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Abstract

We study integrable models solvable by the nested algebraic Bethe ansatz and described
by gl(2|1) or gl(1]2) superalgebras. We obtain explicit determinant representations for form
factors of the monodromy matrix entries. We show that all form factors are related to each
other at special limits of the Bethe parameters. Our results allow one to obtain determinant
formulas for form factors of local operators in the supersymmetric t-J model.

1 Introduction

The algebraic Bethe ansatz is a powerful method of studying quantum integrable models @f

BI] It can be used not only for finding spectra of quantum Hamiltonians, but for an efficient

calculation of the form factors and correlation functions as well ﬂﬂ@]

The main objective of calculating the form factors of local operators in quantum integrable
models is to provide compact and manageable representations for them. This problem was
successfully solved in various integrable models with gl(2) symmetry and its g-deformation.
There a determinant representation for the scalar product ﬁﬁ] of Bethe vectors was used in
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order to obtain determinant formulas for form factors of the monodromy matrix entries. The
latter directly leads to determinant representations for form factors of local operators via the
quantum inverse scattering problem E), |ﬁ|] Furthermore, these determinants formulas allow
one to calculate the form factors of local operators even in the models for which the solution
of the quantum inverse scattering problem is not known ﬂﬂ, ] Determinant expressions for
form factors were found to be very useful for analysis of correlation functions. They can be
used either for analytical calculations ﬂﬂ, @] or for numerical studies @, ﬂ]

Integrable models with higher rank symmetries were less studied, in spite of the general-
ization of the algebraic Bethe ansatz (nested algebraic Bethe ansatz) was developed long ago
M, @] This was mainly due to technical difficulties in the study of such models. However,
recently determinant representations for form factors of local operators in the models with
gl(3)-invariant R-matrix were obtained in the series of works @@ . Partial generalization of
these results to the models with g-deformed algebras was given in ﬁb}

In this paper we study form factors of the monodromy matrix entries in the models described
by gl(2|1) and gl(1]|2) superalgebras. Actually, we focus mostly on the gl(2|1) case, because the
Yangians of these two superalgebras Y (gl(2|1)) and Y (gl(1|2)) are related to each other by
a simple isomorphism [26]. In [27] we obtained a determinant representation for the scalar
product of special (semi-on-shell) Bethe vectors in the models with gl(2|1) symmetry. There we
also derived determinant formulas for form factors of diagonal entries of the monodromy matrix
T;;. Using these results and the zero modes method ﬂﬁ] we obtain determinant representations
for all form factors of the operators Tj;. These formulas together with the inverse scattering
problem HE] immediately lead to compact expressions for form factors of local operators in the
supersymmetric t-J model @@]

The article is organized as follows. In section [2] we introduce the model under consideration
and describe the notation used in the paper. We also define the form factors of the monodromy
matrix entries and describe some mappings between them. Section [3] contains the main results
of the paper. Here we give determinant formulas for form factors of the monodromy matrix
entries Tj;. In section @l we prove determinant representations for form factors of the diagonal
entries Tj; with respect to the same state. In section [B] we introduce the zero modes of the
operators T;; and derive their action on Bethe vectors. Using these results we find additional
relations between the different form factors. We show that all the form factors can be obtained
from a single initial one by taking special limits of the Bethe parameters. In section [6] we derive
determinant representations for the form factor of the off-diagonal monodromy matrix elements
T;;. Finally, in section [l we apply our results to the models with gl(1]2) symmetry.

2 Notation and definitions

2.1 Generalized gl(2|1)-invariant model

The models considered below are described by the an R-matrix acting in the tensor product
Vi ® Vi of two auxiliary spaces Vi, ~ C2', k = 1,2 with the gradingy 1] =12 =0, [3] =
1. Matrices acting in this space are also graded, according to [e;;] = [i] + [j], where e;; are
elementary units: (€;;)ap = 0iadjp- The R-matrix has the following explicit form:

c
T—y

R(z,y) =T+g(z,y)P,  g(z,y) = (2.1)

"Here and below we denote the grading in the gl(2|1) superalgebra by square brackets.



In the above definition, I is the identity matrix in V; ® V5, P is the graded permutation matrix
|, and ¢ is a constant.
The monodromy matrix 7'(w) satisfies the algebra

R(u,v)(T(u) @) (I T(v)) = (I® T(v)) (T (u) @ I)R(u,v). (2.2)

Equation (2.2)) holds in the graded tensor product V; ® V4 ® ‘H, where H is the Hilbert space of
the Hamiltonian of the model under consideration. The entries of the monodromy matrix 7'(u)
are graded in the same way as the matrices e;;: [Tj;(u)] = [i]+[j]. Being written in components,
equation (2.2)) takes the form

(Tig(w), Tia(0)} = (~1) D0, ) (Ti (0) Top(w) — Tig ) Tu(v))

o (2.3)
= FUUKMHJDHZ}mg(u,v)<Tu(u) Tioj(v) — Tu(v) Tk; (U)),
where we have introduced a graded commutator
(T35 (w), Tha (0)} = Tiji(w) Ty (v) — (—1) PHIDEHDT (0) T (w). (2.4)
The supertrace in the auxiliary space V ~ C2I! of the monodromy matrix,
3 .
T(u) =strT(u) =Y (~1)!T;(u) (2.5)
i=1

is called the transfer matrix. It is a generating functional of the integrals of motion of the
model. The eigenvectors of the transfer matrix are called on-shell Bethe vectors (or simply
on-shell vectors). They can be parameterized by sets of complex parameters satisfying Bethe
equations (see section 2.3]).

Define a linear mapping

(Tiy(w) = (-D)IHT, (), y(AB) = (—1)ABly(B)y(A), (2.6)

where A and B are arbitrary operators of fixed grading. The mapping (2.0]) is an antimorphism
of the algebra (Z2I) M] It follows from (26]) that

(A Ay) = (D) (AL) L (Ar), dn = ) A [A)]. (2.7)

2.2 Notation

We use the same notation and conventions as in the papers ﬂﬂ, @] We recall them for
completeness. Besides the function g(z,y) we also introduce a function f(z,y)

r—y—+c
= 2.8
flay)=—— ) (2.8)
Two other auxiliary functions will be also used
flr,y) _z—y+e 9(z,y) ¢’
h(z,y) = = , tz,y) = = . 2.9
TN R T R



The following obvious properties of the functions introduced above are useful:

C X C2
g(xay)'\';a h(x,y)'\/g, f(CU,’y)NL t(xay)'\‘ﬁa T — 00,
; (2.10)

C Yy C
g(may)N_ga h(l’,y)’\/—z, f(l',y)f\/l, t(w,y)’\’?, Yy —» 00.

Before giving a description of the Bethe vectors we formulate a convention on the notations.
We denote sets of variables by bar: Z, @, v etc. Individual elements of the sets are denoted by
latin subscripts: wj, uy etc. The notation u;, means @\ u; etc. We say that z = @', if #z = #7’
and z; =z} (up to a permutation) for i = 1,...,#z. We say that T # z’ otherwise.

In order to avoid too cumbersome formulas we use shorthand notation for products of
operators or functions depending on one or two variables. Namely, if the functions g, f, and A
depend on sets of variables, this means that one should take the product over the corresponding
set. For example,

h(u,v) = H h(uj,v);  g(z,%;) = H 9(z,z);  fla,0)= H H fuj,vg). (2.11)

ujEU T;ET ujEU VL EV
TiFT;

This notation is also used for the product of commuting operators,
Ty = [[ Tlun), i [ +[1=0,  mod (2). (2.12)
U EU

One can easily see from the commutation relations (23]) that in this case [T;;(u), Ti;(v)] =
hence, the operator product (ZI2) is well defined. However, if [i]+[j] = 1, then [T;;(u), Tj; (v)] #
0, therefore we introduce symmetric operator products

Tj3(U1) e Tjg(vn) T3j (Ul) R T3j (Un)
Hn2€>m21 h(ve, vm)’ Hn2€>m21 h(vm, ve)

T}3(v) = Ty, (v) = j=1,2.  (2.13)
It is easy to check that if [i] = [j] = 0, then

$(Ty(@) = Ti(@),  $(Taa@) = (~1)" D Ty(m),  (Ta(@) = (~1)"+D2T(a),
where n = #44.

2.3 Bethe vectors

Now we pass to the description of Bethe vectors. A generic Bethe vector is denoted by By, ,(u; v).

It is parameterized by two sets of complex parameters « = uq,...,u, and v = vy,..., v, with
a,b=0,1,.... They are called Bethe parameters. Dual Bethe vectors are denoted by C, j(u; 0).
They also depend on two sets of complex parameters u = ui,...,u, and v = vq,...,v,. The

state with @ = v = () is called a pseudovacuum vector €2. Similarly, the dual state with @ = v = ()
is called a dual pseudovacuum vector Qf. These vectors are annihilated by the operators Tij(w),
where i > j for Q and i < j for Q. At the same time both vectors are eigenvectors for the
diagonal entries of the monodromy matrix

Ti(w)Q = \(w)Q,  QTy(w) = \(w)Qf, i=1,23, (2.15)



where \;(w) are some scalar functions. In the framework of the generalized model, \;(w) remain
free functional parameters. Below we will often deal with ratios

)\1(?1}) )\3(11))

ri(w) = ()’ rs(w) = ()’

(2.16)

We extend the convention on the shorthand notation for the products to the functions A;(w)
and 7 (w), for instance,

) =[] riw), (@)= T Ae(w)- (2.17)

u;€u V€D
Vi FV;

Bethe vectors in the models described by superalgebras were studied in Hﬁ] There exist
several explicit formulas for the Bethe vectors in terms of polynomials in T;;(w) (with i < j)
acting on the pseudovacuum  (see @]) We give here one of those representations in order
to fix normalization. For #u = a and #v = b we define a Bethe vector B, ;(%;v) and its dual
vector C,p(;0) as

Baslisp) = Y L0 UUZ)AI (fi;?;l?(“““” Ti3(tn) Tha () T23 (0n)$2, (2.18)
Coalid) = (3 ey () T () o)

(2.19)
Here the sum is taken over partitions of the set v into two disjoint subsets v; and v; and over
partitions of @ into disjoint subsets %, and ;. The partitions are independent except that
#u; = #0; = n, where n = 0,1,...,min(a,b). Recall also that we use the shorthand notation
for the products of all the functions and the operators in (2I8]), (ZI9). Observe, that (dual)
Bethe vectors are symmetric over  and symmetric over o.
If the parameters @ and v of a Bethe vectold satisfy a special system of equations (Bethe
equations), then it becomes an eigenvector of the transfer matrix (on-shell Bethe vector). The
system of Bethe equations can be written in the following form:

(ui,ﬂz) _
rilu;) = — U, Uj), 1:17 , a,
1) f(Uz,uz)f( ) (2.20)
7“3(?}]') Zf(?)j,ﬂ), g=1,....b.
Recall that 4; = @\ u; and v; =0\ v;.
If @ and v satisfy the system (2.20]), then
T(2)Bay(5:0) = 7(2l1,0) Bap(@:0), ol 0)T(2) = 7(2l0,0) Cop(m:),  (221)

where T (z) is defined by (23] and

7(2) = 7(2]u,0) = M (2) f(u, 2) + A2 (2) f(2,0) f (0, 2) — A3(2) f (2, 2). (2.22)

Remark. In concrete quantum models the functions r1(z) and r3(z) are fixed. Then the
system of Bethe equations ([Z20]) determines the admissible values of the parameters « and ©.

2For simplicity here and below we do not distinguish between vectors and dual vectors.



Eventually these values characterize the spectrum of the Hamiltonian of the quantum model
under consideration. However, in the generalized model, where 71(z) and r3(z) are free func-
tional parameters, the situation is opposite. The system ([Z20) only fixes the values of the
functions r1(z) and r3(z) in several points, while the parameters u and v remain arbitrary
complex numbers [39].

Apart from the usual transfer matrix it is often convenient to consider a twisted transfer
matrix ﬂﬂ, &, ad, @] Te(z) = str(AT(z)), where & = diag(k1, k2, k3) and k; are some complex
numbers. Its eigenvectors

To(2)BU (50) = 7o(2]a, 0) BU) (@ 0),  CU(@0)Tu(2) = 7(2la, 0) CL)(w;),  (2.23)

are called twisted on-shell Bethe vectors. The parameters of these vectors satisfy a system of
twisted Bethe equations

ko f(u , U ) — _
rilus) = Pﬁf?fiijﬁijf(v’uﬂ)’ JT e (2.24)
713(”]') = Z—j’f(’l)j,ﬂ), J= 17 7b

The twisted eigenvalue 7,(z) has the form
Tl(2) = T2, ) = () F (@ 2) + k() f (5,0 (5, 2) — ksda()f(@,2). (2.25)

The norm of the Bethe vector defined above was calculated in ﬂﬁ]

b a a b
Ca,p (3 0)Bap (1 0) = (=) [T T £(vioun) [T Fugyun) [T 9lvssvn) det V. (2.26)
j=1k=1 jk=1 jk=1 “F
ik o
The determinant in ([2.26) is nothing but the Jacobian of the Bethe equations (2.20) in the
logarithmic form (see also @, @]) Let

(bj = log < rl_(uj) f(u]71fj)>’ ] = 17 . ,a,
[0, uy) fluj,u;)
o) (2.27)
@a»:bgﬁi—LJ, j=1,...,b.
& flvj,a)
Then 9
Nip = —2 ik=1,... b 2.28
'A/.-]7k 8xk j? ) 7a+ ) ( )
and {z1,...,Zqp} = {U1,. .., Uaq, V1, .., Vp}.

It is convenient to extend the action of the antimorphism % on vectors. We can always
choose the grading of © and QF such that [Q] = [Q7] = 0. Then we set [AQ] = [QTA] = [A] and

define
$(Q) =0, $(AQ) = Qly(A),

where A is an arbitrary product of the monodromy matrix entries. It is easy to see that

[Ba,b(a;ﬁ)] = [Ca,b(a; 6)] =b. (2'30)



One can also convince oneself that
Y (Bap (15 0)) = Cop(u;v), (Cap(;0)) = (—1)" Bay(u; ). (2.31)

Indeed, let us fix the partitions in ([ZI8]), (ZI9) such that #u, = #v; = n. Then using (ZI4)

we find
(0 (T13(ﬁ1) T2 () Tzs(%)) = (—1)" = )/24 =) (b=n=1)/24nb=m) o (55) Ty (@) Ty ()
= (=1)P0=D/2T gy () Ton (i) Tan (@), (2.32)
and similarly
(0 (Tsz(ﬁn) 11 (i) T31(111)> = (—1)" A0/ 24 =) (b=nt1) /240 b=r) T o (33,) T o (i) Taz(0g)
= (— 1!V () Tha () Tos (). (2.33)
These equations immediately imply (2.31]).

2.4 Form factors of the monodromy matrix entries

We define form factors of the monodromy matrix entries as

o B\ _C.~C ZB. 5B
5 5 > = Corp (a5 07) T35 (2)Bap (0”5 07). (2.34)

Fo <Z vT )b

Here both Cp y(u“;0°) and B, ;(a”;0") are on-shell Bethe vectors, the parameter z is an
arbitrary complex number, and
a'=a+dn — dj1,

bl =} + 6]'3 _ 5i3- (235)

Similarly to the gl(3) case, one can also introduce universal form factors m], if {u“,v°} #
{u”,v”?}. Namely, let

() (z a
g(M)(gS zig) o 1(’

vy T(z|uc,v9) — 7(2|u”B, vB)’

(2.36)

It is easy to show that the functions §%) do not depend on z. Indeed, it follows from the
commutation relations (2.3]) that

[T(2), Tij(w)] = [T (w), Tij (2)]; (2.37)

where 7T is the transfer matrix (Z3]). Hence, for arbitrary on-shell Bethe vectors Cgs p (u“;0)
and B, ,(a”; 0”) we obtain

Cor (a5 09)[T (2), Tij (w)Bap (@73 0%) = Corpy (@ 0°)[T (w), Tij (2)]Bap(u”; 7). (2.38)
Using (2.21]) we find

(T(2|u®,07) — 7(2|u”, 7)) Cyo y (0 0°) Tij (w) By p (u”; 07)

= (t(w|a®,v°) — T(w|a”,v"))Cy y (a”;0°) T35 (2)Bap(a”;07), (2.39)



where 7 are eigenvalues of the transfer matrix. Equation (2.39) immediately yields

Cor p (a5 09) Tij(w) B p(u?;97)  Cor pr (u;09)Ti5(2) By p(a”; 07)
7(w|ac,v°) — 7(w|la?,v?) 71(2|]ac,v°) — 7(z|ul,vE)

We see that the Lh.s. of ([240) depends on w, while the r.h.s. depends on z. Thus, the ratio
(236) does not depend on the argument of the operator T;;.

We call the form factors (236 universal, because they are determined by the R-matrix
only. In other words, for a given R-matrix they do not depend on the monodromy matrix, and
hence, they are model independent. Indeed, all the dependence of the form factors on a specific
model is hidden in the functions 1 and r3. More specifically, since the dependance on 71 (u;)
and r3(v;) can be removed using the Bethe equations (Z20), the real dependance in the model
is concentrated in the terms 71 (z) and r3(z). Since the universal form factors do not depend on
z, they cannot depend on r1(z) and r3(z). Thus, as we have claimed above, they do not depend
on the monodromy matrix of the model.

Remark. Strictly speaking the universal form factors do not depend on the functions rg, if
u°Nu” = and v°Nov*? = (), that is when the Bethe parameters of both vectors are all different.
Otherwise, if, for instance, u]C = uj;, then the universal form factors depend on the logarithmic
derivative log' r1(uf) of the function r1(u) ﬂﬁ] Similarly, if v§ = v}/, then the universal form
factors depend on the logarithmic derivative log’ r3(vf) of the function rs(v).

(2.40)

Proposition 2.1. Form factors F3) and F99 are related by

’

Fac) (Z o Zg):: = (=1)% FUD <z “ gg):: : (2.41)
where
0;j =0, [i] + 7] =0, mod (2),
0, = b, il =0, []=1, (2.42)
0ij =b+1, [i] =1, [j]=0.

Proof. Since a form factor F(*J) is a c-number function, it is invariant under the action of

the antimorphism 1):
¥ (}"(z‘,j) <z a uﬁ)a/’a> — Flid) (z
v v b/,b

On the other hand, acting with ¢ on the r.h.s. of ([2.34]) we obtain

i o )b/ . (2.43)

ZZ)(Ca',b'(ﬂC;@C)ﬂj(z)Ba,b(ﬂB;@B))
= (1) D EI by (B @7 07) ) (Ti5(2) ) ¥ (Carw (a5
= (=1)%9Co,p(@”; 0%) Tji(2)Bar (a7 7°),  (2.44)
where we used (2.6]), (Z30), 237]), and
0ij = ([d] + D (b + ) + 00+ + [i][5] + [i]. (2.45)

Thus, we have reduced the form factor F(») to the form factor F@%). In order to simplify the
phase factor we can use (2.33])

B — b= b5 — 8 = [j] — [ (2.46)



After elementary algebra we obtain
0i = ([7] + [i)o + [i][5] + [i], mod (2), (2.47)

and it is straightforward to check that this expression is equivalent to (2.42]). O

It follows from (ZZI)) that form factors of diagonal matrix elements F(+*) are invariant under
the replacement u¢ <+ u” and v < v2. This invariance yields the following transformation of
the corresponding universal form factors

) (@C a” )“’a ) (gg us )a’a_ (2.48)

o 0P g bb

SINS

The minus sign appears due to the denominator in ([2.36]). For the universal form factors of the
off-diagonal matrix elements we obtain

1 a+1,a

(3,1 <uc aB >a’a+ = (—1)bH1z3) <aB C) ’ 2.49
S (3 ) = i () (2.49)

(32) (@ af \"  _ _qyprix@3) (af ac )"
§ (gc o )b,b+1 =D <gB o >b+1,b’ (2.50)

and

@1) (@ a8\t 1.2) (B ac \*The

§ (ﬁc ﬁB)bb =3 <@B @C)bb ' (2.51)

3 Determinant formulas for form factors

Considering form factors of the monodromy matrix entries one should distinguish between two
cases: (1) {u“,v°} = {u?,0"}; (2) {u,0v°} # {u”,0vP}. The first case occurs only for form
factors () of diagonal matrix elements Tj;(z). Indeed, the condition {a° v} = {a?,v"}
implies @' = a and V' = b (see ([2.30])), which is possible for diagonal entries T;;(z) only. We first
present the results for this case.

3.1 Form factors between identical states

Let @° = @” = @ and ©° = o = &. The form factors F(»") have the following determinant
representations:

U
v

L

b a a b
> = (=" T I fioun) TT fFCujowe) T 9Cvisve) det NG (3.1)

b,b b+l
’ j=1k=1 k=1 k=1 or
i#k i#k

Fd) <z

3Here and below for brevity we write {a°,7°} = {@”,7"}, although one should understand this condition as
@ =" and v° = 0”.



In order to describe the (a +b+ 1) x (a + b + 1) matrices N9 we combine the sets @ and o
into a set =z = {uy,...,uq,v1,...,0}. Then

NG = 0%, jk=1,...,a+b,
oxy,

(i,3) i 8T(Z|1_L,Z_}) B
Na+b+1k_(_1)HTxk’ k:—l,...,a—{—b,
Nilyir = 8 = bia, i=1,...,a, (3-2)
'/V-](Zal-i)-b—l—l i3 — di2, j=a+1,...,a+b,

r(3,9) i@m(z\a,@)
NaerJrl a+b+1 (_1)[ } -

8/@

Here ®; are given by (221), and the eigenvalues of the usual and twisted transfer matrices
7(z|u,v) and 74(z|u, v) are defined respectively in ([2:22]) and ([225]). The proof of the determi-
nant formula (B.J]) will be given in section [l

3.2 Form factors between different states
3.2.1 Notation

If {u®,v°} # {u”,v”}, then the universal form factors are well defined. We assume that the

sets of Bethe parameters u®, v, u”, v” are fixed and their cardinalities are

#u° =d, #u® = a, #Ho® =1, #0" = b, (3.3)

where o’ and b’ are related to a and b by ([235]). Before giving explicit determinant presentations
for the universal form factors we introduce several new functions.
For a set of variables w = {wy,...,w,} define

= [To(wjwr),  A(@) =[] g(w;,wp). (3.4)

i<k i>k
Then we introduce a function
H(u%u”;0%) = f(v°,a”)h(a”,a?)A (a)A(a?) A7) A (v9). (3.5)

The function H plays the role of a universal prefactor that appears in all determinant formulas
for form factors. One should remember, however, that in spite of this function has the universal
representation (B.3]), the cardinalities of the sets u“, u”, and v are different for the different
form factors.

We define also a (a’ + b')-component vector € as

o s
] g(uc,ﬁB) ] ’. ) )
Jc =C (3.6)
Q g(’l)] ’/Uj) j -1 b/
a'+j — — = 1,...,0.
g(v§, o)’

Since we consider the case {a“,v“} # {u”,0"}, there exists at least one component €, such

that 2, # 0.

10



Finally, for fixed sets of variables u“, @?, v, and v® we introduce two rectangular matrices
M ) M )

L and M. The matrix £ has the size o/ x (a + V') and its entries are

— 1)Ly () W@, ) h(zy, u) j=1....d
E' =t C ( ) t C ’ ’ ’ ) 37
i = 115, o) f0°, xp)h(zy, uP) + kg )h($k7ﬂB)’ k=1 a+0. 0
The matrix M has the size V' X (a + ') and its entries are
g(v”, ) r3(xk) j=1,....0,
o= —t(v¢ 2 TR - 2R .
Mk (v ’xk)g(@c’xk) ( flzp,aB) )’ k=1,...,a+V. (38)

Here the set Z is the union of two sets: z = {u”,v°}. Actually, both matrices £ and M consist
of two blocks depending on whether xp € @” or x; € v°. The structures of these blocks are
very different, and we give now a more detailed description of them.

First of all, we note that 1/f(v,z) = 0 if z; € v, and 1/f(xp, u?) = 0 if z, € u®.
Therefore we obtain

h(vg,u®)
Ljkta= t(vg’u?)h(vg,aB)’ E=1,...,V, (3.9)

and o
Mg = —t(vf,Uf)M k=1,...,a (3.10)

g (7767 ul? ) ’
The product 1/g(v°, xy) also vanishes, if z; € v¢. However, this zero can be compensated

by the pole of the function ¢(v§, zy), if x5 = v§. Therefore, the block of the matrix M with
k > a has diagonal structure:

g(v”,
g(vy,

Mjatk = —9; )

Here we replaced the function r3(vy) with the product f(v,u“) due to the Bethe equations.
One should remember, however, that this replacement is possible only if ?“Nv? = (). Otherwise,
if some parameters vfl, . ,vjce from the set v¢ coincide with the parameters Uﬁ e ’Usz from
the set 7, then one should first take the limits vy — v7 in ([B.8)) and only after this we can
impose Bethe equations for the functions 73(vy).

Similarly, if a“ N@” = (), then the matrix elements £, with j =1,...,d’ and k =1,...,a
take the form

vg) (1_f(” v“0)>, k=1,...,b. (3.11)
Yk

(3.12)

3.2.2 Determinant formulas

Now we give the list of determinant representations for the universal form factors of the matrix
elements T;;(z). Certainly, it should be enough to give explicit formulas for F09) with ¢ < j
only, because making replacements u¢ <> u” and 7° < ©” one can recast the remaining form
factors (see (Z49)-(ZEI)). However, the matrices £;; and M;y, as well as the prefactor H
are not symmetric over these replacements. Therefore, changing @ < #” and v + ©” in the
determinant formulas given below we obtain more representations for the universal form factors.
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e We start with the diagonal form factors 9. In this case ¢’ = a and b’ = b.
Let p be an integer from the set {1,...,a+ b}, such that €, # 0. Then the universal form
factors F*% have the following determinant representations |:

a,a H .
- Z>< uC B)bb = 21 et NG, (3.13)

Qp a+b

The matrix elements N zgi,f) in the p-th row have the form

A g 907 m)  f@0 ) (s ac)
Pk g(0°,x)  f(0%,ar)  flag,a?)’
(272) _ _1 kj == 1, ,a + b (3 14)
pk ’

3,3) 1,1 2,2
NED = N 4 N3

where 7 = {uf,...,uf,v{,...,v;}. In the other rows the entries ./\/ ) do not depend on
7 and have the following form
N(ll)— _]ka jzla"'aaa j#pa (315)
N](izk M ks j=1....b, jHa#p,

and k=1,...,a+b.

This determinant representation was obtained in ﬂﬁ] Note that the form factors are sym-
metric with respect to any of the four sets of Bethe parameters. This symmetry follows from
the symmetry of the Bethe vectors. Therefore, without any loss of generality one can assume

in BI3) that p=a or p=a+0b.

e For the universal form factor 8’(172), we have @’ =a+ 1 and v/ = b. Let Qu11 # 0. Then
3(1’2) has the form

(1,2) ((aC a8 \*Th" _ (1, 2)
§ <gc o >b,b - Qa+1 adJ?gN (3.16)
where a2
'/\/’jk; Ejk?? jzla"'aaa
(1.2) _ (3.17)
j\/j+a,k:Mjk7 3:17"'71)7
and k=1,...,a+b. Theset z = {uy,...,uf,vf,...,vf

e For the universal form factor %3, we notice that ' = a and b = b+ 1. Let Qqyp41 # 0.
Then F23) has the form

§C (w8

< Q\

— K H
%E)aa —(—1) et N, (3.18)
U7 ) bt+1,b Quipr1 atbtl

where

2,3 .
-A/](k) L;k, j=1,...,a,

-/\/}(ii)k = Mj,k, J=1...,b, (319)
23 _
Na+b+17k =1,

and k=1,...,a+b+ 1. Theset z = {uf,...,ui,vf,...,v5}.

12



e For the universal form factor 13, one sees that o’ = a+1 and ¥ = b+ 1. Let Q,41 # 0.
Then F13) has the form

_ _ 1,(1 H
(13) <u0 uB)”+ — ()P det NOD) 3.20
§ 9 0P S (=1) Qur1 a+§+1N ’ (3.20)
where 13)
j\/j,k; = £j,k7 J= 17 ceeyQ, (3 21)
(1,3) _ o '
Nigor=Mig,  j=1..b+1,
and k=1,...,a+b+ 1. Theset T = {uf,...,uf,vf,..., v }.
e For the universal form factor &V, one has @’ = a — 1 and ¥ = b. It has the form
—1,a
(2,1) <ac aB)“ © = Hdet N3V 3.22
S ¢ ©B b a—?bN > ( )
where 21)
NGV =L, j=1...,a-1,
2,1
(271) — S
'A/Tj_"_a/’k; _Mj,ka J = 1""’ba
and k=1,...,a+b. Theset z = {uf,...,uf,vf,..., 0}
e For the universal form factor 32 with @/ = a and ¥ = b — 1. It has the form
(3,2) (uc aB)a’a — (-1 'H det NG 3.24
509 ()" = (0 det A0, (3.24)
where 32)
-/\/}',k’ = Ej,ka J=1...,a, (3 25)
(3.2 _ o '
Nioe=Mig, =101,
and k=1,...,a+b—1. Theset z = {uf,...,uf,vf,...,v5 | }.
e For the universal form factor &b and @’ =a — 1 and ¥ = b — 1. It has the form
F&b (ﬂc ﬂﬁ)a_l’a — (=1)""'H det N (3.26)
¢ P Jp_1p atb—1 ’
where a1
NGV =L, j=1...a-1,
NED = M, =1, b—1
j+ak 7,k J PR 3 (327)

ABD (=D)* tri(zp)h(a® zg) (g, a)
ak f(@c,wk)h(xk,ﬂB) h(mk,ﬂB)’

and k=1,...,a+b—1. Theset z = {uf,...,ul,vf,...,v5 | }.

) a

The proofs of the determinant representations for the universal form factors of off-diagonal
matrix elements will be given in section [Gl
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4 Proof of determinant formula (3.1))

Form factors of the operators Tj;(z) with respect to identical states were calculated in ﬂﬂ]
There it was shown that F9) are proportional to the r;-derivative of the twisted transfer
matrix eigenvalue:

SN
SN

Cap(u;0)Bg p(u; 0). (4.1)

a,a 1dT(z]u, v)
R € B o b
)b,b (=1) dr; r=1

Fld) (z

A peculiarity of this representation is that we have a full derivative of 7, (z|u“,v“) over ;. In
other words, one should consider the Bethe parameters ¢ and v as implicit functions of x;,
whose dependence on the twist parameters is determined by the twisted Bethe equations (2.24]).
In this section we show that representation ([AJ]) and (B.]) are equivalent.

Consider a solution {u“(k), v (k)} of the twisted Bethe equations such that {a“(k), v (k)} —
{u,v} as kK — 1. Then, similarly to ([2.27]), we introduce an (a + b)-component vector ¢ as

a0 (4.2)
3
o, =log ( J ) j=1 b
j c = 9 ) )
f(vj 7uc)
Comparing this vector with the vector ® (227 we see that ®¢ — & adl & — 1.
Taking the logarithm of the twisted Bethe equations (2.24)) we obtain
o = log <@>, Jj=1...,a,
K1
v (4.3)
(ba-i-j = 1Og (;3) ; J = 17 7b
Differentiating these equations over x; at K = 1 we find
a b
8‘1)]' dug 6<I>J dv,f
— — = i — 014 i=1,...
Ouy, dr; 1r=1 * Z v dk; lr=1 2 J e
k=1 k=1 (4 4)
a b )
8‘1>a+j dug a(I)a+j d’Ug .
J v - :6—5’ :1,...,b,
Buk dlﬁ:i r=1 * Z 8?}k d/ﬁ r=1 2 3 J
k=1 k=1
where we have taken into account that <I>jc =, u]C = u;, and vjc =vjat k=1
Let z = {u{,...,ug,v{,...,v5'}. Then using [B.2) we recast ([£4]) as follows:
a+b ( )d.%'
A (i, k . —
;-/V},k d/’iz‘ - - 522 - 61@, J = 15 y @,
a+b d (4'5)
(i) ATk S S :
k_lNaJrj’deLz _— —(522 531, J = 1,...,b.

4Here and below &

= 1 stands for k1 = k2 = k3 = 1. We also assume that the condition & = 1 automatically
yields 4° = % and 7° = 7.
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Hence, if we multiply the columns Ji\/'](zlj) with k = 1,...,a+b by the coefficients dzy /dr; and add

this linear combination to the last column of the matrix A (i) then we obtain zeros everywhere
except the right-lower element. For this non-zero entry we obtain

7 (z 1) dxk
N +b+1 atbe1 T Z atbHLE g

k=1

_ a+b o =
1yl 97218, 0) +(_1)[i]ZaT(Z|UC,UC)d$k
=1

= (=1 OK; oxy, dr;

R=1 (=1) dr; R=1
k

Thus, we arrive at

F i) aa a’a_ a+b
25 v - fvj,uk fu]’uk gvj,vk
J=1k=1 7,k=1 k=1
J#k J#k

. d ” —C’ ~C
% (_1)[2}% det N0 (4.7)

k=1 a+b

where now the size of the matrix NG9 is (a4 b) x (a +b). Comparing this expression with
([226]) we reproduce representation (4.1]). O

5 Zero modes

We have shown in the paper ﬂﬁ] that in the models with gl(N)-invariant R-matrix all the
form factors can be obtained from one initial form factor and taking special limits of the Bethe
parameters. Our method was based on the use of zero modes of the monodromy matrix. This
approach can be applied to the models with gl(m|n) symmetry without significant changes. In
this section we give a brief description of this method and find simple relations between different
form factors.

The basis of the zero modes method is an expansion of the monodromy matrix 7'(u) into a
series over inverse spectral parameter u "

Tij(u) = 01+ Y Tiyln] (€)™ (5.1)
n=0

This expansion is typical if the monodromy matrix of the model is obtained as specialization
to some highest weight representation of the Yangian Y'(gl(2|1)) with highest weight vector

Jad, la).

Note that the expansion (5.1I) yields similar expansions for the functions A\;(u) and ry(u)

_1+Z)\ ©)", i=1,2,3
(5.2)
—1+Zrk 1 ()™, k=13
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Assumption (B.]) implies that the Bethe vectors remain on-shell if one of their parameters
tends to infinity. This is because the structure of the Bethe equations ([2.20]) is preserved when
re(u) — 1 at u — oo.

The operators T;;[0] are called the zero modes. They span a gl(2|1) superalgebra. Sending
in (Z3) one of the arguments to infinity we obtain commutation relations of the zero modes
and the operators Ti;(z)

T30, Tha(2)} = (—1)WEHEDFEIG (5,70 (2) — 6 Tu(2)), (5.3)

showing that the monodromy entries form an adjoint representation of the gl(2|1) superalgebra
generated by the zero modes.

5.1 Action of the zero modes onto Bethe vectors

The explicit formulas for the action the operators 7Tj;(z) onto Bethe vectors were derived in @]
Taking the limit z — oo in those expressions we obtain the action of the zero modes 7;;{0]. The
action of Tj;[0] with i < j is given by

T13[0]Ba b (u; ) = — lim_ (_%)bﬂ Bot1,p41({n, w}; {v,w}), (5.4)
T OB p(@:0) = = Jim ()" B (85 {2, w)), (5.5)
Tlg[O]Ba,b(ﬂ; ?7) = wlg%o % BaJrLb({ﬁ, w}; ?7). (5.6)

Let us show how one can obtain these equations. For this we consider the simplest case
(E4). The action of the operator T13(w) onto a Bethe vector B, ;(u;7) is (see ﬂﬁ])

Ti3(w)Ba,p(u; 0) = Ag(w)h(v, w) Bat1p1({a, wh; {v, w}). (5.7)

Multiplying both sides by w/¢, taking the limit w — oo, and using the asymptotic properties
of the functions h(v,w) [ZI0) and A\2(w) (B2)) we immediately arrive at (5.4]).

The parameters @ and v in (5.4)—(5.6]) are a priori generic complex numbers, but they may
satisfy the Bethe equations in specific cases. Then in the r.h.s. of (55) and (5.6) we obtain
on-shell Bethe vectors, because the infinite root w together with the sets  and v satisfy Bethe
equations due to the condition (B.2)).

Applying the antimorphism 1 to the actions (5.4])—([5.6) we obtain

Cap(@ )T [0] = Tim ()" Copr ({3, w}; {7, 0}), (5.8)
Cap(:0)Tinl0] = lim_ ()" Cosp(s {0, w}), (5.9)
Ca,b(ﬁ; @)Tgl[O] = u}gnoo% (CaJrLb({ﬁ,w};@). (5.10)

As in the above case, if the parameters {u, v} satisfy Bethe equations, then {u, v, w} also satisfy
Bethe equations as w — oo.

Similarly to the gl(N) case (see ﬂﬁ]) the on-shell vectors (resp. dual on-shell vectors)
depending on finite Bethe roots are singular weight vectors of the zero modes T;;[0] with i > j
(resp. T;;[0] with i < j):

T;;[0Bqp(u; 0) =0, 0>,
Cmb(ﬂ; ?7)Tij [O] =0, 1< 7.
These em&tions can be obtained from the explicit formulas of the actions of Tj; onto Bethe

].

(5.11)

vectors
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5.2 Relations between different form factors

The zero modes allow us to find simple relations between different form factors. As a starter,
we consider an example. Setting in (53]) j =k =1= 2 and i = 1 we obtain

[Tlg[O],TQQ(Z)] == —Tlg(z). (512)

Let Cyi14(u”;09) and B, p(u”;07) be two on-shell vectors with all their Bethe parameters
finite. Then (512)) yields

Cat1,p(a;09)T12(2)Ba p(0”;07) = —Coy1,5(a;09) T12[0]To2(2) By p (0”5 0°)
+ CaJrl,b(ﬁc; T)C)TQQ(Z)TH [O]Ba,b(ﬂB; T)B). (5.13)

The first term in the r.h.s. vanishes as T12[0] acts on the dual on-shell Bethe vector. The action
of T12[0] on the on-shell vector B, ,(u”;0"”) is given by (G.6]), hence,

Cag1,6(a;09)T12(2)Bap (0”5 97) = Cop1,5(a”;09) Th2(2) dim T Boy1p({u”, w};0%).  (5.14)

Since the original vector B, ;(u”;9”) was on-shell, the new vector B, q,({a”, w};v”) with
w — 00 also is on-shell. Therefore, in the r.h.s. of (5.14) we have the form factor of Ths(z), and
we arrive at

F2) (z ac ﬂg)aH’a = lim ZF(®2 (z

% v b,b wW—00 C

o (@) (5.15)

] B bb

Thus, the form factor F(12) can be obtained from F(32) by sending one of the Bethe parameters
to infinity.

The relation (5.I5]) can be easily reformulated for the universal form factors. Indeed, looking
at the explicit expression ([2:22) for the eigenvalue 7(z|u,v) we see that

lim 7(z|u,v) = 7(2|u;,0), lim 7(z|u,v) = 7(z|u, vg). (5.16)
Uj—00 V—>00

Thus, if one of the Bethe parameters goes to infinity, then the transfer matrix eigenvalue 7(z|u, v)
turns into the eigenvalue depending on the remaining Bethe parameters. Hence, we arrive at

5(1:2) <@c aB >a+1’“ — lim Y322 (ac {uB,w}>a+1’a+1. (5.17)

CRECREVA N w—00 C 3¢ B Jpp

Similarly, starting with the universal form factor §®?2 and using commutation relations
(5:3) we can obtain all the universal form factors /) with |i — j| = 1:

bl
2,3) (@ a8 \** _ —w 2,2) (@€ @B \*°
§ <@C 53) = i ( > § <170 {ﬁva]’>b+1,b+1 ’ (5.18)

b+1,b wW—+00 C
—1l,a a,a
21) <ac aB>“ Yo im Y2 <{ac,w} aB) ’
§ ¢ B b,b wlg{l)o c § ¢ 9P (5'19)
b a,a
(32) (ac aB)“’“ — i (E) (2.2) ( ac aB) ’
5 (q—)c 5B bo1b wh_r)noo - 5 (5C w} o8 b . (5.20)
The universal form factors %7 with |i — j| = 2 can be obtained as the limits of §*7) with

|i — 7] = 1, for example,

b+1
o - +1a —w ¢ -B a+1,a
(1,3>(u0u3)“ — lim (2% (1,2>(u i )
5 55 )y Jim 5 W (550} )1 pir” (5.21)



3,1) a~la o Wa32) (({alw) aB M
3 < B>b 1b _wlg%o;g( )<{@C }63)571,5 (5.22)
Thus, starting with §22) and taking different limits of the Bethe parameters we obtain all the
universal form factors of the off-diagonal matrix elements of the monodromy matrix. Formally,
FOD and 34 can be also included in this scheme, for example,
O - a,a o - a,a w _C _B\oat+la

(8, -8 (8, = dm 80 (), 6
However, in our case this relation is not needed, because we have already determinant repre-
sentations for all diagonal universal form factors ﬂﬁ]

It should be noted that the possibility of considering the limit of an infinite Bethe parameter
is based on the use of the generalized model. On the one hand, in this model, the Bethe
parameters are arbitrary complex numbers. Hence, one of them can be sent to infinity. On the
other hand, the existence of an infinite root in the Bethe equations agrees with the expansion
(B2). At the same time, since the final expression for form factors depends on r; and r3 only
through the eigenvalue 7(z|u, v), the condition is not a restriction on the form factors. It
can be checked for instance in Bose gas models &]Z,I)where the relations between for factors and
the zero modes method both apply, although the condition (5.2) is not fulfilled.

6 Form factors of off-diagonal elements.

In this section we deduce from the zero modes method determinant representations for the
universal form factors of the operators 7Tj;(z) with ¢ # j. We restrict ourselves with two typical
examples of F2) and §*2). All other determinant representations for the universal form factors
can be obtained in a similar manner.

6.1 Form factor F1?

Due to (G.I7) the form factor 2 is a limiting case of the form factor F*2). The determinant
representation for the latter is given by (BI3)—(BI5), where without any loss of generality we
can set p = a+ 1. In these expressions we also should replace a with a4+ 1 and @” with {a”, w}
Then we have

o - La H
" (uc UB>a+ — lim —2 et N2, 6.1
§ ¢ oB b,b wl—rgo CQa-H a+b+1N ( )

For taking the limit it is convenient to multiply the first a rows of the matrix N’ ?2) by the
factors —w/c. Then we obtain

L 1,a — a H
(172) <UC UB>G+ ’ = 1 —C w d t 6 2
§ ¢ oB b,b wgnoo w cQqi1 a+b+1N ' ( . )

where

°(2,2) (2,2) .

N]k‘ —_— _]k? P ]—1,...,@, (63)

J\/ N(22) 4 '

ik j=a+1,...;a+b+1.

Now let us give explicit expressions for the prefactor and the matrix elements in (62)). The
factor H is

H(@ {2 whio°) = F(0, a)h(a, a)A (1) A" AT A'(°)
X (0, w)h(w, @®)h(u”,w)g(w,a?) = f(0°,w)f(w,a®)h(u”,w)H(a;ua”;0v), (6.4)
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where H (u;u”;0) is given by ([B.5). Hence, due to [2I0) we find

lim <_—C>aH(uC; {u?,w};v°) = H(u;a”;v). (6.5)

w—r 00 w

The coefficient Q441 is equal to

1 CoprSi)) Qo (a0
QaJrl(’aC; {Z_LB,ZU}) — - g(ua—é—l uf—;—l) _ +1£u U ), (66)
g(ua+1?w) g(ua+1’u ) g(ua+1?w)
and therefore .
lim — Qg1 (2% {a”, w}) = —Qap1(a;a”), (6.7)

w—0o0 W

where Q,11(u;u?) is given by ([B.6]). Thus, the prefactor coincides with the one in (3I6]) up
to the sign.

Consider now the matrix elements A/ gzlf). First of all N/ 22+21) ,=—lforallk=1,...,a+b+1.
If j,k # a+ 1, then

[e)

NG @ {a”, wh 0°)
W <(—1)%1(%)“%@’wk)h(ucawk) N t(mk,uf)h(mk,u0)> ii 11 o ’Z’Jr bl
c \ f0% ap)h(zg, uP)h(zg,w)  hwg, wP)h(zg,w) )’ kta+1 ’
(6.8)
(2,2 _ o -
NED (@ w) v%07)
. j=1,....b,
= (oS ) L) (1— al) ) . k=l..,a+b+1, (69)
g9(v¢, i) f(@g, u?) f(zg, w) kta+1.
Here {x1,...,2q} = {u?,...,ul} and {zqq2,...,Zeypy1} = {v],...,v;}. Taking the limit
w — 0o we obtain
Jim N 22 @ {u” wh; o°)
)% ()t (us, 2)h(C, 2 t(xp, us)h(xy, u® i=1...,a
:( ) 1€ck) (] k)fi k)+ (@, 45) (,Bk ), k=1,...,a+b+1, (6.10)
f (0, xp)h(xg, u”) h(zy,u?) kta+tl,
. (2,2 _ o
J&Nc(zﬂ)ﬂ,k({“]g’ w}; %5 0")
- j=1,....b,
- —t(vjc,xk)g(qjc’xk) (1 - rg(x’il ) , k=1,...,a+b+1, (6.11)
g(’U 71.]?) f(l'k,u ) k#a—i—l
Finally, for the elements N gzail with j # a + 1 we have
22 —c.i-B —c —w c (=1)%r1(w)h(a®, w) t(w,uf)h(w,ﬂc) )
. . . — —— [ t(u€ 1
N5 47wk o) <(uj’w) [0 w)h(w, u?) - h(w,a?) o sath
(6.12)
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(2,2) _ g% w)
N] a+1({u ’U)} ’U UB) = _t(v_] ,’U))m ] >a+ 1, (613)

and sending there w to infinity we obtain

lim A/ a+1( w {u”, w}; %) = Jim N aH({u ;2w v950%) = 0. (6.14)

wW—00

e}
We see that the (a + 1)-th column of the matrix N 5.2,;2) contains only one non-zero element

(¢}
N 22_51) at1 = —1. Thus, the determinant in (6.2)) reduces to the determinant of the (a+b) x (a+0b)
matrix with the matrix elements (6.10) and (6I1]). Obviously, this representation coincides with

the expressions ([B.16]) and BI7]).
6.2 Form factor (2

The form factor §*2) also can be obtained as a limit of the form factor §*? via (E20). We
use again representation ([B.I3])-(BI5]), but now it is convenient to set p = a+b. We also should
replace v with {v“,w}. Then

3.2) (aC a8\ _ _ w\b H (2,2)
§ (T’C T’B>b71,b 11}h—r>Ic1>o(C) Qatp gigjv ' (6.15)

For taking the limit we multiply the rows with j =a + 1,...,a + b — 1 of the matrix 22 by
the factors ¢/w. Then we obtain

i : %2 H
(3,2) (uc B)““ —  lim ¥ (9) det . 6.16
§ ¢ oB b—1,b wl—rgo c \c Qa+b a—EbN ( )

where

(2,2 2,2 .
NED N2 o1,
/\/%;2):3 5-2,;2)7 j=a+1,...,a+b—1, (6.17)

/\()/(2’2) _N(2,2)k 1

a+b,k a-+b,

Now let us give explicit expressions for the prefactor and the matrix elements in ([GI6]). The
factor H is

H(u%; % {0, w}) = f(v°,a”)h(a”,a”)A"(a)A@@”)A@°) A (v9)
x f(w,u”)g(w,v°)g(v", w) = f(w,a”)g(w,v)g(v", w)H (a;u";v°), (6.18)

where H (u;u”;0°) is given by ([B.5). Hence, due to (2I0) we find

Jim (2)7 B0 (0 ) = (-1 H @ a0, (6.19)

The coefficient Q444 is equal to

¢ voopy glw,v
Qa-l—b({v ’w}au )_ g(w,ﬁB)’ (620)
and therefore
lim — Qa+b({v ,wha) =1 (6.21)

w—00 U
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Consider now the matrix elements A/ 5»2,;2). If k # a + b, then

NP @50 (0, w))
(=) ()t (u§ ) (@, zp) g, u§)h(rg, u)

_ 7=1,....,a, (6.22)
 f(0°, 2p) f(w, zx ) h(2), 0P) h(xg, a?) ’ k=1,...,a+b—1, '
2,2)
/\/'g+j?k(u3;{v ,wh; v?)
c g(v”, xy) r3(wy) j=1,...,b—1
= ——t(vj 1- R 6.23
w (v ’xk)g(ﬁc,xk)g(w,xk) < f(zg,u”) )’ k=1,...,a+b—1. ( )

Here {z1,..., 2.} = {uf,...,uZ} and {zqt1,..., 211} = {v{,...,v;_;}. Taking the limit
w — 00 we obtain

lim A2 (@ 0% (o7, w})

wW—r 00
D ()t )@, ay)  twg, uf )h(ag, a®) j=1,...,a, (6.24)
[0, wp)h(we, u”) h(z, u”) k=1,..,a+b-1 '
Tim N3, (@7 {0, w); 07)
g(v”, ) r3(zk) j=1,...,b
O 1 SR 6.25
W5 @) e o) ( Flzpa?) )’ k=1....a+b—1 (%)
Finally, for the elements N (%2 a +b with j # a + b we have
o t(w, us )h(w,u)
(2,2) (mc. =B, (= _ Y ’ -
Nj7a+b(uc,u3,{vc,w}) = h(w.a) \ ji=1,...,a, (6.26)
NED @ o who®) =0, j=1,....b—1 6.27
a+ja+b(u,{v ,wh oY) , j e , (6.27)

and sending there w to infinity we obtain that ./\/ a +b —0asw— oo for j <a+bd.
We see that the last column of the matrix N gl;) contains only one non-zero element

N Ef_j))a +p = —1. Thus, the determinant in (G.I6]) reduces to the determinant of the (a+b—1) x

(a + b — 1) matrix with the matrix elements (6.24]) and (6.25)). Obviously, this representation
coincides with (3.:24]), (3:25]).

Remark. In all considerations above we assumed that the Bethe parameters of on-shell
vectors Cor y (u;0¢) and B, ,(u”; 07) were finite. However, if ry(z) — 1 at 2 — oo, then Bethe
equations (2.20) admit infinite solutions as well. The peculiarity of such infinite roots is that
the corresponding Bethe vectors are no longer singular vectors of the zero modes T;;[0] with
i > j (respectively, the operators T;;[0] with ¢ < j do not annihilate dual on-shell vectors with
infinite parameters). This property played an essential role in our derivations, therefore one
might have impression that the case of infinite Bethe roots requires a special study. However,
as it was shown in ﬂﬁ for the models with gl(3)-invariant R-matrix, all relations between the
form factors remain valid even in the presence of infinite Bethe parameters. The method of the
work ﬂﬁ] can be used for the models described by the gl(2|1) superalgebra without any changes.
Therefore we do not give here a special consideration to this problem.
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7 Form factors in the models described by gl(1|2) superalgebra

We have mentioned already that the Yangians Y (gl(1|2)) and Y (gl(2]1)) are isomorphic m]
This isomorphism allows us to apply our results to the models with gl(1]|2) symmetry.

To distinguish between two superalgebras we use the symbol tilde for all the objects related
to the gl(1]2) superalgebra. In particular, we use the grading [ ] =0 and | i3 = 1. The
monodromy matrix entries will be denoted by Tj;, their vacuum elgenvalues by Aj, the Bethe
vectors by ﬁ%a,b(ﬂ, v), and so on.

The isomorphism ¢ : Y (gl(2[1)) — Y (gl(1]2) is defined as follows.

Definition 7.1. Let =4 —j. Then
bl = Ul=0+1
v Tiu)

Ajlw) = Aju) = =Az(w).

)G T ) (7.1)

)

4

Hereby,
P(AB) = p(A)p(B). (7.2)
Remark. There is a big freedom in the definition of ¢. Namely, we can use the following
action Tj;(u) — (—1)UII+all+BU+Y T2 (u), where a, 3, and ~y are arbitrary constants. Indeed,
if the operators Tj;(u) satisfy the commutation relations of Y (gl(1]2)), then multiplication by

(—1)O‘m+ﬂ U147 is equivalent to the multiplication of the monodromy matrix T by diagonal twists
(from the left by diag((—1)®1) and from the right by diag((—1)?U1*7)). It is clear that after
this multiplication the commutation relations are preserved. We have used this possibility in
(1) in order to have

o(str(T'(u)) = str T (u). (7.3)
However, even this additional restriction does not fix completely the action of ¢. We could
choose, for instance, Tj;(u) — (—1)VIEFEHL T ().
7.1 Bethe vectors

Bethe vectors in Y (gl(1]2)) were constructed in

I:
= _ QUI,UI qun) (UH, ) (UI,T)I)N NS =N =\
B b u; 1) Z )\Q(UH))Q( )f(_ 1_)) Tlg(UI)ng(UH)Tlg(uH)Q. (74)

The dual vectors have the following explicit form

Copli0) = (—1)™F ”Zgu”UIM(ZI’)?Q)(?L—)(;]{;I;?(U“”I)ﬁfq?Ql(uH)’T“gQ(vHﬁgl(m). (7.5)

Then, assuming that o(€2) = Q and ©(Qf) = Qf we find
#(Bap(1:9) =Boa(v30),  o(Cap(u;0)) = Coa(®;). (7.6)

Here we have (dual) Bethe vectors of Y (gl(2[1)) in the Lh.s., and (dual) Bethe vectors of
Y (gl(1]2)) in the r.h.s. One can also easily check that

w(@a,b(ﬁ; T))) = (_1)a@a,b(a; 6)7 w(@a,b(a; 6)) = IBga,b(ﬁ; @)' (77)
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7.2 Form factors

Form factors of the operators Tj;(z) depend on the functions Ag(z). Therefore they are not
invariant under the action of :

Fd) (5|7 a2\ Z g (o]ac am )" . 7.8
SD( (Z ¢ T)B)b/,b) (Z v o )b',b A (2)—=— A (2) (7.8)
On the other hand we have
o (59 (1 ),7) = elevutaranmomoteon)
T ~ ~ ~ e ~ o b’
= (-~ DU, (6% ) Tya(2)Boa (073 07) = (1) AFURAFED (51000 7 (7.9)
Thus, we obtain
. . ~ b',b . aa
_ 1)\ Ull+l1+1 £ (@) 0@ B\ p(d) (e el ) 7.10
( ) 7 (Z a® uP )a’,a 4 <Z v¢ 0P )b’,b )\k(z):fx,;(z) ( )
Changing here
u9P & 9P, a <> b, a < b, 74>, 14 7, (7.11)
we find ) .
Fi3) (5] ac a8\ _ (_q\@E+E+ 26D ‘ oC B\ _ 7192
4 (z Chl )b/,b (=1) 7 (z a® ﬂB)a/,a A (2)=—Az(2) ( )
It remains to use m = [7] + 1, and we finally arrive at
~ a,a ~ o v'.b
@3) (e a2 )" = ()l FG2) ‘@c AN
4 (Z v 0P )b',b (=1) 4 <Z a“ ﬂB)a',a Ar(2)=—Xp(2) (7.13)

Thus, the form factors of the monodromy matrix entries in the models with gl(1]2) and gl(2[1)
symmetries are related to each other by the replacement of variables (Z.I1]).

Conclusion

In this paper we obtained determinant representations for form factors of the monodromy matrix
entries in integrable models described by gl(2|1) and gl(1|2) superalgebras. The method is based
on the determinant formula for a particular case of Bethe vectors scalar product ﬂﬁ] This
formula allows one to calculate form factors of the diagonal operators T;;. Further calculation
of form factors of the off-diagonal operators Tj; is based on the zero modes method ﬂﬁ]

The obtained results can be used for the calculation of form factors and correlation functions
in the supersymmetric t-J model. For this model the solution of the quantum inverse scattering
problem is known ﬂﬁl, @] Therefore, form factors of local operators can be easily reduced to
the ones considered in the present paper.

The calculation of form factors in models with gl(m|n) symmetry remains to be done. Any
results in this field would be desirable in view of their possible application to Hubbard model
and supersymmetric gauge theories. It is clear that the zero modes method works in this case as
well. Therefore, it would be enough to obtain a determinant formula for only one form factor.
All other form factors would be achieved form the initial one as special limits of the Bethe
parameters. However, the problem of calculating the initial form factor meets serious technical
difficulties.
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