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1 Introduction

The modular (entanglement) Hamiltonian K, introduced within the Tomita-Takesaki modular
theory [1-5], is a crucial operator to investigate in order to understand the entanglement
associated to the spatial bipartition of a quantum system. Another important object in the
Tomita-Takesaki modular theory is the modular conjugation, usually denoted by J. The
operator K, which depends both on the bipartition and on the state of the whole system,
generates a unitary evolution of the fields known as modular flow. In general K is non-local
and displays a very complicated structure; hence its explicit form is known is very few cases.

For the sake of simplicity, we consider only two-dimensional relativistic field theories in
the Minkowski spacetime M = R, x Ry, parameterised by the pair (x,t), where z and ¢ are
the spatial and temporal coordinates respectively. In this setup we investigate the deeply
related concepts of causality (the sign of the Minkowski spacetime distance between two
events) and locality of quantum fields whose evolution is generated by the entanglement
associated to the bipartition of the system.

The first crucial result for K has been obtained by Bisognano and Wichmann [6, 7] for a
generic local relativistic quantum field theory in its ground state and the spatial bipartition
of the real line in two halves, namely R, = R_ UR,, where R, and R_ correspond to the
positive and negative real numbers respectively. In this case, the operator K coincides with
the generator of Lorentz boosts in M. The corresponding modular flow has a well defined
geometric action that allows identifying modular trajectories for the local fields belonging
either to the right Rindler wedge Wy = {(z,t) : @ > [t|} or to the left Rindler wedge
W_ = {(z,t) : < |t|}, depending on the initial position of the local field on R,. Since the
Lorentz boosts are isometries of the Minkowski metric, this modular flow clearly preserves
relativistic causality. Also the modular conjugation J has a geometric action (relating YW, and
W_) given by the reflection with respect to the origin, combined with the charge conjugation.

Conformal field theories (CFT) in two spacetime dimensions (see e.g. [8-10]) provide an
important class of relativistic quantum field theories where some modular Hamiltonians have
been found in explicit form. The most important example has been studied by Hislop and
Longo [11] (see also [12, 13]) and consists of a free massless scalar in M and in its ground state,
whose space R, is bipartite by a finite interval A, and its complement B,. This case has been
explored by combining the Bisognano-Wichmann result with a conformal mapping sending
e.g. Ry into A, and R_ into B,. The image of W, under this mapping is the causal diamond
D4 whose horizontal diagonal corresponds to the interval A,. The modular flow crossing A,
remains in D4 and preserves relativistic causality [14]; indeed, in this case the modular flow
can be written as a composition of global and non-singular conformal transformations [11-13].

The situation is more complicated for the image of WW_ because in this domain the
conformal map has singularities and therefore induces singularities also in the flow generated
by K that crosses B,. In this case, the analysis of relativistic causality along this flow is
more subtle, as discussed in section 2. The geometric action of the modular conjugation,
relating the flows across A, and B,, and the two-point correlation functions of primaries
evolving along the flow generated by K are also described [2, 15]. In section 2 we also study
the properties of the spacetime support of the commutator of certain combinations of primary
fields, discussing the relation between the flow generated by K and the Tomita-Takesaki



modular theory. In two-dimensional CF'T, the modular Hamiltonian of the bipartition given
by an interval is known in a few other cases, including one at finite temperature [16, 17]. In
section 3, the analysis of the spacetime distance between two points along distinct modular
trajectories in D4 is extended to the case where the left and right moving excitations have
different temperatures, finding that relativistic causality is preserved.

In the second part of this manuscript (see section 4) we investigate the bipartition of
the spatial real line R, provided the union of two disjoint intervals A, = A; , U As, and its
complement B, on the line. Considering a generic CFT on the line and in its ground state,
while the expression of the modular Hamiltonian for a single interval holds for any CFT
model, the modular Hamiltonian for the union of two disjoint intervals is model-dependent.
For the massless Dirac field, this operator and the corresponding modular flow for the field
have been obtained by Casini and Huerta [18] within the framework developed by Peschel [19]
for the underlying lattice model, while the modular correlators have been found in [20] (see
also [21]). The crucial difference with respect to the single interval case is that this modular
Hamiltonian for the union of two disjoint intervals is non-local because it involves a bilocal
contribution. This term affects the modular flow of the massless Dirac field in a relevant
way and, consequently, also its anti-commutator. In particular, the modular flow of each
chiral component of the massless Dirac field is a mixing of two fields and it involves both the
intervals, although at the beginning of the flow the field is localised only in one interval [18].
The spacetime distance between two points along two distinct modular trajectories describing
the modular flow of the massless Dirac field is also explored, finding that relativistic causality
is preserved along this evolution. Nevertheless, because of the bilocal term in the modular
Hamiltonian, some Dirac delta contribution occur in the anti-commutator of two modular flows
of the massless Dirac field; hence this modular evolution does not respect local commutativity.

In this paper we study the causality properties of the evolution generated by K in
the conventional Minkowski spacetime M, where only the infinitesimal special conformal
transformations are well defined. In order to implement the action of generic finite special
conformal transformations, a compactification M of M must be introduced. It is known [8,
9, 12, 22, 23] that such compactification (often called Dirac-Weyl compactification) is given
by M = (S x S)/Zs, where S is the unit circle. However, since this manifold is not causally
orientable, the universal covering M of M given by M=S xR is employed [8, 12, 22]. Thus,
conformal invariance naturally leads to consider a spacetime with the geometry of a cylinder.
It is worth mentioning that, from the group theoretical point of view, the time ¢. on M
is associated to the conformal Hamiltonian %(Po + Kj) rather than to the Hamiltonian P
in M, where Kj is the generator of the special conformal transformations. The physical
impact of employing the conformal time t. in 3 + 1 dimensional Minkowski spacetime has
been explored in [9, 23].

The outline of the paper has been mainly described above. Besides the sections already
mentioned, some conclusions are drawn in section 5 and in appendices A, C, B and D some
technical details and further discussions supporting the analyses in the main text are reported.



2 Interval in the line, vacuum state

We consider a unitary CFT in 1 4+ 1 Minkowski spacetime M = R, x R;. A generic point
(z,t) € M can be equivalently characterised by its light-cone coordinates

ur =x+t (2.1)

along the two independent chiral directions. A CFT on M is the tensor product of a sector
of right (depending on u4 ) and left (depending on u_) moving excitations [24]. Hence, it is
convenient to study first the quantity of interest along a single chiral direction parameterised
by u € R (the indices + are often removed without ambiguity in order to enlighten the
notation) and then describe its complete expression in M by properly combining the results
along v = uy and v = u_. Denoting by ¢4 (us) and ¢_(u_) the generic right and left
chiral primary field respectively, with conformal dimension hy and h_ respectively, all chiral
primary fields can be treated simultaneously by adopting the notation ¢(u) for the field and
h for its conformal dimension, assuming that it corresponds to either ¢ (uy) or ¢_(u_),
with either h = hy or h = h_ respectively. Unitarity implies that A > 0.

2.1 Chiral modular evolution and modular conjugation

A compact connected interval A, C R, defines a bipartition A, U B, = R, of the system,
where B, is its complement in the spatial direction. We denote by Dy = {(uy,u_) |us € A}
the causal diamond generated by A, (see the grey domain in figure 3), whose orthogonal
projections along the chiral axes R, (parameterised by u) define the interval A = [a, b]
and its complement B along each chiral axis. This uniquely identifies the corresponding
spacetime domain B4 = {(u4,u_)|us € B} (see the light blue region in figure 3). In the
limit b — +o00 the spacetime regions D4 and B4 become the right and left Rindler wedges
respectively, while for a — —oo they become the left and right Rindler wedges respectively.
The entanglement Hamiltonian K induced by the bipartition A U B and associated
with each chirality is [11, 13]
+00
K= V(u)T(u)duzKA®lB—1A®KB (2.2)
—0o0
where T'(u) is the chiral component of the energy density (i.e. either T4 (uy) or T_(u_))
and the weight function reads

1% =2 = 2.3
(1) T b—a w'(u) (2:3)
being w(u) defined as
1 u—a
— 1 A
2 Og(b — u) we
w(u) = (2.4)
1 | <u — a> cB
— lo u
27 & u—2>
whose inverse in each subsystem reads respectively
4, a+be?™C 1. a—Dbe¥e¢
wy (O = o wp (O) =T (eR. (2.5)



The weight function (2.3) is obtained through a conformal map from the full modular
Hamiltonian of half line, found by Bisognano and Wichmann [6, 7] for any unitary and
Lorentz invariant quantum field theory, as reviewed in appendix A.1.

The commutation properties of the energy-momentum tensor 7" with any primary field ¢
with dimension h allow to derive the evolution of ¢ generated by (2.2). Denoting by 7 € R
the modular evolution parameter, it reads

d(r,u) = ™K p(u) e K = [9,¢(r,u)]" ¢ (£(r,u)) (2.6)

where ¢(u) defines the initial configuration and £(7,u) can be written in terms of (2.4)
and (2.5) as follows [11, 12]

5(7—’ u) =

(2.7)

(b—u)+ (u—a)e* —1

(b—u)a—l—(u—a)bezw:{wgl(w(u)‘FT) ucA
wg (w(u) + 1) u€eB.

At a given 7 € R, the expression (2.7) has the form u — i;‘ig with ad — bc = (b — a)?e?™.

With a slight abuse of terminology, in the following we call K full modular Hamiltonian

and (2.6) modular evolution of ¢. Indeed, as explained in section 2.6, the K-evolution
generated by (2.2) can be related to the Tomita-Takesaki modular theory only for primaries
with dimension h € N and h € N 4 % However, the correlation functions of (2.6) are well
defined and satisfy the Kubo-Martin-Schwinger (KMS) condition for a generic h > 0, as
discussed in section 2.2.

The expression (2.7) describes the evolution of the initial point v as 7 € R; indeed
€(0,u) = u and it satisfies

V(E)
V(u)

Or&(m,u) = V(§) Ou& (T, u) = (2.8)
where V' (u) is the weight function (2.3). An interesting property of (2.7) is that £(—7,&(7,u)) =
u, which supports further the fact that £(7,u) describes a proper evolution. Moreover, (2.7)
is invariant under the transformation that simultaneously exchanges a and b and replaces
with — 7. The entangling points at v = a at u = b, that characterise the bipartition along
the chiral direction, do not evolve; indeed, £(7,a) = a and &(7,b) = b for any 7 € R.

We remark that, for any 7 € R, we have {(7,u) € A for u € A and {(7,u) € B for u € B.
In figure 1, three examples of modular evolutions along the chiral direction given by (2.7) are
displayed in the plane parameterised by (&, 7), where the light grey strip corresponds to € A.
They are the solid lines and their initial points are the dots having the corresponding color.

While the map (2.7) is regular for any u € A, it is singular for v € B. Indeed, the
denominator in (2.7) is strictly positive for any 7 € R when u € A, while for u € B it has
a first order zero at 7 = 7p(u) given by

TB(u)zllog(u_b) u€B. (2.9)

The horizontal dashed lines in figure 1 indicate the asymptotic value (2.9) corresponding to
the initial points u € B. We remark that (2.7) solves the differential equations (2.8); hence,



Figure 1. Modular evolutions along the chiral direction in the plane (£, 7) given by (2.7), whose
initial points correspond to the dots. Any horizontal dashed line is obtained from (2.9) for the initial
point in B having the same color.

while it holds for any 7 € R when u € A, it cannot be extended to any 7 € R when u € B
because a divergence occurs for 7 = 7p(u) given by (2.9).

By introducing ug = —d/c = (a e — b)/(e**™ — 1) to denote the singular point of (2.7)
for an assigned 7 # 0, we have that a —ug = (b—a)/(e*™ —1) and ug—b = (b—a)/(e 2™ —1);
hence ug < a for 7 > 0, while ug > b for 7 < 0; hence ug € B.

For later use, let us write the second expression in (2.8) more explicitly as follows

b—a

b—u)e ™ + (u—a)e™’

Du&(T,u) = q(1,u)? q(r,u) = ( (2.10)
Notice that ¢(r,u) > 0 for any 7 € R when u € A, while for u € B we have that ¢(7,u)
diverges and changes sign at the finite value 7 = 75(u) given by (2.9), where the denominator
of ¢(7,u) in (2.10) vanishes. In the limit b — 400 where A becomes the half line, we have
that ¢(7,u) — €™7; hence in this limit ¢(7,u) is not singular anymore.

The fact that (7, u) for u € B has the horizontal asymptote at 7 = 75(u) tells us that the
proper setup to consider to observe the same qualitative behaviour for the modular evolutions
in A and B is a chiral CFT compactified on the circle, which is discussed in appendix B.

By applying (2.6) to the primary fields ¢ in the two different chiral directions, one obtains

G+ (Tyus) = [Ouy &4 (T, Uiﬂhiﬂﬁi(é}(ﬂ u+)) §x(T,u) = &(£7,u) (2.11)

where the notation described at the beginning of this section has been employed.

In the Tomita-Takesaki modular theory [1, 2] the fundamental modular objects are the
self-adjoint and positive modular operator A = e ¥ where K is the full modular Hamiltonian,
and the antiunitary modular conjugation operator J. In the setup explored throughout this
section, J has a geometric action implemented by the real function j: R — R that can be
obtained by setting 7 = £i/2 in (2.7) and reads [2]!

2
b—a
, a+b ( 2 )
j(u) = pan) (2.12)
2 u—%

'The two-dimensional case of eq. (V.4.34) in [2] corresponds to (2.12) for b = —a = 1.



which is a bijective and idempotent function sending A onto B (see [15, 25] for recent
discussions). From (2.12), we have that j(u) < a for u € (a, %), while j(u) > b for
u € (42,b).

The map (2.12) is invariant under a <> b and satisfies j'(u) < 0. Notice also that (2.3)
and (2.12) are related as follows

F(w) V() =V(j(u)). (2.13)

Moreover, (2.7) and (2.12) commute, namely

i(€(r,u)) = &(7,j(u)) (2.14)

that will be used in section 2.4 and section 2.5.
The action of the modular conjugation J on the primary fields of a chiral CFT (see
e.g. [26]) is written in terms of (2.12) and reads

Jp(u) J =7 (u) ¢*(j(u)) . (2.15)

A remarkable simplification occurs in (2.12) in the limit b — 400, where A becomes the
right Rindler wedge; indeed j(u) —a — a — u as b — 400, i.e. a reflection with respect to the
position of the entangling point. Consequently, j'(u) — —1 as either b — +o00 or a — —oc0.

2.2 Chiral modular correlators

A crucial role in our analysis is played by the modular two-point functions.
The two-point function of the chiral primaries ¢+ with dimension hy > 0 read

e:FiWhi

(% (ur) d+(uz)) = (Pp+(u1) ¢% (u2)) = (2.16)

27 (uy — ug F ie)2h=
where the normalisation constant adopted in [21, 27] has been employed.

The modular two-point function for the chiral primaries can be written by combining (2.6)
and (2.16) [20, 21]. In order to write its expression in a convenient form, let us introduce
the following function

1
(u1 —u2) R(T;u1,u2)

W(r;uy,us) = (2.17)

where
e271'111(u1)-|—7r7' _ e?ﬂw(uz)—ﬂ'r

R(75u1,uz) = (2.18)

e2mw(u1) _ g2mw(uz)

We remark that (2.17) is well defined for u; # ug and that (2.18) satisfies R(0; u1,u2) = 1.
Notice also that the limit 7 — 0 and the limit us — uy of R(7;u1,u2) in (2.18) do not
commute; hence this function is not jointly continuous. By introducing 79 = 7 — 79, the
crucial property we need is that, for 719 # 0 and uy # ug, the expressions in (2.7) and (2.17)
are related as follows

0u, &(71,u1) 0uy € (T2, u2)
[€(r1,u1) — E(m2,u)]?

= W(Tlg;ul,UQ)Q. (2.19)



It is worth remarking that the dependence on 712 in the Lh.s. of (2.19) is not obvious and also
that the singular behaviour of 9,,£(7;, u;) at 7; = 7(u;) for j € {1,2} discussed in section 2.1
(see (2.9) and (2.10)) does not occur because their denominators simplify in the ratio.

Combining (2.19) with (2.6) and (2.16), one finds that the modular two-point function
of the chiral primaries reads

e:Fiﬂ'h:t
27

<¢*;|:(7—17U1) ¢:I:(T2,U2)> = W;t(:l:Tlg;ul,UQ)zhi (2.20)

where we have introduced the following distributions

eQﬂw(ul) _ e27r'w(uz) 1
Wi (T;u1,u2) = — T e T e (2.21)
We remark that the following property
Wit £iju1,u2) = Wa(—7;ug,u) (2.22)

which is satisfied by (2.21), guarantees that (2.20) fulfils the KMS condition, a fundamental
characteristic feature of any modular flow [2].

The distributions in (2.21) provide also the modular two-point function of the chiral
components of a conserved current j+. The chiral fields ji, which have dimension h;, =1
and generate the U(1) transformations, satisfy the following commutation relations [24]

25 (- ) (2.23)

[]i(u) ) ji(v)]_ =Fi o

where & is a real constant and the r.h.s. is known as Schwinger term. The modular correlators
of j1 can be expressed in terms of (2.21) as follows [21]

K

(Je(T1,u1) ja(m2,u2) ) = ) Wi (£712; uy, ug)? (2.24)

which is proportional to (2.20) specialised to hy = 1.
A crucial role in the subsequent discussion is played by the finite value 7 = 7y where the
function R(7;u1,u2) in (2.18) with u; # wug vanishes, which is given by

To(ut,uz) = w(ug) — w(uy) . (2.25)
This expression satisfies also the following equivalent conditions
ug = &(7o,u1) up = &(—7o, u2) . (2.26)
Let us also observe that (2.7) and (2.18) are related through the following condition
R(r;u,&(T,u)) =0. (2.27)
An important limiting regime to consider is given by b — 400, where (2.18) simplifies to

—TT

(up —a)e™ — (ug —a)e

lim R(7;ui,u2) = (2.28)

b—4o00 Uy — U2



2.3 Commutator of the currents

A universal quantity that we find it worth considering is the commutator of the modular
evolution of the chiral components of the conserved current. Under the reasonable assumption
that this commutator gives a complex number (whose validity is checked in section 2.4,
where this commutator is obtained through the modular flows) it can be obtained from the
modular correlators (2.24) as follows

[Ja (T, u1), Ja(mo,u2) | = (Ja (71, w1) (72, u2) ) — (Ja (72, u2) ji (71, u1) ) (2.29)
K (e27rw(u1) _ eZﬂw(uQ))Q 1
T 4n2 (uy — up)? (e2mw(w)Enms _ g2mw(u2)Frms  je)?

1
B (e2mu(u1):i:7r7'12 — e2mw(u2)FrTi2 4 i€)2 } ‘

Taking the limit ¢ — 0T of this expression in the sense of the distributions and employing

the identity m = L +ind(u), we find
: 2nw(ur) _ 27w(u2)
[ (i) s ja(royuz) | = F — (e : ) §' (ePretm)Emnz _ gmw(u)Frmz)
- 2T UL — U

(2.30)
where the derivative of the Dirac delta with respect to its argument occurs and the function
multiplying ¢’ is independent of 715 and non vanishing for u; # us.

The derivative of the Dirac delta in (2.30) can be written by employing the follow-
ing formula

20U @) _ G(z;) Y 27 N ) R
o5 _;f'(xjﬂf’(fvj)’ [815( 2 (G(fﬁj) f’(ij))CS( ])] (231)

where the sum is performed over the zeros x; of f(z) such that f'(z;) # 0. The derivation

of (2.31) is reported in appendix C.

The identity (2.31) can be applied to the r.h.s. of (2.30), by identifying f and G
respectively with the argument of ¢’ and the function multiplying ¢’ in (2.30), with w(u)
given by (2.4). Then, considering us as the variable z in (2.31), from (2.18) and (2.27) we
have that the sum in the r.h.s. of (2.31) contains only one term corresponding to the zero of
the argument of ¢ in (2.30), i.e. ug = £(+712,u1). As for the expression within the round
brackets multiplying §(x — x;) in the r.h.s. of (2.31), it vanishes identically in this case. Thus,
the identity (2.31) leads us to write the commutator (2.30) as

[je(m,u), (2, u2) |- =+ i% Ouy §(£T12,u1) Ouy0(uz — E(£712,u1)) - (2.32)

When 7 = 79 = 7, this commutator becomes
. ) R
[Jx(Tyur), ja(Toug) | = Fig & (ug — ug) (2.33)

which extends (2.23) to any allowed value of the modular parameter. In section 2.4, the
commutator (2.33) is obtained by combining ji (7,u) = 5™ ji (u) e T and (2.23), without
the initial assumption on the commutator made at the beginning of this derivation.



The Lh.s. of (2.32) is antisymmetric under exchange 1 <» 2 by definition, while this
feature is not manifest in the r.h.s. of the same equation. This is because us as been chosen
as the variable z in the application of (2.31); indeed, the antisymmetry under exchange 1 <> 2
is still manifest in both the sides of (2.30). In order to write the r.h.s. of (2.32) in a form
where the antisymmetry under exchange 1 <> 2 is manifest, first the procedure after (2.30)
must be repeated by choosing u; as the variable z in the application of (2.31) and then the
resulting expression has to be properly combined with the Lh.s. of (2.32). This leads to

[jx(m,ur), je(m,u) ] ==+ i% {&uﬁ(iﬁz,ul) Dy (ug — E(£T12,u1)) (2.34)

- 811,2&-(:‘:7—213 UQ) 8u15(U1 - €(i7-217 UQ)) }

which is manifestly antisymmetric under exchange 1 <> 2 in both its sides. Notice that us =
&(£712,u1) and uy = £(£721, u2) are the same equation because (2.7) satisfies {(—7,&(T,u)) =
u, as already remarked in the text below (2.8).

2.4 Chiral distance along the modular evolutions

The results discussed in section 2.1 and section 2.2 allow us to explore £(71,u1) — &(72, u2),
which can be considered as the chiral distance between the modular evolutions of two generic
points along the chiral direction (with a slight abuse of terminology because this quantity can
be negative), for independent values of the modular parameter in the two distinct evolutions.
By employing (2.17) in (2.19), we find that this chiral distance can be written as follows

&(t1,u1) — &(ma,uz) = R(112; U1, u2) q(71,u1) q(12,u2) (U1 — ug) (2.35)

in terms of the functions introduced in (2.10) and in (2.18).
It is instructive to consider the limiting regimes of (2.35) given by u; = ug and 71 = 7».
For u; = ug = u, since from (2.18) we have

glgt R(T;u,v) (u—v) = Sm (2.36)
the chiral distance (2.35) in this limiting regime simplifies to
&(m,u) — &(m,u) = %q(ﬁ, u) q(12,u) V(u) sinh(7112) (2.37)
which vanishes when 7 = 7, as expected.
For 11 = 75 = 7, since R(0;u1,uz) = 1 the chiral distance (2.35) becomes
§(7u1) — &(7,u2) = q(7,u1) q(7,u2) (u1 — u2) (2.38)

which vanishes as u; = ug, as expected. Since g(7,u) > 0 for u € A (see (2.10)), when u; € A
and ug € A we have that &(7,u1) — £(7,u2) and u; — ug have the same sign. An example of
this case is illustrated in the left panel of figure 2, where each coloured square indicates the
modular evolution of the corresponding initial point (denoted by the dot having the same
colour) and the horizontal dashed magenta segment denotes the chiral distance between them.
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R

Figure 2. The chiral distance (2.35) between the points (red and blue squares) belonging to two
distinct chiral modular evolutions whose initial points (red and blue dots) are in A (see also (2.39)),
for either 7 = 7o (left panel) or 74 # 72 (right panel).

Instead, in the mixed case where for instance u; € A and ug € B, the factor q(7,u1) q(7, u2)
diverges at 7 = 7p(u2) (see (2.9)) and the Lh.s. of (2.38) changes sign at this value of 7. When
both u; € B and ug € B, the factor ¢(7,u1) ¢(7,u2) diverges at 7 = 7p(u1) and 7 = 75(u2);
and a change of sign occurs in the Lh.s. of (2.38) at both these values of 7.

When u; € A and ug € A, from (2.10) and the fact that g(7,u) > 0 for u € A, we
have that (2.35) can be written as follows

£(r1,ur) — E(ma, uz) = R(ri2; ur, uz) /O, €(11, u1) Dug€ (2, ua) (ur — up) (2.39)

hence the sign of £(71,u1) — (72, u2) coincides with the sign of R(112;u1,u2) (u1 — u2).

In the right panel of figure 2 an example illustrates the geometrical meaning of the l.h.s.
of (2.39) when 71 # 75 and both u; and wugz belong to A. The blue and red solid lines within
the light grey vertical strip describe the modular evolutions whose initial points u; and uo
are the blue and the red dots respectively. The blue and the red squares denote the generic
points along the corresponding modular evolution, at some values 7 and 7 of the modular
parameter respectively. The difference in the Lh.s. of (2.39) corresponds to the horizontal
dashed magenta segment, whose sign depends on the horizontal projection of the segment
connecting the two squares. In particular, it vanishes when the blue square coincides with
the blue rhombus (see the vertical dashed orange segment).

In figure 2 (where the vertical dashed grey line indicates the center of A, given by u = %H’),
the images of the two initial points in A (blue and red dots) through the map (2.12) are the
empty circles having the same colour. The corresponding modular evolutions (see the yellow
and green solid curves) are obtained from (2.7) and (2.14) and belong entirely to B. The
horizontal dashed straight lines having the same colour indicate their asymptotic values (2.9).

When u € A, from (2.9) and (2.12), for later use (see (2.47)) we find it worth introducing

Ta(u) = 15(j(u)) = % log(z:Z) = —w(u) ueA (2.40)
which satisfies
£(ra(u),u) = ;r b ue A (2.41)

hence in figure 2 the value (2.40) corresponds to the intersections between the vertical dashed
grey line and the solid curves within the light grey strip.
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The derivation of the commutator (2.32) through the modular flow of the currents ji is
an instructive application of (2.35). From (2.11) with hy = 1, the modular flow of j4 reads

Jx (T, u) = 0uéx(1,u) jx (Ex(T, 1)) - (2.42)

This allows to study the commutator (2.32) without employing the corresponding modular
correlators (as done in section 2.3), finding

[Ja(T1,u1), j+(m2,u2) | = Oy, &4 (T1,u1) Oupa (T2, u2) [ Ja (Ex(T1,w1)) 5 Ja (§x (T2, u2)) |
= ii% Oy Ex(T1, u1) Dup € (T2, u2) &' (Ex(T2, u2) — Ex(T1, 1))
(2.43)

where the argument of ¢ is given by (2.35) and &4 (7, u) = £(&7, u) (see (2.11)). The argument
of ' in (2.43) is the chiral distance (2.35); hence its vanishing condition can be studied
by employing (2.27) and this leads to

§(r1,u) — §(72,&(T12,u)) = 0. (2.44)

This condition is the modular counterpart of the corresponding result for the standard
evolution without the bipartition of the line, where £(t,z) = x + vt for some velocity v.

The expression in (2.43) can be rewritten by applying (2.31) to this case. Setting x = us
as the independent variable, we have f(x) = &4 (72, u2) — &+ (11, u1) and G(x) = Oy, &4 (T2, u2).
Then, (2.44) implies that f(z) has a single zero given by x; = (712, u1). In this case it is
straightforward to realise that the expression within the round brackets multiplying the Dirac
delta in the r.h.s. of (2.31) vanishes identically, as already mentioned in section 2.3. As for
the ratio multiplying the square brackets in the r.h.s. of (2.31), its expression specialised
to this case combined with the fact that (2.7) satisfies

aulg(Tla ul)

au1§(7'12,U1) - auzg(TQaUQ) ug=£(T12,u1)

(2.45)
hence (2.32) is obtained. We remark that the finiteness of 9,£(7,u) (see (2.10)) is an
important assumption throughout the above analysis.

2.5 Modular trajectories

In the Minkowski spacetime M = R, x R; parameterised through the light-cone coordi-
nates (2.1), consider the spacetime domains D4 and B, introduced at the beginning of
section 2.1.

The modular trajectory associated to a point P € D4 U B4 having light-cone coordinates
(u4,u_) is the curve in D4 U B4 made by the points P(7) parameterised by 7 € R, with
light-cone coordinates obtained from (2.7) and whose spacetime coordinates are

33(7') _ 5(7-7 u+) + g(_Ta u*) t(T) _ 6(7-7 u+) - g(_7_7 u*) (2.46)
2 2
which satisfy the initial condition P = P(7 = 0) because {(7 = 0,u) = u. Since {(7,u) € A
for u € A and &£(7,u) € B for u € B, as already mentioned in section 2.1 (see figure 1), we
have that P(r) € D4 when P € Dy and that P(7) € B4 when P € By.
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Figure 3. Modular trajectories (solid curves) in the diamond Dy (light grey region), whose initial
points correspond to the black dot and the black square, and the corresponding modular trajectories
(dashed curves) in By (light blue region), obtained through the geometric action of the modular
conjugation, which relates dashed and solid arcs having the same colour. The union of each modular
trajectory and of the corresponding modular trajectory obtained through the modular conjugation
map (see (2.49)—(2.50)) gives the hyperbolae (2.51)—(2.52).

The spacetime region B4 is naturally partitioned as B4 = Wr UW, U Vy U Vp, where
Wr = {(ug,u_) Jux > b} and Wy, = {(uq,u_) |us < a} are right and left Rindler wedges
respectively, while Ve = {(uy,u_)|ugp > b,u_ < a} and Vp = {(ug,u_) |uy < a,u_ > b}
are a future and past cone respectively. The subindices R, L, F and P correspond to right,
left, future and past respectively. By employing the modular conjugation map (2.12) for
both the light-cone coordinates, it is straightforward to observe that this partition of B4
uniquely induces the partition D4 = Dy U Dy, U D U Dy of the diamond D4 made by four
smaller diamonds, where each Dy with k € {R,L,F,P} is the image through the modular
conjugation map (2.12) of the subset of B4 labelled by the same subindex. Each Dy contains
only one vertex of D4 which is shared with the corresponding subset of B4 having the same
subindex. This partition of D4 is indicated by the dashed black segments in figure 3, which
intersect in the center of the diamond, whose light-cone coordinates are uy = u_ = aTH’.

Each modular trajectory belongs either in D4 or in By, depending on whether its initial
point is either in Dy or in B4 respectively, and these partitions of D4 and B4 naturally
induce on any modular trajectory a partition made by at most three arcs. Considering a
point P € D4 as initial point, the corresponding modular trajectory belongs to D4, namely

P(7) € D4 for any 7 € R. If the modular trajectory P(7) does not coincide with the vertical

a+b
2

it is convenient to introduce the partition R = (—oo,75) U [75,75] U (15, +00) for the
values of 7 such that P(7) € Dy for 7 € (—00,7y), P(7) € Dy for 7 € (75, +00) and either

segment at r = passing through the center of D4 and joining its top and bottom vertices,
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P(t) € Dy or P(1) € Dy, for 7 € [75,77], depending on whether P belongs to either the
right half or the left half of the diamond Dy4 bipartite by the vertical segment joining its top
and bottom vertices (this bipartition of D4 is employed also in appendix A.2, as indicated by
the dashed brown segment in figure 16). By specifying (2.40) to the light-cone coordinates
of the initial point P, we obtain TE as follows

5 = min{7a(us), —7a(u_)} 77 = max{7a(us),—Ta(u_)}. (2.47)

In the special case where the initial point P is on the vertical line x = “TH’, the
corresponding modular trajectory is a vertical segment belonging to the same line (see
the dashed brown segment in figure 16). This segment contains the center of D4 and is
bipartite into two segments lying in Dp and Dg. In this case 74(u4) = —74(u_) and therefore,
from (2.47), we have that 7§ = 75, which characterises the point where the bipartition of
the modular trajectory occurs. In figure 3, we show two modular trajectories in Dy (see the
solid curves) whose initial points are indicated through the black dot and the black square.
Since these initial points do not have x = %‘H), the corresponding modular trajectories are
partitioned in three arcs denoted by different colours and obtained by specifying (2.47) to
the light-cone coordinates of the initial point of each modular trajectory.

Similarly, the modular trajectory with an initial point P € B4 entirely belongs to B4, i.e.
P(71) € B4 for any 7 € R, and the above analysis can be adapted to this case. In particular,
if P does not belong to the vertical line at = = CLTH’, then P(7) has a brach either in W, or in
W and therefore one can define the partition R = (—oo, 75) U [75,75] U (75, +00) for the
values of 7 such that P(7) € Vp for 7 € (—o0,75), P(1) € Vi for 7 € (15, +00), and either
P(t) € Wy or P(1) € W, for T € [155, 7], depending on the position of initial point P € Ba.
By specifying (2.9) to the light-cone coordinates of the initial point P, one introduces

75 = min{7p(uy), —75(u_)} 75 = max{7p(uy), —7(u_)} (2.48)

which characterise the three infinite arcs occurring in the partition of a modular trajectory
with initial point P € B4 induced by the partition B4 = Wi U WL U Ve U V.

The modular conjugation map (2.12) sends the modular trajectory with initial point
P € B4 UDy4 with light-cone coordinates (u4,u—) (see (2.46)) into the modular trajectory
whose initial point has light-cone coordinates (j(u4), j(u—)) and whose generic point has
spacetime coordinates (#(7),#(7)) for 7 € R given by [15]

E(7,j(ug)) + &=, j(us))  jE(Tug)) +5(E(=T,u))

5(r) = . _ 5 (2.49)
fr) = S(Tue) —€Cmilu)) EGEE) _21-@(_7, u-)) (2.50)

in terms of (2.7) and (2.12). Notice that (2.14) has been employed to get the last expressions
in (2.49)-(2.50). Thus, any modular trajectory in D4 (in Ba) with initial point P in D4 (in
B4) can be obtained either by applying the modular conjugation map to a proper original
modular trajectory in B4 (in Dy) or as the modular trajectory whose initial point is the
image of P through the modular conjugation map (2.12).

The initial points of the modular trajectories in B4 displayed in figure 3 are marked by
the empty dot and empty square and have been found by applying the modular conjugation
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map (2.12) to the points in D4 marked by the black dot and the black square respectively.
The modular trajectories corresponding to these two initial points (see the dashed curves in
figure 3) can be found either by applying the modular conjugation map (2.12) to the solid
curves in figure 3 (the arcs related through this map are indicated with the same colour)
or by specialising (2.49)—(2.50) to the initial points given by the black dot and the black
square in D 4. This implies that the values of 7 in (2.48) identifying the three different arcs
building a modular trajectory in B4 are the same ones that determine the partition of the
corresponding modular trajectories in Dy, namely 755 = 75 and 75 = 75.

Following [15], we find it worth observing that the curve made by the union of a modular
trajectory (2.46) with initial point P (either in D4 or in B4) and of the corresponding
modular trajectory (2.49)—(2.50) obtained through the modular conjugation map (2.12) is
the hyperbolae 7, defined by

[2(7) — o]

where the parameters o and o depend on the light-cone coordinates (uy,u_) of the initial

2 t(r)? = K2 [2(r) — 2] — {(7)? = K2 (2.51)

point P as follows

upu_ —ab VO =) —a) - u ) —a)

xOEqu—i-u_—(a—i-b) 0= ur +u_ — (a+0b)

(2.52)

The asymptotes of 7, are t = x — 29 and t = —x + x¢. In figure 3 the two hyperbolae 7,
corresponding to the black dot and the black square are displayed and their asymptotes are
the black and light grey solid straight thin lines respectively. As b — +o0, from (2.52) we

have that xg — a and kg — —+/(uy — a) (u— — a); hence the asymptotes of the hyperbolae
coincide with the boundaries of D4 and By in this limit. In [15], only the hyperbolae Z, for
initial points P at ¢ = 0 have been considered, namely the special case u; = u_ in (2.52).

2.6 Modular properties of the K-evolution

The evolution generated by the operator K defined in (2.2), that will be called K-evolution in
the following, is well defined for any chiral field ¢(u) with arbitrary dimension h on the entire
real line. In the following we explore the relation between the K-evolution and the modular
evolution associated with the Tomita-Takesaki modular theory for a CFT [4]. This analysis
can be carried out for the fields ¢(u) with a single chirality propagating on a light ray or for
combinations ®(u,u_) of right and left movers defining quantum fields in Minkowski space.
In the former case the modular theory applies to the algebra A4 of chiral fields localised in
the interval A on the light ray, while in the latter one it applies to the algebra Ap, of the
fields localised in the diamond D4. Since a fundamental ingredient of the Tomita-Takesaki
construction are the commutants Ay and Ap , it is natural to expect that the locality
properties of ¢(u) and ®(u4,u_) are crucial in this context.

As for the chiral fields ¢(u) in unitary CFT, they obey either Bose or Fermi statistics
for h € Nor h € N+ % respectively, being N the set of positive integers. Accordingly,
bosonic primaries commute and fermionic primaries anti-commute for u; # uo. The graded
commutant A’; has therefore its support in the complement B of A on the light ray (see also
the blue domain in figure 1). The primary fields with real A > 0 which is neither integer
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nor half integer, obey anyon (braid) statistics and are nonlocal. Indeed, by using (2.16) and
the following formula for distributions [28]

1

iy — T e () (—u) A¢N (2.53)

where A > 0 and 6(u) is the Heaviside step function, we find the following mean value
for the commutator
Sin(ﬂ'h) 9(u127i) 9(—U127i)

([¢1(nx), dx(ugs)] ) = Fi - 2, (Cuna)? | (2.54)

Accordingly, the commutator of anyons does not vanish on the whole line. Hence, for
the anyon field ¢+ € A4, one has that ¢ ¢ A’y. Such asymmetry between A4 and A,
makes the application of the Tomita-Takesaki theory to anyons problematic. For this reason
the quantum entanglement features of anyon excitations are usually studied in the reduced
density matrix approach [29, 30], where the commutant is not employed.

Summarising, at the chiral level the modular theory applies only for primaries with
h € Nand h € N+ 3 [21].

In Minkowski space M, the situation is more complicated. The primary fields ®(u4,u_)
stemming from bosonic or fermionic primaries are local, as expected. The corresponding
commutators and anti-commutators have the additional property that their support belongs
to the light-cone uju_ = 0. Therefore the graded commutant A%, , associated to these
fields is localized in By = Wx UW,, U Vi U Vp (see the blue domain in figure 3) and the
K-evolution agrees with the modular evolution.

However, in Minkowski space this is not the whole story. Indeed, in addition to the
local fields generated by bosonic and fermionic primaries, in M there are local fields which
originate from nonlocal chiral fields. A simple example is the tensor product

D(up,u_) =¢y(uy) @ d_(u) hy=h_=h h # g keN. (2.55)

In order to explore the spacetime support of the commutator of the field (2.55), it is
instructive to study its mean value

([®"(u1,4,u1,-), Pluzq,ug )] ) = (S (ur+) ¢4 (uz 1)) (dZ(ur,-) d—(uz,-))  (2.56)
—( P4 (ug, ) @2 (ur,4)) (P (ug,—) ¢* (u1,-)).

By employing the familiar expression (2.16) for the correlators and (2.53), one finds

sin(27h) 0(u 0(—ui0_) — 0(—u O(uio —
< [(p*(ul,—‘,—; ul,—) P q)(u27+7 u2,—) ] _> - 2( . ) ( 12’+) ( 127 ) ( ;Z’Jr) ( 127 )
Tl (— w14 ur2—)

Sin(Qﬂ'h) E(U127+) + 6(—U1277)
= 1 o7 (2.57)
( — U12,+ U12,—)

where e(u) is the sign function. In terms of the spacetime variables, this commutator reads

sin(2mh) e(ti2 — x12) + e(t12 + x12)

; 2h
4mi (ﬁz - x%z)

([®*(z1+t1,21—t1) , P(wotte, ma—t2)] )=

(2.58)
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Finally, by applying the identity

et —z)+e(t+x)
2

= e(t) O(t* — 2?) (2.59)
the commutator (2.58) can be written as follows
sin(27h) e(ti2) 0(t3, — 235)

: 2h
2mi (t%Q - 33%2)

([ (21 4+ t1, 21 — 1), ®(x2 + o, 20 —t2)] ) = (2.60)

where the r.h.s. is antisymmetric under the exchange 1 <> 2 and, consistently with locality,
vanishes at spacelike distances. The result (2.60) implies that the commutator of ®(uy,u_)
has a non vanishing support in the past and future cones given by Vp and Vg respectively.
Since the mean value of this commutator is preserved by a unitary evolution, in this case the
modular evolution outside D4 remains localised in W;, U Wy and does not involve Vp U Vg, in
contrast with the modular trajectories outside D4 discussed in section 2.5. Consequently,
the modular evolution of the local fields defined in (2.55) differs from their K-evolution.
Understanding the geometric action of the modular evolution of the local fields in (2.55)
in Wy, U Wy still represents an open problem to our knowledge. A first attempt in this
direction is discussed in appendix A.2, where non conformal maps sending D 4 onto Wy U W,
in a bijective way are constructed.

2.7 Spacetime distance along the modular trajectories

The CFT that we are exploring is a relativistic theory in the two-dimensional Minkowski
spacetime; hence causality between two events is ruled by the sign of their spacetime distance.
In the following we study the Lorentzian spacetime distance between two events as they
evolve along two different modular trajectories.

Consider the Given two points (events) P, and P; in D4 U B4, consider the Lorentzian
spacetime distance d(P;, P») separating them and also the modular trajectories having these
points as initial points. Moving along these two modular trajectories, after the same value of
7 we arrive to the points Py (7) and P(7), whose spacetime distance d(Py(7), P2(7)) is

d(PL(7), Pa(1)) = —t12(7)* + 212(7)? (2.61)

[§(T> ulHr) - f(Ta u2,+)] [6(—7‘, ulﬁ) - 5(—7’, ’LL277)]

i.e. the product of the chiral distances along the two chiral directions, discussed in section 2.4.
Thus, by employing (2.38), the spacetime distance (2.61) can be written as

d(Pl(T),PQ(T)) = w(T;Pl,PQ) d(Pl,PQ) (2.62)
where w(7; P1, P») can be written in terms of ¢(7,u) introduced in (2.10) as follows
w(r; P, Py) = q(7 un4) g(=7u1,-) q(7,u2,4) q(=7,u2,-) .- (2.63)

Since ¢(0,u) = 1, we have that w(r = 0; P1, P») = 1; hence the initial condition on (2.62)
is satisfied, as expected.
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In the limit b — +o00, the diamond D4 becomes the right Rindler wedge, while W,
remains the left Rindler wedge. In this regime, ¢(7,u) — €™ and therefore (2.63) simplifies to
lim w(T; Pl, PQ) =1. (2.64)
b—+4o0

This result is expected because the modular evolution is a Lorentz boost in the Rindler wedge,
which is an isometry of the Lorentzian spacetime distance. Hence, causality is preserved
along the modular evolution in this limiting regime. A recent related analysis based on

the result of [31] can be found [32].

Causality along the modular evolution can be studied by considering the sign of the
spacetime distance d(P;(7), P»(7)) with respect to the sign of the spacetime distance d(Py, P»)
as 7 € R. From (2.62), this means to explore the sign of (2.63).

First we observe that, given a pair of lightlike separated initial points P; and Ps in
D UB,, from (2.62), their modular evolutions Pj(7) and P»(7) remain lightlike separated for
all values 7 € R. Hereafter we can focus on initial points P, and P, that are either timelike or
spacelike separated, unless stated otherwise. For any pair of points P; and P» providing the
initial points of two different modular trajectories, three possible cases occur: both the points
belong to D4, one point is in D4 while the other one belongs to B4 and both the points
are in B4. In each panel of figure 4 we show three modular trajectories whose initial points
correspond to the dots while the filled squares of the same colour indicate their corresponding
modular evolution after an assigned (positive) value of the modular parameter 7 (the same
one for all the initial points). In the left panel, all the initial points belong to D4, while in
the right panel only one initial point belongs to D4. In the left panel of figure 4, the initial
points represent all the three possible types of spacetime distance (spacelike, timelike and
lightlike). In the following we argue that the relativistic causality is preserved for any 7 € R
only when both P} and P belong to D4, while in the other two cases the modular evolution
does not preserve the relativistic causality for any 7 € R because a non empty domain of
7 occurs where d(Py(7), P»(7)) and d(P;, P») have opposite signs.

Let us first remind that, from (2.10), we have ¢(7,u) > 0 for v € A, while ¢(7,u) does
not have a defined sign for v € B (indeed, it vanishes at 7 = 75(u) defined in (2.9)).

When both P; and P, are in Dy (see e.g. a pair of curves in the left panel of figure 4),
all the fours factors in the r.h.s. of (2.63) are separately positive for any 7 € R; hence
w(r; P, P2) > 0 for any 7 € R and therefore relativistic causality is preserved along this
modular evolution. This can be found also by observing that the modular trajectory (2.46) in
D4 can be written as a composition of non-singular global conformal transformations [11-13]
(see also the text below (2.7)).

When an initial point P, (with coordinates (uy,u_)) belongs to D4 and the other one P,
(with coordinates (v4,v_)) to Ba (see the right panel of figure 4), the sign of d(Pi(7), Pa(7))
and the sign of the initial distance d(P;, P2) are not the same for any value of 7 € R. Indeed,
from (2.62)—(2.63), one oberves that in the r.h.s. of (2.63) we have that ¢(7,u4) ¢(—7,u—) >0
for any value of 7 € R, while the sign of the remaining factor ¢(7,v) q(—7,v_) changes at
T =7p(v4) and 7 = 7p(v_). Hence, starting from the initial points and evolving along either
7 > 0 or 7 < 0, the sign of d(Py(7), P»(7)) changes with respect to the sign of d(P;, P,)
whenever the point in B4 moves from a subset of the partition By = Wr UW, U Ve U Vp
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Figure 4. Spacetime distances along the modular evolution either for two events in D4 (left panel)
or for one event in D4 and the other one in B, (right panel).

KO

Figure 5. Spacetime distances along the modular evolution for two events in B 4.

to a different one. Also in the right panel of figure 4, where the same notation employed
in the left panel of the same figure has been adopted, the initial points represent a case of
either spacelike (red and blue dots) or timelike (red and green dots) or lightlike (blue and
green dots) spacetime distance. Moreover, the choice of the value of 7 providing the positions
of the three squares in the right panel of figure 4 is such that d(Py(7), P2(7)) and d(P;, P,)
have opposite signs for the cases of spacelike and timelike distance.

In each panel of figure 5 we show three distinct modular trajectories with initial points in
B4, adopting the same notation employed in figure 4. Given two points P; and P» in B4, the
sign of d(Pi(7), P2(7)) and the sign of the initial distance d(P;, P2) do not coincide for all
7 € R because all the four factors in the r.h.s. of (2.63) do not have a definite sign. In the left
panel of figure 5 the choice of the initial points covers all the three possible kinds of spacetime
distance, while in the right panel of the same figure all the initial points are spacelike separated.
The choice of 7 in both panels of figure 5 displays the fact that d(P;(7), P>(7)) changes sign
with respect to d(P1, P,) whenever one of the two points changes domain among the subsets
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providing the partition B4 = Wxr UW, U Ve U Ve, Thus, relativistic causality is preserved as
long as Pi(7) and P(7) at 7 # 0 remain in the same domain of P; and P, respectively.

The analytic continuation of (2.62) to 7 = £i/2 provides a relation involving the spacetime
distance between P; and P» in D4 U B4 and the one between the corresponding events P
and P, j in D4 U By, obtained through the modular conjugation map (2.12) for both the
light-cone coordinates. In terms of (2.63), this relation reads

d(Prj, Py j) = w(i/2; P, P) d(Py, P) (2.65)
where
. _(b—a 4 1
o121 = (75°) e oy %

The limit b — 400 of (2.65) provides also a consistency check between (2.12) and (2.62).
Indeed, for (2.66) in this limit we find w(+i/2; Pi, P2) — 1; hence the modular conjugation
becomes an isometry, as expected from the fact that the geometric action of the modular
conjugation when the subsystem A is half line is simply given by the reflection with respect
to the entangling point.

The most general case to explore is the spacetime distance between two points P (1)
and P»(72) evolving independently along two assigned modular trajectories whose initial
points are P; and P, respectively. This spacetime distance can be obtained from the chiral
distance discussed in section 2.4; indeed

d(Pi(11), Pa(12)) = — [t1(11) — ta(12)]” + [21(m1) — 22 (7)) (2.67)
= [&(m,u1,4) — &(2,un )] [§(=T1,u1,-) — E(=T2u2 )] . (2.68)

By employing (2.35), this spacetime distance can be written as
d(P1(11), Pa(72)) = Q(71, 795 P1, P2) d(P1, P2) (2.69)
where Q(71,72; Pi, P2) is defined in terms of (2.10) and (2.18) as follows
Q(71,12; P1, P2) = R(T12; U1 4, u2,4) R(—T12;u1,—, uz,—) (2.70)
X q(71,u1,4) ¢(=71,u1,-) q(72,u2,4) (=72, u2,-) .

When 71 = 19 = 7, since R(0;ui,u2) = 1 for u; # ug identically, (2.70) simplifies to (2.63)
and therefore (2.62) is recovered from (2.69) in this limiting regime, as expected.

In the Rindler wedge limit b — +oo, from (2.10) and (2.28) we find that (2.70) becomes
(ur,4+—a)e™2 —(ug 4 —a)e ™2 (uy,— —a)e "2 — (ug _ —a)e2

lim Q(Tl,TQ;Pl,PQ):
b—+o0 UL 4+ — U2 + Up,— —U2,—

(2.71)
where in the denominator of the r.h.s. we recognise the distance d(Py, Ps).
When the initial points P; and P» are lightlike separated, by employing (2.37) in (2.68)
along the chiral direction that makes the distance d(Pp,P») vanishing, one finds that
d(Pyi(71), P2(72)) is non vanishing when 712 # 0.
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Figure 6. Spacetime distances (see (2.69)) between a reference point in D4 (black dot in the left
panel and black square in the right panel) and a point moving along a modular trajectory in D4
(either the red or the blue solid curve). In the left panel the reference point is fixed, while in the right
panel it moves along a modular trajectory (solid black curve). The green and cyan points are obtained
from (2.72)—(2.73).

When the both the initial points P; and P, are in Dy, since ¢(7,u) > 0 for u € A,
from (2.69)—(2.70) it is straightforward to realise that the sign of d(Py(71), P2(72))/d(P1, P2) is
given by the sign of R(712; uy +,u2 +) R(—712; u1,—, uz ). Then, since R(7p; u1,uz) = 0 for 7
defined in (2.25), we conclude that d(Py(71), Pa(72))/d(P1, P>) changes sign at 712 € {7, 7>},
where the finite values 7. < 7~ are defined as follows

T< = min{%o(u17+, UQ’_A'_) y —%o(ulj_, U27_))} (2.72)
7> = max{7o(u1 4+, u2.+), —7To(u1,—,uz_))}. (2.73)

In both the panels of figure 6, the initial points are denoted by dots and the corresponding
modular trajectories (2.46) by solid lines having the same colour. In the left panel of figure 6
we consider the case where a point, e.g. Py, is kept fixed (see the black dot), while the other
one moves along a modular trajectory (either the red or the blue solid line). In this case, the
ratio d(Py, P2(72))/d(P1, P2) changes sign when 7 = 7« and 72 = 7~ given by (2.72)—(2.73).
The points Py(7<) and P»(7~) are denoted by the cyan and green marker respectively.

In the right panel of figure 6, by adopting the notation of the left panel, we employ (2.69)
to study the spacetime distance between two points P;(71) and P(72) moving along two
distinct modular trajectories. Consider e.g. the black and red modular trajectories as a generic
pair of modular trajectories; hence P; and P, are the black and the red dot respectively. The
points Py(11) and Py(72) for some 71 # 0 and 7 # 0 correspond to the black and the red
square respectively. For a given value of 71 corresponding to the black square, the expressions
in (2.72)—(2.73) provide the values of the modular evolution parameters 7o corresponding
to the green and the cyan points on the red solid curve, where d(Pi (1), P2(12))/d(P1, Ps)
changes its sign. It is straightforward to adapt this procedure also to the red square, finding
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through (2.72)—(2.73) the values of the modular parameter corresponding to the magenta
and yellow points on the black curve, where d(Pi(71), P2(2))/d(P1, Py) changes its sign.
These changes of sign occur where the Dirac delta functions in the commutators obtained
by applying (2.34) in both the chiral directions are non vanishing.

It is insightful to observe that the expressions discussed above for the spacetime distance
along the modular trajectories allow to discuss an interesting geometrical property of the
hyperbola Z,, in (2.51)—(2.52), describing the modular trajectories. Consider the points P,
and P, with light-cone coordinates (uy,u_) = (a,a) and (u4+,u—) = (b, b) respectively, that
are associated to the entangling points of D4 and do not move under the modular evolution.
For a generic point on the hyperbola Z,, the ratio between its spacetime distances from F,
and P, is independent of 7. Indeed, from (2.69) we find that

A(P(), F) _ d(Py(r) Pa) _ (uy —a) (- —a) _ (i(uy) =) (Ju) )

d(P(1), Py)  d(Pj(1),P)  (b—uy)(b—u_)  (b—j(uy)) (b—j(u))

where Pj(7) is obtained from P(7), by applying the modular conjugation map (2.12) to
both the light-cone coordinates. The relations in (2.74) imply that Z, is a hyperbola of
Apollonius, namely the Lorentzian counterpart of the circle of Apollonius, defined through
the corresponding property in the Euclidean signature, as discussed below, in section 2.8.

2.8 Distance along a modular trajectories in Euclidean signature

We find it worth providing a brief discussion about the counterpart of some results described
above in Euclidean signature. In this setup, while the spatial direction parameterised by
x € R is bipartite as AU B with A = [a, b] like in the previous analyses, the diamond Dy4
cannot be defined anymore and the spacetime distances are always positive.

In Euclidean signature, the geometric action of the modular evolution has been explored
e.g. in [15, 17] and, for a two-dimensional CFT in its ground state and on the line bipartite
by the interval A, the modular trajectories are described by the following complex function

(b—p)a+ (p—a)be?
(b—p)+(p—a)e?

€a(0,p)

(2.75)

where p € A corresponds to the initial point and the angle 6 € [0, 27) is the modular evolution
parameter. The expression (2.75) can be obtained from (2.7), by replacing 277 with if. The
entangling points do not evolve as expected; indeed, from (2.75), we have that g (0, a) = a
and &g(0,b) = b for any 6.

Considering the real and the imaginary part of (2.75), one finds that the modular
trajectories are given by the following circles

2 —a ? - —a)\?
(Re 6(0.9)] - M) + (i)’ = (522 (2.76)

which provide the Euclidean counterpart C, to the hyperbolae Z,, in (2.51)—(2.52). Indeed
the center and the radius of C, coincide with the corresponding parameters for 7, when
its initial point P has uy = u_ = p, i.e. (z,t) = (p,0).
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Figure 7. Euclidean modular evolutions in the complex plane, that are described by arcs of circles of
Apollonius.

In figure 7 we consider the complex plane where the horizontal line is the spatial direction
bipartite by the interval A (red segment) and its complements (blue half lines), showing three
distinct modular evolutions whose initial points correspond to the coloured dots in A. These
modular evolutions are circular arcs belonging to the corresponding modular trajectories in
Euclidean signature and they have been obtained from (2.75), or equivalently from (2.76), for
0 € [0, 6], where the ending point P(6y) is marked by a filled square having the same colour.

The complex function (2.75) satisfies the following differential equations

V(&s)
V(p)

in terms of (2.3), which are the Euclidean counterparts of the differential equations in (2.8);

We00) = 3 V(&) B0 = o = e, (277)

indeed we have introduced
b—a
b—p)e 92 + (p—a) e/

which corresponds to (2.10) with n7 replaced by i6/2 and whose complex conjugate is

q(0,p) = ( (2.78)

qs(—0,p). Notice that, while in Euclidean signature the modular trajectories are closed curves
in the complex plane, in Minkowski space they are open arcs of hyperbola either in D4 or
in B4, connecting the top and bottom vertices of Dy4.

Given two distinct modular trajectories with initial points p; and ps in A, the Euclidean
distance between the points P;(01) and Py(62) along these curves can be expressed in terms
of (2.75), finding

s (P1(01), Po(02)) = | €661, p1) — &o(02,p2) [ (2.79)
which is the Euclidean counterpart of (2.67). This Euclidean distance can be rewritten as
di(Py(61), Pa(62)) = Qu(61,02; p1,p2) (p1 — p2)° (2.80)

where we have introduced
Qe (61, 02;p1,p2) = Re(b12;p1, p2) Re(—b12;p1,p2) (2.81)

X qu(01,p1) ¢e(—01,p1) qu(b2,02) ¢a(—02,p2)
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in terms of 12 = 01 — 6 and of the function Rg(6;p1,p2) defined as

e2mw (p1)+i6/2 _ ewa(pg)—iQ/Q

Re(8;p1,p2) = (2.82)

e2mw (p1) — e2ﬂ'w(p2)

Notice that (2.80) and (2.81) are the Euclidean counterparts of (2.69) and (2.70) respectively.
Moreover, the expression (2.82), which can be obtained from its Lorentzian counterpart (2.18)
by replacing w7 with i6/2, satisfies |Rg(0; p1,p2)|? = Re(0; p1, p2) Re(—0;p1,p2). The crucial

difference between (2.18) and (2.82) is that Ry (0; p1, p2) never vanishes; indeed, the equation

2w (p2) —27w(p1) — (p2—a)(b—p1)

(b—p2)(p1—a)’ which does not have

Re(0;p1,p2) = 0 is solved by e = e
solutions for § € R when p; # po.
The circles defined by (2.76) are circles of Apollonius. Indeed, denoting by P, and P,
the points having z = a and z = b respectively in the complex plane parameterised by the
complex coordinate z (which correspond to the entangling points of the bipartition of the
spatial direction parameterised by x introduced at the beginning of this subsection), the ratio

of their distances from the generic point of the circle (2.76) is independent of # and reads

ds(P(0),P.)  (p—a)\?
PO - (p_b) . (2.83)

This result can be found from (2.79) (or equivalently from (2.80)) by using that P, and P,
do not evolve, as already remarked above, and correspond to the counterpart in Euclidean
signature of the observation made in the final paragraph of section 2.7 (see (2.74)) for the
Minkowski spacetime.

3 Interval in the line, thermal state

In this section we extend the results reported in section 2 about the spacetime distance
between two events belonging to different modular trajectories to the case where the CFT
is in a thermal state characterised by different temperatures for the right and left moving
excitations. For the sake of simplicity, we focus only on the modular trajectories in D 4.

3.1 Chiral distance along the modular evolutions

We are interested in a chiral CFT on the line and in the thermal state at finite inverse
temperature 3. Consider the bipartition of the line given by the finite interval A = [a,b] C R
and its complement B. The modular Hamiltonian of A reads [16, 17]

b
K= / Vi(u) T(u) du (3.1)
where the weight function multiplying the chiral component of the energy density reads
sinh[7(b — u)/f] sinh[7(u — a)/p] 1
plu) =28 Sinh[r (b — a) /5] () (32)

being wg(u) defined as follows

sinh[m(u — G)/ﬂ]) we A (3.3)

1
wp(u) = or 08 (_ sinh[7(u — b)/f]
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Figure 8. Modular evolutions along the chiral direction in the plane (¢, 7), given by (3.5). The
dashed blue line indicates the zero temperature case (see the solid red line in figure 1), while the
dashed dark yellow line and the solid red line correspond to increasing values of temperature.

which becomes (2.4) in the zero temperature limit 5 — 400, as expected.
By adopting the notation introduced in section 2.1, the modular evolution of a chiral
primary generated by (3.1) reads (see e.g. [33])

o(1,u) = T p(u) e ITEA = [0u&a(T, u)]h P(&p(T,u)) (3.4)
where (bha)/B 4 o2mb/B 2muws(u)+2
w(b+a T Twg(uw)+27T
_ _ B e +e e s
Sa(rou) = Y (wa(u) +7) = 27 10g( em(b—a)/B 4 2mwp(u)+2mT ) (3:5)
which satisfies the initial condition {3(7 = 0,u) = u and also
V(&
ts(r) = Vol&)  Ous(ru) = 28 (3.6)

o

(u

~—

Notice that £g(7,u) € A for any 7 € R when u € A.

In figure 8, by adopting the same notation of figure 1, we show three examples of chiral
modular evolutions given by (3.5) in the plane parameterised by (£, 7) having the same initial
point (see the black dot) and different temperatures (the dashed blue curve and the solid
red correspond to zero and the highest temperature respectively). In the regime of high
temperature, the curve (3.5) becomes a straight segment in the internal part of A.

The two-point function of the chiral primary fields ¢4 at finite temperature read

e$irrhi

(% (u1) d+(u2)), = (P+(u1) ¢4 (u2)), = 3 (3.7)

2 [= sinh(%(ul — ug F ie))]

2h4

where h4 are the conformal dimensions. In the zero temperature limit 8 — 400, the
expression (3.7) becomes (2.16), as expected. From (3.4) and (3.7), one finds that the
modular two-point functions of the chiral primary fields ¢+ at finite temperature are [33]

e$i7rhi

5 Wﬁ,i(ﬂ:Tlg; ’LL1,’LL2)2hi (3.8)
™

(% (T1,u1) (T2, u2)); =
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in terms of the distributions defined as follows

e2mwg(u1) _ o2mwg(uz) 1

Wa 4 (T5u1,u2) = (3.9)

%Sinh[%(ul _ u2)] e2mwg(u1)+mT _ g2mwg(ug)—7T Tie
that simplify to (2.21) in the zero temperature limit, as expected.

In order to adapt the steps discussed in section 2.2 to this finite temperature case,
from (3.8) we find it worth introducing
1

W) = 3.10
5(T12; w1, u2) & sinh[%(u1 — us)] Rp(Ti2; ur, ) .

where
e2mwg (u1)+7mr _ e2mwg (u2)—7T

Rp(T;u1,u2) = (3.11)

e2mwp(u1) _ o2mwg(uz)

in terms of (3.3), which is well defined for u; # ug and satisfies R(0; u1,uz) = 1 identically.
The function Rg(7;u1,u2) in (3.11) is not jointly continuous because its limits 7 — 0 and
ug — u; do not commute. In the zero temperature limit, (3.10) and (3.11) become (2.17)
and (2.18) respectively, as expected. When u; # wug, the function in (3.11) vanishes at the
finite value 7 = 7g(u1,u2) given by

75,0(u1, u2) = wg(uz) — wg(ur) (3.12)
and such vanishing condition is equivalent to
ug = &3(78,0,u1) ur = &p(—Tg,0,u2) . (3.13)
We also find that (3.5) and (3.11) satisfy
Ra(tyu,&a(r,u)) =0. (3.14)

In the limit b — +o00, when A becomes the half line (a, +00), the function (3.11) simplifies to

lim R e™ ™=/ Bsinh[n(uy — a)/f] — e ™ ™2~/ B sinh[n(uy — a)/f]
b oo a(T5u1,u2) = em(urtu2=2a)/8 sinh[m(u1 — ug) /M)
(3.15)

that becomes (2.28) in the zero temperature limit, as expected.

The previous results allow to explore the chiral distance £g(71,u1) — £g(72, u2), extending
to finite temperature the zero temperature analysis reported in section 2.4. First we observe
that, when 712 # 0 and u; # ug, the expressions in (3.5) and (3.10) satisfy

U1 gﬁ (Tla ul) au2£5 (7_27 u2)
{Zsinh[ (€5(r1, ) = & (r,u2))])’

= WB(Tlg;ul,ug)Q (3.16)

which leads to

Sinh[%(fﬁ(’ﬁ,ul)—fg(TQ,UQ))] = Rﬁ(’]’lg;ul,’UQ) \/3U1§5(T1,U1> &leg(m,ug) sinh[%(ul—uQ)]
(3.17)
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where (3.11) occurs. The relation (3.17), which becomes (2.39) in the zero temperature limit
as expected, provides the chiral distance at finite temperature

Ep(1,u1) — €p(T2, u2) = Fp(T1, Tos ur, us) (w1 — ua) (3.18)

where

arcsinh(RB(ﬁg; Uy, u2) \/Gulﬁg(Tl,ul) O0u&3(T2, u2) sinh[%(ul — uQ)D

plmy i, ) = Z(u1 — ug)
pluL—
(3.19)

It is worth considering (3.17) in the limiting regimes where either 71 = 75 or u; = us.
When 11 = 19 = 7, since R(0;u1,u2) = 1, the relation (3.17) simplifies to

Sinh[%(fg(ﬂ uy) — &p(T,u2))] = \/&“55(7,@“) Ous§p(T,u2) sinh[F(u1 — u2)] (3.20)

which vanishes as u; = ug and whose zero temperature limit provides (2.38), as expected. By
employing R(0;u1,u2) = 1, one gets Fg(7,7;u1,uz) and the resulting expression does not
take a factorised form, like in the zero temperature limit (see (2.38)).
In order to explore the limit of (3.17) when u; = ug, we first notice that for (3.11) we have
sinh[7(u —v)/B]  sinh(7T)

3% Rp(T;u,v) /B = () (3.21)

which gives (2.36) at zero temperature. Hence, for u; = ug = u the relation (3.17) becomes

sinh[% (€a(m1,u) — €p(m2,u))] = ; \/31“5,8(717“) Ous€p(72,u) Va(u) sinh(mri2)  (3.22)

which vanishes for 71 = 7, as expected.

3.2 Modular trajectories and spacetime distance between their points

In the setup that we are considering throughout this section, the generic point of a modular
trajectories in Dy has spacetime coordinates (z(7),t(7)) given by

o(r) = (D) + & (CTu)

)= o, (Touy) — &g (—T,u-)
2

t

(3.23)
in terms of (3.5), where 7 € R and (u4,u—_) are the light-cone coordinates of the initial point.

In figure 9 three distinct modular trajectories are shown whose initial points are denoted
by dots, according to the notation adopted in the previous figures for either gy = G_ (left
panel) or B4 < [_ (right panel). In order to highlight the deformation of a modular trajectory
induced by a non vanishing temperature, in the left panel of figure 9 we show through dashed
curves also the modular trajectories at zero temperature having the same initial points (see
also the curves in Dy in figure 3 or in the left panel of figure 4). At non vanishing finite
temperature, the modular trajectories become vertical in the central part of D4 and this effect
is more evident as the temperature increases, as already observed in [34], where the modular
trajectories in the limit b — 400 have been considered. The right panel of figure 9 illustrates
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Figure 9. Modular trajectories (solid lines) for either 8. = S_ (left panel) or 84 < S_ (right panel).
The dashed curves in the left panel are the modular trajectories at zero temperature having the same
initial points (see also the solid lines in figure 3).

the characteristic behaviour of the modular trajectories when 1 < f_ (it is straightforward
to figure out the qualitative behaviour of the modular trajectories when 54 > 5_).

By adopting the same notation of section 2.7, let us consider two distinct modular
trajectories in D4 with initial points P; and P,. The spacetime distance d(P;(7), Pa(7))
between the modular evolutions P;(7) and P»(7) of the initial points along the corresponding
modular trajectories after the same value of the modular parameter T reads

d(Pi(7), Py(7)) = —t12(7)* + w12(7)? (3.24)
= [&p, (Tyur4) — &, (Tyu )] [§p (—Tyua,—) — &g (=T uz )] . (3.25)

By employing (3.18) in each chiral direction, this spacetime distance can be written as follows
dg(Pi(7), P2(7)) = wg(7; P1, P2) d(P1, P») (3.26)

where d(Py, P») = u12,4+ U12,— is the spacetime distance between the initial points P and P,
that is independent of the temperatures 8 = (84, -) and wg(7; Pi, P») is defined as

wg(T; P, P) = Fa, (1,73 u1 4, u2,4) F_ (T, T3 u1,—, U —) (3.27)

in terms of (3.19), which takes the factorised form (2.63) in the limiting regime of zero
temperatures, i.e. as S+ — +oo.

The most important feature to highlight about (3.24)—(3.26) is that relativistic causality
is preserved along the modular evolution for any values of the inverse temperatures S_ and
B+. This fact can be easily realised already from (3.20) and (3.24), by employing the fact
that = and sinh(x) have the same sign, and is illustrated in figure 9, where the coloured
squares indicate the modular evolutions of the corresponding dot having the same colour
after the same value of the modular parameter. The choice of the initial points in each
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Figure 10. Spacetime distances for 1 < S_ (see (3.30)) between a reference point (black dot in the
left panel and black square in the right panel) and a point moving along a modular trajectory in D4
(either the red or the blue solid curve).

panel of figure 9 is such that an example is shown for each type of spacetime distance (i.e.
timelike, spacelike and lightlike).

The most general case corresponds to the spacetime distance between Pj(71) and Py (72)
associated to two different values 71 and 7 of the modular parameter along the corresponding
modular trajectories. This distance reads

dg(Pi(11), Pa(12)) = — [t1(11) — ta(m2)]” + [21(1) — 22(m2))? (3.28)
= (s, (T1,u1,4) — &a, (T2, u2,1)] [Ep_ (—T1,u1,—) — &g (—T2,u2,-)] . (3.29)
By employing (3.18) for both the chiral distances, this distance can be written as follows
dﬁ(Pl(’Tl), PQ(’TQ)) = Qﬂ(Tl, T2, Pl, PQ) d(Pl, P2) (330)
where we have introduced
Qg(71,72; P1, Py) = Fp (11, o3 un 4, u2, 1) Fp_ (71, Tos ut,—, ug, ) (3.31)

which becomes (3.27) when 71 = 79, as expected.

Extending the analysis reported in section 2.7 for the ground state to this finite tem-
perature case, we find that dg(Pi(m1), P2(12))/d(P1, Py) changes sign at T2 € {78« , 78>},
where the values 73 « < 7> are defined in terms of (3.12) as follows

8,< = min{7g, o(u1,+, uz,+), —75_o(w1,—, uz,-))} (3.32)

8> = max{%5+70(u1,+, U27+) s —7:5770(11,17_, U27_))} . (333)

In figure 10 we show some explicit cases to explore the sign of dg (P (71), P2(72))/d(P1, P2),
as done in figure 6 at zero temperature, by adopting the same notation. Comparing these
two figures, we observe that the same properties discussed for figure 6 at zero temperature
hold also at finite temperature for figure 10, at least at qualitative level.
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4 Dirac field in the vacuum: two disjoint intervals in the line

In this section we consider the free massless Dirac field (a prototypical example of two-
dimensional CFT with central charge ¢ = 1) on the line in its ground state. The free massless
Dirac field is a doublet made by two chiral complex fields ¥4 (us). While in section 2 and
section 3 the bipartition of the line is given by a finite interval, in the following the bipartition
AU B = R of the line is characterised by the union of two disjoint intervals, i.e. A = Ay U Ao,
where A; = [a;,b;] with j € {1,2}. The corresponding modular Hamiltonian and modular
flows for the chiral fields 11 have been found by Casini and Huerta [18], while the modular
correlators of 14 satisfying the proper KMS condition have been obtained by Longo, Martinetti
and Rehren [20]. In this section we explore further the modular evolution generated by the
modular Hamiltonian of A. In appendix D the derivations of the modular flows of ¥y [18]
and of their modular correlators [20] are revisited, finding also the modular correlators of the
chiral density fields o4 = :4p11)+:. It is often insightful to employ the lengths ¢; = b; — a; of
A; with j € {1,2} and of their distance d = as — b1, which are positive parameters. Thus,
the bipartition of the line is equivalently specified either by {a1, b1, a2,b2} or by {a1,¢1,d, l2}.
The symmetric configuration A = A, = [—b, —a] U [a, b], where 0 < a < b, is a special case
that is worth considering because various expressions take a simpler form.

4.1 Modular Hamiltonian

In the setup described above, the modular Hamiltonian of A is the sum of a local term and a
bilocal term. Along each chiral direction, the modular Hamiltonian found in [18] reads

Ky = KA,loc + KA,bﬂoc (4'1)
The local term is
Kajoo = / Vioe(u) T'(u) du (4.2)
A
where :
T(u) = 5 (4" (Buh): —: (Bu") b2 ) (w) (43)

which stands for Tt (us) and we recall that the energy density of the massless Dirac field
is given by Ty (t,z) = T+ (uy) — T—(u—). The bilocal term in (4.1) is

KA,biloc = /A ‘/;)iloc(u) Tbiloc(“‘) U/c) du (44)
being Ti..(u,v) the chiral bilocal quadratic operator defined as follows

Tioe(u,0) = 3 [ 07 (w) $(0) — 47 (0) () [: (4.5)

RO | -

and u. = C(u) in (4.4) is introduced below (see (4.8)).
The weight functions occurring in (4.2) and (4.4) can be defined by introducing

1 _(u—al)(u—ag) "
wlu) = 5 log( e bQ)) €A (4.6)
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In the large distance limit d — 400, this expression evaluated in u € A; for j € {1,2}

becomes the corresponding result for the single interval associated to A; (see (2.4)), while

in the opposite limit of adjacent intervals as — b1, the function in (4.6) simplifies to the

corresponding expression for the resulting single interval, namely (2.4) associated to (a1, b2).
The weight functions in (4.2) and (4.4) can be written through (4.6) as follows

1 Moc(uc)
‘/;OC(U/) - w/(u) ‘/;)iloc(u) = U — U (47)
where the position u. = C(u) conjugate? to u is (see also [15])
3
()= a0 - (4.9
in terms of the following parameters
bi1by — a7 as (b1 +d+l2) g dtq d/ls
P a e T Lth e
(4.9)
ro = \/(bl - al)(bg - ag)(bg - al)(ag - bl) _ \/(51 + d+€2) d€1 52 > 0. (4‘10)
b1 — a1 + by — a 0+ 4o
Writing (4.8) as C(u) — qo = —r3/(u — qo), one recognises an inversion centered at g, with
radius 79 combined with a reflection. The characteristic property defining (4.8) is
w(ue) = w(u) (4.11)

and we remark that u. € A; when v € Ay, with k£ # j. An insightful geometric interpretation
of (4.8) is obtained through the form (C(u) — qo)(go — w) = r§. Let us also highlight the
suggestive similarity between the expressions providing gp and 7 in (4.9)—(4.10) with the
ones for zp and kg in (2.52) respectively.

In the symmetric configuration A = A,,,,, the parameters in (4.9) and (4.10) simplify
to go = 0 and 79 = Va b respectively. In the adjacent intervals limit d — 0 for the generic
configuration, we have rg — 0 and therefor uc(u) — a2 (i.e. the merging point) for any u € A.

Combining (4.7) and (4.8), we find the following relations

WOC(UC) = C,(’LL) ‘/IOC(U) ‘/biloc(u()) = - C’;u) Vbuoc(u) . (412)

The weight functions (4.7) can be written explicitly in terms of (4.8) and (4.9) as follows

21 (b1 —u)(u — a1) (b2 — u)(u — as)
Vo) = G =+ e = a2) (u — 0) (e — ) 1)

2w (b1 — uc)(ue — ax) (ba — ue)(uc — az)
Vomos (1) = (b1 — a1 + b2 — a2) (uc — qo) (uc — u)?

(4.14)

that are regular functions for u € A; indeed go ¢ A and u. € A; when u € A, with k # j.

2The conjugate point u. in (4.8) must not be confused with the image of the geometric action of the
modular conjugation defined in (2.12).
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4.2 Modular flow of the chiral fermion

The modular flow (7, u) = e™54 1) (u) e 71754 of the chiral field ¢ (u), for u € A and 7 € R, is
generated by (4.1) and it has been studied first by Casini and Huerta in [18]. In appendix D.1
we have revisited its derivation by extending to a generic configuration of two disjoint intervals
on the line the analysis in appendix C of [33] for A,,,, and the main result is (see (D.39))

CVOE L VOE
bl ) = S U(E) — S (e (4.15)

where £ = £(7,u) (whose explicit expression is reported below, in (4.23)) satisfies the initial
condition £(7 = 0,u) = u and we have introduced

G

§—qo

e =C)=q— (4.16)

and

€= a2+ 3] [ — q0)? + 7]
e u) = (& —qo) (u—qo) + 18

that is strictly positive when both £ and u belong to the same interval.

(4.17)

We find it worth introducing also the following harmonic ratio (see also (D.28))

n(u1, uz) = (= wre) (uz —uge) _ [(w1 = a0)* +76] [(u2 = g0)” + 73]
| (w1 —uze) (u2 — unc) [ (u1 — qo)(uz — qo) + 13 ]2

>0  (4.18)

in terms of the two points u; and their conjugate points uj. = C(u;) (see (4.8)), which
is related to (4.17) as follows

(&, u) = sign[(€ — qo) (u — qo) + r§]\/n(&,u) = sign[(u — qo) @] \/n(uc + @,u)  (4.19)

where the last expression has been found by setting & = u. + @. Thus, the sign in the r.h.s.
of (4.19) can be negative only when ¢ and u belong to different intervals.

Since 7(u,u) = 1 identically and we also have that £ — w and & — u. as 7 — 0, implying
(from (4.18)) that n(&,u) — +oo, the modular flow (4.15) satisfies the initial condition
(1t = 0,u) = ¥(u), as expected.

The main feature to highlight in the modular flow (4.15) is its bilocal nature. Indeed,
the r.h.s. of (4.15) is a mixing between one field localised in A; and another one in Ay with
k # j. This originates from the bilocal term (4.4) in the modular Hamiltonian (4.1).

The harmonic ratio (4.18) satisfies (w1, u2) > 1 for any u; and uy in A, as shown in (D.29).
Moreover, it is invariant under the conjugation relation (4.8), namely (see also (D.31))

(u1,c; tze) = n(ur, uz) (4.20)
and becomes identically equal to 1 in the limits of adjacent intervals and of large distance, i.e.
lim n(uy,ug) =1 lim 7n(up,ug) =1 (4.21)

d—0

d— +oo
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Notice that the harmonic ratio (4.18) is not well defined when w1 and ug are related through
the conjugation relation (4.8); indeed as uz — uj we have

N, e + €) = (u - uc>2

U —4qo

2
o
2 + O(1/e) (4.22)
in terms of (4.9)—(4.10), that will be employed in section 4.5.
The function £ = £(7,u) occurring in the modular flow (4.15) provides the geometric
action of the modular group of automorphisms induced by the vacuum for this setup. Its
explicit expression reads

5(7—’ u) = @A1 (u) El (7—? u) + @Az (’LL) 52 (Ta u) u€ A (4'23)

where © 4, (u) is the characteristic function associated to the interval A; for j € {1,2}, that
is equal to 1 for u € A; and vanishes identically for u ¢ A;, and we have introduced

&(m,u) = wy H(w(u) + 7) u € Ag ke {1,2} (4.24)

in terms of the two solutions wy;, ' (y) obtained by inverting (4.6). Indeed, the function w(w)
in (4.6) can be inverted if u € Ay, (hence w;, *(w(u)) = u when u € Ay) for k € {1,2}, finding

ai +ag + (bl + bz) e2mY

wi () 2(1 + e27)

(4.25)

k \/[al + a9 + (bl + bg) 62”9]2 — 4(1 + ewa) (a1a2 + b1by 627@)
2(1 + e?mv)

+(-1) yeR
which is well defined because the expression under the square root is quadratic in the variable
e?™ with discriminant equal to —16£1f5d (¢1 + d + £3) < 0. The condition u € Ay in (4.24)
comes from the initial condition & (7 = 0,u) = u because w; ' (w(u)) = u when u € Ay. In
figure 11, where the grey strips correspond to A in the plane (&, 7), the solid red curve is
obtained from (4.23) with v € A; (red dot), while the dashed red curve is given by (4.23)
again with initial point u. € As (red empty circle).

The PDE’s defining the functions in (4.24) are

Vi (&k)

0-&k (T, u) = Vige (k) Oubi(T, 1) = Vie ()

ke{l1,2}.  (4.26)

The two functions in (4.24) having different value of k are related through the following
conjugation relation

i

E(Tyu) = qo — m

= C(fj(’]’, UC)) u € Ag k#£j (4.27)

where j, k € {1,2}. Notice that the first equality of (4.27) provides a generalisation to 7 # 0
of the conjugation relation (4.8), which is recovered at 7 = 0. Moreover, (4.27) implies that
the conjugation (4.8) and the modular evolution commute, namely

C(&(r, ) = & (T, uc) u € Ay k3. (4.28)
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Figure 11. Modular evolutions £(7,u) along the chiral direction in the plane (£, 7), given by (4.23)
when v € A (red dot) and by (4.29) when u € B (blue dot).

We remark that, since (4.23) implies that (7, u) € A when u € Ay for k € {1,2}, we have
7(&,u) > 0 in (4.15). Instead, the sign of (&, w) in (4.15) is not well defined for any 7 € R.
The domain B = R\ A, complementary to A on the line, is partitioned as B = By U B,
where By = (—o00,a1) U (bg, +00) and By = (a1,b2). For u € B, the function £ = £(7,u)
characterising the geometric action of the modular group of automorphisms induced by the

vacuum can be written as follows
6(7', U) = 631 ('LL) 51 (T7 U) + @BQ (U) 52 (Ta U) u€eB (429)

in terms of the expressions reported in (4.24), whose domain of validity can be extended.
Since u € B, a divergence occurs in (4.29) when 1 4 ¢>"[*(¥)+7] = ( (see the denominator
in (4.25)), whose solution is

_ 1 (u = b1)(u = bo)
TB(u) = 5 log((a1 — )= u)> u€eB. (4.30)

Since this expression becomes (2.9) in the limit by — ag of adjacent intervals, as expected,
considerations similar to the ones reported in section 2.1 apply also in this setup. In figure 11,
where the union of the light blue regions corresponds to B in the plane (§,7), the solid
blue curve is given by (4.29) with u € By (blue dot). The corresponding dashed blue curve
is obtained from (4.29) with initial point u. € B; (blue empty circle) and the associated
horizontal blue dot-dashed line comes from (4.30) specialised to u. € By. As for the limiting
case d — 0 of (4.23) and (4.29), we refer the reader to figure 10 of [15].

4.3 Chiral modular correlators of the fermionic field and of the density

The two-point function of the modular flow ¥ (7, u) of the chiral fermionic fields ¥y (discussed
in section 4.2) satisfying the KMS condition reads [20]

e2mw(ur) _ e27rw(UQ) 1

277(:&1) (Ul — 'UQ) 627T’LU(1L1):|:7TT12 _ e27rw(u2):|17r712 T ie

(VL(T1,u1) Y+ (72,u2) ) = (4.31)
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in terms of (4.6) (see appendix D.2 for the derivation of (4.31) and (2.16) for its normalisation),
which corresponds to (2.20) specialised to hy = 1/2 at formal level; indeed, the function
w(u) is given by (4.6) in this case.

We find it worth exploring also the modular two-point function of the chiral bosonic
density operators o4 (u) = 911+ :(u), which are hermitian operators with chiral dimension
h+ = 1 providing the charge and helicity densities of the massless Dirac field. They have
been studied in appendix D.3, finding

(627rw(u1) _ e27rw(u2))2 1

2

<Q:|:(T1,U1) Q:I:(7—27u2)> - = 42 (Ul — Uz)

(627rw(u1)i7r‘r12 — e2mw(u2)FrTi2 15)2
(4.32)
which satisfy the KMS condition. This modular correlator is proportional to (2.20) specialised
to he = 1 only at formal level because, like in (4.31), the function w(u) is (4.6).
By adapting the analysis performed in section 2.2 (see (2.16)—(2.18)) to this setup,
we observe that the modular correlators (4.31) and (4.32) naturally suggest to introduce

the function

e2rw(ur)+rr _ o2mw(uz)—mT

R(7;u1,uz) = (4.33)

e2mw(u1) — g2mw(u2)

d
an ]

(u1 — u2) R(75u1,u2)
where w(u) is (4.6); hence (4.33) and (4.34) are just formally equal to (2.18) and (2.17)
respectively. However, like (2.18), also (4.33) is not jointly continuous because the limits

W(r;u1,u2) =

(4.34)

7 — 0 and us — u; do not commute.
Given uj # ug in A, for (4.33) we have R(7o;u1,u2) = 0 at the finite value of 7 given by

To(u1,u2) = w(uz) — w(uy) (4.35)

which is just formally equal to (2.25) because w(u) is (4.6), as above. The special value
of 7 introduced in (4.35) provides an interesting property of &(7,u) in (4.23); indeed, for
u1 and wusg in the same interval we have

uz = &(7o, u1) uy = &(—7o, u2) uy, uz € Ay, (4.36)
while for u; and us in different intervals we find
uz = &(7o, u1,c) u1 = &§(—7o, u2,c) up € Ay, wp€A;  j#k (4.37)

where j, k € {1,2} label the two intervals in A = A; U As.
For the expressions introduced in (4.24) and (4.33) we also find that
R(t;u,&(T,u) =0 ke {1,2} (4.38)
which will be employed in section 4.4 (see (4.45)).
Let us conclude this discussion by highlighting that the limit ug — u; . of (4.33) gives
sinh(77) €' (1) Vi ()

TE

R(T;u,ue + €) = +0(1) T#0 (4.39)

which can be slightly simplified through the first relation in (4.12) and will be used in
section 4.5.
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4.4 Anti-commutator of the field and commutator of the density

The anti-commutator of the fermionic chiral field 14 (7, u) along the modular flow provides
useful insights about the causal properties of this modular evolution. Since this quantity is a
complex number, it can be evaluated by employing the modular correlator (4.31) as follows

[V (r1,u1), ¥ (T2,u2)] = (VL (71, ur) e (72, u2)) + (Y (72, u2) 4 (11, u1)) (4.40)
e27rw(ul) _ eQﬂw(ug) 1

27-r(:|:1) (Ul _ ’LLQ) { e27rw(u1)i7r7'12 _ eQﬂ'w(ug)Iﬂ'Tlg q: iff

(4.41)

1
e2mw(un)EnTis _ e2mw(ua) ¥ 4 e }
2 2
_ e mw(uy) e Tw(uz2) 5(627rw(u1):|:7r7—12 _e27rw(u2):!:7r7—12) (442)
Ul — U9

where the last expression has been obtained by taking the limit € — 0" in the sense of the

distributions and by using —— = 1 F ird(u).

It is well known that the standard time evolution of the chiral fields )4+ respects relativistic
causality, which implies that ¥ (u;) and 14 (u2) anti-commute for u; # us. From (4.42)
we conclude that this property holds also for the fields ¥4 (71, u1) and 14 (72, u2), except in
the case when the relative modular time 715 satisfies

e27rw(u1):|:7r7'12 _ eQWw(uz):Fﬂ'Tlg — O . (443)

From (4.35), the solution of this equation reads
T12 = £ 7o(u1, u2) . (4.44)

When this condition is fulfilled, the delta function in the r.h.s. of (4.42) provides a non
vanishing contribution. For u; and us belonging to different components of A; U As, such a
contribution signals a violation of relativistic causality along the modular flow. This violation
is generated by the bilocal term (4.4) in the modular Hamiltonian, which implies that the
modular evolution (4.15) of ¥4 is a superposition of the initial value of the field along the
trajectory £ and its conjugate &, that live in different intervals. In order to clarify this aspect
it is useful to rewrite (4.42) in a form that involve £ and &. explicitly. For this purpose, we
observe that, from (4.6), (4.24) and (4.11), for k € {1,2} one obtains

e2rw()+nT _ 2rw(&e(ru))—wr _ 2rw(e(—Tu) 47T _ 2rw(u)—nT _ () u€ A. (4.45)
Combining (4.11) and (4.45), we find that (4.43) is fulfilled when
ug = & (ET12, u1) ug = C(&k(£T12,u1)) up € A, (4.46)
in terms of uy, or, equivalently, in terms of uy, when
uy = (£, u2) uy = C(&;(+721,u2)) up € Aj. (4.47)

It is straightforward to check e.g. that when both u; and uy belong to Ay (hence j = k
in (4.47)), the first expression in (4.47) is equivalent to the first expression in (4.46). Thus,
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all the possibilities have been considered because either both u; and us belong to the same
interval Ay or they are in different intervals.

The limit of large separation distance for the two intervals can be explored by first setting
ap = —d/2 — {1, by = —=d/2, ag = d/2, by = d/2 + {5 and then sending d — +oco. In this
limiting regime, when u; # ug the ratio multiplying the Dirac delta in (4.42) falls off as follows

e2mw(ur) _ 2mw(uz) B 4(51 + 52)

— yo +0(1/d%). (4.48)

The same power law decay is observed for (4.44); indeed, in this limiting regime we find
that 710 = —2(61 + EQ)(Ul - ’LLQ)/dQ + O(l/dg) as d — +oo.

The r.h.s. of (4.42) can be written more explicitly by using for its Dirac delta the well
known identity 0(f(z)) = >; m §(x —x;), where the sum is over the zeros z; of f(z) such
that f/(x;) # 0. From this formula, the first relation in (4.7) and the fact that Vi,.(u) >0
when u € A, assuming uy € Ay without loss of generality we find that (4.42) becomes

[YL(m,w), Ya(m2,u2) |, = F(un, Ee(Em2, ur); £712) 6(u2 — &e(ET12,u1)) (4.49)
+F (u1, C(&r(ET12,u1)); £712) 6(u2 — C(&p(ET12,u1)))
where we have introduced the following function

2nw(u) _ 27w(v)
Flu,v;7) = ¢ ¢ Viee (V) (4.50)

U — v I e2mw(v)—mT

and the second term in the r.h.s. of (4.49) corresponds to ug . = & (£T12,u1). From (4.24)
in (4.50), we find

sinh(£7712) Viee (&k(ET12, u1))
T [Er(ET12,u1) — u1)

which can be used also for F(u1,C(&(£mi2,u1)); £712) in (4.49). Thus, (4.49) becomes

F(u1, &(£T12, u1); £712) =

(4.51)

[VL(r,w) s Ya(r2,u2) |, = F(ur, §e(Em2, w1); £712) 0(uz — &(Em12,w1)) (4.52)
+.F(ul,C(fk(:l:Tlg,ul));:|:7'12) (5(UQ —C({k(ﬂ:’ﬁg,ul)))

~ Viee(§p(£712,u1)) sinh(£772)
B m { §p(ET12,u1) — Wy Oluz = G(Ema, w))
sinh(£7712) C' (&K (£712,u1))
C(&k(£m2,u1)) —u

& (ug — C(§k(iﬁz,m)))}
(4.53)

where the last expression is obtained by applying the first relation in (4.12). Finally, since (4.27)

holds, the anti-commutator (4.52) can be written as follows

sinh(+7712) Viee (§(£712, u1))
W[{k(ﬂ:’ﬁg, ul) — ul]

[Vi(r,w), Ya(m2,u2) ], = O(uz = (M2, u1))  (4.54)

sinh(£7712) Viee (& (712, u1,¢))

m[ 5 (FT12,u1,c) — 1]

5(UQ — fj(iTIQa Ul,c))
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where j # k and we remind that u; € A. We remark that only one Dirac delta occurs in
the r.h.s. of (4.54); indeed, either its first or its second term is non vanishing, depending
on whether uy € Ay or ug ¢ Ay respectively.

It is important to study the anti-commutator (4.54) when 7 = 75 = 7. Since for u; € Ay
and ui. € A; with j # k, the second term in the r.h.s. of (4.54) vanishes identically in
this limit because F(u1,C(&x(E£T12,u1)); £712) — 0 as 712 — 0. As for the first term in
the r.h.s. of (4.54), since & (1,u) = u + Vieo(u) 7 + O(7%) as 7 — 0 (see the first relation
in (4.26)), we have that F(u1,&k(£T12,u1); £712) — 1 as 712 — 0. Thus, (4.54) provides
the expected result for 71 = 79 = 7, namely

W’ft(ﬂ“l) , Y+ (7, u2) ]Jr = 0(u1 — ug). (4.55)

While the Lh.s. of (4.54) is manifestly symmetric under the exchange (u1,71) <> (u2, 72),
in the r.h.s. this feature is not manifest. In order to make this symmetry evident also in the
r.h.s. of (4.54), one first observes that the argument Fj o of the Dirac delta §(F2) in (4.42)
is antisymmetric under (u1,71) <> (ug, 72), namely F} o = —F5 1. Thus, by writing 0(F} 2) =
2[6(Fi2) + 6(Fb1)] and repeating the steps described above, the anti-commutator (4.54)
can be expressed as follows

(Y3 (T u), Ya(r2,u2) ], = sinh(£7712) (4.56)

2
y Vioe (&r(£T12,u1))
E(E£T12,01) — Wy

‘/ioc (5j(i7—127 ul,C))
§i(£T12,u1,c) — w1

(5(’11,2 — fk(:l:Tlg, Ul)) + 5(U2 — 5j(3l:7—127 ul,c))

 Vioe(Em(£721, u2))
Em(E£To1,u2) — ug

_ ‘/loc(é.n(:l:T217 u2,c))
En(E£T21, uzc) — u2

§(ur — &m(£T21, u2))

§(ur — &n(£m21, U2,c))}

where u; € Ap and ug € A, with j # k and n # m. In (4.56) the symmetry under
(u1,m1) <> (u2,m) is evident in both sides.

In order to check the consistency between (4.54) and (4.15), let us first set 75 = 0 in
the Lh.s. of (4.54), where u; € Ay for a given k € {1,2}, and then employ the explicit
expression (4.15) for the modular flow. Consistency between the resulting anti-commutator
and the r.h.s. of (4.54) specified to 72 = 0 requires the following relations (where j # k)

Oulk _ sinh(77) Viee (€ (7, 1)) VOulk.c _ _sinh(m') Viee(&5(T, uc)) (4.57)
1(Ex, u) [ &x(T,u) — u] 7(Ehyer 1) m[&(rue) —u]

The above analysis about the anti-commutator of the chiral fermionic fields can be
straightforwardly adapted to the case where the bipartition of the line is given by a single
interval (see section 2), finding only the first term in the r.h.s. of (4.54), with & (£712, u1)
and Vi..(u1) replaced respectively by &(£7i2,u1) in (2.7) and by V(u;) in (2.3).

Considering e.g. the anti-commutator for ¢4 in (4.54), in the top panels figure 12 we
show an example for each one of the two possible configurations of initial points (see the
red and black dot in each panel), where they belong either to the same interval (top right
panel) or to different intervals (top left panel). At 71 = 79 = 0, the red dot corresponds e.g.
to u; € Ay (hence k =1 in the r.h.s. of (4.54)) in both the top panels, while uy, denoted by

— 38 —



Figure 12. Chiral modular evolutions illustrating the non vanishing terms in the r.h.s. of the
anti-commutator (4.54) and in the r.h.s. of the commutator (4.65). In the top panels one point does
not evolve (12 = 0, see the black dot), while in the bottom panels both the initial points evolve. In the
right panels both the initial points belong to Ay, while in the left panels they are in different intervals.

the black dot, is either in A; (top right panel) or in As (top left panel). While 75 = 0 is kept
fixed, 7 takes all the possible real values, providing the solid red curves. In each panel of
the top line, the empty circle indicates u1. at 71 = 0 and the dashed curve describes the
corresponding modular evolution. Thus, in the r.h.s. of the anti-commutator (4.54), where
only one term occurs, the first (second) term is non vanishing for the setup of the top right
(left) panel. In both the top panels of figure 12, the horizontal dashed green line denotes
the value of 7 = 7y(u1,uz) (see (4.35)) where the argument of the Dirac delta occurring
in the r.h.s. of the anti-commutator (4.54) vanishes.

In the bottom panels of figure 12, generalising the case just considered in the corresponding
top panels, we show an example where both the points u; and us move along their chiral
modular trajectories. In these bottom panels the horizontal dashed green and magenta
straight lines are at the same distance from the horizontal black line at 7 = 0, given by (4.44).

The above analysis for the anti-commutator of the chiral fermionic fields 14 (7, u) can be
adapted to explore the commutation relation of the chiral bosonic operators o4 (7,u). The
corresponding analysis in the case where the bipartition of the line is characterised by a single
interval can be performed for a generic CFT and it has been reported in section 2.3.

In the case that we are exploring throughout this section, by adapting (2.29)—(2.30) to
this case and employing (D.49) for the modular correlators, we find

o+ (T1,u1), 0+(T2,u2) | _ = (0x(T1,u1) 0+ (7o, u2) ) — ( 0+ (70, u2) 0+ (71, u1)) (4.58)
(627rw(u1) _ eQﬂ"u}('ug))Q 1
47'('2 (Ul _ 'LL2)2 (e2ﬂw(u1)iﬂ"r12 _ eQﬂw(uz):Fﬂ-q-m ¥ 18)2

1
N (627rw(u1):|:7ﬂ'12 _ 62”10(“2):':7”12 + i€)2 }
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and

i (e27rw(u1) _ e2T|"LU(’Lt2))2

[0+ (T1,u1), 0+ (T2, u2) ] =% (01— w)?

5 (627rw(u1):t7r7'12 o e27rw(u2):|:7r712)

(4.59)
(see also (2.30) for k = 1), where w(u) is (4.6) and whose r.h.s. contains the derivative of
the Dirac delta with respect to its argument.

The expression in (4.59) can be treated through (2.31) and in this case one gets a sum
made by two terms (see either (4.46) or (4.47)). In particular, setting u; = u, ug = v
and 712 = 7 in the r.h.s. of (4.59) to enlighten the notation and choosing v as the variable
playing the role of x in (2.31), the ratio multiplying the square brackets in (2.31) becomes
+5- F(u,v;7)?, in terms of (4.50) (notice that f'(z;) < 0 in this calculation), and for the
expression within the round brackets multiplying the Dirac delta in (2.31) we obtain

_ w”(v) e27rw(u) + e27rw(v) , 9
g(u,v) = w' U) - e2mw(u) _ g2mw(v) 2mw (’U) + U— v (460>
/ 2mw(u) 2rw(v)
= Lulv) e e oy 2 (4.61)
VIOC(U) e2mw(u) _ a27w(v) ‘/loc(v) U— v
2by — _ _ _ _
_ (b1 — a1)(b2 — az)(az — b1)(b2 — a1) u—v (462)

(b1 —a1+b2—a2)?(u—qo)(v—qo) (v —2e) v—ue

in terms of (4.6)—(4.8), which is independent of 7 and singular only at v = u, for any choice of
u,v € Ay U Ag because qo ¢ A (see (4.9)). When the line is bipartite by a single interval, by
employing w(u) in (2.4) into (4.60), one finds G(u, v) = 0 identically, as already highlighted in
section 2.3. Consistently, this result can be found also by taking the limit ag — by in (4.62).

As for the case where the bipartition of the line is given by the union of two disjoint
intervals, by restoring the notation occurring in the r.h.s. of (4.59), let us observe that the
zeros of the argument of ¢’ in (4.59) have been already discussed above (see (4.43)—(4.47)).
Combining these results, we find that (2.31) allows to write (4.59) as follows

[0+ (T1,u1), 04 (T2, u2)] _ = i% {F(U17fk(i7'127ul);i7'12)2 (4.63)

X [5/(% — &(Fm12,u1)) — G (ur, Ep(£12,u1)) 0 (ug — fk(iﬁmm))]
+ F(u1, C(Ex(£m10, w)); £712)

X [5,(1@ — C(fk(:I:Tlg, Ul))) — g(ul,C(fk(:l:ﬁQ,ul)))é(UQ — C(fk(iﬁbul)))} }

in terms of (4.50) and (4.60), which can be expressed more explicitly by employing (4.51) and

(&e(£m2,u1))  e(ET12,u1) —uy + tanh(m7i2) Viee (€p(£712, u1))
(4.64)

Vil (& (Ema, ) 2
G(u1,&k(£m2,u1)) = (&p(E£T12,u1)) 7T
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that has been obtained from (4.61) through steps similar to the ones providing (4.51). Finally,
by using (4.27), we have that (4.63) can be written as

[o+(T1,u1), 0+(T2,u2) | _ = ii {]:(ulyfk(iﬁ%ul)?iTH)Q (4.65)

X [5/(@ — &(£Ti2,u1)) — G(ur, &p(£112,u1)) 0 (w2 — fk(iﬁ%ul))}
+ F(u1, §5 (712, u1,0); :tT12)2

X [él(uz — fj(:tﬁz, ULC)) — g(ul,fj(iﬁg, ul,C)) 5(u2 — fj(:tﬁg, Ul,c))}}

where j # k, being u; € Ag. Similarly to (4.54), in the r.h.s. of (4.65) only two terms are
non vanishing because only one argument of the Dirac delta functions vanishes and the same
considerations made above for figure 12 can be repeated here.

In the limit 71 = 79 = 7, the r.h.s. of (4.65) drastically simplifies. Indeed, by employing
that & (7, 1) = u+Vie.(u) 7+O0(72?) as 7 — 0 when u € Ay, (from the first relation in (4.26)), we
have that G(uq,u1) = 0 and F(u1,u1,¢;0) = 0, from (4.62) and (4.51) respectively. Moreover,
we remark that F(uy, & (T, u1e);7)? G(ur, k(T u1e)) — 0 and F(up, & (T,u1);7) — 1 as
7 — 0. Thus, the commutator (4.65) provides the expected result when 71 = 75 = 7, namely

[os(roun), osl(ru) ] =F 58w — ). (1.66)

which can be compared with (2.33), that holds for the single interval case and a generic CFT.

The argument F 5 of the derivative of the Dirac delta §'(F}2) in (4.59) is the same
argument of the Dirac delta in (4.42) and it is antisymmetric under exchange (u1,71) <> (ug2, 72).
Since the derivative of the Dirac delta is antisymmetric, we can write §'(Fy2) = 3[6'(Fi2) —
§'(F21)] and follow the steps discussed above (below (4.55)), finding a form for the r.h.s.
of (4.65) where the antisymmetry under exchange (u1,71) > (ug2,72) of the commutator
is manifest. Since this expression is lengthy and not very illuminating, it has not been
reported here.

4.5 Chiral distance along the modular evolutions

The chiral distance &(71,u1) — £(72,u2) for any choice of u; and ug in A = A; U Ag and
any real value of 7 and 75 can be investigated by employing the expressions discussed in
section 4.2 to describe the modular flow of the chiral fermions, following the analysis for
the single interval case performed in section 2.4.

The crucial observation is that (4.17), (4.23), (4.33) and (4.34) are related as follows

M(E(1,w), (72, u2)) /By E(71, u1) Dun(Ta, ug)
7i(u1, ug) §(m1,u1) — &(72, u2)

W(Tlg;’u,l,’u,z) = (467)

whose derivation has been reported in appendix D.4. This relation implies that

ﬁ(é‘(Tlv ul)v 6(7—27 UQ))

7i(u1, uz2)

R(T12; u1, Uz)\/3u15(71, u1)0un & (T2, u2) (U1 — u2)
(4.68)

§(m,u1) — &(T,u2) =
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As consistency check, we consider the limit of adjacent intervals, finding that, by using (4.19)
and the first relation in (4.21), the expressions in (2.19) and (2.39) are recovered from (4.67)
and (4.68) respectively in this limiting regime.

Comparing (4.68) with (2.39), one observes that the main qualitative feature of the two
intervals case with respect to the single interval one is the occurrence of the ratio involving 7,
which makes evident the role of u; . and ug (through (4.19)), even when u; and uy belong
to the same interval. Moreover, from (4.68), notice that

Up — U2

7(u1,uz2)

§(m1,u1) — &(72, u2)

7(&(T1, u1), &(2, u2)) (4.69)

= R(712; w1, u2) \/&Llf(ﬁ, u1) Ou,§(72, uz)

hence, when the Lh.s. of this relation is well defined, its behaviour is formally similar to the
one of &(11,u1) — &(72,ug) for the bipartition of the line given by a single interval (see (2.39)).

From (4.17), (4.23) and (4.33) it is straightforward to find that, since {(7,u) € A when
u € A with k € {1,2} for any 7, in the case where u; # us are in the same interval (hence
ug # u1c) we have that 7j(uy,ug) > 0 and 7(&(71, u1), (72, u2)) > 0 in (4.68), for any value
of 71 and 5. Hence, the chiral distance (71, u1) — (72, u2) may have a different sign with
respect to u; — uz (depending on R(712; u1,us2)) and it vanishes for R(72;u1, uz) = 0.

Instead, when w; and wuo are in different intervals, with the additional assumption
ug # uic, by employing again that {(7,u) € Ap when u € Ay for any 7, the sign of
&(m1,u1) — &(12, u2) coincides with the sign of u; — ug for any real values of 71 and 7o (see
e.g. the red and blue solid lines in the bottom left panel of figure 12) and &(71,u1) — &(72, u2)
never vanishes. For u; and wue in different intervals, by adopting the shorthand notation
& = &(15,u;) with j € {1,2}, from (4.17) and (4.19) we obtain

sign( 7?(51’52) ) _ sign<(u1 — qo) (u2 — qo) + TQ%) _ sign<(u1 — o) 7~~L1,2> _ Sigﬂ(@l;)ﬂ))

7i(u1, uz2) (&1 —qo0) (§&2 — qo) + 715 (& —qo) 12 &1,

where we have defined uy = ujc + 12 and & = &1 ¢ + 5172.

The most relevant special case of (4.68) to consider corresponds to the limit 7 =7 = 7.
Since R(0;u1,u2) = 1 identically, when ug # u; and us # u; ¢, independently of the position
of u; and us in A, we have

77(5(7—7 u1)7 §(T7 uz

ﬁ(u17u2)

£(rup) — €(r,up) = ) VOuE(r,u) Bu€(ruz) (wy —uz) (471

hence the sign (7, u1) — £(7, u2) and the sign of u; — ug are the same, for any 7 € R. In the
case of uj and ugy in different intervals, this is obtained also by using (4.70) and observing
that sign(£12) = sign(i2).

Another interesting limiting regime for (4.68) occurs when u; and ug are related
through (4.8), namely ug = uj . In this limit and for 712 # 0, the divergencies in 7(u1, u2)
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and R(712;u1,u2) (see (4.17), (4.22) and (4.39) respectively) cancel in (4.68), leading to

f(n,u)—{(m,uc) = (4.72)

_ | (u = q0) Viee(uc) sinh(7r712)
wro (U — uc)

V() E(72, 1)) But (11, 0) B (T, ue) (u — )

(u — q0)* Viee (e !Slnh TT12)| Viee (§(T1,1)) Vige (&(T2, uc))
- Tla 7 TQauC))

mro[(u — qo)? + r§] Ve (1) Vioe (1)

(u — ue)

where (4.8) and the second relation in (4.26) have been employed to write the last expression.

Finally, the limiting case defined by us = w1 and 71 = 7 = 7 in (4.68) deserves some
care. Indeed, one could try to take 71 — 79 in (4.72), by using the fact that (from (4.28),
the first relation in (4.26) and (4.22)) we have

72 [&u(,u) — & (7, ue)]
lim [sinh(7e)]? n(E(T + €, u), &(T,uc)) = (6 (7,4) = & (7, ) (4.73)

€0  Vioe (€k (1)) Vioe (€ (7, ue))
where u € Ay, with j # k and j,k € {1,2}. However, once (4.73) is employed to find the
712 — 0 limit of (4.68), an identity is obtained. Another way to proceed could be first
setting 71 = 7o = 7 with 7 # 0 in (4.68), which implies R(712 = 0;u1,uz) = 1 identically,
and then taking us — u1., which can be evaluated by using that for v € Ay and j # k
the following result holds

lim 7’(5(7—7 u)a 5(7—’ v)) _ [gk (T’ u) - fj (7’, uc)] ? Viee (u) Vioe (uc)
Ve n(u,v) Viee (€6 (T, 1)) Viee (& (T uc))  (u — uc)?

obtained from (4.28), the second relation in (4.26) and (4.22). After employing (4.74) into
the r.h.s. of (4.68) evaluated for 71 = 7 = 7 # 0, an identity is found again.
The difference (7, u)—£(7, uc) can be studied by using (4.24)—(4.25) and (4.11). This gives

(4.74)

5(7—7 u) - f(T, uc) = (4.75)

i \/(al + a9 + (bl + b2) 62”[“’(“)""7])2 — 4(1 + eZw[w(u)-ﬁ-T}) (CLlCLQ + b1by ezﬂ[w(u)"""])
1+ e?w[w(u)-l—T]

= (-1)

where u € Ay, which tells that {(7,u) — (7, uc) and u — u have the same sign, as expected.
These results tell us that the relativistic causality is preserved along the modular evolution
also in this setup where the line is bipartite by the union of two disjoint intervals.

4.6 Spacetime distance along the modular trajectories

Following the analysis of section 2.7 for the bipartition characterised by a single interval, it is
insightful to explore the relativistic spacetime distance between two points along two distinct
modular trajectories by employing the results reported in section 4.5 for the chiral distance.

The charge density ¢ = 04 + 0— and current density j = o4 — o for the massless Dirac
field are important bosonic operators and their modular evolutions read respectively

Q(T; mat) = Q+(7-7 U+) + Q—(Ta ’LL_) j(T; x7t> = Q+(T7 U+) - Q—(Tv U_) : (476>
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These quantities satisfy the following commutation relations

lo(T; 21, 1), 0(T23 2, t2)] _ = [7(T15 21, 1), 5 (705 22, t2)]

= [Q+ (7—17 ul,—f—)’ O+ (7-27 u2,+)] _+ [Q— (7—17 U17_), 0— (7-27 u27—)] _
(4.77)

where (z1,t1) and (x2,t2) are the spacetime coordinates of the initial points for the corre-
sponding the modular flow and the commutation relation [o4(7i,u), o0—(72,v)] =0 has
been employed. The final expression (4.77) is written through the chiral commutators (4.65).

The result (4.77) implies that the spacetime region involved in the modular evolution
corresponding to the subsystem A; , U As, in the spatial direction parameterised by z is
obtained by taking the subsystem A;UA5 along both the chiral directions parameterised by u.
This provides ﬁA =D, UDy,UDArUDgp (see the grey domain in figure 13 and figure 14),
where Dy, = {(ug,u_); uy € Aj,u_ € A1} and Da, = {(us,u_); uy € Ag,u_ € Ag} are
the causal diamonds associated to A, and A, respectively along the z-direction, while
Dar = {(ug,u_); uy € Ag,u_ € A1} and Dyp = {(uy,u_); uy € Aj,u_ € Az}. Given a
point P in D, with light-cone coordinates (ug,u_) (see e.g. the blue, black and red dots in
figure 13 and figure 14), three other points in D, are naturally associated to P through the
map (4.8), namely P, = (u4c,u_), Po— = (ug,u_) and P; = (u4¢,u—_.) (in figure 13
and figure 14, these are points denoted through the empty markers, obtained from the dot
having the same colour). These four points belong to the four different subsets of D, and
provide the initial points of four different modular trajectories obtained by employing (4.23)
into (2.46) (see the blue and black curves in figure 13 and figure 14, whose initial points
are marked with the same colour); hence 7 € R is the modular parameter along each one
of these trajectories. All these four curves are naturally involved in the modular flow of
the massless Dirac field. Indeed, all of them must be considered to obtain a consistent
result in the limit of adjacent intervals, as discussed in [15], whose figure 11 illustrates this
limiting procedure in the spacetime.

Considering the modular evolution along the two distinct modular trajectories with
initial points P; and Ps, the spacetime distance between the points P;(7) and P»(7) after
the same value of the modular parameter 7 along the corresponding modular trajectories
can be written by using (2.61) and (4.71), finding

d(Pi(7), Po(1)) = &(7; P1, Py) d(P1, Py) (4.78)

where @(7; P, P2) is defined as follows

M(&(T, u14), E(Tu2,.4)) 7(E(=7,u1,-), (=T, u2,))

A, +,u2,+) (-, uz,—)
X \/8u1,+§(7-> u1,+) aul,fg(_Tv ul,*) 6u2,+§(7—7 u2,+) auz,fg(_ﬂ UQ,*)

in terms of (4.17), (4.23) and (4.26). The above considerations imply that w(7 = 0; P1, Py) = 1,
as expected, and that @w(7; Py, P») > 0 for any 7. We remark that, since (4.78)—(4.79) imply
that d(Pi(7), P»(7)) and d(P1, P,) have the same sign for any 7 € R, the modular evolution
along the modular trajectories containing the initial points P; and P (indeed, the modular

o(r; Pr, Pp) =

(4.79)
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evolution in this case is non local and involves four modular trajectories, as shown in figure 13
and figure 14) preserves the relativistic causality also in this case. As consistency check
of (4.79), we observe that, by using (4.19) and (4.21), the corresponding expression for the
single interval case in (2.63) is recovered in the adjacent intervals limit.

It is worth studying the spacetime distance between P;(71) and P,(72) at generic real
values 7 and 75 of the modular parameter along the corresponding modular trajectories, as
done in section 2.7 for the bipartition of the line induced by the single interval (see (2.69)—
(2.70) and figure 6). Assuming that d(Py, P>) # 0 for the initial distance, by employing (4.68)
into (2.67)—(2.68), we find that this quantity reads

d(Py(71), Pa(12)) = [&(T1,u1,4) — &(T2,u2,4)] [E(—T1,u1,—) — E(—T2,u2,—)]  (4.80)

= Q11,723 P1, P2) d(P1, P,) (4.81)

where we have introduced

s ma: 1, Py) = ﬁ(5(711U1,+),§(T2,U2,+)) 77(5(*711“1,7)7f(*7'2,u2,7))
(w14, U2 4) (w1, uz,—)

(4.82)

X R(T12;u1 4, u2,4) R(—T12;u1,—, u2,)

X \/aulﬁ.g(ﬁa ul,+) 8U17_€(_T17 ul,*) 8uz+€(7—27 u2,+) a’uz,_f(_TZa U277)

which satisfies Q(T,T;Pl,Pg) = @(7; P1, P»), as expected. From (4.80)—(4.82), the sign of
d(Pyi(71), P2(72)) can be different from the sign of d(Py, P») as 112 changes.

Combining (4.80)—(4.82) with the discussion made for (4.68), we conclude that the sign of
the ratio d(Py(71), P2(72)) /d(Py, P2) remains positive for every value of 71 and 7 only when
either P € Dy, and P, € Dy, (or viceversa) or P; € Dy and P> € Dy p (or viceversa). For
all the other choices of initial points in D4, the sign of the ratio d(Pi(11), Pa(12))/d(P1, Ps)
changes at 72 = 7> and T2 = 7>, whose explicit expressions can be obtained by using that
R(7;u1,us2) in (4.68) has a first order zero at 7 = 7p(u1, u2) given by (4.35). This leads to

T< = min{%o(ulj_s_,uQ’_F) s —%O(UL_,UQ’_))} (4.83)
7> = max{7o(u,+,u2+), —To(u1,—,uz2,-))}. (4.84)
In the limiting cases where us 4 = C(u1,4) or ug— = C(u1,—) (see (4.8)), the spacetime

distance d(P;(71), P2(72)) can be written as in (2.67)—(2.68) by employing for the chirality
where this condition is fulfilled the expression in (4.72) when 71 # 7 and the one in (4.75)
when 71 = 7. The resulting formulas for d(P;(71), P2(72)) can be written straightforwardly
and we do not find it worth reporting them here. In particular, in the special case of P> = Py .
(i.e. ug+ = C(u1,+)), this tells us that d(P(r1), P.(m2)) > 0 for all real values of 71 and
T9. Indeed, the factor multiplying u — u. in the r.h.s. of (4.72) is always positive and the
sign (—=1)* in (4.75) does not affect the sign of d(P(7), P.(7)) because two of them must
be multiplied, one for each chirality.

In figure 13 (that should be compared with the left panel of figure 6 for the single interval
case) we show an example where one point (see the black dot), e.g. P, is kept fixed, i.e.
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Figure 13. Modular trajectories in the spacetime region D 4 (grey domain) whose initial points
are denoted by the blue markers, whose coordinates are related through (4.8). Also the reference
point (black dot) is related to the points denoted by the empty markers through (4.8). The spacetime
distance between the reference point and a generic point along the modular trajectories is given
by (4.80)—(4.82) with e.g. 71 = 0. This setup for the solid curves is obtained by combining the one in
the top left panel of figure 12 along both chiral directions.

71 = 0, and its spacetime distance from another point P,(73) moving along its modular
trajectory is considered. This modular trajectory is one of the blue arcs in the different parts
of Dy (grey domain), whose initial point P» is indicated by a blue marker.

Taking, for instance, as the initial point P the blue dot in D 4, the corresponding modular
trajectory for P»(72) is the blue solid line. The initial distance d(Py, P») > 0 is spacelike
and, from (4.80)—(4.82), it remains spacelike all over the entire modular trajectory, namely
d(Pl,PQ(Tg)) > 0 for every 7o € R. Indeed, all the points of D4, are spacelike separated
from any point of D4,. However, considering the anti-commutator of a massless Dirac field
localised in P; and the modular flow of a massless Dirac field localised in P, at the beginning
of the flow, by applying (4.54) or (4.56) on both the chiralities, we find that Dirac deltas
occur when 7 = —7< and ™ = —7> (see (4.83) and (4.84)). This is due to the fact that
the modular flow (4.15) is bilocal and these Dirac deltas originate from the term containing
¥(&). Such bilocal term makes the geometric action of the modular flow non-local (in
particular, bilocal) [18, 20], and therefore all the blue curves in figure 13 must be considered
for a complete geometrical description of the modular flow of a massless Dirac field initially
localised in Py (see e.g. [15]). This implies that, in D4, the above mentioned Dirac deltas are
supported on all the points denoted by the cyan and green markers in figure 13.
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Figure 14. Two sets of modular trajectories (blue and black curves), whose initial points are related
through (4.8) in each set, according to the notation adopted in figure 13. The spacetime distance
between a generic point along a modular trajectory (red dot, related to the points denoted by red empty
markers through (4.8)) and a generic point along another modular trajectory is given by (4.80)—(4.82).
This setup for the solid curves is obtained by combining the one illustrated in the bottom left panel of
figure 12 along both chiral directions.

Instead, taking as initial point P, one of the other empty blue markers (whose coordinates
are related to the blue dot through (4.8)), the corresponding modular trajectory is either in
Dy, orin Dy y or in Dy p (for the circle, the up-pointing triangle and down-pointing triangle
respectively); hence the distance d(Py, P>(72)) changes sign with respect to d(P;, P») when
To = —T< and 79 = —7~ , given by (4.83) and (4.84). In particular, P,(—7<) and P»(—7) are
the points denoted by the green and cyan markers respectively along the blue curve passing
through P,. As for the anti-commutator of a massless Dirac field in P; and the modular flow
of a massless Dirac field in P, at the beginning of the flow, from (4.54) or (4.56) we reach the
same conclusion described for the previous case, namely that Dirac delta occurs supported in
all the points of Da corresponding to the cyan and green markers in figure 13.

In figure 14 (to be compared with the right panel of figure 6 for the single interval case),
by adopting a notation similar to the one of figure 13, we illustrate an example where both
Py (11) and P»(12) move along distinct modular trajectories whose initial points P; and Py
correspond to a black and blue marker respectively (each of them can be either filled or empty).
The point P;(71) at 71 # 0 is indicated by an orange marker and the situation in figure 13 is
recovered for 71 = 0, when any orange marker coincides with the corresponding black marker
on its modular trajectory. Instead, the point Ps(72) at 7o # 0 corresponds to a green marker.
Extending the observations made for figure 13 is straightforward. The sign of the ratio
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d(Pi(11), Px(12))/d(P1, P») has been already discussed in the text above (4.83)—(4.84), finding
that e.g. when P; and P» are the black dot in D4, and the blue dot in D4, respectively,
d(Py,P2) > 0 and d(Pi(m1), P2(12)) > 0 for any 71 and 72. Indeed, any point in Dy, is
spacelike separated from any other point in Dy4,. However, considering the anti-commutator
of the modular flows of two massless Dirac fields (see (4.15)), initially localised in P; and
Py, from (4.54) or (4.56) we find that Dirac deltas contributions occur when 792 = 7. and
Ti2 = T, given by (4.83) and (4.84) respectively. In figure 14 the points where one of these
conditions is realised have been highlighted through rhombi of various colours.

Instead, choosing as P} and P, e.g. the black dot in D4, and the blue empty up-pointing
triangle in Dy respectively, the signs of d(Pi(71), P»(2)) and d(Py, P») might be different
(depending on 71 and 75) and, as for the anti-commutator of the modular flows of two massless
Dirac fields initially in P; and P, the same conclusion holds.

We find it instructive to compare the above results about the signs of d(Py(71), P2(2))
and d(P1, P») when P} € Dy, and P € Dy, with the ones for the same quantities in the case
where the bipartition is determined by a single interval when P, € D4 and P, € Wy, discussed
in section 2.7 (see the right panel of figure 4). While in the former case d(P;(71), P2(72)) and
d(Py, P») have the same sign and the Dirac delta contributions in the commutators given
by (4.77) and (4.65) are due to the bi-local nature of the modular flow, in the latter case
the Dirac deltas in the commutator of the modular flows of the currents (see section 2.3)
occur when d(P;(71), P»(2)) changes sign with respect to d(P;, P»), consistently with the
fact that the modular flow is local.

5 Conclusions

The modular evolution is an interesting unitary evolution to study and understanding its the
relation with causality could provide new insights in the entanglement structure of quantum
field theories. This is usually a difficult task because the explicit expressions of the modular
Hamiltonian and of the corresponding modular flows are not known.

Since causality and spacetime distance are deeply related in Minkowski spacetime, in
this manuscript we have studied the spacetime distance between points moving along two
distinct modular trajectories for some known modular flows in two-dimensional CFT in
the Minkowski spacetime. When the bipartition of the spatial line is characterised by a
single interval, we have explored first the case of the ground state (see section 2) and then
its thermal generalisation where the CFT have different temperatures for the two chiral
components (see section 3). Instead, in the more complicated case where the bipartition
of the spatial line is determined by the union of two disjoint intervals, we have considered
the free massless Dirac field in its ground state, by employing the known expressions for
the modular Hamiltonian, the corresponding modular flows [18] and the modular correlators
for the field [20, 21] (see section 4). While the modular flows related to the finite spatial
subsystem A have been mainly explored, in the case of the interval A and of the ground state
(see section 2) some results about its complement B have been also obtained.

As for the subsystem A, analytic expressions for the spacetime distance d(P;(m1), P2(72))
between two points along distinct modular trajectories for generic values of the modular
evolution parameters 7, and 7o along them have been obtained in terms of the spacetime
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distance d(P;, P») between the two initial points P; and P» of the modular trajectories.
When A is a single interval in the line, this distance is given by (2.67)—(2.70) for the CFT
in its ground state (see also figure 6) and by (3.28)—(3.31) for the CFT at finite inverse
temperatures 4 and S_ (see also figure 10). In the former case, also the corresponding result
in the Euclidean signature has been discussed (see section 2.8). When A is the union of two
disjoint intervals and the underlying CFT is the free massless Dirac field, this distance is
given by (4.80)—(4.82) (see also figure 14). In this case, the harmonic ratio (4.18) allows to
write the modular flow of the Dirac field in the form (4.15) through (4.17) and (4.19). The
relativistic causality along these modular flows has been studied by considering the sign of
d(Pyi(7), Px(7)) with respect to the sign of d(Py, P») in the special case of 71 = 75 = 7. Since
these two quantities keep the same sign for any 7 € R, the relativistic causality is preserved
by these modular evolutions. Explicit expressions for the values of the difference 71 — 70 where
d(Pyi(71), P2(72)) changes its sign with respect to d(P;, P;) have been obtained (see (2.72)—
(2.73), (3.32)—(3.33) and (4.83)—(4.84) in terms of (2.25), (3.12) and (4.35) respectively),
finding for them a simple form in terms of the function determining the weight function of
the local term of the modular Hamiltonian (see (2.3), (3.2) and (4.7)).

The commutators (or anti-commutators in the case of fermionic operators) of certain
modular flows are interesting quantities to consider to explore the relativistic causality along
the modular evolution. They can be studied by taking their mean value first and then
employing the modular correlators involved in the resulting scalar quantities. For a CFT
in the ground state and the bipartition of the line given by an interval, in section 2.3 the
commutators of the modular flow of the chiral currents have been considered, finding (2.32)
(or (2.34) equivalently). For the massless Dirac field in the ground state and the bipartition of
the line given by the union of two disjoint intervals, in section 4.4 the anti-commutators of the
modular flow of the chiral field and the commutators of the modular flow of the chiral density
have been studied, finding (4.54) (or (4.56) equivalently) and (4.65) respectively. The latter
result, which has been obtained by first writing the modular correlators of the chiral density
fields in (4.32) (see also appendix D.3), provides the commutators of the modular flows of
the charge density and of the current density for the massless Dirac field (see (4.76)—(4.77)).

The main result of the comparison between the spacetime distance of points along two
distinct modular trajectories and the commutators of the corresponding modular flows is
about the massless Dirac field and the bipartition of the line given by the union of two disjoint
intervals; indeed, in this case the non-locality (bilocality, in particular) of the modular flow
induced by the bilocal term of the modular Hamiltonian (see (4.4)—(4.5)) provides some Dirac
delta contributions in the commutators also when the all the points of a modular trajectories
are spacelike separated from all the points of the other one, as discussed in the final part
of section 4.6 and represented in figure 13 and figure 14.

Another interesting case as been discussed in section 2 and involves, instead, the local
operator K in (2.2), associated to the ground state of a CFT on the line bipartite by an
interval. Considering a modular trajectory inside the diamond D, and another one in
By (i.e. in the grey and light blue region in figure 3 respectively), the spacetime distance
d(Pyi(71), P2(72)) changes its sign with respect to d(Py, P») when singularities occur in the
evolution in By corresponding to the singularity of (2.7) (see (2.9)). This feature can be
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traced back to the singularity of the map employed in [11, 13] to obtain (2.2) from the
Bisognano and Wichmann modular Hamiltonian, as discussed in appendix A.1. Moreover,
focussing on primaries having hy = h_ = h for simplicity, with A > 0, in section 2.6 we
have shown that, for h # k/2 with k € N, local fields with conformal dimension h can be
constructed whose commutator has a non vanishing support in the past and future cones
made by the points that are timelike separated from the points of D 4. Hence, their modular
evolution outside the diamond D4 is not the one generated by K in (2.2) and, as far as
we know, it is not available in the literature.

Our analyses can be extended in various directions. It is worth considering other cases
whose modular Hamiltonian is known explicitly, including the ones where non-local terms
occur. Considering the two-dimensional massless Dirac field in the ground state, besides the
case investigated in section 4, bilocal terms have been found also for the bipartition of the
half line given by an interval separated from the boundary [33] and for the bipartition of the
line with a point-like defect characterised by two equal intervals placed symmetrically with
respect to the defect [35]. They also occur for the same model on the circle and at finite
temperature, when the bipartition is given by a single arc [36, 37]. Another case that is worth
considering is the free chiral current of the massless scalar field in the ground state and on
the line bipartite by the union of two disjoint intervals, whose modular Hamiltonian contains
a genuine non-local term [38]. It is instructive to extend our analyses also in two-dimensional
inhomogeneous CFT, already in the cases of local modular Hamiltonians [39]. Let us also
mention prototypical CFT models like the compactified boson and the Ising model in their
ground state on the line bipartite by the union of two disjoint intervals and its complement,
whose entanglement entropies are known (see e.g. [40-47]) but analytic expressions for the
corresponding modular Hamiltonians are still not available.

An important arena to explore the relation between causality and modular evolution is
provided by the gauge/gravity correspondence. In this context, by employing the geometric
prescription on the gravitational side for the holographic entanglement entropy [48-50],
causality has been studied e.g. in [51]. When the subsystem in the gauge theory side on
the boundary is the union of disjoint regions, interesting transitions occur (see e.g. [52—
54]) coming from the limit of large degrees of freedom where the classical gravity picture
emerges. Relevant insights for these analyses could come from the connection with von
Neumann algebras recently discussed in [55-57] or from the reformulation of the holographic
entanglement entropy prescription through the bit threads [58]. In the latter framework, for
instance, an interesting flow provided by the geodesic bit threads has been explored [59],
finding a relation with the geometric action of the modular conjugation in the boundary
CFT [15, 60].

The invariance under the Lorentz transformation plays a crucial role in the notion of
causality and in the determination of the modular evolutions; hence it would be very insightful
to explore the questions addressed in this manuscript also in non-relativistic models (see
e.g. [61-63] for some results in the free fermionic Schrédinger model). Since the continuum
limit of lattice models typically provides non-relativistic quantum field theories, we remark
that it would be interesting to explore the notions of modular evolutions and causality also
in lattice models, where some entanglement Hamiltonians and the corresponding spectra
have been studied (see e.g. [19, 64-72]).
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A Mappings

In appendix A.1 we review the map [2, 11, 13] employed to obtain the modular Hamilto-
nian (2.2) from the one of Bisognano and Wichmann [6, 7], discussing also its singularities.
Inversions mappings sending D4 onto W U W, in a bijective way are constructed in ap-
pendix A.2.

A.1 Mapping the wedge into the diamond

In the Minkowski spacetime parameterised by the coordinates X = (#,%), consider the double
wedge domain We UW, made by the right and left Rindler wedges sharing the origin, denoted
by We and W, respectively (in the left panel of figure 15, see the green and the orange
domains respectively). We are interested in the following map [2, 11, 13]

_ (b-a) [f—()?jfv) Co] b—a . _ (b—a)t
- I Indiad 9 00— 7 = N/-. - .\
12X.0+(X-X)(Ccc) 2 (z+i+1) (z-i+1) (A1)
—a) [2-(X-X a+(a T 7212 '
g oy O ) [#-(XX) o] | ma gy = et +b (#2-2)

1-2X-0+(X-X)(C-0) (z+i+1) (z-1+1)

where C' = (C,Cp) = (—1,0) is a constant vector and the scalar products in the spacetime
given by X X=-12432X-C=-1Cy+7C,and C-C = —C2 + C?% occur.

In terms of the light-cone coordinates @i+ = & & ¢ and of the ones defined in (2.1), the
map (A.1) takes the following simple form

bi
Uy = a:i—iui (A.2)
4 + 1
whose inverse reads
B Ut — @
= . A.3
U b—us (A-3)

The map (A.1) sends Wi and W, into D4 and By respectively ( in the right panel of
figure 15, see the light grey and light blue region respectively), described in section 2.5 (see
figure 3). In particular, (A.1) relates the spatial axes parameterised by z and #; indeed we
have t|;_, = 0 and z|;_y = (a+02)/(Z+1). The latter expression, which is singular at z = —1,
satisfies z|;_; = @ when Z = 0 and z|;_y — bT as & — +oo. Moreover, z|;_, = (a + b)/2
when & = 1. Consider also @+ = 1 (see the dashed black straight lines in the left panel of
figure 15), whose images through (A.2) are the dashed black straight lines in the right panel
of figure 15. These lines identify the partition D4 = Dg UDy, UDr U Dy (see section 2.5), that
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Figure 15. Modular trajectories in the double wedge domain WR U WL (left panel) and their images
in D4 U B4 under the map (A.1) (right panel).

corresponds (through (A.3)) to the partition of Wy identified by the dashed black straight
lines in the left panel of figure 15; indeed, the red curve in D4 belongs to Dy U Dp.

The singularity in (A.2) corresponds to @i+ = —1, i.e. to the straight lines f = 4+ 4 1
(see the dashed grey lines in the left panel of figure 15, whose intersection is the black
rhombus). These lines provide a partition of W, that is mapped through (A.2) into the
partition By = Wy UW, UV UV described in section 2.5. As consistency check, notice that
the green curve in By belongs to Vi U Vp. This picture is described also in figure 11 of [57].

Combining (A.3) with the Bisognano-Wichmann modular Hamiltonian (i.e. the generator
of the Lorentz boosts), one obtained the parabolic weight function (2.3); indeed

Dy
V(ui): ™ U+

= A4
Dosiis (A.4)
where the transformation law of 7' (u4 ) under conformal transformations has been employed

It is well known that the geometric action of the modular conjugation in WR UW, is
given by (%,t) — (=&, —t ), namely i+ + —i+. This inversion map commute with (A.1), or
with (A.2) equivalently. Indeed, along each chiral direction, from (A.2) and j(u) in (2.12),
we have

a+b(—tug) . a—+bius
(=) +1 J(fbiJrl)' (A.5)

In a Rindler wedge (either WR or WL), a modular trajectory whose initial point has
light-cone coordinates (g 4, @o,—) is the branch of hyperbola described by

ﬂi = g(:tT, ﬂO,i) 5(i7-, ﬂgi) = fL()i eiQWT (Aﬁ)

as shown in the left panel of figure 15, where the various solid curves have different ini-
tial points.

A modular trajectory (A.6), either in Wi or in W,, is mapped through (A.1) into a
modular trajectory, either in D4 or in B4 respectively, that belongs to the hyperbola 7,
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introduced in section 2.5 (see (2.46) and (2.51)). Indeed, plugging (A.6) into (A.2), one
obtains (2.7), namely

ui| = &(£7,u0,4) (A.7)

i =E(E7,ii0,+)

where the initial values g + are related to ug + through (A.3). In figure 15 we show various
modular trajectories either in Wi or in W, and their images under the map (A.1), which
are modular trajectories either in D4 or in By respectively. In figure 15, a specific colour is
associated to any pair of modular trajectories related through (A.1). Notice that the initial
points for the red and the green curves could be X = (1,0) and X = (—1,0) respectively,
in WR and WL respectively.

The spacetime distance d(Py, Py) = —t15+x3, between two events Py and P» (the notation
Y12 = y1 — Y2 for the differences of certain coordinate y is adopted) can be written through the
spacetime distance d(f’l, ]52) = —t2, + 72, between their pre-images under (A.1) as follows

(b—a)?
d(ﬁl, PN’()) d(f’g, ﬁo)

d(P, Py) = d(Py, P,) (A.8)

where the spacetime coordinates of Py are X = (—1,0). Since Py e VNVL, the ratio multiplying
d (P17 PQ) in the r.h.s. of (A. 8) is strictly positive (and therefore causahty is preserved) for
any choice of P1 and Pg in WR However, this ratio is singular when P1 or P2 is lightlike
separated from B (i.e. when at least one of them belongs to the grey dashed lines in the
left panel of figure 15) and it does not have a definite 31gn as P1 or Py spans WL This
observation highlights the asymmetric role played by We or in W, in (A.1).

A.2 Alternative inversion maps for the diamond

Motivated by the results discussed in section 2.6, in the following we construct two inversion
maps sending the diamond D4 onto W UW,, (i.e. the domain of the Minkowski spacetime
made by the points that are spacelike separated by all the points in D4) in a bijective way.

Consider the partition Dy = ZSR U ZSL of the diamond D4 into the triangular spacetime
regions Dy = {(x,t) € Da; z > (a+b)/2} and Dy = {(z,t) € Da; = < (a+ b)/2}. This
bipartition of D4 is identified by the vertical dashed brown segment in figure 16.

We introduce the mapping (x,t) — (Z(z,t),#(z,t)) sending the generic point (x,t) € D
in the point in the spacetime whose spatial and temporal spacetime coordinates are respectively

(b—a)t

) =) =) 2 T

Z(x,t) = j(x) t(x,t) = (ba)i _ (A.9)
oty TE€DL
2(2—457)

where the chiral inversion map (2.12) has been employed for the spatial coordinate. The
map (A.9) sends Dy, onto the right wedge Wy and D, onto the left wedge W, in a bijective way.
Notice that z(x,t) — +o0 as z — (a+b) and that t(z,0) = 0 for any x € (a,b). Furthermore,
the map (A.9) is idempotent. Given a point in Dy, its image under (A.9) is obtained by
first imposing the spatial coordinate Z(x,t) through the chiral inversion map (2.12) and then
t(z,t) is found by constructing the two right-angled triangles that share the vertex of D4 in
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Figure 16. Inversions of the modular trajectories in Dy (red and blue solid curves) through
either (A.9) (magenta and yellow solid curves respectively) or (2.49)—(2.50) (black and green dashed
curves respectively). The latter inversion has been already represented in figure 3.

(z,t) = (b,0), with one side along the z-axis and their hypotenuses along the straight line
passing through the initial point in Dy and the vertex in (b,0). For the red dot in figure 3, this
construction provides the magenta dot in Wy and the orange dot-dashed segment connecting
them is made by the two hypotenuses of the two above mentioned right-angled triangles.
A slight modification of the above geometric construction, which consists in just replacing
the vertex in (x,t) = (b,0) with the one in (2,t) = (a,0), allows to send D, onto Wy, in a
bijective way (in figure 3, see e.g. the blue dot and its image denoted by the yellow dot, that
are connected by the orange dot-dashed segment).

A different map that also sends Dy onto Wy in a bijective way can be written by
imposing the same spatial coordinate Z(z,t) and considering, instead, the two right-angled
triangles that share the vertex of D4 in (a,0) and having one side along the z-axis again
but their hypotenuses along the straight line passing through the initial point in Dy, and
the vertex in (a,0). Then, D, is sent onto W, in a bijective way by replacing the vertex in
(a,0) with the one in (b,0) in the previous construction. Two examples correspond to the
dark yellow dot-dashed segments in figure 3. This geometric construction provides the map
(z,t) — (&(x,t), —t(x,t)). In figure 3, the images of the red and the blue dots under this
map are the magenta and the yellow squares respectively.

We remark that these inversion maps cannot be written in terms of a chiral map, and
therefore are not conformal; in contrast with the inversion map in the spacetime given by
(uy,u_) — (j(uy), j(u_)), i.e. by applying (2.12) along each chiral direction, which has
been discussed in section 2.5.

It is worth comparing the images in the spacetime of a modular trajectory in Dy
(see (2.46)) under (A.9) and under (u4,u—) — (j(uy), j(u—)). In figure 16, two modular
trajectories in D4 are shown (see the red and blue solid lines), whose initial points are the
dots having the corresponding color. The geometric construction discussed above for the
inversion map (A.9) and illustrated by the dot-dashed orange segments in figure 16 for the
initial points can be extended to the whole red and blue solid lines, finding the solid magenta
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Figure 17. Modular trajectories in the left Rindler wedge VNVL (left panel) and their images in
Wr UW,, under the map (A.11) (right panel).

line and the solid yellow line respectively. The dashed black and dashed green curves in
figure 16 denote the images of the red and blue solid lines respectively under (2.49)—(2.50)
and their initial points are the black and green dots respectively (see also figure 3).

These examples show that, remarkably, the image of a modular trajectory in D4 un-
der (A.9) coincides with the branches of the curve obtained from (2.49)—(2.50) and contained
in Wr UW,, (see either the red dashed arc or the purple dashed arc in figure 3). Indeed, the
image of a modular trajectory in D4 with initial point P € D4 under (A.9) belongs to the
corresponding hyperbola Z, (see (2.51)—(2.52)); namely (2.46) and (A.9) satisfy

[#(x(7), #(r)) — w0]” — F(x(r), t(1))” = k3. (A.10)

The inversion map (A.9) does not preserve the sign of the spacetime distance. For
instance, consider for simplicity the points in D4 having ¢t =  — (a + b) /2, which are lightlike
separated and belong to the black dashed segment in figure 16 with positive slope. Given
the points P; and P, in this class, with spatial coordinate x1 and xo respectively, and lying
either in Dy or in Dy, their images under (A.9), denoted by P, and P, respectively, are

spacelike separated; indeed d(Pi, P2) = z3,.

The maps discussed in appendix A.1 and in this appendix can be employed to construct
a map sending the left Rindler wedge WL (see the green reglon in the left panel of ﬁgure 15)
onto Wy U W, in a bijective way. Consider the bipartition of W given by W, = W U WL ,
where W; and W: are identified by the branch of the hyperbola #2 — {2 = 1 in W, (see
the solid green curve in the left panels of figure 15 and figure 17) and correspond to the
region respectively on the left and on the right of this curve. A map sending W and
)7\7; onto Wy and W, respectively in a bijective way can be constructed by composing
(in this order) the reflection (%,f) ~— (=&, —%), the map (A.1) and (A.9); hence it act as
VNVL — VNVR — Dy — Wy UW,. This composition provides a map acting on a given point
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(z,1) € Wy as follows

Ay <

~ (b—a)t
2(30) =b- LoD ED Ha,7) = {‘f?f?l TEM (A11)

72 _ £2 _ b—a)t
P2 —i2-1 LAt rew,

In figure 17 we show some modular trajectories in W (left panel) and their images in Wr UW,,
(having the same colour of the original curve) under the map (A.11). This mapping does not
preserve the sign of the spacetime distance because (A.9) is involved in its construction.

B Interval in the circle, vacuum state: modular inversion

In this appendix we consider a finite volume case (with periodic boundary conditions),
extending the results discussed in section 2.1 and section 2.5 for the infinite line.

A well known way to compactify a chiral direction is based on the Cayley map, which
relates the real line to the unit circle with one point removed (see e.g. [21]). This map can be
defined as u +— z = }fig
to # = 7 on the unit circle S. Parameterising S through the complex number z = e

where u € R and z € S\ {Fy}, being Py the point corresponding
2miv/L
with v ~ v + L, where L corresponds to the compactification parameter, the Cayley map
and its inverse become respectively

e27riv/L _ 1 + iu . 1— e27riv/L

1—iu =1 qzmr = tan(mv/L) =C(v). (B.1)

Alternatively, following the standard approach to two-dimensional CFT in Euclidean sig-
nature [73], one first introduces the periodic identification v ~ v + L on the real line and
then employs the exponential map v — e2™v/L.

In the following analysis both the chiral directions are compactified in a circle of length
L. The rhombi in both the panels of figure 18 represent the entire spacetime and the
dashed edges having the same color are identified. Considering along each chiral direction
the bipartition given by the interval A and its complement B on the circle of length L
parameterised by vy € (—L/2,L/2), the modular Hamiltonian of A and the corresponding

full modular Hamiltonian read respectively [16, 17]

T
KA:AVL(U+) T+(’U+)+ 12L2 dv++/ VL |:T_(’U )+ 12L2:|d1}_ (B2)
and
K=Ks®1p—-14® Kp
L/2 L/2 T
_/L/2 (vp) | TH(vg) + ——= 12L2 dv++/L/2 (vo) {T_(v )+ 12L2]dv_ (B.3)
where the weight function Vi (v) is
sin[7(b —v)/L] sin[r(v — a)/L] 1
=2L = A B4
Vi(v) sin[m(b —a)/L] wh (v) ve (B-4)
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Figure 18. Modular trajectories (red and magenta solid curves) generated by (B.3) and related
through the inversion map constructed by applying (B.11) along each chiral direction.

being wr (v) defined as

1 sin[m(v —a)/L]
wiv) = o 1og<— e b)/L]> . (B.5)

The weight function (B.4) is related to the corresponding weight function for the interval
on the line given in (2.3) as follows
V(erv/t)  V(C())
Oy (QQWiv/L) - C’(v)

Vi(v) = (B.6)

where in the first equality we have employed the exponential map and 17(1)) is defined as (2.3)
with a and b replaced by e2™%/L and e2™/L respectively, while the last expression is obtained
through the Cayley map (B.1) and V (v) is defined as (2.3) with a and b replaced by C(a)
and C(b) respectively.

The bipartitions induced by A in each chiral direction determine the partition of the
compact spacetime provided by the black solid thin straight lines in each panel of figure 18.
The light grey domain corresponds to the diamond Dj4. Since periodic boundary conditions
are imposed along each chiral direction, the two panels in figure 18 are equivalent.

The modular evolution generated by (B.3) are described through the following func-

tion [33]

L e71'i(b—i—a)/L + eQﬂib/L e27er(v)—4—271'7'
EL(T, U) = % 10g< emi(b—a)/L + e2mwr (v)+27T ) (B7)
whose infinite volume limit L — 400 gives (2.7), as expected. Notice that
amiep (o) /L _ (GQﬂib/L _ e?wiv/L) eQﬂ'ia/L + (eQWiv/L _ e?ﬂia/L) e271'ib/L e2TT B
¢ = (e2mb/L — 2miv/LY 1 (g2miv/L — o2mia/LY g2nr (B.8)
Jri(atb)/L e™/Lgin[r(b —v)/L] + ™/ L sin[r(v — a)/L] e*™" (B.9)

e™b/Lsin[m(b—v)/L] + e/ sin[n(v — a)/L] €277
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where the r.h.s. of (B.8) can be obtained as the r.h.s. of £(7,v) in (2.7) by replacing a, b

and v with e?ma/L  e2mb/L 5pq e2riv/L respectively.
A modular trajectory in D4 whose initial point at 7 = 0 has light-cone coordinates

(v4,v_) can be written through &7 (7,v) in (B.7) and its spacetime coordinates are

2(r) = Er(myvg) +&p(—T,02) t(r) = er(rvs) — EL(—T,0_) |

5 5 (B.10)

The solid red and magenta curves in both panels of figure 18 are two modular trajectories
whose initial points correspond to the black dot and to the square dot respectively.
In this setup, the inversion map along each chiral direction is defined as follows [15]

L | eQwib/L + e27ria/L N [(eZﬂ'ib/L _ e27ria/L)/2]2
0g 5 o2miv/L — (g2nib/L  o2wia/L) /9

(B.11)

which is a bijective and idempotent function sending A onto B with negative derivative

gooN sin?[r(b —a)/L]
() = |sin[m (b —v)/L] — em(t=a)/Lsin[r(v — a)/L] ]2 ' (B.12)

The expressions in (B.4), (B.11) and (B.12) are related as follows

L) Ve (v) = Vi (js(v)). (B.13)

We remark that the maps (B.7) and (B.11) commute, namely they satisfy

AIACADNERIACATAC)) (B.14)

whose infinite volume limit gives (2.14), as expected.

In the compact spacetime introduced above, the inversion map is obtained by apply-
ing (B.11) along each chiral direction, i.e. (v4,v_) + (jr(v+), jr(v=)). This map relates the
two modular trajectories corresponding to the red and magenta solid curves in figure 18.

Taking the infinite volume limit L — oo in the right panel of figure 18, D4 remains fixed
and one obtains the setup described in figure 3. Instead, taking the infinite volume limit
L — oo in the left panel of figure 18, D4 and the light blue diamond become the right and
the left Rindler wedges respectively (see e.g. the left panel of figure 15).

We remark that in the above analysis the universal covering discussed in [8, 12, 22] and
mentioned in the final part of section 1 has not been considered.

C A formula for the derivative of the Dirac delta

In this appendix we report a derivation of the following formula about the derivative of
the Dirac delta function

= ) 2 P 2 “

_ G(z;) oo @) fag) = Glay) f(g) o0
- zj: ( f’( . ) &B‘s( J) ]f’(a:j)|3 5( J))
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which has been used to explore the commutation relations of the modular evolutions of the
chiral components of the conserved current in CFT (see section 2.3) and of the chiral density
operators for the free massless Dirac field (see section 4.4).

Consider the integral representation of the Dirac delta and its derivative given by

/oo e PTdp = 27 §(x) /OO pe Prdp =271 () (C.2)
—0o0 —00

respectively, where the second expression can be found by taking the derivative with respect
to x of the first one. By employing the first identity in (C.2) for 6(f(z)) and then taking
the derivative with respect to z of the resulting expression, one gets

0 e L[ @ gy L o L 1 N
) = gz | 20 = iy 20U = gy X [y 8t =)
(C.3)

where we used the second expression in (C.2) in the first equality and the well known formula

o(f(x) =2, m d(x—x;) (where the sum is over the zeros x; of f(x) such that f'(z;) # 0)
in the last equality. The last expression in (C.3) provides the first equality in (C.1).

For a generic test function g(x) we have that

| @ F@osa-ydr=- [ g@F@)iw-yde- [ g@) F@)d-y)da.

(C.4)
The final expression in (C.1) is obtained by applying (C.4) in the special case where F(z) =
G(z)/f'(x) to each term of the sum over j in the expression found through the first equality
of the same equation.

D Two intervals: modular flow and modular correlators

In the setup described in section 4, we revisit the derivations of the modular flow of the chiral
fermions (appendix D.1) [18] and their modular two-point functions (appendix D.2) [20], by
adapting the analysis described in appendix C of [33] to the case of a generic configuration
of two disjoint intervals on the line. The modular two-point functions for the chiral density
fields o1 = : ¢l : are also derived (appendix D.3).

D.1 Modular flow of the chiral fermionic field

Consider the massless Dirac field in its ground state and on the line bipartite by A = A1 U Ao,
where A; = [a;, b;] with j € {1,2}. The modular flow of this field is generated by (4.1); hence
it can be obtained as the solution of the following system of PDE’s

Y (T, ug) Yy (T, uy)

d er (Ta u+,c) - _ er (7-7 u+,C)
ar | v | T V(ug)® (= V(u))] b () (D.1)

Y (T, u—c) Y (T, u—c)

where the matrix operators in the r.h.s. are
1 —V.
Vi) = (VIOC(U) Ou + 5 0uViee (1) Vbllocl(U) ) (D.2)
— Viitoe (uc) Vioc (uc) 8uc + 5 8ucvloc (uc)

in terms of the weight functions (4.7) and w4 = C(u+) (see (4.8)).
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The block diagonal structure of (D.1) allows to focus separately on the chiral fields ¢,
whose modular evolutions can be written in terms of the following doublet

U(r,u) = (5((:”2) ) (D.3)

where the notation 1) = 14 is adopted throughout this analysis to enlighten the formulas. Let
us recall that, since —V'(u_) occurs in the r.h.s. of (D.1), the modular evolution parameter
to employ when v = u_ is —7. The doublet (D.3) solves the following system of PDE’s

%‘I’(T, u) =V (u)¥(r,u) U(r=0,u) =¥(u) (D.4)

where W(u) is the initial field configuration.

The first relation in (4.12) implies Vi,.(uc) Oy, oc (1) Oy, that leads us to write (D.4) as

% a’U,‘/loc (U) _‘/biloc(u)

rrasea= (100

)) U(r,u). (D.5)

This system can be studied by introducing the following redefinition of the field

P(rw) = M) ¥ir,u) = M <“)<g<(;i)>> Mu) = (Géu) G(SLC)) (D-6)

where G(u) is defined by imposing the vanishing of the diagonal terms in (D.5). This
requirement gives

1
Viee (1) 0y, G(u) = —3 G (1) 0y Viee(u) (D.7)
whose solution is
Go
Glu) = ——— D.8
(u) 7 (D.8)

for some constant Gy. The function G(u) in (D.8) satisfies the following properties

Gl = =0l e Gl _ [Vl

o G\ Vie(u)

(D.9)

From (D.7), the system (D.5) can be equivalently written in terms of the field in (D.6) as

[0~ Veetw 2. i = (50, o ) ¥m (0.10)
where o - -
V(1) = Vi) G = el ) D11)

Since V(u.) = — V(u), the system of PDE’s in (D.10) becomes

[0 = Vieew) 0 | ¥ (7,0) = V() T (7, w) (D.12)
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in terms of the constant symplectic matrix J defined as follows

J:((l) 01>:U‘1<(i) i)i)U U é(ii 1) (D.13)

where also the unitary matrix U diagonalising J has been reported.
The diagonalisation of J in the r.h.s. of (D.12) leads to the decoupling of the two PDE’s
in the system (D.12) through the following field redefinition

5 — @1(7—’ u) — T T u
B(r,u) = (w(ﬂ%)) = U (7, u) (D.14)

where o1 and 9 are not distinct fields; indeed, this definition implies that pa(7,u) =i p1 (7, u).
This is consistent with the fact that the same field 1) occurs in the two components of ¥
(see (D.6)). The field redefinition (D.14) leads to write (D.12) as

(0. =] (20 ) = vw () (20 (.15)

wa(T,uc) 0 —i wa(T,uc)

By using Vi,.(tc) Oy, = Viee(u) 0y and ‘N/(uc) = — V(u) again, we find that the two decoupled
PDE’s given by the first and the second component in (D.15) take the same form expressed
in terms of either u or u. respectively, which is given by the following linear PDE

(01— Vieew) 04 |l w) = 1V (w) (7,0, (D.16)
The solution of the PDE in (D.16) for the initial field configuration ¢(u) at 7 = 0 reads
p(r,u) = T o (€7, 0)) 0(r,u) = T({(7,u)) — T'(u) (D.17)

where £(7,u) has been defined in (4.23) and

re = | Vv% s [ e Vvlf;(éc)) ¢ = sign(e — g0 aretan( 1)+ cons
(D.18)

(we remind that V,.(§) > 0 for £ € A) where the notation &.(§) = C(£), in terms of (4.8),
has been adopted. Since gy € (b1, a2) (see (4.9)), we have that sign(§ — qo) = +1 for u € As
while sign(§ — go) = —1 for u € A;. Moreover, the relation 0¢&c = Vioe(&c)/Vioe(§) implies

that I'(&) = —T'(¢).
Combining (D.6), (D.14) and (D.17), we find that (D.3) becomes

() =ne (i) oo (1E) wo

where we used that

(g ) o= () ity ) 020

Since the second component of (D.19) can be obtained from the first one by replacing ¢ with
& and u with uc; we can focus only on the first component of (D.19).

— 61 —



By employing (D.9), the explicit expression of the first component in (D.19) reads

Vioe (€)
Vioe ()

To
1€ — qo|

¢(7_7 u) =

[cosw)w(s) - smww(sc)} (D.21)

where, by using that sign(€ — go) = sign(u — go) (notice that sign(u — go) = (—1)7 for u € A,
with j € {1,2}), the functions cos(6) and sin(f) are given respectively by

cos(#) = cos {Mc‘can<(S — qo) — arctan(u ;OQOH = \/[(5 _(gqo_)goj_ ilé]_[(z(])_z;i + T(2]]

]
(D.22)
sin(f) = sign(u — qo) sin {arctan(f ; QO) — arctan(u ; qoﬂ
0 0
: (€ —u)
= sign(u — qo) i (D.23)
€= a7 + ) [ — a0 + 73]
which give
tan(f) = sign(u — qp) tan {arctan(é ;0q0> - arctan(u ;OQO)]
. B o (§ — u)
= sign(u — qo) E— ) u—a) 412" (D.24)
By using the expressions in (D.22) and (D.23), the modular flow (D.21) becomes
Viee (€) (€ — 90) (v — qo0) + 75
P(1,u) = ¥(€) (D.25)
oc (1) { VIE = a0 + 18] [(w — 0)? + 7]

o E—u }
B Y(&e) ¢ -
\/[(é —q0)2 + 12 [(u—qo)2+ 73] § D

Longo, Martinetti and Rehren [20] have introduced the parameters

Liyr = b1 —a1 +ba—az Mg = biba — aras Niar = (b1 — a1) agba + (ba — a2) a1by

(D.26)
which are related to the parameters defined in (4.9)—(4.10) as follows
Liyr — = l Mg — = @ (D.27)
\/LLMR NLMR - MLMR 7o \/LLMR NLMR - MLMR To

In particular, the relations in (D.27) tell us that the argument of the first arctan function
in the r.h.s. of eq. (3.12) in [20] corresponds to (£ — qo)/ro in (D.22)—(D.24).
We find it worth expressing the modular flow (D.25) in terms of the four-point harmonic
ratio defined as follows
(€ &) (u—ue) _ [(€—q0)*+ 78] [(u— q0)° + 7]

) = _ D.28
(&, u) (€ —uc) (u—&) [(€ = qo) (u—qo) + 7'(2)}2 ( )
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(which has been introduced also in (4.18) in terms of other variables), where the last
expression, obtained by employing (4.8), is symmetric under exchange £ <> u. From (D.28)
it is straightforward to observe that

(s—u><£c—uc>:{ ro (¢ — u) r’
(€ —uc) (& —w)  L(€—a0)(u—qo)+73

hence n(§,u) > 1 for any choice of u and § in A, which is saturated when ¢ = u. Com-
bining (D.24) and (D.29), one finds

n&u) —1=- (D.29)

tan(6) = sign(u — qo) \/n(§,u) — 1. (D.30)
The expression in (D.28) satisfies the following relations

(&) = n(€.) (€)= A (D.31)

It is worth exploring the possible occurrence of an upper bound for (D.28) with u,{ € A.
When u € A; and { € A; with i # j, an upper bound does not exist because 7(§, u) — +0o as
€ — uc (see (4.22)). Instead, when u and & belong to the same interval 7(&, ) < 7.y, Where

_ (a2 —a1)(by — b1) _ _
Tlmax = (a2 — bl)(bg _ al) Nmax = 77(6117 bl) - 77(@2: b2) (D32>

which can be equivalently written in terms of (D.30) as follows [74]

| tan(0)]| < v/Mwax — 1 (D.33)

When both u € A; and £ € A; with j € {1,2}, we can focus on { > u without loss of
generality because (D.28) is symmetric under exchange € <+ u. By introducing {, = £ — qo
and up = u — qo, from (D.29) we get

2 2 2
1 1 fguo—l—r% 1 u%—l—r% 1 u%—l—r%
n&u)—1 3 ( o — uo 2 \&—u 2 \bjo—uo (D-34)

where bj o = b; — qo in the last expression, which can be bounded as follows

1 ud+ 2 o1 (gt 21 Be+d ? 1
- — + U == ’7—193'70 27 ’7—%”0 =
L) bj70 — Up 0 bj70 — UQ L) bj’() — 5,0 n(bj, CLj) -1
(D.35)
in terms of a;o = a; — qo. The upper bound 7(§, u) < N for £ and u in the same interval
is obtained by combining (D.32), (D.34) and (D.35).
In (4.17) we have introduced a specific notation to denote the ratio multiplying the field

(&) within the curly brackets in the r.h.s. of (D.25). From (4.16), it is straightforward to get

35—( - )205 (D.36)
S \E—q/) T '
and, as for the numerator and the denominator in the r.h.s. of (4.17), we find respectively
2
Tro E —u
[(&c — q0)* +75] = ( ) [(§ = q0)* + 73] (be — q0) (u — qo) + 75 = g -
£~ §€—qo
D.37)
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Combining (4.26), (D.36) and (D.37), we observe that

‘/loc‘g f—u_ vV Ou&e

= - . (D.38)
Viee (1) \/ — ) +r0} [(u—qo)2+73] €= (& w)

Thus, by employing (4.26) again, (4.17) and (D.38), the modular flow (D.25) becomes

CVOE . VO
blru) = S U(E) - S V() (D.39)

which satisfies the initial condition (7 = 0,u) = 9 (u), as expected, because 7j(u,u) = 1 and
7(&e, u) diverges as & — uc. It is useful to write (D.40) in the following form

Oué _ ﬁ(fau) Ouée _ Oué _ U
v ) = e [w@) Tew \oe w@c)] = S PO - MEWYE) | (D40)
where we have introduced
_ (& u)  [Oube _ (€c — q0) (v — qo) + T%
M) = eV Due ~ (€ —a0) (u—g0) 72 (D-41)
B e (€ — u) (&= q0)[(& — q0) (u — qo) + 1]
T a0 a0 ] 2 (G — ) (D-42)

whose explicit expressions are obtained from (4.16), (4.17), (D.36) and (D.37). The expres-
sion (D.42) is employed in a crucial way to investigate the modular correlators of the chiral
fermionic fields and of the chiral density fields in appendix D.2 and appendix D.3 respectively.

We find it worth concluding this analysis by observing that the expression (4.15) for the
modular flow of the chiral field provides a useful starting point to explore the flow of the same
field generated by the negativity Hamiltonian. Indeed, since this operator is given by (4.1) with
ag and bg interchanged when the partial transposition of Ag is considered [75, 76], according
to the procedure discussed in [77-79] to study the entanglement negativity in quantum
field theory (see also [80, 81]), the corresponding flow can be obtained by interchanging
az and by in (4.15) as well.

D.2 Modular correlators of the chiral fermionic fields

The modular flow of the fermionic chiral fields ¥+ derived in appendix D.1 allows to construct
the corresponding modular two-point functions satisfying the proper KMS condition, which
have been first obtained by Longo, Martinetti and Rehren in [20].

In the following, to avoid confusion with (4.24), we adopt the notation & = &(£7,, up +)
and & = C(&) for r,7 € {1,2}, in terms of £(7, u) defined in (4.23). Combining (D. 40) and
the two-point function of the chiral fermionic fields ¢+ given by (¥4 (u) ¥4 (v)) = W
(see (2.16) with hy = 1/2), for the modular correlator of ¢+ we find

AEr un) 76y, ug) T (T 013 T2 2) (D.43)

(VL (T1,u1) Ye(T2,u2) ) =
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where u; means u;+ with j € {1,2} and we have introduced

My (11, u15 72, u9) = ([WL(7) — M (&, un) VL (61 )] [+ (&) — M (&3, u2)v+(&5,)])  (D.44)

=N { 1 . M(&iaul) . M(giaUQ) +M(£i,U1)M(§Q,u2)}
Y G - & Fie & —&TFie & & Fie §io— &5 Fie

in terms of the normalisation constant Ny, = 1/[27(Zi)], that depends on the chirality of
the field. By employing (D.42) into (D.44), for the modular correlator (D.43) one obtains

(&, &5) Ny,
n(ui,uz) & — & Fie

(PL(11,u1) Y (T2, u2) ) = 1/ O0uy & Ouss = Ny, Wi (7125 u1, u2)
(D.45)
(we remind that u; must be replaced with ;) in terms of the distributions Wi (7;u1, us)
introduced in (2.21). Further comments about (D.45) have been reported in section 4.3,
where the relevant properties of the function provided by this modular correlator which are

relevant for the chiral distance along the modular evolutions (see section 4.5) are discussed.

D.3 Modular correlators of the chiral density fields

The modular flow of the fermionic chiral fields 1+ discussed in appendix D.1 can be employed
to study also the modular two-point functions of the chiral density fields o+ = :¢% ¢4 :, which
provide the modular two-point functions of the charge density and of the helicity density
for the massless Dirac fermion. Indeed, from (D.40) we find

8u1€i auzgi
(&1, u1)? 71(83, uz)?

(0+(T1,u1) 0+(T2,u2) ) = M, (T1,u1; T2, u2) (D.46)

where u; must be understood as u;+ (like in (D.43)) and we have introduced

Mo (r1, 1370, u5) = ({0 (€0) ¥ (€): +M (&, w)? 0 (€5 ) (61 0): (D.47)
~ M (&g, ) [ WL () Y (&) + UL (E) Ye(€r0): ]}
{F0L(6) ¥ (&)t +M (&g, u2)” ¥ (5,0) Y (G0
—M (&, uz) [ ¥L(&,0) Y (G): + WE(E) V(&) ]})
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which is an algebraic sum containing 16 terms. Indeed, performing the various contractions,
we obtain

M, (T1,u1579,u2)

w (D.48)
_ 1 + M(§17u1)2 M(ﬁia”?)Q M(éivul)Q M(éQ,UQ)Q
(& —&Fie)? (G- &Fie)? (& — & Fie)? (€1c— & Fie)?
1 M (&3, u)?
_ M ~
2M (& m) l GRS ICREE PMGEE R DI T
1 M(fi,u1)2
—9 M (&5
2M (&, o) [ (& — & Fie) (& — & Fie) " (1. — & Fie) (§1c — o F o)

+2 M (&, ur) M (&, u2)

1 1
(€1 — & Fie) (§10 — & Fio) " (€1 — & Fie) (§1. — & Fie) 1

where the normalisation constant is N, = 1/(47?). Plugging the expression for M (&, u)
(see (D.42)) into (D.48), a remarkable simplification occurs and the modular correlators (D.46)
become

77(51?5@) NQ
n(ur,uz) (& — & F ie)?

= N, Wy (112 u1, uz)?

(D.49)
where any u; means u; 4, according to the notation adopted in (D.43) and (D.46), and the
distributions Wy are (2.21) with w(u) given by (4.6). We remark that (D.49), which has been
discussed further in section 4.3, displays an intriguing formal similarity with (2.20) for hy = 1.

(Q:I:(Th ul) Qi(T27U2)) = aulfi auzfé

It is tempting to introduce the following ansatz for the modular flow of o4

. _ Ou€
Qi(T,U) = 77(57“) Q:I:(g)

O
n(fm 'LL)

0+ (&) - (D.50)

However, evaluating ( 04 (71, u1) 0+ (72, u2) ) through this ansatz and taking into account the
proper subset of terms in (D.48), we find that the resulting correlators do not coincide with
the modular correlators (4.32); hence (D.50) is not the correct modular flow of the chiral
density fields. It would be interesting to find the analytic expression for the modular flow
of the chiral density fields g4 providing the modular correlators (4.32).

D.4 Details on the chiral distance

In the following we derive the relation (4.67) that provides the chiral distance (4.68).

Let us adopt the notation &; = £(7j,u;) for j € {1,2} in order to shorten the expressions
occurring below. From (4.34), (4.33), (4.17) and also (4.24), which implies w(¢;) = w(u;)+ 75,
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the relation (4.67) is obtained as follows

1 e27rw(u1) _ eZﬂw(ug)

W (125 U1, u2) = PTG e o ey e (D.51)
= 1 51 - 52 e27rw(u1) - 627Tw(UQ) e7r(7'1+7—2) (D 52)

51 — 52 e27ru)(§1) _ e27rw(§2) Uy — Uz .
. 1 (u1 - qo)(UQ — qO) e2m[w(é1)+w(é2)] D53
T a-& (G -q)(&—q)+rg 7 el tulu)] (D-53)
I I [(ST3) [(u1 — qo0)? + rd] [(ua — qo)% + 13] e2rlw(&)+w(&)] (D.54)

& — & q(ur,ug) (&1 —q0)2 + 2] [(&2 — qo)? + 1] e?rlwlua)tw(uz)] ’

_ V0, &1 0,62 7161, 62) (D.55)

& —&  f(ur,ug)
where we have introduced

g, = L1=&)(b2 = &) (b = &)(b2 — &)
Y27 by — ) (b2 — u1) (b1 — uz) (b2 — u2)

which is strictly positive because (b; — &)/(b; — ug) > 0 for any choice of j and k, with
J.k € {1,2}. Notice that in (D.52) and (D.54) we have used

(D.56)

§1— & e?mwlun) _ e2mw(uz) (4 — o) (up — qo) + 13
e2mw(€1) — g2mw(€2) Uy — U2 (G —q)(&2—qo0) + 78

Bis (D.57)

and
P rwl@]l 9,6 0w (& —90)* +75] [(€2 — 90)® + 7]
e2rfw(ur)+wluz)] [3’1272 [(Ul _ q0)2 n T%] [(uz _ q0)2 + T%]

respectively, that can be found from (4.6), (4.9)—(4.10) and the second relation in (4.26).

(D.58)
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