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Abstract

Taking inspiration from the harmonic process with reservoirs introduced by Giardina, Kurchan
and the author in [I], we propose integrable boundary conditions for its trigonometric deformation,
which is known as the g-Hahn process. Following the formalism established by Mangazeev and
Lu in [2] using the stochastic R-matrix, we argue that the proposed boundary conditions can
be derived from a transfer matrix constructed in the framework of Sklyanin’s extension of the
quantum inverse scattering method and consequently preserve the integrable structure of the
model. The approach avoids the explicit construction of the K-matrix.
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1 Introduction

The symmetric and asymmetric simple exclusion processes have received a lot of attention in the last
decades. One of the reasons is that they are exactly solvable and thus exhibit a profound underlying
mathematical structure. A particularly interesting setup that preserves the integrability is when the
SSEP/ASEP is in contact with two reservoirs at the left and right end of the chain. In this setup
the model is still integrable but more difficult to study, e.g. the steady state does not factorise any
longer. The processes are known to be related to the XXX and the XXZ Heisenberg spin chain and
thus can be formulated in the framework of the quantum inverse scattering method [3] that was
generalised in [4] to the case of open boundaries which are relevant to model the reservoirs of the
processes.

More recently an integrable generalisation of the ASEP was proposed that is known as the
g-Hahn process. In a certain regime of parameters this model has already appeared two decades ago
[6] but the full jump probabilities were only recently obtained by Povolotsky [7]. The rates and the
extension to right and left particle jumps was then given in [5]. Similar as in the case of the ordinary
ASEP, the generator of the g-Hahn process is related to the Hamiltonian of the Uy(slz) invariant
non-compact XX7Z spin chain with a certain choice of parameters by a similarity transformation
as discussed in [§]. The relevant representations on the infinite-dimensional vector space V' whose
tensor product forms the quantum space of the spin chain is defined by the following action of the
generators

Silm)y=[m+2s]lm+1), S_|m)=[m]lm—1), Splm) = (m+s)m). (1.1)

Here the spin label is a positive real number, i.e. s > 0. The generators obey the standard Uy(sl2)
commutation relations

[54,5-] = —[25],  [S0,5+] = +5%, (1.2)

with the g-number defined via
¢ —q"
[z] = 1 -
q—q
The algebraic formulation is advantageous in particular when studying stochastic dualities of the
processes see e.g. [9, [I0] but not to describe the actual process which for a given representation
arises in a specific choice of basis.

The main goal of this note is to introduce boundary reservoirs for the continuous time g-Hahn
process that preserve the integrable structure. This has been done in [I] for the rational ¢ — 1 limit
following the quantum inverse scattering method. The authors derived a suitable K-matrix written
in terms of sly generators (similar to the evaluation map in the case of the ordinary Yangian) and
were able to show that it yields the desired boundary terms following Sklyanin’s prescription [4]
by computing the relevant matrix elements of the resulting boundary Hamiltonian. It should be
possible to apply the same strategy for the g-deformed case but to our knowledge we are currently
lacking a suitable expression of the most general K-matrix. To circumvent the construction of the
K-matrix we follow an idea initially proposed by Sutherland [I1] for the Hamiltonian density and
generalise it to our setup with boundaries. For this purpose it is convenient to fix the basis and
work right from the beginning in components. We thus follow closely the conventions of [2] to avoid
algebraic expressions.

The note is organised as follows: Section [2] summarises our results and presents the Markov
generator of the open g-Hahn process. Section |3| reviews the formalism and results of [2] that are
needed in order to argue that the proposed boundary conditions are integrable. This latter point is
discussed in Section [} The argument is based on solving the boundary Yang-Baxter equation and

(1.3)



its first derivative with respect to the spectral parameter at special points that are relevant in the
construction of the spin chain Hamiltonian. Section [5] briefly discusses the open q-TASEP limit and
Section [6] contains our conclusions. Further details of computations can be found in the appendix.

2 The open g-Hahn process

In this section we propose integrable boundary conditions for the g-Hahn process. The full stochastic
Hamiltonian of the open non-compact XXZ spin chain with N sites and reservoirs at site 1 and N is
of the form

N-—1
H =By + Z Hi,i+1+BR (21)
=1
where
H:V®.V-2V®...0V. (2.2)

Here we introduced the Hamiltonian density #; ;41 that acts non-trivially on the ith and (i 4 1)th
space along with the boundary terms By and Bg that act non-trivially on the first and last site of
the spin chain respectively. The explicit form of the Hamiltonian density and the boundary terms
will be given in the following subsections. The given Hamiltonian then relates to the continuous-time
Markov generator M with standard conventions via the simple relation

M= —-H", (2.3)

where t denotes the transposition in the quantum space V ® ... ® V. Further, as can be checked
by an explicit computation, the introduced Hamiltonian is stochastic since all matrix elements
outside the diagonal are negative or zero. The sum over the columns vanishes. The bulk part has
been introduced in [5H7], see also [§], and is discussed in Section The boundary part is given in
Section [2.2] Each boundary term introduced at site 1 and N is governed by one additional parameter
pr and pp respectively.

2.1 Bulk

The g-Hahn process in the bulk is obtained from the stochastic Hamiltonian density defined by the
action on two neighboring sites with m particles on one site and m’ particles on the other via

B-(m, k)[m — k) ® |m' + k)

NE

Hm) @ |m') = (a—(m) + ai(m')) [m) ® [m/) —

= (2.4)
=D Be(m k)m + k) ® [m’ — k).
k=1
The rates for particles moving to the left are of the form
k
1 (V) m (V) m—k
By(m, k) = , 2.5
N e e R Ty (25)
while the rates for particles that move to the right read
1 3V )m A\ Y )m—
B_(m, k) = (v V)m (15 V) m—k (2.6)

L= (i) m (37 m



Here the parameters take values 0 < v, u < 1 and (a;7)m = Tzﬁl(l—ayj ) denotes the g-Pochhammer
symbol. The diagonal terms are expressed in terms of finite sums as

m—1 k m—1 1

gl
oy (m) = Z 1k a—(m) = Z Tk (2.7)
bl e Sl e
see also Appendix [A] For later purposes we set
v=¢, pn=4q", (28)

where ¢ is the deformation parameter of the universal enveloping algebra Uy(sl2) in (|1.2)).

2.2 Boundary

Taking inspiration from [1I], we introduce the boundary terms

oo k m
Br|m) = <a+(m) t27 AL k) Z (m,k)|m — k) Z L clm+ k), (2.9)
=1+ 7 k=1 =l
and
Bglm) = S~ Pl 3 k k) i k
rlm) = | a_(m) + T T Z (m, k)|m — Z clm+ k). (2.10)
k=1 7 k=1 =l

Particles are removed from the first and last site with the bulk rates into the reservoirs. The insertion
rates are governed by one real parameter at each boundary py, and pr with 0 < pr,pr < 1 as in the
rational case. We are free to shift pr — prp in order to achieve an expression more similar to the

bulk rates in and (| .

3 Quantum inverse scattering method

In the framework of the quantum inverse scattering method the Hamiltonian is derived from the
fundamental transfer matrix. More precisely it is obtained from the logarithmic derivative at the
permutation point xg, i.e.

10
H=—--nT( MNyyy +co 1, (3.1)

with a constant ¢y multiplying the identity and which we will fix later on. The transfer matrix is
given by Sklyanin’s double-row construction [4] and is expressed in terms of R- and K-matrices via

T(x) = tra Ko(2)Raa () - - -Ra7N(x)lCa(x)RN7a(w_1) - Ria(z™h). (3.2)
Here we use the notation
R(z) = Ra,i(z), (3.3)
and
Ria(r) = PRai(x)P =R (1), (3.4)
where ¢ = 1,..., N denote the spin chain sites and P the permutation operator. The R-matrices act

non-trivially on the tensor product of two vector spaces V ® V as introduced above in ([2.2]) while
the K-matrices act non-trivially on a single copy of the auxiliary space V, ~ V isomorphic to a
single site of the quantum space.



Additionally we introduce the transfer matrix with the two-dimensional defining representation
in the auxiliary space

T[’(ZE) = trg f_{[](x)ﬁgyl(l’) <o ED,N(x)K[](x)EN’D(l’_l) <o ,CLD(Z‘_I) , (3.5)

here indicated with (0. The Lax matrices £ act non-trivially on C? in the auxiliary space and the
quantum space at a single site V. The K-matrices act non-trivially on the auxiliary space and are
matrices of the size 2 x 2. This transfer matrix is usually used in the context of the algebraic Bethe
ansatz [4].

To ensure commutativity of the transfer matrix the boundary Yang-Baxter relations

Loo(r/y)Ka(z)Lou(zy) Ko(y) = Ko(y)Leo(zy)Ke(z) Lou(z/y) (3.6)

and
Lan(y/2)Ka(2)Loa(1/(2y)) Koly) = Ko(y)Lan(1/(zy))Ka(z) Lo.a(y/) (3.7)
for the left and right boundary have to be obeyed. For a detailed discussion that also takes into

g

account the bulk part we refer the reader to [2].
The Lax matrices £ in the second boundary Yang-Baxter relation (3.7)) is defined via

to

Loa(x) = ((ﬁi?mu/x))l) , Lap(z) = ((ggya(1/$))1)t“ _ (3.8)

We will express them in terms of the Lax matrices £ in Section [3.1] using the appropriate crossing
relations. The relevant R- and Lax matrices can be found in the component form in [2]. The Lax
matrices read

St | 3—s—m| m S/ +1T 1-2s—m m—%—s
m|Loe(z)|m’ :71 ’ [q }q e [q ]q 3.9
’ %*S} 5

m7m/_1x—1 [q ] = 6m,m’ [xqurer%} qm+23

and

5 1
1 5mm’ xq2 " STM| g—m 6mm’ =1 [gl=2s—m] j—m—s+3
<m\£a,m<x>|m'>:l( [z q et g BT g
5_5} ) -3

1T [qm—&—l] q S {xqm+s+%] g2

(3.10)
They obey the unitarity relations £, 0(2)L0o(271) = I. The R-matrix for the fundamental transfer
matrix (3.2)) is expressed through its components in the same article [2]. It is written in terms of a
basic hypergeometric function, cf. [12], as

<m n|7€(x)|m/ 7’LI> = dmin m/+n/q4m8 [ m+n ‘| (1'72; qz)n/ ($72§ q2)m (q4s; qz)n
2

m O P
y 4¢3 q—Zm’ q—2n’ $2q4s’ $2q2—4s—2m—2n.q2 q2
q72m72n’ mq272m7 l‘q272n/ . :

where the g-binomial is defined by

no| (¢; On
l ]q_(q;q) ' (3.12)

m n—m (% Om

The R-matrix is not symmetric under the exchange m <+ n and m’ <» n’. We further remark that
there is a diagonal Drinfeld twist involved [13], see also [2, (3.12)]. This is not immediately relevant



for us but convenient as the logarithmic derivative will immediately yield a Hamiltonian on the
stochastic line. The twist can also be introduced at a later stage and appears in the form of a
similarity transformation on the level of the Hamiltonian, cf. [8] [14].

For later purposes we also introduce an alternative expression for the R-matrix. In [2] it has been
written as

m
(M, n|Rai(x)|m/,n') = Spmpnmsn D P2 (klk +nya=2, 27 2¢") @0 (m — k|n';2°¢", ¢%)  (3.13)
k=0

with

Oy (mn; z,y) = (m (¥: )., "

y)m (#3) 1 Y/ %5 @)1 [ n ] _ (3.14)

This factorisation reminds of Derkachov’s factorisation in relation to Q-operators [15]. We will see
later in Section [£.1] that the product of the two terms turns into a sum at the level of the Hamiltonian
density. One term yields the left moving particles and the other the right moving particles which
combine into the q-Hahn process.

Finally we also introduce the K-matrices in the two-dimensional defining representation that
appears in the definition of the transfer matrix . It depends on the four additional free parameters
tﬁ, VR, kg that will be adjusted later and reads

tr + 24— _ 4+ —1;—¢.2 -2
Ko(z) = ( o — @VRtR + 2 (tg — 1) . fR tp(x” —277) . ) . (3.15)
tr)

_ t Ry
kpth(z? —272) ﬁ—quthL+x 2tn —

[16, [I7]. As discussed in [2] we can express the other K-matrix via

Ko(@) = Dg'Ki(1/(a2)) (3.16)

R—L’

where we introduced another four variables tf, vy, k1, and the matrix

o= (y o) 3.1)

To our knowledge, the K-matrices K and K in (3.6) and (3.7) seem currently not available in the
literature in the infinite-dimensional representations of interest.

3.1 Crossing relations and the other boundary

In this subsection we discuss the crossing relations for the Lax matrices introduced above and argue
that the boundary Yang-Baxter equation can be brought to the form . From the latter
statement it then follows that the left and right K-matrices are determined by the same equation
(3.6)). The crossing relations have been given in [2]. The first one reads

t -1 t —2\ y—
(£7,1/2)) " = g(x)DoLf, (zq~2)D5! (3.18)

with 5 ) )
(" — %) (2°¢° — q)

= ) 3.19
9(@) (1 — 22) (22¢° — &) (3.19)

It can be used to express the Lax matrix appearing in (3.7)) as
Lo s(x) = g(x)D5' Los(xq ) Do (3.20)



The second crossing relation relevant is of the form

ts -1 te —2y -1
(£5.,(1/2)) " = g(@)DsLip (w72 D; (3.21)
with the same function g(z). The similarity transformation is diagonal and of the form
(m|Ds|m'y = ¢* ™0 - (3.22)
Similar as before we obtain -
Lsn(x) = g(x) Dy Ss (g ?)Ds, (3.23)

cf. (3.7). We insert the obtained relations into the boundary Yang-Baxter equation (3.7). Further,
inverting the K-matrix Ko and D and shifting the spectral parameters y — y¢~! and = — (zq) !
we obtain

K5'(y/a)Dg' Ssn(yz) DsK(1/(2)Sas(a/y) = Sso(z/y) DsKs(1/(2q)Sos(2y) K5 (y/a) D" .
(3.24)
Here we also used the invariance condition [DsDn, Sso(yz)] = 0. As the K-matrix obeys the relation
(3.16)), it follows that the inverse of K can be expressed as

r—1 -1 _ —1
K5'(y/a)D5' = K5'(1/y)|, - (3.25)
Further it is easy to verify that
2.2,4
_ qaVRY
K5'(1)y) = Ko(y). (3.26)
(qvr +92) (avry? + 1) (athvr — try?) (athvny® - t7)

Inserting also this relation in the second boundary Yang-Baxter equation we find that solutions to
the two boundary Yang-Baxter equations (3.6) and (3.7) can be related via

Kilw) = D7'K(1/(q0))| (3.27)

R—L
This relation will be of importance in Section [4
3.2 Component form of BYBE

We end this section with the boundary Yang-Baxter equation (3.6)) in component form as given in
[2]. The equations below can be obtained taking coefficients in spectral parameter x:

rrthe® " (1- V) Kjina(v) + g tre ™ (1= ) Kj11a(9)
7'y (¢ = ¢¥) (tr — vRa*th) Kivnen () — srtiy'a ™ (1= 2OH29) K ()

—kg eyt (1 - q4+2j) Kjtou41(y) =0,
(3.28)

and
KRtE P29 (1 _ q2(j+2s)> K1 (y) + wplt g2 (1 - q2+2l) Kj+1(y)
. (qu i q2l> (t;% b t}}) Kaniea(y) — orthg20+-29) (1 B q2(1+l+25)) Kit1ia2(y)  (3.29)
Y s <1 _ q4+2j) Kj+2+1(y) =0.

Here we use the notation IC; j(z) = (i|/K(x)|j). The equations above yield conditions on five
neighboring entries of the K-matrix. This is discussed in further detail in Section [£.3]



4 Stochastic Hamiltonian from the transfer matrix

Let us compute the logarithmic derivative of the fundamental transfer matrix (3.2). Assuming that
the K-matrix at = 1 is proportional to the identity, i.e. (1) o I, we find

10 Ttrg KL(1) 1t Ka(1)RL 1 (1)Pay 132 1K (1
— 5 InT(@)|,_ = —— L _1 o 3 D R WProrh — 5 w
k=1

~—

9

r=1 dtry Ko(1) 2 trg Ko (1) 4KN(1

(4.1)
see [4]. Here we used the symmetry of the R-matrix (3.4). The first term in is proportional to
the identity and can be subtracted without spoiling commutativity by setting

_ Lra K (1)
C Atr, Ku(1)

in the Hamiltonian . The interesting points of the K-matrix that enter the Hamiltonian are thus
K(1) = M~'K(¢~Y)|ro1 , K(1) and K'(1). As we are currently not aware of a generic expression
of the K-matrix, we follow a procedure similar to the one proposed by Sutherland to determine
the Hamiltonian density [11]. More precisely we will study the boundary Yang-Baxter equations
in the form given in and for the K-matrices at the points y = ¢~! and y = 1. A
similar equation can be obtained for after taking the derivative of these equations also for K'(1) by
differentiating the relations (3.28)) and (3.29). We will not attempt to compute the scalar ¢g as it is
not relevant for our argument.

~—

€o (4.2)

4.1 Bulk

At the special point £ = 1 the R-matrix above reduces to the permutation operator such that
<m7 n‘R(1)|m’, n/> = 5m,n’5n,m’ ) (43)

i.e. R(1) = P. This follows from the property ®,(i|j;y;y) = d; ; discussed in [2]. Using ®,4(i|j; 1;y) =
;0 which can also be found in [2] we obtain

<m, n|7?,/(1)73|7,n/7 n/> _ 5m+n,m/+n/ <8xq)q2 (n/ _ n|n/; IL‘_Q, 53_2(]48) + az(qu (m|m/; 1'2(]48, q4s))

The two terms exactly lead the rates of particles moving to the left and to the right. We find

8$(I)q2 (n/ - n|n,§ 213_2, x—2q4s) et 5m+n,m/+n/ = 204 (n)én,n/ém,m’ +26+ (n/7 n,_n)5m+n,m’+n’ n<n/
N (4.5)
0r P2 (m|m/; z2q*, q4s) - Smtnmi+nt = —20— (M) 1/ Oy + 28— (M, m" — M) s ns Oy
- (4.6)

and thus ,
H=—3R1)P. (4.7)

The two relations (4.5) and (4.6)) are shown in Appendix .

We remark that in the construction of the stochastic R-matrix [I8] the rates arise from special
points of the transfer operators leading to either left or right moving particles. Here we consider
the full transfer matrix to obtain the natural generalisation to the q-Hahn process with hoppings in
both directions from the logarithmic derivative. For the closed chain the g-Hahn Hamiltonian has
been constructed as a superposition in [I8].



4.2 Left boundary

The goal of this subsection is to obtain K(1) such that the boundary term By, in (2.9) arises from
(4.1)). More precisely

By = JaKa(DHar (4.8)
trg Ko (1)
where B
K1) = D_lK(q‘l)\R% , (4.9)

with D given in (3.22)). Here we take inspiration from the rational case where it was found that the
K-matrix at the special point becomes a rank 1 matrix.

Inserting the equations ([3.28)) and (3.29) into a computer algebra system at y = ¢~ we find that
for

th=—pr, tp=1, kp=1, vp = —q* 72, (4.10)

there exists such a degenerate solution
Kij (qfl) = (q2pR>i M (4.11)
q7;q97) i

that is independent of the column index j. Here ¢; denotes an overall constant that drops from the
final result for the boundary term. It follows that the other K-matrix can be expressed as

4s. 2
- i \47547)
Kij(1) = pL((qQ;qz))i : (4.12)
The trace immediately yields
_ 4s 5. 2
W (1) = ¢ L) o (113)

(PL; q2) ()
using the g-analog of the binomial theorem that relies on the conditions |pr| < 1 and |¢?| < 1, see

[12] (1.3.2)]. We can now compute the expression in (4.8) using the explicit form of the Hamiltonian
density obtained in the previous Section [f.1] One finds

trg (I&a (1) Hal)

[ee} k mi
Imy) = <a+(m1) + Z 1ka> |mq) — Z By (my, k)|lmy — k)
k=1 v k=1

tr K (1) (4.14)
00 k ’
—Zlﬁwm+m.
=1+
The details of the computation are given in Appendix [C]
4.3 Right boundary
To show that the boundary term Bpg arises from the transfer matrix via
1K (1)
=—= 4.15
BT ANy (4.15)

we differentiate the two relations (3.28]) and (3.29). We impose that the K-matrix is proportional to
the identity at the special point y = 1

K1) ==-1I, (4.16)



j—1>1 j—1i=1 j=1 l—7=1 l—75>1

Figure 1: Case distinctions of the relations (4.18) and (4.19). The boxes denote the matrix entries
of the K-matrix with the diagonal colored in grey. The entries affected by the relations (4.18) and
(4.19)) are indicated in red color.

which is consistent with and and set
th=—pr, th =1, kr=1, vR=—q % ,. (4.17)
Then the equations arising from the boundary Yang-Baxter equation above turn into
—prg*Ys (1 . q2(j+2s)> 9,l+1(1) gl (1 B q2+2l) ;+17l(1)
—q* (q2j — q2l) (1 + q274SPR) (’C3'+1,l+1(1) + ;5j+1,l+1>
+prg* Y (1 - q2(1+l+28)) (’C}+17z+2(1) + 5j+1,z+2)

—q " (1 - q4+2j> ( G20 (1) + 5J+2’l+1) =0

(4.18)

and
_qu2(2+l) (1 _ q2(j+25)> K;Hl(l) + q2(1+j) (1 _ q2+2z) 9+1,z(1)
—¢ (07 = ") (pr+ 1) K12 (1) + pra® ) (1= 2O K (1) (419)
—¢* (1 - q4+2j> Kira41(1) =0.

Using a computer algebra system we can verify that

o0 k i—j
. 4 L P
IC;j(l) = — (a_(z) 4 Z 4q72kR_ 1> 8ij+ B-(4,5 —1)6icj + 7{172@1}}) - 16i>j , (4.20)
k=1

solves both of the equations (4.18]) and (4.19). To keep track of the differerent contributions on the
diagonal, upper and lower triangular part in (4.20) we distinguish five cases that are exemplified
in Figure [I] for which the equations are verified separately. We thus recover the right boundary in

from (L.15).

5 Totally asymmetric and symmetric case

In this subsection we discuss two limiting cases of the derived g-Hahn process with boundaries,
i.e. the totally asymmetric (x — 0) and the symmetric (¢ — 1) case. The latter process has been
introduced in [I]. We remark the analogy with the ASEP where the corresponding limiting cases
lead to the TASEP and the SSEP.

10



5.1 Totally asymmetric case: u — 0

The open g-Hahn process (2.1) naturally yields a totally asymmetric process in the limit when p
tends to zero. The bulk term turns into

m

Him) ® |m') = a_(m)|m) @ m') =Y B_(m, k)|m — k) @ |m’ + k), (5.1)
k=1
while the boundaries become
Br|m) = = k’m>—21_7k|m+k>= (5.2)
and
Bg|m) = a_ Z (m, k)lm — k). (5.3)

This Hamiltonian describes a process where particles are inserted at the first site with a rate governed
by the parameter p;, and are then transported to site IV at rate 5_. At the last site they are extracted
at the same rate J_.

5.2 Symmetric case: ¢ — 1

The rational limit of the bulk rates yields the symmetric harmonic process discussed in [I]. Recalling
the definition ([2.8)), one finds

1T(m+ 1)I'(m — k + 2s)

lim log(q 2 k)= 5.4
sy los(a ) (m- k) = G =% ¢ D (m 1 25) 54
and
m—1 1
lim log(q > = 5.5
lim log(q ™) (m) k; P (5.5)
These are the bulk rates introduced in [1], see also [19]. For the boundaries we obtain
m—1 ok m
: _ 1 p 1T(m+ 1)I'(m — k + 2s)
lim 1 *)B = EL -y = —k
a1 og(q ") Br.rlm) <Zk+2s+z::l /-c)’m> ];kf(m—k+1)F(m+23)|m ) (56)
0ok ’
k=1
in agreement with [1, (2.28)]. The limit above is obtained using and ( as well as
k k
. -2y _PL _ PL
glgilog(q Tk T (5.7)

11



6 Conclusion

The definition of the g-Hahn process with open boundary conditions allows for the study of its
microscopic properties along the lines of its prominent finite-dimensional cousin known as the
Asymmetric Simple Exclusion Process (ASEP). In the ¢ — 1 limit we recover the symmetric hopping
model with boundaries introduced in [I] while  — 0 leads to an analogy of the open TASEP.
It would be interesting to generalise the results obtained so far in the symmetric setting to the
asymmetric one. In particular, for the symmetric model the steady state has been computed exactly
in [20] and a dual Levy process was obtained in [21].

Further, it would be desirable to obtain the full K-matrix for non-compact spin chains and
derive the introduced boundary conditions from it. As in the rational case [1], the K-matrices for
the g-Hahn process should arise from a universal or algebraic K-operator, that can hopefully be
expressed in terms of Uy(slz) generators. The derived boundary terms of the Hamiltonian should
then be obtained after specifying the representation and identifying the free parameters as we did in
Section [4l To derive such expression it is promising to explore the relation between the boundary
Yang-Baxter equation and quantum symmetric pairs to reduce the boundary Yang-Baxter equation
to a system of linear equations, see in particular [22H24] and the recent work [25]. In particular, it
would be interesting to see whether the intertwining relations and the q-Onsager algebra, see [26), [27]
as well as the discussion in [28], simplify for the specific choice of boundary parameters relevant for
the stochastic solution that we determined here. As already mentioned in the introduction, such
algebraic expressions are advantageous when studying stochastic dualities. We hope to return to
the study of the intertwining relations in a future work. We also like to point out that several
expressions for K-matrices exist in the literature that may be useful to obtain a representation of
the K-matrix of the g-Hahn process. The approach most suitable for our purposes is discussed in
[28] where an algebraic form of the triangular K-matrix was obtained. This algebraic form of the
K-matrix can be used to recover the boundary term for the case pr = 0, cf. , when
evaluating the logarithmic derivative at the special point, see , for a certain choice of boundary
parameters. E] Further details will be reported elsewhere. Other approaches to the construction of
K-matrices that may be useful for the derivation of the full K-matrix for non-compact spin chains
can be found in [2, 29H33]. One may also ask whether the boundary conditions we introduced are
the most general stochastic boundaries. This question can likely be answered once the full K-matrix
is known explicitly.

Finally it would be very interesting to study whether our prescription to obtain boundary terms
of the integrable Hamiltonian can be formalised leading to a method that allows bootstrapping
integrable Hamiltonians for open chains in analogy to Sutherland’s approach. In particular we are not
aware of a reference about the special point where the K-matrix reduces to rank 1 in the literature.
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'The same paper proposes a K-matrix that, according to the author, does not seem to satisfy all intertwining
relations. It would be very interesting to sort out these irregularities.
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A  Sum formulas

In this appendix we argue that

m
=" Ba(m,k). (A1)
k=1
In the case of a_ the sum on the right hand side can be evaluated as follows. First we note that
m
Z/B (m k ’7 'Y m Z )m—k
= ~ (Ym0 (v V)m—

(A.2)

_ (’7 ;’7)00 i 1 (’YH_k " 28,7) (1-29)k
(V25 Yo i 1 =7 (™) ’
where we used the relation
(@56 nk _ (a;6%)n (@275 4% (b)k (A3)
0:6%)n—k  (b5¢*)n (¢ 2"a Y%k \a)
combined with (a;q), = ﬁ

function 1, following [34] we obtain

for a,b € C, see [12]. Next, introducing the g-deformed digamma

;5—(771,14:) log7 (%( m—2s)—¢v(1_23))
- 210gq (1hg(1 —m = 2s) —1hg(1 — 2s) —mlogq) (A.4)
B 21;g (tq(m + 25) — 1(25) — mlogq) .

Here 1, denotes the digamma function used in [35]. The two definitions are related via

Yal) = 91 (2) + 5(3 — 20) loga, (45)

where v = ¢2, for further details see also [8] where the same notation is used. Using the reflection
formula for the digamma function, cf. [§], we recover the expression for a_ given in the same reference.
The final expression in in terms of the digamma functions then leads to the desired sum in
when expanding the digamma function in analogy to the rational case, see [34]. The case of o
can be deduced from the case studied here in detail when substituting ¢ — ¢ .

B Evaluation of Hamiltonian density

In this appendix we show the relations in (4.5) and (4.6]) that yield the Hamiltonian density.

Proof of (4.5). To show (4.5) we first consider the function

)

q

-2. .2 4s. 2

T - ) —

(s, 2q) = qme D Do [ 0| (B.1)
(x q ’q)n q2
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with m < n, cf. (3.14). The function ®,2(m|n;z~2, 2~ 2¢**) vanishes for negative integer values m =

—1,-2,... as the term (¢?%; ¢*);, = (q2+”/’"; ¢?);;} from the g-binomial appears in the denominator.

For 0 < m < n the derivative of the function above can be written as

2

P n (7% ¢%)
0s®q2(mln; ™2, a72¢") = ¢'™ <q48;q2)n—m [ m ] [(37‘2(152)7%
2 7 n

(B.2)
_ ( 2) o (33_2(]48 q )
(22q%; 2 n|’
where the derivative of the g-Pochhammer symbol yields
8 n—1 qp
We need to take extra care when x — 1. Here we obtain
O (2:0) (4:1) (B.4)
— (; =—(¢;q)n-1- .
ox 3 q9)n - q;49)n—1
This leads the first equality (4.5) which we wanted to show
4s. 2 n—1 4s 2k
=2 =2 4s _ o dms | T (@50 o [ 2. o B
0p®p(min; ™", 272¢")| = 2q [ m L2 ), (q iq ) = 0myo Z q45q2k
= =2t (Mm)dm,0 — B+(n,m)] .
(B.5)
Proof of (4.6). The second relation (4.6 involves the function
(x2q45,q ), (z “2.4%) n
P 2(m’n; x2q4s,q4s) — x—2m n—m 7 (B.G)
q (q487 q2)n m q2
that vanishes for m > n because of the g-binomial. The derivative yields
0u®g2(mln; a?q™, ¢'°) = —2ma™ g2 (mln; %", ¢*°)
L0 2q4‘97q Jn @735 0%) i + (@267 0%),, 00 (075 6%) 0 [ 0
(4" 6%),, m e
(B.7)

The first term contributes a Kronecker delta for z — 1 since (1, ¢%),,—m is non-zero only for n—m = 0.
Further, for the terms involving a derivative of the Pochhammer symbol we obtain

[ " ] 2 (), 0 (Pase?), | =20 <q4s,q2)m"§::q£2_pq2p, (B.3)
q = -
and
am (l'_Q; q2>n—m 1 =2 (q2, q2>n—m—1 ’ (Bg)
=
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cf. and - ). Inserting (B.8) and (| into - leads us to which we wanted to show

(4" 0%),, (65 0%) p_nn l n

4s
) m L (B.10)

= —2mOpmpn — 2004 (M) + 2 ().

= —2[a_(m)dmn — B (n,n —m)] .

890(1)(12 (m‘na x2q487 q

In this last step we used the relation between the diagonal terms of the Hamiltonian density given by

m—1 qu m—1 q_4s

p=0 p=0 1

C Computations for the left boundary

Proof of (4.14]). To show that (4.14)) holds we compute its action on a state of m particles while
taking the trace in the auxiliary space indicated by the letter a. We find

<na|Ha1 ’mav m1>

tr, a() a1|m1 =C Z P (

Mg,Nq=0

(C.1)

The individual terms are evaluated in analogy to (4.13) in the following;:

Diagonal term The series in the first term above can be simplified and written as

2

CIZPL )) CIZPL 7qm25 m, k)
m=0

m=1 qqul
1

o0 m
(4" 4%) m—
=ad, ) % (C.2)
m=1 k=1 (@%¢*)m—k 1—q
1 - o7
);;1—612’“

Insertion term Changing variables n, = m, — k, the series in (C.1)) involving S_ yields

(4567 m,
c1 Z Z P B (Ma, Mo — na) M1 + My — n4)
Ng=0mq=nge+1 (q 54 )ma
k+n (q4s7q2) k+ng
=c1 ), Y gt Bk na, k) ma + k) (C.3)

ne=0k=1 (q2; q2) k+ng



Extraction term Similarly, after setting n, = m, + k, the series involving 54 gives

= v me (0758%) m,
C1 Z Z Pr, Tﬁ—i—(mlana - ma)‘ml +mg — na>

Mma=0ng=mqge+1 (q27 2) Maq

=c i % ma%ﬁ (m k‘)|m —k:) Ca

= Pr, (qg_q2> + 1, 1 ( . )
maq=0 k=1 ’ Ma

= try Ko (1) Z By(my, k)my — k) .
k=1

Finally we recover (4.8]).

References

[1]

2]

R. Frassek, C. Giardina, and J. Kurchan, “Non-compact quantum spin chains as integrable stochastic
particle processes,” |J. Statist. Phys. 180 (2020) 135-171) arXiv:1904.01048 [math-ph]l

V. V. Mangazeev and X. Lu, “Boundary matrices for the higher spin six vertex model,” Nucl. Phys. B
945 (2019) 114665, arXiv:1903.00274 [math-ph].

L. D. Faddeev, “How algebraic Bethe ansatz works for integrable model,” in Les Houches School of
Physics: Astrophysical Sources of Gravitational Radiation, pp. 149-219. 5, 1996.
arXiv:hep-th/9605187.

E. K. Sklyanin, “Boundary Conditions for Integrable Quantum Systems,” |J. Phys. A 21 (1988) 2375—289.

G. Barraquand and I. Corwin, “The g-Hahn asymmetric exclusion process,” | Annals of Applied
Probability 26 no. 4, (2016) 2304-2356, arXiv:1501.03445 [math.PR].

T. Sasamoto and M. Wadati, “One-dimensional asymmetric diffusion model without exclusion,” |Phys.
Rev. E' 58 (1998) 4181-4190.

A. M. Povolotsky, “On the integrability of zero-range chipping models with factorized steady states,” |J.
Phys. A 46 no. 46, (2013) 465205, |arXiv:1308.3250 [math-ph].

R. Frassek, “The non-compact XXZ spin chain as stochastic particle process,” J. Phys. A 52 no. 33,
(2019) 335202, arXiv:1904.02191 [math-ph].

Schiitz and Sandow, “Non-Abelian symmetries of stochastic processes: Derivation of correlation functions
for random-vertex models and disordered-interacting-particle systems.,” |Physical review. F, Statistical
physics, plasmas, fluids, and related interdisciplinary topics 49 4 (1994) 2726-2741.

C. Giardina, J. Kurchan, F. Redig, and K. Vafayi, “Duality and hidden symmetries in interacting
particle systems,” |Journal of Statistical Physics 135 no. 1, (2009) 25-55, larXiv:0810.1202 [math-ph].

B. Sutherland, “Two-Dimensional Hydrogen Bonded Crystals without the Ice Rule,” |J. Math. Phys. 11
no. 11, (1970) 3183—-3186.

G. Gasper and M. Rahman, |Basic Hypergeometric Series. Encyclopedia of Mathematics and its
Applications. Cambridge University Press, 2 ed., 2004.

A. Borodin, I. Corwin, and V. Gorin, “Stochastic six-vertex model,” |Duke Mathematical Journal 165
no. 3, (2016) 563-624, arXiv:1407.6729 [math.PR].

J. de Gier and F. H. L. Essler, “Bethe Ansatz Solution of the Asymmetric Exclusion Process with Open
Boundaries,” |Phys. Rev. Lett. 95 (2005) 240601, arXiv:cond-mat/0508707.

16


http://dx.doi.org/10.1007/s10955-019-02375-4
http://arxiv.org/abs/1904.01048
http://dx.doi.org/10.1016/j.nuclphysb.2019.114665
http://dx.doi.org/10.1016/j.nuclphysb.2019.114665
http://arxiv.org/abs/1903.00274
http://arxiv.org/abs/hep-th/9605187
http://dx.doi.org/10.1088/0305-4470/21/10/015
http://dx.doi.org/10.1214/15-AAP1148
http://dx.doi.org/10.1214/15-AAP1148
http://arxiv.org/abs/1501.03445
http://dx.doi.org/10.1103/PhysRevE.58.4181
http://dx.doi.org/10.1103/PhysRevE.58.4181
http://dx.doi.org/10.1088/1751-8113/46/46/465205
http://dx.doi.org/10.1088/1751-8113/46/46/465205
http://arxiv.org/abs/1308.3250
http://dx.doi.org/10.1088/1751-8121/ab2fb1
http://dx.doi.org/10.1088/1751-8121/ab2fb1
http://arxiv.org/abs/1904.02191
http://dx.doi.org/10.1103/PhysRevE.49.2726
http://dx.doi.org/10.1103/PhysRevE.49.2726
http://dx.doi.org/10.1007/s10955-009-9716-2
http://arxiv.org/abs/0810.1202
http://dx.doi.org/10.1063/1.1665111
http://dx.doi.org/10.1063/1.1665111
http://dx.doi.org/10.1017/CBO9780511526251
http://dx.doi.org/10.48550/arXiv.1407.6729
http://dx.doi.org/10.48550/arXiv.1407.6729
http://arxiv.org/abs/1407.6729
http://dx.doi.org/10.1103/PhysRevLett.95.240601
http://arxiv.org/abs/cond-mat/0508707

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

S. E. Derkachov, “Baxter’s Q-operator for the homogeneous XXX spin chain,” |J. Phys. A 32 (1999)
5299-5316, |arXiv:solv-int/9902015.

H. J. de Vega and A. Gonzalez-Ruiz, “ Boundary K matrices for the XYZ, XXZ and XXX spin chains,”
J. Phys. A 27 (1994) 6129-6138, arXiv:hep-th/9306089.

S. Ghoshal and A. B. Zamolodchikov, “Boundary S matrix and boundary state in two-dimensional
integrable quantum field theory,” Int. J. Mod. Phys. A 9 (1994) 3841-3886, arXiv:hep-th/9306002.

A. Kuniba, V. V. Mangazeev, S. Maruyama, and M. Okado, “Stochastic R matrix for U, (Ag)),” Nucl.
Phys. B 913 (2016) 248-277, |arXiv:1604.08304 [math.QA].

C. S. Melo, G. A. P. Ribeiro and M. J. Martins, “Bethe ansatz for the XXX-S chain with non-diagonal
open boundaries,” Nucl. Phys. B 711 (2005) 565—603, arXiv:nlin/0411038.

R. Frassek and C. Giardina, “Exact solution of an integrable non-equilibrium particle system,”
arXiv:2107.01720 [math-ph].

C. Franceschini, R. Frassek, and C. Giardina, “Integrable heat conduction model,” to appear .
G. W. Delius, “Solitons, boundaries, and quantum affine algebras,” math/0212317.

P. Baseilhac and S. Belliard, “Non-Abelian symmetries of the half-infinite XXZ spin chain,” |Nucl. Phys.
B 916, (2017) 373-385, larXiv:1611.05390 [math-ph].

R. I. Nepomechie, “Boundary quantum group generators of type A,” |Lett. Math. Phys. 62, (2002) 83-89,
hep-th/0204181.

A. Appel and B. Vlaar, “Rational K-matrices for finite-dimensional representations of quantum affine
algebras,” arXiv:2203.16503 [math.RT].

P. Terwilliger, “Two linear transformations each tridiagonal with respect to an eigenbasis of the other:
An Algebraic approach to the Askey scheme of orthogonal polynomials,” math/0408390.

P. Baseilhac, “Deformed Dolan-Grady relations in quantum integrable models,” Nucl. Phys. B 709,
(2005) 491-521, hep-th/0404149.

Z. Tsuboi, “Generic triangular solutions of the reflection equation: Uq(S/l\g) case,” |J. Phys. A 53 no. 22,
(2020) 225202, arXiv:1912.12808 [math-ph].

G. W. Delius and R. I. Nepomechie, “Solutions of the boundary Yang-Baxter equation for arbitrary
spin,” |J. Phys. A 35, (2002) 341-348| hep-th/0204076.

A. Lazarescu and V. Pasquier, “Bethe Ansatz and Q-operator for the open ASEP,” J. Phys. A 47 no. 29,
(2014) 295202, arXiv:1403.6963 [math-ph].

A. Kuniba, M. Okado and A. Yoneyama, “Matrix product solution to the reflection equation associated

with a coideal subalgebra of Uq(Aslel),” Lett. Math. Phys. 109 no. 9, (2019) 20492067,
arXiv:1812.03767 [math-ph].

A. Kuniba, M. Okado and A. Yoneyama, “Reflection matrices associated with an Onsager coideal of
U,(A1 ), U,(BY), U, (DY) and U,(D),),” J. Phys. A 52 no. 37, (2019) 375202,

arXiv:1904.05653 [math-ph].

A. Kuniba and V. Pasquier, “Quantum spin chains from Onsager algebras and reflection K-matrices,”
Nucl. Phys. B 949, (2019) 114792, |arXiv:1907.07881 [math-ph].

C. Krattenthaler and H. Srivastava, “Summations for basic hypergeometric series involving a g-analogue
of the digamma function,” |(Computers and Mathematics with Applications 32 no. 3, (1996) 73-91.

17


http://dx.doi.org/10.1088/0305-4470/32/28/309
http://dx.doi.org/10.1088/0305-4470/32/28/309
http://arxiv.org/abs/solv-int/9902015
http://dx.doi.org/10.1088/0305-4470/27/18/021
http://arxiv.org/abs/hep-th/9306089
http://dx.doi.org/10.1142/S0217751X94001552
http://arxiv.org/abs/hep-th/9306002
http://dx.doi.org/10.1016/j.nuclphysb.2016.09.016
http://dx.doi.org/10.1016/j.nuclphysb.2016.09.016
http://arxiv.org/abs/1604.08304
http://dx.doi.org/10.1016/j.nuclphysb.2016.09.016
http://arxiv.org/abs/nlin/0411038
http://arxiv.org/abs/2107.01720
http://arxiv.org/abs/math/0212317
http://dx.doi.org/10.1016/j.nuclphysb.2017.01.012
http://dx.doi.org/10.1016/j.nuclphysb.2017.01.012
http://arxiv.org/abs/1611.05390
http://dx.doi.org/10.1023/A:1021666606803
http://arxiv.org/abs/hep-th/0204181
http://arxiv.org/abs/2203.16503
http://arxiv.org/abs/math/0408390
http://dx.doi.org/10.1016/j.nuclphysb.2004.12.016
http://dx.doi.org/10.1016/j.nuclphysb.2004.12.016
http://arxiv.org/abs/hep-th/0404149
http://dx.doi.org/10.1088/1751-8121/ab8853
http://dx.doi.org/10.1088/1751-8121/ab8853
http://arxiv.org/abs/1912.12808
http://dx.doi.org/10.1088/0305-4470/35/24/102
http://arxiv.org/abs/hep-th/0204076
http://dx.doi.org/10.1088/1751-8113/47/29/295202
http://dx.doi.org/10.1088/1751-8113/47/29/295202
http://arxiv.org/abs/1403.6963
http://dx.doi.org/10.1007/s11005-019-01175-x
http://arxiv.org/abs/1812.03767
http://dx.doi.org/10.1088/1751-8121/ab3715
http://arxiv.org/abs/1904.05653
http://dx.doi.org/10.1016/j.nuclphysb.2019.114792
http://arxiv.org/abs/1907.07881
http://dx.doi.org/https://doi.org/10.1016/0898-1221(96)00114-9

[35] A. G. Bytsko, “On integrable Hamiltonians for higher spin XXZ chain,” |J. Math. Phys. 44 (2003)
3698-3717, larXiv:hep-th/0112163 [hep-thl].

Contact: rfrassekQunimore.it

18


http://dx.doi.org/10.1063/1.1591054
http://dx.doi.org/10.1063/1.1591054
http://arxiv.org/abs/hep-th/0112163

	Introduction
	The open q-Hahn process
	Quantum inverse scattering method
	Stochastic Hamiltonian from the transfer matrix
	Totally asymmetric and symmetric case
	Conclusion
	Sum formulas
	Evaluation of Hamiltonian density
	Computations for the left boundary

