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Abstract: In the first part, we have constructed several families of interacting wedge-
local nets of von Neumann algebras. In particular, we discovered a family of models
based on the endomorphisms of the U(1)-current algebra A© of Longo-Witten.

In this second part, we further investigate endomorphisms and interacting models.
The key ingredient is the free massless fermionic net, which contains the U(1)-current
net as the fixed point subnet with respect to the U(1) gauge action. Through the restric-
tion to the subnet, we construct a new family of Longo-Witten endomorphisms on A ©
and accordingly interacting wedge-local nets in two-dimensional spacetime. The U(1)-
current net admits the structure of particle numbers and the S-matrices of the models
constructed here do mix the spaces with different particle numbers of the bosonic Fock
space.
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1. Introduction

As already explained in Part I [Tanl1a], construction of interacting models of Quan-
tum Field Theory in (physical) four spacetime dimensions has been a long-standing
open problem, and recently the algebraic approach made progress [Lec08,GL07,GLOS,
BSO08,BLS11,Lecl1] and two dimensional cases work particularly well: these works
constructed models of QFT with weaker localization property, and in one case such
models turned out to be strictly local and fully interacting [Lec08]. One should recall,
however, that the models in [Lec08] allow a complete interpretation in terms of particles
(asymptotic completeness) and the particle number is preserved under the scattering
operator. On the other hand, it is known that in four dimensions an interacting model
inevitably involves particle production [Aks65]. In the present paper, we construct a
further new family of interacting wedge-local two-dimensional massless models and
find that their S-matrices mix the spaces with different particle numbers.

In fact, the requirement to involve particle production non-perturbatively is already
not simple. On the one hand, an asymptotically complete model must behave like the
free theory and hence must be compatible with the Fock space structure at asymptotic
time. On the other hand, a particle production process properly means a violation of the
Fock structure at physical time. To overcome this difficulty, one would have to “deform”
the free theory in a somewhat involved way (cf. [Lec11]) or should rely on a nice trick.
Here we take the second way. Standard examples and techniques from Conformal Field
Theory provide such a trick.

Conformal Field Theory has been well studied particularly on the circle, which can
be seen as a chiral part of 1+1 dimensional theory. There are many important examples
of such models, or nets in operator-algebraic terms, and both field-theoretic and opera-
tor-algebraic techniques allow one to analyze their interrelationships. Our trick can be
briefly summarized as follows: we consider the free complex fermionic field i on the
circle; the field ¢ admits a gauge group action by U(1), and the fixed point with respect
to this action is known to be isomorphic to the algebra of the U(1)-current J. Both
fields are free fields acting naturally on the Fock space (fermionic and bosonic, respec-
tively) but the correspondence between the spaces is quite involved. The passage to 1+1
dimensional models is simply the tensor product of two such chiral parts. Now, we can
easily “deform” the two-dimensional Dirac field (built up from the chiral parts ¢ & 1
and 1 ® ¥) in such a way that it commutes with the product action of the gauge group
U(1) x U(1). Hence the deformation restricts to the algebra of the conserved current
JP=U%IH=0U®1+1®J,1®J—J®1), and this deformation is sufficiently
complicated so that the resulting S-matrix does not preserve the bosonic Fock structure,
thanks to the involved fermion-boson correspondence.

In Part I, we have constructed a family of two-dimensional massless models based
on the free current J* or more precisely its net A ® A© of von Neumann algebras
of observables. The main ingredient was endomorphisms of the algebra A (R,) of
observables localized in the positive half-line Ry commuting with the translations. A
family of such endomorphisms has been studied first by Longo and Witten [LW11] in
order to construct Quantum Field Theory with boundary. We used those endomorphisms
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to construct two-dimensional models without boundary. In the present article, we study
the fermi net Ferc generated by the free complex fermionic field ¥ and its Longo-Wit-
ten endomorphisms. We construct endomorphisms of Ferc which commute with the
gauge action of U(1), hence restrict to the fixed point subnet of A It turns out that
the restricted endomorphisms cannot be implemented by second quantization opera-
tors, hence are different from the ones considered in [LW11]. We again knit them up to
construct S-matrices and wedge-local nets.

Then the fixed point with respect to the action of U(1) x U(1) is considered. We
find that its asymptotic behaviour is the same as the free (bosonic) current J* and the
S-matrix does not preserve the space of 1 + 1 particles (1 left and 1 right moving par-
ticle) in the sense of the Fock space structure. We stress that the Fock space particle
number has no intrinsic meaning as particles, because we are in a massless case where
just a scattering between two waves is considered. One has to pass to the massive case
to talk about particle production. We will discuss in more detail the implication of this
phenomenon at the end of Sect. 5.

This paper is organized as follows. In Sect. 2 we recall the standard notions of alge-
braic QFT and the scattering theory of two-dimensional massless models [Buc75,DT11].
Some simple observations are given about subtheories and inner symmetries. Main
examples of nets, the free complex fermionic net Ferc and the U(1)-current net A©,
are introduced in Sect. 3. Although it is well-known [KR87,Kac98,Reh98] that the fixed
point subnet Ferc with respect to U(1) is A at the field-theoretic level, we prove it
in the framework of algebraic approach. Section 4 is devoted to the construction of
new Longo-Witten endomorphisms on A® . They are used in Sect. 5 to construct new
interacting wedge-local nets. Outlook and open problems are summarized in Sect. 6.

2. Preliminaries

2.1. Fermi nets on S'. Here we give a summary of one-dimensional nets, since they
will be our building blocks of the construction of two-dimensional interacting models.
In the first part, we considered local nets of von Neumann algebras on S'. Since we
need to exploit the free fermionic field in this second part, a generalized concept of nets
is recalled.

We follow the definition in [CKLO08] and denote by M6b® (= SL(2, R) = SU(1, 1))
the double cover of the Mobius group PSL(2, R). We denote by J the set of proper inter-
vals I C S!, where proper means that / is open and connected and neither a dense nor
empty set. A (Mobius covariant) fermi net is an assignment of von Neumann algebras
Fo(I) on Hg, tointervals I € Jon S ! satisfying the following conditions:

(1) Isotony. If I} C I, then Fo(I1) C Fo(l2).
(2) Mobius covariance. There exists a strongly continuous unitary representation Uy
of the group MSb® such that for any interval I € J it holds that

Uo(9)Fo()Uo(g)* = Fo(gl), for g € Mob®,

where the action of M6b® = SU(1, 1) on S is defined through linear fractional
transformation.

(3) Positivity of energy. The generator of the one-parameter subgroup of the lift of
rotations in Mob in the representation Uy is positive.

(4) Existence of the vacuum. There is a unique (up to a phase) unit vector ¢ in H,
which is invariant under the action of Up, and cyclic for \/ ; cs1 Fo(I).
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(5) Zy-grading. There is a unitary operator I'g with F(% = 1 such that I')R2p = Qo
and AdTg(Fo(1)) = Fo(I).

(6) Graded locality. If Iy N I = @, then [Fo(11), Ad Zo(Fo(12))] = 0, where Zg :=
1—ily

- -
If the grading operator is trivial: Zg = 1, then the net F is said to be local.
Among the consequences of these conditions are (see [CKLOS]):

(7) Reeh-Schlieder property. The vector 2 is cyclic and separating for each Fo (7).
(8) Additivity. If I = |J; I;, then Fo(1) = \/; Fo(lp).
(9) Twisted Haag duality on S'. For an interval I € J, it holds that Fo(I) =
Ad Zy(Fo(I")), where I’ is the interior of the complement of / in § L
(10) Bisognano-Wichmann property. The modular group Alftﬂ)(RJ,) of Fp(R;) with

respect to g is equal to Uy(§(—2mt)), where S ! is identified as the one-point
compactification of R as below and § is the one-parameter group of dilations.
(11) Irreducibility. It holds that \/ ;.q Fo(I) = B(Hg;).

Each algebra Fy([) is referred to as a local algebra (even for a fermi net). Note that if
the grading operator Iy is trivial, then the definition of fermi net coincides with the one
of local Mébius-covariant net. We identify the circle S' and the compactified real line
R U {oo} through the Cayley transform

z—1 t—i

t=—i e 7=——, teR, zes'cC
z+1 t+i

and refer to the algebra Fo(1) for an interval I C R. The representation Uy of Mb?) =

SL(2, R) restricts indeed to a projective unitary representation of PSL(2, R) [CKLO8].
Let p be the (47 periodic) lift of the rotations in PSU(1, 1) (acting by p(0)z = el?7) to
Mo6b® and let us denote Ry (60) = Uy (p)) = el?Lo_ Under the identification between
sl and R U {00}, one can talk about the translations and dilations of R, which are
included in Mob. In particular, the representation of translations (which we denote by
7) plays a crucial role. Let us denote Ty(t) = Up(t(2)).

A Longo-Witten endomorphism of a fermi net g is an endomorphism of the alge-
bra Fp(R;) implemented by a unitary Vy which commutes with the translation Ty ().
A family of Longo-Witten endomorphisms has been found for the U(1)-current net and
the real free fermion net [LW11]. The examples will be explained later in detail.

Note that a Longo-Witten endomorphism is uniquely implemented up to scalar.
Indeed, since it commutes with translation, Ad Vj is an endomorphism of Fo (R4 +¢) for
any t € R. If there is another unitary Wy which satisfies Ad Wy(x) = Ad V(x) for any
x € Fo(R4 +1), t € R, then by the irreducibility WS‘ Vi must be scalar.

2.2. Subnets and the character argument. Let Fo be a fermi (or local) net on Hs,.
Another assignment Ao of von Neumann algebras {Ao(/)};eg on Hg, is called a sub-
net of Fy if it satisfies isotony, Mobius covariance with respect to the same Uy for Fy
and it holds that Ag (1) C Fo(I) for every interval I € J. We simply write Ay C Fp. In
this case, let us denote H 4, = V 17 A0(I)0. Then it is immediate to see that Ay(1)
and Uy restrict to 3 4,, and by this restriction Ap|g¢ Ao becomes a fermi net with the
representation of covariance Ug|g¢ Ay This restriction is also said to be a subnet of Fy if
no confusion arises.

For a fermi net ) on S', a gauge automorphism « is a family of automorphisms
{ao, 7} of local algebras which satisfies the consistency condition
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a0,12|A0(11) =ap, forly C .
If a gauge automorphism ¢ preserves the vacuum state (2, - 20), it is said to be an
inner symmetry. An inner symmetry «o can be unitarily implemented by the formula
VigX 20 = ao(x)S20, where x is an element of some local algebra Fo(/). We say that
a compact group G acts on the net Jy when there are automorphisms {c ¢}sec Which
satisfy the composition law when restricted to local algebras. The fixed point subnet
with respect to this action of G is the subnet defined by 5’06 () = Fo()C°.

Let Fy be a fermi net and A be a subnet. Recall that, for a M6bius covariant fermi
net, the Bisognano-Wichmann property is automatic. As a consequence, for each inter-
val there is a conditional expectation Eg; : Fo(I) — Ao(l) which preserves the
vacuum state (2o, - Qo) and is implemented by the projection P, onto H 4, (see
[Tak03, Thm. IX.4.2]). This projection P 4, contains much information of Ay.

Consider the case where Ay = ?OG is the fixed point subnet with respect to an action
ap of a compact group G by inner symmetry. Then we have a unitary representation Vi,
of G on Hg;. If we write the set of invariant vectors with respect to Vy, by f}{go ,itholds

that 3§, = ¥ 4. Indeed, the inclusion H 4, C H§, is obvious. On the other hand, for

x € Fo(I), we have
( / ao(x)dg) Qo = / (Voo (8)) dg.
G G

which implies that any vector in }Cgro can be approximated from H 4, by the Reeh-
Schlieder property.
For later use, we put here a simple observation.

Proposition 2.1. In the situation above, if a Longo-Witten endomorphism is implemented
by Wy and Wy commutes with Vi, then Ad Wy restricts to a Longo-Witten endomorphism
of the fixed point subnet Ay.

Proof. The unitary Wy commutes with the projection P4, hence also with the condi-
tional expectation Eg onto Ag. O

Let F¢ be fermi (or local) net on Hgy . The Hilbert space H <, is graded by the action
of the rotation subgroup Ry () = e'?Lo:

Hey=C® P 3= P K
re%N re%Ng

with H, = {§ € Hg, : Ro(0)§ = ¢ £} and the sum only going over Ny for a local net.
The conformal character of the net Fy is given as a formal power series of r = e #:

o0
s, e Ploy= > dim3, -1

1
"EZNO

Let us assume that there is an action of G = U(1) by inner symmetry. We denote by
Vo(0) the implementing un_itary. Then Vj and Uy commute and H g, is graded also by
the gauge action V() = e'?20:

Hyy=C® P Hyg=PH 4 wih H =P Hy
reiNgeZ = reiNg
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and the character is given as a formal power series int = ¢ # and z = e~ £:
—BLo—EQoy _ ; r.q
gy, (e ) = Z dim 3,4 - 1729,
re%No,qu

Recall that it holds that f}{go = JH 4,. The operator Qg acts by 0 on J{go, hence

we can obtain the conformal character of Ag just by taking the coefficient of z¥ in
trg{% (e—BLo—EQoy,

Later in this paper we need to compare the size of two subnets. Let Ay C Bg C Fo
be an inclusion of three fermi nets. If the conformal characters of Ay and B¢ coincide,
then this means that the subspaces H 4, and Hp, coincide, since we have already an
inclusion H 4, C Hp, and the coefficients of the conformal character are the dimen-
sions of eigenspaces of L. This in turn implies that two subnets Ag and By are the same
since the conditional expectations which are implemented by P4, Pg, are the same.
We will see such an argument in an example.

2.3. Scattering theory of waves in R? (revisited). Here we just collect some basic notions
regarding scattering theory of two-dimensional massless models. As recalled in Part I
[Tanl1a], this theory has been established by Buchholz [Buc75] and extended to the
wedge-local case [DT11]. A Borchers triple on a Hilbert space H is a triple (M, T, €2)
of a von Neumann algebra M C B(%), a unitary representation 7 of R? on H and a
vector 2 € H such that

e AdT(tg,1;)(M) C M for (19, 11) € Wr = {(x0, x1) € R% : x| > |xg|}, the standard
right wedge.

e The joint spectrum sp 7 is contained in the closed forward lightcone V, =
{(po, p1) € Ryt po > |p1l}.

e 2 is a unique (up to scalar) invariant vector under 7', and cyclic and separating
for M.

We recall that one interprets M as the algebra assigned to the wedge Wr. Let W be the
set of wedges, i.e. the set of all W = gWR, where g is a Poincaré transformation, then
we define the wedge-local net W > W — M(W) associated with the Borchers triple
M, T, Q) by M(Wg +a) = T(@MT (a)* and M(Wg +a) = T(@M'T(a)*. With
the help of the modular objects one can define a representation of the Poincaré group
extending the one of translations 7' [Bor92]. For details we refer to the first part.

Take a Borchers triple (M, T, Q) and x € B(H). We write x(a) = AdT (a)(x) for
a € R? and consider observables sent to lightlike directions with parameter 7

x4 (he) :=/h7(t)x(t,:l:t) dz,

where hg(t) = |T|7¢h(|T]7( — 7)), 0 < ¢ < 1l is a constant, T € R and 4 is a non-
negative symmetric smooth function on R such that f h(t)dt = 1. Then for x € M, the
limits <I>$“‘(x) = s-limg_, ;o X4+ (hg) and dN(x) 1= - limg_, _ o x_(hg) exist. Fur-
thermore we set 1" () := Jp (PN (Joey' I Ine, PO i= Ine®™ (Iney' T I
for y’ € M, where Jy is the modular conjugation of M with respect to 2. The proper-
ties of these asymptotic fields are summarized in [DT11,Tan11a]. For example, it holds
that D (') = s-Timg, o, ¥, (hg) and DO(y') = s-limg- 400 ¥/ (o).
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/,xd’5<11®57<ﬂ<<++%>>
Ad S(18F_ (R4)) y
7 WR+ (tl, 1?1)

[[ ’
\\ // 4 \\
R ,

F+(R-)®1L FrB-+871)e1

Fig. 1. On the definition of the wedge-local net

Let (4 (respectively J{_) be the space of the single excitations with positive momen-
tum, (respectively with negative momentum), i.e. Hy = {§ € JH : T(¢,1)é = & for
t € R} (respectively H_ = {& € H : T(t,—t)§ = & fort € R}). For & € H,,
&_ € H_, there are sequences of local operators {x,}, {y,} C M and {x},{y,} C
M such that s- limy,—, 00 Pyxy Q2 = s-limy_ 00 Pix, 2 = & and s-limy, oo P_y, Q2 =
s-limy,— 00 Pry), 2 = £_. We define collision states as in [DT11]:

in . . out
ErxEo = s lim O () PT(y)Q, & x & = s-lim &L (x,) D (y,) 2.

We denote by H" (respectively H{") the subspace generated by §+l>r<1§_ (respectively

out .
&4 x &_). The isometry

t out in .
S H" s €, xE —> E xE_ e H"

is called the scattering operator or the S-matrix of the Borchers triple (M, T, 2). We
say that the Borchers triple (M, T, 2) is interacting if S is not equal to the identity
operator on H°" and asymptotically complete (with respect to waves) if it holds that
g_(in — Jout — (.

We have studied the general structure of asymptotically complete local and wedge-
local nets (using Borchers triple) in [Tanl1a, Sect. 3]. The point was that for a given
(strictly local) (M, T, €2) we can construct the chiral net, and the original object M can
be recovered from the chiral net and a single operator S. Here we rephrase this obser-
vation from the point of view of constructing examples based on chiral components.
See also the general structure of asymptotically complete strictly local nets [Tanl 1a,
Sect. 3]

Proposition 2.2. Let . be two fermi nets on S' defined on H. and assume that there
is a unitary operator S on Hy ® H_ commuting with Ty @ T—, leaving H, ® Q2_ and
Q. ® H_ pointwise invariant, such that x ® 1 commutes with AdS(x’ ® 1), where
x e F,(R)and x’ € AdZ,(F(R,)), and AdS(1 ® y) commutes with 1 ® y’, where
yeTF_(RyY) andy € AdZ_(F_(R_)). Then the triple (see Fig. 1)

e Mg ={x®1,AdSA®y):x e F (R),y e F_(RY},
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— T, (=X tx
o T(t,x) =T @T-((7),
e =0, Q2
is an asymptotically complete Borchers triple with the S-matrix S.

Proof. As in Part I [Tanl1a], the conditions on 7 and 2 are automatic because they are
just tensor products of objects for fermi nets. Similarly, the condition that Ad T (a) Mg C
My for a € Wr is easily seen from the assumption that 7 commutes with S and the
covariance of fermi nets.

What remains is the cyclicity and separating property of €2 for Mg. Cyclicity is
immediate because we have

MsQO{x®1-SA®y)S* - Q:xecF, (RL),yecF_(Ry)}
={x®y - Q:xeF,R),y e F_(Ry)}

by the assumed property of S, and the latter set is total in I, @ H{_ by the Reeh-Schlieder
property for fermi nets. As for the separating property, we define:

ML= {AdS( ®1),1®y :x € AdZy(F+(Ry)). y € AdZ_(F_(R_)))".

By an analogous proof, one sees that €2 is cyclic for ME? Furthermore, Mg and ME?
commute by assumption. Hence €2 is separating for Mg. In other words, (Mg, T, 2) is
a Borchers-triple. .

It is immediate that ®"'(x ® 1) = x ® 1 and P"(AdS(1 ® y)) = AdS(1 ® y)
(the latter follows since S commutes with 7). Similarly, we have dJif(Ad Sx'®1)) =
AdS(x’' ® 1) and ®**(1 ® y') = 1 ® y’. From this, one concludes that the Borchers
triple (Mg, T, 2) is asymptotically complete and its S-matrix is S. O

We remark that we see (Mg, T, 2) as a fermi (i.e. twisted local) net defined by
M(W{{) = AdZ; ® Z_(M) and that the scattering theory of waves [Buc75] is consid-
ered to be an analogue of the Haag-Ruelle scattering theory and it is not intended to be
applied to fermionic nets. But we will not pay much attention to this restriction, since
our result is a construction of wedge-local nets with a free massless bosonic net as the
asymptotic net, and fermionic nets appear as auxiliary objects.

2.4. Restriction of wedge-local nets. We consider a Borchers triple (M, T, 2) Ltis in
some cases interesting to consider a subalgebra N of M. Let us denote Hyy := NQ.

Proposition 2.3. If the subspace H is invariant under T and AdT (a)(N) C N for
a € Wr. Then (N|g¢y, T gy » S2) is a Borchers triple on Ho.

Proof. The components N, T and 2 naturally restrict to H1. The conditions on 7 and
Q are trivial, even restricted to Hoy. The cyclicity of €2 is immediate from the definition
of Iy Since 2 is already separating for M, so also it is for N. Endomorphic action of
T on N is in the hypothesis. O

We call a triple (N, T, ©2) a (Borchers) subtriple of (M, T, ©2) if N is a subalgebra
of M, Hoy is invariant under 7' (a), AdT (a)(N) C N for a € Wg, and N is invariant
under Ad A‘J’W where Ay is the modular operator of M with respect to €2.

Recall that a Borchers triple (M, T, 2) gives rise to a strictly local net if Q2 is cyclic
for M N AdT (a)(M)’ for any a € Wgr. We call such a triple therefore strictly local.
The following proposition shows that the concept of Borchers subtriple corresponds to
the one of a local subnet.
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Proposition 2.4. If a Borchers triple (M, T, ) is strictly local, any subtriple (N, T, §2)
is again strictly local when restricted on NQ.

Proof. Since N is invariant under the modular automorphism Ad Aifv[, there is a condi-
tional expectation E from M onto N which preserves the state (€2, - Q) and is imple-
mented by the projection Py (see [Tak03, Thm. IX.4.2] for the original reference and
[Tan11b, App. A] for an application to nets).

We have to show that 2 is cyclic for the relative commutant N N Ad T (a)(N)’ on
the subspace Hy. Let us denote My, := M N AdT (a)(M)". We claim that E (Mo 4)
is contained in N N Ad T (a)(N)'. Indeed, by the definition of E, the image of E is
contained in N. Furthermore, if x € Mo 4, y € AdT (a)(N) C AdT (a)(M), then

E(x)y = E(xy) = E(yx) = yE(x),

hence they commute and the image E(Mjp ) lies in the relative commutant. Now we
have

NNAAT (@)N)) Q2 D E(Mp.a)2 D PxMo o2 = Hoy
by the assumed strict locality of (M, T, 2). O

Let (B, U, ) be an asymptotically complete local Poincaré covariant net on R2
fulfilling the Bisognano-Wichmann property (see [Tan11a] for related definitions). We
recall that one can define the (out-) asymptotic algebras B, ® B_ and the scattering
operator S which is a unitary operator, and that it is possible to recover the original net
by the formula

BWr)={x®1,AdSA ®y):x € By(R-),y € B_(Ry)}".

Note that (B(WRr), U g2, £2) is an asymptotically complete, strictly local Borchers triple.
Here we exhibit a simple way to construct subtriples. Let A, A_ be (Mobius covariant)
subnets of B, B_, respectively. If we define

N={x®LAdSA®y) :x e AR-),y € A_(Ry)}),

then (N, U|g2, 2) is a Borchers subtriple of (B(WR), U|g2, 2). Indeed, conditions
regarding N, U |g2, 2 are immediate. As for the invariance of N under Ad A% it suf-
fices to note that S and Aifv[ commute ([Tanl1a, Lem. 2.4], cf.[Buc75]) and that A (R_)

and A_(R;) are preserved by Ad Aij’v[ because of Bisognano-Wichmann property.

The trouble is, however, that such Borchers triples constructed as above are not nec-
essarily asymptotically complete in general. Indeed, the out-asymptotic states span the
subspace A+ (R_)Q ® A_(R4)2. It is easy to see that this coincides with the full space
NQ if and only if it is invariant under S.

Since a clear-cut scattering theory is so far available only for asymptotically complete
nets, it is worthwhile to give a general condition to assure that subnets are asymptotically
complete. For simplicity, we consider the following situation: let A be a fermi net on Hy
with an action of a compact group G by inner symmetry implemented by V,. Suppose
that there is a unitary operator S on Hop ® JHp such that (Mg, T, 2) is a Borchers triple
where
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o Msy:={x®1,AdSA®y):x e Ag(R-),y € Ao(Ry)}",
o T(t,x):= T()(t x) ® TO(HX)
o Q:= Qo@Qo,

as in Proposition 2.2.
Proposition 2.5. If S commutes with Vo ® Vg, g, g' € G, then the triple

e Ns:={x®L AdSA®y):x € AJ(R_),y € AJ (R} (restricted to NsQ),
o T(t,x):= To(t x) ® TO(H") (restricted to NsQ),
e Q:=Q)® QO

is an asymptotically complete Borchers triple with asymptotic algebra Ag ® Ag and
scattering operator S|5rq-

Proof. As remarked above, (Ng, T, 2) is a Borchers triple on fHNS, hence the
only thing to be proven is asymptotic completeness. We show that the subspace

AS(R-) ® AS (R4)S is invariant under S.
‘We claim that Ag (R_) 20 coincides with the subspace IJ-COG of invariant vectors under
{Vy}eec- Indeed, for any x € Ay, the averaging fg VexQodg = (fg ot (x) dg) Qo gives

a projection onto ng . By the Reeh-Schlieder property, any vector in IJ-COG can be approx-
imated by vectors in .Ag (R_). The converse inclusion is obvious.

Now it is easy to see that Ag ROH® .Ag RHQ2 = J—fg ® U-COG . This is the space
of invariant vectors under the action {V, ® V, : g, ¢’ € G}. Since S commutes with
Vg ® V, by assumption, this subspace is preserved under §. Then, as remarked before,

N coincides with Ag RO® Ag (R4)€2 and we obtain the asymptotic completeness.
The statement on S-matrix is immediate from the definition and by Proposition 2.2.
O

3. Examples of Fermi Nets

3.1. U(1)-current net A, Let U; be the irreducible unitary positive-energy represen-
tation of Mob with lowest weight 1 on a Hilbert space denoted by JH j4<o>, which can be
identified with the one-particle space of the U(1)-current. This has the following concrete
realization: consider C*®(S!, R), where we write the periodic function f € C* (S1, R)
as a Fourier series

.. R 2 . de —~
FO =" i fi =/0 O =

keZ

We introduce a semi-norm
o0
2 202
AP =Dk | fil
k=1

and a complex structure, i.e. an isometry J w.r.t. | - || satisfying 32 = —1, by J :
fi > —isign(k) fi, and finally we get the Hilbert space f}Clq(O) = C"O(Sl,R)/RH .
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by completion with respect to the norm || - ||, where R is identified with the constant
functions. By abuse of notation we denote also the image of f € C*°(S', R) in H j4<0>
by f. The scalar product (linear in the second component) and the sesquilinear form

w(-, ) =3J(-, -) are given by

(f,8) =D kfig—x,
k=1

(f)= 3 D kféi=1 T rovel - L[y
wf,g—zkeszg—k—zo A 271—4”/1‘ g

respectively. The unitary action U; of Mdb on f}-Ciq((» is induced by the action on

C®(S1,R) (U1(g) f) = (g« 1)) := f(g71(0)).

For I € Jwedenoteby H (I) the closure of the subspace of real functions with support
in 1. This space is standard (i.e. H(/) +1H (1) is dense in J—CIA(O) and H(I)NiH(I) =
{0}) and the family {H (/)};<7 is a local M&bius covariant net of standard subspaces
[Lon08,LW11].

We explain briefly the bosonic second quantization procedure in general. Let ! be a
separable Hilbert space, the one-particle space, and w( -, -) = J(-, -) the sesquilinear
form. There are unitaries W () for f € H! fulfilling

W(IW(g) = e UOW(f +g) =e 2V OW ()W (f)

and acting naturally on the bosonic Fock space e over H(!. This space is given by
eI = eag‘;oPn(ﬂ-Cl)W, where P, is the projection P, (§1®- - -®&,) = 1/n! > &) ®
-+ ® &) and the sum goes over all permutations. The set of coherent vectors e”
;‘f;oh‘@”/\/m with 1 € H! is total in e**' and it holds (ef, ey = e!") The vacuum
is given by Q = ¢” and the action of W(f) is given by W(f)e = e_%”f”zef, in
other words the vacuum representation is characterized by ¢ (W (f)) = e_% I '”2, where
¢ (-) = (R, - Q). For a real subspace H C (!, we define the von Neumann algebra

R(H) = {(W(f): f € HY' C BE"").

Let U be a unitary on the one-particle space H!, then eV := & U ®7 acts on coher-

. . 1 N
ent states by eVe” = eV” and is therefore a unitary on e7C, the second quantization

unitary.

We obtain the U(1)-current net A on H 40, := 700 with Qo = e by defin-
ing AO(I) := R(H(I)) which is covariant with respect to U(g) := eV1® For f €
C%°(S', R) we consider a self-adjoint operator J ( f) given by the generator of the unitary
one-parameter group W (z - f) = e*/(/) with t € R. This defines the usual current (field
operator) smeared with the real test function f, which fulfills J(f)Q = f € H i4<0>
and

. PR i
(I = 2w 0) = Y khds = 5 [ 14
k

It can be extended to complex test functions via J(f +ig) = J(f) +1J(g), and one
obtains the usual operator valued (z-picture) distribution J(z) with the relations
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A dz e
=D = 1OI@5 5 @ =3 h

neZ
[, Jn] = m8m+n,07

where the modes J,, = J (e,) with e, (9) = e satisfy J, = 0 for n > 0.

The space H 4 is spanned by vectors of the form & = J_,, --- J_,, Qo with 0 <
ny < --- < ni with “energy” N = Zm Ny, i.e. R(O)E = eiNeg. Therefore it is graded
with respect to the rotations

n
g‘CA(O) Z(CQ()@@:}'CA(O)J,, :H:‘A(O)’n = @ @ CJ_p, s Qo,

neN k=1 0<nj<--<ng
ni+---+ng=n

and dim H 40 ,, is the number of partitions of n elements, whose generating function
p(t) is the inverse of Euler’s function ¢ (1) = H,fil (1— tk), and therefore the conformal
character of the U(1)-current net is given by (r = e Py

)
oty €10 = 3,7 = [[ 1
n=0 neN

(a conformal character is defined as a formal power series, but it is often convergent for
|t| < 1 and here we used the formula (1 —z)~! = 1+z+2z2---). It will be convenient to
use the real parametrization x € R = §'\ {—1} of the cut circle and use the conventions

£(s) = / e f(p)dp.
R

By writing f(s) = fo(0(s)), for fy € C>®(S', R), where 6(s) = 2 arctan(s), the space
J{;UO) above can be identified with the space L2(R,, p dp) in which the space S(R, R)

embeds by restriction of the Fourier transformation to R,. In other words j{iq(m can be

seen as the closure of the space (R, R) with complex structure J f (p) = isign(p) f (p)
and the scalar product and sesquilinear form given by:

(fog) = /]R Fpampdp.

1 ~ 1
o(f9 =7 /R Fepippdp =4 /R F()g () dx.

Using the above identification we denote for f € S(R, R) by J(f) the smeared current

with J(f)Q = f € ‘(HLUO)' In this parametrization commutation relations read:

@1 = 5 /R £ () dx = /R Fpempdp.
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3.2. The free complex fermion net Ferc. We construct the net of the free complex fer-
mion on the circle, which can be seen as the chiral part of the net of the free massless
Dirac (or complex) fermion on two dimensional Minkowski space. The notations of this
section are basically in accordance with [Was98], but we use a different convention of
positive-energy, which leads to the conjugated complex structure. For giving a simple
description of the one-particle space, we consider first the Hilbert space L>(S') and the
Hardy space H>(S"), namely

2w )
H2(Sl) := 1 f : analytic on the unit disk D, sup / |f(re‘6)|2 df < ooy .
0<r<l1J0
Any function in H2(S") has a L?-boundary value and can be considered as an element
of L2(S"). In this sense, H>(S') is a subspace of L?(SY). Furthermore, it holds that

H>(SY ={f e L*(SY : f, =0forn <0},

where fn is the n™ Fourier component of f. We denote the orthogonal projection onto
H*(SY) by P.
The group

sud, 1) == [(% g) € My(C): |af* — B = 1]

acts on the circle S! byg-z= %z—:g and there is a unitary action of SU(1, 1) on L2(ShH
by

1
U@ Nz =)= ?f(g_l . 2).

+o

One sees that the projection P commutes with Vy , since V f is still an analytic function
for |a| > |B].
Then one defines a new Hilbert space HL.  =PL2(SH @@ - P)L*>(S"): namely,

Ferc
fJ-Cll:erC is identical with L?(S') as a real linear space and the multiplication by i is given

by —i(2P — 1), or in other words, by —i on PL?(S') andion (1 — P)L?(S"). Because
P and U (g) commute, the action of SU(1, 1) remains unitary on 9{llzerc.

Then for I € J one takes real Hilbert subspaces K (/) := L2(1 ) of :H}I:erc' These
subspaces turn out to be standard [Was98, Thm. (p. 497)]. If I} and I, are disjoint
intervals, K (1) are real orthogonal to K (1), in other words K (I1) C K (I)+, where
K+ ={& e H:0N(E, K) = 0). It turns out that  — K (I) is a twisted-local Mbius
covariant net of standard subspaces.

We briefly explain the fermionic second quantization in general. Let 7! be a complex
Hilbert space and H = A (') be the antisymmetric (fermionic) Fock space obtained by
completing the exterior algebra with the inner product. For A € B(H!) with ||A|| < 1
we define A(A) to be A®% on H* := AK(IH") c (H")®*. The space is Z, graded
by I' := A(—1). We define Z = ]11—_1i1" and note that Z> = I'. For f € H! let a(f)
be the bounded operator obtained by continuing the exterior multiplication f A -. The
operators fulfill the complex Clifford relations a(f)*a(g) + a(g)a(f)* = (f, g) and
{a(f),a(g)} = {a(f)*, a(g)*} = 0forall f, g € H'.Forastandard subspace K C !
we define the von Neumann algebra
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C(K)={c(f): f € K} C BIAKY),

where c(f) = a(f) + a(f)*, which fulfills the real Clifford relations ¢(f)c(g) +
c(g)e(f) = 2R(f, g). By @ = 1 € A” we denote the vacuum which is cyclic and
separating for C (K ) for every standard subspace K C H'. Further Haag-Araki dual-
ity holds, i.e. C(K+) equals C(K)t := ZC(K)' Z*, the twisted commutant of C(K).
For a unitary U on H!, A(U)c(f)AU*) = c(Uf) holds, which implies that C is
covariant with respect to the unitaries U (1), i.e. A(U)C(K)A(U)* = C(UK).

We note that in the case like the complex fermion the one-particle space is obtained
from a Hilbert space (! (the space of test functions) and a projection P by 9—(}, =

PH' @ PL3!, and one gets a new representation of the complex Clifford algebra on
A(G—C})) by ap(f) = a(Pf) + a(PTf)*, where a(f) is the creation operator. For a
standard subspace K C U—C}D which is invariant under the multiplication of iz in 3!,
the von Neumann algebra C(K) on A(fH}D) coincides with the von Neumann algebra
{ap(f),ap(f)* : f € K}'. Indeed, the one inclusion follows from c(f) = ap(f) +
ap(f)* and the other follows from Araki-Haag duality and {ap (f), c(g)} = (g, f)90 =
N(g, f):}c})—if}i(g, if}flf)g{}) = Ofor f € K andg € K. We further note that the space

A(G-C}D) is as a real Hilbert space the same as A (I 1) and can be identified canonically
with A(PHY) @ A(PLHD).

We turn to the concrete case where H! = L2(S!) and define the net Ferc (/) :=
C(K(D) = {ap(f).ap(f)*: f € L*(I)}" (where here ap(f) := a(Pf) +a(P* f)*)
on Hpere = A(ﬂ{;erc) = A(PL2(S1) ® A(P+L?*(S")) which is isotonic by definition
and fulfills twisted duality, namely by Haag-Araki duality Ferc(I’) = C(K(I)}) =
C(K()t = Ferc (1 ). In addition, the net Ferc is Mobius covariant. Indeed, we can
take the representation AU (-) by promoting the one-particle representation U to the sec-
ond quantization operator. It is easy to see that the covariance of this net Fer¢ follows
from the covariance of the net of standard spaces K . The representation AU has positive
energy as does the representation U, and leaves invariant the vacuum vector 2 of the
Fock space. Summing up, the net Ferc is a fermi net (cf. [Was98]). This net is referred
to as the free complex fermi net on S!. The scalar multiplication by a constant phase
e~ in the original structure of the one-particle space is still a unitary operator in the
new structure. Its promotion by the second quantization V (6) implements an action of
U(1) on Ferc by inner symmetry. This will be referred to as the U(1)-gauge action.

Forr € % + 7, let Y, = ap(e_r_%) and V¥, = ap(er_%)*, where ¢, € L2(S!) with

e (0) = el?” . The Yy, 1/7, are the modes of the free complex fermion, namely

{Wn’ 1//m} = {mev 1/_fn} =0
{1;117 lpm} = 8m+n,Os
1//: = I/_f—n:

and it holds that ¥, Qo = ¥, Qo = 0 forr € 1 +No. Each of ¥, or ¥, has norm 1 follow-

ing from the commutation relation. We can introduce the usual fields (f, g € L2(SY))
and operator valued distributions in the z-picture:

A 1 d '
V(=D fr‘I’r=7il f(Z)Z_f‘l/(z)z—;i, V()= > Wz,

1 1
res+7 res+7Z
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_ B ) d
HO =0 =arley ' HD V@) = § F@25

where W is either v or ¥. The fields , ¥ are covariant, e.g. U(g)¥ (f)U (8)* = ¥ (f,)

with f,(z) = |a—IBz|f(g_lz) forg = (% g) e Su(, 1).

We note that vectors of the form

E = 1p—rl t 1//—rk 1/_/—s1 T 1/_/—sg Qo

withO <7 <--- <rgand 0 < 51 < --- < s¢ form a basis of Hrere = A(ﬂ{ll:erc)
and that such a £ is an eigenvector for the rotations, R(0)§ = elflog = iNV¢ with
N = Zﬁ:l rj+ Zf‘:l s; and of the gauge action V (0)& = el?9¢ = elk—00¢, In each
vector of this basis the r energy level can either be empty, be occupied by ¥_, or /_, or
be occupied by both. The contribution of this level to the character ey, (e"PLo—EQ)

is then 1, z¢", z~ 1" or t*", respectively, where r = e # and z = e~F. By summing over
all possibilities one gets that the character of Ferc is given by (cf. [Kac98,Reh98]):

9, (€ PP07EC) —trgg, (17020 = ] A+z”+271" 417
reN0+%
[ a+zHa+z7")

1
rENQ+7

2
P> 20T,

qeZ

where the last equality follows directly from the Jacobi triple product formula (see
[Apo76, Thm. 14.6])

[Ta+zw Ha+z"w = Ha —w?) = 2w

reN qeZ

by setting 2r — 1 = 2n and r = w?. In particular, for the local net Ferg(l) the character is
given by trg v (e~PLoy = p(r), since it is the fixed point with respect to the U(1)-gauge
Ferc

action and the conformal character is the coefficient of z°.

3.3. U(1)-current net as a subnet of Ferc. In this section we use the well-known fact
that the Wick product : 1 : of the complex fermion ¥ equals the U(1)-current and give
an analogue of the boson-fermion correspondence (see e.g. [Kac98, 5.2]) in the operator
algebraic setting. Let us denote by Dy the subspace of A(J—C}D) of vectors with finite
energy:

_ _ 1
Do 1= spanIlﬁ_rl Yy g Y Qo tk, 1 € No, 1,55 € N+ 5] .
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Then we define the unbounded operators on the domain Dy:

Jn = Z :&rws: = ZI/_[rI/fn—r - an—ﬂ/_/r

r+s=n r<0 r>0

= Z (Jfﬂ/f”*r — (o, JfrwnerOD

withr, s € % + Z. Note that any vector in Dy is annihilated by v, for sufficiently large
r, thus the action of J,, on such a vector can be defined and remains in Dy. In particular,
we have J,Qo = 0 for n € Ny.

Lemma 3.1. On Dy it holds that

L [, ¥l = =Yk and [y, 1/—fk] = 1,Z’n+ky
2. [, Jnl = m5m+n,0~

Proof. Using [ab, c] = a{b, ¢} — {a, c}b, one obtains [V Yy, Y] = —8.4k,0¥» and
[Vn ¥, Ykl = Sr+k.0¥, from which directly follows [J,, Y] = Zr<_o[1/’r Yn—r, Y] —

zr>()[1/fnfm Yr, Vil = =Y. AnalOgOUSly one shows [Jy,, Vil = Ynk.

From the Jacobi identity, it follows immediately that [J,, J,] commutes with all
Yy and lﬁk and hence [J,, Jy,,] is a multiple of the identity, therefore [J,, J,,] =
(R0, [T, Jm1R20)1. Tt is

s Tp) = D Ly VeWp—r] = D [ Yp—r ]

r<0 r>0
= - Z (&rwp—rm - ¢r+n¢p—r) - Z (Wp—r‘ﬁrm - 1pp—r+n‘ﬁr) s
r<0 r>0

and in the case p # —n, we get (Q, [Jn, Jp]Q0) = 0, and otherwise

(Q()a [Jn, J—n]g20>

1

> (R0, Yrin¥—r—nQ0) =31 (Q0, (¥r, ¥} Q0) n>0

— Zr>0(90’ W—r—n&rleO) = - Z

=n,

|
L]

1
—n—» -

r=1 <QO, {w}”» w—r}90> n<0
-2
which completes the proof. O

Let L¢ be the generator of the rotation: R(f) = el?Lo. From its action (see the end
of Sect. 3.2), one verifies that Dy is a core for L.

Lemma 3.2 (Linear energy bounds). It holds that [Lgo, J,] = —nJ, on Dy. For a trigo-
nometric polynomial f =" f,e,, where the sum is finite and & € Do, we have

IJCHEN < crll(Lo+ DE
IlLo, J(HIEN = cap (Lo + DEI,

where c ¢ depends only on f.
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Proof. For the commutation relation, it is enough to choose an energy eigenvector & €
Do, i.e. L& = NE. Itis J,Loé = NJ,& and

LoJu€ = Lo (Z Vrn—r€ — wn_,nﬁrs) = (N = n)Juk,

r<0 r>0

and the first statement follows.

We have seen that ¥, and 1, have norm 1 in Sect. 3.2. First we claim that || J,&|| <
I(2(Lo + 1) + |n])&]||. Let & be again an eigenvector of Lo, i.e. Lo§ = N&. From the
defining sum of J,, one sees that only 2N + |n| + 2 terms contribute to J,&. Hence
we have ||J €] < 2N + n|+2)||&]l = I12(Lo + 1) + |n|&€]|. If the inequality holds for
eigenvectors, then for {&,} with different eigenvalues, we have &, L & and J,,&, L J, &,
and hence

2
= > & I?
-

< DI+ 1) +InDE |

2

In Dk

’

QLo+ 1) +n) D &

and the general case follows.
For a smeared field, we have

D fudnk

n

IJ(HEN = <2¢rli(Lo+ D& +Cop €N = (2¢5 + Ca ) II(Lo + DEJ,

wherecr =2 | f,, |. By defining ¢y = 2¢ 7 + Cy, r, we obtain the first inequality of the
statement. The rest follows by noting that [Lg, J(f)] = J(@{idp f). O

For a smooth function f = > _» fnen e C(Sh), its Fourier coefficients fn are
strongly decreasing and, in particular, it is summable: >°, | f,| = ¢y < o0o. Hence we
can naturally extend the definition of the smeared current to smooth functions using the
above estimate by

T =D fadw= D fres :¥r¥ss,

nez r,se%+Z

and the same inequality in Lemma 3.2 holds. The operator is closable since we have
J(f)ycJ (?)* and we still denote the closure by J(f). We note that from the above
definition it follows that J(f) is obtained by a limit >, : ¥ (h D (k) © with suitable
functions such that Zn hp(0)k, (9) — 27 £ (0)5(0 — ). This implies covariance of the
“field”, i.e. U(g)J(H)U(g)* = J(fog™h.

Recall that ||, || = 1, hence the smeared field is still bounded: || (g)]| < ¢,. We
claim that, for f, g € C®(S!) and & € Dy, ¥ ()& is in the domain of J ( f). Indeed, for
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a trigonometric polynomial g, we have the estimate

IJ(HY(@EN =< crll(Lo+ DY (S
< cr(CellEll + Lo, ¥ (8)1€ + ¥ () Lo& )
< cr(CgUIEN+ I1LoE 1D + CapgllEND-

Then if we have a sequence of trigonometric polynomial g, converging to a smooth
function g € C(S1), the sequence {J () (gn)€} is also converging.

Lemma 3.3. For &, n € Dy, it holds that

[N, V(e ==y (f-9)E
(). ¥ (@I =¥ (f - )&
(J(HE, J(@n) = (J(@E, J(fHn) +2iw(f, )&, n).

Proof. For trigonometric polynomials f, g, the statements can be proved easily from
Lemma 3.1. The general case is shown by approximating first f by polynomials, then
g, according to the convergence considered above (as for the third statement, obviously
the order of limits does not matter). O

We need the following well-known result [DF77, Thm. 3.1]:

Theorem 3.4 (The commutator theorem). Let H be a positive self-adjoint operator and
A, B symmetric operators defined on a core Dy for (H + 1)%. Assume that there is a
constant C such that

Al < ClI(H + 1|, [IBEN < ClI(H +1)E|,
I[H, Alg|l < CII(H +1)&|l, |I[H, BI¢|| < CII(H +1)&|,
(A&, Bn) = (B&, An) forany&,n e Dy.

Then A and B are essentially self-adjoint on any core of H and any bounded functional
calculus of A and B commute.

Remark 3.5. In the original literature [DF77], this theorem is proved under the assump-
tion of certain operator inequalities. In fact, what is really used in the proof of
commutativity of bounded functions is the norm estimates |A(H + 1)7!| < C,
I[H, A](H + 1)"!|| < C etc.and they follow from the assumptions here. The essen-
tial self-adjointness of A and B can be proved by [RS75, Thm. X.37]. An analogous
application of this theorem with norm estimates can be found in [BSM90].

By the commutator theorem, we get that J(f) is self-adjoint for f € C*°(S I R)
and that all bounded functions of J(f) commute with all bounded functions of J(g) for
f. g € C®(S', R) with disjoint support.

Let I be a proper interval and let us define the von Neumann algebra

B() = (e’ :suppf c 1}

The local net B(I) restricted to B (1) can be identified with the U(1)-current net A©
on H 4, in particular we can identify B(1)Q = H 4.

Proposition 3.6. Let I be a proper interval, then B(I) C Ferg(])(l ).
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Proof. We see that B(I) commutes with Ferc(I') = {c(g) : g € L*(I")}" because,
for f, g with disjoint supports, c¢(g) commutes with J(f) on a core by Lemma 3.3
and therefore any spectral projection of ¢(g) commutes with J(f), and hence with any
bounded functions of J(f).

Further because J () commutes by construction with the gauge action V (¢) and is
in particular even because V () = T', it follows that B (/) lies in the twisted commutant
Ferc(1')*. By twisted Haag duality it is B(I) C Ferc(I’)* = Ferc (/) and therefore
B(I) = B c Ferg (D). ©

Since the covariance has been seen, we have the following.

Corollary 3.7. B is a subnet of Ferg(l).

Now the following is straightforward.
Proposition 3.8. The U(1)-fixed point subnet of the complex free fermion net Ferc is
the U(1)-current net, i.e. Ferg(l) =B =AO,

Proof. Let us see B as a subnet of the fermi net Ferg(l) on fHFerUu) = H. o. Further
c

B(I)2 does not depend on I by the same proof of the Reeh-Schlieder property and is
clearly a subspace of H v = 3. o.
c

ccide. o —BLoy — —BLoy —
In fact they coincide, since we have confirmed that tr H 40 (e BLoy = tr 3 (e BLoy =
p(t), where e B =1, namely, their conformal characters coincide (see also Sect. 2.2). O

We finish this section by giving the parametrization in x-picture, where the action of
the translation is more natural. With

1 96 (x)
xX)= —||—
F@ V27 ' ox
we identify L2(R) = L2(R, dx) with L2(S") = L?([0, 2x], d8/(27)) and therefore
the space iH%erC is given by PL%*(R) ® PLL2(R) with P : f(p) — @(p)f(p) and it
can be identified in “momentum space” with L2(Ry, 2 dp) @ L3Ry, 27 dg) by

el?™72 f,0(x))

F() — PF(p)® PLf(—q) p.gq>0.

The field operators are defined for f € L>(R) by ¥ (f) = ap(f) and ¥ (f) =
ap(f)*. For W € Hper, we write its components

Wyn € Hpp 1= LER™™, Q)™ dpy - dppm dqi - - qn)—, (1)

where — means the antisymmetrization within pp, ..., p,, and qi, ..., g,. By this

notation (¥ (f)Q0)10(p) = f(p) and (¥ (f)R0)0.1(q) = f(q). Further the bi-
field : (Y (g): = v (HY(g) — (Qo, ¥ ()Y (g)R0)1 creates from the vacuum
Qo a fermionic 1+1 particle state Wy, = 1Y (f)Y(g): Qo with (W1 e)1,1(p,q) =

—f(q)g(p) and it follows for & € C*°(R,R) that for the U(1)-current J, it holds
J(M)Ro)1,1(p, q) = —%fz(p + g) which is obtained by taking a limit zn Wy g, With
test functions >, f,(x)g,(y) — h(x)8(x — y). We make the important observation
that the J ()20 generate the one-particle space which we can identify with H jq(O) and

this is obviously a proper subspace of the fermionic 1+1-particle space J{é’elrc.
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4. A New Family of Longo-Witten Endomorphisms on U(1)-Current Net

We use the description of %ger = PL2(S') + PEL?(S") which equals L>(S') as a
real Hilbert space and is described in the beginning of Sect. 3.2. First we decompose
J—fl];erc into irreducible representations of SU(1, 1) in a compatible way with K (I). Let
us define

Hy:={f € U'CI];erC : z%f(z) is real},

Hy:={f € J—Cllgerc : z%f(z) is pure imaginary}.

By their definition, it is clear that Hgp and Hy are real Hilbert subspaces of L2(Sh.
In fact, they are complex subspaces with respect to the new complex structure. To see
this, we take another description of Hs;: in terms of Fourier components, it holds that
f € Hy ifand only if f, = f_,_.Recall that, on L>(S'), the new scalar multiplication
byiis givenbyi- f, = —ify,1- f-n—1 = if—,—1 for n > 0. Hence this condition is
preserved under the multiplication by i and Hy; is a complex subspace. An analogous
argument holds for Hy. Next we see that J{g; and Iy are orthogonal. Note that because
of the change of the complex structure, for f(z) = >, f,z" and h(z) = >, h,2" the
inner product is written as follows:

(fhy =D falu+ D Fuhn.

n>0 n<0

Now f € Hg implies f, = f—,—1 and h € Hx implies h, = —h_, | for non-negative
n, hence it is easy to see that

(1) =D fuhn+ D fahn == Fon—th—n-1+ > fuhu =0.

n>0 n<0 n>0 n<0

In other words, these two complex subspaces are mutually orthogonal.
Furthermore, Hy and Hy are invariant under the action of SU(1, 1). We recall that

the action is given by (V )(2) = - f (%) Thenif z2 £ (z) is real then it holds
that

1 1 e AN e A Y A
v, = = \Frre —Br+a
22(Ve (@) S Bera) (_ﬂz+a) (—ﬂz+a) f(—ﬂ2+“>

(50 (5
=T 1 T\ fAN\—=——
(=B +az)2(az — B)2 —Bz+a —Bz+a

and both factors are real. Similarly one shows that J{y is preserved under V. It is
obvious that these two representations are intertwined by the multiplication by i in
the old complex structure. This is still a unitary map, thus they are unitarily equiva-
lent. One can see that each representation is indeed irreducible, and when restricted to
PSU(1, 1) = PSL(2, R), it is the projective positive energy representation with lowest
weight %

It is easy to see that eg‘ = {e,+e_pi1,n > 0}and e;? = {i(e, +e_py1), n > 0} form
bases of Hy; and Hy, respectively, where e, (z) = z" and the multiplication by i is given
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in the old structure. Now we describe the gauge action in terms of this basis. By the defi-
nition, for a given complex number « with modulus 1, the action is given by the multipli-

cation in the old structure. Hence if « = cos §+i sin 8, we have Uae' = COos Ge +sin 9e
and Uye;, = —sinfel + cos@e, . This means that U, acts as the real rotation by 6 in
this basis.

Construction of endomorphisms. We construct Longo-Witten endomorphisms on the
free fermion net Ferc commuting with the gauge action. The key is the followmg theo-
rem. We recall that a standard pair (H T) is a standard subspace H C K of a Hilbert
space H and a positive energy representation T of R on H, such that T(a)H C H for
a>0.IfTis maximally abelian, the standard pair is said to be irreducible and there is
a (up to unitary equivalence) unique irreducible standard pair.

Theorem 4.1 ((LW11, Thm. 2.6]). Let (H, T) be a standard pair with multiplicity n,
i.e. it decomposes into an n-fold direct sum of irreducible standard pairs, each uni-
tarily equivalent to the unique standard pair (H, T) and T (t) = e’ Then a unitary
V commuting with the translation T preserves H if and only if V is a n x n matrix
(Vi) (with respect to the decomposition of H into an n direct sum as above ) such that
Vik = @nk(P), where px : R — C are complex Borel functions such that (gpy) is a
unitary matrix for almost every p > 0, each ¢py is the boundary value of a function in
H(Seo) and is symmetric, i.e. opi(—p) = oni(p).

Consider the one-particle space fH}EerC for Ferc. The pair of the standard space

K(R,) = L%*(R,) defined in Sect. 3.2 (under the identification of S' and R U {00})
and the natural translation has multiplicity 2. If we take a matrix-valued function (¢px)
as above and take the second quantization operator A (V') of the (matrix-valued) opera-
tor (Vkn) = (pnk (P)), then it implements a Longo-Witten endomorphism of Ferc (see
[LWII1]).

cosf —siné

sin 6 cos 6 ), any matrix-valued

a(p) ib(p)).

As the gauge group acts by real rotation (

—ib(p) a(p)
If each component is symmetric, then a is symmetric and b is antisymmetric. Such

function of p which commutes with them must have the form (

a matrix-valued function can be diagonalized by the matrix (1 1) and becomes

a(p) +b(p) 0
0 a(p) —b(p)
inner function (not necessarily symmetric), namely the boundary value with modu-
lus 1 of a bounded analytic function on the upper half-plane H, and define a(p) =
%((p(p) +@(—=p)),b(p) = %(go(p) —@(—p)). Then it is obvious that @ is symmetric and

). We claim that such a and b exist. Indeed, let ¢ be a

b is antisymmetric. In addition, a(p)+b(p) = ¢(p) anda(p)—b(p) = ¢(—p), hence the
diagonalized matrix is unitary for almost every p. By the theorem of Longo-Witten, the
operator ¢p(Py) = (_ai[(??;) 15((5)) ) preserves the real Hilbert space H:=K R,),
where P is the generator of the translation in U-Cllgerc which has multiplicity 2 and P is
the generator of T of the irreducible standard pair (H, T).

It is easy to see that the above diagonalization is given exactly by the decomposition

K. =PLXS) @ (1 — P)LA(S").

Ferc —
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We recall that lel:erC can be identified with L>(R) as a real space. In LZ(R) the

function @(Py) f is the function with Fourier transform ¢(p) f (p) and we remark that
it also follows directly from the Paley-Wiener theorem that ¢(P;) leaves L*(R,) C
Lz(]R) invariant for ¢ inner. Further using that the space Hpe. decomposes in Hpere =
@m,neNg Hon.n like in (1) with the gauge action given by V(0)W¥,, , = ei(’”’”)e\lfm,n,
the action of the Longo-Witten unitary V, = A(¢(Py)) is given by

(V(p\y)m,n(pl’ I ) pm’ qla LRI ) Qn)
=o(pD) - 0(Pw)e(—q1) - 0(=q)VYmn(P1s - s D> qG1s - -+ s Gn)-

Lemma4.2. Let 1 : W € LRy, pdp) = ', > Hit C Hrere be the embedding
given by t(W)1.1(p,q) = —%\I—’(p + q). A second quantization Longo-Witten unitary
V, commuting with the gauge action V (-) satisfies V‘PLJ{LUO) C Lj‘flq(o) if and only if
Vo =V (@O)T(t) witht > 0.

Proof. The translations commute with the gauge action and it follows immediately that
they leave J{]A(O) invariant. We note that ¢ (p)p(—¢)W (p + g) belongs to 5{14(0) only if

it can be written as a function of g(p + ¢). This means that ¢(p)p(—q) = ¢(p + q) for
p,q > 0, where ¢ is another function. Then, putting ¢ = 0 and p = 0 respectively, we
see that (p)p(0) = @(p) for p > 0 and p(0)p(—q) = @(q) for ¢ > 0, in particular
¢(0) = 1. Multiplying each side of these equations, one sees that (p +q) = ¢(p)@(q)
because |¢(0)| = 1. Then it follows that ¢(p) = e*? for some x > 0, and o(p) =
el®P+9) for some 6 € R (in fact, the arguments here should be treated with care because
the relation is given only almost everywhere, but both ¢ and ¢ analytically continue and
in the domain of analyticity it holds everywhere).

Such a ¢ is a Longo-Witten unitary only for ¥ > 0. The constant factor e corre-
sponds to the factor V(0). O

Theorem 4.3. Let ¢ be an inner function as above. The endomorphism implemented by
the second quantization V,, of the operator constructed above restricts to the U(1)-cur-
rent subnet. The restriction cannot be implemented by any second quantization operator

if p(p) # & tP*?).

Proof. The operator V,, restricts to the subnet A© by the general argument in Proposi-
tion 2.1. It cannot be implemented by a second quantization operator, since any second
quantization operator preserves the particle number, while V,, does not for non-expo-
nential ¢ as we saw above, and a Longo-Witten endomorphism is uniquely implemented
up to scalar (see Sect. 2.1). O

Remark 4.4. By the construction in [LW11], each unitary V = V¢|9{A «, related to an
inner function ¢ from above gives rise to a local, time-translation covariant net of von
Neumann algebras on the Minkowski half-space M,y = {(¢, x) € R? : x > 0}. This
net is associated with the U(1)-current net A?) and defined by A©y (0) = A (1)) v
VAO () V*, where O = I} x , = {(t,x) e R* : t —x € I}, t +x € D} is a double
cone with O C M, corresponding uniquely to the two intervals /1 and I with disjoint
closures. In the case where ¢ is not exponential V,, does not come from second quanti-
zation—in contrast to the unitaries constructed by Longo and Witten in [LW11]—and
therefore gives new examples.
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5. Interacting Wedge-Local Net with Particle Production

5.1. Construction of scattering operators. In the previous section we saw that, in the

a(P) ib(P)
—ib(P) a(P)
go-Witten endomorphism if a is symmetric and b is antisymmetric, and after the simul-

. N @(P) 0

taneous diagonalization it becomes ( 0 #(P)
@(p) = ¢(—p) (note that if ¢ extends to an analytic function ¢(z) on H, then ¢(z) =
@(—7) also extends to H], hence ¢ is again an inner function). By the same argument one

basis {e, + e_;, e, — e_,} the matrix operator ( ) implements a Lon-

), where ¢ is an inner function and

sees that (¢ (OP) 0 (OP )) implements an endomorphism since é =¢.
1

With respect to the basis after diagonalization, we split the Hilbert space J{Ferc =:

H; @ H_ and the generator of translation P; =: P, & P_. Then the tensor product
space can be written as follows:

Hirere ® Hiere = (Hs @ Hy) © (e @ H ) & (H_ @ H) & (H_ @ H_).

According to this decomposition into a direct sum of four subspaces, we define an
operator

My :=@(Py ® P.) D ¢(Py @ P_) ® ¢(P- ® Py) D ¢(P- ® P_).

Then this restricts to the subspace fH%erC RQRHy = (HsdH_) ® Hy and itis p(Py ®

P.) @ ¢(P— ® P.), or we can decompose it with respect to the spectral measure of P,:

o(pPy) 0
/R( . gZ)(pp_))epc1E+(p).

Similarly, the restriction to J—Cll:erc ® H_ is written as

P(pPy) 0
/R+ ( 0 (p(pp_)) ® dE_(p).

Using the two-point set Z, = {+, —} we define

e+(p.+) = 0(p), ei(p, =) =@(p), ¢—(p,+) =¢(p), ¢—(p,—) =e(p).

By defining the spectral measure E| = E, @ E_ on H{!, My, can be simply written as

(p+(pP+,L) 0 )
M, = -
‘ /R+xzz( 0 o_(pP_, 1) ® dE1PD

where 1 = +.
As in [Tanl1a], we construct the scattering matrix first on the unsymmetrized Fock

space, then restrict it to the antisymmetric space. For an operator A on .’J{]l:erc ®9{11:erc , we

denote by A:.’fj’." on (ﬂ-CIEerC YO R (J—C}Fer‘c )®" the operator which acts only on the i factor

in (ﬂ{%erc)ébm and j"-th factorin (}C%erc)@’ as A. Asaconvention, A;’_";” equals the iden-

tity operator if m or n is 0. Let us denote simply @(p, t) := (<p+((1)9, 2 ¢ 8) L)) and
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FPL 1) = (<P+(1([)’+, t) p (2 L)). From the observation above, it is straightforward

to see that

(Mw)TJ‘-" =/(]1®"'®5(Pjp1,tj)®--~®]l)® dE1(p1,11) ® -+ ® dE1(Pn, tn)
i-th

(the case where m or n is 0 is treated separately). Then we define, as in [Tanl1a],

H(Mq», o
Sp = @ s,

m,n

Let %Eer be the unsymmetrized Fock space based on i]-CFer Note that S, is defined

on ﬂ{l}zer ® ﬂ-CFerC, and it naturally restricts t0 Hper, ® J{ECIC J—(Eerc ® Hper and
Hrere ® fHFerC This S, will be interpreted as the scattering matrix. In order to confirm
this, we have to take the spectral decomposition of S, only with respect to the right or

left component. Namely,

Sy = @H(Mw);’f}”

mn jj
= EBH/(IL@»-'®<5(ij1,¢,-)®~-®11)® dE1(p1.1)® - ® dE1(py. 1)
mn j,j i-th

= @/H(ﬂ®-~-®¢<p/ﬂL./>®---®11)® dE1(p1.t)®- - ® dE1(pn, tn)
i-th

mn Y g

= @D [ D1 E0:P.1)™" © dEp1.) @+ ® dEipn )
n m ]

= @/H@(apﬁw))@’" ® dE\(p1,11) ® -+ ® dE1(pu. tn)
n j m

= @/HA@(p,-Pl,zj»@ dE1(p1,1) ® -+ ® dE1(Pu. ) ,
n J

where the integral and the product commute in the third equality since the spectral

measure is disjoint for different values of p’s and ¢’s, and the sum and the product com-

mute in the fifth equality since the operators in the integrand act on mutually disjoint

spaces, namely on (9(11_- )®'" ® U{Fer for different m. In the final expression, all oper-

ators appearing in the 1ntegrand are the second quantization operators thus this formula

naturally restricts to the partially antisymmetrized space Hrerr ® HE
Now we define

e My ={x®1L,AdS,(1®y):x € Ferc(R-), y € Ferc(Ry)}”,
o T(t,x):= To(t x)®TO(t+x)
o Q.= Q()(X)Q()

Ferc*
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As the net Ferc is fermionic by nature, the interpretation of the scattering theory of
[Buc75] is not clear. Nevertheless, we can show the following by an almost same proof
as in [Tanlla, Lem. 5.2, Thm. 5.3].

Lemma 5.1. The triple My, T, 2) is a Borchers triple.

Proof. To apply Proposition 2.2, it is immediate that S, commutes with translation
since it is defined through the spectral measure as above. It preserves Hrere ® €20 and
Q0 ® Hrere pointwise, since these subspaces correspond to the case where m or n is
0 in the above decomposition and S, acts as the identity operator by definition. What
remains to show is the commutation property.

As we saw above, the operator S, can be written as

Sp = @/HA(a(p,,-Pl, ) ® dE1(p1. 1) ® - ® dE1(pa. tn)-

The point is that the operators which appear in the integrand implement Longo-Witten
endomorphisms as we saw above since p; > 0 in the support of the integration.

Let x” € Ferc(R;) and consider x” ® 1 as an operator on Here ® J{Ferc We have

Ads, @ 1) =@ [ Ad ([]A@0; P | 6) © dEpr )
n J

Q- ® dEi(pn, tn)-

Although this formula is not closed on Hper. ® Hperc, the left hand side obviously
restricts there. One sees that the integrand remains in Ferc (R;).

Recall the operator Zy which gives the graded locality of Ferc. One has to remind
that Zo = ]l:l; 0 where 'y = A(—1), hence Zy commutes with any second quantization
operator. Then by the disintegration above (and the corresponding disintegration with
respect to the left component), it is easy to see that Zy ® 1 commutes with S.

Let us check the commutation property of the assumptions in Proposition 2.2. Note
that Ad Zo(x) ® 1 and Ad Zy(x) € Ferc(R,)’ for x € Ferc(R-). Since Zp ® 1 and S,
commute as we saw above, to prove the first commutation relation, it is enough to show
that [AdZp(x) ® 1, Ad S, (x’®1)] = 0forx € Ferc(R_) and x’ € Ferc(R,). As oper-
ators acting on Hgerp ® U{Ferc this is done by the above disintegration of Ad S, (x’ ®1).
Then both operators naturally restrict to Hpere ® Hrpere, and we obtain the claim (cf.
[Tanlla, Lem. 5.2, Thm. 5.3]). The second commutation relation for Proposition 2.2
can be proven analogously. O

Finally we arrive at a new family of interacting Borchers triples with asymptotic
algebra A©® @ A©,

Theorem 5.2. Let us define

© Ny =@ LAIS,(L8Y):xe Ferg " (R_), y € Ferg(R,))”,

o T(t,x) :=To("% 7)® To(”x)

e 2:=0Q)® Q()

Then the triple (Ny, T, Q), restricted to Ny, 2, is an asymptotically complete, interact-

ing Borchers triple with the asymptotic algebra A @ A© and scattering operator
S(plm. It also holds that N, = AO (1) @ AO(I_)Q for arbitrary intervals I, I_.
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Proof. Substantial arguments are already done: In Lemma 5.1 we constructed Borchers
triples with Fer¢ ® Ferc as the asymptotic algebra. We have seen in Sect. 3.3 the U(1)-
current net A© is the fixed point subnet of Ferc with respect to the action of U(1).
From the construction in Sect. 5.1 and Theorem 4.3, it is easy to see that S, commutes
with the product action of the inner symmetries. Then all the statements of the theorem
follow from the general consideration of Proposition 2.5. O

5.2. Action of the S-matrix on the 1+1 particle space. In this Section we want to ana-
lyze the action of the S-matrix of the models constructed in Sect. 5.1 on the 1+1 particle
space ! 0 ®H ;L(O) ,1.e. one left and one right moving particle, where we use the word
particle in the sense of Fock space excitations. We note that on the n+0 and O+n particle
spaces H,, ® CQp and CQp ® H,, respectively, the S-matrix S acts trivially. A typical
vector in f}Ciq(O) ® U-Ciq(o) is of the form ¥ := J ()R ® J (g)$20 which we express as the
function W(p, p) = f(p)&(p). The embedding ¢ : L2(Ry, pdp) ® LRy, pdp) =
Ho @ Hlyo) = Hi 1 @11 C Heere ® Hrerc is given by «(¥) 1 1.1.1(p, ¢, p, §) =

1

W\I’(p +q, p +¢q). We have an analogue of Lemma 4.2.

Proposition 5.3. Let ¢ be some inner function. The unitary S, satisfies S, (U{jq(o) ®

IHIA(O)) C U'CIA(O) ® fHIA(O) if and only if p(p) = e'*kP*9).

Proof. The action of S, on W € J{; ® H; is given by
SeW(p+q,p+q)=¢(p-pP)e(q-pP)e(p-Pelq - PY(p+q.p+4q),

which is again in iJ-C]A(O) ® J{IA(O) if it can be written as a function W( p+q,p+q),in

particular if ¢(p - p)¢(q - P)P(p - @)¢(q - ) = ¢(p +q, p +q). Setting p = 1 and
g = 0, we have p(p)@(q) = ¢(p + ¢, 1). The rest follows as Lemma 4.2. O

Remark 5.4. In the case ¢(p) = elkp , one gets the models obtained in [DT11] using
warped convolution.

Proposition 5.5. Let e be the projection on U-CIA«)) ® U-CLUO), then eSye = (P ® P),
where ¢ is boundary value of an analytic function in H with |@(p)| < 1 and P is the

generator of translation restricted to the one-particle space (which gives rise to the
irreducible standard pair).

Proof. Tt can be checked that

p+q
f(p+qg —x,x)dx

(e0/)(p.q) = b i g

is the projection on 9{}4(0) C Jy,1. Then the action of eS, on a f € f}C}q(m QK il(()) can
be calculated to be ¢'(P ® 1, 1 ® P) with

1 P [q
<p’(17,q)=m/o /0 e((p—x) - (q—y)Nex - »G((p—x) - )@(x - (g—y))dydx,

and it is easy to check that with @(p) := ¢'(p, 1), it holds that ¢'(p, q¢) = @(p - q) for
all p,q > 0. That |¢(p)| < 1 can be checked directly or follows from the fact that S,
is unitary. 0O
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Remark 5.6. 1t is a general feature of asymptotically complete Borchers triples with
asymptotic algebra A© @ A that the restriction of the scattering matrix S to eSe is a
functional calculus of P ® P. Indeed, both e and S commute with the translation 7', but
T is maximally abelian when restricted to 3{14(0) ® J—CIA(O), hence there is a function ¢g
such that eSe = ¢ps(P ® 1, 1 ® P). Furthermore, both e and S commute with boosts,
so does ¢g and one obtains the form eSe = (pg(P ® P).

We note that the proof above shows that |@(M?/2)| is the probability that an improper
state in 9{}4(0) QH LUO) with mass M? is scattered elastically in the sense of Fock space
particles, where

1 rr !
o(p) = ;/0 /O e((p —x)(1 = y)exy)@((p —x)y)Px (1 — y)) dy dx.

As we discussed in 3.1, the Hilbert space of the U(1)-current net, and hence the
tensor product of two copies of it, admit the bosonic Fock space structure, hence we
can consider the particle number. Although we admit that this concept does not have an
intrinsic meaning, we claim that it is possible to interpret this as the number of massless
particles.

An evidence comes from the comparison with massive cases. In [Lec0O8] Lechner has
constructed a family of massive interacting models parametrized by so-called scattering
functions, and later he reinterpreted them as deformations of the massive free field
[Lec11]. If one applies the same deformation procedure to the derivative of the massless
free field whose net is A© ® A© (with scattering functions satisfying $>(0) = 1),
he obtains the Borchers triples with A® ® A© as the asymptotic net constructed in
[Tanlla].! Hence the models in [Tan11a] should be considered as the massless versions
of the models in [Lec08]. Likewise, it can be said that the models constructed in the
present paper are the deformed (in an appropriate sense) version of the massless free
field.

In massive case, there is a mass gap in the spectrum of the spacetime translation and
the one-particle space of the Fock space has an intrinsic meaning. In massless case, such
an intrinsic interpretation is lost but there is still the Fock space structure. Thus we think
that, if the two-particle space in the Fock structure is not preserved by the S-matrix, as
in the case where ¢ is not exponential (see Proposition 5.3), then it represents massless
particle production.

6. Conclusion and Outlook

In this paper we have constructed a new family of Longo-Witten endomorphisms on
A© through the inclusion A© = Fern" C Ferc. We combined them to construct

interacting wedge-local nets with A© @ A© as the asymptotic algebra and showed that
their S-matrices do not preserve the n-particle space of the bosonic Fock space. Particle
production is a necessary feature of interacting models in higher dimensions [Aks65],
thus this result opens up some hope for algebraic construction of higher dimensional
interacting models.

However, there are at least two shortcomings with the present method. The first is that
we proved only wedge-locality of the models. As already shown in [Tanl1a], a wedge-
local net can be dilation-covariant and at the same time interacting. On the other hand, a

1 Private communication with Gandalf Lechner and Jan Schlemmer. This will be presented elsewhere.
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strictly local dilation-covariant (asymptotically complete) net is necessarily not interact-
ing [Tan11b]. Hence, interaction of wedge-local nets could be just a false-positive and
strict locality is desired. The second is the fact that the concept of particle in massless
case is not intrinsically defined. Although the Fock space structure is easily understood,
its interpretations should be treated with care.

These issues could be overcome by considering massive cases. As for strict locality,
it has been shown that the deformation of the massive free field by a suitably regular
function is again strictly local [Lec08,Lec11]. On the other hand, in massless situation,
even the simplest case ¢(p) = —1 (where ¢ is an inner symmetric function used in
[Tanl1a] to deform directly AO & Ay g already not strictly local [Tanl1a]. Hence
we believe that strict locality should be addressed in massive models. Furthermore, for
a massive asymptotically complete model, the notion of particle production is intrinsic.
Fortunately, it is known that the construction in [Tan11a] coincides with the deformation
of the massive free field as we remarked in the last section, hence a further correspon-
dence between massive and massless cases are expected. We hope to investigate this
problem in a future publication.

Of course, interacting models in higher dimensions are always one of the most impor-
tant issues. Although conformal nets themselves are not interacting [BF77], some new
constructions based on CFT could be possible and ideas from the present article could
be useful.
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