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We present an exact solution for the height distribution of the KPZ equation at any time ¢ in a half space with
flat initial condition. This is equivalent to obtaining the free-energy distribution of a polymer of length ¢ pinned
at a wall at a single point. In the large 7 limit a binding transition takes place upon increasing the attractiveness
of the wall. Around the critical point we find the same statistics as in the Baik-Ben—Arous-Péché transition for
outlier eigenvalues in random matrix theory. In the bound phase, we obtain the exact measure for the endpoint
and the midpoint of the polymer at large time. We also unveil curious identities in distribution between partition
functions in half-space and certain partition functions in full space for Brownian-type initial condition.

DOI: 10.1103/PhysRevE.104.024502

I. INTRODUCTION

The Kardar-Parisi-Zhang (KPZ) equation [1], which de-
scribes the growth of the height field of an interface driven
by white noise in the continuum, is a paradigmatic example of
stochastic nonequilibrium dynamics. It enjoys a remarkable
connection to the equilibrium problem of an elastic line in a
random potential, also called directed polymer (DP) [2]. In
one space dimension, i.e., for the DP in dimensiond = 1 + 1,
some exact solutions for the height distribution at all time
t have been found in the last ten years. These finite time
solutions are valuable since they allow to study the crossover
in time from short times, where the growth is in the Edwards-
Wilkinson class [3,4], to the large time asymptotic behavior
which is common to a large number of systems in the so-called
KPZ class [5-7]. However, they have been found only for a
few specific initial conditions (IC), which are the important
ones: the droplet IC (point to point DP) [8-11], the flat IC
(point to line DP) [12,13] and the Brownian IC (which in-
cludes the stationary KPZ) [14-18]. The KPZ equation on
the half-line has also been studied, and is related to the DP
in a half-space with a wall, with a wall parameter A, which
can be repulsive A > 0 or attractive A < 0. It was found in
Ref. [19] that the polymer is bound to the wall for A < —1/2
and that it unbinds for A > —1/2 due to the competition with
bulk point disorder, a different mechanism from the usual
thermal wetting transition [20,21]. It is also different from the
full space version of the model with a single columnar defect
[22-24] (slow bond problem) where the DP is always pinned,
or the case where disorder in only on the column [25-27]. An
experimentally feasible realization of half-line KPZ growth
in turbulence liquid crystal was obtained in Ref. [28] from a
biregional geometry with two different growth rates. In these
types of experiments the aforementioned IC can be easily
prepared [29,30]. Although the transition at A = —1/2 has
been studied in details for other models in the KPZ class
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[31-36], exact finite time solutions for the KPZ equation itself
have been obtained until now only for A > —1/2, for droplet
IC [37-40], and for stationary IC [41]. Furthermore, although
it is expected that the height fluctuations are Gaussian at large
time in the bound phase, as was found in Ref. [42] for droplet
IC, understanding of the fluctuations of the polymer config-
uration is still limited, despite the pioneering results of Ref.
[19].

In this paper, we obtain the “missing” exact solution for
the KPZ equation in the half-space, that is with flat IC. Our
solution is valid for any time and any wall parameter A,
hence it allows for a complete study of the two phases and
of the transition. While the solutions for (i) the flat IC in full
space and (ii) the other IC in half-space, are both complicated,
the combination of flat IC and half-space geometry leads to a
remarkable simplification, and to a simpler solution, in terms
of a Fredholm determinant. This unveils curious identities
in distribution between partition functions in half-space and
certain partition functions in full space for Brownian-type
IC. Around the critical point at A = —1/2 we find the same
statistics for the height fluctuations at large time as for the
outlier eigenvalues in the Baik-Ben Arous-Péché transition
[43] of random matrices. In the bound phase A < —1/2, the
fluctuations of the height (i.e., the free energy of the polymer)
are Gaussian. To characterize the fluctuations of the polymer
configuration we obtain the exact distribution of its endpoint
and of its midpoint for long polymers, and explicit formula
for their moments. We predict an unbinding transition under a
force applied to the endpoint. Interesting connections with the
ground state obtained in replica Bethe ansatz studies [19,42]
of the half-space delta Bose gas are analyzed.

This paper is organized as follows. In Sec. II we recall the
definitions of the KPZ equation on the half-line and of the
related model of the continuum directed polymer in the half
space. In Sec. III we derive the exact solution for all times of
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the KPZ equation with flat initial conditions. Some details are
provided in the Appendix A. We also obtain the large time
asymptotics, the details being provided in Appendix B. In
Sec. IV we study the stationary measure of the KPZ equation
on the half-line and apply it to obtain a detailed description
of the statistics of the endpoint in the polymer problem. The
connection with the replica method is given in Appendix E
and the calculations of the mean endpoint probability and its
correlations using Liouville quantum mechanics are described
in Appendix F. In Sec. V we generalize the identity in dis-
tribution obtained in Sec. III, relating solutions of half-space
KPZ equation to solutions with the full-space KPZ equation
with different initial data, some of the details are presented
in Appendix C. The matching with full space KPZ equa-
tion distributions uses the statistical tilt symmetry recalled
in Appendix D. In Sec. VI we point out the features which
we believe are universal near the unbinding transition and in
relation to the conjectured half-space KPZ fixed point.

II. HALF-SPACE KPZ EQUATION

Let us recall the KPZ equation for the height h(x, ¢) field
of an interface

dh(x,t) = vdZh + %(a,ch)2 + VDE(x, 1), (1)

where £(x, t) is a space-time white noise. We use space-time
units so that v = 1 and A = D = 2. Here we study the prob-
lem in a half-line x > 0 with boundary conditions d,h = A
depending on a parameter A. From the Cole-Hopf mapping
it can be equivalently defined as h(x, r) = log Z4(x, t), where
Za(x, t) satisfies the stochastic heat equation (SHE)

0 Za(x, 1) = 0°Zp(x, 1) + V2Zp(x, )E(x, 1), x>0, (2)

with boundary condition 9,Z4(x, 1) = AZ4(x,t) at x = 0 and
as yet unspecified initial condition att = 0.

Let us denote by Z4(x, ]y, 0) the partition function of a
continuous DP of length 7 in a white noise random potential in
dimension d = 1 4 1 (at unit temperature), in the half-space
x 2 0, with endpoints at (y, 0) and (x, t); see Fig. 1. In par-
ticular Z4 (x, t]y, 0) satisfies Eq. (2) with initial condition at
t = 0 given by a delta mass at the point y.

III. FLAT INITIAL CONDITION
A. Finite-time solution

In this section, we are interested in the solution of the KPZ
Eq. (1) with a flat initial condition &(x, 0) = 0. This is equiva-
lent to studying Eq. (2) with Z4(x, 0) = 1, i.e., a polymer with
one fixed endpoint at (y, ) and one free endpoint, of partition
function

Z/{(y, 1) = / Zs(y, tlx, 0)dx, 3)
0

the KPZ field being retrieved as A(y, t) = log Zj; (y,1), where
the superscript f stands for flat IC.

Consider now the case where the fixed endpoint is at the
position of the wall y = 0. We will calculate the moments
of Z/{ (0, t) which will allow us to obtain an expression for
the Laplace transform of its distribution. From Eq. (3) and
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FIG. 1. (a) Directed polymer path in 1 4+ 1 dimensions in a half-
space, pinned at the boundary wall at the point (0,0), with free
endpoint (x, t) (point to line problem) in presence of a bulk white
noise random potential \/55 (x,1). We will discuss the fluctuations
of the position of the polymer endpoint. By reversing time, this
corresponds to the line to point partition function Z/'I (y=0,1) in
Eq. (3), which maps to the KPZ field at time ¢ with flat IC. (b) We
will also consider the position of the midpoint of a DP with both
endpoints pinned at the boundary.

by symmetry, we can write the nth integer moment of the
partition sum as

E[Z](0,1)"] =n!/

E[Hzm, 0, 0)}, @
a0 | ]

where here and below, E denote expectation with respect to
the noise £. As shown in Ref. [38] the moments appearing
in the right-hand side (r.h.s) can be expressed as a multiple
contour integral. We have that, for general endpoint positions
Xz 2 20,

n d d'n
E|[]2.110.0) =2"/ zi/ 2
i=1 rHR <17 raHR 2im

n

Zi 2
% l_[ T fa i
Zi+A

i=1

< 1

1<a<b<n

Za — 2 Za + 2
Za_Zb—l Za+Zb—1’

(&)

where the contours are chosen so that ry > +1> ... >
rn+n—1>max{n —1—A,n— 1}, i.e., all contours are to
the right of —A. To obtain the result for the flat initial con-
dition we must now integrate over the endpoints x; over the
positive real axis. To this aim we use the identity

- —XiZi _ . 1
/Xl>~~~>xn>oll:[e Z _HZ1+~~+zi’ (6)

i=1
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which is a convergent integral, since all Re(z;) > 0 from our
choice of contour. One thus obtains

o [ S [ G
ri+HiR 2im R 2im

Za — 3b -
X 1_[ _—_1F(Z), (7N
1<a<b<n Za b
where
Za + 2 d Zi
FR) = . (8
@ 1_[ Za+Zb—1l_[Z1+ tzizitA ®)

1<a<bgsn i=1

It is convenient to deform all the contours to the single contour
r + iR with r > max(—A, 0). During the deformation, one
encounters many poles of the integrand whose residues need
to be taken into account. This is done in a systematic way
using Ref. [38, Proposition 5.1] (see also Ref. [44]). We obtain
for Eq. (7)

nlon dw; 1 ‘
Z > FI i 20 (w+m——w)

Yy mi=n i=1
x E(wi,wy+1,...,w +my
—1,...,U)g,...,wl+mg—1), (9)

where the m; > 1 are integers with Zf:] m; = n, and

E(Z) Z l—[ Zo‘(a) — Zo(b) —

oes, I<b<asn 0@ T Zo®)

Flo@)]. (10)

This sum over the symmetric group can be simplified. Note

Za+ . -\ . .
that the factor [, ¢,_,<, - +szf.l in F(3)is symmetric, so it
can be factored out. The remaining symmetrization can be
performed as in the solution for the full space flat initial

condition [45] (see also Ref. [46]), where it was found that

Z l—[ Zo(a) — Zo(b) — 11—[ 1

oS, 1<b<La<sn Zo(a) ~ Zo(b) Z(r(l) +-

- 11

1<a<b<sn

-+ Zo3)

Za+Zb_11_[_ (1])

Za+ 2

Hence, the products over a < b perfectly cancel each other,

and we are left with the remarkably simple expression
1z}

i

EQ) =[] Z.‘:A. (12)

i=1

n

Due to the product structure of the function E, it can be
factored inside the determinant in Eq. (9). This leads to an
explicit formula for the integer moments, which we sum over
n to obtain the moment generating series, leading to the fol-
lowing Fredholm determinant expression (see Appendix A for
details) foru > 0

E[e™Z O™ ] = det(I — Ky L2000 (13)

where the kernel is given by

, 2u dr
Ky (v,v') = / —
RE€ T+ 2u

3
dZ et%—vz
¢xw=/ —_— (15)
A iR 27 TA+ 1 42

dw _, .}
Ya,(v) = / Ee_tTﬂwF(A +1i+w). (16)

aw

Ga v+, 0 + 1), (14)

The contour for z is a vertical line with real part a, > 0, and
the contour for w, denoted C,,, is the union of two semi-
infinite rays leaving the point a,, > —(A + %) in the direction
+2m /3 to ensure convergence. This expression is one of our
main result and is valid for any value of the wall parameter A
and for all time ¢ > 0.

B. Large-time limit

From the Laplace transform formula one can extract the
probability density function (PDF) of the KPZ height field
h(0,t) = log Z{(O, t) at arbitrary time. Let us now discuss its
large time limit, which depends on the value of A. The height
takes the form as t — 400,

h(0,t) = logZ/{(O, 1)~ veo(A) + P x, 17)
where the free energy per unit length exhibits a transition

—é when A > —
Voo(A) =

i
iv

(18)
-5+ A+ %)2 when A < —1,

—

x is an O(1l) random variable, and 8 the growth fluctuation
exponent

B D fora > .
= ;ford > ——,
3 2

Let us turn to the distribution of .

1 1
B = EforA < 5 (19)

1. Case A > ‘71
We scale u as u = e~""* with fixed s, so that
. —uz! 5
Tim E[e 400 = P(x < ). (20)

The limit of the Fredholm determinant in Eq. (13) is obtained
by the change of variables v = t'/39, v’ = ¢'/3%’ and r = t'/3F
inEq. (14),z = t~'3zin Eq. (15), and w = t~'/3i in Eq. (16)
so that

o0
tlimt% Ko (t30,159 )=/ Ai(F + DAIF + V)dF, (1)
—00 s

leading to

P(x <s)=det(l — KaiL2(s,4+00) = F2(5), (22)

where Kj; is the Airy kernel and F,(s) is the cumulative
distribution function (CDF) of the Tracy-Widom distribution
for the largest eigenvalue of a GUE random matrix.

2. Case A < '71
The condition that a,, > —(A + %) in Eq. (16) forbids
to use the same change of variables. In this case we scale

1 . ~
u= e @271 and use the change of variables v = /29
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(and likewise for the variables v'), r = (A + %)zt +1127, 7=
—(A+ 1) 4172z in Egs. (15) and (16) we evaluate the inte-
gral by residues [the residue at w = —(A + %) is dominant].
We obtain

1 _ +)?

—— W (23)
JAm|A+ 1|

which implies that x has a Gaussian distribution with variance
2|A + 1|, see details in Appendix B.

L1 [
lim 72K, ,(t20,120) =
t— 00

3. Near the critical point

We may also scale A close to the critical pointas A = _71 +

at~'/3. The asymptotics are similar as in the case A > 3!,
except that (see Appendix B)

P(x <s)=detd — KPP)1o ooy = FE%P(s),  (24)

where the CDF FBBP(s) was introduced in Ref. [43] and gov-
erns the fluctuations of the eigenvalues of spiked Hermitian
matrices. It was also found to arise in the context of the KPZ
universality class in full-space models for half-Brownian-type
IC [14,15,47] and in other contexts [43,48-50]. In particular,
for a = 0, FPBP(s) = [Fi(s)]* where F, is the Tracy-Widom
distribution function for the largest eigenvalue of a GOE ran-
dom matrix.

IV. STATIONARY ENDPOINT DISTRIBUTION
A. Endpoint distribution

The previous results describe the behavior of the partition
function of a polymer of arbitrary length ¢ in a white noise ran-
dom potential, with one endpoint fixed at x = 0 and another
endpoint free to move; see Eq. (3). It is natural to ask about
the distribution of the distance of the endpoint to the wall.
This information is contained in the endpoint PDF P4 (x, ) in
a given disorder realization, i.e.,

Zy(x,1]00)  Zx(x,1]00)
[ dyZs(y,1100) — Zz[(0,1)

and in its average Ps(x,t) = E[P4(x, t)]. Direct calculation
of this quantity is not available, however one can obtain it in
the limit of a large polymer length ¢ in the bound phase A <
—%. For a large class of IC (see below), the distribution of
ratios Zs (x, t)/Za(y, t) converges at large time ¢ to a stationary
distribution of polymer partition function ratios such that

ZA(X, t) .
Z40,1)

It is stationary in the sense that if at a time ¢ the field of par-
tition function ratios is distributed as Eq. (26) where B(x) is
a standard Brownian motion, then at any later time 7, the field
of partition function ratios will still be distributed as Eq. (26),
with a new Brownian motion B(x) depending nontrivially on
B(x) and the disorder & (x, s) for t < s < 7. Therefore, at large
time,

PA()C, t) =

(25)

X > X 1> BEHAFDY (26)

eB(x)Jr(AJr%)x

Jim Pa(x, 1) = palx) := T dyeBor+a+yy’ @7

in the sense that both sides have the same multipoint distribu-
tion.

This result allows to obtain formulas for the moments
of the endpoint position which become time independent
at large ¢ for fixed A < —1/2. One denotes the ther-
mal average in a given disorder configuration as (O(x)) =
f0+°° dxO(x)Pa(x,t), and the thermal cumulants as usual,
e.g., (x?). = (x*) — (x)%. Interpreting p4(x) in Eq. (27) as
the Gibbs measure of a particle (the endpoint) in a 1d
Brownian random potential (at unit temperature), it is nat-
ural to introduce [51] Z(v) = f0+°° dyeBO+Y | for v < 0,
the generating function of the thermal cumulants, such that
(xP)e = 0 log Z(v)|,_4 1. It is well-known that the ran-
dom variable Z(v) is distributed as the inverse of a Gamma
variable, Z(v) = 1/T'(—2v, %) [52,53]. In particular, using
EllogZ(v)] = log2 — ¥r(—2v), one obtains the disorder av-
eraged thermal cumulants of the polymer endpoint

E[(x)c] = —(=2)Py P (=24 — 1) (28)
for p > 1, where ¥ (z) is the digamma function, e.g.,
, N 2
2 A _ ~ .
E[{x7)] = =4y (=24 - 1) =~ RS (30)

where we indicated the leading behavior for A - —1/27,

using ¥ (x) ~ _7' at small x. In the bound phase but near

the transition, i.e., for ¢ = —(A + %) > 0 and small, the end-
point wanders very far. In terms of the rescaled endpoint
position y = €2x one has 80 =¢ = ¢c B0 je. € can be
interpreted as an effective temperature which tends to zero.
The PDF of y thus concentrates around the optimum y,, =
argmaxz>0[l§’(z) — z]. The explicit PDF of y,, is known [54]

and reads P(y) = /ﬂ%e’y/2 — Erfc(\/g), which implies the
leading behavior of the moments as A — —1/27,

_ 2T(n+3)
T (n+ Dy’

where ¢ = % agrees with Eq. (29). The PDF P(y) is expected
to be the limit a — —oo of a family of distributions indexed
by a, universal within the KPZ class, which describes the end-
point distribution around the critical point (see Sec. VI). As
expected, the thermal fluctuations are subdominant as com-
pared to the disorder. Recall that for the polymer in full space,
with one endpoint fixed at 0, the cumulants are time dependent
with E[(x”).] =18, for any ¢, see Appendix D, a behavior
very different from Eq. (28). For the half-space problem, near
the transition the first two average cumulants are expected
to take the following time dependent scaling form [E(x) ~
>3 fi(a) and E(x*). =t f>(a), where a = t'3(A + 1) is the
critical scaling variable, with the asymptotics fi(a) ~ # and
fola) ~ 1/a® for a — —oo, from Egs. (29) and (30). Finally,
the result Eq. (31) is expected to hold provided ~!/3 «
—-A+H <KL

The polymer in the half-space can be also studied by the
replica method. It uses the relation between the nth moment
of the partition sum and the Lieb-Liniger Hamiltonian H,, for

E(") ~cld+ 37 e 31)
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n bosons on the half-line, solvable via the Bethe ansatz. This
was pioneered by Kardar [19] who proposed an ansatz for the
ground state W, of H,, which is a bound state to the wall
for A < —1/2, and used it to predict E[(x)]. This calculation
assumes that the limits » — 0 and  — +o00 commute. We
checked that the result of Ref. [19] agrees with Eq. (29)
(using k = 1/2 and A = —A there), which indicates that this
assumption holds in the bound phase (while it does not hold
in the unbound phase, or in the full space). In Appendix E
we provide a detailed comparison of the two methods [replica
ground-state dominance, and Brownian stationary measure
Eq. (27)] and more details on the replica approach. Note
that the full spectrum of H, is quite complicated and was
obtained recently in Ref. [42], see also Ref. [40], which con-
firms Ref. [19], and may allow to obtain subleading large time
behavior.

It is also possible to obtain exact formula for the m-point
averages E[pa(x;)...pa(x,)] of the Gibbs measure p4(x),
using the Liouville quantum mechanics developed in Refs.
[55-59]. The detailed calculations are presented in Appendix
F. For instance, in the case m = 1, we obtain

ico dZ(U)Z _ ZZ) ;X(wZ,f)

FPN = 31603 L Binror 20
x T(w + 2)’T(w — 2)*
xT(1—w—2)I'(1 —w + 2), (32)
which is valid for 0 < w = —(A + 1) < 1 and can be analyt-

ically continued to all w > 0 (see Appendix F where we also
checked that Eq. (32) is normalized to unity and reproduces
the first moment Eq. (29)).

B. Midpoint probability and unbinding by a force

Consider now a polymer with both endpoints fixed near the
wall at times ¢t = 0 and 2¢; see Fig. 1. One may ask about the
PDF of the midpoint position x = x(¢) for a long polymer, i.e.,
for large ¢. In the bound phase A < —1/2, it is proportional to
(up to a normalization factor)

651()6)+Bz(x)+2(A+%)x’ (33)

where B;, B, are independent Brownian motions. Since

Bi(x) 4+ B, (x) has the same distribution as ~/28(x) @ B(2x)

(B being a standard Brownian motion), the PDF of the mid-
point equals 2p4(2x), i.e., the midpoint position is distributed
as half of the endpoint position [60].

Applying now a force f on the polymer endpoint in Fig. 1
results in the change Zj(x,t) — e Zu(x, 1) to its partition
function (only at the final time ¢). In the stationary large time
limit Eq. (27) it amounts to shift A — A + f in all the above
results for the endpoint. An unbinding transition thus occurs at
f =f. = —(A + 1/2), with the same behavior as the transition
at f = 0 upon varying A (this is also equivalent to tilting the
wall). If the force is instead applied on the midpoint in Fig. 1,
then the unbinding transition then occurs at f. = —2(A4 + %).

C. Convergence to the stationary distribution

So far we have not justified why the ratios of partition
functions converge to Eq. (26) in the bound phase. It was

185
drift
parameter

—1
Ha5

UA.B
i A
2 boundary parameter

FIG. 2. Domains of attraction of KPZ (conjectural) stationary
measures. The horizontal coordinate A is the boundary parameter
in the half-space SHE (2). The vertical coordinate means that we
start from an initial condition which behaves as a Brownian motion
with drift —(B + %) at infinity. Then, the ratios of partition function
Z(x,t)/Z(0,t) converge to one of the stationary measures u. In
the blue region (low density phase in ASEP context) these ratios
converge to (s 14, as stated in the text. In the green region (high
density phase) the ratios converge to ©, g, and in the yellow region
(maximal current phase), they converge to , -1. Along the antidi-
agonal line B = —1 — A, the ratios always converge to the Brownian
stationary measures Eq. (26).

shown in Ref. [41] that this distribution of ratios is indeed
stationary. When A < _71 we claim that for a large class of
initial condition such that the drift at infinity is less than
—(A+ 1), thatis

log Zy(x + y,0) — log Zs (x, 0) =~ —(B + 1)y, (34)

for large x and y, with B > A (and even for more general
random initial conditions), then the ratios of partition func-
tions converge to Eq. (26). This class of initial conditions
includes the flat IC for the KPZ equation, as well as the fixed
endpoint for the DP (equivalently the droplet IC for KPZ). It is
important to note that there exist more general stationary dis-
tributions of partition function ratios than the ones described
in Eq. (26). They can be parametrized by (A, B), and denoted
1A B, Where A is the boundary parameter, and B is a drift pa-
rameter meaning that log Zs(x + y,t) — log Zs (x, t) behaves
as a Brownian motion in y with drift —(B + %) for large x.
In the case B = —1 — A, the stationary measure pt4 _j_4 is
exactly the one described in Eq. (26). Depending on the value
of A and the drift at infinity of the initial condition, we expect
that the partition function ratios converge to one of these
stationary measures according to the phase diagram in Fig. 2,
based on a similar analysis performed for the asymmetric
simple exclusion process (ASEP) [61,62].

V. IDENTITIES IN DISTRIBUTION

Equation (13), which characterizes the distribution of
Z/{ (0, t), matches with a known formula characterizing the
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distribution of another quantity. Let Z“)(x, t) be the solution
to the stochastic heat equation

WZ(x,1) = 0°Z(x, 1) + V2Z(x, E(x, 1), x €R,  (35)

on the full line, with “half-Brownian” initial condition given
by ]l@oes()‘)’(“”%)x, where B is a standard Brownian motion.
It was shown in Ref. [15] (see also Refs. [14,47]) that the
Laplace transform of Z*)(0, ¢) is given by the same Fredholm
determinant as the one that we obtained in Eq. (13). Matching
parameters and notations between Ref. [15] and the present
paper (see Appendix C) we find the following surprising iden-
tity in distribution: for all fixed r > O and any A € R,

Z10,1) = 2290, 1), (36)

where Zg (0, t) was defined in Eq. (3). Remarkably, an identity
of a similar flavour as Eq. (36) can be deduced from Ref.
[32, Eq. (7.59)] for a model of last passage percolation [63].
We stress that Eq. (36) is also valid in the phase A < 3!,
where in the left-hand side (l.h.s.), the polymer is bound to
the wall. In the r.h.s., Z4(0,¢) is the partition function of
polymer paths in the full space, weighted by 1,50eB®—A+2)x
(x being the starting point) which, for A < —1/2, is dominated
by x = O(¢) so that the fluctuations of the Brownian motion
are dominant over KPZ-type fluctuations. We do not know
whether Eq. (36) extends at several times. Nevertheless, we
may generalize Eq. (36) by introducing a spatial parameter,
though we cannot simply replace the point O by an arbitrary
point X > 0 in Eq. (36). Let us define

Z;‘hifted(x’ t) — /

x=2X

Z4(0, t]x, 0)dx. (37)

This corresponds to the value at the origin of the solution to
the half-line SHE (2) with initial condition Z(x, 0) = 1,>x.
Then, we may readily adapt Egs. (6), (7), (9), (12), and
(13) (see details in Appendix C) and match the result with
Ref. [15]. We obtain that for any fixed time r > 0, X > 0 and
A € R, we have the identity in distribution

Zihied (X 1) = 27W(—X, 7). (38)

2
Note that Z4)(—X, ) has the same law as e~ % ZA+3)(0, 1)
from the tilt symmetry (see Appendix D), hence we also have

. 2 .
zshifted (1) = e—%zjfgd(o, t)in law.

An even more generaf’identity in distribution holds. Let us
denote Z4 p(x, t) the solution to Eq. (2) on the half line x > 0
with initial condition given by e3®)~B+2)> The moments of
Za p(x,t) are given in Ref. [41, Sec. 4.4] in a very similar
form as in Eq. (5). Thus, we may still apply the same steps:
we define

zitorn = |

x>2X

ZA’B(X, t)dx, (39)

and compute the Laplace transform of Z““f“"“l (X, t). Then, for
t >0, X >0, and parameters A, B such thatA+B+ 1>0

and B > ; , we have the identity in distribution
Ze (X, 1) = 22D (=X, 1), (40)

where the quantity Z®4-B)(—X t) is again the solution
to full-line SHE (35) with some specific IC, that we obtain in

Appendix C3 using exact formulas valid for the exactly
solvable log-gamma polymer model. To describe it, let
Wi, W,, W3 be three independent Brownian motions with
respective drifts —(B + %), —(A+ %) and —(B + %). Let w
be an independent inverse Gamma random variable with pa-
rameter (2B + 1). Then for x < 0,

ZBAB (x,0) = we™1 9, 1)

and for x > 0,
Z(B\A,B)(x’ 0) = PLAZICY; (w +/ eWz(y)Ws(y)dy) (42)
0

When B — +00, then B Z{i*!(X, 1) goes to Z{""¢ (X, 1) and
BZ®BAB (X 1) goes to ZY (X, t) (see Appendix C4), so that
we recover Eq. (38). When A — 400, we obtain yet another
identity in law,

thlfted (X, t )

Pes (X 1) = 2wZ PP (=X, 1), (43)

where the l.h.s. is related to half-line solution to Eq. (2)
with ¢8®)=B+2x IC and Dirichlet boundary condition (this
solution was studied in Refs. [40,64]), and Z®BB) (X, 1) is the
full-line solution to Eq. (35) with €3®)~®B+2)k IC, indepen-
dent on w. This solution was studied in Refs. [16—18] and one
checks that the Fredholm determinant obtained here charac-
terizing the law of ZShlfted (X, t) for A — +o00 matches the one
in Ref. [17], see Appendlx C2. Going back to the solution
ZBAB(_X t) in Eq. (40), its distribution was not obtained
in the literature, though its moments can be computed using
known methods, and we explain in Appendix C3 how they
match with the moments of Z3"f*!(X, 1) for generic parame-
ters A, B.

VI. UNIVERSALITY

In this paper we studied the continuum directed poly-
mer model. We found that in the bound phase, taking
the limit # — +oo first, very near the transition, with 0 <
€ = —(A+1/2) <« 1, the PDF of the scaled endpoint posi-
tion y = x(A + 1/2)? concentrates around the optimum y,, =
argmaxz>0(l§(z) — 7). Hence, in that limit this scaled position
is distributed with

P(y) = /ﬂiye—y/z — Erfc (@) (44)

a PDF which behaves as P(y) ~ ./ ﬂl\ fory « 1andas P(y) ~

2y=32e™2 fory > 1.

One can argue that this result holds for finite but very large
time as well, as long as the critical parameter a = (A + 1)t!/?
is very large negative —a > 1. In fact one can surmise that
there is a scaling function which describes the endpoint posi-
tion x(¢) in the critical region as follows:

lim Prob[x(t)(A F1/2)7 < y(A +1 1/3] Py, a).

(45)
To match the previous result one would need that
lim,— oo P(y,a) = foy dzP(z). However, one can conjecture
the existence of a (critical) half-space Airy process, denoted
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A, (%) continuously depending on the parameter a. It would
describe in particular the simultaneous limit + — 400 and
A — —1/2 of the continuum directed polymer model, with
fixeda =134+ 3)

log Z4(x, 110, 0) ~ t'3 (A, (%) — 2%, %

EYTER (46)

By universality, this process should be the same as the limit
process obtained from half-space last passage percolation, so
that the finite dimensional marginals of A, () are described in
Ref. [35, Theorem 1.7]. The main result of this paper (solution
for the flat IC) can be stated in terms of this process A, (%),

@ BBP,, (47)

max((Aq (%) — &)
where 2 denotes the equality of distributions and BBP, de-
notes the BBP distribution defined in Eq. (24). More generally,

from the identity Eq. (37) obtained in this paper, one would
conclude that, for fixed X > 0,

max[(A,() — )] L & + 24X (48)
i>X

+ [ A (=X — a) — (X + a)*], (49)

where A,_,py was introduced in Ref. [65] (see also
Refs. [14,66]). For Eq. (46) to match our results on the sta-
tionary large time limit requires that for ¥ < 1,

A®) ~ V2B&) + 24as. (50)

Finally, the endpoint PDF scaling function P(y, a) defined
in Eq. (45) would be obtained from this process as the PDF
of y = argmax{[A,(%) — £*]}. It is then natural to conjecture
the universality of the above distributions at a half-space KPZ
fixed point.

In the context of last passage percolation, an identity rem-
iniscent of Eq. (36) relating the distribution of the point to
point energy in a full-space model and the point to line energy
in a half-space model, was stated as Ref. [32, Eq. (7.59)]. In
the large scale limit (studied in Ref. [33]) both distributions
converge to the BBP distribution (the limiting distribution
function was denoted F' g(x; w) in Ref. [33], it coincides with
the BBP distribution defined later in Ref. [43]). Our asymp-

J

totic results at large time for the KPZ equation in Sec. III B
thus confirm universality predictions. Let us stress, however,
that the identity in distribution from Ref. [32] cannot be scaled
to the KPZ equation: one cannot deduce from it our finite time
identities in distribution Egs. (36), (38), (40), and (C17).

VII. CONCLUSION

We obtained the solution for all times to the KPZ equation
on a half-line with flat IC, i.e., the distribution of the height
at the origin for any wall parameter A. Thanks to remarkable
algebraic cancellations it is simpler than the solution for flat
IC on the full line. In fact, we find that it is related to the
half-Brownian IC on the full line, and uncover further curious
relations between full and half-line problems. Equivalently it
gives the free energy of a DP of any length ¢ in a half-space,
with one free endpoint and the other pinned at the wall. We
showed that its critical behavior at the unbinding transition
at A = —1/2 is identical to the BBP critical behavior for
outliers of GUE random matrices. For A < —1/2 the poly-
mer is bound to the wall and at large 7 its endpoint position
fluctuates as a particle at equilibrium in a one-sided Brown-
ian plus linear confining potential. This considerably extends
early predictions within the replica Bethe ansatz. These results
open questions such as generalization of the aforementioned
identities to several points or times, studying the rate of con-
vergence to the stationary measure p4 that we determined,
possibly in relation to excited states within the replica Bethe
ansatz, and properties of the non Gaussian stationary measures
Ha p (their analogues in finite volume were recently studied
in Ref. [67]). Our results near criticality are part of a larger
universal KPZ fixed point structure in half-space, yet to be
fully characterized.
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APPENDIX A: FLAT INITIAL CONDITION: DETAILS

1. Explicit formula for the moments

Computing the factor E(w, w; + 1, ...,

dw;

E[Z](0,1)"] = n2" f :
s -n Y ¥ T[S

Yl mi=n
0w+ k)2 =

where we used that ) ;" G(w +m) —

w+m—1,...,

¢ ¢
<wi+mi - wj>l"j=1 oy DA+ wi +mi)

G(w) and G(w) is defined as G(w) :=

wy, ..., wy +my — 1) in Eq. (9) using Eq. (12) one finds

ra i
(A+w;) ez(G(w,-+m,-)7G(wi))’ (A1)

%3 - '”72 + % We recall that the real

part of integration contours is such that » > —A. One can check that the integrals over w; are convergent.

2. Laplace transform

+00 (—u)"
n=1 p!

Let us now consider the generating function 1+ ) IE[Z}; (0, t)"]. The summation over n allows to eliminate the
constraint Zle m; = n in the sum over the variables m; in Eq. (A1). Although it is a divergent series, after rearrangements of the

. . o . £ .
terms and use of a Mellin Barnes representation of the sums, it yields an expression for the Laplace transform E[e~*% ()] which
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as

FIG. 3. The contours C,, and C, [w] are shown in the figure. The contour C, [w] depends on the location of w. For the w depicted in the
figure, the contour consists of the union of the vertical line with real part a, and small negatively oriented circles around w 4+ 1 and w + 2,
since w 4+ 1 and w + 2 lie to the left of the vertical line with real part a,.

in all known cases has given the correct result. The Mellin-Barnes representation replaces the sum over the integer variables m;
by integrals, for each i

d
§ (—1)"f(m) = / ZZ — 1), (A2)
— i sm( TZ)

where C = a + iR with 0 < a < 1, oriented from bottom to top. Introducing a variable z; for each m; and performing the change
from z; to s; = w; + z;, this leads to

+00 ¢
E[ewz/((o,t)]zzl/ M/ dwgf ﬂ f dsg et ( 1 )
=t Je, 2 e, 20 Joun 2 oy 20 \si—w; /),

¢ 1G(s})
% l—[ [ e T (2u)x/—wji| 1_[ F(A + U)j (A3)

6w sin(—m (s; — w;) (A +s;)

j=1

The contour for variables w;, denoted C,,, is the union of two semi-infinite rays leaving the point a,, > —A in the direction
+2m /3, oriented from bottom to top. The contour for variables s;, denoted C, [w] is formed by the union of the vertical line

+ iR and the union of negatively oriented circles around the poles at w + 1, w + 2, ... when these lie to the left of the vertical
line (see Fig. 3). The vertical line is oriented from bottom to top. Furthermore, a sufficient condition for the integrals over s; to
be convergent is that a; — 1/2 > 0. We choose the real numbers a; and a,, so that

—A < ay, < ag. (A4)

Since from the choices of integration contours one has Re(s; — w;) > 0 in Eq. (A3), we can use the representation

1 +00
= f dve V6w (A5)
0

S —w;
inside the determinant. After some simple manipulations one recognizes the expansion of a Fredholm determinant
f —
E[e™%*] = Det(I + Ku 2R+ (A6)

with the kernel

, tG(s) A
Koi(v,0) = / / R S P A ) (A7)
2ir Coplw] 217 Sin[—7r (s — w)] e T(A +5)

This provides an expression of the generating function in terms of a kernel involving two contour integrals. We will now
transform this formula to obtain an alternative expression in terms a second kernel, as given in the main text in Sec. III. Let
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us use the identity for %iA > 0,

2M —Ar

Quy ——— = — / dr—— ¢ (A8)
sin(—mA) R € "+2u
and perform the shift w; — w; 4 1/2 and change of variables s; = z; 4+ 1/2. This leads to our final formula
E[e™% 0" | = det(I — Ky )L2(0.400) (A9)
with the kernel
/ 2“ ’
Kii(v,v) = | dr————¢a:(v+1r)Ya,(v' + 1), (A10)
R e +2u
Pas(v) f d: o5 (Al1)
v) = T T
o aviR 20T TA+ 1 +2)
d uvs
Va.(v) = / Sl (A 4 5+ w), (A12)
¢ 2im

aw

where the contour for z is a vertical line such that a; > 0 and the contour for w, denoted C,,, is the union of two semi-infinite
rays leaving the point a,, > —(A + %) in the direction £27m /3.

APPENDIX B: ASYMPTOTICS: DETAILS
1. CaseA > 3}

Using the rescalings indicated in Sec. III, we have the limits

1 1173 113 dz 2 -
lim F(A + —)r‘“q&A,,(t'/%) = lim le) = Ai(D) =/ hadps a0 (B1)
t—00 2 t—oo T'(A+3) 1-HR 217
We also have, with u = e~ and r = 1/3F,
2u 2 B
2 2t er e o (U (B2)
which leads to Egs. (21) and (22) in the main text.
2. CaseA < 3!
When A < _71, we use the following change of variables in Egs. (A10)-(A12):
1 1/2 1/2 1 172
r=(A+3 +1'%7, v =1, i=—(A+3 +1717%, (B3)
so that
2 t +% 3 1 ~ Z ~ ~ | ms
T [ e B / B pprtrpz-ainr (B4)
' 2 t 2im
To take the asymptotics of 14 ,, we first shift the contour to the left of the pole at w = —(A + 1) and we obtain
ymp , p 2
1+ 1) d w3
Yay=e & @Dy [ SR erhpa g, (BS)
Cy 2im
where now, C is the union of two semi-infinite rays in direction £¢ where ¢ € (%, %’) (so that Re[w?] > 0), which intersect
the horizontal axis at a/, with —A — % < d, < —(A+ 3). We obtain
1 2 aar 1) 1 o dil (A+ 3>+ +F)D
wA,r[(A + _) t+tl/2(i~)/ + ;)} ~ e 32 e—(A+§)tl/2(v +r)|:1 +/ ._we+ , (B6)
2 Cas 2im ]
where we have chosen ¢ € (37”, %”) (so that Re[®?] > 0), and we have used the change of variables w = —(A + %) +t 2w

and we scale a), = —(A + %) + agt~'/? with az < 0. Notice that in the integral in the r.h.s. of Eq. (B6), the contour can be
freely shifted to the left to —oo, so that the integral is zero. We now set u = e~A+2)=1"? 5o that
2u 2
e’ + 2u - 2 +etl/z(5—7) 1—00

O(F — s) (B7)
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and

, f o 1y2
E[e_L,ZI(oJ)en] P logZ3 (0, 1) + 12 A+ 2) t <sl. (BS)
t—>00 t1/2

Putting all terms together, there are cancellations of the prefactors from 4 ; and ¢4, so that 1Y 2K,,,,(v, V) —— I?S(T), ?') and
—0o0
we obtain that

tlirgo det(l - Ku,t)L2(0,+oo) = det(l - KS)L2(0,+00)7 (Bg)
where
+ > > 5 92
R o) = / oodF/ ;._ZZe—(A+%)zL(D+F)Z _ / LA S St e (B10)
B i

2in JATIA+ L

so that, at large time

p 1 1\? "
logZy (0, 1) = | ==+ A+ ) |1+, (B11)
with
~ 0 ~
P(x <s)=detd — K)r2.400 = 1 — / K. 9)d0 =P(G < 9), (B12)
0

where G is a centered Gaussian random variable with variance 2|A + %|, as announced in the main text. In Eq. (B12) the

Fredholm determinant is simple to evaluate since K, is a rank one kernel (i.e., a projector). Note that the variance of the random
variable x has the same value as for the droplet IC, as found by a more heuristic method in Ref. [42].

3. Critical case A = _7' +at~13
We use the same scalings as indicated in Sec. III for A > ’71, and we obtain
23 1/3~ ~ az . 24z
im 177 s (£7°0) = ¢u(D) := — @+ a)ys ", (B13)
t—00 1+HR 2im
d emeﬁer

llim Ua (t130) = Y, (D) ;:f &

e, 2ir w+4a’

(B14)

where the contour C,, in Eq. (B14) is the union of two semi-infinite rays in direction 27 /3 which intersect the horizontal axis
at ay is such that az > —a. Putting all together we obtain, as announced in the main text,

P(x <s)=det (I — K", ro0) = FBBP(s), (B15)
with the kernel
+00
KPP (v, v) = / dréa(v + )y, +r), (B16)
0

where the functions ¢, and v, are defined in Eqgs. (B13) and (B14). This distribution was introduced in Ref. [43] and the form
that we obtained in Eq. (24) [i.e., Eq. (B15)] can be matched with the original definition from Ref. [43] using, e.g., Ref. [47].

APPENDIX C: GENERALIZATION TO THE SHIFTED PARTITION FUNCTION
WITH X > 0 AND ARBITRARY PARAMETERS A, B

1. Moment formulas

The starting point is the following formula from Ref. [41, Sec. 4.4] for the moments of Z, g(x, t), that is the solution to the
half-space SHE (2) with Brownian IC e#®~3+2) ForB>n—1,A+B>n—1,andx; > x, > -+ > x,,

n I'(A B 1 d d I = .
E[HZA,B(XI'J)} _p TA+B+D ! / Z I =% Lt
i=1 .

TA+B+1—n) ), g 2ir O e E

- % L -
% {oiz Cl1
E zi+AB— zfe €D
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where the contours are chosensothatB > ry > +1 > ... >rytn— 1 > max{n — 1 — A, n — 1}, i.e., all contours are to the
right of —A and to the left of B. Recall the definition of Z{"j**!(X, 7) from Eq. (39). Using the same steps as in the main text
around Eq. (6), we have

: 'A+B+1 d dz, a —
]E[Zzhgted(x’ t)n] = " ( + + ) i . f Z 1_[ iF(Z), (CZ)
. FA+B+1—n) ), g 2in R 20 2 Za— 2 — ]
where now,
Fo= ] 2+ 2 l—[ —Xz % 1 ©3
t—111z14+- +Zzzl+AB2_Z‘

1<a<bsn < i=1

As in the main text, we may use Ref. [38, Proposition 5.1] to obtain that Eq. (C1) becomes

FTA+B+1 d d 1 ‘
FA+B+1—n) & E' rvir 27 Joyip 2in Wi+ M = Wi/

X E(wl,w1+1,...,w1+m1—1,...,wg,...,w(+mg—1), (C4)

where now, the real part of contours is such that max{—A, 0} < r < B and the function FE is given in terms of the function F in
Eq. (C3) by the same formula as in as in Eq. (10). It is computed as in the main text using the same symmetrization Eq. (11),
and we obtain that

n etz,? —Xz; 1

EQR@) = e
() - Zi+AB2_Z[2

(C5)

At this point, we may use Ref. [38, Proposition 5.1] backwards, and obtain that the moments of Zg‘j}'gﬂ"’d (X, t) are given by the
relatively simple nested contour formula:

i n n F(A +B+ l) dZ] dzn Za — 3 ‘ Zi 1 2y,
E[Z5* (X, 1)"] =2 — . —/ [T = =™ (o)
I'NA+B+1—n) J, g 2i7 rHR 2hT I <ampen la 2 1 iy G +AB* -z

where the contours are chosensothatB >ry >rn+1>...>r,+n—1>max{n—1—A,n— 1}.

2. Laplace transform

We may also use Eq. (C4) to form the moment generating series as in Appendix A 2 and obtain a Fredholm determinant
formula. The main difference with Appendix A is that there is a prefactor % in the moment Eq. (C4). This is
the reason why it is convenient to introduce an inverse gamma random variable W with parameter A 4+ B + 1, i.e., of PDF

P(w) = 'mw_A‘B_ze_l/ vg(w) and moments E[W"] = %, independent from Z{"§**(X, ¢), so that the moments
of WZSh‘f“"d (X, t) satisfy the same formula as Eq. (C4) without the ratio of Gamma functions At this point we may reproduce

the steps detailed above in Appendix A 2. We use ]/ = r&(ﬁ;ﬁl) and []7,' ot (w = ;g’zﬂﬁ, & +;}”:y:£; We obtain

+00 ¢
Efe- sy = 3 L / dw / dw, / s / L ( ! )
= 2 Je,, 2im Cas 2in Dy [w] 217 D, [we] 2in Si— Wi/ i

¢ 1G(s;) X U2 ¢
£G0s; : T uy 1_[ (A4 w)T(B+w)HI(B —s;+ 1)
e’G(w/)_XM sin(—n(sj — IUj) F(A + Sj)F(B + Sj)F(B — Wj + 1) '

X

(C7)

Jj=1 Jj=1
The contours are chosen similarly as in Appendix A 2. More precisely, the contour for variables w;, denoted C,,, is the union
of two semi-infinite rays leaving the point a,, > max{—A, —B} in the direction &2 /3. The contour for variables s;, denoted
D, [w] is formed by the union two parts: (1) a wedge shaped contour, that is the union of two semi-infinite rays leaving the point
as with ay, < a; < B+ 1, and (2) the union of negatively oriented circles around the poles at w + 1, w + 2, ... when these lie
to the left of the wedge; see Fig. 4. All infinite contours are oriented from bottom to top. The moment Eq. (C7) leads to

Efe- W7 %00 |  get (1 — KA7) -

L2(0,400)’

024502-11



GUILLAUME BARRAQUAND AND PIERRE LE DOUSSAL PHYSICAL REVIEW E 104, 024502 (2021)

FIG. 4. The contours C,, and D, [w] are shown in the figure. The contour D, [w] depends on the location of w. For the w depicted in
the figure, the contour consists of the union of the wedge crossing the real axis at the point a; < B + 1 and small negatively oriented circles
around w + 1, w + 2 and w + 3, since w 4+ 1, w 4+ 2 and w + 3 lie to the left of the wedge.

with the kernel

/ 2u /
KL/:}B(U, V) = f drm¢A,B,t(U + )Y (V' + 1), (€9
R
1_
mgmozf L G i kB (C10)
"~ p,, 2im FTA+i+2TB+1+2)

1 1
l”ABt(U):/ d._we—t§+xw72+vwF(A+§+w)F(B+§+w), 1)

- 2im I'B+ % —w)

aw

where the contours for z, denoted D,,, is the union of two semi-infinite rays leaving the point a, < B + % in the direction £ /3,
and the contour for w, denoted C,,, is the union of two semi-infinite rays leaving the point a,, > max{—(A + %), —(B+ %)} in
the direction 27 /3.

Limit as A — +oo0. In this limit, Z4 g(x, t) converges to Zp,, g(x, t), the solution to the half-space SHE (2) with Brownian
IC ¢B®@~(B+2)x and Dirichlet boundary condition, that is it satisfies the boundary condition Zp;.(0, 1) = 0 for all # > 0. Then,
defining

Zprsd (X, ) = / Zpirp(x, 1)dx, (C12)
x=>X
as in Eq. (39), Egs. (C8) and (C9) become
]E[efuzg)‘,f‘gd(x,r)m] — det(] — KZ?’B)LZ(O,Jroo), (C13)
where
oo,B / 2u ,
K77, v) = | dr———¢oo5:(V + 1Yo (V' + 1), (C14)
’ R e +2u
dz 2 _y2_ TB+1-z
$o0,8.1(V) :/ .—Z€t7_x7_w(—%), (C15)
a,+iR 217 I'B+5+2)
dw —tﬁ-k—Xﬁ-i—uw F(B + % + w)
v) = e 2 T Cl6
Voo (V) Lmﬁn T E— (C16)

Note that when performing the limit A — 400 the prefactor % in the moment Eq. (C4) is replaced by A" which is

compensated by the total factor A™" from the Gamma functions inside the integrals. Hence there is no need anymore for the
variable W and one obtains the finite limit in Eq. (C13).
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This kernel K2 already appeared in Ref. [17, Prop. 1] and Ref. [18, Th. 2.9] in the context of the full space KPZ with two
sided Brownian IC. This implies that we have the equality in distribution, for fixed X, r and B > =L

Zhid(x, 1) = 2238 (=X, 1) = 2wZ PP (=X, 1), (C17)

where Z®B)(X, 1) is the solution to the full-space SHE (35) with initial condition we®®~B+2)1 where B(x) is a two-sided
Brownian motion with B(0) = 0 and w is an independent inverse Gamma random variable with parameter 2B + 1. The last
identity is trivial since w can be put in factor at all x, t and Z‘®18)(—X t) has the same IC but without the w factor, as defined in
the main text. As we explained in the main text, the identity in law Eq. (C17) can be seen as the limit of Eq. (40) as A goes to
infinity.

3. Mapping to full-space KPZ with specific initial condition

In this section, we explain the identity in law Eq. (40) (which in particular implies the identity in distribution Eq. (38) after
letting B go to +00). Recall the definition of Z@BAB (X 1), that is the solution to full-line SHE (35) with IC depending on
parameters A, B and specified by Eqgs. (41) and (42). It seems that for this quantity, moment formulas have not been written
down previously, nor a Fredholm determinant representation for the moment generating function. Thus, we cannot immediately
compare its distribution with Eq. (C6) or Eq. (C8).

Nevertheless, the moments of Z® ‘A’B)(X , t) can be obtained from methods that are available in the literature. For this, we first
need to establish a moment formula for certain partition functions of the log-gamma polymer, a directed polymer model on the
lattice Z? introduced in Ref. [68]. Then we will take the continuous limit to the KPZ equation along the lines of Ref. [41], and
find that the moments match with Eq. (C6), up to a factor 2 that accounts for the factor 2 in Eq. (40).

Remark: Note that for the same log-gamma polymer model, Fredholm determinant formulas are available in Refs. [18,69,70],
and after taking the limit to the KPZ equation, this should allow to match with Eq. (C8) but this route is more technical and we
will not pursue it here.

We need to briefly define the log-gamma polymer partition function that we will be working with, and we refer to Refs. [68,71]
for details. Consider a sequence of random variables (w; ;); j>1 distributed as independent inverse Gamma random variables
with parameter «; + §;, where «; and §; are arbitrary sequences of real numbers such that o; + 8; > 0. We define the partition

function
Zo,my= > ] wis (C18)

7:(1,1)—(n,m) (i, j)en

where the sum runs over upright paths 7 in Z? going from (1,1)to (n,m). Forn; > --- > my > land 1 <my < -+ < my, we
have

nj mj

k
dw1 dwk Wy — Wp 1
E Z(nj,m;) | = - , C19
[E " m):| 2ir ¢2ma Wy —wh—ln(l_[a—1/2+wjll:!,3,-—1/2—wj> (€19

J=1

where all integration contours are positively oriented and enclose the —o; + 1/2 but not the §; — 1/2, and are nested such
that for i < j, the w;-contour encloses the w;-contour shifted by 1. These conditions can be satisfied only for small enough
k. The contours may be taken as closed curves or be deformed to become infinite vertical lines. It seems that Eq. (C19) has
not been written anywhere in the literature (though Fredholm determinant formulas for the Laplace transform are given in
Refs. [18,69,70]). This moment formula can be obtained by taking appropriate specializations and limits in Ref. [72, Theorem
4.6] (the appropriate specializations and limits that one needs to take are explained in many references, see, e.g., Ref. [44, Secs.
4 and 5.3]).

Now, we are ready to take the continuous limit. The fact that the partition function Z(n, m) converges to the solution to the
SHE (35) was originally proved in Refs. [73,74] for general directed polymer models (see also Ref. [75] for the application to
the log-gamma polymer), but we will follow the arguments from the physics work [41, Sec. 4]. Assume that we scale «; and S;
such that

Bi=3+B, Bi=3++n (i22), (C20)
and
ay=3+A=3+B, a=%+/n (i23). (C21)
The rescaled partition function
Z,(x,t) = n"Z(tn — x/n/2, tn + x/n/2) (C22)

converges as n goes to infinity [41, Claim 4.6] to the solution of Eq. (35) with initial condition given as follows. Let W;, W,
and Vs be independent Brownian motions with respective drifts —(B + %), —(A+ %), —(B+ %). Let wy; be an inverse Gamma
random variable with parameter A + B + 1 and w;; be an inverse Gamma random variable with parameter 2B + 1. For x < 0,
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the initial condition is given by
Z(x,0) = wijwy ™M, (C23)

and for x > 0,
Z(x,0) = w11w216W3(X) + wy / eWz(Y)-‘rWs(x)—Ws(y)dy‘ (C24)
0

Let us briefly explain how this initial condition is obtained. Note that under Eqs. (C20) and (C21), the weights w;; and wa,
are independent and inverse Gamma distributed with parameters A + B 4+ 1 and 2B + 1. We have that for i > 3 o; + 1 =
B + 1 4 /n, so that under the scaling given in Eq. (C22), products of weights along the first row converge to ¢V~ where
x < 0 and W, has drift —(B + %) (see Ref. [41, Eq. (4.12)] for details). Since paths need to go through the vertices (1,1) and
(2,1) before continuing along the first row until location (—x/7, 1), this explains Eq. (C23). Along the first columns, we have
that for j > 2, a1 + B =A+ 1 + /n, and ar + B; = B + 1 + /n, so that products of weights along the first row converge to
e”V2® and products of weights along the second row converge to ¢”V**). We need to consider two types of paths: those going
through vertices (1,1), (2,1), and collecting a number of weights on the second column until the location (1, x+/n), hence the first
term in Eq. (C24); those going through vertex (1,1), then collecting a number of weights along the first column until a location
close to (1, y4/n) then collecting a number of weights on the second columns between locations (1, y+/7) and (1, x./n), hence
the second term in Eq. (C24).

Note that the weight wy; is in factor of the IC Z(x, 0) for any x, so that the solution of the full-space SHE (35) with such
initial condition that we have obtained as a limit of the log-gamma polymer model can be written as Z(x, t) = w;; Z84B) (x, 1),
and wy; = w, using the notations in the main text in Sec. V. Assuming the convergence of moments, and taking the limit of the
integral Eq. (C19) under the scalings Egs. (C20), (C21), and (C22), we obtain the following moment formula: For x; < - - - < x,,,

z 'NA+B+1 d dz, . — . 1 1 2
E|[[25 0 | = ot 2L D R H( ; ze’z’ﬂ’z") (€25)
il I'NA+B+1—n) J, g 2in rHR 2hT ooy Za —z— 1 Pl A+z; B -z

where the contours are such that

B>ri>n+1>...>rn+k—1, withr, > —A, —B, (C26)
and we have used that the moments of w;; are given by ]E[w’fl] = %. Comparing with Eq. (C6), we have that for x > 0,

and any integer n > 1,
Z’ZE[Z(BlA’B)(—x, 1) = E[Zzl’lgted(x’ t)”], (C27)

from which we deduce the equality in distribution Eq. (40) (strictly speaking, an equality of moments does not imply an equality
in distribution but we will ignore this mathematical subtlety).

4. Degeneration as B — +o0

In the B — +o0 limit, we need to multiply both members of Eq. (C27) by B" before taking the limit. Then, the full space
solution in the Lh.s. of Eq. (C27) has half-Brownian IC (in the limit), as can be seen from Egs. (41) and (42), that is, on R
the initial condition is the exponential of a Brownian motion with drift —(A + %) and on R the initial condition is zero. The
half-space solution involved in the r.h.s. of Eq. (C27) has Robin-type boundary condition with parameter A, and delta at O IC in
the limit (i.e., droplet initial condition). Hence, we obtain the identity in distribution Eq. (38).

The identity in distribution can also be obtained by a comparison of Fredholm determinant formulas. Indeed, the kernel K|, ,
already appeared in Ref. [15]. This paper was considering the solution Z“*)(x, ) to the full-space SHE (35) with half-Brownian
IC ZM(x, 0) = B@=A+2) for x > 0 and ZW(x, 0) = 0 for x < 0. In fact, the solution was obtained there for any x but in the
absence of the drift (i.e., for A = —1/2); however, it is immediate to extend it to arbitrary drift, using the statistical symmetry (see
Appendix D). Comparing Eq. (A9) with Ref. [15, Prop. 2], we obtain the identity in distribution Eq. (36). The correspondence
of notations is as follows: one must set o = 1, y, = t1/3 there, and here u = ¢! s

APPENDIX D: TILT SYMMETRY

Let us consider the SHE on the full line Eq. (35) with standard space time white noise & (x, t). Suppose that {Z(x, t)}\cRr />0
is a solution with IC Z(x, 0) = Zy(x). Consider now for any fixed real a
Z(x,t) = e Z(x + 2at, 1). (D1)

Since &(x,t) = £(x + 2at, t) is also a standard space time white noise, Z(x,t) is also a solution of the SHE (35), with IC
Z(x,0) = Zy(x) = e™Zy(x) in another realization of the noise. Hence the (statistical) tilt symmetry (STS) relates the statistics of
the solutions of the SHE with “tilted” initial conditions. In the particular case of the droplet IC, Zy(x) = Zy(x) = 8(x) these IC
are identical and the statistics of {Z(x, )},cRr ;>0 and {Z(x, t)},cR ;>0 are thus identical (as space time processes).
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1. Half-Brownian IC

Let us denote now Z,(x, t) the solution with the half Brownian IC with drift v, i.e., Z,(x, 0) = e2®*%*g(x). The solution
Zy1a(x,t) with a half Brownian IC with drift v + a, i.e., Z,;4(x, 0) = B®T@+D¥)(x) can thus be constructed using the STS,
i.e., one has in law

Zoialx, 1) = V17 (x + 2at, 1). (D2)
This is an identity between space time processes. We want now to focus only on the distribution at a single fixed space-time
point (x, ¢). Then we can choose a = —x/(2¢) and v = w — a and obtain the equality in law
x2
Zy(x,t) =€ 7Zyy£(0,1). (D3)

2
Setting w = —(A + 1) and x = —X we obtain the identity in law ZW(—X, 1) = e~ Z4+3)(0, 1) given in the main text.

2. Droplet IC

Consider now the solution Z(x,t) = Z(x,t|0,0) of the full line SHE with the droplet IC. Let us define G(f,t) =
fj;o dxe™Z(x,1). It is the partition sum of a directed polymer with one fixed endpoint at (0,0) and one free endpoint (x, t)
but with an applied force f on that endpoint. From the STS property we have that G(f, ¢) has the same distribution as

+00
/ dxe™ e Z(x + 2at, 1) = G(f + a, t)e~ @2, (D4)

o0

Hence, choosing a = —f
Elog G(f,1) = Elog G(0, 1) + 1. (D5)

It follows, by differentiation, that the averaged thermal cumulants of the free endpoint (x, ¢) in the absence of the force, i.e., for
f =0, are simply E (x?). = 8{’ Elog G(f, t) = 218, > on the full line, as mentioned in the main text. Similar remarkable identities
for thermal fluctuations occur in a larger class of disordered models [76]. While it is valid for any #, for large ¢ this result is
usually interpreted within the droplet picture [51,77]. The typical Gibbs measure of the endpoint is localized, i.e., the thermal
fluctuations of the endpoint are typically 8x = O(1). However, with probability p(t) ~ T /t'/* (where the temperature is T = 1
here) there exists two distant states, almost degenerate in energy (within O(T')): the Gibbs measure is splitted between them and
that leads to a much larger 8x ~ #2/3. Putting these factors together leads to E (x?). ~ Tt~ 1/3t4/3 ~ Tt

Note that by the tilt symmetry the polymer configurations are mapped into each others. In the case of the half-space the STS
maps a problem with a vertical wall to a problem with a tilted wall, so a priori one cannot readily use it. In the main text we have
found the curious relation Eq. (38) and used on the r.h.s. the STS for the half-Brownian in full space (shown above) to deduce

. 2 .
the equality in law Zjh‘f“’d(X 1) = e’)fTrZzlf‘fd(O, t). Although it has a flavor of STS in half space, it is not, and in fact there is
2t

no simple correspondence between the polymer trajectories on both sides of this relation.

A similar puzzle occurs upon applying a force f to the endpoint in the half space. A tilt transformation which removes the
force would also tilt the wall, so no obvious consequence can be obtained. Nevertheless, as shown in the main text, the force
induces an additional drift in the drifted Brownian stationary measure leading to the simple shift A — A + f. There also, it does
not seem to exist any simple picture in terms of tilted polymer paths.

APPENDIX E: REPLICA BETHE ANSATZ APPROACH

In this Appendix we explore the interplay between the energy spectrum of the replica delta Bose gas in the half-space and the
stationary measure of increments of partition function that is used in the main text in Sec. IV to study endpoint distributions of
polymers.

1. Moments of partition sum

The replica Bethe ansatz method (RBA) allows to write the multipoint equal time moments of Z(x, ¢), solution of the SHE

equation (in full or half space), as a quantum mechanical expectation [denoting X = (xy, ..., x,)]
o e—Eu
E[Z(x1. 1) Z(x, )] = (Ele™ ™| W(t = 0)) =Y W, (01, ... ) (W, | Wt = O»W’ (E1)
n m

i.e., a sum over the unnormalized eigenfunctions W, (of norm denoted ||, ||) of the n-body Lieb-Liniger (LL) Hamiltonian

nooa2
H,,:—Z%—Z Z 8(xi — xj), (E2)

j=1 "7 1<i<j<n
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with eigenenergies E,,. In Eq. (E1), we have denoted W, (xi, ..., x,) = (X|¥,) and the initial state |¥(z = 0)) encodes the
initial condition of the SHE, with (X|W(t+ = 0)) = ]_[;’:1 Z(x;, 0) for a deterministic IC and (X|¥(t = 0)) = IE[]_[?=1 Z(x;, 0)] for
a random IC. These initial conditions being symmetric in (xi, - - - , x,) only the symmetric, i.e., bosonic, eigenstates contribute

to the sum in Eq. (E1). The representation Eq. (E1) is valid in full space and half space. The sum Eq. (E1) is weighted by the
overlaps (U, |¥(t = 0)) = [ ], dx; W, () (X|\W(r = 0)).

In the half space case H, acts on wave-functions which satisfy the boundary conditions 9, W(¥)|y,—0 = AV(X)|y,—0, i =1...,n
(hence the eigenstates W, satisfy this condition). The n body spectrum of the half-space problem is complicated and was obtained
from the Bethe ansatz in Ref. [42]. We also refer to Ref. [42] for a more detailed presentation and for the references to the
literature on the Bethe ansatz for the half-space LL model. In addition to the usual bulk string bound states which exist in the full
space problem and have an arbitrary center of mass momentum, there are also n body boundary bound states which are localized
at the boundary.

The ground state (lowest energy state) was found by Kardar in Ref. [19], and this was confirmed in Ref. [42]. One has

(1) Forn < 1+ 2A the ground state is a state made of a single bulk string with a vanishing momentum. Far from the boundary
its wave-function behaves like the ground state of the full-space problem

1 1 n N
\IIO(_X-’) ~ e 2 Zléf<j<n [xi—x;1 = ez Zj:l(""'l_z/)xl’ for large X1 < . < Xp. (E3)

The ground-state energy is Ey(n) = —11—2n(n2 —1).
(2) For n > 1 + 2A the ground state is made of a single boundary string. The ground state energy is Eyg(n) = —n[A + %(1 —
n)]* — 1—12;1(i12 — 1). It has the form

Wy (%) o ezlff:'(A_H'l)x-’, forany 0 < x; <xp < -+ - < xp, (E4)

and its norm was computed in Ref. [42]. Note that shifting all x; — x; + X the wave-function decays as ¢~ 2"n—(1+24)],

Exactly at the transition for n = 1 4 2A, the two states are identical as the r.h.s. of Egs. (E3) and (E4) match. This state should
be considered as a bulk string ground state as its center of mass is delocalized in the full volume. The ground-state energy is
continuous across the transition.

In the limit # — +o0, for any fixed positive integer n, the sum over states is dominated by the ground state Wy (X). It is thus
tempting to follow the following two steps:

(i) write

Yo (X)

E[Zo(x1,t) - Za(x,, )] =~ ||\IJ0||2 (Yol (t = 0))e—Eo(n)t’ (E5)

where Z4 (x, t) solves the half-space SHE (2),

(ii) postulate that the form of the expression found for positive integer n can be extended to real n > 0 in the limit n — 0O to
calculate moments.

This is what was done by Kardar in Ref. [19] to predict E((x)) in the bound phase. In the following it will be convenient to
rewrite Eq. (ES) as

E[Za(x1,1) - - - Za (G, D] = ca(O)TF),  cu(t) = E[Z4(0,1)"],  Wo@)yy <, = eZm1 A7+, (E6)

In that form it is clear that the continuation of ¢, (¢) to n = 0 is simply unity.

It is well known that in the full space problem (and we can expect the same in the unbound phase for the half-space problem),
in step (i) the amplitude in Eq. (ES) is not correct since the spectrum is gap-less and one must further integrate over the low lying
center of mass excitations, but this integration can be performed for a given initial condition. In step (ii), more severely, the limit
t — 400 and n — 0 do not commute (i.e., one would need to perform the limit » — 0 on the full sum and then take the limit
t — +00). However, once these two issues are addressed, this program enables to obtain the right tails of the free-energy log Z
[78,79].

In the bound phase however, for A < —1/2, step (i) is more reasonable as there are no center of mass excitations and there is
a finite gap between the ground state and the excited states [42], so Eq. (ES) should give the correct asymptotics. In step (ii) it is
quite likely that the limits 1 — 400 and n — 0 commute in that case: for A < —1/2 the ground state holds for any n > 0, and
it is a system of effectively finite size. Indeed our results below confirm that.

2. Thermal cumulants of the endpoint position via the RBA

Let us recall the definition of the endpoint distribution (in a given noise realization) and of the thermal averages

. Zy(x,t)

+00 +oo
Plx,t) = Z Z=/ ayZs(y,t), (O(x)) =/ dxO(x)P(x,1), (ET)
0 0

where the time dependence of the averages is implicit. Note that we have not specified the initial condition, so it can be fixed
endpoint at # = 0 in some position, or more general. Let us first calculate the thermal cumulants.
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The generating function f(v) of the averaged thermal cumulants can be written as

400 400 n
fw) = E|:log/ dxe"*Z,(x, t)i| = 8nIEl|:(/ dxe"Z,(x, t)) i| (E8)
0 0
n—0
+o0 "
o, [ dRe Bz Zi ] (E9)
O n—
Thus, in the large time limit (under the above assumptions) it becomes
E[(x)] = 3F )], f) = 8u(ca L) 0 L) := / dxe" Ty (3). (E10)

Let us calculate the integral

n

L) = n!/ Xt - T = 2 _Frc2ata-2v-l) (E11)
0<x)<---<Xp j=1 J(l +2A+20+] _Zn) F(—2A+2n—2v— 1)

where we have used the identity
/ Yy — - —_1 . E12)
0<y1<..4<ype E Zpt o Zp—jrl (
We see that Iy(v) = 1 as expected, and recall that ¢y () = 1, so that
f) = 0,c,(t) + 8,,In(v)]n:0 = E[log Z4(0, )] + log(2) — ¥ (—2A — 2v — 1). (E13)

Note that this is exactly compatible with what was obtained in the main text around (28) since

+00 +o00 ZA ()C, ¢t )
E |:10g / dxe¥Z,(x, t)i| — E[logZ,(0,1)] = E |:10g / dxe”x—i| , (E14)
0 0 Z4(0,1)
where the limit % was shown to converge to the exponential of the Brownian with drift A + % So the RBA method reproduces

exactly the result Eq. (28) for the general averaged thermal cumulant. In the case p = 1 this is the result obtained by Kardar
[19]. This coincidence between the results of the RBA and of the method used in the main text appears to extend to all moments
as we now discuss.

3. Comparison of the two methods and general moments

Let us put side by side the results of the two methods. In the method based on stationary measures of increments described in
the main text in Sec. IV, one states that

[ZA(XIJ) Zp(Xn, 1)

Z4(0,1)  Za(0,1)
while in the RBA method, one obtains
E[Z(x1,1) - Z(X0, )] =100 BIZ0, 1)1 Wo®),  Wo@)ly <., = €2t A7iFD0, (E16)

n 1 n . 1 1
] P Dy(X) := E[eZizl B(xi)+(A+§)x,-]7 @0()-5)|x1<_“<)(” — ez_,'zl("_J""f)Xj""(A""f)xj, (E15)

The functions ®(¥) and ¥y (X) are both fully symmetric in their arguments and very similar, although different.

4. General moments

The multipoint average of the endpoint distribution can be written as

+oo +o0
B[P, 1) Plxp, )] = E[%ZA(xl,t)---ZA(xp,t)} = 1imE[/ dxpi1- / danA(xl,t)---ZA(xn,t)}, (E17)
0 0

n—0

where we used that Zl, = lim,_,0 Z" 7, and we recall that Z = ]0+°° dyZs(y, t).
Using the RBA result Eq. (E16), in the large time limit it thus becomes

+o0 +00
E[P(x;,1)- - P(xp, 1)] =~ lin’(l)/ dxps1-- / dx, ¥o(F). (E18)
n— 0 0

Upon multiplication by O;(x1) ... Op(x,) and integration, it implies in particular for the most general type of moment
+o0 +oo B
E[{O1(x)) - - (Op(x))] = ling)/ dx;-- / dx,01(x1) . .. Op(x,) Wo(X). (E19)
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FIG. 5. Illustration of the geodesics y; = [y1(5), slocs<: and y» = [12(5), Slogs<-

Within the method based on the stationary measure, one has from Eq. (27), lim,_>OQ Pa(x,t) = palx) with pa(x) =
te BEX)JIF;A)’L D% and Z = [ dyeBO A+, Using the same steps as in Eq. (E17) with 2 = lim,_.9 Z"~” one obtains using
Eq. (E

+00 +00
Elpa(x1) -+ palxp)] = lin(l)/ dXpii--- / dx, @o(X), (E20)
n—0 Jo 0

which provides a starting formula for the evaluations of the many point correlations of the stationary measure via the replica
method.

We can now compare Egs. (E20) and (E18) and use that ®((X) and Uy(%) are very similar. More precisely, ®y(X) =
" Xim iy (), ie., they differ by a term which contains n explicitly and vanishes at n = 0. This indicates that the results of
the two methods for the endpoint probability correlations, and thus for all the moments, are the same.

5. Correlation between endpoint positions and free energy

The RBA ground state Wy (X) thus seems to contain the information about the stationary measure of the partition sum ratios.
However, it should contain more, and encode also for some information about the correlations between Z(0, t) and these ratios,
or with the endpoint distribution, which remains to be explored. Indeed putting together Eqgs. (E15) and (E16) we obtain that at
large time

E[Z(0, tY'Z,(x1) ... Z (x,)] = e "= N E[Z(0, 1)1 E[Z (x1) . . . Z,(x,)], (E21)

where we denoted the ratios as Z;(x) = Z(x,t)/Z(0, t). Taking x; = xfori=1,...,pand x; =0fori=p+ 1, ..., n, it gives
E[Z(0,1)"Z,(x)’] = e "E[Z(0, t)"] E[Z, (x)"] for all positive integers n < p. This suggest that at large time the only non zero
joint cumulant between log Z(0, ¢) and log Z;(x) is the two-point covariance

Cov[logZ(0, t),log Z;(x)] = —x. (E22)

It is possible to obtain some understanding of how this relation (which is a conjecture at this stage) could come about. At large
t and large x we may approximate the polymer partition functions by the exponential of the energy collected along geodesics
(i.e., paths with maximal energy). Consider the geodesics y;(t) from (0,0) to (0,¢) and y»(¢) from (0,0) to (x, ). They first
coincide and then split at some point M of coordinate (x', t — 7); see Fig. 5. In the bound phase A < —1/2, y;(¢) remains close
to the wall, and x’ remains bounded. Let us call E|, the energy of the common segment (that is Ejp = (;4 E(y1(s))ds), E;
the one of the segment from M = (x',t — t) to (0, ), and E, from M to (x, t). At large ¢, one has logZ(0,t) >~ E; + E1, and
logZ(x,t) ~ E, 4+ E|,. Conditionally on the position of M, E}, is independent from E; and E,, and for large ¢ and x, E; and E;
are asymptotically independent. Hence the left hand side of Eq. (E22) is thus

Cov(E;, + E, E; — E;) = Cov(E,, E; — E;) >~ —Var(E)). (E23)
We have obtained in the main text, see also Ref. [42], that for large 7, we have VarE; ~ 27|A + %|. Further one expects that

for large T and x, the length t is proportional to x. If one equates the elastic energy x/(4t) with (A + %)21, then one obtains
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T>~x/2|A+ %l), which makes Eq. (E23) consistent with Eq. (E22) in the limit of large x. A similar understanding when x is
not going to infinity seems more difficult.

Remark: Midpoint. The partition function with two fixed endpoints in x = 0 at times 0 and 2¢ and a given midpoint position
x(t) = x is given by Z(0, 2¢t|x, t)Z(x, t]0, 0), which has the same law as two independent copies of Z(x, #|0, 0). The moments
of this partition function will thus be the square of the moments of Z(x, £]0, 0). Within the RBA it will thus amount to the same
formula as above, replacing Wo(x) — Wy(x)>. From (E16) it is an exponential linear in the x;, hence this replacement amounts
to change x; — 2x;. This agrees with the result of the main text.

Remark: Basin of attraction. We expect that the property of “ground-state dominance” Eq. (E5) in the RBA will hold
in the bound phase upon some condition on the initial condition (i.e., on the behavior of the overlaps). The condition for the
convergence to the stationary measure for the ratios was discussed in the main text in Sec. IV. It would be interesting to see
whether it can also be obtained with the RBA.

APPENDIX F: CORRELATIONS OF p, (x) VIA LIOUVILLE QUANTUM MECHANICS

The stationary measure for the endpoint position at large time in the bound phase is p4(x) given in Eq. (27). It is possible
to compute its m-point correlations (and therefore all the moments) using methods developped in Refs. [56,58] and in Ref.
[55] based on stochastic processes, replica, and most notably on Liouville quantum mechanics. Other works addressed similar
questions in various contexts [80-82], often motivated by multifractal properties of eigenfunctions of random Dirac type
operators. Although it is a simple extension of these works (which often focus on periodic boundary conditions) the formula for
the case of the Brownian (i.e., with free boundary conditions) and in presence of a drift have not been given, so we display them
here (for details of the method we refer to Refs. [55] and [56]).

1. Moments of p, (x)

Let us denote w = —(A + %) > 0. As in these works we consider a finite L truncation, denoting Z}" = fOL dxeB®=wx and we
take L — 400 at the end. A simple but useful observation [55,58] is that p4(x) in Eq. (27) can be rewritten as
. 1 1 1
pa(x) = lim (F1)

= lim ~ = =~
L—>oo foL dyeBO-B@—wG—x) Lo ZZW 4 7P - ZTW 7Y

where Z contains an independent realisation of the Brownian. This is obtained splitting the integral over y on the two interval
[0, x] and [x, L] and performing the change of variable y = x — z on the first and y = x + z on the second, with z positive. In
the last equation we used the property that Z;” converges for L — 400 to an inverse Gamma random variable Z} = I'(Qw, %)

where here 1/2 is the scale parameter, i.e., z = Z;“o has PDF p(z) = 2l_(IZw)(%)”2’”6’2/ %, Thus, the moments of p4(x) are given
by

+00 n—1 . ” 2 +00 n—1 _
Elpa(x)'] = /0 ‘”’lr)me[e*ﬂ" 1E[e" 1= p7s fo dp%qb“—*z“’(p,x)<2p>WK2,,,(2\/277>, (F2)

where we inserted the exact result for ZY, and the function ¢*(p, x) was obtained in Ref. [56, Eq. (3.6)] (setting 8 =0 =1,
o = 1/2 there),

N ) N A iq\ [ s ()
é (p.x)=E[e " ]= 12 dqqsinh(mq)|T’ wt Kiy(24/2p)es . (F3)
—00

Inserting into Eq. (F2) the factors (2p)” and (2p)~" cancel. Let us specialize now to n = 1. For w < 1 we can interchange the
integrals and use that

+oo [T du _ 72(g* + 4w?)
/0 d K> (2y/2p)Kig (2/2p) = /0 & K K () = ST (F4)

N
1g
r =
<w+ 2>

Under the change of variables ig = 2z, and after using some trigonometric identities and Euler’s reflection formula, Eq. (F5) can
be rewritten as

leading to our first result, valid for0 < w < I, w = —(A + %),

q* + 4w?
cosh(rrq) — cosRmw)’

(F5)

1 400 ) .
Elpa = 35r ) / dge™ 4 g inh (e q)
—00

1 i gz (w? —22)e? M (w + 2)*T(w — 2) T —w — )I'(1 — w +2)
AT Qw) J 4 2i I'(22)I'(—2z) '

We may now analytically continue this formula for all w > 0 by subtracting and adding the necessary residues when w > 1 (see
Fig. 6).

E[pa()] = (Fo)
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iR C iR

FIG. 6. We consider a function /(w) such that for 0 < w < 1, we have I(w) = fiR f(z,w), and f(z, w) is analytic in both z and w

except at some isolated poles. In particular it has polesatz =w — 1, w —2,w —3,... andz=1—w,2 — w,3 — w, .... Then, its analytic
continuation to w such that n < w <n+11is fc f(z, w) where C is the contour shown above (in the case n = 1). This contour is such that
1 —w,...,n— wstill lie on the right of the contour (as when 0 < w < 1), and the poles at w — 1, ..., w — n still lie on the left of the contour

(as when 0 < w < 1). Since the poles do not cross the contour, the formula remains analytic in w. This contour can be then deformed to the
union of a vertical line and small circles around simple poles whose contribution can be computed by the residue Theorem.

The analytic continuation of the r.h.s. of Eq. (F6) to w > 1 is

1 00 gz (w? — 22)er M (w + 2)*T(w — 2T — w — 2)I' (1 — w + 2) 1 Z ® R
4F(2w) —ioo 2imr F(ZZ)F(—ZZ) 41—~(2w) = w—n n—w),
(F7)
where R,,_, and R,_,, are residues of the integrand at z = w — n and z = n — w, respectively. We have
. rQw)rd —2
Ry = Ry = 2(— 1) pteFCont) gy — py LEWITE = 20), (F8)
I'(n—2w)
so that, for w = —(A + %) > 0,
Epace)] = 1 00 gz (w? — 22)er (w4 2)*T(w — 2T — w — 2)I'(1 — w + 2)
PR =4rew) | 2in F(22)I(—2z2)
1 = _ F(l —-ZHU
1(—1)" 1,5 Quwn n?) _ - =77 F9
+ ) nl=1le R (F9)

I<n<w

Note that for large w the finite series dominates and the integral can be neglected for most averages.
Remark: Normalization. Let us first check that Eq. (F9) obeys the normalization condition f0+oo dxE[pa(x)] = 1. By
analyticity, it suffices to check it for 0 < w < 1. Then, using Eq. (F6), this is equivalent to the identity

 dz T T(w —2)’T(1 —w —2)I'( —
/ dz (w42 T(w —2T( —w—2)I'(1 —w+72) — oI Qw), (F10)
ioo 20T I'(2z2)I'(=2z)
which is a particular case of the known identity [83, Eq. (3.6.1)]
i dz T Ia—2)T(b+2)I(kb—2)r I'(c—
/ dz (a+2)(a—2)T(b+ )b —2)I(c +2)l(c Z):ZF(aer)r(aJrc)r(bJrc)’ (F11)
ioo 20T '(2z2)I'(=2z)

valid for a, b, ¢ with positive real part.
Remark: First moment. We may also check that Eq. (F6) is consistent with the result Eq. (29) for the first thermal cumulant
given in Sec. IV, ie., E(x) = O+°O xE[pa(x)]dx = 2¢’(2w). Indeed, from Eq. (F6), we have

+00 i gz T I'(w — 2)’T(—w — 2)[(—
/ AE[pa()ldx = Mz Mw + 2y Tw — 2y 1w — 9Nzw +2), F12)
0 rQw) J_js 2im '2z)Ir'-2z)
The integral in Eq. (F12) cannot be simplified directly using Eq. (F11), but we may use that
1 i dz T T (w — 2)°T(e —w — z)['(€ — .
Eq. (F12) = lim _z (w+z2)T(w—2)T(—w—-2)I(e—w +2). (F13)
=0 TQRw) J_jo0 2im '2z)Ir'(—2z)
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When 0 < w < 1, this integral above is analytic in € € (0, 4-00), and the expression for 0 < € < w can be obtained by an
analytic continuation from the expression when € > w, which is given by Eq. (F11). More precisely, for 0 < € < w,
° dz T(w+ 2 T(w —2)’ T —w—2)(e —w+2)

FQw) J i 2ir I'(2z)I(—2z) T I w)
where R+, are residues of the integrand at z = 3¢ F w, which can be computed as

2 2
R =Ry = _M‘ (F15)
I'Qw — 2¢)

[2TQw)T(€)* 4+ Re—y — R-cyul, (F14)

Finally, taking the limit € — 0, we obtain

/W E[pa(x)}dx = lim L (ar@uwyrep —213% = €T ()’ 20" 2w) (F16)
X x)]dx = _— w 22— | = w).
0 ba ~0 T2w) TQw — 2¢)
Remark: Value of E[p4(0)]. Letting x = 0 in Eq. (F6) and using the identity (F11) yields E[p4(0)] = w. This result has a
simple origin: when x = 0 p4(0) = (fooo eBO—wxgx)=l ~ I'Qw, 1/2) and E[T'Qw, 1/2)] = w.
Remark: Decay for large x. Let us start with 0 < w < 1. Saddle point analysis and rescaling in formula (F6) gives that at

3/2 2 2
large x the decay is exponential with a —3/2 power law prefactor, E[p (x)] =~ cpx—3/2e~w"/2 W For

w > 1 however the decay at large x is dominated by the term n = 1 in the discrete series in Eq. (F9) and E[pa(x)] ~ ez @w-D
for w > 1, i.e., a much slower decay than e = *".

Remark: Limit w = —(4 + %) — 0. In the limit w — 0, it is easy to check, upon rescaling ¢ — wq and x — y/w?
Eq. (F5) that as w — 0% one has E[p4(x)]dx — P(y)dy where P(y) is the probability given in the main text (of moments given

,with ¢, =

by (31)). In that limit the large x tail obtained above matches the tail of P(y) at large y, since c,, ~ \/g Jw for w — 0. The —3/2

exponent, ubiquitous in this types of problems [55,57], is known to originate from quasi-degenerate extrema of the Brownian
[84].

2. m-point correlations

To compute the m point correlations with m > 2 one uses the Liouville quantum mechanics. One introduces the Liouville
Hamiltonian H), on the real axis U € R, and its eigenfunctions (U ) which are real and indexed by £ > 0
1 2

K2 1
=302 +pe’, Hy(U) = §wk(U), Yi(U) = ;,/k sinh(77k)Kiy (2/2peV/?). (F17)

These eigenfunctions form a continuum orthonormal basis (we use the conventions in Ref. [55] with f =0 =1 and ¢ = p). It
allows to compute our observables of interest. The first one is expressed as follows, using the path integral representation for
the Brownian motion with drift, U (x) = B(x) — wx, with Uy = U(0) = 0 and free U(L) = U, followed by the Feynman-Kac
formula

w w? +oo
¢M=2w(p’ L) = E[e_pZL 1= e_TL dULe_wUL (UL|e_LHp|U0 =0)

—00

+00 +00
_ / dk / AU (U)W (O)e Vi 040, (F18)
0 —00

where the dependence in the drift —w is made explicit through a trivial shift. In the last equation we have used the spectral
decomposition of H), in terms of its eigenvectors, (U |k) = (U ) introduced above. For w < 0 one can use the identity

“+o0 w ik 2
| avertre e = G2 F(—w + '5)
and one checks that Eq. (F18) yields Eq. (F3) after the change w — —w.

o0
The m-point correlation can be written following closely [55] upon adding the drift w. Upon exponentiation of the

(F19)

denominators Zi = dq—e 9Z and using the same path integral representation, one obtains for L > x; > ...x,, > 0,

+00 m—1 WL +o0 N N
Elpa(x1). .. patxn)] = / dq e 7 / dU e V(U |e HaE=x) U o=Hyni=x2) U - o=Hom| 1) = ()
0 —

I'(m) 00
vl 7 +o0o +o00 . .
I dU, / dULe~ V=00 (], | ¢~ HrL=30 g0 o=Hyr1=2) 0 o=Hpm |11y (F20)
Lim) J_ 0

where ¥ = f j;o dU|U)eY (U|. The second line is obtained after the standard trick in Liouville theory, i.e., the change of variable
g = pe% followed by the shift U (x) — U(x) — Up. Introducing the eigenbasis of H,, and choosing p = 1/2 for convenience,
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one obtains (here w = —(A + %) > 0)

E[pA(xl) v pA(xm)]

+00 +oo +00
/ dUy / ~wli=t) f dkyre(Uy) (F21)
0

+00 2 K2 2
xﬂ f dk;F (k. kDF (ki k)« F ke k)7, (Uge™ ¥ 60— =5 ()

2’“1"(m)

where we have defined the matrix elements [55]

R +00 1 i i k2 _ (k/)z
’ U1/ * U, - / /
F(k, k') = (k|eY |K) _[ dUYFU)e Y (U) = 8\/kk smh(nk)smh(nk)cosh(nk) o) (F23)

Examination of the calculations in Ref. [56] [Sec. 5, in paﬂicular Eq. (5.6)] for a simpler quantity, indicates that the limit
L — 400 is controlled by setting k = —2iw (the integral f dUpe "YUty (Uy) is divergent for w > 0, but one can extract the
residue of its analytic continuation). This amount to use that as L — +o00

. 2 F(k, k)
L—oco F(ZU)) ksmh(nk) k=—2iw

valid for p arbitrary, and recalling our choice p = 1/2. Using further Eq. (F19) (with w — —w) to integrate over Uj this leads
to the final result, for O < w < landx; 2 x--- > x,, =20

2L +00 +o00 2
ez / dUe " / dkr(UL)F (k, ki)e™ s 2p)” (F24)
- 0

oo

1 o dk;
ElpaGr)- - pain)] = g see s T /O —g ki sinh(k;)
Jj=1

_ ) )

1_[ J kj_H ki + 4w w4+ -2 —Yx— ;(xwxz)*wf 2L Yo

i cosh(rk;) — cosh(rwk;i1) cosh(ky) — cos(2rw) 2 ’
(F25)

which for m = 1 agrees with Eq. (F5) obtained by a different method. The normalization is checked below. For m = 2, we have
checked numerically using Mathematica, using also Eq. (F5), that f oo dxe]E[pA x)] — 0 < dx fo dxx10E[pa(x1)pa(x2)]
agrees numerically with the result Eq. (30) for the thermal cumulant E[{x?).].

Using similar manipulations as around Eq. (F6), we may write (with the convention x,,; = 0)

12.
(7_ )(X, —Xj41)

1 dz d 4Zm a
Elpax1) ... paten)l = 55— i / : 1_[ [(2z,)(=2z;)
J J

22mT' Qw)T(m) Jig 2im 2im i

x T'(w + z,)T'(w — zm)(w2 — zf)l"(w +z)lM(w—zI'd —w+z)I'l —w — 1)
m—1

X 1_[ Dl +zjp1 —z)A 4+ 21 +2)TA = zj1 +2)0( — zj41 — 25). (F26)
j=1

A similar analytic continuation as in Eq. (F9) can be performed on Eq. (F26) to obtain a formula when w > 1.

3. Verification of the normalization

Let us compute
Cn = m!f Elpa(x1) ... paCem)ldx ... dxy (F27)
Z2xp 2 X 20

and check that C, = 1. We use the change of variables y; = x; — x;;; and compute the integrals over yi, z1,¥2,22-..
sequentially. We will need the identity [83, Th. 3.6.2]

f ﬁ Fa+2)I'a— )b+ 2)I'(b—2)I'(c + 2)T'(c — 2)I'(d + 2)I'(d — 2)

2in r(2z7)'(—2z)
2F(a +b0)la+c)'(a+ )b+ c)T'(b+d)I'(c +d) F28)
Fla+b+c+d) (
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valid for a, b, c, d with positive real part. Performing the integration over y; and z; using Eq. (F28) with {a, b, ¢, d} = {w, 1 —

w, 1 4+ 25, 1 — 22}, we obtain

Cm+1) dzy dzp

Cm = .
22m=DTQuw)I(m) Jig 2im

iR 2im -

x T(w + z,)T(w — z)(w? — 23)T(w + 22)T(w — 22)F'2 — w + )T 2 — w — )

m—1

X 1_[ 4z —z)IA +zj41 +2)U — zj41 +2)I' — zj41 — 25).

j=2

m

j=2

wldis

2
*%)(A‘j*xﬁl)

F(ZZJ‘)F(—ZZJ‘)

r(HrQ2)
r'(3)

(F29)

Then we integrate over y, and z; using Eq. (F28) with {a, b, ¢, d} = {w,2 — w, 1 4+ z3, | — z3}, we integrate over y3 and z3 using
Eq. (F28) with {a, b, c,d} = {w,3 — w, 1 + z4, 1 — z4}, and we continue until we are left with variables y,,, z,,, where we use
Eq. (F11) with {a, b, ¢} = {w, w, m — w}. Keeping track of all the Gamma factors involved at each step, we find that

C(m+1)

rQrarre rerae)

rQ)C(m — 1)

m

T Tmrew) - T3 I'@

rs)y 7 Tm+1)

x TQw)[(m)> = 1. (F30)
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