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1 Introduction

The theory of causal fermion systems is a recent approach to fundamental physics (see the basics
in Section 2, the reviews [14, 18, 21], the textbook [13] or the website [29]). In this approach,
the physical equations are formulated via a variational principle, the causal action principle. In
order to rewrite the resulting dynamics in a familiar way in terms of Dirac particles interacting
with classical gauge fields, one considers the so-called continuum limit. In the analysis of the
continuum limit, one studies the Euler-Lagrange (EL) equations corresponding to the causal
action principle in the limit € N\, 0 when an ultraviolet regularization is removed. In the present
paper, we proceed differently and study instead the Lagrangian itself asymptotically as € \, 0.
This serves two different aims: First, we thus obtain an “effective action” in Minkowski space.
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Second, it becomes possible to compute various surface layer integrals as derived abstractly
in [15, 22, 23, 24].

There are several reasons why the asymptotics € N\, 0 of the Lagrangian and the causal
action were not computed earlier. Foremost, it is unclear how to make mathematical sense of
the causal action principle in the limit € N\, 0, because the constraints (the so-called trace and
boundedness constraints; for details see Section 2.2) do not have an obvious correspondence in
this limit. Moreover, the fact that the causal action has a different mathematical structure than
usual actions in spacetime discouraged the author from taking the “naive” limit £ \, 0 of the
Lagrangian seriously. It was only after the discovery of conserved surface layer integrals in [22]
that the successful computation of these surface layer integrals gave a hint that the asymptotics
as € \, 0 of the Lagrangian should indeed have a direct physical significance.

The present paper is the first work in which the Lagrangian of the causal action is computed
asymptotically as € N\, 0. Our results give new insight into the nature of the interaction as
described by the causal action principle. One important finding is that there are contributions
to the Lagrangian which vanish if and only if the coupled Einstein—Dirac-Maxwell equations are
satisfied (see Sections 4.6, 4.7 and 4.8). For example, there is a contribution of the form

L(z,y) ~ ((Ji+cii)(y — 2)") - ((Jr + cir)(y — 2)F) R(z, ),

where J and j are the Dirac and Maxwell currents, respectively, and R is a distributional kernel
supported on the light cone (for details see (4.17)). When varying the electromagnetic potential
and the wave functions naively (“naive” in the sense that the above-mentioned constraints in the
causal action principle are disregarded), the above contribution to the action is critical if and
only if the Maxwell equations J;4c¢j; = 0 hold. This “naive” derivation of the Maxwell equations
from the causal action principle is quite different from the derivation in [13, Chapters 3-5], where
the EL-equations corresponding to the causal action principle were analyzed in a limiting case
referred to as the continuum limit (for an outline see Section 2.6). This difference is not only
technical, but it even involves other contributions to the Lagrangian with a form of the singular-
ity on the light cone, as made precise by the notion of the degree (see (2.33) in Section 2.6). In
more general words, the Lagrangian has the remarkable property that it gives rise to the classical
field equations several times to different degrees on the light cone. Clearly, in an interacting sys-
tem, the resulting hierarchy of equations must all be satisfied for the same values of the coupling
constants. This implies that minimizing the causal action gives rise to a specific class of regular-
izations for which the regularization parameters satisfy all the resulting consistency conditions.

The above finding that the Lagrangian gives rise to the classical field equations several times
to different degrees on the light cone is not as surprising as it might seem at first sight. Indeed,
this phenomenon is closely related to the freedom in testing the EL equations. In the formalism
of the continuum limit, testing is performed by smooth variations which vanish on the diagonal
(see [13, Section 3.5.2]). These variations have the advantage that the resulting EL equations are
well-defined in the continuum limit and can therefore be analyzed in detail with mathematical
rigor. But from an abstract point of view, given a minimizer of the causal action principle, the EL
equations must hold for much more general variations. This becomes clear in the jet formalism
introduced in [23], where the continuum limit analysis corresponds to a very special choice of
the jet space J** (see [16, Section 7.2]). In particular, it should be allowed to test by varying
the bosonic potentials (more precisely in direction of bosonic jets; see (2.27) in Section 2.6 or
again [16, Section 7.2]). Such variations yield EL equations with a different singular behavior on
the light cone and, of course, these equations must again reduce to the classical field equations
in a suitable limiting case. In this way, our findings can be regarded as a consistency check that
the causal action principle makes both mathematical and physical sense.

The contributions to the Lagrangian to lower degree on the light cone can no longer be
interpreted as classical field equations. Instead, they are needed in order to obtain non-trivial
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conserved surface layer integrals. Surface layer integrals are a generalization of surface integrals
to the setting of causal fermion systems (for a general introduction see [22, Section 2.3] or
Section 2.3 below). As shown in [22], symmetries give rise to corresponding conservation laws
for surface layer integrals. Moreover, in [23, 24] other conserved surface layer integrals were
discovered. In the present paper, we compute various surface layer integrals in Minkowski space:
To begin with, we complete the analysis in [22] by showing that the calculations results for the
conservation law describing current conservation obtained in [22, Section 5] for one sector also
apply to more realistic systems including neutrinos (Section 5). Next, we analyze the symplectic
form o as found in [23, Sections 3 and 4.3] as well as the conserved surface layer inner product
as first described in [24, Theorem 1.1 and Corollary 3.11]. In our setting of Minkowski space,
these surface layer integrals take the form

to [e%s)
o(u,v) —/ dt/ d%/ dt’/ Py (V1uVooL(z,y) — Vi Vaul(z,y)), (1.1)
—00 R3 to R3
to o0
(u,0) = / dt/ dgx/ dt’ | d3y (ViuVipL(z,y) — VouVaoL(z,y)), (1.2)
—0o0 R3 to R3

where u and v are jets describing first variations of the vacuum which preserve the EL equations
(for details see [23] of Section 2.3 below). The technical core of the present paper is to ana-
lyze how the electromagnetic field and the Dirac wave functions contribute to these surface layer
integrals. In order to keep the calculations as simple as possible, we restrict attention to regular-
izations which are static and spherically symmetric. As shown in Section 6, the electromagnetic
field gives the contributions (see Theorem 6.11)

U(U,U) = % /R3 (Ai((FU)ZO — Af,(Fu)io)d?’x, (13)
o) = 5 [ (R (), (), () ) i

(where k € R3 is the spatial momentum). Here u and v are the jets generated by the electro-
magnetic potentials A, and A, (for details see (2.26) and (2.27) in Section 2.6), and F, and F,
are the corresponding field tensors. Moreover, § is a length scale describing the regularization
(for details see [13, Sections 1.2.1 and 4.2.5]), and ¢, are two real-valued constants. The inte-
gral in (1.3) is the well-known symplectic form of classical electrodynamics (see for example [5,
Section 2.3]). Due to the absolute value in the denominator in (1.4), the surface layer inner
product is semi-definite on the bosonic potentials (but it is of course degenerate on gauge or-
bits). The inner product (1.4) is commonly used in quantum field theory as giving rise to the
scalar product on the bosonic Fock space (for example, it is used implicitly when introducing
the creation and annihilation operators in [30, Sections 8.3 and 8.4]). Compared to (1.3), the
surface layer inner product (1.4) contains an additional derivative and an additional factor 1/|k|.
Combining these two factors gives rise to a factor plus one on the upper and minus one on the
lower mass shell, thereby implementing the frequency splitting currently used in quantum field
theory (more precisely, in the bosonic quantization procedure the scalar product (1.4) is con-
structed from the symplectic form by flipping the sign for the negative-frequency solutions; this
frequency splitting also becomes apparent in the Feynman propagator, defined by the condition
that “positive frequencies propagate to the future and negative frequencies propagate to the
past”). It is remarkable that in the setting of causal fermion systems, the frequency splitting
does not need to be put in by hand, but it follows from the theory simply by computing a surface
layer integral which, by the structure of the EL equations corresponding to the causal action, is
known to be conserved in time.

For the contributions by the Dirac wave functions, first variations of the vacuum are described
in the jet formalism by a variation ¢ of a Dirac wave function 1, where v is a solution on the
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lower mass shell (describing a state of the Dirac sea), whereas Jv is a solution on the upper
mass shell (describing a particle state). Furthermore, we restrict attention to the components of
the fermionic jets which preserve the chiral symmetry (see Definition 7.16). Moreover, we only
consider the situation where both 1 and v are solutions of the Dirac equation corresponding to
the same mass m. This is motivated by the fact that we restrict attention to electromagnetic and
gravitational interactions which leave the flavor unchanged. The superscripts u and v indicate
which Dirac wave function is varied. Then, as shown in Section 7, the contributions to the
conserved surface layer integrals are given by (see Theorem 7.13 and Proposition 7.19)

c 3 3 o
o ((6e", ¢), (6¢°,¢°)) = (;;/Rg (SW];S/R g L (@ + w(®)?)

s (2m)3 m?

x D I (<80 (R) Xt (=)= < (=) [xe80° (9)-

c=L,R
- _<512)u(]%') |7aX072}u(_‘7)>"<QZ)U (_E) |'7aXc(S"7;u ((.7) >') ) (1'5)

c 3 3 L o o o
(00, 0 0m) = 5 [ 5 [ i Re (<60 (Blae (R0 @]*@)-)

« %{E (@ + w(B)) + [32(@) + FPw(F)) (1.6)

-

with real constants c3 and ¢4. Here w(k) := 4/ |/; |2 + m? is the absolute value of the corresponding

frequency, xr /g = (1 F 75) /2 are the chiral projections, and <-|-> is the usual inner product
on Dirac spinors (being indefinite of signature (2,2)). The conservation of these surface layer
integrals gives rise to pointwise conditions for the spinors (see (7.36) in Theorem 7.9). The inner
product (1.6) is again semi-definite (see Proposition 7.21). Combining (1.4) and (1.6), we obtain
a scalar product on the jet space spanned by the fermionic and bosonic jets.

Our computations also reveal that the structure of the above surface layer integrals is quite
different from that of the surface layer integrals describing current and energy conservation
in [22, Sections 5.2 and 6.2]. Namely, while the surface layer integrals in [22] are of short range
(meaning that the main contribution comes from points x and y whose distance is small on the
Compton scale), the symplectic form and the surface layer inner product are essentially nonlocal
and of long range in the sense that the main contributions come from points y lying on the
light cone centered at x but which may be far apart from z (again on the Compton scale as
measured in the reference frame distinguished by the regularization). This does not pose any
problems when computing the surface layer integrals for the asymptotic incoming or outgoing
states in a scattering process, and in this case the above formulas (1.3)—(1.6) again hold. But
when choosing tg as an intermediate time while the interaction takes place, then the surface
layer integral will also depend on the past and future of t3. We also point out that in the
interacting case, the bosonic and fermionic parts of the surface layer inner product should no
longer be conserved separately, because the general conservation law in [24] only applies to the
whole jet space spanned by the fermionic and bosonic jets. For the symplectic form, however,
there are indications that the bosonic and fermionic parts should even be conserved separately
(see Proposition 6.13 and Remark 9.4). As is worked out in detail in [19, 20], the symplectic
form and the surface layer inner product indeed give rise to a conserved scalar product on the
complex Fock space of the interacting theory.

In Section 8, we consider the surface layer integral

to (o)
— / dt / d*z / dt’ / Py Vi,Vaol(z,y).
—0o0 R3 to R3

This surface layer integral is not necessarily conserved, but it is shown in [15, Section 7] that
it is non-negative if one varies about a local minimizer of the causal action. Therefore, as
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a consistency check and in order to verify that the regularized Dirac sea configuration is indeed
a minimizer, we compute this surface layer integral and find that, due to contributions by the
Maxwell current, it is indeed non-negative. The paper concludes with a few remarks and an
outlook (Section 9).

Taken together, our results show in a surprising and compelling way that the different con-
tributions to the Lagrangian in Minkowski space fit together consistently both with the general
conservation laws of causal fermion systems and to structures present in classical field theory
and quantum field theory.

We finally outline our methods. As in [13, Chapter 5] we describe the vacuum by a system
of Dirac seas including leptons and quarks. Nevertheless, for simplicity we restrict attention
to an interaction via electromagnetic fields and linearized gravity. Since these fields do not
describe changes of flavor, in most parts of the analysis it suffices to consider a single Dirac sea
of mass m. In the first step of our analysis we apply the formalism of the continuum limit (for an
introduction see [13, Section 2.4]) to obtain contributions which are distributions in spacetime
with a d-singularity on the light cone and which have a pole in €. More precisely, all relevant
contributions to the Lagrangian can be written as

/

1
L(x,y) < (smooth functions in z and y) - @5(#[ —r)log® (t2 —1H)e(t)* (1.7)

with s,s' € {0,1}, where we set t = £°, r = |€] with £ := y — 2 (here and in what follows, the
symbol < indicates that we restrict attention to a specific contribution). These formulas involve
regularization parameters which we simply treat as effective empirical parameters. We also point
out that the formalism of the continuum limit gives rise to the formulas (1.7) only away from
the diagonal (i.e., for x # y). Here we simply extend these formulas in the distributional sense.
Clearly, this extension is unique only up to singular contributions supported on the diagonal
(like contributions ~e~9§%(x — y) or distributional derivatives thereof). It turns out that this
simple method gives physically sensible results.

For the computation of the conserved surface layer integrals, in Sections 5-8 we analyze
integrals involving (1.7) with Fourier methods. Indeed, the distributions supported on the
light cone (1.7) have a nice structure in momentum space (see for example Fig. 3 on p. 31).
Rewriting multiplication in position space as convolution in momentum space, our task is to
compute certain convolution integrals. More specifically, for the computation of the symplectic
form and the surface layer inner product, we consider the combination given in [24, Theorem 3.1]

to 0
/ at / B / a / By (Vi — Vo) (Vio + Vau)L(z, ). (1.8)
—00 R3 to R3

By anti-symmetrizing and symmetrizing in u and v, one gets the symplectic form (1.1) and the
surface layer inner product (1.2), respectively. In order to compute the fermionic surface layer
integrals, we make use of the specific support properties of the Dirac wave functions and the
convolution kernels in momentum space (see Fig. 10 on p. 66). When computing the bosonic
surface layer integrals, the main difficulty is that the light-cone expansion involves unbounded
line integrals (see for example Lemma 6.1). Using the causal structure of the Lagrangian, we
show that these unbounded line integrals vanish. These arguments implicitly pose conditions on
the admissible class of regularizations, which can be understood intuitively that the regularized
objects are “supported mainly near the light cone” and “vanish approximately for spacelike
distances” (see Section 6.4). Similar as worked out in [10] in the vacuum, one could analyze in
detail what these conditions mean and how they can be satisfied. But this analysis goes beyond
the scope of the present paper. Here we are content with showing that the highly singular
contributions can be given a mathematical meaning using certain computation rules which are
motivated and introduced.
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2 Physical background and motivation

In this section, we give a brief introduction to causal fermion systems and outline all the concepts
needed later on. Our presentation has similarities to other introductions (for example in [21,
Section 2], [14, Section 1] or [13, Section 1.2], [18, Section 4]), but it is streamlined towards the
causal action principle in Minkowski space.

2.1 From relativistic quantum mechanics to causal fermion systems

We begin in the setting of relativistic quantum mechanics in the presence of an external classical
electromagnetic field. Let # be Minkowski space and p the natural volume measure thereon,

ie., dy = dz if z = (xo,:vl,:c2,a:3) is an inertial frame. We also denote time by ¢t = 2% and
write spatial vectors as T = (1‘1, z2, x3). We consider Dirac wave functions in the presence of an

external electromagnetic potential A, which satisfy the Dirac equation
(i + A—m)y =0,

where m is the rest mass, and the slash denotes contraction with the Dirac matrices 7/ in the
Dirac representation. On the Dirac solutions, we consider the usual scalar product

(]6); = 21 / <106 (1, 7) da (2.1)

t=const

(here <:|-= is the indefinite inner product on Dirac spinors, also written as <w|¢p>= = e,
where 1 := 114 is the adjoint spinor, and the dagger denotes complex conjugation and trans-
position). If one evaluates (2.1) for ¢ = ¢, the integrand can be written as (¥7"¢)(t,Z) =
(¢T¢) (t,#), having the interpretation as the probability density of the Dirac particle corre-
sponding to ¥ to be at time t at the position #. Due to current conservation, the integral
in (2.1) is time independent.

Next, we choose an ensemble of Dirac solutions 1, ...,1. For simplicity in presentation,
we restrict attention to the case f < oo of a finite number of Dirac wave functions, which we
assume to be continuous. It is a central idea behind causal fermion systems to describe the
physical system and to formulate its dynamical equations purely in terms of the ensemble of
wave functions ¢1,...,%. Another idea is that the causal fermion system should encode the
form of the wave functions in a gauge-invariant way. To this end, we denote the complex vector
space spanned by the wave functions 11,...,%; by H. On H we consider the restriction of
the scalar product (2.1), i.e., (:|'}g¢ := (-] )¢|lsexrc. Thus (H, (-|-)5) is an f-dimensional complex
vector space formed of wave functions. For any spacetime point x € 4, we now introduce the
sesquilinear form

bt HxHC,  by(th,¢) = —=<up(z)|p(x)>, (2.2)

which maps two solutions of the Dirac equation to their inner product at x. The sesquilinear
form b, can be represented by a self-adjoint operator F'(z) on H, which is uniquely defined by
the relations

(Y|F(2)d)ac = bp(1p, ) for all 1, ¢ € .

More concretely, in the basis (¢x)g=1,... ¢ of J(, the last relation can be written as

(Wil F(x) )30 = —=api() |4 (2) - (2.3)
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If the basis is orthonormal, the calculation

f
F(x)p; =Y (il F(a)y)shi = — sz )[4 () =1

=1

(where we used the completeness relation ¢ = . (1;|¢)1);) shows that the operator F'(x) has
the matrix representation

(F(2))j = —=vi(2);(2)~

In physical terms, the matrix elements give information on the correlation of the wave func-
tions v; and v; at the spacetime point z. Therefore, we refer to F'(x) as the local correlation
operator at x.

Let us analyze the properties of F'(z). First of all, the calculation

(F(@)¢ld)ac = (QIF (2))sc = —==<(a)|(z) = = —=<ep(x)[d(x)~ = (Y|F(x)¢)3

shows that the operator F(x) is self-adjoint (where we denoted complex conjugation by a bar).
Furthermore, since the pointwise inner product < (x)|¢(z)> has signature (2,2), we know
that b, has signature (p,q) with p,q < 2. As a consequence, counting multiplicities, the opera-
tor F(z) has at most two positive and at most two negative eigenvalues. It is useful to denote
the set of all symmetric linear operators on H which have rank at most four and (counting
multiplicities) have at most two positive and at most two negative eigenvalues by F C L(%H).
Then the local correlation operator F'(z) is an element of F.

Constructing the operator F(z) € F for every spacetime point x € J, we obtain the local
correlation map

F: M — 7, x — F(x). (2.4)

This allows us to introduce a measure p on F as follows. For any 2 C F, one takes the pre-image
F~YQ) C M and computes its spacetime volume,

This gives rise to the so-called push-forward measure which in mathematics is denoted by p = Fi
(for details see for example [3, Section 3.6]). The p-measurable sets are defined as the o-algebra
of all subsets of  whose pre-image F~1(Q) is y-measurable.

The resulting structures of a measure p on the set F of linear operators on a Hilbert space H
form a causal fermion system. For clarity, we now introduce a few general concepts (Sections 2.2
and 2.3), and then return to systems in Minkowski space (Section 2.4).

2.2 Causal fermion systems and the causal action principle

We now give the abstract definitions (for more details see for example [13, Section 1.1]).

Definition 2.1 (causal fermion system). Given a separable complex Hilbert space H with scalar
product (-|-)sc and a parameter n € N (the “spin dimension”), we let F C L(H) be the set of
all self-adjoint operators on H of finite rank, which (counting multiplicities) have at most n
positive and at most n negative eigenvalues. On F we are given a positive measure p (defined on
a o-algebra of subsets of ), the so-called universal measure. We refer to (H,F, p) as a causal
fermion system.
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A causal fermion system describes a spacetime together with all structures and objects
therein. In order to single out the physically admissible causal fermion systems, one must
formulate physical equations. To this end, we impose that the universal measure should be
a minimizer of the causal action principle, which we now introduce. For any x,y € F, the
product zy is an operator of rank at most 2n. However, in general it is no longer a selfadjoint
operator because (xy)* = yx, and this is different from zy unless x and y commute. As a conse-
quence, the eigenvalues of the operator xy are in general complex. We denote these eigenvalues

counting algebraic multiplicities by A]”,...,A5Y € C (more specifically, denoting the rank of zy
by k < 2n, we choose A1Y,..., XY as all the non-zero eigenvalues and set A\;*,..., A3, = 0).

We introduce the Lagrangian and the causal action by

2n
Lagrangian:  L(z,y) = % Z ({/\fy‘ — |/\§y‘)2, (2.5)
ij=1
causal action: S(p) :/ L(z,y)dp(z)dp(y). (2.6)
FxF

The causal action principle is to minimize § by varying the measure p under the following
constraints:

volume constraint: p(F) = const, (2.7)

trace constraint: / tr(z) dp(x) = const, (2.8)
F

boundedness constraint: // lzy|? dp(x)dp(y) < C, (2.9)
IxTF

where C is a given parameter, tr denotes the trace of a linear operator on H, and the absolute
value of xy is the so-called spectral weight,

2n

lzy| == Z Rysae

J=1

This variational principle is mathematically well-posed if H is finite-dimensional. For the exis-
tence theory and the analysis of general properties of minimizing measures we refer to [2, 9, 11].
In the existence theory one varies in the class of regular Borel measures (with respect to the
topology on L(H) induced by the operator norm), and the minimizing measure is again in this
class. With this in mind, here we always assume that

p is a regular Borel measure.
Let p be a minimizing measure. Spacetime is defined as the support of this measure,
M := supp p.

Thus the spacetime points are selfadjoint linear operators on H. These operators contain a lot
of additional information which, if interpreted correctly, gives rise to spacetime structures like
causal and metric structures, spinors and interacting fields. We refer the interested reader to [13,
Chapter 1].

The only results on the structure of minimizing measures which will be needed in what follows
concern the treatment of the trace constraint and the boundedness constraint. As a consequence
of the trace constraint, for any minimizing measure p the local trace is constant in spacetime,
i.e., there is a real constant ¢ # 0 such that (see [13, Proposition 1.4.1])

trz=c for all x € M. (2.10)
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Restricting attention to operators with fixed trace, the trace constraint (2.8) is equivalent to
the volume constraint (2.7) and may be disregarded. The boundedness constraint, on the other
hand, can be treated with a Lagrange multiplier. More precisely, in [2, Theorem 1.3] it is shown
that for every minimizing measure p, there is a Lagrange multiplier £ > 0 such that p is a local
minimizer of the causal action with the Lagrangian replaced by

Loz, y) = L(x,y) + k|lzy|?. (2.11)

2.3 The Euler-Lagrange equations and surface layer integrals

Surface layer integrals generalize surface integrals to the setting of causal fermion systems. It is
a major objective of this paper to compute these surface layer integrals in Minkowski space. In
preparation of introducing the concept of a surface layer integrals, we need to state the Euler—
Lagrange (EL) equations, explain the notion of jets and explain the linearized field equations.
Let p be a minimizer of the causal action principle. We introduce the function ¢, by

tula) = [ Lol dply) = (2.12)

where L, is the Lagrangian incorporating the boundedness constraint (2.11) and s is a real
parameter. The Euler—Lagrange (EL) equations state that this function vanishes and is minimal
on the support of p, i.e., for a suitable choice of s,

f,@‘M = infﬂn = 0.
F

For the derivation and technical details we refer to [23]. These EL equations are nonlocal in
the sense that they make a statement on ¢, even for points x € F which are far away from
spacetime M. It turns out that for the applications we have in mind, it is preferable to evaluate
the EL equations locally in a neighborhood of M. This concept leads to the weak EL equations
introduced in [23, Section 4]. We here give a slightly less general version of these equations which
is sufficient for our purposes. In order to explain how the weak EL equations come about, we
begin with the simplified situation that F has a smooth manifold structure and ¢, is a smooth
function on F. In this case, the minimality of ¢, implies that the derivative of ¢, vanishes on M,
ie.,

Lelpr =0 and Diy|p = 0. (2.13)

In order to combine these two equations in a compact form, it is convenient to consider a
pair u := (a,u) consisting of a real-valued function a on M and a vector field u, and to denote
the combination of multiplication and directional derivative by

Vil (z) := a(z)l(z) + (Duly) (). (2.14)

The equations (2.13) imply that V¢, (z) vanishes for all u and for all z € M. The pair u = (a, u)
is referred to as a jet. The real vector space of all jets is denoted by J. One advantage of working
with jets is that the two equations in (2.14) can be combined to one equation

Vililyr =0 for all u € J*, (2.15)

referred to as the weak EL equations. Before going on, we point out that F does in general
not have a smooth manifold structure, nor is the Lagrangian £, smooth. In order to treat this
situation in a convincing way, one introduces suitable subspaces of J formed of jets for which
the above directional derivatives are mathematically well-defined. Since the details will not be
needed here, we do not give the definitions but refer instead to [23, Section 4] or [19, Section 2.2].
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The EL equations are nonlinear because changing the measure p has two effects: First the
function ¢, in (2.12) is modified, and moreover this function must be evaluated at different
point x € M. Since such nonlinear equations are difficult to analyze, it is a useful tool to
linearize. Usually, linearized fields are obtained by considering a family of nonlinear solutions
and linearizing with respect to a parameter 7 describing the field strength. The analogous
notion in the setting of causal fermion systems is a linearization of a family of measures (p;)
which all satisfy the weak EL equations (2.15). It turns out to be fruitful to construct this
family of measures by multiplying a given critical measure p by a weight function f; and then
“transporting” the resulting measure with a mapping F.. More precisely, one considers the
ansatz

pr = (FT)*(pr), (2'16>

where f; € C®°(M,R") and F, € C®(M,JF) are smooth mappings, and (F;).u denotes again
the push-forward a measure.

The property of the family of measures p, of the form (2.16) to satisfy the weak EL equation
for all 7 means infinitesimally in 7 that the jet v defined by

o= (bv):= dilT(fT,FT)L:O (2.17)

satisfies the linearized field equations (for the derivation see [16, Section 3.3] or, in the simplified
smooth setting, the textbook [25, Chapter 6))

(u, Av)|pr =0 for all test jets u,

where for any © € M,

(u, Av)(z) := V, ( /M(vl,U + Vo) Li(,y) dp(y) — Vnﬁ)

(and Vi and V3 act on the arguments = and y of the Lagrangian, respectively). We denote the
vector space of all solutions of the linearized field equations by J'™* C J.

After the above preparations, we are now ready to introduce surface layer integrals.

In the setting of causal fermion systems, the usual integrals over hypersurfaces in spacetime
are undefined. Instead, one considers so-called surface layer integrals, being double integrals of
the form

[as@ [ s )2uw). (2.18)
Q M\Q

where € is a subset of M and (---) stands for a differential operator acting on the Lagrangian.
The structure of such surface layer integrals can be understood most easily in the special situation
that the Lagrangian is of short range in the sense that L, (z,y) vanishes unless x and y are close
together. In this situation, we get a contribution to the double integral (2.18) only if both x and y
are close to the boundary 0€). With this in mind, surface layer integrals can be understood as an
adaptation of surface integrals to the setting of causal variational principles. This consideration
is illustrated in Fig. 1, where the range of the Lagrangian is denoted by ¢ (for a more detailed
explanation see [22, Section 2.3]). Therefore, in the setting of causal variational principles, they
take the role of surface integrals in Lorentzian geometry. We remark that in applications in
Minkowski space or on a Lorentzian manifold, the Lagrangian typically decays on the Compton
scale 1/m (where m denotes the rest mass of the Dirac particles).

Surface layer integrals were first introduced in [22] in order to formulate Noether-like theorems
for causal variational principles. In particular, it was shown that there is a conserved surface
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Figure 1. A surface integral and a corresponding surface layer integral.

layer integral which generalizes the Dirac current in relativistic quantum mechanics (see [22,
Section 5]). More recently, in [23] another conserved surface layer integral was discovered which
gives rise to a symplectic form on the solutions of the linearized field equations (see [23, Sec-
tions 3.3 and 4.3]). A systematic study of conservation laws for surface layer integrals is given
n [24]. Finally, in [15, Proposition 7.1] a surface layer integral was introduced which is not
conserved, but positive. We now collect all the surface layer integrals to be considered in this

paper:

Definition 2.2. For any jets u, v and a subset Q C M, we define the following surface layer
integrals:

» conserved one-form

/dpx/ Y)(Vie — Vau)L(z,y),
M\Q

» symplectic form
o(u,v) / dp(z / )(ViuVae — Vo Vi) L(2,y),
M\Q
» surface layer inner product
(u,0) = / dp(fv)/ dp(¥)(V1,uVie — V2uVae)L(2,y),
Q M\Q
» positive surface layer integral

[ ant@) [ dp) V1 VanLl). (2.19)
Q M\Q

2.4 The causal action principle in Minkowski space

In the present paper, we are concerned with causal fermion systems in Minkowski space. This
means more precisely that the measure p = F,u will always be the push-forward of a local
correlation map (2.4), i.e

p=(Fr)p (2.20)

(where dy = d*z is again the volume measure of Minkowski space). Indeed, later on the
ensemble of Dirac wave functions will be a bit more complicated, because we will work with
several generations of lepton and quarks (for details see Section 3), but this extension will be
straightforward and without altering the following considerations. The goal of this section is
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to explain how for causal fermion systems in Minkowski space, the causal action principle can
be rewritten as a variational principle for wave functions in spacetime, similar as originally
formulated in [8].

The first step of the construction is to rewrite p-integrals as integrals over Minkowski space.
Indeed, by definition of the push-forward measure, the action can be written as

(s::l[Z%XJ%,a<F%x>,Pwy>>dp<x>dp<y»

In order to express the Lagrangian in terms of the wave functions, it is useful to introduce the
wave evaluation map V(z) by

U(x): H — CH U(x)r = ¢Yi(x). (2.21)

Working with the wave evaluation operator gives a clear distinction between vectors in the
Hilbert space (3, (:|-)5¢) and their representation by wave functions in spacetime. This is im-
portant because when varying the system, the Hilbert space (H, (-|-)3¢) remains fixed, whereas
the corresponding wave functions may change. More specifically, a vector u € H is represented
by its corresponding physical wave function ¥ given by

YU (z) := V(z)u € CL (2.22)

The wave evaluation operator makes it possible to express the local correlation operator (2.3)
as

F(z)=-V(z)"¥(x), (2.23)
where the adjoint is taken with respect to the spin inner product, i.e.,
<PV (z)u= = (V(x)*plu)g for all ¢ € C* and u € .

Using that trace of an operator product is invariant under cyclic permutations, we find that for
any p € N,

tr (F@)F()) = tr (V)" ¥ @) Fo) (F()F ()" )
T (V@) F) (F@) F) 0 (a))
= Tr (((T(2)P(y)*)(T(y)T(2)"))"),

where tr denotes the trace on H, whereas Tr denotes the trace of a (4 x 4)-matrix. Introducing
the kernel of the fermionic projector P(x,y) and the closed chain Ayy by

P(z,y) ===V (@)¥(y)",  Azy = P(z,y)P(y,2), (2.24)
we obtain the simple relation
tr ((F(z)F(y))?) = Tr ((Azy)?) for all p € N.

Since the eigenvalues of an operator of finite rank can be expressed in terms of traces of powers
of the operator, we conclude that the operator F(x)F(y) has the same non-zero eigenvalues as
the matrix A, (counting algebraic multiplicities). This makes it possible to compute the eigen-
values A\7Y,...,\}Y in the Lagrangian (2.5) and the boundedness constraint as the eigenvalues
of the (4 x 4)-matrix A,,. Moreover, the trace in the trace constraint (see (2.8) and (2.10)) can
be written as

tr(F(x)) = —tr(V(x)*"¥(z)) = — Tr(V(2)¥(x)*) = Tr(P(z, x)). (2.25)
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Apart from the computational benefits, this argument explains why the action and the con-
straints can be expressed in terms of the kernel of the fermionic projector. This is the reason
why the kernel of the fermionic projector will play a central role in the subsequent analysis.

In order to understand how the wave functions come into play, we let 11,...,%; be an
orthonormal basis of H. Inserting a completeness relation, we obtain for any ¢ € C*,

f

Plz,y)o "2 0@ () e = — 3 (U(@)en) (k] U (y)* o
k=1

21

) k) < U () el -

Mx

f
= (@) < (y) o
k=1

k:l

This relation can be written in the shorter form with bra/ket-notation as

Z!wk )=t (y).

This shows that the kernel of the fermionic projector is composed of all the wave functions 1,

.., %y of the system. Since, as noted above, the action and the constraints can be expressed
in P(z,y), the causal action principle can be regarded as a variational principle where one varies
the ensemble of wave functions 91,...,1 . Restricting attention to variations of this form, the
volume constraint (2.7) is automatically satisfied (because we are working in Minkowski space
with a fixed spacetime volume dy = d*z). Treating the boundedness constraint by a Lagrange
multiplier (2.11), our task is to minimize the action

// L[Ag,] dixdty
< M

under variations of the wave functions 91, ..., which respect the trace constraint (see (2.10)
and (2.25))

Tr(P(z,x)) =c for all x € M.

2.5 Regularized Dirac sea configurations

We now specify how to choose the ensemble of wave functions, which in Section 2.1 was denoted
by 1,...,% and which spanned the Hilbert space of the causal fermion system. In order
to describe the Minkowski vacuum, we choose the Hilbert space H as the completion of the
subspace of all negative-energy solutions of the Dirac equation (i) — m)i) = 0 (for simplicity of
presentation, we here consider only one type of Dirac particles; in Section 3.1 we shall generalize
the setting in a straightforward way to include all leptons and quarks of the standard model).
The restriction of the scalar product to H is denoted by (:|-) := (:|-)|9cx5¢. For this choice of
Hilbert space, the above construction of the local correlation operators (2.3) does not apply
because H is infinite-dimensional, and the wave functions in H are defined only up to sets of
measure zero. As a consequence, the sesquilinear form in (2.2) is ill-defined. In order to cure
this problem, one needs to introduce an ultraviolet regularization by setting

¢s = m6(¢>7

where the regularization operators R.: H — CY (RI’S,C4) are linear operators whose range
consists of continuous wave functions, and which converge to the identity, as € \ 0, i.e.,

Y= il\(r% ERE(¢)
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A simple example of a regularization operator is given by convolution with a suitable mollifier.
Working with the regularized wave functions, the sesquilinear form in (2.2) is well-defined and
bounded. Therefore, we can introduce the reqularized local correlation operator F*(x) by

<¢|F€($)¢> = _¢£($)¢a(x) Vi, € H,

and applying the above construction to F*© gives a causal fermion system (3, JF, p).
This construction requires some explanations. First, we note for clarity that the support of
the resulting measure p is given by the image of F*,

M := supp p = F=(R:3).

Thus, although J is infinite-dimensional (more precisely, the operators in F which have exactly
two positive and exactly two negative eigenvalues form an infinite-dimensional Banach manifold),
the support of p is four-dimensional. It is a general concept that the causal action principle
should give rise to measures which “concentrate” on low-dimensional subsets of F. This effect has
been studied and proven in simple examples in [1, 26]. This analysis also reveals the underlying
mechanisms.

The choice of H as the space of all negative-energy solutions of the Dirac equation realizes
Dirac’s original proposal that, in the vacuum state of the theory, all the states of negative energy
must be occupied (Dirac sea). In the theory of causal fermion systems, this concept is taken
seriously. However, the original problems inherent in this concept (like the infinite negative
energy density of the sea) do not arise, because the measure describing the Dirac sea introduced
above is a critical point of the causal action principle in the above-mentioned continuum limit.
In simple terms, this means that the “states of the Dirac sea drop out of the Euler—Lagrange
equations”. As a consequence, measures representing interacting systems are realized by finite
perturbations relative to the sea, giving rise to the usual description in terms of particles and
anti-particles. The regularization operator 9. has the effect of “smoothing” the wave functions
on a microscopic scale. The length scale € involved in its definition can be thought of as the
Planck length. In the Theory of Causal Fermion Systems, the regularization is not merely
a technical tool in order to make ill-defined expressions meaningful, but it realizes the idea that,
on microscopic length scales, the structure of spacetime must be modified. With this in mind,
we consider the regularized objects as the physical objects.

2.6 The formalism of the continuum limit

As explained in Section 2.1, it is a central idea behind causal fermion systems to describe the
physical system purely in terms of the ensemble of wave functions. Implementing this idea
mathematically leads to the definition of causal fermion systems (see Definition 2.1). The
dynamics of a causal fermion systems is described by the causal action principle as introduced
abstractly in Section 2.2. In Section 2.4, the causal action principle was rewritten as a variational
principle for an ensemble of wave functions in Minkowski space. This action principle can be
understood as describing an interaction of all the physical wave functions of the system. In order
to write this interaction in a more tractable form, it is very helpful to describe the collective
behavior of all the physical wave functions by bosonic potentials. This procedure has been
carried out systematically in [13], leading to the so-called continuum limit analysis where the
interaction is described effectively by classical bosonic gauge fields coupled to fermionic wave
functions.

More specifically, in order to describe systems involving particles and/or anti-particles, fol-
lowing Dirac’s hole theory one extends H by solutions of the Dirac equation of positive energy
and/or removes states of negative energy. Bosonic fields like the electromagnetic or gravita-
tional fields correspond to collective “excitations” of the Dirac sea and spinorial wave functions
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described by a Dirac equation modified by a potential B,
(iv9; + B —m)y = 0.

In order to make this picture precise, one makes use of the fact that in a subtle analysis of the
asymptotics € N\, 0, referred to as the continuum limit (for details see [8, Chapter 4] and [13,
Section 2.4]), the measure p describing the Minkowski vacuum turns out to be a critical point
of the causal action. If particles and/or anti-particles are present, this is no longer the case.
The measures, p, that are critical points of the causal action functional defined in (2.6) are then
perturbations of the measure describing the Minkowski vacuum state. They lead to a description
of interactions among the Dirac particles, which, asymptotically as € N\, 0, can be described by
bosonic fields. As already mentioned above, the analysis sketched here enables one to derive
classical field equations, in particular the Maxwell equations and the Einstein field equations,
from the causal action principle. Details are presented in [13, Chapters 3-5]. Here we only
review a few constructions, also making the connection to the abstract setting of causal fermion
systems as outlined in Sections 2.2 and 2.3.

Before beginning, we note that, in our setting, the jet formalism in Section 2.3 simplifies
because we always restrict attention to measures of the form (2.20) which are the push-forward
of the volume measure of Minkowski space. Likewise, when varying this measure according
to (2.16), the function f is identically equal to one. As a consequence, the scalar component
of the resulting jet in (2.17) vanishes, i.e., v = (0,v) with a vector field v on F. Another
equivalent way of describing the variation is to replace the mapping F' in (2.20) by the family F:
with Fy = F. Using (2.23), the variation can be described by a family ¥, of wave evaluation
operators, i.e.,

Fr(z) = =V (2)" Y, (2),

where W, (z): 5 — C* again gives a representation of the vectors of H as wave functions in
Minkowski space (but these wave functions do not need to satisfy the Dirac equation). Therefore,
the vector field describing infinitesimal variations is given by

d « .
v(F(2)) = o(Fr()] = —(00)(2) (@) - U()"(09)(2), (2.26)
where (60)(x) := %\IJT(xMT:o is the first variation of the wave evaluation operator. In this way,

the jets can be associated to first variations of the wave evaluation operator. For notational
convenience, in what follows we denote the jets by the wave evaluation operator and its first
variation,

o= (00, 7U).

Using (2.24), the first variation of the kernel of the fermionic projector is given by
0P (z,y) := —(6W)(x)¥(y)" — U(x)(6¥)(y)"

We also use the notation
VipP(z,y) = —(00)(2)¥(y)"  and  ViuP(z,y) = =¥ (2)(6¥)(y)".

Thus here the jet derivative simply is a variational derivative where all the wave functions are
varied. More specifically, one can consider different types of such variations:

(a) One can vary individual physical wave functions. This gives rise to the so-called fermionic
jets.
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(b) Alternatively, one can vary all physical wave functions collectively. In physical applica-
tions when the physical wave functions satisfy the Dirac equation, such variations can be
described by bosonic fields, like for example

5U(z) = —(3m AW) (), (2.27)

where s, is a Dirac Green’s operator and A is the electromagnetic potential. The corre-
sponding jets are referred to as bosonic jets.

Working with such variations, it is more convenient to implement the trace constraint (2.8)
not by the pointwise condition (2.10) but instead by a Lagrange multiplier term. Then the EL
equations (2.15) can be written as (see [13, Proposition 1.4.3])

/ Qx,y)V*(y)dp(y) = glb“(x) for all u € H and x € M, (2.28)
M

where ¢" is the physical wave function (2.22), A is the Lagrange multiplier corresponding to the
trace constraint, and the kernel Q(x,y) describes the first variation of the Lagrangian by

6[%(337 y) - Trgy(Q(y,m)5P(:c,y)) + TrSa: (Q(m,y)éP(:c,y)*)

In the continuum limit analysis (for details see [13, Section 3.5.2]), these EL equations are evalu-
ated for u a Dirac wave function of the form of an ultrarelativistic wave packet of negative energy
which is very small in a neighborhood of x. Evaluating in this specific way, one can evaluate
the EL equations independent of the detailed form of the regularization. The dependence on
the regularization is captured by the formalism of the continuum limit, which we now outline.
The starting point is the light-cone expansion of the unregularized kernel of the fermionic in
Minkowski space in the presence of an external potential, which has the form

P(z,y) = Z (smooth line integrals) x T (z,y) + (smooth contributions). (2.29)

n=-—1

Here the left side is a by-distribution in Minkowski space, and the right side is its Hadamard
expansion. The “smooth line integrals” involve the bosonic potentials and their derivatives.
In order to regularize the light-cone expansion on the length scale €, we proceed as follows.
The smooth contributions are all left unchanged. For the regularization of the factors T, we
employ the replacement rule

prp(n) prp(n)
mPT —>mT[p],

where the factors T [g]l) are smooth functions of €. These factors can be treated symbolically using

the following simple calculation rules. In computations one may treat the T[;?) like complex
functions. However, one must be careful when tensor indices of factors ¢ are contracted with
each other. Naively, this gives a factor 2 which vanishes on the light cone and thus changes
the singular behavior on the light cone. In order to describe this effect correctly, we first write
every summand of the light cone expansion (2.29) such that it involves at most one factor ¢

(this can always be arranged using the anti-commutation relations of the Dirac matrices). We
now associate every factor ¢ to the corresponding factor TED”). In short calculations, this can be
indicated by putting brackets around the two factors, whereas in the general situation we add
corresponding indices to the factor ¢, giving rise to the replacement rule

mpgT<”) — mpg([;})T[;?).
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For example, we write the regularized fermionic projector of the vacuum as

i o= m (=14n) (= 1+n -
Pi(z,y) = 52 i T +Z
n=0

2n+1

(n)
T2n+1]

The kernel P¢(y, z) is obtained by taking the conjugate,

(P (2, 9))" = P*(y, v)

(where the star denotes the adjoint with respect to the inner product <:|->). The conjugates of
the factors T[gf) and 5[(;]0 are the complex conjugates,

() . (p(n)y* )
T[p] T (T[p} ) and 5[p] ’ (g[p])

One must carefully distinguish between these factors with and without complex conjugation. In
particular, the factors ¢ E;]) need not be symmetric,

(;Z’ il ) 5{ () in general.

When forming composite expressions, the tensor indices of the factors £ are contracted to
other tensor indices. The factors & which are contracted to other factors £ are called inner
factors. The contractions of the inner factors are handled with the so-called contraction rules

(n () , ()
(&) (&), = < o)t ) ) (2.30)
()3 (£ () (n) ()
(5@]) (&), = (Zm T 2] ) (2.31)
L) _ (n+1) (n+2)
%l T __4(”Tm ) ) (2.32)

which are to be complemented by the complex conjugates of these equations. Here the fac-

tors z[(g) can be regarded simply as a book-keeping device to ensure the correct application of

the rule (2.32). The factors T{(g]? have the same scaling behavior as the T[;?), but their detailed
form is somewhat different; we simply treat them as a new class of symbols. In cases where the
lower index does not need to be specified we write T§”). After applying the contraction rules,
all inner factors £ have disappeared. The remaining so-called outer factors & need no special
attention and are treated like smooth functions. .

n

Next, to any factor To(") we associate the degree degTs ’ on the light cone by

deg 7™M =1 —n. (2.33)

The degree is additive in products, whereas the degree of a quotient is defined as the difference
of the degrees of numerator and denominator. The degree of an expression can be thought of
as describing the order of its singularity on the light cone, in the sense that a larger degree
corresponds to a stronger singularity (for example, the contraction rule (2.32) increments n and
thus decrements the degree, in agreement with the naive observation that the function z = &2
vanishes on the light cone). Using formal Taylor series, we can expand in the degree. In all our
applications, this will give rise to terms of the form

(a1) (aa)n(b1) (bs)
Tl plea) o) g ,
n(x,y) = with n(z,y) smooth. (2.34)
rlen . oplepld) o plds)

The quotient of the two monomials in this equation is referred to as a simple fraction.
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A simple fraction can be given a quantitative meaning by considering one-dimensional in-
tegrals along curves which cross the light cone transversely away from the origin & = 0. This
procedure is called weak evaluation on the light cone. For our purpose, it suffices to integrate
over the time coordinate t = £ for fixed é’ # 0. Moreover, using the symmetry under reflec-
tions £ — —¢, it suffices to consider the upper light cone t \E| The resulting integrals diverge
if the regularization is removed. The leading contribution for small € can be written as

|&]+e ot L oplaa)pa) .To(bﬁ) L o Creg log”(g|€]
[ a8 Lo To g, gt o8 D
GRE i) el ) (ilght €

where L is the degree of the simple fraction and ceg, the so-called regularization parameter, is
a real-valued function of the spatial direction E / y§| which also depends on the simple fraction
and on the regularization details (the error of the approximation will be specified below). The
integer r describes a possible logarithmic divergence. Apart from this logarithmic divergence,
the scalings in both £ and ¢ are described by the degree.

When analyzing a sum of expressions of the form (2.34), one must know if the corresponding
regularization parameters are related to each other. In this respect, the integration-by-parts rules
are important, which are described symbolically as follows. On the factors To(n) we introduce
a derivation V by

v — =),

Extending this derivation with the Leibniz and quotient rules to simple fractions, the integration-
by-parts rules state that

(a1) (ac)rp(b1) (bs)
T8 osee) o)
\Y —— | =0.

e . plenpld) | plde)

These rules give relations between simple fractions.
Using the above computation rules, one can evaluate and analyze the EL equations (2.28) in
detail, always working modulo error terms of the form

higher orders in €/lmacro, (2.35)

where /e denotes the length scale of macroscopic physics (like the Compton scale m™! or

larger). For more detailed explanations of these constructions we again refer to [13].

Finally, we shall also encounter specific regularization effects of the neutrinos, which we now
briefly explain (for details see [13, Section 4.2]). We first decompose the kernel of the fermionic
projector describing neutrinos into its left- and right-handed components as well as the scalar
component,

P(z,y) = xd, (2.y) + Xrgp(z,y) + h(z,y).

If the neutrinos are massless and left-handed, then gr and h are zero. In order to describe
massive neutrinos, both gr and h are non-zero (thus massive neutrinos have a right-handed
components, but it does not couple to any gauge fields, which are zero or left-handed). Fur-
thermore, we introduce a non-trivial regularization of the right-handed component gr. Here
“non-trivial” simply means that the regularization is designed with a specific purpose in mind.
More precisely, in the example of a spherically symmetric regularization, these regularization
effects are described by specific contributions to gr. They are supported on an energy scale
which is typically much smaller than the Planck energy (see Fig. 2(A)). These contributions
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Figure 2. Plots of gr exemplifying different regularization mechanisms in the neutrino sector.

to gr have the form

;}R(k:) =< —4r? (v + ’yk)ill(w)é(lla - K(w)) general surface states, (2.36)
jR(k) = —4n? (70 - yk)ﬁg(w)5(|E] - K(w)) shear of surface states (2.37)

with weight functions h; s2(w). Here the function K(w) parametrizes a surface in momentum
space on which the surface states are supported (see Fig. 2(B)). For the shear contributions, on
the other hand, the vector field gg is no longer tangential to the mass cone, but the sign of the
spatial component is flipped (see Fig. 2(C)). These contributions to g serve two purposes: First,
they make it possible to arrange that the EL equations are satisfied in the vacuum (compensating
for the fact that the masses of the neutrinos are smaller than that of charged leptons and quarks).
Second, in curved space-time they give rise to curvature contributions which yield the Einstein
equations in the continuum limit, with the gravitational constant s given by x ~ 62 with the
length scale § (which can be identified with the Planck length) as determined by the above
regularization effects.

In the formalism of the continuum limit, the regularization effects in (2.36) and (2.37) are

taken into account by factors T[(]g)p] and T {(Zz)p} which come with corresponding computation

rules. Here we do not need to enter the details but refer the interested reader instead to [13,
Section 4.2.5].

3 Mathematical setup

In this section we introduce the mathematical setup and recall a few constructions from [13].

3.1 The fermionic projector

We denote the points of Minkowski space by x,y € 4. In order to describe the vacuum, we
consider the Dirac sea configuration of the standard model as introduced in [13, Chapter 5].
Thus we consider the kernel of the fermionic projector

P(z,y) = PN(z,y) & P%(z,y), (3.1)

where PC is composed of the Dirac seas of the charged leptons and quarks

3

7
PCa,y) =P Pc(x,y),

18=1

where mg are the masses of the fermions and P;?¢ is the distribution

4
(e, y) = / ((217:;4(;6 +m)§(k* — m?)O (k) FE—v)
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(where © denotes the Heaviside function). The direct summand PY in (3.1) describes the
neutrinos

Z Pvac

where the neutrino masses mg > 0 will in general be different from the masses mg in the charged
sector.

Before going on, we point out that (3.1) involves eight direct summands (seven for the charged
leptons and quarks, and one for the neutrinos). Thus P(z,y) is a (32 x 32)-matrix. Conse-
quently, constructing the corresponding causal fermion system as explained for one Dirac sea
in Sections 2.1 and 2.5, one obtains a causal fermion system of spin dimension 16. The reason
why eight direct summands give rise to the interactions of the standard model is that, when
gauge phases are taken into account, the eight direct summands (also called sectors) form pairs
(referred to as blocks). One of the resulting four blocks describes the leptons, whereas the re-
maining three blocks describe the three quark colors. Here we cannot describe the underlying
mechanisms, which are worked out in [13, Sections 5.3 and 5.4].

In order to describe the interaction, we first introduce the auxiliary fermionic projector by

paux PN @ PC

aux aux?

where

aux _ @ Pvac @0 and aux _ @ @ Pvac

a=1 =1

(the last direct summand of PN _ has the purpose of describing the right-handed high-energy
states; for details see [13, Sections 4.2.6 and 5.2.1]). Next, we introduce the chiral asymmetry
matriz X and the mass matriz Y by

7
X = (Ics @ TregXr) © €P Les,
a=1

7
mY = diag(ih1, g, 13, 0) ® € diag(m1, ma, ms),
a=1

where yr = (1 + 75)/ 2 is the projection on the right-handed component, m is an arbitrary
mass parameter, and Tyeg € (0,1] is a dimensionless parameter which is used in order to keep
track of the regularization effects in the neutrino sector (for a detailed explanation see again [13,
Section 4.2.6]). This allows us to rewrite the vacuum fermionic projector as

25
P = Xt=tX* with t:=€p e (3:2)
B=1

Now ¢ is a solution of the Dirac equation
(i — mY)t = 0.

We note for clarity that ¢(x,y) is an (N x N)-matrix with N =4 x 25 = 100. The matrices X
and Y, on the other hand, are 25 x 25-matrices which act on the direct summands in (3.2) (thus
these matrices act trivially on the spinor index).
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In order to introduce the interaction, we insert an operator B into the Dirac equation,
(i@+B-mY)t=0 (3.3)

(for clarity, we always denote the objects in the presence of a bosonic potential by an additional
tilde). Now  can be computed in a perturbation expansion in B. For example, to first order we
obtain

t =1t — sBt —tBs,

where s is the direct sum of the Green’s operators of each Dirac sea, i.e.,

5= @smyg, (3.4)

and s, is the integral operator whose kernel s,,(x,y) is the mean of the advanced and retarded
Green’s function for Dirac particles of mass m. A systematic treatment of all orders in B,
taking into account the correct normalization of the Dirac states, leads to the so-called causal
perturbation expansion (for details see [8, Section 2.2], [13, Sections 2.1.6 and 5.2.1,] or [27]).
Analyzing the singular behavior of the resulting distributions on the light cone gives rise to
a representation of ¢ of the form

[e.e]

t(z,y) = Z Z mP* (nested bounded line integrals) x T (z, y)
n=—1 k

+ (smooth contributions),

where the line integrals involve B and its partial derivatives. For details on this so-called light-
cone expansion we refer to [13, Section 2.2].

Finally, the fermionic projector P in the presence of the potential B is obtained by forming
the sectorial projection

(P =3 (P55
B

where 7,5 € {1,...,8} is the sector index, and the indices o and § run over the corresponding
generations (i.e., « € {1,...,4} ifi =1 and o € {1,2,3} if i = 2,...,8). For more details on
the sectorial projection and its significance we refer to [13, Section 3.4.1].

3.2 Electromagnetic and gravitational interactions

For simplicity, we here restrict attention to electromagnetic and gravitational interactions. An
electromagnetic field is described by the potential

em ;. 2 12 12 1
B[A™] = S g .
[ } A dla’g (07 ?37 3737 3?37 3) (3 5)

(thus the potential acts trivially on the generation index; see [13, Section 5.3.1]). For technical
simplicity, we only consider linearized gravity. Thus, as in [13, Section 2.3] we consider a first
order perturbation hj; of the Minkowski metric 7;, = diag(1, -1, -1, —1),

9ik(x) = njr + hjr(x).
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Working in the symmetric gauge, the resulting perturbation of the Dirac operator is
Bl = 2o hyr -+ L ()
J 2" L gxl 8 )

After including these potentials into the operator B in the Dirac equation (3.3), the distribu-
tion ¢ is computed with the help of the causal perturbation expansion (for an introduction see [13,
Section 2.1]). Before forming composite expressions in the kernel of the fermionic projector, one
must introduce an ultraviolet regularization. We denote the length scale of this regularization
by €. Then the Lagrangian can be computed asymptotically as € \, 0 in the formalism of the
continuum limit (as introduced in [13, Sections 2.4 and 2.6]). For completeness, we remark that
we again assume the following regularization conditions (see [13, equations (4.6.36), (4.6.38),
(4.9.2) and (5.2.9), (5.2.10)])

T[EJO)T[EJ] 1)T[(?) =0 in a weak evaluation on the light cone,

]
‘LE 0] ‘ = ‘ ‘ (1 + (‘)( ms)meg)) for n = 0, —1 pointwise, (3.6)

(n)

o] are defined by

where the parameter preg is in the range 0 < preg < 2, and the factors L

L — Lo

Ly =Ty + 37eeTpy)- (3.7)

4 The Lagrangian of the causal action in Minkowski space

As in [13, Section 5.2.4] we count the eigenvalues of the closed chain A,y := P(z,y)P(y,x) with
algebraic multiplicities and denote them by AnYs, where n € {1,...,8}, ¢ € {L,R} and s €
{+,—}. Then the causal action reads

S[P] = //mm L[A,] d*zdYy

with the Lagrangian (see [13, Section 5.2.4 and equation (1.1.9)])

,C ‘A ‘ :cy|2 64 Z Z Z )‘fz?és B Afzycs

nn'=1c,c/=L,R s,s'=+

>

Using the relation (see [13, equation (4.4.3)])

Aifs = )‘Z%:Fv (4.1)

it suffices to consider the summands with s = s’ = +,

Az 162 > (Xl = D (42)

n,n'=1c,c/=L,R

In the vacuum and to leading degree five on the light cone, the eigenvalues of the close
chain all have the same absolute value (see [13, Section 2.6.1 or Section 3.6.1 and Section 4.3.1].
Therefore when perturbing the Lagrangian, we need to perturb each factor (‘)\nc i ‘)\

n (4.2), 1

wers)

8
]‘ X X X X
[Agy] = ) Z Z A([ Mt | = [N AN = At

nn'=1c,c/=L,R

) (4.3)
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For a convenient notation, we write the contributions to AL in the form

~ () (), (4.4)

where the two brackets refer to the two factors in (4.3).

Many contributions to the perturbation A‘)\nc _1_‘ of the absolute values of the eigenvalues
were already computed in [13]. In order to make these results applicable, it is most convenient
to use the following lemma.

Lemma 4.1. The perturbation of the absolute value of the eigenvalues is related to the pertur-
bation Kye(x,y) computed in [13, Chapter 4] by

(0)
1 ‘T[o] ‘
A|>\nc+| gxnc{xvy) ‘ 1)’
[0
Proof. According to [13, equation (4.4.6)],
AN 5570 (-1 D)
Kne(w,y) = ‘)\my‘ 37T, [0] [] T[o] .

We now use (4.1) together with the fact that the eigenvalues of the vacuum have the absolute

value |\2Y| = 32|T [E)})‘ (see [13, equation (3.6.5)] or (4.5) below). [ |

4.1 The eigenvalues of the closed chain in the vacuum

In the vacuum, the eigenvalues of the closed chain can be computed separately in each sector.
They are given by (see [13, Section 4.4.2])

)\nLJr—)\i%JF—QT[%]) [E)] V4 m? (-++) + (deg < 2), n=2...,8, (4.5)
T 1 — 0 0

ATV = 9T[<0}>LEO] ) Briegd 2T TRy + mA () + (deg < 2), (4.6)
wy  _ r(0)m(—1) 2n(1) (-1)

Mt = 9Ly Ty " = 3Teegd TipyTiy  +m 2(--) + (deg < 2), (4.7)

where deg is the degree on the light cone (see (2.33) and the explanation thereafter), and the

factors LEO]) are again given by (3.7). Here the terms (---) stand for additional contributions
whose explicit form will not be needed here (for details see [8, equation (5.3.24)]). However, it
is important to keep in mind that in (4.5), these terms depend on the masses mg of the charged
leptons. They coincide with the corresponding terms in (4.6) and (4.7), except that in the latter
terms the masses mg are to be replaced by the neutrino masses mg. The parameter ¢ in (4.6)
and (4.7) describes the length scale on which the regularization effects in the neutrino sector
(due to the shear and the general surface states; for details see below) come into play. It scales

like (for details see [13, Section 4.4.2])

Preg

1
€<<5<—(m5) z

where preg € (0,2) is again the power in (3.6), and the notation < means “smaller than a constant
times the right side”. The length scale § can be thought of as the Planck scale, because the
gravitational coupling constant x obtained in the continuum limit scales like (see [13, Sections 4.9
and 5.4.3])

52

R~ .
Treg

(where ~ means that we omit irrelevant real prefactors).
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A straightforward computation using (4.5)—(4.7) as well as (3.6) yields

L] = ] = T g < )+ (e < ),
7(0) 7 (—1)
—— 9T L
(0) 7 (~1) (0)+(0) [0] 0]
AL = 91T 2| + Re | 3reed T T[R2]9\T(0)L(—1)\
[0] 0]
+m?(deg < 3) + (deg < 2)
7(0)
_ |77 (1 3ie 1101 | {0 70D
=911 | + 252g| " 1)‘{T[R2]LH +cc}
+ m?(deg < 3) + (deg < 2), (4.8)
7 (0) (1)
9L, /T,
N _9L(0)T( V| 4 Re | —3r,6-27® 7D 070
[Nel = 9] [0] ‘ Treg {R,0}7[0] 9\LE8])T( 1)‘
+m?(deg < 3) + (deg < 2)
(=1)
31ieg | Tio) | 0 0
:9‘T[ ‘_ 253% ‘ ‘ { {RO}L[O} }
+m?(deg < 3) + (deg<2). (4.9)

We recall that (4.8) and (4.9) involve the effects of the general surface states and the shear

(see (2.36) and (2.37)). More precisely, the the factor §—2 [(R)2] (4.8) describes the effect of
general surface states. This factor is essential for getting the Einstein equations in the continuum
limit (see [13, Sections 4.9 and 5.4.3]). The factor 6~ QT{(R)O} in (4.9), on the other hand, describes
the shear of the sea states. At the moment, there is no compelling reason why the regularization
should involve a shear on the scale ~6~2. The shear is needed merely in order to satisfy the EL
equations to the order ~m? in the vacuum. Therefore, the factor in (4.9) could be as small as

5 2T(1)

(R0} = m?(deg = 0).

We also point out that from the size of the factors § 2T [( ) 5 OF 0~ QT{(R) oy We cannot infer how

large the contributions (4.8) and (4.9) are, because there may be cancellations between the two
summands inside the curly brackets (see also [13, Section 4.4.2]).

4.2 The contributions ~d=2:62 and ~§%-6*

We now begin with the computation of different contributions to the Lagrangian, using the
notation (4.4). In view of the contributions (4.8) and (4.9), the leading contribution to the
Lagrangian (4.2) is of the form

2

2
Ty ’ (0 ’ 37re ‘ 1)’
eg [0] {T[( )2] [%0] 1) .C.} g [0 {T{ 0} [EO]) c.c. }

o |1 20 ||
0]
7_reg ‘ (O)‘ 3Treg‘T[E)]_l)} (1) ,(0) i
U L + e} - 25 0 {THo Ly +ec}] @10
‘ (0] | | [0]’
< I8 (dog = 4). (4.11)
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This contribution is in general non-zero but, as explained after (4.9), it could vanish for specific
regularizations due to cancellations in the curly brackets in (4.8) and (4.9).

For a better understanding of the contributions in (4.10), it is instructive to compare them
to the contributions to the Lagrangian away from the light cone as computed in [10, 17]. The
latter contributions arise independent of the regularization and reflect the fact that, due to
the different masses, the macroscopic behavior of the fermionic projector is necessarily different
in the charged and neutrino sectors. The resulting contribution to the Lagrangian scales like
(see [17, Section 2] or [10, Section 3)])

L[Az] S m°(deg = 3) (4.12)

(the precise scaling depends on the size of the bilinear-dominated region as discussed in [10,
Section 6]). Clearly, this contribution is much smaller than the upper bound in (4.11). More
precisely, since decreasing the degree by one gives two factors of the dimension of length, which
when integrating give rise to a factor €2, the causal action per four-dimensional volume would
become smaller by a scaling factor

< mbote?.

We remark that, as is worked out in detail in [4, Appendix A], there is also a contribution to
the causal Lagrangian if = is close to y. This analysis shows that this contribution is also much
smaller than (4.10).

The fact that (4.10) is much larger than (4.12) suggests that when minimizing the causal
action, one should try to arrange that the contribution (4.10) vanishes. The analysis in this
paper gives strong indications that it is indeed physically sensible to assume that the contribu-
tion (4.10) is zero (for a detailed discussion of this point see Remark 9.2). More technically, this
can be arranged as follows: First, one should keep in mind that, being a sum of squares, the
expression (4.10) is non-negative. Therefore, it vanishes in a weak evaluation on the light cone
only if it vanishes pointwise. Note that the contributions in (4.10) are a consequence of the shear
and general surface states (see the contributions to the eigenvalues in (4.8) and (4.9)), which are
needed in order to satisfy the EL equations in the vacuum to degree four on the light cone (for
details see [13, Section 4.4.2]). More precisely, the effect of the shear and general surface states
on the absolute values is to arrange that the EL equations hold in the vacuum by compensating
for the fact that the masses of the neutrinos are smaller than that of the charged leptons and
quarks. Then the contributions in (4.8) and (4.9) scale like ~m? (deg = 2), and exactly as
explained in [13, Section 4.4.2], they can be compensated by the contributions by the rest mass
in the charged sectors.

We remark for clarity that contributions ~6~2 to the closed chain are also needed in order
to obtain the gravitational interaction with the coupling constant x ~ §2 (see [13, Sections 4.9
and 5.4.3]). However, going through the detailed computations, it turns out that the resulting
contributions to the Lagrangian have a different form than the terms in (4.10). Therefore, the
assumption that (4.10) vanishes is not in conflict with a gravitational constant & ~ §2.

To the next lower degree on the light cone, we obtain contributions where

1
AN | ~ g(deg =1). (4.13)
(where ~ again means that we omit irrelevant real prefactors). Since ¢ is to be chosen of the
order of the Planck length, these contributions need to be taken into account. The resulting
contribution to the Lagrangian scales like
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4.3 The contributions ~6~% - (J + j)

We next consider the contributions where one of the brackets in (4.4) contains the contribu-
tion ~6~%4 given in (4.13), whereas the other bracket involves contributions by the Maxwell or
Dirac currents. The perturbation by the Dirac current J is (see [13, equation (B.2.21)])

_ 19 gD _ 9 D)
A)‘f—?{- = 87J]§JT[0} = 167<1/1(y)|§1/1(m)>T[0] )
where g denotes the number of generations (thus here we may always set ¢ = 3), and in the
last step we used the formula for J given in [13, beginning of Section 3.7.2]). Here £ := y — x,
and <-|-> again denotes the spin scalar product. Likewise, the perturbation by the Maxwell
current j is (see [13, Proof of Lemma 3.7.3 in Appendix B])

T ig? -4 - ig® -4 (0)
AN = 6Ty T = T T (4.14)

where jj, = Ojy A — OAy. The resulting contributions to the Lagrangian are of the general form

1

L(z,y) ~ 5

((Ji + cii)€’) (deg = 3) (4.15)
with a real constant c.

The contributions (4.15) to the Lagrangian drop out of the causal action, as we now explain.
We consider the contributions by the Maxwell and Dirac currents separately. The contribution
by the Dirac current vanishes when integrating over y as a consequence of support properties of
the Lagrangian in momentum space. This will be worked out in detail in Section 5 below (see
Theorem 5.1), and we do not want to anticipate these arguments here. Instead, we merely point
out that these methods do not apply to the contributions by the Maxwell current in (4.15). But
there is another simple reason why the contributions by the Maxwell current vanish in (4.15):
Namely, the corresponding gauge potential in (3.5) is trace-free on the sectors and vanishes in
the neutrino sector. Therefore, it vanishes in (4.15) when the sums over the eigenvalues of the
closed chain are carried out. Turning this argument around, one can take the fact that the
bosonic currents must vanish in the Lagrangian to the order ~d~* - j as the reason why the
bosonic currents in the standard model are all trace-free. More technically, this argument can
be used as an alternative to the trace condition derived in the analysis of the field tensor terms
in the (-formalism (see [13, Sections 4.2.7, 4.6.2 and 5.3.4]).

4.4 The contributions ~6 =% . F

We next consider the contributions where one of the brackets in (4.4) contains the contribu-
tion ~6~4 given in (4.13), whereas the other bracket contains a contribution by the Maxwell
field tensor (as computed in [13, Section 4.6.2]). Note that these contributions vanish in the
formalism of the continuum limit due to the anti-symmetry of the field tensor (because both
tensor indices of the field tensor are contracted with outer factors £). But the contributions are
in general non-zero in the ¢-formalism which gives refined information on the singular behavior
on the light cone (see [13, Section 4.2.7]). More precisely, the perturbation by the field tensor
terms is (see [13, Lemma 4.6.6])

oy lg Yy iie (1) (0)(0)
AN == (Qa-DFYG (1) Ti0) Tio

) ig® [V e 0)(0)
(a? = a)&r o, FIE oy ), T T, (4.16)
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where we used a short notation for the integral along the line segment joining the points x and y;
i.e., for example

Y . 1 .
/ (20[ — 1)FZ] = /0 (2a - 1)F13‘ay+(1—cx)x da.

In order to verify the equality (x) in (4.16), one rewrites the directional derivative as a derivative
with respect to «,

gkakF]’ay—i—(l—oz):L‘ = @F]’ay-‘r(l—a)x

and integrates by parts. A direct computation gives

ANFL| = W}ﬁ Re ((AXNY)AZY)
(0)
g2 [V Ty |
19 i -1 [0] 0 -1
-5/ (02 — 0)E*ORFIE (ufy >)j‘T[(}_U|(T[g]>T[g] )~ cc),
0

The resulting contributions to the Lagrangian again vanish because the Maxwell field is
trace-free on the sectors and vanishes in the neutrinos sector.

4.5 The contributions ~F - F

We next consider the contributions where each of the brackets in (4.4) contains a contribution
by the Maxwell field tensor (as computed in [13, Section 4.6.2]; see the formulas in Section 4.4
above).

The resulting contributions to the Lagrangian can be arranged to vanish in two different
ways: One method is to impose conditions on the regularization which imply that the contri-
butions ~F' - F' vanish in the (-formalism. Alternatively, one can take the point of view that
all the contributions obtained in the ¢-formalism should be disregarded, because they depend
on details of the regularization which at present are unknown and seem out of reach. However,
discarding the (-formalism makes it necessary to rely on the argument described at the end of
Section 4.3 to obtain the condition that bosonic potentials must be trace-free.

It is an open question which of the above methods is physically more sensible. Fortunately,
this open question does not have any consequences on the results of the present paper.

4.6 The contributions ~(J + j) - (J + j)

We next consider the contributions where each of the brackets in (4.4) contains a contribution by
the Maxwell or Dirac current (as computed in [13, Section 3.7]; see the formulas in Section 4.3).
The resulting contributions to the Lagrangian are of the general form

L(z,y) = ((Ji + cj)€") - (T + cjr)€") (deg = 4), (4.17)

where again J is the Dirac current and j is the Maxwell current. These contributions and their
first variations vanish if and only if

Ji+cj;i =0 (4.18)

(where, as explained in [13, Section 4.4.4], the logarithmic poles again vanish due to the mi-
crolocal chiral transformation). These are the Maxwell equations, where the coupling constant ¢
is a regularization parameter which depends on the details of the regularization. We point out
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that in the continuum limit, the classical field equations were obtained in a completely different
way (see [13, Sections 3.7, 4.8 and 5.4]). The main difference is that in the continuum limit,
one analyzes the EL equations of the causal action, whereas here we compute the Lagrangian
and vary the classical potentials. It is remarkable that the results of both procedures give the
same structural results. However, in order to get complete agreement, the coupling constant c
in (4.18) must coincide with the coupling constant as computed in [13]. This poses a condition
on the regularization.

We remark that contributions away from the diagonal x = y can be compensated by nonlocal
potentials (i.e., potentials of the form of an integral operator) as described in [13, Section 3.10].

4.7 The contributions ~§ % - (F2 + T)

We next consider the contributions where one of the brackets in (4.4) contains the contribu-
tion ~§~* given in (4.10), whereas the other bracket involves contributions by the energy-
momentum tensor as computed in [13, Section 4.5]. Keeping in mind that there are also corre-
sponding curvature terms (also computed in [13, Section 4.5]), the contribution can be written
as

L(x,y) ~ % - (072 Rij + Ty ] + Ty [A])€'¢ (deg = 3),

where T;;[¢] and Tj;[A] are the energy-momentum tensors of the Dirac and Maxwell fields,
respectively. This contribution vanishes if the Einstein equations hold. Exactly as explained in
Section 4.6 for the Maxwell equations, here the Einstein equations appear in a quite different
way than in the analysis of the continuum limit. The fact that the coupling constants must
coincide poses constraints on the regularization.

4.8 The contributions N(F2 + T) . (F2 + T)

There are also contributions where both brackets in (4.4) involve the energy-momentum tensor
and curvature as computed in [13, Section 4.5],

L(z,y) =~ ((672Ryj + cTij[y] + Ty [A])gigj)z(deg = 4).

These contributions as well as their first variation vanish again as a consequence of the Einstein
equation, provided that the regularization satisfies all consistency conditions for the coupling
constants.

5 Computation of the conserved one-form

In [22, Section 5] a conserved surface integral was computed which generalized the Dirac current.
It has the form

to [e'e]
) = [ ae [ @ [Tat [ @D - DaLln) (1)
—00 R3 to R3

where u = (0,u) is a jet with vanishing scalar component, whose vector component is described
in terms of a vector u € H by

ViuP(,y) = =VauP(2,y) = —1[¢"(2) =<4 (y)].

Jets of this form have been introduced more generally in [20, Section 2.2]; see also [25, Sec-
tion 7.5]. Compared to the situation in [22] where only one sector was considered, now we
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must take into account that, as a consequence of the neutrino sector, there is an additional
contribution to the Lagrangian with the scaling

1 .
L(z,y) ~ gJifl(deg =3), (5.2)
where J is the current corresponding to the Dirac wave function ¢,

Ji = <" (y) |yt (z)>- £ c.c. (5.3)

(the sign of + depends on whether (5.2) involves factors of i; we do not specify this here). It
was argued in Section 4.3 that this contribution vanishes for x ~ y as a consequence of the
Maxwell equations (see the explanation after (4.15)). However, there are also contributions if x
and y are far apart, which might have an influence on the surface layer integral. For this reason,
we now compute the surface layer integral (5.1) for the contribution (5.2). We shall conclude
that the resulting contribution to the surface layer integral vanishes (see Theorem 5.3 below).
This justifies that the methods and results of [22, Section 5] remain valid for systems involving
neutrinos.
We first give the scaling behavior:

1 1
(D1 — Do) L(z,y) ~ 5—(deg =1)(D1y — D2y) ‘)\xy o~ kakﬁ(deg =3)

ncs

LiKo(e), (5.4)

~ gt - ) = ﬁ&ﬁgﬂ

54 2t3

where Kj is the causal fundamental solution of the scalar wave equation defined by

1
Ko(€) = 5 (SY =

| L ()8 — 1) = ?fa(m — ) (5.5)

)= &
(and Sy and S{' denote the advanced and retarded Green’s operators, respectively). In momen-
tum space, the distribution Ky is supported on the mass shell. More precisely, setting p = (w, k)
and k = [p], we have

Ko(p) ~ —(0(w— k) —d(w + k)).

ISE

The computation for the one-dimensional Fourier transform of a function f

()= 00w [0 s
:/_oofitdwri/ f(r)dr, (5.6)

shows that each factor 1/t corresponds in momentum space to i times an integration over w.
The integration constant can be determined by using the symmetries. The resulting kernels are
shown in Fig. 3.

We now proceed in two steps: We first show that the resulting contribution to the surface
layer integral (5.1) is conserved in time (i.e., that it is independent of ¢y). The second step will
be to show that it is even zero. For the first step, we differentiate (5.1) with respect to ty. Using
that the integrand is antisymmetric in the arguments x and y, we obtain

ek t/dS/ (Dr — Do) £(to, 7y) dy. (5.7)
t() R3
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Figure 3. The kernels involving Ky(£) in momentum space.

Therefore, the surface layer integral (5.1) is conserved if and only if this expression vanishes.
Clearly, it is a sufficient condition to show that

/ (Dyy — Doy)L(x,y)d*y =0 for all x € M . (5.8)
M

This is the scalar component of the linearized field equations. Indeed, this equation was used
in [22, 24] to derive the conservation law (for details see [24, Proof of Theorem 3.1]).

Theorem 5.1. The contribution (5.4) with J according to (5.3) vanishes in (5.8).

Proof. Using (5.4) in (5.8), we obtain terms of the form
/ Jk§k54 2 t21K0(£) d* Y-

According to (5.3), the current gives a factor ¢ (y) or 1(y). Therefore, applying Plancherel gives
terms of the form

/ﬁ@mm&n (5.9)

where ¢ is supported on the upper or lower mass shell. Noting that the factor & in (5.4)
corresponds to a partial derivative in momentum space, the kernel £(p) is obtained from the
distribution shown on the right of Fig. 3 by differentiation. Hence it vanishes inside both the
upper and lower mass cone. We conclude that the two factors in the integrand in (5.9) have
disjoint supports. Therefore, the integral (5.9) vanishes, giving the result. |

Knowing that the surface layer integral is conserved, we can simplify its form with the help
of the following lemma, which is inspired by a similar computation in [22, proof of Lemma 5.5].

Lemma 5.2. Using the conservation of the surface layer integral as proved in Theorems 5.1,
the surface layer integral can be written as

to 00
/ dt / d*z / dt’ / d®y(Dyy — Doy )L(t, %t )
—0o0 R3 to R3

= lim / ohs/RSd3 / d*y(y° — ) (D1y — Dan)L(t, %5 y). (5.10)

2Tﬁoo

Proof. In view of (5.7) and Theorem 5.1, we know that the above surface layer integral is time
independent. As a consequence, denoting the spatial integrals by

_Aﬂ%éf%@mﬁDuﬂ@ﬁﬂw
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the surface layer integral can be written as

to
/ dt/ dt’ A(t,t) /d’]’/ dt/ dt’ A(t,t)
to
= T/ dT/ dt/ dt' O(r =)ot — 1) A(t,t)
0 —00 —00
1 e ) o) T
= T/ dt/ dt’/ drO(r — )0t — 1)A(t, ).
—00 —00 0

Now the 7-integration can be carried out. Going through the different cases where ¢, ¢’ is positive
or negative and t, t’' is larger or smaller than T, a straightforward computation yields

to
/ dt/ dt’ A(t,t') / dt/ dt’' ' A(t,t) / dt/ dt'TA(t, 1)
to

+/ dt/ dt’(t’—t)A(t,t’)+/ dt/ dt' (T —t)A(t,t)
T Jo ¢ T Jo T

1 0 T 1 0 00

= / dt/ dt’t’A(t,t’)+/ dt/ dt'TA(t,t") (5.11)

T —00 0 T —00 T
1 T [e's)

+ / dt/ dt’ (t' — t)A(t, t) (5.12)
T Jo t

1 T 00 , - ,
+T/0 dt/T At' (T —t) — (' — 1)) AL, t). (5.13)

The integrals in (5.11) and (5.13) are surface layer integrals. Since A(t,t') has suitable decay
properties in |t — t/|, these integrals are bounded uniformly in 7' (more precisely, these inte-
grals exist in the Lebesgue sense provided that the electromagnetic potentials decay ~1/|t]).
Therefore, in the limit 7" — oo only the summand (5.12) remains,

to 0
/ dt/ dt’ A(t,t') = lim / dt/ dt’ ( VA(t, 1), (5.14)
—00 tO T*)OO

Using that A(¢,t') is anti-symmetric in its arguments, we can use the same argument with
the time direction reversed to obtain

to to
/ dt/ dt’ A(t,t') /dt/ dt’ A(t,t')
to to
= — lim / dt/ dt’ ( YA(t, ). (5.15)
T—oco T

Taking the arithmetic mean of (5.14) and (5.15) gives the result. [
We finally show that the surface layer integral vanishes:

Theorem 5.3. The contribution (5.4) with J according to (5.3) vanishes in the surface layer
integral (5.1).

Proof. The integrand in (5.10) differs from that in (5.8) by an additional factor (y° —¢). In
momentum space, this factor corresponds to an additional w-derivative. As a consequence,
the resulting kernel in momentum space again vanishes inside the upper and lower mass cone.
Therefore, the method of proof of Theorem 5.1 again applies, giving the result. |
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6 Computation of bosonic conserved surface layer integrals

We now proceed with the analysis of contributions to the Lagrangian of degree three on the light
cone. As we shall see, these contributions are in general non-zero. Their significance is that they
give rise to physically sensible expressions for conserved surface layer integrals. More precisely,
we shall compute the surface layer integral (1.8) which is composed of both the symplectic
form (1.1) and the surface layer inner product (1.2). For clarity, we first consider the bosonic
contributions; the fermionic contributions will be computed in Section 7 below.

6.1 Computation of unbounded line integrals

In the computation of surface layer integrals, there is the complication that the two arguments
of the Lagrangian are varied differently. In particular, our task is to compute the variation

(Vip — V2,n)P($7y)
for bosonic jets. Writing out the jets as variations of the wave functions, we obtain the expression

(—sAP + PAs)(z,y) (6.1)

(where s is the symmetric Dirac Green’s operator (3.4)). The light-cone expansion of this bi-
distribution involves unbounded line integrals, as is made precise in the following lemma.

Lemma 6.1. The light-cone expansions of the distributions
(—sAP — PAs)(x,y) and (—sAP)(x,y)

are obtained from each other by replacing the line integrals according to

1 1 [
/0 () emayt(1—aye do — 2/ e(a)(-+ )| o=ay+(1-a)e do.

Proof. Light-cone expansions involving unbounded line integrals were carried out in explicit
detail in the unpublished preprint [6] using so-called light-cone integrals. A more systematic and
more compact method was developed in [8, Appendix F], where a light-cone expansion involving
unbounded line integrals was derived for an operator product involving the causal fundamental
solution K, defined as a multiple of the difference of the advanced and retarded Klein—Gordon
Green’s distribution,

Ko= (5, —5.), (6.2)

o2y @ e

where a is the mass squared (thus K satisfies the equation (0, +a)K,(x,y) = 0). Differentiating
with respect to the parameter a gives the distributions (for details on this method see [7])

o . 4

a:U.

In [8, Lemma F.3] it was shown that for any [, > 0 and any scalar potential V' (here and in
what follows, we assume for simplicity that the potential is a Schwartz function or a smooth
function with compact support),

(K(Z)VK(T))(x,y) = /K(l)(x,z)V(z)K(r)(z,y) d*z (6.3)
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1 . 1 * T n TN
=570 n'/ daal(1 = a)"(a = a®)"(O"V)jays1-aeS"T (@, y)
n=0 o
+ (contributions smooth for x # y) (6.4)

(where we rearranged the smooth contribution and the bounded line integrals in [8, Lemma F.3]
in a way most convenient for our purposes). Inserting the decomposition (6.2) into the first factor
n (6.3), multiplying out and using the support properties of the Green’s functions, we obtain
corresponding light-cone expansions for the operator product SV-OYV K@ and SMOV K,

(SV’(Z)VK(T))(:U, y) = (contributions smooth for x # y)

+Z / y - )@(a)—@(—(yo—xo))@(—a))
X al(l - a)r (a -« )n(DnV)|ay+(l—a)m da K(Z+T+n+1) (.73, y)7

(SA’(Z)VK(T))(:U, y) = (contributions smooth for x # y)

+Zn' / y —xo)@(—a)+@(—(y0—xo))@(a))
o (1 —a)" (a — az)"(D"V)mer(l,a)z da KUHr+ntl) (x,y).

Taking the difference of these formulas and using (6.2), we recover (6.4). However, taking the
mean of these formulas, we conclude that

(S(l)VK(T))( y)

5 Z n / do 6 1 - Oé) (Oé - a2)n(Dnv)|ay+(1—a)xK(l+r+n+l)(xa y)
+ (contrlbutlons smooth for x # y), (6.5)

where S := (SV + S")/2.

It remains to replace the factors K(®) in (6.5) by corresponding factors T®) . To this end, one
can proceed exactly as in [8, Proof of Lemma F.4] and multiply from the right by the projection
operator on the negative frequencies. This gives the result. |

Applying this lemma to both summands in (6.1), one obtains the line integrals
o (0.9}
/ E(Oé)(' o )|z:ocy+(1—oz)ac da — / 6(6)( o )iZ:Bx-l-(l—ﬁ)y da.
—0 —o0

Changing variables in the second integral according to § — « = 1 — (3, the integrals can be
combined to

(/ / ) o=ay+(1-a) da.

6.2 The contributions ~§—* . F2¢2 /2

Before entering the detailed computations, it might be instructive to consider the scalings,
starting from the contributions to the fermionic projector as given in [13, equations (B.5.1)
and (B.5.2)]:

AP(z,y) ~ F2geeT®, AN, ~ F2¢¢(deg = 2)
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Figure 4. The function J(, ).

(here the tensor indices of the factors £ are contracted to the field tensor; in other words, they are
outer factors; see the explanation after (2.32) in Section 2.6). These contributions were already
taken into account in Sections 4.7 and 4.8, where they were compensated by corresponding
curvature terms. With this in mind, it remains to consider the contributions obtained by a
regularization expansion. More precisely, the terms with the correct scaling behavior are those
of second order in ¢/t, i.e.,

£242 22 242 _2
L(w,y) ~ F2e¢(deg = 5) - B

F2gt*35(|t| —r)~ F2gt*21K0(§)

where K is again the causal fundamental solution of the wave equation (5.5) (the terms first
order in £/t will be analyzed in Section 6.8). One should keep in mind that in the regularization
expansion, the outer factors & (i.e., those factors contracted with the field tensor; see again the
explanation after (2.32) in Section 2.6) need not be taken into account, because they appear in
the same way in the Ricci tensor, and thus they drop out exactly as explained in Sections 4.7
and 4.8 above. With this in mind, it suffices to compute the contraction of the fermionic
projector with an outer factor £&. We now compute these contributions and study their effect
on the Lagrangian. For clarity, we treat the contributions which involve and do not involve
logarithmic poles after each other.

We point out that there are also contributions which are linear in ¢/¢. For clarity of presen-
tation, we will analyze these contributions in Section 6.8 below.

2
o tQ 55?72@5(“‘ —)

6.2.1 Contributions with logarithmic poles
We begin by computing the contributions to the fermionic projector with a logarithmic pole:

Lemma 6.2. The contributions to the fermionic projector which involve the electromagnetic
field strength and have a logarithmic pole on the light cone have the form

(vlu V2u vlv —{—Vz 0) Tr(fP(:v y))
/ da/ dg J(a u)ij|ay+(1—a)m(FU)i;|By+(1—ﬁ)fﬂ€i€kT[E)l])’
where (see Fig. 4)

J(a, B) = (a+ 38 — 4aB) X (1,00) () X (0,1)(B)
+ (=3a = B+ 4aB)X (0,0 (@)X (0,1)(B)
+ (4o + 4B — 8aB)X(1,00) () X(1,0) (B)
+ (—4a — 45 + SOzB) X (~00,0) (@)X (a,0) (B)- (6.6)
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Proof. Our starting point is the contribution to the fermionic projector of second order in the
electromagnetic field strength as given in [13, equation (B.5.2)],

1 TEP) = =2 [ [0.2010z [ 1,001z ) P (2)e'E T
—si [Toapas [To.101az R B )T

Here we use the notation for the nested line integrals (for details see [13, Section 2.2])
Y v o i
/ [P, qlr] dZ/ [P, 4|7 dZFi(2) F™ (2)
: 7 1 i
= / dr 7P(1 — T)q(T — TQ)T/ dTTp(l — T)q(T — 72)
0 0

X Fii(2)F* (%)

z:Ty—&-(l—T)ac,E:’Fy—i-(l—?)z'
Transforming to the new integration variables
a=T and =1+ (1-1)T, (6.7)

the above contribution to P(z,y) can be written as

TP = -2 [ do [ 4960+ 5 - 09 R FIEEGT.
to be evaluated at
z=ay+(1—-a)z and Z=py+(1-p)x. (6.8)

The contribution symmetric in A, and A, is obtained immediately by applying the polar-
ization identity (i.e., the identity B(u,v) = (B(u + v,u + v) — B(u — v,u — v))/4 for a bilinear
form B),

1 1 -
(Vi + Vo) (Vo + Vau) TrEP(r, 1) = /0 do / 48 (3a +  — 4aB)g'g T
X ((Fki(2)(Fo)¥ (2) + (Fo)wi(2) ()M (2)),

again to be evaluated at (6.8). Changing the sign before V5, amounts to replacing the integrals
by unbounded integrals, similar as derived in Lemma 6.1 in first order perturbation theory. In
order to apply this result to second order perturbation theory, we arrange the contributions as
follows,

(Vi = V2u)(Vie + Vou) P(z,y)
= sA sA,P + sA,sAP + sA,PA,s — sA,PA,s — PAsAys — PA,sAys
= (sAvs) AuP + sAy (P Ays + sAP) — (sAy + PAys) Ays — PAL(s4,5)
(we remark that, being smooth, we can omit the so-called high-energy contributions involving
three factors k or p; for details and our notation see [13, Section 2.2]). Now the terms inside the

brackets involve convex line integrals, whereas the operator products outside the brackets can
be handled with the help of Lemma 6.1. Using that

Alda[lldg..._/oldﬁ/oﬁda...7
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we bring the integral corresponding to the product outside the brackets to the left and apply
the replacement rules

(sAys) AP / s / Tda— L s was] o ae
P Y TRy LT
(s + PAys) Ays: /dﬁ/ do— 2 / (1- B d/s/mﬁo ,
P Au(5Ays): /0 da / w—s [ _di-a)da /m,l)uu,a)dﬁ‘

Moreover, by suitably renaming the integration variables o and § we arrange that A, is always
evaluated at ay + (1 — a)x, whereas A, is always evaluated at Sy + (1 — 8)z. A straightforward
computation gives the result. |

We now compute the resulting effect on the Lagrangian:

Proposition 6.3. The contribution to the fermionic projector of Lemma 6.2 affects the second
variation of the Lagrangian to the order ~3=*. F2£2/t? by a term of the form

(Vi = Vau)(Vie + Vo) L(z,y)
- > * uy v\J ick © 2
= [ da [ d8I@BE s hags - (F sy s € 10 (E).

where ¢ is a real constant.

Proof. Computing the perturbation of the eigenvalues of the closed chain as in [13, Ap-
pendix B.5], to the considered order on the light cone we obtain for the perturbation of the
Lagrangian an expression of the form

(vl w— Vau) u (V1 o+ Vo n)ﬁ(x Y)
/ da / A8 T (s B)(F")is gt e (F) 5y (1 gy €°

LiKo(©) Re (CT(”) (6.9)

54t4 [0]

with a complex constant C. Here the factor ¢ can be understood from the fact that the left side
is real-valued.

Let us analyze the symmetry when exchanging x and y. Obviously, the left side is anti-
symmetric. In the line integrals, exchanging x and y corresponds to the replacements

a—1—a« and 8—=1-p.

From (6.6) one sees that the line integrals are anti-symmetric. This shows that the term (6.9)
must be symmetric when exchanging = and y. Since Ky is anti-symmetric, we conclude that
from the factor

1) = o5 (log €] + ¢+ im0 () e(€”) (6.10)

(with a real constant ¢; for details for how this formula comes about see [13, equation (2.2.3)])
only the last summand contributes. This gives the result. |
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Figure 5. Unbounded line integrals for the F'F-terms without logarithmic pole.

6.2.2 Contributions without logarithmic poles

Proposition 6.4. The contributions to the fermionic projector involving no logarithmic poles on
the light cone (i.e., all contributions except for those in Lemma 6.2) affect the second variation
of the Lagrangian to the order ~6~* - F2¢2/t2 by a term of the form

(vlu v2u vln+v2n)£(x y)
= [~ da [ a8 @B E ) layrr-ara F W16 S i (€)

where ¢ is a real constant and (see Fig. 5)

I(a, ) = (a+ B = 1)(X(1,00) (@) = X(=0,0) ()X (0,1)(B)- (6.11)

Proof. Computing the perturbation of the eigenvalues of the closed chain as in [13, Ap-
pendix B.5], to the considered degree on the light cone we obtain for the perturbation of the
Lagrangian an expression of the form

(Viu—V2u)(Vip + Vayu)L(x,y)
< [ da [ a8 1B E e (F Wl a-pet'S i) (612

with a real-valued function I(«, 3) (to be determined below) and a real constant ¢. Note that
the factor ¢ can again be understood from the fact that the whole expression is real-valued.

Obviously, the left side of the above equation is anti-symmetric in z and y. Moreover,
the factor Ky(&) is anti-symmetric. Therefore, the line integrals must be symmetric when
exchanging x and y. Let us consider how this can come about. To second order in perturbation
theory, we need to take into account the contribution given in [13, equation (B.5.1)],

Yy Yy . ,
P(z,y) < —if / [0,1]1] dz / 0,1]0] dZ Frs(2) F* (2)€i¢, T, (6.13)

Transforming to the integration variables o and (3 as in (6.7), one sees that the line integrals
are symmetric in x and y (as can be verified alternatively by taking the conjugate and using
that P(z,y)* = P(y,z)). Repeating the method in the proof of Lemma 6.2, after applying
the replacement rules the resulting unbounded line integrals are anti-symmetric in « and y.
Therefore, the second order contributions to P(z,y) do not enter (6.12).

It remains to consider the contributions to P(z,y) to first order in the field strength. These
are given in [13, equation (B.2.4) and (B.2.5)],

L, [V i ) Y ij., 7(0)
Play)= 3 [ FornT® =g [ [0, 1]0]F 5,7,
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All we need here is that the integrands are linear polynomials. Therefore, the resulting line
integrals in the symmetric derivatives of the Lagrangian are of the general form
(Viu+ Vo) (Vip + Vo) L(2,y)
1 1
. o . 1 c.
= [ (aa+0)da [ (€6 + 08 (RILEIERE) + (R R 2)€e 5 Sik©
0 0
with four parameters a,...,d. Since only first order perturbations of P(z,y) are involved, the
sign of V, can be changed with the help of Lemma 6.1. Using that the resulting line integrals
must be symmetric in xz and y, we conclude that I(a, ) must be of the form (6.11). |

6.3 Analysis in momentum space

In order to gain more insight into how to compute the surface layer integrals, it is useful to
transform the formulas of the previous section to momentum space. To this end, we write the
contributions to the second variation of the Lagrangian as computed in Propositions 6.3 and 6.4
(as well other expressions to be introduced later) in the general form

1 &0 o0 .
Awg)i= 580 [ da [~ A3P@OElaysa-anF Wy oo (614

where R(&) is a distribution (which may involve tensor indices), and the integrand P is ei-
ther I(«, 8) or J(a, B) (or other similar functions to be introduced later).

For the distribution K(£) we need to consider two essentially different cases: In Proposi-
tion 6.4, it has the form

ﬁ(g):tipiKo(g) with  Ko(&) ~ie(£°)5(€%). (6.15)

The distribution appearing on the right was already computed in momentum space in Section 5;
see Fig. 3. In Proposition 6.3, on the other hand, the kernels are of the form

R(E) ~ tipé(@).

Noting that § (52) is the Green’s operator of the scalar wave equation, one immediately sees that
its Fourier transform is given by the principal value ~ PP/p? (defined for example by PP /p? :=
li{% (1/(p* +ir) 4+ 1/(p* — ix))/2). Translating the factors 1/t again into w-integrations (as
K

explained after (5.6)), one obtains the kernels shown in Fig. 6.

Before going on, we clarify how to handle the integration constants when rewriting factors 1/t
as w-integrals: Clearly, integrating over w while preserving the spherical symmetry of the kernel
gives us the freedom to add an arbitrary function of k. In position space, this corresponds to a
distributional contribution supported at t = 0, which vanishes when multiplying by ¢. Since in
position space, the distribution is supported on the light cone, this distributional contribution
at t = 0 must vanish away from the origin £ = 0. This condition can be satisfied in momentum
space by demanding that the distribution be harmonic, i.e.,

02 02 20\ -
(awz TR m) Rlw, k) =0.

When integrating over w, we always choose the integration constant such that this equation
holds.
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Figure 6. The kernels involving ¢ (§2) in momentum space.

In the following sections, our task is to evaluate integrals of kernels A(x,y) of the form (6.14).
More precisely, the expressions of interest are

/A(x,y)d4y and /d?’m/ dy A(t, Z; y).
M R3 M

In momentum space, these expressions become

1 d*p dp ;
A d4y = — ”/ 0 —i(putpo)z
J A= g [ G | e

X /_Oo dov /_OO dﬁP(a,B)(F”(pu))ij (E® (o)) R(—apy — Bpo),

N 1 d4p d4p i(p04p9)20 <3/ - o
/RB ' /_/% d4yA(t,x;y) - 54/ (27T)lil / (27T>°4e (Putr) 53(1)“ + Do)

X /_Oo do /_oo dBP(a,ﬁ)(F”(pu))ij (F®(po)) L R(—apy — Bpo)- (6.16)

6.4 Conservation of surface layer integrals

The conservation law for the surface layer integral (1.8) as established in [24] is based on the
identity

/J%(VM V2u) (Vo + Vo) L(a, y) dply) = 0. (6.17)

Namely, it is obtained by integrating over 2 and using the anti-symmetry of the integrand (for
details see [24, Proof of Theorem 3.1]). In our setting where €2 is the past of a surface {t = const}
in Minkowski space, the conservation law follows already if we know that the spatial integral
of (6.17) vanishes,

/ ' /J%(vl,u V2u) (Vs + Voo ) L(t, 7 y) d'y = 0. (6.18)
R

Our strategy is to first show that, under suitable assumptions on the potentials and on the
regularization, the surface layer integrals are conserved in the sense that the integral (6.18)
vanishes (see Theorems 6.5 and 6.8 below). This makes it possible to express the surface layer
integral in a convenient way (see Lemma 6.9 in Section 6.5). Sections 6.6 and 6.7 are then
devoted to the detailed computations leading to Theorem 6.11.
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6.4.1 Contributions without logarithmic poles

In order to explain our method and the involved assumptions, we proceed step by step, be-
ginning with the contributions involving no logarithmic poles as computed in Proposition 6.4.
Rewriting (6.18) according to (6.16) in momentum space, our task is to show that

d4 b _i(1p010),.0 N R
0:/(2:)4(3 PatPo)2” 535 + )
| da /_ A5 1(, B)(F" (b)) 1 (F° (po) )1 R(—apu — Bpo), (6.19)

oo

X

where I (o, 8) is the function (6.11) and £ is the Fourier transform of the kernel

11

51 7i0(6). (6.20)

R(E) = &i¢h

Recall that we consider a non-interacting region of spacetime, where the potentials A, and A,
describe electromagnetic waves. Therefore, choosing the Lorenz gauge, the momenta are on the
mass cone. Moreover, for technical reasons we assume that the momenta are non-zero:

(a) The momenta lie on the double mass cone away from the origin,
pe=0=p; and  p#0,  py #0.
As a consequence, the Lorentz inner product of the argument of Rin (6.19) simplifies to

(—apy — ﬁpu)2 = 20a3(pu; Pv)- (6.21)

The main difficulty in evaluating (6.19) is that it involves unbounded line integrals. Our
first step is to show that the unbounded part of the line integrals vanishes, leaving us with an
expression involving convex line integrals of the form

/Oldoz/()ldﬁ(oz—irﬁ—l)---.

To this end, we first consider an the integral of a polynomial in «,

/ (polynomial in a) x e~ Pulav+(1=e)z) 44 (6.22)

—0o0

Carrying out the integral, we obtain a distribution supported on the hypersurface {p,{ = 0}.
Since py is on the mass cone, this hypersurface is null. Since the distribution £(§) is supported
on the light cone, we conclude that the hypersurface {p,§ = 0} intersects the support of (&)
only on the straight line Rp,. Therefore, when regularizing, by making the support of £(&)
slightly smaller one can arrange that the supports no longer intersect (for a discussion of this
point see Remark 9.1 in Section 9). With this in mind, in what follows we shall make use of the
following assumption:

(b) Polynomial integrals over the whole real line (6.22) vanish in (6.19).

We next consider integrals over the half line,

/ (polynomial in a) x e~ Pulav+(1=0)z) 44 (6.23)
0
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Figure 7. Handling of the spatial tensor indices.

Knowing that the integral over the whole real line vanishes, our task is to handle Heaviside
functions ©(«) or ©(—«) in the integrand. Using (6.21), we can rewrite these Heaviside functions
as the characteristic function of the inner mass shell in the argument of &,

O ((—apu — Bps)?) = O()O(B(pu: po))-

We analyze the effect of this characteristic function for different choices of the tensor indices.
If : = 0 and j = 0, the distribution (6.20) simplifies to (6.15) for p = 2 as depicted on the right
of Fig. 3. Multiplying by the characteristic function of the inner mass shell gives a distribution
which is constant inside the upper and lower mass cones and vanishes otherwise. In position
space, this distribution is causal and is again supported on the light cone. If one or both tensor
indices are spatial, the resulting distributions j((p) are shown in Fig. 7. Multiplying by the
characteristic function of the inner mass shell gives zero. We conclude that for any choice of the
tensor indices ¢ and j, the distribution @(pQ)f%(p) is supported on the light cone. Therefore, we
can argue just as after (6.22) (this will again be discussed in Remark 9.1 in Section 9), leading
us to the following assumption:

(c) Polynomial integrals over the half line (6.23) vanish in (6.19).

Using the above assumptions (a)—(c), we can simplify (6.19) to the condition

d4pn 7i(p0+170)10 3/ = —
02/(2%)46 " ° 5 (pu+Pn)

1 1 .
x / da/ dB (a+ B = 1) (F*(pu)),; (£° (po)) 1 R(=apu — Bpo)-
0 0

Evaluating the remaining compact line integrals gives the following result:

Theorem 6.5. Under the above assumptions (a)—(c), the relation (6.18) holds for the contribu-
tions involving no logarithms as computed in Proposition 6.4.

Proof. We must consider the two cases that the momenta p, and p, lie on the same mass
cone (i.e., both on the upper or both on the lower mass cone) and that they lie on different
mass cones. In the first case, we see from the right of Fig. 3 as well as from Fig. 7 that the
distribution & vanishes or is constant for all momenta —apy, — Bpy. As a consequence, the line
integrals can be carried out to obtain zero,

/Olda/01d5<a+5—1)_o.



The Causal Action in Minkowski Space and Surface Layer Integrals 43

> 2o+ 20 —4ap

_+ &a_ﬁa

Figure 8. The function J(a, ).

In the remaining case that p, and p, lie on different mass cones, we must make use of the
fact that, due to the d-distribution in (6.19), it suffices to consider the case p, = —p,. Then K
depends only on o — 3. As a consequence, the resulting integrals vanish by symmetry,

1 1
| da [ dstat 5= DR pm) =0
0 0
because the integrand is odd under the transformation a« -1 —  and 8 = 1 — a. |

6.4.2 Contributions with logarithmic poles

We now turn our attention to the contributions involving logarithms as computed in Proposi-
tion 6.3. Rewriting (6.18) according to (6.16) in momentum space, our task is to show that

d4 —1i x — —
0= / (273"4(3 PP 53 (5, + )

X h da /_Oo dg J(a,ﬁ)(ﬁ’“(pu))ij (F“(pn))ifi(—apu — Bpv), (6.24)

o0

where J(a, 8) is the function in (6.6) (see Fig. 4) and R is the Fourier transform of the kernel

R6) = €65 16(). (6.25)

Since the distribution K(&) is again supported on the light cone, we can argue exactly as
after (6.22) to justify the following assumption:

(b’) Polynomial integrals over the whole real line (6.22) vanish in (6.24).

Lemma 6.6. Using (), the function J in (6.24) can be replaced by the function J given by
(see Fig. 8)

J(e, B) = (a = B)x0.1)(@)X(0,1)(8) + (4B — 200 = 2B)e(B — @)
X (X(0,00) (@)X (0,00) (B) + X(=00,0) ()X (=00,0) (B) = X(0,1) (@) X(0,1)(B))-

Proof. For clarity, we proceed in several steps. First, we subtract from J(«, 3) (see Fig. 4) the
polynomial in «

(=3a = B+ 4aB)x(0,1)(B)-

to obtain the following function:
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B
3a+ B — 4af 4o+ 45 — 8af
14
I a
Next, we subtract the polynomial in g
(=200 — 2B+ 408) X(—00,0) (@)
to obtain
4o+ 458 — 8af

Finally, we subtract the polynomial in «

(200 + 28 — 4aB) X(0,00) (B)
to obtain the result. [ |

The resulting line integrals are still unbounded. In order to analyze the effect of the un-
bounded contribution of the line integrals to (6.24), it is useful to introduce the function (see
Fig. 9)

U(a, B) = 2(a + B — 2a8)0(af)e(a — B), (6.26)

because the function J — U has compact support. Moreover, the Fourier integral of the line
integrals of U can be computed explicitly:

Lemma 6.7.
/00 do /OO dg U(a7ﬁ)e—ipu(aer(l—a)x)e—ipu(5y+(1—6)w)

= e PHTTIPT A(p € pof), (6.27)

where A is the bi-distribution

PP PP PP
) (6.28)

A(u,v) = 47i(i0y + 10y + 0y 0y) (—?5(11) + 5(u)7 + 80(u +v)

u—v
in the new variables u = py& and v := pyé.

Proof. Multiplying (6.27) by eP«®+Pv@ e obtain

Alu,v) = /_ Z dov /_ Z dB U (a, B)e~iau=iBy,
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Figure 9. The function U(a, ).

Our task is to show that this equation agrees with (6.28). To this end, we first rewrite the
polynomials as derivatives,

A =2(i0, +i8, + 0,0,) /oo da /°° 4B6(aB)e(e — )oY

The remaining Fourier integrals can be computed with the help of the relations

40(apf)e(a — B) = e(a) — €(B) — 2¢e(a — B),
/OO e %o = 276 (u),

—00

*° ; PP
/ e(u)e " da = —i—.

u

We thus obtain

[ da [ asteta) - e = 2wt ) + 2t

/ i da [ Z 4B (o — B ionit — {Z - EZZ ! gig }

= 2/ da/ db e(b)e V) =0(u=) — _g7i§ (4 + v)

u—uv

Collecting all the terms gives the result. |

We now explain what this result means. The contributions containing factors §(u) and 6(v)
(and distributional derivatives of these factors) are supported on the null hypersurfaces {p,{ = 0}
and {py& = 0}, respectively. Therefore, we can argue again just as for the polynomial contri-
butions in a or S (assumption (b’) above) to conclude that these contribution vanish in (6.24).
The factors d(u + v) (and distributional derivatives thereof), on the other hand, are supported
on the hypersurface

H = {(pu + po)§ = 0}.

If p, and p, are on the same mass cone, then the momentum p, + p, is timelike, so that the
hypersurface H is spacelike. As a consequence, this hypersurface intersects the support of ,éi(p)
only in the origin. Therefore, choosing the regularization such that ﬁ(p) vanishes at the origin,
the resulting contribution to (6.24) is zero (alternatively, the vanishing of this contribution can
be derived by a scaling argument when the regularization is removed). The remaining case
that p, and p, are supported on different mass cones is more subtle: We first note that the
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space spanned by p, and p, is a two-dimensional timelike hypersurface. As a consequence, its
orthogonal complement

{&l(&.p) = 0= (& po)}

is a two-dimensional spacelike hypersurface of Minkowski space. On the left of (6.16), we inte-
grate (&) over this subspace. Similar as in Hadamard’s method of descent (see for example [28,
Section 5.1(b)]), the kernel obtained after carrying out this integration is again causal. With
this in mind, it suffices to consider the case

§ € span(py, py)-
Then, due to the §-distribution in (6.24), we only get a contribution if
£~ Pu— Do~ 2py

(note that (py — po)(pu + po) = P2 — p2 = 0 because p, and p, are lightlike). Hence in the
limit p, — —p, we only get a contribution if £ is tangential to the light cone. Arguing again as
explained after (6.21), we are led to the following assumption:

(d) Replacing the function J(«, ) in (6.24) by the function U(«, ) introduced in (6.26), the
resulting line integrals vanish in (6.24).

Using this assumption, we may replace the function J(a, ) in (6.24) by J — U. Hence it
remains to show that

d4pn 7i(p0+170)10 3/ = —
0=] @ 6°(Pu + Po)
1
0

1 .
x [ da /0 daV(a, B)(Fu(pu))ij(Fu(pb));ﬁ(—apu—ﬁpn), (6.29)

where

Vi, B) = —a—38+4ap ifa>p, (6.30)
’ 3a+ B8 —4a8 B> a. '

Our final task is to evaluate the resulting compact line integrals. Here we proceed similar as
in the proof of Theorem 6.5. However, the symmetry argument is a bit more subtle and makes
it necessary to use the Maxwell equations:

(e) The field tensors F* and F" satisfy the source-free Maxwell equations
(Fu(pu))ijpﬂ = 0 = (Fn(pn))ijpg.

As mentioned in the introduction, the EL equations corresponding to the causal action prin-
ciple imply that the Maxwell equations hold in the continuum limit (as is worked out in [13,
Chapter 5]). Therefore, we may use the Maxwell equations in the computation of the surface
layer integrals. Consequently, the main assumption in (e) is that there are no sources inside
the surface layer. In other words, we disregard the influence of electromagnetic currents on the
bosonic surface layer integral. This is a simplifying assumption, which is sensible at least in situ-
ations when the surface layer integral is computed for a scattering process for the non-interacting
incoming or outgoing fields.

Theorem 6.8. Under the above assumptions (a), (b'), (d) and (e), the relation (6.18) holds for
the contributions involving logarithms as computed in Proposition 6.3.
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Proof. Due to the d-distribution in (6.24), it again suffices to consider the case py, = —p,. We
distinguish the two cases that the momenta p, and p, lie on the same mass cone and that they
lie on different mass cones. In the latter case, we have p, = —p,. Then R depends only on o — (3,
giving rise to the line integrals

/1 do /1 A8V (e, B)R(—(cx — B)py). (6.31)
0 0

As is obvious from (6.30), the factor V(«, ) is odd under the replacements o <+ §. Thus in
order to prove that (6.31) vanishes, it suffices to show that the factor 8(—(a — B)py) is even
under the transformations « <+ . If both tensor indices in (6.25) are zero, this is obvious from
the lower plot in Fig. 6. Exactly as shown in Fig. 7 for the contributions without logarithms, the
spatial indices can be handled by integrating in w and differentiating in the spatial momenta.
Since this does not change the symmetry of & about the origin, the distribution £(—(a — 8)py)
is again even under the transformations « <+ 8. This concludes the proof in the case that the
momenta p, and p, lie on different mass cones.

In the remaining case that p, and p, lie on the same mass cone, the transformation a < 3
corresponds to an inversion of the spatial component of the argument of K. If both tensor indices
in (6.25) are zero, it follows from spherical symmetry of the integral kernels that R is even under
this transformation. Using again that V(«, 8) is odd under this transformation, we obtain zero.
The same argument applies if both tensor indices in (6.25) are spatial. If exactly one of the
indices is spatial, integrating in w and differentiating in the spatial momenta gives a factor k,
(similar as shown in Fig. 7). This factor is contracted with a field tensor. Therefore, using the
Maxwell equations (e)

(Fu(pu))ia (pu)®* = — (Fu (pu))io (pu)o

(and similarly for 3 "), we get back to the case where both tensor indices are zero. This concludes
the proof. |
6.5 An integral formula for conserved surface layer integrals

Having proved that the surface layer integrals are time-independent, we may simplify the formula
for the surface layer integrals with the help of the following lemma, which is a straightforward
generalization of Lemma 5.2.

Lemma 6.9. Using the conservation of the surface layer integral as proved in Theorems 6.5
and 6.8, the surface layer integral can be written as

to
/ dt/ d3/ dt/ Py (Vi — Vou)(Vie + Voo L(t, &5t §)
R3 to R3
=1y / dt/ B / d*y (4 = ) (Vi — Vau) (Ve + Vo) L(t, &5 y). (6.32)
R3

Proof. Differentiating the left side of (6.32) with respect to tg and using that the integrand is
antisymmetric in the arguments  and y, we obtain precisely the expression in (6.18) evaluated
at t = tg. Therefore, the results of Theorems 6.5 and 6.8 show that the above surface layer
integral is indeed time-independent. As a consequence, denoting the spatial integrals by

At 1) = /]R @ /R @y (Vi — Vo) (Vi + Vao) L 55,5,

we can proceed exactly as in the proof of Lemma 5.2. |
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6.6 Reduction to bounded line integrals

Our strategy is to compute the surface layer integral using the formula of Lemma 6.9. The
remaining task is to compute the expression in the last line in (6.32) for any given ¢,

/RB d3z /J% (yo — 1) (Viu — Vou) (Vip + Vo) L(E, T y) d*y. (6.33)

This expression coincides with the integral expression (6.18) up to the factor (yo - t) in the inte-
grand. This is very convenient, because we can apply many methods and results of Section 6.4.
Indeed, the expression (6.33) can again be written in momentum space in the form (6.19)
and (6.24), respectively, where the kernels £ in (6.20) and (6.25) are multiplied by ¢, i.e.,

: 1

R(§) ~ {’fké%t—giKo(f) contributions without logarithmic poles, (6.34)
, 1

R(§) ~ flfk(;%t—gd(ﬁg) contributions with logarithmic poles. (6.35)

In the case ¢ = k = 0, the Fourier transforms of these kernels are shown in Figs. 3 and 6. The
tensor indices can be handled again by integrating in w and taking k-derivatives (as illustrated
in Fig. 7).

The similarity between (6.33) and (6.18) implies that the method for handling the unbounded
line integrals in Section 6.4 can be applied without changes, giving the following result:

Theorem 6.10. Again under the above assumptions (a)—(e) and (b’) (see pp. 41-46), the surface
layer integrals can be written as

to o0
/ ar / & / a / By(Viy — Vo) (Vie + Voo Lt 7, 7)
—0o0 R3 to R3

1 1 1 4
=51 [ @ [ aysw=o) [ do [ A8V BE sl an P Rsy - (636

For the contributions without logarithmic poles (as computed in Proposition 6.4), the kernel is
given by (6.34) and

V(a,ﬁ)on—ﬂ—l.

Likewise, for the contributions with logarithmic poles (as computed in Proposition 6.3), the kernel
is given by (6.35), and the function V(«, ) is given by (6.30).

6.7 Computation of bounded line integrals

The remaining task is to compute the bounded line integrals in (6.36). Here we face a difficulty
which is in some sense complementary to the difficulties in the previous Sections 6.1-6.6, as we
now explain. When analyzing the unbounded line integrals, the contributions to the line integrals
for large o and/or 8 led to poles if y approaches x. Such difficulties for small distances can be
regarded as ultraviolet problems. Accordingly, in momentum space the difficulty was to make
sense of the convolution integrals for large momenta. When analyzing the bounded integrals
in (6.36), however, the difficulties arise if combinations of « and /3 are small. More precisely, let
us again assume that F* and F" have compact support. Then both arguments ay + (1 — o)z
and fy+ (1— /)y must be in a fixed compact set. But if & = 3, we nevertheless get contributions
for arbitrarily large y and x, provided that only the convex combinations above lie inside the
compact set. This consideration shows that there are infrared problems if a ~ . Likewise, in
momentum space these problems will become apparent as poles at zero momentum.
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6.7.1 An infrared regularization

In order to treat the infrared problems in a clean way, we introduce an infrared regularization by
considering the system in finite spatial volume (as we shall see, the contribution to the surface
layer integral will remain finite if the infrared regularization is removed). To this end, we insert
a cutoff function into the spatial integrals. Thus let n € C§° (R3) be a non-negative test function

with
/ n(#)d3z = 1.
R3

For technical simplicity, we assume that 7 is spherically symmetric (i.e., depends only on |Z]).
For a parameter R > 0 we set

nr(T) =n (2) :

Then its Fourier transform is

fir(k) = R*)(RE). (6.37)
Clearly, this family of functions converges to a multiple of the § distribution,

lim Agr(k) = (27)%6° (k).

R—o0
Inserting ng into the spatial integrals in (6.36), we obtain the integrals

A= d?’:cmae(*) / dy nr(PK(y — )

/ da / A3V (o, B) (F)ij(ay + (1 — a)2)(Fo)i.(By + (1 — B)a), (6.38)

where x = (0,Z). Using that multiplication in position space corresponds to convolution in
momentum space, we get

. Ao
A= / da/ A8V (a /(d p)";(F)”(pu)/éf)g(Fn)i(m)
<[ o )3nR<@nR< — o — DR(—apy — Bpo — a),

where ¢ = (0,7). We again assume that the momenta of the field tensors lie on the mass cone
(see assumption (a) on p. 41). Moreover, knowing that the surface layer integrals are time
independent (see Theorems 6.5 and 6.8), we only get a contribution if the frequencies of the
momenta p, and p, have opposite signs. Hence, writing p, = (wy,py) and p, = (wy, Py), it
suffices to consider the cases

wy = £|Pul, Wy = F|Po- (6.39)

Next, in order to clarify the R-dependence, it is useful to introduce new integration vari-
ables ¢, p and Ap by

7= and  pu=p+ —5, b =D+ —. (6.40)

==y
[\
=



50 F. Finster

We thus obtain

4 / da / vias) [~ [T [ () ) () o)
o (;) i (—A;;q)a(_apu_ﬁpu_@
/da/ BV (a / dw“/ de /Rd / dSA)g(Fu)ij(pu)(Fu)f;(pu)

X / (QW)gn(fI')n( Ap - R (—ozpu — Bpo — E) ,

where § = (0, ), and where in the last step we used (6.37) and omitted the tildes. In order to
concentrate on the line integrals in this equation, we set

d3p dwu d3Ap d3q ,
a- [ a5 [ o [ Gt [ G @i -0 (6.41)

with

= /01 doz/o1 ds V(a,B)(Fu)ij(pu)(ﬁl’)i(p")ﬁ (70[]9“ — Bpo = %) ’

where the momenta p, and p, are given by (6.40) and (6.39).
In order to analyze the asymptotics for large R, we first denote the arguments of R by w
and k,

_Ap
wi=Fa|f+op TaR|
e —aﬁu—ﬁﬁn—i = (@B (a+B5L - L
R 2R R
Introducing the new integration variables u and v by
U:Oé'i‘ﬁ—l, U:(Q_B)R‘ﬂa
the integration measure transforms according to
dadg = oF| _,ldudv
We thus obtain
Umax(u ~ . ~ -
~ g [ [ v (R, ) ()R B, (642
where the boundaries of integration are given by
Umax = (1 — |ul)R|p]. (6.43)

Next, we make use of the fact that & is homogeneous of degree minus one, i.e.,

R(w, k) = RR(Rw, Rk). (6.44)
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For the contributions without logarithms (6.34), this is obvious by differentiating the formula
in the lower plot in Fig. 7 with respect too w. Likewise, for the contributions with logarithms,
this follows from (6.35) and the explicit formula

0% i
(igk (€2 )) (P) = 553 %((w —k)?log |w — k| — (w + k)*log |w + k|)

(which is obtained by integrating the formula in the lower plot in Fig. 6 with respect to w and
differentiating twice). Using (6.44) in (6.42), we obtain

= 35 / du / de (. B)(F), A(pu)(Fb)i(pn)ﬁ(Rw,R/;)‘(um. (6.45)

vmdx

Now the arguments of £ can be expanded as follows,

Ap Ap
Rw = Fa|Rp 2p iﬁ'Rﬁ—;
-2 1+U 2, -2
= Fo(1+0(R2) T — (5,49 (1 + O(R2)), (6.46)
- . Ap R 2, 1—|—u N N
RE = —(a~ ARP— (a+ A% —q=—vi— —~AF - (6.47)

where p':= p/|p] is the unit vector pointing in the direction of p.

6.7.2 Reduction to a scalar expression

With the above transformations, we have arranged that the integrand in (6.45) converges point-
wise in the limit R — oo. Therefore, the integrals converge in this limit on every compact set.
A remaining difficulty is that the integration range also depends on R (see (6.43)), making it
necessary to analyze the behavior of the integrand in (6.45) for large v. Since R is homoge-
neous of degree minus one and RE and Rw grow linearly in v, the integrand decays at least
like v~!log v, leading to an at most logarithmic divergence,

|B| < log” R. (6.48)

The question is whether this divergence really occurs. This question is related to the contractions
of the tensor indices, as we now explain: Being a solution of the source-free Maxwell equations,
the field tensor has the property (e) on p. 46. Moreover, from (6.39) and (6.40) we know that
the momenta p, and p, coincide with the momentum (%|p], p) up to signs and corrections of
order 1/R. Since B diverges at most logarithmically, corrections of the order 1/R tend to zero
as R — oo. Therefore, we may use the computation rules

LE (pu)|p] — Fi¥(pu)p™ =0  and £ FO(py)[p] — F%(po)p™ =0 (6.49)

(where we sum over o = 1,2,3). Using these rules, one can get rid of all factors p*. But
factors Ap® and ¢* remain. They can be treated with the following symmetry argument. By
assumption, the cutoff function 7 is spherically symmetric. Therefore, carrying out the integrals
over Ap and ¢, the spherical symmetry is broken only by the vector p. Therefore, the spatial
vector and tensor indices can be decomposed as

/ d*Ap(- - )Ap® = a1p?,
]R3
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(o7

q _a2p7

=
>

)
p/ Bq(- - )Ap*Ap® = azp®p”® + as5°?,
]R3

an
>

p/gdsq 2 )g*ApP = asp®p® + agd”,
R

d3 Ap/ ¢ = arp®p” + ass™”

with real constants ai,...,as. The appearing indices p® and p® can again be treated with the
help of (6.49).

In order to handle the remaining spatial tensor d,3, we make use of the fact that in the
contributions to Lagrangian, the field tensors are contracted to outer factors £ (see Proposi-
tions 6.3 and 6.4). Since these factors are null vectors, it is obvious that a contribution to the
tensor (Fy);j(Fy)7 which is proportional to the metric g;, drops out. In other words, only the
trace-free part of the tensor comes up in our computations. Therefore, we may set

(F“)aj (FD);(S(M = (Fu) 05 (Fn)g' (6.50)

After the above transformations, it remains to compute one scalar expressions. On the other
hand, knowing from the above arguments that the corresponding tensor expression is spherically
symmetric and only involves the trace-free part of the field tensor squared, the form of this tensor
expression is determined uniquely from the scalar expression.

6.7.3 Completing the computation

For the further analysis of (6.45), it is important to take into account the symmetries under the
transformations u — —u and v — —v. Therefore, it is helpful to rewrite B as

1t Ui (1) o )
= 35 /0 du /0 dv Y Vi B) (£ () (Fo)y (o) R(Bw, RE)| oy (6:51)

s,8'==%1

Now a straightforward computation shows that the logarithmic terms in (6.48) drop out of the
integrand. This is best verified right after applying the computation rules (6.49). Then the
leading contributions as R — oo are of the form

VUmax v
~ 5—dv.
0 Umax

Thus the limit R — oo exists. Furthermore, due to spherical symmetry of £ and 7, the value of
this limit is independent of p. Moreover, a straightforward computation shows that this limit is
in general non-zero. We thus obtain

1= [ [ [ s e e P

where our notation with —R~ = R* implements that, according to (6.39), w, and w, have
opposite signs, and s is the sign of w,. Finally, the function g(s) is determined from the following
symmetry consideration: According to (6.34), for the contributions without logarithmic poles the
kernel 8(€) is even under the transformation £ — —¢. Likewise, also its Fourier transform £(p)
is even under sign flips p — —p (as is also obvious from the left of Fig. 3). Conversely, the
contributions with logarithmic poles, the kernels & and & are odd (see (6.35) and the upper
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plot in Fig. 6). Keeping in mind that with the notation ~ we disregard real prefactors, we thus
obtain

g(s) = {1} for contributions {Wifz}ilt%m} logarithmic poles.

1S

Moreover, as explained after (6.50), the correct tensor expression is obtained by the replacement

. AN i - ~ni 1oa 5\ i
() (Be'et > (R (R}~ 3R 5 (R)7) €6 652
We thus obtain the following result:

Theorem 6.11. The contributions with logarithmic poles (as computed in Proposition 6.3) give
rise to the symplectic form (1.3). On the other hand, the contributions without logarithmic poles
(as computed in Proposition 6.4) give rise to the inner product (1.4).

Proof. In the case g = 1, we obtain precisely the inner product (1.4). In the case g = is, on the
other hand, the second summand in (6.52) drops out because the integrand is anti-symmetric
under the replacements wy, — —wy, wy — —w, and p'— —p. We thus obtain

dwy, dwn .k i
A_ELR+ ot /s 3 /R3 )Ok’(wu,ﬁ')(FU)Ohwn,fﬁ)wiu

1 dey dewy dp : ok RIS
B /R+xR UR- xR+ 27 27 (27) 5 (1) Ok’w“’m(F) ’(w“’fm (Wu Wn)

_ dewy, dwu o i :
= / / /]RS Oa‘(wu,ﬁ')( D)O‘(Wu,*}’_}') ;u_;n ,

where in the last step we used that the integrand is anti-symmetric. Next, using that Fy, =
00Aq — 0aAg and rewriting the derivatives as factors of the momentum variables, we obtain

_1/ dwu/ dwu/ d3
2/ r3 (

- <(A ) ‘(Wllym (F) ‘(wn _ﬁ) + (A ) ‘(Wuvﬁ) }(w"’ ﬁ)

(e}

p

Pl (49) sy~ (Bl (Aol )

Next, the homogeneous Maxwell equations imply that p, (Fn)g =0=p° (Fu) 0a- We conclude

that
_1/ dwu/ dwn/ d3
2 R?’ 7T
< (Al o ()5 | 0 (Fu)Oa‘(wu,m(An) -
1
=5 [ ((Aa0.2)RIF0.2) ~ (Foal0.2)(A)*(0. ) .
RS
This is precisely the symplectic form (1.3). |

We point out that the prefactors in the resulting formulas may well depend on the choice
of 1, in agreement with our general concept that the regularization has a physical significance
and may determine coupling constants, masses and prefactors in conservation laws.
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6.8 The contributions ~§~*. F2¢/t

We now come to the analysis of the contributions which involve one factor €/t. Compared to
the contributions in Section 6.2, these contributions are larger by a scaling factor t/e, i.e.,

2t e 11 11
E( ) F2€€(deg - 5) 54 t F2 o4 t2 (’t’ - T) ~ F 54 thO(f)

We first consider the contributions with logarithmic poles.

Proposition 6.12. The contributions to the kernel of the fermionic projector as computed in
Lemma 6.2 affect the second variation of the Lagrangian to the order ~6~* - F2¢/t by a term of
the form

(vlu v2u v1n+v2n)£(x Y)

- 11
= [ da [ a8 B Elays 1o e € iy i€ loglet

with J(a, 8) as in (6.6).
Proof. Similar to (6.9), we can write the contribution as

(vlu v2u v1t1 —{—Vz U)‘C( y)
/ da/ dB J (e, BY(F™)ijlagr (1—aye (F" )bl gy (1-p)e € €"

- 31K0(§) Re (CTY)).

5 [0]

Compared to the proof of Proposition 6.3, the only difference is that the additional factor ¢/e
flips the symmetry under the replacements x «+ y. Consequently, from the factor T in (6.10)
only the real part contributes. Evaluating the resulting logarithm on the light cone with a reg-
ularization on the scale €, the computation

((t —ie)* — |7 ‘tZIf\ = —2iet — £
shows that we obtain a scaling factor log |§2} ~ log |et|. |

Proposition 6.13. Introducing an infrared reqularization (6.38), the contributions to the con-
served surface layer integral (1.8) of the order ~6~* - F2¢/t give the symplectic form,

/0 dt/}de3 /to dt//}gsds (Vi = Vo) (Vi + Va2,0) L(2,y)
554/ (AL(Fo)io — Ay (Fu)io) &z, (6.53)

where the constant ¢ diverges if the infrared reqularization is removed.

The significance of this conservation law will be explained and discussed in Remark 9.4.

Proof of Proposition 6.13. The proof consists of two parts: proving that the surface layer
integral is conserved (6.18) and showing that the resulting integral in (6.32) gives (6.53).

In order to show conservation of the surface layer integral (6.18), we first proceed exactly
as in Section 6.6 to reduce to bounded line integrals. The remaining task is to prove that the
equation (6.29) holds, where £ is the kernel in Proposition 6.12,

R(€) = €8P Ko (€) log et
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As in Section 6.7, we introduce an infrared regularization and analyze the expression (6.41)
with B according to (6.45). After treating the spatial tensor indices as explained after (6.49), it
suffices to consider the case that both indices are timelike, i.e.,

11,
= @?Ko(f) log |et]. (6.54)

Now we can use the following symmetry argument: We consider the transformation

R(6)

v — —v, Ap — —Ap, qa— —q,
keeping v unchanged. This corresponds to the transformation
a < f.

Obviously, the function V(«, ) is anti-symmetric under these transformations. According
to (6.51) and the formulas for Rw and Rk in (6.46) and (6.47), the argument of £ flips sign.
According to (6.54), & and thus also & are even, so that & is left invariant under the above
transformations. Due to spherical symmetry, the same is true for the factors 7 in (6.41). It
follows that A vanishes, proving that the condition for conservation (6.18) holds.

Knowing that the surface layer integral is conserved, according to Lemma 6.9 we can again
compute it by evaluating the integral (6.33). Therefore, our task is to analyze again the integral
in (6.32), but now with the kernel

1.
R() = ﬁlKo(f) log |et]|. (6.55)
We decompose the logarithm as log |et| = loge + log [¢t| and consider the resulting terms after
each other. For the contribution involving loge, after transforming to momentum space, the
resulting kernel is supported on the mass shell. Therefore, the factor fin (6.24) vanishes no
matter if p, and p, are supported on the upper or lower mass shell, respectively. Hence we do
not get a contribution to (6.32).

It remains to consider the contribution involving the factor logt. Transforming to momentum
space, the resulting kernel R is supported also outside the mass shell. Therefore, we need to
compute the integrals as explained in Section 6.7 by introducing an infrared regularization (6.38).
There seems no symmetry argument showing that the resulting integrals vanish. Therefore, we
get a contribution which is in general non-zero. Since V' («, ) is anti-symmetric in o and S,
this contribution is anti-symmetric in u and v. This shows that we obtain again the symplectic
form. However, since R is homogeneous of degree minus two, the contribution diverges in the
limit R — oo when the infrared regularization is removed. This gives the result. |

For the contributions without logarithms, we have the following result:

Proposition 6.14. If the contributions without logarithms in Proposition 6.4 to the conserved
surface layer integral (1.8) of the order ~0=*. F2¢/t are conserved in time, then they vanish.

Proof. Assuming that the surface layer integral is conserved, we can again compute it by
evaluating the integral (6.33). Therefore, our task is to show again that (6.29) holds, but now
for the kernel

A(E) = Ko ().

b4

In momentum space, this kernel is again supported on the mass shell. Therefore, we can argue
exactly as after (6.55) to conclude that the resulting contributions to the surface layer integral
vanish. |
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The remaining question is why the contributions to the surface layer integral considered in the
previous proposition are conserved in time. This is a subtle and difficult question. With present
knowledge, it seems necessary to arrange conservation by imposing a regularization condition.
For brevity, we only sketch the construction and point out the reason for the regularization
condition: Due to the additional factor ¢/e, the kernel in Proposition 6.4 must be modified to

11
k .

'€ EWEIKO(@' (6.56)

Since this kernel is even in &, the corresponding line integrals must be odd when exchanging x

with y. Therefore, instead of (6.11), the contributions to P(x,y) of first order in the field

strength gives rise to the integrand

I(a, 8) = (e1(208 — a — B) + ¢2) (X (1,00) (@) = X(=00,0) (@)X (0,1)(8),

involving two free parameters ¢; and co. These two parameters could be determined by a lengthy
computation, which we do not want to enter here. Arguing only with the symmetry properties
does not determine I(«, 3) up to a prefactor. As a consequence, it is impossible to evaluate the
integrals obtained after the infrared regularization (6.41) and (6.51) (there seems no symmetry
argument which would imply that (6.51) vanishes). Moreover, when adapting Proposition 6.4,
due to the reversed symmetry of the kernel (6.56), we do need to take into account the contri-
butions of second order in perturbation theory (6.13). This can be done similar as explained in
Lemma 6.2 for the logarithmic contributions. Moreover, proceeding similar as in Lemmas 6.6
and 6.7, one could again reduce to bounded line integrals. However, it is not obvious what would
be the symmetries of the resulting line integrals as well as the resulting contributions to (6.41)
and (6.51). Therefore, without considerably higher computational efforts, it is impossible to
compute (6.41) for the contributions without logarithms. But it can clearly be arranged by
a suitable regularization condition that A vanishes.

7 Computation of fermionic conserved surface layer integrals

In this section we shall compute the surface layer integral (1.8) for fermionic jets. We use the
same strategy as in the computation of the bosonic surface layer integrals: We first show that,
under suitable assumptions on the fermionic wave functions as well as on the regularization, the
surface layer integrals are conserved, meaning that the integral (6.18) vanishes (see Section 7.4).
This makes it possible to again express the surface layer integral using the formula of Lemma 6.9
(see Section 7.5). Sections 7.1-7.3 are devoted to preparatory calculations and the analysis of
the scaling behavior.

7.1 The contributions ~§~% . J?

In Section 4.3 we already considered the contribution where one of the brackets in (4.4) contains
the contribution ~3~* given in (4.10), whereas the other bracket involves contributions by the
Maxwell or Dirac currents. We now consider the contributions ~6~4 which are quadratic in the
currents.

We first give the scaling behavior:

1
_ﬁ
1

1 1
~ J66 < (dog = 2) = 66 5 —0(J1] — ) = J¢

(Viu = Vou)(Vip + Vo) L(,y) (deg = 1)(V1u — Vou)(Vip + Vo) [ A0%|

11

%#Ko(g). (7.1)
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In order to compute the contributions in more detail, we first note that

ViuP(x,y) = —[69" (x) =<9 (y)], (7.2
VouP(z,y) = —[¢"(x)-=<8" (y)], (7.3
VluvzquU Y) _—‘51/111 )==09° (y)|,

where Y* denotes the physical wave function which is perturbed by the jet u. Exactly as
explained after (4.15) for the contribution ~§~%J, the term V1, V2, P(x,y) does not contribute
to the Lagrangian in the formalism of the continuum limit (we remark, however, that, going
beyond the error terms of the form (2.35), it does give rise to a finite contribution to the
Lagrangian, which could be computed similar to the contribution by the Dirac current in [22,
Section 5.2]).

It remains to analyze the effect of (7.2) and (7.3) on the Lagrangian. Recall that one of
the brackets in (4.4) involves a factor 6, whereas the other bracket involves the Dirac current
squared. Therefore, we need to compute the second order perturbation of the absolute values
of the eigenvalues of the closed chain:

Lemma 7.1. In the formalism of the continuum limit, for any i,j € {1,2} and n € {2,...,8},
VNV]U‘)\MS‘ =0
(where i,j =1 denotes the x-derivative, and i,j = 2 denotes the y-derivative).

Proof. We consider the different contributions after each other:
(i) Second order perturbation of the eigenvalues: In the second order perturbation calculation
of the eigenvalues, we consider the linear perturbation of the closed chain

VA, =VP-P*+P.-VP* (7.4)

where for ease in notation we omitted the arguments (z,y) and wrote P* = P(y,z). Clearly, it
suffices to consider the eigenvalues \*" w14+ because the other eigenvalues are obtained by flipping
the chirality and taking the complex conjugate. The second order perturbation of A% 4 Is given
by (see [13, Section 2.6.3])

AN = Y o T (FE VAL FL VAL, (7.5
c=L,R nL+ nc—

where Fy % are the spectral projectors of the closed chain of the vacuum defined by the relations
(for details see [13, Sections 2.6.1 and 5.2.4])

8
Y _ \T X Ty \* _ oy xy
A ans Angangsﬂ (Fnc+) - FnE— and Z Z Z ans 1
n=1s=x c=L,R

(where L = R and R = L). Note that we only consider perturbations which are diagonal in the
sector index n. For ease in notation, the constant index n will be omitted in what follows. Then
the spectral projectors can be written more explicitly as (see [13, equation (2.6.19)])

. (l , 188
CS 2

Thus our task is to compute traces of the form

) + ¢(deg < 0) + (deg < 0).

Tr (FfY VA, FYVA,,). 7.6
L+ Y- c Yy
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Substituting (7.4) into (7.6) and expanding, we get summands involving different combinations
of VP and VP*. We consider these summands after each other. The contribution involving two
factors of VP* to the above trace is proportional to

Tr (F{Y¢VP* FY{VP"). (7.7)

This expression vanishes for the following reason: To the considered degree on the light cone,
every factor VP* must be contracted with a factor £&. Therefore, we may treat the terms Fff_
and F.Y¢ as scalar multiples of an outer factor ¢ (as defined after (2.32)). Hence we may use
the relation Fr ¢ = 0 (see [13, equation (2.6.17)]) to infer that (7.7) vanishes. The summands
involving two factors of VP can be treated similarly.

It remains to consider the summands which involve one factor VP and one factor VP*, like
for example

Tr (FY¢VP*F*VP{).

Applying the contraction rules, one sees that either the tensor indices of the currents are con-
tracted with each other, or else the totally anti-symmetric e-tensor appears. In both cases,
the resulting contributions are by a factor €/t smaller than the contributions to be taken into
account in the formalism of the continuum limit.

(ii) First order perturbation of the eigenvalues: One contribution is obtained by taking the
absolute value of the linearly perturbed eigenvalue, i.e.,

N+ OAZL| = (AL + 2Re (VAZTT) + DAL ) 78)
- Re (VAT \TV))?
= 5]+ s (2R (D) + g ) - LT ))
2N 277

The linear perturbation of the eigenvalues is compensated by the corresponding Maxwell term
(see Section 4.6). As a consequence, the contribution (7.8), which involves the linear perturba-
tions quadratically, also vanishes. Therefore, all the terms in (7.8) vanish.

It remains to consider the contribution by a first order perturbation calculation in AA,,,
where AA,, is quadratic in VP, i.e.,

AAyy =VP VP,
In this case, computing the trace in the formula

AN, = Tr (F7Y AAyy), (7.9)
either the vector components of VP and VP* are contracted with each other, or else the com-
mutator [¢,£] in F¥ comes into play (see [13, equation (2.6.16)]). In both cases, the resulting
contributions are by a factor €/t smaller than the contributions taken into account in the for-

malism of the continuum limit.
This concludes the proof. |

Applying this finding to the Lagrangian immediately gives the following result:

Corollary 7.2. The contributions ~5~* - J? to the Lagrangian vanish.
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7.2 The contributions ~§~% . J2%¢/t

Compared to (7.1), the contributions ~§~% - Jza/t involve an additional factor €/t, i.e.

(Viu—=V2u)(Vip + Vo) L(x,y) ~ J2ff IKO(f)

54 ¢2

Here the factors ¢ no longer need to be treated as outer factors. We now compute this contri-
bution in detail. Since the factor =% arises in the neutrino sector, whereas the currents are in
the charged sectors, (4.3) simplifies to

7
1 x x
10 2 AP laL
n=1c¢,c/'=L,R

This shows in particular that we may simplify the following calculations by summing over the
chiral index c.

Lemma 7.3. The perturbation of the absolute values of the eigenvalues of the closed chain in
the charged sectors of the order ~J%c/t are given by

> A[NY 1 = — T (F2(VP)P*FEY (VP)P*) + c.c.
bl — Tr (F™ (VP)P*F* P(VP*))
Tr (F2Y P( VP* VEXY (VP)PY)
Tr (I, P* P(VP)(VPY)),
valid for anyn € {2,...,8}.

Proof. We again leave out the sector index n. Also, for ease in notation, we again omit the
arguments (x,y) and write P* = P(y,x). We must be careful to apply only those computation
rules which are valid to higher order in ¢/t. In particular, we may still use the relations

FIVp = PEIV,  FNpt = PR
Moreover, the products F;Y P and F}Y P* are multiples of each other,
FYP =cF/Y P with ¢ € C. (7.14)

This follows from the general fact that the operator products on the left and right have the same
one-dimensional image. Moreover, they are both vectorial. Hence this vector must be the same
null vector. Alternatively, the relation (7.14) can be verified by a direct computation. Indeed,

P:igT[(o]_l), sf 0
Fﬁ::gﬂ: [é’f] Viith d =24/ (€€)? — €28, (7.15)
re- BT Loy
£ €, & (1 &\, ©
-G G- (5 0) e
_f kA _¢ 1
Fg=75 - 000 =0 — oo (267 + 2(69)8)
e &, (1 &), &
_2+d‘z_d’g_<2_d)g+d£’
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[f]{fgl
2

+ o (2% + A6

e I

showing that (7.14) holds with
_ 28 (1) d—26€
Cd+2eE 2¢”

For clarity, we remark that in the formalism of the continuum limit (i.e., disregarding errors of

the form (2.35)), these formulas can be simplified with the help of the contraction rules (2.30)-
(2.32) to obtain

d:2\/(z—zz)2—z222:2\/(2_2)2: -z (7.16)
Fg— (; n 55;§2> g = (; z—l—zz_—z2z (=4
e (-5 - (- R

i () ()

giving agreement with the computations in [13, Section 2.6.1].
Similar as in the proof of Lemma 7.3, we consider the different contributions after each other:

Fiof=

w\m L\D\m

(i) Second order perturbation of the eigenvalues: We again use the formula (7.5) for the second
order perturbation of the eigenvalue )\f]{ , to obtain

A
NP =2 Y Re( T r(FﬁVAxny_yVAw))

c=L,R
(_*)2R<

Since we saw after (7.6) that the trace vanishes in the continuum limit, it gives rise to
a factor €/t. Therefore, the other factors can be computed in the formalism of the continuum
limit. Thus in (*) we could use the explicit form of the eigenvalues in the continuum limit
(see [13, Section 3.6.1]). Adding the similar formula for the right-handed eigenvalue, we
obtain

z—z

Tr (FﬁVAxyFEyVAw)) .

ST AN < 2Re (Z f ~Tr (FiyVAxymeVAzy)>
c=L,R

= 2Re ("’) Tr (F2V Ay F™V Ayy) = — Tr (F™V Ay F*V Ay,
z—Z
=—Tr (F_fy(VP)P*nyP(VP*)) —Tr (nyP(VP*)ny(VP)P*)
— Tr (F{¥(VP)P*FX(VP)P*) — Tx (F{YP(VP*)F* P(VP")).
(ii) First order perturbation of the eigenvalues: Exactly as explained in the proof of Lemma 7.3,

we only need to consider the contribution (7.9). It affects the absolute square of the eigenvalue
according to

AN = 2Re (ANEATE) = Tr (FPY(VP)(VP))ATL + T (FEY (VP)(VP*)) AT
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=Tr (F{Y P*P(VP)(VP*)) + Tr (Fg P*P(VP)(VFPY)).
Adding the corresponding right-handed contribution, we obtain

ST AP < T (PP(VP)(VPY)).
c=L,R

Collecting all the contributions gives the result. |

For the computation of the resulting contributions to the Lagrangian, we shall make essential
use of the following symmetry argument:

Lemma 7.4. Let S be an expression linear in P and P* which may contain factors of €. Assume
that the expression is even under the replacements P <+ P*. Then the combination of derivatives

(vl,u - v2,u)(v1,n + v2,v)S (7.17)
is odd (even) under the replacements x <> y if the number of factors & is even (respectively odd).

Proof. Since P(z,y)* = P(y,z), the expression S is even (odd) under the replacements x <> y
if the number of factor £ is odd (even). Clearly, the combination of derivatives in (7.17) reverses
the symmetry from odd to even and vice versa. This gives the result. |

Proposition 7.5. The contributions ~6~* - J?c/t to the Lagrangian have the form
1 .
(vl,u - v2,u)(vl,n + v2,0)£(‘r’ y) = Jkl(x) y)iilKO(g)a (718)

where the tensor J¥(x,y) has the components

JOO(J:, y) ~ Z Im ((vl,u - v2,u)<¢u($)|chu(y)>-

c=L,R
X (Vip+ Vg,u)<¢°(a¢)]x5w°(y)>) (7.19)
- Z Im ((vl,u - V2,u)<1/1“($)|7axc1/1u(y)>
c=L,R
X (Vi + Vap)=<e¢® (:L‘)]'yaxcwb(y)>), (7.20)
J%(z,y) = Re Tr ((Viu — Vau) [ (y) - <" (2)]
X (Vi + Vau) 0" 9° (€)= <4 (y)|) (7.21)
—ReTr (V1w — Vaou)|o" 9" (y) =< (x))|
X (Vi 4 Vo) [° (2)==<¢°(y)]), (7.22)
TP, y) = Y Im (Vi — Vau) <" (@)]e" Xt (y) -
c=L,R
X (V1o + Vao)<0° (2)|0% xat (y)>) (7.23)
— > Im ((Viw — Vau) <4 (@) xet" (v)>
c=L,R
X (Vi + V2,0)<¢°(x)hﬁxcwn(y)>), (7.24)

where L = R and R = L (moreover, the indices 1 and 2 again refer to the derivatives with
respect to x and y, respectively).
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Proof. We first decompose the trace in (7.10) as

Tr (F{Y(VP)P*F™(VP)P*) = Y Tr (FZ¥Y(VP)P*FyY (VP)P). (7.25)
c,c/=L,R

The contributions with ¢ # ¢ depend only on the even components of VP. For example
for ¢ = L, the term can be rewritten as

Tr (FyY (VP)P*FE! (VP)P)

)

= Tr (F{Y (VP)F{Y P*(VP)P*) 2 Tr (F{Y (VP)) Tr (FiY P*(VP)P*)

= Tr (FY.(VP)) Tt (F (VP)P*P*) = Tr (F{4(VP)) Tr (FR2(VP)) (P*)*.

In (%), the fact that the operator Ffﬁ has a one-dimensional image made it possible to factorize
the trace (for details on this method see [8, Appendix G.2]). Since the factor (P*)? already gives
the scaling factor €/t, the resulting traces can be computed in the formalism of the continuum
limit. This gives (see (7.15) and (7.16) or [13, equation (2.6.16)])

— Y Tx(FX(VP)P*F*(VP)P)

c=L,R
- —% Te(x,VP) Tr(xgVP)(P*)? (7.26)
+ %I& (XL%VP> Tr (XR%VP) (P*)2. (7.27)

In the summands in (7.25) with ¢ = ¢, on the other hand, only the odd component of VP
enters. Denoting the left- and right-handed components of VP with an index,

VP =< XLVPL + XRVPR

(where VP, /R are vectorial), we can make use of the fact that the anti-commutator {V Pr, P*}
is a multiple of the identity matrix. We thus obtain

—Tr (Fﬁ(VPL)P*F;fZ (VPL)P*)
= Tr (F/4(VPL)P*F[Y P*(VPy)) = Tr (F[Y(VPL)Fg' (VPL)) (P*)2,

Again using the explicit form of the spectral projectors F in the continuum limit (see (7.15)
and (7.16) or [13, equation (2.6.16)]), we obtain

—Tr (FY.(VP)P*F[Y (VP)P*)

— L T(VPL) (V) (P 4 Tr (i’z;””l(vpL)(wL)) (P

- %Tr((VPm(wL))(P*)? (7.28)

o T (€ VP BT (P (7.20)

Finally, we add the resulting formula for the right-handed component.
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It remains to consider the summands (7.11)-(7.13) involving one factor VP and one fac-
tor VP*. Rewriting (7.11) as

(7.11) = — Tr (F¥(VP)F{Y P*P(VP*))
= —Tr (F{Y(VP)F(VP")) Tr (F{ P*P),

one sees that (7.11) is symmetric under the replacement VP «+ VP*. As a consequence,
the symmetry argument of Lemma 7.4 applies. The counting of the number of factors & is
already taken into account by our expansion in powers of €/t. Representing the contribution
in the form (7.18), the expression J*(z,y) is odd under the replacements = < y. Since the
factor Ko(€) in (7.18) is also odd, we conclude that the contribution on the right of (7.18) is
necessarily even. But the left side of (7.18) is odd. Therefore, these contributions must vanish
in (7.18).
The term (7.12) can be treated similarly after rewriting it according to

(7.12) = = Tr (FXYP*P(VP*)F*Y(VP))
= —Tr (FIYP*P) Tr (F. (VP*)FIY(VP)).
It remains to consider the summand (7.13). Since contributions symmetric under the replace-

ment VP < VP* again vanish, it suffices to consider the contribution anti-symmetrized under
this replacement,

% Tr (P*P[VP,VP*]) = E Tr(P*P(VP)(VP")) — i Tr ((VP)P*P(VP*))

—

= ST (IP PUVP)(VE?)) - éTr (VP)[P*, P{(VPY),  (7.30)

where in the last step we used that P and P* are vectorial, so that their anti-commutator
commutes with VP and VP*.
Finally, we specialize the above formulas for a spherically symmetric regularization. Then

£ ], o~ fyoya% and [P*, P] ~ igfyofyaga’T(*l)‘Q — fyoyatga%‘T(*l)‘Q'
zZ—Z

Collecting all the results and expressing VP and its adjoint according to (7.2) and (7.3) i
terms of the fermionic wave functions gives the result. More precisely, the contribution (7.26
gives (7.19), and (7.27) gives (7.23). Computing the tensor contractions in (7.28) and (7.29
yields (7.20) and (7.24). Finally, the contributions (7.30) give (7.21) and (7.22).

=

~—

| N

7.3 Convolution lemmas

We now derive lemmas which are needed for computing convolution integrals (similar convolution
lemmas were obtained in a different context in [17, Section 5]).

Lemma 7.6. For any test function h € Cg§° (R4) (or in our applications a spinorial test func-
tion h € C§° (R4, (C4)) and for any momentum q with ¢*> > 0 and any mass parameter m > 0,

4 N
/ (;17:;4-’(0(17)5((17 — g = m?)h(p—q)

1 ¢ —m?

=353 7z e(qo)h(—q)(l + O(q2 — m2))
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Proof. Due to Lorentz symmetry we may assume that ¢ = (£2, 6) with Q # 0. Moreover, we
first consider the situation that h(p — ¢) is a constant . Then, using spherical symmetry of the
resulting integrals,

4 A
/ %Ko(p)fs((p —q)* —m?)x

= 47TF4X dw/ k% dk (5(0.;2 — kz)g(w)(s((w _ 9)2 k2 mQ)
(2m) e 0
EEEVY BN 2 2 2
p— - _ Q _ _
47T3X/_oo dw Tre(@)d((w = Q) —w* —m’)
R e 11 Q2—m2
= 20002 2= -y - T a1

This gives the result if & is a constant. Moreover, the above computation shows that if ¢> ~ m?,

one only gets a contribution for p ~ 0 (as one also sees graphically by varying ¢ on the right in
Fig. 10). Therefore, we may expand h(p — ¢) in a Taylor polynomial around p = 0 to obtain the
result. |

Lemma 7.7. For any test function h and any momentum q inside the upper mass cone {g*> > 0
and ¢° > 0},

d4p C_)(pQ)
/ @t 17 5((p—q)*=m*)O(¢" —p°)h(p — q)

gmax + m2 1 l qO _ ’q—“ _ E ZZémax
= — 10 —_—m
1673 " 3273 1] 2\ 0+ |q] — ¢

=0

} h(—q)(1+0(¢* — m?)) (7.32)

with

lnax = q° — / 1712 + m2.

Moreover, the curly brackets in (7.32) vanish quadratically on the mass cone, i.e.,

{y=0(-m)).

Proof. In the case ¢> > m?, in (7.32) one integrates only over p inside the upper mass cone.
Likewise, if ¢> < m? one integrates over p inside the lower mass cone. We consider these two
cases after each other and begin with the case ¢> > m?2. If in (7.31) one replaces the factor K
by a d-distribution supported on the boundary of the upper mass cone, one gets for any r € R4,

d*p 1 72— m?

| GO0 —m) = 55

Next, we rewrite the Heaviside function in the integrand in (7.32) as an integral over a ¢-
distribution. Namely, for p = (w, p) with w > 0,

o(r*)
171

where in the last step we set [ = (¢,0) € R*. Substituting this relation into the integral in (7.32)
and using (7.33), we obtain

d'p O(r?) — )2 -2
| g 2@ )

" O(r* —m?)e (). (7.33)

= 2/00 Al5((w— 0% = [p*)O(w —¢) = 2/00 des((p-0*6(p-10°"),
0 0
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o0 4
:2/1d?/(HZM@—DQGGp—D%M@—qY—mﬂ

<[

O @) ((p+1—q)° —m?)

(7.33) - l)2 —m? 2 2 0 _ ;0
. WS/ e =~ mAe(d - 1) ar
1 Imax <q _ l)2 _ m2
= A —— VS .34
1675 J, (=12 de (7.34)

Computing the /-integral gives the result in the case ¢® > m?2.
In the remaining case ¢> < m?, we proceed similarly for the Heaviside function and the

d-distribution in the lower mass cone,

d* 2
[ GO ) = gy o )

valid for all r inside the upper mass cone,

>0 and r0 > 0.

Moreover, for p = (w, p) with w < 0,

OF) o [* aes(ip-12)0 (- )

P —
and thus

d*p ©(p?) 22
[ Gy 2= )
_2/ de/ L 6((p - 0)O(( - p))d((p — )~ m?)

1 l 2 _ .2
= / —) T ar.
167 J 4., (¢—1)°

Again carrying out the f-integral completes the proof. |

In the next lemma, we show that inserting a factor w in the integrand in (7.32) makes the
contribution smaller by one order on the mass cone:

Lemma 7.8. For any momentum q inside the upper mass cone {q2 >0 and ¢° > O},

/(dl)? o(p )H (0= )2 = m2)0(¢" = ) hlp — q) = O((q — m2)*).

Proof. We proceed as in the proof of Lemma 7.7 and estimate the resulting contributions.
First, inserting a factor w in (7.33), a calculation similar to (7.31) shows that

/ (2;1)94“5(772)@(1)0)5((17 — 7”)2 — mz) = O((r2 — m2)2)@(r2 — mz)@(ro)_

In the case ¢ > m?, a computation similar to (7.34) yields

dp q0)? 2

1 emdx
~ 1678

O(((a— 17 - m?)?) at = 0((¢” - m?)°).

The case ¢ < m? can be treated similarly. |
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Figure 10. Support properties used in the computation of fermionic surface layer integrals.

7.4 Conservation of surface layer integrals

According to Proposition 7.5, the integrand of the surface layer integral is of the form
T @ y) R, y)  with R(w,y) = 525K (), (7.35)

where J¥ (z,y) is real-valued and symmetric, i.e.,
T (,y) = T (y, x).

As we shall see, the surface layer integrals are conserved only under certain assumptions on
the fermionic jets (see (7.36) and the explanations in Section 7.4.3). In the applications, these
assumptions pose conditions on the nature of microscopic mixing. This is the main result of this
section:

Theorem 7.9. Assume that all fermionic jets satisfy for all z,y € M and o = 1,2,3 the
conditions

<p(2)|(1 £ i7°)y* 60 (y)= = 0 = <p(x)|y° (1 £ 4°)y* 00 (y) - (7.36)

(where in each equation we can choose the plus or the minus sign independently). Then the
surface layer integrals are conserved.

The significance of the condition (7.36) will be explained and discussed in detail in Sec-
tion 7.4.3 below. We now enter the proof of this theorem, which will be completed at the end
of Section 7.4.3. It is useful to write the y-dependence of J*!(z,y) symbolically as

V() - o), (7.37)

where 1 and ¢ are two solutions of the Dirac equation. Since the spinorial character of the wave
functions is of no relevance for what follows, it is preferable to consider ¢ and ¢ as solutions
of the Klein—Gordon equation of mass m > 0. Thus in momentum space, both @@ and gg are
supported on the mass shell. Rewriting the integral (6.17) in momentum space, our task is to
analyze the integral

4 R 4 R ~
/ é&ﬁ@) / (%qu(p ). (7.38)

Using that both 1& and QAS are supported on the mass shell, their convolution is supported in the
shaded region on the left of Fig. 10. The Fourier transform & of the kernel & in (7.35), on the
other hand, is obtained by taking the second derivatives of the distribution shown on the right
of Fig. 3. This shows in particular that ~éi(p) vanishes inside the upper and lower mass cone. As

a consequence, the integral (7.38) vanishes if the arguments of 1& and ¢ are both on the upper
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or both on the lower mass shell. Hence in what follows, it suffices to consider the case that one
momentum is on the upper and the other on the lower mass shell (as shown on the right of
Fig. 10).

For the following analysis, it is convenient to decompose & into the so-called equal time and
zero momentum contributions,

fi = ﬁet + ﬁzmv
which are defined by

. 1 0% i

Ret(p) == gw%a (7.39)
. 1 9% /(i .

Rum(p) = 51 Opigk (1;:9(272) - 16(110)@(172)) : (7.40)

Note that Ret(p) is a polynomial in w, implying that its Fourier transform Re(z, y) gives a con-
tribution only for equal times z° = ¢°. In view of the right of Fig. 10, &, gives a contribution
only if p = (w, k) = 0, explaining the name zero momentum contribution.

7.4.1 The equal time contribution

We first compute the condition for conservation (6.18) for the equal time contribution without
the assumptions in Theorem 7.9:

Lemma 7.10. The contribution by Ket to the surface layer integrals is given by

/R ) A3 /m dty JI* (2, y)6* Ret (2, )

9=0
_ 19 [ 3, 10B((s =\ (4 7 §als  dap
-2 /de :c/RSd y 7P (4, 2), (6 D)],_, ( =) (7.41)
Proof. Transforming (7.39) back to position space, one finds
1 &' (€°)
Ret(xay) = 75{]{? =
e
(where again £ =y — x). Hence
ik 4 4 A ik =\ (g = o't 4
T (@, )0  Ret (2, 9) | oo dhy = [ d'y J78((0,2), (', 7)) €&k~ d"y
O« a0 = AW 5/<t/) 4
= [ (J"+J)((0,2), (", §)t'¢a—=dy
M €]
. . o ('
+/ T ((0,2), (', 9)€als 32) dy
M [3
. . 1
= [0 ) (0.2, 0.0) 02 0
R3 €12

1
- a/JaB O,f, t/,_‘ / a Td3 .
R3 t (( ) ( y)) t:Og 55‘5’2 Yy

It follows that

/1%3 dgl' /J% d4y ij(xay)64ﬁet(x’y)‘x0:0
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08 4 789) ((0,2), (0, ) -
/]R3 /Rg J +J )((O> )7(07y))|£_.’2

B [ dy 0,17 ((0,2), (¢, )] ,_, 2
S T (O X Moo
w_ / 3z / APy 9y J*P((0,2), (', 1) |,_y ol (7.42)
R? R? g
_ _ - d3 d3 Jaﬁ fagﬁ
2315/Rs /Rs ), (4, )‘t 0’5‘2’
where in (%) we used the symmetry of J.
Finally, we rewrite the term involving £ in the integrand as
§alp _ (@55 B w) )
€12 ez 3 3
The first summand gives (7.41). In the contribution by the first summand to the integrals,
/ d*x / APy 8o TP (£, 2), (t. 1) ],_p» (7.43)
R3 R3

on the other hand, the integration over ¢ implies that the wave functions t(y) and ¢(y) in (7.37)
have opposite momenta. Since they are both on-shell and their frequencies have opposite signs
(as explained after (7.38)), their frequencies coincide except for a sign. Therefore, their prod-
uct (7.37) is time independent. As a consequence, the integral over their ¢-derivative in (7.42)
vanishes. This concludes the proof. |

7.4.2 The zero momentum contribution

Lemma 7.11. The contribution by the kernel K., to the surface layer integrals is conserved in
the sense that

/ T (2, y) Rom (z,y) d'y = 0.
M

Proof. We again write the y-dependence of J* according to (7.37) as the product of two Dirac
solutions. Moreover, we again work in momentum space,

- d4 d4p P n —ip:vg
| At ppamaty = [ 55 [ G Rm@i@e om-a)

4 R 4, . N
:/((Qiﬂ(§4e_iq$¢(‘.7)/(;iﬁl&m(p)e_l@—q)wgb(p_q)‘ (7.44)

As explained after (7.38), it suffices to consider the case that momenta ¢ and ¢ — p lie both on
the upper or both on the lower mass shell.

We consider the two summands in (7.40) after each other. In the second summand, we can
carry out one derivative,

M) = 5o (~1e(0")O2)) = 5 (— 16(0)o07)2m) = - (mik().

Using this formula in (7.44), integrating by parts and using that all the other terms in the
integrand depend on p — ¢, the inner integral in (7.44) can be written as

0
aqﬂ

d4 . ~
/ 6 Rom(p)e ™ PG (p — q) =

4 A
(2m)* /(d )4pk iKo(p)e P~ (p — q).
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Since ¢ is supported on the mass shell, we can write the integrand as

P0G (p — q) = 5((p — q)° — m*)h(p — ). (7.45)

Then the resulting integral can be computed with the help of Lemma 7.6. Due to the factor pg,
the integrals grows at least quadratically in a Taylor expansion in ¢ around a momentum on the
mass shell. Thus the first ¢g-derivative vanishes, and we get zero.

It remains to consider the first summand in (7.40). The resulting contribution to the inner
integral in (7.44) can be simplified using integration by parts to

4 ~ . el
| G (8 Rl 60— )

d4 82 i —i(p— xi
= / (2;))4 <3pjp’“ (1:@(1)2)» e —a)
o? / dp iw o (pQ)efi(pfq)xg (p—0)

~ g ] @ik
2 4w
- 85]’6]’“ / (g&ke(p?)(s((p —q)* =m*)h(p - q),

where in the last step we again used the notation (7.45). According to Lemma 7.8, the integral
vanishes cubically on the mass cone. Therefore, its second g-derivatives vanish for ¢ = m?.

This concludes the proof. |

7.4.3 The conditions for conservation

The computations of the previous lemmas showed that the only contribution to the integrals
in (6.18) is given by (7.41). It is remarkable that the conservation laws are not satisfied auto-
matically, but they hold only if (7.41) vanishes, leading to the condition

gt/R3 4’z /RS &Py TP (¢, 2), (1, 9))],_, (ﬁgf - 50‘35> =0. (7.46)
Since the conservation laws follow from the causal action principle (see [23] and [24]), one can
say that (7.46) gives information on the interaction described by the causal action principle.
Of course, it is an important consistency check that the condition (7.46) can be satisfied in
physically relevant situations. Indeed, the condition (7.46) can be arranged in various ways, as
we now discuss.

First, one should keep in mind that we get a contribution only if both Dirac solutions ), ¢
describing the y-dependence of J*(z,y) in (7.37) are Dirac solutions which are supported both
on the upper mass shell or both on the lower mass shell. Consequently, we only need to take into
account the contributions in (7.23) and (7.24) where the two wave functions at y (and similarly
at x) have frequencies of opposite signs. Moreover, due to momentum conservation, we only get
a contribution if the spatial momenta add up to zero. For example, in the contribution

<8PH () |0 M (y) = =<y (2) |0 69" (y) -,

the corresponding momenta must satisfy the relation

Py — Dy = Do — Dyo. (7.47)

Time independence of this contribution means that also the frequencies must cancel each other,
ie.,

w(wu — wwu = w(;wn — wq/,u. (748)
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If the left and right side of (7.47) vanish separately, then (7.48) is also satisfied (exactly as

explained in the proof of Lemma 7.10 after (7.43)). However, if psyu — pyu # 0, then (7.48) will

in general be violated. This is the reason why (7.46) imposes conditions on the fermionic jets.
One way of satisfying (7.46) is to ensure the implication

(747) = (7.48). (7.49)
For example, one can assume that there is a function Q: R3 — R with

Wt — Wypn = Q(ﬁwu — ﬁwu).
This leaves a lot of freedom to choose the fermionic jets (dy*,¥"). More specifically, one could

consider the situation that the momenta psyu and pyu are related to each other by a linear
transformation A: R? — R3,

}76sz& == Aﬁwu

But clearly, there are many other ways of choosing the jets such that the implication (7.49)
holds.

Another strategy for satisfying (7.46) is to arrange that the contributions in (7.23) and (7.24)
vanish or cancel each other. This has the advantage that J*?(z,y) can be arranged to vanish
pointwise, making it unnecessary to argue with momentum conservation. In particular, we not
only satisfy the conservation law for the surface layer integral (6.18), but even the pointwise
relation (6.17) which should hold in order to comply with the EL equations. In Theorem 7.9,
such pointwise conditions are implemented, as is shown in the following lemma:

Lemma 7.12. If the conditions (7.36) hold, then the components J*? (see (7.23) and (7.24))
vanish.

Proof. We rewrite the sums over the chiral index in (7.23) and (7.24) as

> Tr (xeo®VP) Tr (xeo"VP)Euls
c=L,R

= %Tr (0"*VP) Tr (6P V P)Ens — %Tr (v°0"*VP) Tr (v°0"VP) a5,

— > Tr (xey"VP) Tr (x/’VP)als
c=L,R

| 1
= =5 T (°VP) Tr (+/VP)éats — 5 Tr (Y71 VP) Tr (¥4 V P)€ats.

The condition J* = 0 gives rise to quadratic equations. Since all the above traces are in
general complex (note that VP may involve arbitrary phase factors), the only sensible method
for satisfying these quadratic equations by linear relations seems to impose that pairs of these
traces are multiples of each other,

Tr (6"*VP) =+ Tr (v*VP)  and  Tr(7°0%*VP) = £iTr (1°1*VP).
Expressing VP according to (7.2) and (7.3) gives precisely the conditions in (7.36). |

This lemma also completes the proof of Theorem 7.9.

We finally remark that if the fragmentation of the universal measure is taken into account
(see [23, Section 5] or the mechanism of microscopic mixing in [12]), then (7.46) must be satisfied
only after summing over the subsystems. This gives many more possibilities to satisfy the
conditions for conservation. For example, one could arrange that, after summing over the
subsystems, the tensor J*? is spherically symmetric, implying that its contractions in (7.46)
vanish.
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7.5 Computation of the conserved surface layer integral

Knowing that the surface layer integral is conserved, we may compute it using again the formula
of Lemma 6.9. This gives the following result:

Theorem 7.13. Under the assumptions of Theorem 7.9, for the contribution (7.18) the surface
layer integral is computed by

to
/ dt/ d3z / dt' [ By (Viw — Vau)(Vie + Voo Lt 751, 9)
R3 to R3

3 3 5,8’ 5,8 7 , '
s e [ X e w0 0l 750

’:tl

where

G ()~ 3 T (Vi — Vo) <TI0 (@) [Tl 36" ()~
c=L,R

X (Vi + Vo)< s° (2)[xeIT- s 9" (y)-) (7.51)

= Y Im ((Viw — Vau) <TI0 (2) |y x e 99" (y) -
c=L,R

X (Vi + Vo) <L ¢p° (2)|yax s ¢° (y)>-), (7.52)
H* (2,y) ~ Re Tt (Vi — Vo) |00ally ¥ (y) = <L (2))|

X (Vi + Vo) [0 TL° (2) = <TLe° (y)|) (7.53)

—ReTr (Viu — Vou)|0"* 0oally " (y) = <IL0" (z)]

X (V1o + Voo [Ts)° ()= < 9° (y)]). (7.54)

Herell, andII_ denote the projections in H,, on the solutions of positive and negative frequency,
respectively.

For the proof, we need to compute the expression (6.33). The factor (y° — t) gives rise to
a factor ¢ in (7.35), so that we need to consider the kernel

86) = 5 5 ko 6).

We again work in momentum space and decompose £ similar to (7.39) and (7.40) into the equal
time and zero momentum contributions,

. 1 0% 1
Ret(p) == SOk (7.55)
. 1 92 1

We again analyze these contributions after each other.

7.5.1 The equal time contribution

Lemma 7.14. Under the assumptions of Theorem 7.9, the equal time contribution to the surface
layer integrals vanishes.
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Proof. Transforming (7.55) back to position space, one finds

1 5(£0
Ret(2,y) ~ 5*457'& |(§?]2)
Hence
j 1 o " o &af
/J% (@, ) Ret (2, )| o, Aty = 54/RS J((0,2), (0,7)) |§|2B d%y.

Under the assumptions (7.36), the terms (7.23) and (7.24) cancel each other, so that J*? is zero.
This gives the result. |

7.5.2 The zero momentum contribution

Lemma 7.15. The contribution by the kernel R, to the conserved surface layer integrals is
given by (7.50) with G**" and H>* as in (7.51)~(7.54).

Proof. We again write the y-dependence of J* according to (7.37) as the product of two
Dirac solutions. Moreover, we work again in momentum space (7.44). Exactly as explained
after (7.38), it again suffices to consider the case that the momenta ¢ and ¢ — p lie both on the
upper or both on the lower mass shell.

Using (7.56) and integrating by parts, we obtain for the inner integral in (7.44)

4 ~ . e
| G (8 Rl 60— )

< 2 ()

0* d*p 1 AN
/ P 2o(p?)e P75 (p — q)

~oggk | 2n)'k
2 4
- 3qajqk / (;17-(}))4;@(172)5(@_(])2 —m2)h(p—q),

where in the last step we again used the notation (7.45). Using the assumption (7.36), the
spatial components J*? vanish. Therefore, at least one tensor index is zero. Setting for example
the index k to zero, the corresponding derivative can be carried out and integrated by parts,

32 4
g | 0= =m0
0 4 0
4 0
B T

4
= 28(;. / (;];Ko(pﬁ((p —q)* —m?)h(p —q)

(in the last step we used that on the mass cone, p°/k = e(po)). Computing the last integral
with the help of Lemma 7.6, we obtain (again in the case that the tensor index k = 0)

4 ~ .
/ (jél 5 Ramn(p)e P07 — @) = ye(q) (0. (7.57)
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In order to relate h(—gq) back to the Dirac wave function ¢, we evaluate (7.45) at p = 0,
multiply by ™% and integrate over the frequency. We thus obtain

/ gf) @ = / efiqxé(q2 — m2)h(—q)‘q:(w@ dw

— 00

1 —1rT
~ 20(q) ge M=) =iy

where w(q) := 1/|q]? + m?. Combining this equation with (7.44) and (7.57), we obtain

_ d R .
[ S eie) aty = [ Gl i) Le(a)(-a)

* d*q - ; .

(:) / (2W§4w(Q)%6(qo)Ze“”h(—r)
— d4 q]qo eflrx
B / (27r) ﬁ 2

4 ~
~ [ G0 [~ pa
~ L / (D060, 7)) B(0, ) &%,

R3

r=(+w(7),9)

—r)
r=(+w(9),q)

m2

where in (%) we made use of the assumption that the frequencies of Qﬁ and qg have opposite signs.
Collecting all the contributions gives the result. |

This concludes the proof of Theorem 7.13.

7.5.3 Building in a chiral symmetry

Since the result of Theorem 7.13 is rather complicated, it is helpful to simplify the setting by
imposing additional assumptions on the form of the fermionic jets. Since we restrict attention
to Maxwell fields which do not break the chirality (in other words, the corresponding gauge
potential Aj'yj is vectorial but not axial), we should consequently only consider the perturbations
by the Dirac wave functions which preserve the chiral degeneracy of the eigenvalues of the closed
chain. To this end, it would be natural to assume that there is a space-like unit vector u such
that the imaginary vector v = iu describes a symmetry of the fermionic projector in the sense
that

{ odd } contributions to P and VP { (7.58)

ti- t .
anti-commu e} with ¢
even

commute

(here we use the same notation as introduced in [13, Section 2.6.2]). Indeed, here it suffices
to impose a weaker condition, as we now explain. In preparation, we note that the conditions
in (7.36) imply that VP can be written as

VP =79+ (1 F17°)@7 + ol +7°7°h +7° (1 F°)b7 + Bin® (7.59)

with complex-valued coefficients g,h € C, é’,g € C? and «a,3 € C This ansatz indeed satis-
fies (7.36) because

Tr (1 +£iy°)y*VP) = Tr (1 £17°)7* (1 Fiv°)ay)
=Tr (1 +£i7°) (1 £i9°)y*a@y) = Tr (1 £ 2i7° — 1)y*a@y) =0,
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Tr (75(11 + ’yo)’yaVP) =Tr (75(1 + 'yo)’ya’y“r’(]l F ’yo)g’_y’)
=-Tr((1¥ 'yo) (1+ Vo)val;'_y') =0.

Moreover, the fact that (7.59) is the most general ansatz satisfying (7.36) can be verified
by counting dimensions ((7.59) has 10 degrees of freedom, which is consistent with the fact
that (7.36) gives 6 constraints).

The condition (7.58) would imply that all the contributions involving v must vanish, i.e.,

VP =2+ (1 ¥i1y%)@7 + al
(and then v in (7.58) can be chosen as (0,it), where @ is a unit vector orthogonal to @ and &).
For our arguments, however, it suffices to merely assume that the vector b vanishes:
Definition 7.16. The fermionic jet VP is chirally symmetric if it can be written as
VP =79+ (L Fi7°)@7 + al ++°7°h + Bir” (7.60)
with complex-valued coefficients g, h € C, @ € C? and «, 3 € C.
Under this assumption, we can simplify the result of Theorem 7.13 as follows.

Proposition 7.17. If the fermionic jets preserve the chirality, then the formula for the func-
tion H** given in (7.53) and (7.54) can be written alternatively as

H* (2,y) ~ FReTr (V14 — Vau)|00allyt" (y) = <ILy" ()]

X (Vip + Vo) [T (2) =<1y (y)]) (7.61)
F ReTIr ((VLu — VQ,U)|7a80aﬂs’¢u(y)>_<ns¢u($)|
X (Vip + Vo) [T)° ()= <y 9" (y)]) (7.62)

(the sign £+ in (7.61) and (7.62) is to be chosen in agreement with the left equation in (7.36)).

The main point of this proposition is that the matrices o** in (7.53) and (7.54) have been
replaced by Dirac matrices v¢. This will be crucial for the analysis of the positivity properties
of the surface layer inner product in Section 7.6.

In preparation for the proof, we observe that the term (7.54) vanishes as a consequence of
the Dirac equation:

Lemma 7.18. For any solutions ¥, ¢ of the Dirac equation and every s € {£1},
/ <TI0 Bpa 1= d3y = 0.
R3
Proof. First,
/ =<¢|0"* 0= d®y = / <3700 (I 0at) = d®y = / <3|y 9 (m — 1y 9oy) = d®y
R3 R3 R3
= m/ <@\ Bpp- dgy—i/ <p|081p dy. (7.63)
R3 R3
On the other hand, integration by parts gives
/ =<p|o" 0= d®y = — / <7%¢[7°0y (10ap=) d*y = — / <17 000|700t~ APy
R3 R3 R3

- _/ =< (m — ir"90) ¢l Dot~ &’y
R3
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= m/ ~<¢|y dpep > d?’yi/ <0 ¢| 0> d3y. (7.64)
R3 R3

Taking the mean of (7.63) and (7.64) gives
/ =<p|0"* 0= d®y = —;/ (=¢|05b= + <Dod|Oo=) d*y. (7.65)
R3 R3

Due to momentum conservation, we only get a contribution if the momenta of qg and 1[1 coincide.
Thus the corresponding frequencies coincide up to signs. The combination in (7.65) vanishes if
the frequencies have the same sign. This gives the result. |

Proof of Proposition 7.17. It remains to simplify the term (7.53). We first note that this
term can be written as

1 s,s’ — —»
R R S S (NS

s,8'==+1

= /J% R(z,y)(Viy — Vou)(Vip + Vo) Tr (JOO‘PP*) d4y.
For ease in notation, we write the contributions as
/ Rz, y) Tr (c"*VPVP*) dly, (7.66)
M

where V stands for any of the combinations of derivatives in (7.53). Carrying out the y-
integration as in the proof of Lemma 7.15, we only get a contribution if the two wave functions
at y have frequencies of opposite signs, and in this case, we get additional derivatives dy; acting
on one of the wave functions at y. Applying again Lemma 7.18, we find that the following
integral vanishes,

/ R(z,y) Tr (VPe"*VP*) d'y = 0.
M
Adding this integral to (7.66), we obtain
(7.66) = / A(z,y) Tr (6"*VPVP* + VPV P*) d'y
M

= / Az, y) Tr (c"*{VP,VP*}) d*y. (7.67)
M

We next compute the anti-commutator of VP and VP* using the ansatz (7.60). Taking its
adjoint, we obtain

VP =75+ (1 F1y")@y + @l +1°+°h + Bir®.

Thus the contribution ~g?

“ is computed by
{VP,vP"} =< +{F"a7,a} + {a, F7"a7} = ¥211" (@7a + @Ya).

Likewise, the contribution ~v to the anti-commutator is given by

{VP,VP*} < {ay,a} + {a,ay} = 2a7a + 2a7a.
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It follows that
Tr (6"*{VP,VP*}) = £2Tr (4'4*° (@ya + a@ya))
= F2Tr (v* (@Y + aya)) = F Tt (y*{VP, VP*}).
Thus we may replace the factor o** in (7.67) by F7°,

1 /
3 3 E $,8 7 T
/égd x R3d y m2H ((ta:l:)a(tay))’

s,8'==%1

= HF/ K(z,y) Tr ({VP,VP*}) dy.
M

t=0

This gives the formula for H** in (7.61) and (7.62), concluding the proof. [

7.6 Exciting the Dirac sea and positivity of (-,-)

We now consider the special case that ¢* and ¢° have negative frequencies, whereas §y* and §y°
have positive frequencies. Then the result of Theorem 7.13 simplifies to

to 0
/ dt / d*z / at’ / Ay (Vi — Vou)(Vie + Voo ) L(t, Z; 1, )
—0o0 R3 to R3

1 1 L
~ < /RS B /RS a3y —5 (G + H) (), (1,7)) L:O, (7.68)
where

Gz, y) ~ Y Tm (<6"(x)[xe5e" (y)-<° () [ xe0¥" (y) - (7.69)

c=L,R

— <" (@) | X DG (y) = <9° () [xet® ()~ )

— ) Tm (=69 (@) |7 X5 U" (1) = <0° () [Ya xeOU° (1) -

c=L,R
+ <™ (2) |y x 00U (i) = < 61" (x)\’yaxcw"(y)>), (7.70)

H(z,y) ~ F Re (<6¢" (2)|[y*0¢° (2) = <" (y) |Boat™ (y) -
— <" () [y Y° ()= <0¢° () |oa 0" (y) )
F Re (=09 (2)[69° ()= =<° (y) [y Boath" (y) -
— <"(@) [y Y° ()= =09° ()| Boadp" (y)>-).

Due to the integration over g, the momenta of * and J¥® in (7.69) coincide. Hence their
frequencies coincide except for a sign, implying that the derivatives 88 can act just as well on
the function §¢°. Arguing similarly for the other summands, one sees that G is anti-symmetric
in u and v, whereas H is symmetric. Therefore, G and H give rise to the symplectic form and
the surface layer inner product, respectively. Rewriting the spatial integrals in momentum space
gives the following result.

Proposition 7.19. Assume that ¥* and ¢° are Dirac solutions on the lower mass shell, where-
as 0" and 6v° are solutions on the upper mass shell. Then the symplectic form o(-,-) and the
surface layer inner product (-,-) are given by

$r [ od )
o(u,0) = 5*14 /R (2m)3 /R (%?37712(“’@2 +l)’)
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xS Tm (=8 (R) et (— @)= =<4 (—F) [ xed b (@) -

c=L,R
- <5772Ju(];:)|')/Oé><t:7])u(_ j><¢u(_g)|7aX05@ZU(®>)v (7'71)
3 3 ~ L ~ ~
)= w5 [ o [ Re (<o 0 ()< @ 1(0)-)
X L (R @) + () + |Pel@ + IR}, (172

where w(k) := \/|k|2+m2 (and all functions are evaluated at t = 0).

Proof. The formula for the symplectic form (7.71) follows immediately by rewriting the spatial
integrals in (7.68) as integrals over momentum space and using (7.69)—(7.70). The formula for
the inner product (7.72) follows similarly if one removes the Dirac matrices inside the spinorial
expectation values using Lemma 7.20 below. This concludes the proof. |

Lemma 7.20. For any solutions ¥, ¢ of the Dirac equation and every s € {£1},

1
/ <IL |yl A3z = — / <IL,¢[i0, 0> d3z.
R3 m Jr3

Proof. We begin with the expression involving a derivative on the right hand side,
1
/ <¢|Outp- 3z = / <¢{ Va7’ YO0 Az

/ =< ¢|’ya175851/))>-d31:—1/ <17565¢m¢> >z
R3 2 Jps

l\')\»—'

/ <(B]7a(m —iy°0)y) = d*x

]R3

l\D\v—'

<((m = i7°80) $lyar) = A3z

l\DM—'
o

R3

— —im /IR 3<<<z>\w>>d3x

1 1
-5 [ <Gheton) =t 5 [ <(ondhn)-d'a
R3 R3

= —im [ <@~ o'

1 1
- 2/ < (¢ d0tp) = d*x — 2/ < (B0 rar ")~ d’x.
R3 R3

The last line vanishes if (;AS and 1& have the same frequency, giving the result. |

Proposition 7.21 (definiteness of the surface layer inner product). Under the assumptions
of Proposition 7.19, depending on the sign in (7.36), the surface layer inner product is either
positive or negative semi-definite. It vanishes if and only if

g=—k  forall g k with 60"(F) and 4"(q) # 0.

Proof. We evaluate (7.72) for u = v. Since ¢ and 0 are supported on the lower and upper
mass shell, respectively, the real part in (7.72) is necessarily negative. In order to show that the
curly brackets in (7.72) are non-negative, we consider the worst possible case that k-§ = —|k||q].
In this case, the curly brackets in (7.72) simplify to

1712w (@) + |EIPw(k) — K17 (w(@) + w(k)) = [Ig] — K] [|dl(@) — [Elw(k)].
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Since the function w(k) is strictly monotone increasing in |k|, the two square brackets always
have the same sign, and they vanish if and only if |g] = |k|. This concludes the proof. [ |

This result shows that, by a suitable choice of the sign in the first equation in (7.36), one can
arrange that the surface layer inner product is positive definite.

7.7 The contributions ~6=% - jJ and ~§~*- 52

We remark that there are also contributions ~3~%- j.J which are linear in the Dirac and linear in
the Maxwell current, as well as contributions ~d~%- j? quadratic in the Maxwell current (as well
as expansions of these contributions in powers of €/t). Moreover, there are contributions involv-
ing Oj or higher derivatives of the field tensor. All these contributions have a different structure
than the contributions quadratic in the Dirac current (mainly because the Maxwell current gives
rise to unbounded line integrals as explained in Section 6.1 for the field tensor terms). As a con-
sequence, it seems impossible that these contributions partially cancel contributions ~J2. With
this in mind, for brevity we shall not enter the analysis of these contributions.

8 Computation of a positive surface layer integral

In [15] positive functionals in spacetime were derived. We shall now verify that in Minkowski
space, these functionals are indeed positive. There are the two positive functionals involving
volume integrals (see [15, Theorem 1.1])

/ V20, (u,u) dp(z) > 0, (8.1)
M

/ dp(z) / dp(y) ViuVaul(z,y) + / V2], (u, 1) dp(z) > 0 (8.2)
M M M

as well as the positive surface layer integral (see (2.19) and [15, Proposition 7.1])
- [ dote) [ dpl)V1aVaal(op) 2 0 (8.3
Q M\Q

Since in the formalism of the continuum limit, the functions ¢(z) and L(z,y) vanish in the
Minkowski vacuum, the corresponding measure p clearly is a minimizer. Therefore, the inequali-
ties (8.1) and (8.2) obviously hold.

The positivity of the surface layer integral (8.3) is less obvious. Therefore, it will be instructive
to compute this surface layer integral in Minkowski space and to verify that it is indeed positive.
We begin with the contributions by the Maxwell current (as we shall see below, these are indeed
the dominant contributions). The corresponding contribution to the fermionic projector is given
by (see [13, equation (D.0.7)])

Y

iTr (¢AP(z,y)) < —2 / (o = )& T (2, ). (8.4)

T

The resulting contribution to the perturbation of the eigenvalues of the closed chain is computed
by replacing the Maxwell current j in (4.14) by the line integral in (8.4),

vy _ W= @m0y [ K
AxY =ig* (21 1 = T 1)) /x (o — a2)&s*.

Hence the absolute values of the eigenvalues are perturbed by

x 1 TY\\TY
A‘)‘c-?i{ = WRG ((A)‘c—?{-))‘c}(—)
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B N O B i o S Voo
| o | Ty | z

~ /y (o — az)f’kjk(deg =2).

If the potential is perturbed only at the point z, we may apply Lemma 6.1 to obtain

o
VLu’)\ﬁ_ ~ / e(a) (a - az)ﬁkjk|zzay+(1_a)m da(deg = 2).

—0o0

If y = x, the unbounded line integral gives rise to a pole. Therefore, in spherical symmetry we
get

Vi = (&£ ) + 0() ) (dog =2 (55)

where the symbol f is a short notation for the integral

=k

Likewise, exchanging the roles of x and y, we obtain

<y
8

oo
fjk :/ oe(a)&it <x0+a,:ﬁ+a
[o@)

<y
s

Vau | = - (6(f) (o) +0(7%) ) (2o =2

(where the minus sign comes about because the factor t=3 in (8.5) flips its sign). Using these
formulas in (4.3) gives

VioVaoL(@,y) = Viu Al | Vau AL | = - ((fjk)<w>(fjl)<y>£’“flt16 + O(t5)> (deg = 4)

~ —(F3) @) (F3) DEE g0 (1]~ 7). (36)

Using this formula in (8.5), the y-integral diverges at y = z. Since this divergence is resolved on
the regularization scale y — x ~ €, we obtain a very large positive contribution. More precisely,
per spatial volume one obtains a contribution to the surface layer integral with the scaling
behavior

2

to [e%s)
' 3 N Y A 3. 1
0 S —/_Oodt/t‘ dt Add yVI’UVQ,uﬁ((t,ZU),(t ,y)) =~ md Tr = g

This contribution clearly dominates the contributions involving the Dirac current, because the
Dirac current does not lead to unbounded line integrals, giving rise to contributions to L(x,y)
which are less singular at y = . We conclude that the surface layer integral in (8.3) is indeed
positive.

We close with two remarks. We first point out that, since the currents have contributions
for space-like momenta (see Fig. 10), we cannot again use the arguments in Sections 6.4 and 6.6
to conclude that the unbounded line integrals drop out of the surface layer integrals. It seems
impossible to avoid the pole of order t71? in (8.6). We also remark that the contribution (8.6)
does not seem to have any direct physical significance. But it could nevertheless be useful for
analytic studies and estimates of the causal action principle.
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9 Remarks and outlook

In this paper, we computed various contributions to the causal Lagrangian and analyzed the
corresponding the surface layer integrals. We considered the contributions to decreasing degree
on the light cone and in an expansion in powers of £/d. A subtle point of the analysis is the
dependence on the ultraviolet regularization of the fermionic projector. In physical terms, this
ultraviolet regularization describes the microscopic spacetime structure of the causal fermion
system. Since the detailed structure of spacetime on the Planck scale is unknown, it is also
not known how the physically correct regularization of the fermionic projector should look like.
Despite this general shortcoming, we saw that most results of this paper are independent of the
regularization. However, we also saw that certain contributions did depend on the regularization,
leading to additional assumptions and the discussion of different cases. For clarity, in the next
remark we recall which assumptions were made at which point in the paper.

Remark 9.1 (assumptions on the regularization).

» In the computation of the bosonic conserved surface layer integral in Section 6, in order to
make sense of the convolution integrals we had to make the assumptions (a)—(c) on p. 41,
(b’) on p. 43 as well as (d) and (e) on p. 46. These assumptions pose implicit conditions
on the form of the regularized fermionic projector near the light cone.

» In the computation of the fermionic conserved surface layer integral in Section 7, we had
to impose conditions on the regularization in order to ensure that the surface layer integral
is conserved. Necessary conditions are stated in (7.36), whereas more general conditions
are discussed in Section 7.4.3.

» In Section 6.8 we found bosonic contributions to the symplectic form of the order
~8~*. F%¢/t. These contributions are by a scaling factor § /¢ larger than the fermionic and
bosonic contributions stated in the introduction (see (1.5) and (1.3)). These contributions
could vanish for specific regularizations, but they seem to be non-zero in general. These
contributions are discussed further in Remark 9.4 below.

We also point out that our analysis is not exhaustive. In Section 7.7 we discuss those contribu-
tions which we do not analyze in detail.

We close with a few remarks. The first two remarks point to possible modifications of our
constructions which might be worth exploring in detail in the future.

Remark 9.2 (vanishing of contributions ‘)\ﬁgs‘ ~ (5‘2). In Section 4.2 it was explained why it
is natural and desirable to assume that in the vacuum, the absolute values of the closed chain
agree up to contributions of the order 6~ (see (4.13)). But we would like to point out that the
argument leading to this assumption was not compelling. We now outline how our constructions
and results would have to be modified if contributions

Aldes| ~ 672(deg = 2) (9.1)

were present. The fact that this would no longer lead to physically sensible results can serve as
a further explanation why the contributions (9.1) must indeed be zero.

First, instead of the contributions ~d~% - F2¢/t in Section 6.8, one would have contribu-
tions ~d~2. F%¢/t. These contributions differ from the contributions ~§—*- F2?&2/t2 in Section 6.2
only by a constant prefactor 62/e2. Therefore, the results of Theorem 6.11 would remain valid
except for this prefactor, giving rise to the scalings

o(u,v), (u,0) ~ (9.2)

g2§2’
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The advantage of this procedure is that it becomes unnecessary to introduce a regularization
condition to arrange the conservation of the surface layer integral ~d~*- F2¢/t (see the discussion
after Proposition 6.14).

The drawback of having contributions A|\,cs| ~ 672 is that the fermionic surface layer
integrals would no longer have the correct scaling. In particular, the contributions in Section 7.2
would be of the order ~62-.J%¢/t, being by a scaling factor ¢/t smaller than the bosonic surface
layer integrals in (9.2). A further regularization expansion or an expansion in powers of § 2
would not be helpful at this point, because this would make the resulting contributions to the
fermionic surface layer integrals even smaller. We conclude that without assuming that the
contributions (9.1) vanish, the bosonic and fermionic components of the surface layer integral
would necessarily have a different scaling behavior in §/e. This seems to be an obstruction for
getting a scalar product on the jets having bosonic and fermionic components as needed for
getting the connection to quantum field theory [19, 20].

Remark 9.3 (shear and general surface states only in neutrino sector). Following the procedure
in [13], here we consider the shear and general surface states only in the neutrino sector. This
procedure seems natural and has the advantage that it also breaks the chiral symmetry in the
neutrino sector, as is needed in order to explain why the neutrinos do not take part in the strong
and electromagnetic interactions. However, one could introduce shear and general surface states
also in the charged sectors, provided that they preserve the chiral symmetry. For the results
in [13], this procedure would not have any influence on the results because in the analysis of the
continuum limit, only the difference of the regularization effects in the charged sectors and the
neutrino sector comes into play. This is the main reason why in [13] we could simply disregard
shear and general surface states in the charged sectors.

For the computations in this paper, having shear and general surface states in the charged
sectors would make a substantial difference. Namely, when expanding in powers of § 2, these
factors could also appear in the eigenvalues of the charged sectors. For example, in addition
to the contributions to the Lagrangian ~¢§~* - J2, there would also be contributions ~6~%.J - J
(where the dot again refers to the notation (4.4)). These additional contributions would not
change the general structure of our computations, but they would affect the quantitative details
in such a way that it is difficult to predict how our results would have to be modified.

We finally mention a question which our analysis did not answer:

Remark 9.4 (separate conservation of the bosonic symplectic form). In Section 6.8 a conser-
vation law for the bosonic symplectic form was derived (see Proposition 6.13). We now discuss
the significance of this conservation law.

The fact that the bosonic symplectic form appears several times to different degrees on the
light cone (cf. Proposition 6.13 and Theorem 6.11) can be understood similar as explained for the
classical field equations in the introduction. The expression in (6.53) has the surprising feature
that it diverges if the infrared regularization is removed. This does not pose any principal
problem, because one can consider the system in finite spatial volume and take the infinite
volume limit. But the infrared divergence in (6.53) implies that the bosonic and fermionic parts
of the symplectic form must be conserved independently. While this result seems physically
sensible, we would like to point out that this result is not compelling. Indeed, it is conceivable
that for physical regularizations, the constant ¢ in (6.53) is zero. The main unknown at the
present stage is why the contributions of the order §=* - F2¢/t are conserved (as discussed
after Proposition 6.14). In order to clarify the situation, one would have to compute the effect
of the terms without logarithms in more detail and analyze the question if one really needs
a regularization condition in order to ensure the conservation of the surface layer integral. If
the answer is affirmative, one would have to analyze which condition on the regularization is
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required. This would lead to the question if this regularization condition also implies that the
contribution (6.53) vanishes.

Generally speaking, it would be desirable to have more detailed information on the regu-
larization of the physical vacuum. The main open question seems to be how the regularized
neutrino sector looks like (see Remarks 9.2 and 9.3). For example, our results might change
considerably if the neutrino sector contained additional Dirac seas corresponding to yet unob-
served particles. Clearly, the uncertainties in the neutrino sector are related to the fact that
particles in the neutrino sector interact only very weakly. Hopefully, future experimental input
will clarify the situation.
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