rightmost extremes of the contour D are respectively
¢ and ¢ + 2p and one can easily find that the latter satisfies the inequality

2
c+2p< —“a (C.8)

Along the curve D we are able to calculate

d 9
%Sﬁe {g(c+ p+ pe”)}

and to analytically show that its only critical points are § € Znr. More specifically,
substituting in (C.7) the correct expressions of coefficients 7, x given in (4.35)

_ as’ (1 —o)(a — a*u + aoc — 250 + *uo)
! (a=5)%(a— 0)? |
a(l —su)?(1 —o)(a® — ¢?0)

K=— wa = O — <o) : (C.10)

we get

d . 1

—Re + pe)} = sin (1 + cos ) ——.

dg lols+ptpe?)} = sin (1 + )P(cosﬁ)

In the last expression P is a polynomial of degree two in the argument and we see that
zeros are only achieved on the real axis for § = kx for k € Z. We can at this point readily
verify that, along D the real part of g assumes a minimum at z = ¢ and a maximum at
2z = ¢+ 2p as the function

—nlog(y) + xlog(l — uy)

is increasing for y > ¢, and one can check this by direct inspection of its first derivative,
by making use of expressions (4.35) for  and k.

We can now use the fact that g is continuous in the parameters =, S, ¢ for z belonging
to D and the fact that, by construction, it will always have a critical point in z = ¢, to
state the existence of neighborhoods respectively of a,o and 0 in which every choice of
&Sk, 52 and g will preserve the steepest descent properties 1 and 2. O

C.3 Triangular Sums

Here we write down a number of identities of summations of certain symbols ay, ¢, b, used
in the proof of Proposition 5.3.2. Fix a positive integer N, and assume that the symbols
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bo, o =1,..., N commute with each other. Let a;, be

0 if0=~k, or{ =N +1;
Qe = 1 1f0§k:£§]\7,
eR else.

Proposition C.3.1. For any N > 1, the following identities hold

N-1
E Aht1,6 — ke — Qht1,041  Apep1 = N — E @jj+15
7=1

0<k<t<N
N—1
> (U=k+ D) (k101 — arerr) = (C—k = D(arire — ane) = Y aj,415
0<k<t<N j=1
¢ N
Z (Qks1,0 — Qg — Qpg1,041 + Qhps1) Z by = Z ba;
0<k<t<N a=k+1 a=1
Z (5 — k- 1)2(ak+1,e - ak,e) - (5 —k+ 1)2<ak+1,£+1 - ak,ZJrl)
0<k<t<N
N-1
= Z Ajj1 — 2 Z 0
j=1 1<k<(<N
N
Z (g1, — Qg — Q1,001 + Qreg1) Z bobg = Z b2 + 2 Z ar,ebrbe;
0<k<t<N kt1<a,8<I a—1 1<k<t<N
¢
S (= ke Dlansien = apen) = (€= k= Dlagse = ane)) D b
0<k<t<N a—kt1
N
= Z ap,o(br — be)
1<k<t<N

Proof. All these identities are elementary and can be proven by induction in a straight-
forward way. O
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