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We continue the study of the Tomita-Takesaki modular conjugation for a massless Dirac field in a
generic multicomponent region in 1 + 1 spacetime dimensions. In this paper we focus on the computations
for a thermal state on a circle, namely on the euclidean torus. By analytic continuation from the modular
flow we arrive at an explicit expression for the modular conjugation in this scenario and derive its relevant
limits. In contrast to the case of the vacuum on the line, this new result has a nonlocal behavior even for
connected regions. It also presents a novel contribution coming from the purification one has to introduce in
order to deal with a mixed state; a term that maps the algebra of operators of the region to a copy of the

global one, the so-called “second world” algebra.
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I. INTRODUCTION

Over the last years the study of entanglement and
information-theoretic aspects of quantum field theory
(QFT) has become increasingly important. For instance,
we can mention the well-known renormalization group
flow irreversibility theorems, which were proven in several
contexts using the strong subadditivity of the entanglement
entropy or the monotonicity of the relative entropy [1-5].
There have also been applications in the proof of several
energy inequalities [6,7], and even to holography, for
example in the derivation of the linearized Einstein equa-
tions in the bulk from entanglement properties of the
boundary conformal theory [8—11].

In many of these applications, the knowledge of entan-
glement or modular Hamiltonians has proven to be
extremely valuable. Although the first known examples
of modular Hamiltonians where local [12—15], in general
they are very complicated nonlocal quantities [16-20].
Since it is defined as the logarithm of the density matrix,
the modular Hamiltonian is ultimately ill-defined in any
continuum theory such as QFT; but surprisingly, the
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dynamics it generates—the modular flow—does have a
well-defined continuum limit. The modular flow emerges
in a rigorous way in the context of the Tomita-Takesaki
modular theory of operator algebras (see Sec. Il or [21,22]
for a review), which is a very rich topic concerned about the
properties of the modular operator (A) and the modular
conjugation (J). It is the former operator which is related to
the modular flow and hence the modular Hamiltonian.

Much less attention has been paid to the modular
conjugation and explicit expressions are available in very
few cases, most of them being vacuum states reduced to
single component regions. Famous examples are the vacuum
state of any theory reduced to the Rindler wedge (this is
the well-known Bisognano-Wichmann theorem [12,13]) or a
conformal field theory (CFT) in a double cone region [23].
More recently, an explicit expression for J was found in the
case of the vacuum state for a free massless fermionin 1 + 1
spacetime dimensions (a chiral fermion) reduced to an
arbitrary multicomponent region [24]. Also, the modular
conjugation for thermal states is known for the chiral fermion
reduced to a double cone [25]. In this article we seek to
expand this result to more general regions.

The paper is organized as follows. In Sec. II we introduce
the Tomita-Takesaki theory and discuss some of its proper-
ties and relation to QFT. In Sec. III we describe the relevant
aspects about the model we are interested in, a thermal state
of the chiral fermion in 1 + 1 spacetime dimensions living
on a circle. Section IV contains the main result of our work:
an explicit expression for the modular conjugation operator
for multicomponent regions in our model. Previously,
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we introduce the method employed to derive this result
reviewing the recently found case of a vacuum state on the
infinite line [24], which is simpler. Our computation shows
some interesting novelties related to the nonzero temperature
of the state, in particular it displays an explicit contribution
form the copy of the theory (the “second world”) one
introduces to purify the state, and in this section we describe
this contribution in detail. Also in this section we derive
some interesting limits of our result and compare them with
previously known examples, when possible. Finally, in
Sec. V we conclude with a discussion of our results.

II. TOMITA-TAKESAKI THEORY

Tomita-Takesaki theory is the study of von Neumann
algebras admitting a cyclic and separating vector. We refer
the reader to our previous work on the subject for a review
of these concepts [24]. The starting point is the introduction
of the Tomita operator, defined over the dense set of states
generated by such an algebra A acting on the cyclic and
separating vector |Q2) by

Sa|Q) = a’|Q). (2.1)

This is an unbounded antilinear operator satisfying $? = 1,
and thus invertible with S~! = §. It is also closeable so it
admits a unique polar decomposition,
S=JA2, (2.2)

where A is positive and J antiunitary. These are the
modular operator and modular conjugation associated
with A and |Q), respectively. The main result of Tomita-
Takesaki theory is stated in terms of these two operators,
ASAATS = A(s €R)

and JAJ=A, (2.3)

which means that the modular operator defines a one-
parameter group of automorphisms on the algebra called
the modular flow, and that the modular conjugation gives
an isomorphism between the algebra and its commutant A’.
Another important property which is fundamental for our
work is that / = J7, and thus J? = 1.

For finite-dimensional algebras acting on some factor
of a product Hilbert space, the modular operator is closely
related to the reduced density matrices associated with |Q),
and the modular flow is given by the dynamics generated
by these density matrices. Furthermore, the modular flow
coincides with the time evolution in the case of a thermal
state of unit temperature. This last fact is generalized to
infinite-dimensional algebras via the so-called KMS con-
dition and its relation to Tomita-Takesaki theory. Consider
a state ¢ and let a:R x A — A be a one-parameter group
of automorphisms of A which may be thought as some
dynamics on the system. One says that « satisfies the
Kubo-Martin-Schwinger (KMS) condition with respect to
¢ if for every a, b € A there exists a complex function G(z)

analytic on the strip Imz € (—f,0) and continuous on its
closure, such that

G(s) = laa(b))y and Gs—if) = (ba_,(a)), (24)
for s€R. This condition characterizes thermal states at
inverse temperature / in the infinite-dimensional setting. It
turns out that the modular flow a,(a) = A¥aA~" satisfies
the KMS condition with respect to the cyclic and separating
|Q) for p =1, a fact sometimes called the modular
condition. Actually, it can be shown that it is the only
one-parameter group satisfying this condition.

In order to prove the last statement another important
intermediate result is used. The latter will be extensively
employed in this work and states that the map s > A*Sa|Q)
is analytic on the interior of the strip Ims € (—1/2,0) and
continuous on its boundary.

There is a natural way of associating a von Neumann
algebra A(U) to every spacetime region U in any QFT,
namely taking the double commutant of the algebra of
bounded operators localized in &/. A famous result in QFT
known as the Reeh-Schlieder theorem establishes that the
vacuum state |Q) is cyclic for any algebra A (/) such thatf is
nonempty. If the causal compliment I/, i.e., the largest open
region spacelike separated from/, is also nonempty, then |Q)
is also cyclic for A(U’). Due to the fact that any cyclic vector
for some algebra is separating for its commutant, one has that
|Q) is separating for A’(U’). Furthermore, locality imposes
that A(U) C A'(U") and then the vacuum vector is cyclic and
separating for any algebra .A(U{) provided that both I/ and U/’
are nonempty. This makes possible the application of Tomita-
Takesaki theory to QFT for vacuum states; but also, as we will
discuss in the next section, Tomita-Takesaki theory can be
applied to thermal states.

III. THE CHIRAL FERMION ON THE TORUS

We consider a free massless Dirac field in 1+ 1
spacetime dimensions, given by a two-component spinor
V= (¥,,Y¥_), where ¥, are the chiralities of the field.
It turns out that each chirality depends on a certain
combination of the spacetime coordinates, namely the
null coordinates x* = 7 + x that give the direction of the
light rays. Thus, the W, are one-variable functions
w. (x%), which are subject to the canonical anticommu-
tation relations,

{y (). Wi} =8(x =), (3.1)

with the remaining anticommutators being zero. Strictly
speaking, the objects y . are distributions and have to be
smeared with a test function f to give a well-defined
operator, y, (f) = [dxw.(x)f(x). Using (3.1) one sees
that the y . (f) are bounded operators and then can be used
to generate the local algebras associated with an open
spacetime region U/ as
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AU) = {w o (f) ol (F) - (Fo)wh (£2).
supp(f+) € 7 (U)}",

where 7% (U) is the projection of the region U/ on the x* axis.

As in any fermionic theory, in this model the field
operators localized in two spacelike separated regions U
and )V anticommute. But this does not mean that the
associated algebras anticommute because a product of an
even number of fields gives a bosonic operator, which
commutes at spacelike separation with another of the same
kind. So, in order to establish a relation between .A(1/) and
A(V) we need to introduce the twist operator

(3.2)

Z:ﬂ—’_iq”
1+

: (3.3)

where U, is the unitary operator associated with a U(1)
transformation of phase z, i.e., U, w4 Ul = — 4. Clearly,
this operator anticommutes with y . and 1//1, which means
that for every a € A(U), the product aUU, commutes with
everything in .A()). Then, noting that

Zy. 7" = —iy. U, (3.4)
one has that for every a€ A(U) the operator ZaZ'
commutes with everything in .A()). This can be promoted
to a relation between the algebras

ZAU)ZT C A(V), (3.5)

which is the relation we were looking for.

In this article we will primarily focus on the case of a
fermion on a finite volume at finite temperature p~! ie., on
an Euclidean torus of radii L and f. Depending on the
spin structure chosen, the field can have periodic (Ramond
sector) or antiperiodic (Neveu-Schwarz sector) boundary
conditions on L, whereas the Fermi statistics impose
antiperiodicity for the boundary conditions on if3. Setting
v = 0 for the periodic sector and v = 1 for the antiperiodic
one, the two-point function on this setup reads

1 olx—y+L/2+ip)2)
- 2zmic(x—y—ie)o(L/2 + ivB/2)
¢ e/ H(ip/ ()

('l (). (y))
(3.6)

given in terms of the Weierstrass functions § and o (see [26]
for an extensive review of the Weierstrass and elliptic
functions) and where ¢ > 0 is sent to zero after smearing.
From (3.6) one can calculate the two-point function for a
thermal state on the line on the limit L — oo, or for the
vacuum state on the circle on the limit f — oo, or even for
the vacuum on the line taking both limits simultaneously.
Also note that (3.6) satisfies the stated quasiperiodicity
conditions for both arguments. Furthermore, since time
evolution is simply a translation of the null coordinates,
the antiperiodicity property in the imaginary direction is a

particular example of the KMS condition (2.4) at inverse
temperature B for a = y'(x) and b = y(y), as should
happen for any thermal state.

We can express the two-point function (3.6) as well as any
other expectation value for this state using a cyclic vector
in some Hilbert space via the so-called Gelfand—Naimark—
Segal (GNS) construction. Roughly speaking, given any
state ¢ acting on some von Neumann algebra A, this
construction generates a Hilbert space 7 and a representa-
tion of the algebra elements p: A — B(H) with a cyclic
vector |®) such that (a), = (®|p(a)|®) for every a € A.
The set p(.A) is itself a von Neumann algebra, and in the case
where ¢ is a thermal state at inverse temperature f we
will denote it by .A,. Remarkably, for the QFT in question it
turns out that if ¢ is a thermal state for the global algebra
A9 = {uy, A(U)}" then the cyclic vector given by the GNS
construction, which we will call |Qg), is cyclic and also
separating for the GNS-representation of any local algebra
A(U) [27]. This fact allows us to apply Tomita-Takesaki
theory in this context.

By writing (3.6) in terms of [Q;), one sees that the vector

valued functions . (y)|Q;) and ', ()|;) are analytic on
the strip Imy € (0, 3), because its-right hand side can be
extended continuously in y to an analytic function in this
strip. This remains valid for the limits L — oo and f§ — oo,
since in any case (3.6) has a pole when y = x — ie.

In the finite-dimensional case, the GNS construction of a
thermal state consists of a simple purification in which one
doubles the Hilbert space of the theory and thus enlarges
the global algebra, giving rise to a nontrivial commutant.
In the infinite-dimensional setting this is also the case;
alongside with Az one can always construct a second

nontrivial representation A, such that Z./th,,ZT = (A3)" [28].
Furthermore, since A4() C Aj, one has

ZAYZ' C AU (3.7)

for every U; meaning that there is a (twisted) copy of the
global algebra inside the commutant of the algebra of
any open region for a thermal state. The representation Vztﬂ
acts on the same Hilbert space as A; provided that it
is generated by operators time-evolved by a complex
parameter i3/ 2,' s0 (3.7) in fact also means that

'"We shall note that the time evolved operator a() may actually
not be analytic, since in general it is rather an unbounded operator
for complex ¢ even if a is bounded. However we can still take
the subset of elements @ such that their time evolution a() has
compact spectral support. This condition then guarantees that
a(if/2) is bounded, provided that a itself is bounded. For the
case of a free theory these are of the form of y/(f) where f has
compact spectral support, i.e., fields with modes of bounded
momentum. Moreover, this subset is dense and is hence mapped

into a dense subset of .;l/; under the /2 “time” evolution.
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{wo(x). iy +ip/2)} =0 (3.8)

for every x€x*(U) and y €R.

IV. MODULAR CONJUGATION FOR THE
CHIRAL FERMION

A. Plane

Let us start off by reviewing the method employed
in [24] to derive the modular conjugation for the vacuum
state reduced to a generic multicomponent region /. The
null projection of U will in general be a collection of n
intervals on the line,

U) = U (af . bf) = V..

(4.1)

From now on we suppress the 4 indices for notational
simplicity; all the results hold for both chiralities. The
modular flow is nonlocal for n > I, meaning it mixes
operators on n points on V, explicitly given by [29]

a,(w(x)) = 2sinh(xs) Z z’(xl-(s)) o jc(s) w(x;(s))
(4.2)
For ue C —V we conveniently define
() = m-/vdzt_l - (4.3)

Then for xeR we take z(x):=lim, o+ z(x + ig) =

x—a;

log(—J ], =) and the x;(s) are the n solutions to

z2(x;(s)) = z(x) — 27s. (4.4)

Clearly, (4.3) gives an analytic continuation of z(x) in
C — V. It also satisfies 0 < Im z(u) < 7. This is not hard to
see with the following geometrical argument; integrating
in polar coordinates centered at t = u, when Imu > 0O the
contour goes counterclockwise around u, so the imaginary
part of the integral is a sum of positive angles which gives
less than 7. Also clearly Imz(x + ie) = 0 for x€V and
Imz(x + ie) = x for x € V (the complement of V), so the
claimed property of z(u) follows. This fact allows us to
write the action of the modular flow on the cyclic and
separating |Q) for a complex parameter s in the strip
Imse(—1/2,0) as a contour integral over the whole
upper-half complex plane

o (w (%)) = A%y (x)[Q)
1
= —M%du

Loy,

sinh [a)(x);a)(u)]

sinh [7”’()6);"(”) - JTS:|

(4.5)

The integrand is a meromorphic function of u with poles
given where the argument of the hyperbolic sine in the
denominator vanishes. For s in the strip these poles are
located in the upper-half plane—they are the modular flow
trajectories x;(s)—and applying the residue formula one
gets (4.2) for a complex argument on the strip acting on the
vacuum. This means that one can analytically continue
this expression for Im s € (—1/2,0) and continuously to the
strip’s boundary.
Since (4.2) is also valid using y' instead of y, taking
s = —i/2 we can obtain the action of A'/? over the vector
w'(x)|Q) and then relate it to the modular conjugation via
the Tomita operator S. Indeed, using (2.1), (2.2), and the
fact that J?> = 1 one has
A2y (x)|Q) = Ty (x)|9). (4.6)
One can promote this vectorial expression to an operatorial
identity as we describe in the following. Evaluating
s = —i/2 takes the trajectories x;(s) to the n points X;
that are solutions to
(%) = z(x) + im. (4.7)
From our previous analysis of Im z(u), note that the ; are
located in V, and thus the fields y'(¥;) that appear acting
on the vacuum in A2y (x)|Q) anticommute with every-
thing in A(U). Using (3.4), and the fact that U,|Q) = |Q),
we can replace each of these fields acting on the vacuum
with iZy " (%,)Z"|Q), such that the left hand side of (4.6)
becomes a linear combination of elements of A’ (U{) acting
on the vacuum. The right hand side can also be rewritten
in terms of an element of A'({/) acting on the vacuum as
Jy(x)J|Q), and then the separability of |Q) implies a
relation between the operators on both sides of the
equation. This relation gives the explicit action of the
modular conjugation,

Jy/(x)Jzzzn: ! ! Zy'(x,)ZF.  (4.8)
i=1

— /(%) x = X;

This operator inherits the same nonlocal behavior of
the modular flow: for n > 1 it consists of a combination of
fields defined on distinct points on V, whereas for n = 1 it
is given by a completely local transformation. It is also
discontinuous when z(x) = 0, which happens once within
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B/2

Reu 2 by 0

FIG. 1. Imz(u) forue(-L/2,L/2) x i(0,4/2) in the case of
n = 2 intervals. We highlighted in red the regions where Im z = 0
or Im z = z; these are respectively V or V and Imu = f3/2.

each interval. So when x approaches the roots of z from left
or right, there is one solution of (4.7) that discontinuously
jumps from +o0 to —oo.

B. Torus

The same procedure discussed in the previous para-
graphs can be employed to derive the action of the modular
conjugation whenever the modular flow is known. For the
chiral fermion on multicomponent regions on the torus, the
modular flow has been recently computed in [29] giving

a(w(x)) = —s1nh JTS)Z Zz (x o)

kez i=1
D)
smh[ (x — xi (s )—l—kL)]

where we will define the function z as

£(iB/2)
Y2 }

z(u) = iir—l—[/dt{((u—t) - (4.10)

Re z(x)

and calling Z = fv dz, the total length of V, the x;;(s) that
appear in (4.9) are the modular flow trajectories, which are
solutions to the equation

z2(x(s)) = z(x) -I—%k 27s

5 (kez).

(4.11)

Within each interval (a;, b;), z is a monotonically increas-
ing function ranging from —oo to +o0 [19]. Hence, for each
k there are n solutions x;;(s).

Note that the flow (4.9) is nonlocal as well as the
one presented in the previous subsection (4.2), but a
prominent difference appears among them when n = 1;
in this case the Ilatter becomes completely local,
whereas the sum over k€ Z in the former makes it a
nonlocal operator even for a single interval. We expect
this fact to be present also in the modular conjugation
for the torus.

Mimicking the procedure employed for the plane, we are
interested in studying the analytic continuation of (4.9)
acting on the cyclic and separating [Q4) when —1/2 <
Ims < 0. In order to do so, we begin by analyzing some
properties of z(u). First, it is a quasiperiodic function
z(u+ L) = z(u) + %~ Secondly, a bound for its imagi-
nary part analogous to that of the plane holds, which is key
for our analytic continuation. In Fig. 1 we show that in
the interior of the region 0 < Imu < f§/2 we have 0 <
Imz(u) < . On its boundary we have that Imz(u) =0
for u€V, while Imz(u) = for u€V and also when
Imu = /2. We prove these statements in Appendix.
Finally, Re z is a monotonically decreasing function within
each interval in V, ranging from +oo0 to —oco and mono-
tonically increasing from —oco to +oco in the infinite
line Imu = /2 (note that it is continuous). We plot the
real part in Fig. 2.

Rez(x + zg)

FIG.2. Rez(u)forImu = 0 (left) and Im u = /2 (right) in the case of n = 2 intervals. In the left panel we also show some solutions
to (4.14) for x € V in red, whose positions are given by the intersections of the real part of z with horizontal lines of height z(x) +
2x¢’k/p that occur in V. In the right panel, note that the real part of z(x + i3/2) is monotonically increasing and thus there exists a

complex solution to (4.15) with k=0.
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Now, consider the vector-valued function

: sinh [54]  ywlay)
28 Jox usinh [M—ﬂ } sinh [ (x - u)}

(4.12)

’

|0x(s)) =

where the contour dX is the boundary of the infinite
complex region 0 < Imu < /2. Note that the integrand
is a meromorphic function of u, and then the integral can be
computed by residues. Since Imz € (0, z) for u € %, taking
s in the strip Im s € (—1/2, 0), the poles of the integrand are
located where the argument of the first hyperbolic sine in
the denominator vanishes. This is when z(u) = z(x) + 2zs
and gives solutions u;,(s) on the interior of the whole
region X. Then we make the identification u;(s) + kL =
xix(s) for k€ Z, such that all the x;,(s) lie on the same
fundamental domain of the torus. Taking into account
the quasiperiodicity of y and z, one sees that under this
identification the set of poles precisely match the modular
trajectories (4.11). Then applying the residue formula one
arrives to

0a(s)) = 2/3—”sinh<ns>

XZZ

kez i=1 lk

L CDMpluls)iRy)
) sinh [ﬁ (x — xu () + kL)}

(4.13)

Some comments are in order. In the first place, in the strip
—1/2 <Ims < 0 there are no poles on the integration
contour, hence the function |¢,(s)) is analytic in this
strip and continuous on its boundary. For Ims — 0 we
recover (4.9) acting on |Q;) as expected. Similarly, we can
take the limit s - —i/2 in order to obtain the action of
A'/2_1In that case, the imaginary part of z determines that
the solutions of the complex modular flow trajectories
are located either in V or in Imu = /2. To make this
distinction explicit, we shall rewrite them as X;; or X + i/—;
where

() = 2(x) +2;Tfk 4 in, (4.14)
z<5c+i'§) = z(x) +2sz7¢+1'71, (4.15)

with X;; € V and ¥ € R within a fundamental period of the
torus and some given k. Let us describe the solutions to
these equations. Because of the monotonicity of z, (4.14)
has n solutions X;, for each k € Z, given we pick convenient

coordinates.” Graphically, one can find these solutions by
inspecting the plot of the real part of z (see the left panel of
Fig. 2): the several intersections of this plot with horizontal
lines of height z(x) + Z”f k that occur in the complement V,
where Im z = 7z, give the positions of the X;;. Similarly to
the modular flow, the X;; accumulate near the endpoints of
the intervals.

Remarkably however the x;, are not the complete set
of solutions. Because Rez(x + i ) grows monotonically,
there always exists one k = k such that (4.15) gives exactly
one complex solution.

Moving on, remembering (4.6) and that (4.9) is still valid
when replacing y by ', we can compute the action of the
modular conjugation from A2y (x)|Q) as we did for the
plane. But taking into account the previous discussion about
the complex solution we have to be more careful. In our
derivation for the plane we used the fact that all the solutions
to (4.7) were located in V and thus the corresponding
operators anticommuted with A({/). This is true for the x;
satisfying (4.14), but what happens with the term in
A2y (x)|Qp) associated to the complex solution (4.15)?
It is worth remembering that the fields y (X + if/2) can be
thought as being elements of the representation .;4[9; intro-
duced at the end of the previous section, so we have (3.7), or
more explicitly (3.8). Then, the procedure we did for the
plane follows and we finally arrive at

(1) zy ()2
Xik s1nh[ (x — Xy + kL)}

1 (=DPizyt(z+ib)zt

Rary— "
Z(¥+i%) cosh [% (x—X+ kL)}

(4.16)

This is the main result of our work, with the complex
modular trajectories given by (4.14), (4.15), and (4.10).
Note that, as we anticipated, the modular conjugation
shares the same nonlocality as the modular flow, which is
present even for n = 1. Furthermore, it exhibits another
novelty when compared to the result for the plane; the
appearance of the complex solutions X + if3/2, which we
explicitly display in (4.16) and is related to the nontriviality
of the commutant for the representation of the operator
algebra in a thermal state, as we show in the next
subsection. It occurs that this modular conjugation not

only maps A () to Ag(U'), but it also maps it to ;lz This
behavior was discussed previously in [27,30,31] or more

’Even though the set of solutions for all k in any case is the
same, Eq. (4.14) has the cumbersome feature that if the borders of

the chosen fundamental period are in V, it will have n—1
solutions for some particular k.
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recently in [25], and some authors interpret that the
representation ;l% acts as a “second world”, analogous
to the copy of the theory one introduces to perform a
purification in a finite-dimensional setting. As discussed at
the end of section III, after smearing with a function f of
compact spectral support, (4.16) is a map between bounded
operators, even if fields have a complex argument.

C. The second world

There are a couple of things that are not. obvious by
looking at the expression (4.16), especially due to the
presence of the complex solution X + if3/2. First of all, one
can ask for a more transparent interpretation of its emer-
gence and exactly what is its relation to the “second world.”
On the other hand, it also makes it difficult to immediately
guess the action of J over the commutant algebra, which is
pretty straightforward in the plane case. We aim to clarify
both issues in this section.

In order to gain some insight on the complex solution, we
will study a simple limit of our result. Let us consider a
single interval such that £ — L, that is when V becomes the
whole circle, and thus the algebra of operators becomes
the global algebra. Since the global algebra is of type I it
admits a thermal density matrix pg, and we can perform
a purification by coupling the Hilbert space of the theory
H to a copy H such that pp = try|Qp) (4], where |Q;) €
H ® H. Now, g and Ag are the algebras of operators

solely acting on H or H, respectlvely, and they are clearly
each others commutants. Thus, if we represent the elements
of .Az as generated by fields w(x) with x € (=L/2,L/2), let
us use the modular conjugation to probe how the elements
of .,zl% look like. In this setting we have

(4.17)

up to an additive constant which is irrelevant. The modular
flow then coincides with time evolution of parameter —fs
and hence the modular conjugation maps x + x + if/2. In
fact this is the only solution to (4.11) in this limit. Replacing
this in (4.16) one arrives to

Ju(x)J =izZy' (x +ip/2)Z"

So we learn that the “second world” algebra is naturally
given by fields on points with imaginary part equal to /2.
This is what the complex solution on (4.16) represents.
Note that here ¥ coincides with x since we were working
without a partition of the circle, but the effect of taking V
nonempty is that ¥ in general does not coincide with x.
Also note that the 2-point function (3.6) can be evaluated
with complex arguments to probe correlations between the
“real” and the second world. Since in general it is non-
vanishing, correlations are nontrivial. This is to be expected
since it would imply that [Q4) is a product state

(4.18)

corresponding to a pure, rather than thermal, state when
reduced to . Instead, [Q;) is a purification and must be
entangled over H ® H.

Let us now address the action of the modular conjugation
over Aj(U). The modular conjugation of commuting
algebras should coincide [22], but note that (4.16) only
tells us how to act over operators in A4({f), so the action
over the commutant could be different and we would like
to find it out. In order to do so, we will use the fact that
this is an involutive operator, i.e., J? =1, as well as other
properties. First of all, note that (4.16) implies that

s(U) S Z(AsU') v A 4)Z" and since the opposite 1nclu—
sion also holds, it can actually be promoted to an equality.’
Whenever two algebras are unitarily equivalent then the
corresponding modular conjugations are unitarily related,
so we have J = ZJZ' [24,32], where J is associated with
AU v A
x€V or Imx = f3/2 yields the result we are after. As an
educated guess, we propose an action similar to (4.16),

. Thus, knowing the action of J over y(X) for

N A2 1 - zZy " (x;,)Z"
Tw(®)I="23" DY 2y xm) 2" (4.19)
B 5 2 (Xjm) sinh {’ﬂl (X =X + mL)}

such that the x;,, are solutions to
2nt
2(xm) = 2(%) = Tm +in (4.20)
for a suitable Z defined as Z = —z + iz. This is a reasonable

ansatz because if one takes X as a solution to (4.14)
or (4.15) for some k € Z then one has

2nt
2(xjm) = 2(x) +—= 5 (k + m), (4.21)
which means that x;, €V. In particular it means that
Xj, = x for some j and m. Then, at least geometrically,
we see that the modular conjugation is involutive. Let us
check that this choice also means J> = 1 as an operator.

Using (4.16) and (4.19) we have

Ty (x)J? = Z

fim? /m>
(—1)"” (=)™ (xjm)
sinh[%(x—)'cik—ﬁ—kL)} sinh [’—;( Xi— x]m—#mL)}’
(4.22)

*The fact that A'4(U) # ZA»(U')Z" may look like a violation
of the so-called Haag duality. But one has to remember that
the Ay’s are the representations of the algebra induced by the
f-thermal state, whereas Haag duality is usually evaluated over
the vacuum representation, which gives the natural Hilbert space
of the theory in question.
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where we have used that Z> = U, and that 2’ = —z'. Also
this time we are including the complex solution X + if#/2 in
the sum over i and k; our argument will be independent of
this distinction. Using the residue formula, this expression
admits an integral representation along the same curve
as (4.12), but considering the analyticity of the integrand
the region can be extended, yielding

-1y
2 (Xjm)
: (x)—z(u)

sinh [%]

sinh [L);Z(”) + '7”}

Jy(x)J? = —% Z w(Xm)

x%du
r

X

1 1
sinh(% (x— u)> sinh(% (U =Xy + mL))
(4.23)

s

for the curve I' shown in Fig. 3. The integral over the
horizontal lines vanishes due to the if-periodicity of the
integrand, so we are only left with the integral along
the loops, which is determined by the poles at x and
Xj, —mL. It turns out that all the residues vanish except for
the one corresponding to m = 0 and j such that x;, = x. So

we can drop the sum and study the nonvanishing term as a
limit, which gives

(4.24)

This ultimately justifies our guess (4.19), which in turn
gives the correct action of J over Aj(Uf).

D. Limits

Let us now study some relevant limits of our main result.
We will begin by taking the limit L — co while keeping
finite. In this case, after integration (4.10) becomes

Imu

B/2

0 N oo W e WY

T Tjm — mL

A

Y

—B/2

FIG. 3. Integration contour I" of Eq. (4.23).

n sinh(l% (u— a,-))

py sinh<%(u_bi)) . (425)

z(u) =log |-

where we have dropped an irrelevant real constant and a
term linear in u/L. Also, since every term with k # 0
in (4.16) vanishes in the limit, we only care about the n
solutions X; = X;o to (4.14). As we can see by inspecting
the real part of z (see Fig. 4), this time the complex
solutions do not exist for every x, but only for a subset
x€VyCV, given by a collection of smaller intervals

(a’. 1)) C (a;.b;). In that case we have n — 1 solutions

X; in V, one for each interval (b;,a; ;) and the complex
solution X + if3/2. On the other hand when x €V — V5, we

have n solutions X; in V as we had in the plane, with X,
either in (—oo0,a;) or (b,, ). We find

2 | 1
2

i—1 ()_Ct) sinh {% (x — )_Ci)

Jy(x)J

><;')}zwT (xmé)z* . (4.26)

cosh [% (x—x%

where y4(x) and y;(x) are the characteristic functions of V4
and V — Vy, respectively. This result represents the modu-
lar conjugation for a thermal state of the fermion on the line
reduced to n intervals. For n = 1 its geometrical action was
studied in [25], and in fact we have checked that the map
x > X there presented satisfies z(X) = z(x) + iz, with z
given by (4.25). For a single interval, the subset V; simply
becomes a subinterval (a”, b*) C V, and the authors of [25]
also explicitly found it. We can recover their result noting
that (4.15) is satisfied with k = 0 only if —z£/f < z(x) <
#¢/f and the boundaries of the region where this occurs
take the values

a/} _ _ﬁlog e—era//i 4 e—275b//}
2 2 ’
2ralp 2zb/p
YR e} (4.27)
2 2

that precisely match the expressions given in [25].

By taking the limit # — oo over the previous results we
should recover the plane case. Indeed, in this limit the
function z(u) given by (4.25) simply becomes (4.3) and the
expression (4.26) becomes almost identical to (4.8), except
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Re z(x)

Rez(z +i5)

FIG. 4. Rez(x) (left) and Rez(x + if#/2) (right) in the limit L — oo for the case n = 2. The thick black lines represent the two

intervals of V, and the smaller intervals in red are (a?, b)) U (a5, b)) =
complex solution.
for the term associated to the complex solution.

However, remind this term only appears for x€Vp.
Since Rez(x + i/2) — 0, each subinterval (a’,b”) col-

i°vi
lapses to a point given by z(x;) = 0, which is where the
map x — X for the plane is discontinuous.
Lastly, let us take the limit f — co with L remaining

finite. Now (4.10) becomes after integration

sin(7 (a; — u))
Il sin(2 (b; - M "

i=1

2nf u

T (4.28)

z(u) = log{

again dropping an irrelevant real constant. Naturally the
second term can also be dropped for any bounded u, but
here we have nonvanishing contributions for |u| ~ 8. For
the terms corresponding to the real solutions (4.14), one has
to split the sum in k into two separate contributions as
explained in [19]: The terms with £|k| < concentrate
around X; = X;, independently of k. On the other hand the
terms with £|k| ~ 3 behave drastically different depending
on the boundary conditions. In the Neveu-Schwarz sector
consecutive terms in k do not contribute because of
antiperiodicity, while in the Ramond sector the real
solutions X;; become densely distributed and give rise to
a completely nonlocal contribution. Finally, the modular
conjugation has the contribution of the complex solution,
which in this limit has real part given by

(4.29)

This equation is ill-defined when f§ — oo, so we carefully
proceed as follows. We see that ¥ oscillates rapidly around
the circle as we shift x, suggesting that one should take an
average around the circle rather than a fixed X. In fact, we
can consider instead an operator y(f) where f is a test
function with support narrowly centered around x. Then,
for large S, the contribution of the complex solution is

V. For x € V3 we see that there are n — 1 real solutions and one

1 dy
m/ ) [

We get indeed a contribution averaged over the circle on the
second world. Up to a normalization factor this does not
depend on f, which can now be taken arbitrarily narrow
and ultimately justifies our previous guess. Notably,
because of antiperiodicity (4.30) vanishes in the Neveu-
Schwarz sector, so there is a second world contribution
only in the Ramond sector. Summing up, we have that the
f — oo limit of the modular conjugation for the antiperi-
odic sector is

(y + z—) Q). (4.30)

Jw(x)J:%”i%cscE(x-xi)}zw(xi)zi (431)

i=1

while for the periodic one

s =25 eon [ (x-x) |2 ()2

i=1
_/dy 1

v fSinh[L( (x) = z(y) +in)]
/ 22wty +iB/2)7".

(4.32)

Zy'(y)Z*

cosh [ 2/Z

In the second term of (4.32) there is an implicit principal
value in the integral over y, due to the fact that we have
summed the Z|k| < f terms separately. We also mention
that we have obtained the same result by first taking the
limit in (4.12). There we use quasiperiodicity and sum in k
in a similar fashion and then compute the modular con-
jugation. Doing so we obtain the third term of (4.32)
without invoking a test function.

The absence or presence in either case of a second world
term is remarkable. It is not surprising however if we
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remember that the zero temperature state of the Ramond
sector is a mixture of two-independent vacuum states due to
the presence of a zero mode. We still have to somehow
purify the state, and thus enlarge the algebra. To that end
we can think of it as a thermal state with arbitrarily large
inverse temperature £ and then use the GNS construction as
before. In fact this is the only surviving term of the modular
conjugation in the limit # — L. There the algebra A()
becomes a global algebra with trivial commutant in the
Neveu-Schwarz sector, while in the Ramond case the
algebra is enlarged and the modular conjugation simply
maps the algebra to

JAUYI = ZAZF = AU), (4.33)
as it should be. The nonpureness of the Ramond zero-
temperature state also manifests similarly as a log2 con-
tribution to the entropy, as shown in [19,33].

V. FINAL COMMENTS

In this paper we computed a new modular conjugation,
namely that of a free massless fermion in 1 + 1 dimensions
for multicomponent regions on the torus. We followed
an analogous method to the one we had employed in the
plane in our previous work. As expected, this modular
conjugation shares very similar geometrical features with
the modular flow, the most remarkable one being the
nonlocality even present for the case of a single interval.
We also studied explicitly the limits of this result when
the region is the whole circle and when either one of the
periods or both approach infinity, recovering in the latter
case the previously known result.

When compared to the case of the plane however, a novel
contribution to the modular conjugation associated to a
complex solution to the complex modular flow trajectories
appears. We argued that the operators y (X + i#/2) should
be associated to the algebra Al , sometimes identified as a

“second world”, related to the GNS construction that comes
into play with thermal states. The modular conjugation
must map the algebra to its commutant, and since the GNS
construction enlarges it, one can expect this contribution to
be present.

In fact, this term given by the complex solutions of the
trajectories appears whenever we have a mixed state. It is
natural then that it arises in the torus where we are dealing
with a thermal state, as opposed to the case of the plane
where we simply have the vacuum. We have also seen that
it is present in the circle at zero temperature but only in the
Ramond sector. This is because the Ramond sector has a
zero mode and then two linearly independent vacuum states
appear, which are mixed in the zero temperature state. We
may still think of this state as being thermal with arbitrarily
large inverse temperature f and then use the GNS con-
struction machinery. In any case, this novel term in the

modular conjugation is there to remind us that we are
dealing with a nonpure state and thus needs to be purified
somehow to use the Tomita-Takesaki theory.
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APPENDIX: SOME PROPERTIES OF z

In this appendix we prove the bound for the imaginary
part of z. We will do so invoking the Weierstrass functions
and some of its basic properties. Let us first show that Im z
is a monotonous function in Z, the length of V. That is, we
will show that the imaginary part of the integrand in (4.10)

Im [(x + iy) — /%C(i/)’/Z) = I(x + iy),

(A1)
satisfies 7(x 4 iy) < 0 when we restrict to 0 <y < f3/2.
As a function of x with fixed y, we can use the addition
theorem for @ to find extrema of Im{ (note that

p(x), pliy) €R)

Im¢ (x + iy) = S )]zlm(p’(iy)). (A2)

1 o)
2[p(x) — p(iy

Since x = L/2 is a zero of ¢'(x), it must be an extremum of
Im . In fact, one can see it is a maximum and, moreover,
because of periodicity x = L/2 gives its global maximum

Im{(x + iy) <Im¢(L/2 + iy). (A3)
Note that we could have picked x = 0, but we would have
got a minimum instead. Now we show that

2

d
ﬁI(L/2 +iy) = Img/'(L/2 + iy) > 0,
y

(A%)
i.e., it is a convex function of y: ¢/(L/2 + iy) is imaginary
and o' (L/2) = ¢'(L/2 + i3/2) = 0, with no other zeros in
the interval. The fact that ¢/(L/2) is a simple zero and
©(L/2) aminimum implies that Img'(L /2 + iy) is positive
for 0 <y < p/2.

Finally note that since {(x) is real, I(x) = 0. Also since
©(x+ip/2) is real, and hence Im{(x + if/2) constant,
I(x+if/2) = 0. A continuous function which is convex
and nonvanishing within an interval and approaches zero at
its ends, is necessarily negative. So we have proved our
initial claim

085003-10



MODULAR CONJUGATION FOR THE CHIRAL FERMION IN ...

PHYS. REV. D 108, 085003 (2023)

Im

. y .
)= (lﬂ/Z)]

<Im|C(L/2 4 i) = 25 L82)| <0, (89

It is then clear that Imz has its maximum when V is
arbitrarily small and its minimum when V is the whole
circle. In the first case, trivially z = iz, while in the second
case we readily find (up to an irrelevant real constant)
z(u) = 27—}” Hence, we conclude
0<Imz(u) <n (A6)
for 0 <Imu < /2. Finally we remark that from
I(x +i0%) = —z8(x) and I(x + if/2) = 0 it follows that
Imz(x +if/2) = x, while z(x) :=lim,_o+ z(x + iy) has
imaginary part 0 when x €V and = when x € V.

We have also claimed Rez(x + if/2) is monotonic.
We have

£6p/2)
iB/2 |’

Z(x+if)2)= /V dr {—go(x—t—l—iﬂ/Z) - (A7)

For a rectangular lattice the integrand has its minimum
when x — ¢ = L/2. Then we can expand the Weierstrass
functions in terms of the nome g = ¢~/

¢(ip/2)
ip/2
4] q = (=1)"ng*"
s 210gq+(1+Q)2_Z 1—g>

—p(L/2+iB/2)—

(¢"+q7")| >0.

n=1

(A8)

We have verified numerically that the expression is indeed
positive for all 0 < ¢ < 1, implying that the integrand of 7’
is positive definite and hence z(x + zg) is monotonically
increasing for all x.
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