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In classical electrodynamics, an accelerating charged body emits radiation and experiences a
corresponding radiation-reaction force, or self force. We extend to higher order in the total charge a
previous rigorous derivation of the electromagnetic self force in flat spacetime by Gralla, Harte, and
Wald. The method introduced by Gralla, Harte, and Wald computes the self force from the Maxwell
field equations and conservation of stress-energy in a limit where the charge, size, and mass of the
body go to zero, and does not require regularization of a singular self field. For our higher order
computation, an adjustment of the definition of the mass of the body is necessary to avoid including
self energy from the electromagnetic field sourced by the body in the distant past. We derive the
evolution equations for the mass, spin, and center-of-mass position of the body through second
order. We derive, for the first time, the second-order acceleration dependence of the evolution of
the spin (self torque), as well as a mixing between the extended body effects and the acceleration
dependent effects on the overall body motion.



I. INTRODUCTION
A. Status of our understanding of self force effects

Classical electrodynamics dictates that an accelerating charge emits radiation. This electromagnetic radiation
carries energy and momentum, so conservation laws demand that the charge must experience a force. The force
arises from the charge interacting with its own field, and is known as the ‘radiation-reaction force’ or ‘self force’.
This phenomenon was first derived by Lorentz [I], and later confirmed by Abraham [2] followed by Dirac [3], each
expanding and generalizing the results of the prior work.

Computing expressions for self forces is notoriously complicated, and there is an enormous literature on this field.
The complexity arises in part because self forces describe back-reaction: as a charge accelerates, its radiation perturbs
its motion, in turn altering the details of the radiation. Analytic methods are tractable in the regime in which the
body is small compared to the characteristic lengthscales of the external fields. In this limit, the self force can be
expanded order by order in the charge of the body. In this paper, we use the common nomenclature of referring to
the Lorentz force as the leading order force, the leading correction to the Lorentz force as the ‘first order’ self force,
and so on. Our understanding of radiation reaction in flat spacetime has been developed over most of a century [4H7],
culminating in the rigorous treatment of Gralla, Harte, and Wald [§](henceforth GHW) who carefully analyzed a limit
in which the charge, size, and mass of a body go to zero. The modern focus of the self force community is that of
small masses in curved spacetime, for which Eric Possion’s review article offers a thorough introduction [9].

The self force is of great interest to modern astrophysics. Just as a charged particle interacts with its own field as it
radiates electromagnetic waves, gravitating systems experience self forces from the emission of gravitational radiation.
The gravitational waves produced by binary black hole inspirals and binary neutron star inspirals have been detected
by LIGO [I0} [IT], and similar binary inspirals are candidate signals for the future space-based detector LISA.

Making full use of the data from LISA will require an improved understanding of self force effects. The gravitational
self force to leading order in the mass of the small body is referred to as the MiSaTaQuWa self force, and was first
derived in [12] 13]. More recent computations have extended these results to second order [I4HI9], and applied the
self force to a gravitational inspiral, in order to compute the self force [20H22] or numerically evaluate the worldline
[23H25] and the resulting gravitational radiation [26H28]. The computational strategies for evaluating worldlines and
waveforms from gravitational self force are reviewed well in [29] B0]. The techniques for computing leading order, or
adiabatic, waveforms are now known. However, LISA data analysis will require post-adiabatic waveform predictions,
which in turn will also require the subleading self force. This motivates a detailed understanding of the subleading
self force.

Previous derivations of higher-order self forces for non-gravitational fields include those of Chad Galley [31] and
Abraham Harte [32]. Galley’s derivation [31I] of the scalar self force uses an effective field technique to derive the
self force to high order for monopolar charges. Harte has derived exact expressions for the self force of an extended
charge distribution in an external field. The relation between Harte’s results and our work is somewhat involved and
is discussed in Sec. [Tl below.

B. The Gralla-Harte-Wald derivation method and its extension

In this paper, we derive the subleading order electromagnetic and scalar self forces acting on a small charged body
moving in flat spacetime. The calculation is motivated by the importance of the gravitational self force, and is a model
for the more complicated computation in the gravitational case. Although subleading self forces have previously been
computed [33] [34], ours is the first to describe extended body effects to subleading order. In addition to providing a
model for the gravitational self force, our calculation may have direct application to systems with extremely strong
electromagnetic fields, as discussed further below.

GHW introduce a one-parameter family of bodies with the property that as the parameter approaches zero, the
mass, charge, and spatial extent of the body approach zero at the same rate. By considering various moments of
the stress-energy conservation and charge conservation equations, integrated over a small region containing the body,
they derive the first-order self force, mass evolution, and spin evolution equations.

Our calculation uses the GHW axioms with slight modifications, which are presented in full in section [[V] However,
we found it necessary to modify and refine the definitions of body parameters. GHW defined parameters such as the
total mass-energy, angular momentum, and electromagnetic multipole moments in terms of integrals over a spacelike
hypersurface perpendicular to the center of mass Worldlineﬂ At second order, these definitions are problematic, and

1 As usual, there are ambiguities in the precise definition of center of mass worldline [32]. These ambiguities affect the form of the



we replace them with body parameter definitions in terms of integrals over the future null cones of points on the center
of mass worldline. With these definitions, the body parameters at a given time depend only on the body’s stress-
energy and charge distribution at times within a light crossing time, not on the stress-energy or charge distribution
in the distant past. This is because, in flat spacetime, the field at every point depends only on sources on that point’s
past lightcone.

Our modifications of GHW'’s approach are necessary in order to derive second order self force effects. They explicitly
avoid all infrared divergences in the definitions of body parameters associated with radiation emitted from the small
body in the distant past, as we discuss in more detail in Sec. below. Our definitions also allow a more direct
comparison to other interesting techniques, particularly to the non-perturbative equations of motion derived by [32].

C. Discussion of results - applications in physical systems

Our results for the second order evolution of the body’s worldline, mass, and spin are given in Egs. - . They
contain three types of terms: coupling of electromagnetic moments to the external field, self force terms that do not
depend on the higher electromagnetic moments, and terms which describe a mixing between self-field and extended
body effects. Our spin evolution equation contains a self-torque, which was not seen previously at lower orders. Our
results also satisfy a consistency check obtained by comparing with some non-perturbative results of Harte [32].

As an illustrative special case, consider a body with vanishing spin, electromagnetic dipole, and quadrupole, moving
in an external electromagnetic field F(eY#”  The acceleration of the body can be written as [c.f. Eq. below], in
units with ¢ =1,

aM :KF(eXt)N)‘u)\ +q {gHZDTF(ext)u)\u)\ + gHSPMVF(EXt)V)\F(EXt))\JUU}

+ q2 { gHSDTQF(EXt)#)\U)\ + §H41P,U,KF(ext)n)\F(ext) )\UUU

4 o 4
+ §/€4P#,§F(0Xt)ﬁ>\D7—F§\O_ t)uo + §K,5'P#KF(CXt)Kp,Pp/\F(CXt)AUF(CXt) Uwuw} + O(q3) (1)

Here u* is the 4-velocity of the body, a* the 4-acceleration, D, = vV, and P, = ", + utu, is the projection
tensor. Also, ¢ is the charge, and k = ¢/m is the charge to mass ratio. The right hand side consists of an expansion
in g at fixed k. The first term is the Lorentz force law, the second term is the reduced-order (see Sec. [V A| below)
form of the Abraham-Lorentz-Dirac equation, and the third term is our new result.

We now turn to a discussion of the domain of validity of our results. Consider a charged body of mass m, and charge
¢, moving in an external field that imparts a characteristic acceleration a, as measured in the body’s instantaneous
rest-frame. Suppose also that the field varies on some timescale or lengthscale 7.y, again as measured in the body’s
instantaneous rest-frame. Then there are a number of conditions that must be satisfied for our analysis to be valid:

e Small multipole couplings: If the condition
R < Text (2)

is satisfied, where R is the size of the small body, then the leading order couplings (dipole, quadrupole, and so
on) will dominate.

o Weak radiation reaction: The energy radiated in a dynamical time must be small compared to the change in
the body’s energy due to conservative effects. If this is violated then our derivation is no longer valid. In the
non-relativistic region atext < 1 this requires

Tx

<1 (3)

Text

where 7, = ¢%/m. In the relativistic regime a7ey; > 1, the condition is instead

P Text e < 1. (4)

equation of motion at subleading orders, and are associated with the choice of a spin supplementary condition. See Section @ below.
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FIG. 1. An illustration of the parameter space for radiation reaction for charged objects. The horizontal axis is the ratio
Text /T, Where Text is the timescale over which the external field is varying, as measured in the instantaneous rest frame of
the particle, and 7. = q2/m, where ¢ is the charge and m the mass of the particle. The vertical axis is a7«, where a is the
acceleration due to the external field. The motion is relativistic in the region a7ext > 1, in the upper right hand of the figure.
Radiation reaction effects are large in the hashed (red) regions where 7. /Text = 1 or azTcxtT* 2 1. These regions lie outside of
the domain of validity of our analysis, and the second order self force is negligible except near the boundaries of these regions.
In the dotted (red) region below and to the left of the dashed line, the radiation from the particle is not in a classical regime
and our analysis does not apply. We show using shaded figures the parameters of protons in the Large Hadron Collider, protons
in very high intensity lasers, and electrons in the high magnetic fields of magnetars. The gradation in the allowed wedge region
indicates the strength of the radiation-reaction effect, which is strongest just before it crosses into the disallowed ‘large radiation
reaction’ regime.

e Classical radiation regime: The energy radiated in a dynamical time must be large compared to the energy
radiated per quantum, so that many quanta are emitted in a dynamical time. In the non-relativistic regime
aText < 1 the corresponding requirement is

AText > 0471/2, (5)
where o = ¢ /A, and the relativistic regime a7 > 1 it is

AText > a~ /4, (6)

For elementary particles typically a < 1 while for macroscopic charged bodies o > 1.

Our derivation method employs a certain limiting procedure which automatically enforces the conditions (2]),(3]),
and @ The two dimensional parameter space of acceleration a and external timescale 7Tyt is illustrated in Flg
The solid line a7exy = 1 is the boundary between non-relativistic and relativistic motion; the lower left region is
non-relativistic while the upper right is relativistic. The shaded regions on the left and at the top correspond to
strong radiation reaction and lie outside our domain of validity, by and . Our second order self force will be
significant only near these boundaries. The region to the left of the dashed line is disallowed since the radiation is
not classical, by @ (assuming an elementary particle so that o < 1). Also shown on the plot are some illustrative
examples:

e A proton at the Large Hadron Collider, for which a ~ 3 - 10257 !, 7oy ~ 1.4-1078s, 7, ~ 6 - 1072"s. In this
case we have a?7ey; 7o ~ 1079, so higher order radiation reaction effects are negligible. Lead ions in the LHC
experience a similar acceleration, and have a 7, almost two orders of magnitude larger, 7, ~ 2-107%?s, so the
scale of effect is a%TexiTe ~ 1078,



e For high-intensity laser systems with intensities in the range 101 W/cm? — 1022 W /em? [35H37], the acceleration
scale for a proton is then in the range a ~ 1017 s~ — 102! s7!, and using Texs ~ 107%s and 7, ~ 6-10723 5 gives
02TexsTe in the range 1078-10°. At the upper end of this range, second order radiation reaction effects could
become significant. [38]

e Turning to astrophysics, the magnetic fields near certain neutron stars, referred to as “magnetars”, can be
extremely large, B ~ 10 — 10''T. At the high end of this range, higher order self force effects could easily
become large even for slowly moving particles.

II. MOTION OF A FINITE BODY COUPLED TO AN EXTERNAL FIELD

In this section, we consider a finite extended body moving in an external field in flat spacetime. We will review the
governing equation, the non-perturbative definition of the body parameters. In the following sections we will review
the non-perturbative equations of motion for the body moments, and specialize to the limit of a small body to obtain
explicit results.

A. Governing equations

The system we are considering is a finite, extended, charged body coupled to an external field in flat spacetime.
The extended body is described by a matter stress-energy tensor T4; ", which we assume is smooth and which vanishes
outside a world tube of compact spatial support. We will consider both electromagnetic and scalar self forces.

The coupling to either type of field is governed by the body’s charge, which is described by a charge current
density j# such that V,j* = 0 (electromagnetic case), or a scalar charge density p (scalar case). We assume that the
charge current or density functions are also smooth and of compact spatial support. These fields obey the standard
inhomogeneous wave equations for the respective type of field:

ViuFro =0, (7a)
V¥ F, =4y, (E&M case), (7b)

and
V., VE® = —4mp (scalar case). (8)

The total stress-energy tensor 7}, is given by the sum of the matter contribution T} ,, and the field contribution
T - This stress energy contribution for the electromagnetic field is

1
47TTF;,LV = M)\Fku - ZguuFax\FUka (9)
or, for the scalar field, is
1
AnTp y =V, 0V, & — 5viAcw*ch (10)

We assume that this total stress-energy is conserved:
V. (T +TE") = 0. (11)

We choose to divide the field into an external field F(<#¥ (Scalar: ®(°*%)) and a self field F0# (Scalar: @)
which is the retarded solution to the field equations or with the given source. The external field may be
expressed as, for the electromagnetic case,

F(EXt)My — F;uj _ F(Self)uy (12)

)
or, for the scalar case,

(I)(ext) - P — (I)(self)' (13)



Inserting the decompositions , into the quadratic expressions @D, for the field stress energy tensor, we
find following GHW that the field stress energy can be expressed as the sum of three terms:

Tlé‘“/ = T(Z:lf) + T(ch:Zoss) + T(i)it) (14)

Here T(‘; :lf) is quadratic in the self field, T(‘; Zt)
depends on both the self field and the external field.
In the following subsection we will discuss the definition of body parameters such as mass, momentum, and spin.

For those definitions, we will use the sum of the matter and self stress energy tensors,

is quadratic in the external field, and T (” Y | is a cross term which

cross)

T =T + Tl (15)
excluding the cross and external contribution, following GHW. The conservation of stress-energy can be rewritten
in terms of this quantity as:

V, T = Feovi,, (E&M case), (16a)
vV, T = Plexthv (scalar case). (16b)

The motivation for choosing the definition for the body parameter definitions is that in the limit when the body
becomes small, the fields 7", j*, and p vary over the small body lengthscale, while the external fields F(¢X")# and
@)k vary only on a longer lengthscale set by the external field.

The only equations that are needed for our derivation of the self force are the field equations and , the stress
energy conservation equation in the form , and the definition of the self-field as the retarded field.

B. Non-perturbative definition of body parameters: the Dixon-Harte formalism

We now turn to a discussion of the definition of body parameters for a finite body, including the body’s mass,
momentum, spin, and choice of representative worldline.

For a conserved stress energy tensor T#” in flat spacetime of compact spatial support, there is a natural choice of
momentum and spin, namely

P(l;solated) :/ZTMVdZW (173)
Sﬁ:olated) (ZM) =2 / (LL' - Z)[MTV]AdE)u (17b)
b

where ¥ is any spacelike hypersurface. The center of mass worldline is then the set of points z* which satisfy

Sﬁlsjolated) (Z#)P(leated)’/ =0. (18)
Equation is known as a spin supplementary condition, and generalizations of this condition will be discussed
below.
However, this treatment is not applicable to our present context for two reasons:

e First, the stress-energy tensor that we wish to use in the definitions is not conserved, instead there is a
forcing term from the external field on the right hand side of Eqgs. (16). Hence, the expressions will no
longer be independent of the choice of hypersurface X, and a specific choice of hypersurface ¥ will be required.
This will be discussed further below.

e Second, the stress energy term that we will use does not have compact spatial support, due to the self
field contribution. Hence, there is no guarantee that the expressions are convergent and well defined. The
convergence of these integrals is discussed further below.

There exists a general, fully non-perturbative set of definitions of worldlines, electromagnetic moments, and stress-
energy moments of an extended body. These definitions were introduced by Dixon [39, [40] in the context of curved
spacetime, and extended by Harte [32]. We follow the Dixon-Harte framework and definitions, with some modifications
that we discuss below. The remainder of this section reviews those aspects of the Dixon-Harte framework that are
most important for our derivation.
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FIG. 2. An illustration of our definitions of total momentum and spin of an extended body. The body is confined to the
world tube shown, but is coupled to a long range field (scalar or electromagnetic) that extends beyond the worldtube. Given
a representative worldline z#(7), shown as a dashed line, we define momentum and spin by integrating over future null cones
¥, of points on the worldline. The field stress energy tensor at a point z* on such a null cone will depend on the sources in
the intersection of its past lightcone with the worldtube, shaded in gray. This region is confined to within the region of the
worldtube consisting of times 7’ with |7 — 7/| smaller than a light-crossing time.

Before discussing the definitions of body parameters, we review the covariant bitensor formalism [9]. We work in
flat spacetime, but we will be using non-Lorentzian coordinates. We will denote by z# a field point off the worldline,
and we use tilded indices for tensors at such points. We will denote by z#(7) a point on the worldline (figure , and
use normal (untilded) indices for the tensors at such points. General bitensors are functions of both z* and a*, and
can have one or more indices of either type.

An important set of bitensors are Synge’s worldfunction o(x, z) and its derivatives. Synge’s worldfunction is defined
only for pairs of points that are sufficiently close that there exists a unique geodesic that joins them. For this unique
geodesic, o(x, z) measures one-half of the square of the geodesic distance between the two points. It is negative for
timelike separated points, positive for spacelike separated points, and zero for null-related points. The first covariant
derivative of Synge’s worldfunction can be used to define a covariant version of a position vector o, (2, 2) = V,o0(z, 2),
where the derivative is with respect to z. We will also find useful the second derivatives, o Az, 2) = V,\VHo and
oty = VHV 0.

In the Dixon-Harte framework, one chooses a worldline z*(7) for the body, where 7 is a parameter that need not be
proper time, and a choice of a unit vector n®(7) along the worldline with n,(d/dr)® = —1. The formalism supplies
conditions that eventually determine the worldline and parameterization. Given these choices, one defines a foliation
of spacetime by hypersurfaces X as follows. Each hypersurface is labeled by the parameter T at which it intersects
the worldline, so z*(7) € X,, and is generated by geodesics starting on the worldline that are orthogonal to n®.

The Dixon-Harte definitions of the momentum and spin of an extended body are

PP(r) = / 055 (@) T (2) Koy (1, 21, (19)

Sp, (1) =2 / d¥ 5 (2) T4 (2) Hop (2, 27 )0 (2, 20, (19b)
>

.



where
HR, =~ (0%5)7, (20a)
K, =HF\o?,. (20b)
In flat spacetime, these definitions reduce to:
Ph(r) = [ dSuaNITE (aNgo" (0, A7), (212)
ZT
S (1) =2 / A5 (@ T (@) g, (2, ) o) (2, ), (21D)
s,
where g, = —0o; is the parallel propagator bitensor in flat spacetime.

We modify the Dixon-Harte framework in the following ways.
e We specialize the parameter 7 to be the proper time.
e We dispense with the unit vector n®(r).
e We use the stress energy tensor T"” of Eq. instead of the matter stress energy tensor T .

e We use null hypersurfaces ¥, that are generated by the set of future null geodesics starting at worldline point
z%(7). This family of null hypersurfaces foliates the convex normal neighborhood of the worldline, which covers
the entire manifold for the flat spacetime case we consider in this paper.

Our definitions are then

P(r) = / A5 () TP () g (2, 2 (7)), (22a)
SH (1) =2 / A% (2N TP (M) g, (22, M) o) (2, 2, (22b)
o

Here the subscript B denotes “bare”; these definitions will be replaced by renormalized momentum and spin in Sec.
IVTE below.

The motivations for our choice of foliation of future null cones are as follows. The integrals contain a contri-
bution from the stress energy tensor of the self field from Eq. (15). That self field, evaluated at a point  on the
hypersurface ¥, over which one integrates, in turn depends on the body’s charge distribution on the past light cone
of x. When one uses a spacelike hypersurface >, the dependence on the body’s charge distribution extends into
the distant past, as one takes x further and further out on the spacelike hypersurface. By contrast, for a future null
cone, X, the dependence on the body’s charge distribution is limited to times within a light-crossing time of 7, as
illustrated in figure . In addition, we show in Appendix |A] that the integrals are well defined and finite when
the hypersurfaces ¥, are chosen to be future null cones.

There are three choices we have alluded to in the above definition of momentum and spin: the worldline z(7)
(which is fixed by the spin supplementary condition), the choice of body stress-energy tensor, and the choice
of the hypersurface of integration. As we have argued, not all choices give rise to physically acceptable definitions.
Within those that do there is considerable freedom. This freedom corresponds to different ways of describing a given
dynamical system. Different choices will give rise to different forms of the laws of motion, but will not change any
physical predictions.

We also define the bare rest mass mp by

m% = —PhPg,. (23)
We define the 4-velocity in the usual way as u/(7) = dz*/dr, with uu, = —1, and note that
Pl # mpu*, (24)

beyond leading order.
The definitions are valid for any choice of worldline z,. To pick out a unique worldline one must specify a spin
supplementary condition [39] 40], which takes the generic form

SH (7w, = 0, (25)



where w, is some vector field defined on the worldline. Such a spin supplementary condition defines a center of mass
worldline [41] [42]. Our spin supplementary condition is defined in terms of a renormalized spin S*¥, which we define
in Eq. (63)) below. Our spin supplementary condition is

P, =0, (26)

which reduces at leading order in the size and mass of the body to the condition with w, = u,.

C. Electromagnetic multipole moments

We now turn to a discussion of electromagnetic multipole moments. We define the total (conserved) bare charge
qp, charge moment J5, dipole Q%’, and quadrupole Q5" of the body to be

q8(7) = qB = /Z 55", (27a)
Tp(7) :/2 dSpg” xut i g, (27b)

Qp (1) = 7/2 A" ul i gpta”, (27¢)
Q" (1) = / dSsg” \urjFgpto” ol (27d)

-

In these expressions, the arguments of all the bitensors g”x, 0¥, etc. are (z,z(7)), while the argument of j* is ().

The definition has a minus sign due to the properties of Synge’s worldfunction (g,”c* = —o”).

For the Dixon moments [40] defined in terms of a spacelike hypersurface generated by geodesics orthogonal to n*(7),
the bitensor o#(z, z(7)) is orthogonal to n#(7) for all x in ¥,, and hence all of the charge moments are orthogonal to
n* in all indices following the first index:

b = Qp 'y = Qp " n, =0. (28)

Since we integrate over future-directed null cones, there is no such orthogonality condition for our moments . In
addition, our dipole contains both a symmetric and an antisymmetric part, unlike the case for the standard
definition which includes an explicit antisymmetrization.

The number of independent components of the electromagnetic dipole (27¢)) and quadrupole are nominally
16 and 40, respectively. When charge conservation is imposed in Sec. [VIA] we shall see that these reduce to 10
and 22. However, these are still larger than the number of degrees of freedom for the standard definitions of the
electromagnetic dipole and quadrupole, which are 6 and 14. Our bare electromagnetic moments are convenient
for our derivation in Sec. [VI} However, we shall express our final results for the equations of motion in terms of a set
of renormalized, projected moments, defined in Sec. [[VE] which have the standard number of degrees of freedom.

D. Scalar multipole moments

For the scalar case, we define an analogous set of bare moments, based on integrals over the scalar source p,

qsp(T) :/ d¥;u” p, (29a)

sp(1) =— / 9" \u’po*, (29b)
pIm

$5(7) :/ d¥sg” \utpata” . (29¢)

T

All other details regarding the absence of an orthogonality condition, and the comparison to standard multipoles are

similar to those for the electromagnetic multipoles. Here the subscript .S denotes “scalar” and B denotes “bare”.
The multipole moments and that we are defining are non-standard. However, they contain the same

information as standard multipole moments which are defined in terms of integrals over spacelike hypersurfaces.
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Some insight into the relation between the two sets of moments can be obtained by considering the leading order
expansion for @ in terms of its source p in a Lorentz frame (¢, z*):

) 1 1
q)(t,r,nl)zr/d?’yp(t—r—i—n-y,y)—i-(’)(ﬂ), (30)
where
r=|x| and ni=2. (31)
T

Taylor expanding the density about the retarded time ¢t — r gives the usual multipole expression
1 1
i < R i
@(t,r,n)rkgo[k!nl...n’“ (32)

X /dgyy“ oy p B (=, y)]
1
+0 (). (33)

where p*) denotes the k" time derivative. Taylor expanding instead about r — t + y yields

oo

o 1 o
(t,rn') =~ [k, / Py(n'y' —y)FpW(t —r+y, y)]
k=0 -

ro (L) -

which now involves integral over the future null cones. The integrals that appear in are precisely time derivatives
of our nonstandard multipoles ([29)

III. NON-PERTURBATIVE EQUATIONS OF MOTION

This paper focuses primarily on a perturbative expansion of the self force. It is informative, though, to consider
the extent to which exact computations can be used to determine radiation-reaction effects. In this section, we derive
an exact law of motion for extended bodies, which is used indirectly in our derivation in the remainder of the paper.
Our exact law is a modification of an exact law of motion due to Harte [32] 9], which we review. We use Harte’s
result to perform a consistency check of our results in Sec[V] below.

A. Equation of motion for bare momentum

—

First, we define a generalized momentum P, (£) as a linear map on vector fields £# via

—

Pr(§) :/z TH EpdSs. (35)

Here, as before, we choose the surface X of integration to be future-directed null cones. When we specialize { to
be a Killing vector field {; = gz* or & = 29,1["0”], the resulting quantities yields the definitions of linear
momentum and spin [32].

To compute the time derivative of this generalized momentum, we use the general identity [32]

i ~ o o
Sl / oY, = / Vaofmrdys + / v*mrdS. 5, (36)
dr Js_ s, %, g

valid for any foliation ¥, and any vector field v#. Here m” is any vector field that satisfies mS‘(dT) s=1,d5;5 = dS[ X
is the surface area element, and the second term of the right hand side should be interpreted as a limit of integrals
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over the boundaries of finite regions of ¥,. Applying this identity with v = T#7¢; gives

d -

IR 1 -
/ VﬁT‘uufgmAdEi + 5/ T‘uu(ﬁgg)ggmAdES\
s, s,
- / TE7iEmAdS, 5, (37)
)

In the last term, we’ve removed the matter contribution to the stress energy tensor, since it has compact spatial
support and so does not contribute to the boundary integral in the asymptotic limit. Using Eq. we can rewrite
the first term of in terms of the external field. Specializing to Killing vector fields, for which the second term
vanishes, gives

d “ .
— (ext)av ¢ ;. A _
—Pr(§) /Z (F guyy) mAds;

r

_AE T(Self)ﬂﬂgf,m;\dsﬂj\. (38)

To obtain an explicit equation of motion for the worldline, Eq. must be supplemented by the spin supplementary
condition that determines the relationship between the 4-velocity u* = dz*/dr of the worldline and the 4-
momentum PJ. To incorporate this condition we proceed as follows. First, we write down the following identities
that are valid for any choice of vector field P}, along the worldline

mpa® =a" (mp + Phu,) + PHL\D, Pj
— P*, D, (P'AP}), (39a)
D;mp =D, (mp + Phu,) —u,D. Pl — a,Ph. (39b)
Here D, = u"V,, is the covariant derivative along the worldline, a® = D,u” is the 4-acceleration, and
PHA = 0¥\ 4+ ufuy (40)

is the projection tensor onto the space of vectors orthogonal to the 4-velocity. The second term in each of Eqs (39a)),
(139b)) can be obtained from with the choice §; = gz and the replacement d/dr — D.. For the first and third
terms, we use the general identity specialized to

v = g TP g, (41)

where n3 = —(dr)5 is the null normal to the future null cone Y. Using Vot = —gz#, Eq. (16a)), and the identity
for any vector field v*:

/ vhdY, = —/ v’lnﬂms‘dZ;\, (42)
s, 5,

we obtain an expression for the bare momentum:
Pl(r) =D, / T dS;
s,

+ /2 ot [P0 5 — TR0 i m? | s

.

_/az a“m[S‘Tﬂ]ﬁnﬁdSﬂ;. (43)

Using the method of Appendix|Al one can show that the boundary term in vanishes when we choose m = 9/07 in
the coordinates constructed in The expression can now be substituted into the right hand sides of Eqs. (39a)
and to give explicit evolution equations for the worldline 2#(7) and bare mass mpg(7).

In Sec. [VB] below we will describe a limit in which the charge, mass, and size of the body all go to zero. In this
limit, the right hand sides of Egs. and can be expanded in terms of electromagnetic multipole moments
discussed in Sec. [[I C] thereby yielding the explicit form of the equation of motion in this limit. This calculation is
carried out in Sec. Some of our calculations will proceed directly by taking moments of the field equations @

and , rather than using Eqs. and .
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B. Equation of motion for Harte’s momentum

We now describe an alternative non-perturbative equation of motion for the momentum of extended charged bodies
in Minkowski spacetime, due to Harte [32]. It is based on Harte’s generalized momentum,

Pur(@) = [ T €pass + B(@). (14)

.

Here the first term coincides with our bare generalized momentum , but omits the self-field contribution. The

—

second term F.(£) is a kind of self-field contribution, and is given by Eq.(184) of Ref. [32]. It is a double integral over
spacetime that is quadratic in the source j#, involves a Greens function, and depends on the source only at times 7/
that are within a light-crossing time of 7. Its explicit form will not be needed in what follows.

Harte’s non-perturbative equation of motion is

P (&) = /E asm” (F¥ — FY7) &y, (45)

for Killing vectors E, where F é\p is the average of retarded and advanced self-fields. Harte incorporates the spin-
supplementary condition by solving explicitly for the relationship between the 4-velocity and momentum with a
choice of parameter 7 which differs from proper time. We find it more convenient to proceed instead as described
above using the general identity and choosing 7 to be proper time.

We shall make use of Harte’s equation as a partial consistency check of our results. By subtracting Eqs.
and , we obtain

/ dSom” Fpl 5y + / TR e mAdS,
=,

T

_ < Some total > 7 (46)

time derivative

where Fgﬁ is the radiative self-field, one half the retarded field minus one half the advanced field. We compute the
left hand side of explicitly in terms of our multipole expansion and verify that it is a total time derivative at each
order in the expansion; see Secs. [VID 2] and [VIE 2] below.

IV. THE POINT PARTICLE LIMIT IN THE ELECTROMAGNETIC CASE
A. One parameter families of solutions: the Gralla-Harte-Wald axioms

We will consider a small charged body interacting with an external electromagnetic field. To describe the limit in
which the body becomes very small, we consider a one-parameter family of solutions of the field equations for the
body, labeled by a dimensionless parameter A. Following GHW, we impose the following axioms on the family of
solutions. The axioms enforce that the mass and charge of the body go to zero as the size goes to zero.

Axiom 1 There exists a one-parameter family of fields consisting of the Mazwell tensor F,, (X, z*), the charge current
density j* (X, zt), and the stress-energy tensor Ty (N, x#), which satisfy the Mazwell, charge current conservation and
stress-energy conservation equations:

VY Fu (A, at) =4, (A, o), (47a)
ViuFua =0, (47b)
Vgt (A, a?) =0, (47¢)
V. TH (X, zt) =0, (474d)

where TH =TV, +T4", and TR is given by (@ These fields are defined on the open interval 0 < X < A, for some
Ao-
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Axiom 2 We assume there exist functions 5”()\,t7Xi) and T]’\‘/[V()\,tXi) such that for some global Lorentz frame
coordinates (t,x"):

(Nt at) =A% (A,t, w> , (48a)
Th (At a') =A"*Thy (A, L ZA(A’ t)) , (48b)

where j* and TJ’\}” are jointly smooth all of in their arguments, including at A = 0, and z*(\,t) is the center-of mass
worldline defined by (@)

Axiom 3 All of the fields F,,,, j*, and TMMV are jointly smooth in z# and \ away from A = 0. There exists a worldtube
W of compact spatial support such that the supports of 3" and TJ‘CI” lie inside W for all X.

Axiom 4 The external field F(*)" defined by is jointly smooth in " and X, including at A = 0.

B. Discussion of and motivation for the axioms

As in GHW, the axioms are intended to describe a family of physically reasonable charge current and stress-
energy distributions, such that the limit A — 0 represents a pointlike object. At any finite A, however, the object is
nonsingular with smooth (in particular, non-distributional) sources and a finite self field. Our goal is to derive a set
of ordinary differential equations that govern the motion of the object in the limit of small \.

The axioms enforce a limit where the size £ of the body is much smaller than the scaleE| Loyt of variation of the
external field F(&Y)#  Thus, there is a separation of scales

L << Loxs. (49)

One can think of the parameter A in our one parameter family of solutions as being the ratio £/Leys, since the size
of the body decreases linearly with A, from Egs. and . As discussed by GHW, a crucial feature of the
assumed one-parameter family is that the mass and charge of the body go to zero as A — 0, at the same rate as the
size.

Our axioms are identical to those of GHW except for the status of the worldline. GHW assume the existence of a
A-independent worldline z¢(¢) for which a version of (48)), with z%(\,t) replaced by 2%(t), is satisfied. By contrast, we
define a one-parameter family of worldlines z%(),t) according to the general prescription described in Sec. The
two approaches coincide at leading order, but at subleading order the A-dependent worldline is more convenient.

Axiom [2]appears to violate Lorentz invariance by the choice of a specific Lorentz frame. However, if this assumption
is satisfied in some Lorentz frame, it is satisfied in all Lorentz frames, so it does not violate Lorentz invariance. To
see this, consider the boosted frame z# = (#,2*) = A# x*, in which the worldline is z* = w*(), ) for some function
w'. Then, in the boosted frame, an equation of the form is satisfied, where the function j# is replaced by the
function j# given by

X X AGE+ A%t (0 B) + MO XT ALK (50)

By inspection the function j# is jointly smooth in all of its arguments, including at A = 0. A similar argument applies

to Eq. (48b).

C. Consequence of axioms: the near zone and far zone limits

Following GHW, it is instructive to consider two different limits of A — 0 that give complementary descriptions of
the interaction of the body with the external field.

2 This scale can either be the characteristic length over which F(ext) varies, or the characteristic time
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The limit A — 0 at fixed rescaled coordinates
= (5=, 1)

describes the “near zone” limit. It describes what would be measured by observers at distances from the object of
order the object’s size £. In this limit, points with fixed global Lorentzian coordinates z* become more and more
distant as A — 0. The lengthscale Loy of the external field goes to infinity, while the size £ of the body remains
finite.

The limit A — 0 at fixed (¢,2°) describes the “far zone” limit. It describes what would be measured by observers
at distances from the object of order Ley. In this limit, points at fixed rescaled coordinates (T, X') approach the
worldline z° = 2%(0,t) as A — 0. In particular, the object’s size £ — 0 as A — 0 at fixed (¢, 2?).

The GHW axiom approach is closely related to the matched asymptotics method often used in gravitational cal-
culations [9] [12] 43H45]. The ‘near zone’ expressions are analogous to an expansion in positive powers of the radial
coordinate, valid near the body, and the ‘far zone’ expressions are analogous to the expansions approximating the
body as a pointlike source.

We now discuss the limiting behavior of the self-field as A — 0. The assumptions of subsection [[TA]do not demand
smoothness of the matter fields j# and T* in A at A = 0. As shown by GHW, it follows from axioms that the
limits A — 0 of the matter fields j# and TH" exist as distributions. This result reflects the desired “point particle”
nature of the A — 0 limit of the body. However, axiom [4] demands that in the limit A — 0, the external field remains
smooth in the coordinates z?. This ensures that the external field possesses a well-defined value at the worldline, even
in the point particle limit.

The limiting behavior of the self field is derived in the appendix of [§], and can be described as follows. There exists
a function FGeHr” which is jointly smooth in its arguments, including at A = 0, such that

FEeDmv () ¢ gty = \TLRCDm () ¢ X, (52)
We define a tilded version of the full electromagnetic field F**(\,t,z%), by
FM (Nt XT) = AF™ [\ t,2' (8, A) + AX7] (53)
It follows from that this full field can be written as
Fr (A, X7) =F e () ¢ X7
+ AR (X 2t AXT, (54)

so as A — 0 at fixed X?, Frv — FGelm Tt also follows for and @ that the stress-energy tensor obeys an
axiom of the form (48b)

T/LV()\,t7xi) _ )\—QTMV ()\,t, I—Z)\(x\,t)) ) (55)

where the right hand side is a smooth function of its arguments.

D. Limiting behavior of body parameters

We next specialize the general definitions of electromagnetic multipole moments to the one-parameter family
of charge currents. We find from Eq.(48b) that

aB(A) =Aq(A), (56a)
TE(T, ) =AT* (1, N), (56b)
Q. (1, X) =A*Q" (1, ), (56¢)
WA N) =A3QH (7, \), (56d)

where the rescaled moments ¢, J*, Q"*, and Q"** have Taylor expansions about A = 0 that start at O\, for
example

g\ =G + AW 4. (57)
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The result (56)) is one of the principal benefits of using the one-parameter family of solutions: in the limit A — 0,
successively higher multipoles are suppressed by a higher and higher power of A\. Hence, the limit enforces a multipole
expansion.

Similar results apply to the 4-momentum Pf and spin S%” , which can be written as
Py(7, X) =APH(T, ), (58a)
S (1, \) =AZSH (1, \), (58b)
where P* and S* have nonzero limits as A — 0. We define a rescaled mass in terms of the rescaled momentum P*,
m? = —P,P", (59)

which satisfies A = mp, and has a finite, non-zero value in the limit A — 0.

E. Axioms in the scalar case

We use a set of assumptions closely related to axioms for the scalar self force derivation. We replace the charge
current j# with the charge density p, the field strength F), with the first derivative of the scalar field ®.,,, and
Maxwell’s equations with the Klein-Gordon wave equation .

The scalar charge moments can be written as

qsB(A) =AGs(N), (60a)
Q% (1, )) =XQls(, N, (60D)
gyB (Tv )‘) :)‘3qu (T7 >‘)7 (60(3)

where ¢g, (:2‘5, and Q’;U have finite, non-zero limits as A — 0, just as for the electromagnetic moments above.

F. Renormalized projected body parameters

In this section we define a set of renormalized and projected body parameters - momentum, angular momentum
and electromagnetic moments - that have a number of desirable properties:

e The final equation of motion is simpler when expressed in terms of these body parameters rather than the
original (bare) body parameters.

e The projected parameters have the conventional number of independent degrees of freedom (6 for electromagnetic
dipole, 14 for quadrupole), unlike our original definitions (27) which had 10 degrees of freedom for the dipole
and 22 for the quadrupole.

e The renormalizations are chosen such that the final equations of motion depend only on the renormalized
projected parameters.

Our definitions of renormalized projected body parameters are perturbative and are limited to the context of
the one-parameter family of solutions. It would be interesting to find more general, non-perturbative definitions that
reduce to these definitions in the A — 0 limit. We have been unable to do so. In particular, our perturbative definitions
of linear and angular momentum differ from those obtained by taking the A\ — 0 limit of Harte’s non-perturbative
definitions ([44)), at second order in .

The renormalized mass is given by

m = — Pruy, — Mu, OO, Q" uy — 2X*Ga, D, (’P#VQ)\VUA)
_ )\2UMF(ext)MV;)\7)>\nQunauU + )\QUHF(ext)uVQm\naAun + (,)()\3)7 (61)

where u* is the 4-velocity and a* the 4-acceleration of the worldline, P,,” = ¢,” 4+ u,u” is the projection tensor, and
D, = u"*V,. The rescaled electromagnetic dipole Q* and quadrupole @*** which appear here are defined in Eq.

56)-
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Bare moments| P5 (22a) : 4|mp (23) : 1|S%” (22b) : 3|¢s (27a) : 1|T5 (27b) : 0|Q% (27c) : 10 Q%l')‘ 27d) : 22

Rescaled bare moments| P (58a) : 4

=

59) : 1 [S* (58b) : 3| G (56a) : 1 | T* (56b) : 0|Q"" (56c) : 10|Q*** (56d) : 22

Renormalized projected moments|Not required| m (61) : 1 | S** (63) : 3| q (64) : 1 |not required| Q" (65) : 6 | Q*** (68) : 14

TABLE I. A summary of the various body parameters we have defined. Each cell lists the symbol for the quantity, the number
of the equation in which the quantity is defined, and the number of independent components in the quantity after the charge
conservation and the spin supplementary condition have been imposed.

Note that Ptu, = —m + O()\), so m and 7 coincide to leading order. In the limit A — 0 the renormalized mass
can be expanded as

m\) =m® + xm® + 23 4 (62)

where the coefficients m(®),;m(), etc are independent of X\ and m(%) # 0.
We do not define a renormalized momentum since the momentum is eliminated in the final equation of motion.
The renormalized spin is

SHY =GRV 2)\F(e"t)["|)\c~2>“”]pup + %)\pr[u)\ul/]@/\ﬂap
+ APl P (%qm@” + 4qu, QM a’ + %QQMunaP> + o). (63)

This also can be expanded in powers of A with a leading term which is non-zero.
The charge is conserved so requires no renormalization,

q=4q. (64)

The renormalized, projected electromagnetic dipole is
Q" =(Q" + hus D, (@) ) P+ O, (65)

Note that this dipole is orthogonal to the 4-velocity on its second index, unlike the bare dipole. We can expand Q"
as

QW = Q(O)IW + /\Q(l)lw + (9()2). (66)

Charge conservation [Eq. (104c) below with m = 2 and N = 2] enforces that the spatial components of the leading
order term are antisymmetric,

QU p, Ap,m = 0. (67)

At higher order, the quantity Q(l)“””Pﬂ(}‘”Pu’\) can be computed from the time derivative of the electric quadrupole
and the corresponding subleading charge conservation [Eq. (04d), order O()), with m = 2 and N = 2]. Hence, the
dipole has 6 independent components.

We note that if we replace the future null cone 3, in the definitions of electromagnetic moments with a spacelike
hypersurface orthogonal to the 4-velocity, then the same final result would be obtained by taking the expression
but omitting the correction term.

The renormalized, projected quadrupole is

Qu)m :P)\VPWUQMVU + O(N). (68)

This tensor is orthogonal to the 4-velocity in its second two indices. The completely symmetric part of the spatial
projection of this quadrupole vanishes to leading order

Q"o P, PP, = O\, (69)

from Eq.(104d) below with m = 3, N = 3. It follows that the leading order renormalized quadrupole has the standard
number of independent components (6 electric and 8 magnetic).
The notations for and properties of the various body parameters we have defined are summarized in Table [I|
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V. SUMMARY OF RESULTS: ELECTROMAGNETIC LAWS OF MOTION THROUGH SECOND
ORDER

A. Preamble: domain of validity of self force equations

The classic Abraham-Lorentz-Dirac radiation-reaction equation,

2 2
a’ = %F””uu + g%?”,ﬂ“, (70)
is a third-order differential equation which possesses transparently nonphysical runaway solutions.

As pointed out by GHW, is valid only in the regime ¢?a/ma = e < 1, and the equation has errors of order
€2a. The runaway solutions possess a rapidly growing acceleration, and violate the assumption ¢ < 1. When € > 1,
the perturbative differential equation is no longer a good approximation.

The reduction of order procedure provides a method of deriving from Eq. an equation which is equally accurate
but which is second order in time and which does not have runaway solutions [46H50]. Substituting the expression
for the acceleration given by the first term in into the second term modifies the equation by a term which is no
larger than the pre-existing error terms. The resulting reduced-order equation is

2
3
+0(¢°). (71)

Our final results are expressed as an expansion in powers of A\, a parameter which is proportional to the charge
q, also the mass m, and here also to ¢?/m. We do not perform a reduction of order in our results for brevity. (except
the point particle case discussed in Sec. @ below). However, we emphasize that our results should be interpreted
in terms of their reduced-order counterparts.

3
a° :%F"“uu + %ng (FPP o u,u” + FPRE,,u)

B. Laws of motion - general self force and center of mass evolution

We present in this section the results for the electromagnetic case. The scalar results are derived in much the same
way, and can be found in the appendix [B]
The evolution of the body’s worldline z#(7) and rest mass to second order in \ are given by

mat =fOr L N fOr L N2F@r L O(N3), (72a)

Dym =AFW + N2F@ L 0()3), (72b)

where a* is the acceleration of the worldline and m is the renormalized mass |) Here f(OF is the Lorentz force,

FOr and FM) are the first order GHW results, and £ and F®) are the new second-order results presented here.
Explicit expressions for all these quantities are given in this section and the derivations are given in Sec[VI] below

We refer to Egs. ([72)) as ‘laws’ of motion, instead of equations of motion, as they require additional information

about the body’s electromagnetic multipoles their time dependence to fully determine the motion. The requisite

additional equations parameterize the evolution of the internal degrees of freedom of the body.
At leading order we have the Lorentz force and mass conservation

FOB —gplextipdy, (73a)
D.m =0()). (73b)

At subleading order we have,
FOs —pr [F(ext)yw\QM + 2¢D,a” + D, (a,8"")
+ F(eXt)”uDTQ[‘M]u,\
- D. (uuF(Cxt)#)\Qku) } ’ (74a)

F(l) - _ UMF(cxt),uV;)\Qu)\ _ ul/F(CXt)VuDT (Qp)\) U
— 2u, F&VH, Q" . (74b)
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Here the body’s charge ¢, electromagnetic dipole Q*”, and spin S*” are the renormalized versions , , and
63).

To facilitate comparison of the results with those of GHW, we define an antisymmetric dipole Q'}” by
Q4P =Q", (75a)
QaMuy = —u, QN (75b)

for which Q 4(**) = 0. Eliminating Q" in terms of Q", and we find

f-(l);-g —pr, |:F(ext)uu;)\QAu)\ + %qDTa'/ + D, (aHSVH)

+2D, (uuF(eXt)/\["QAMA> } , (76a)

]_—(1) - _ uy,F(eXt)My;)\QAVA - D, (F(ext)quA;M) Uty

— 2u, F1,Q 4" ay, (76b)

which agrees with the results of GHW. The third term in the mass evolution does not appear in GHW, however
it gives only a O(A?) contribution when reduction of order is applied. We retain this term since we will be working
to O(\?).

As noted in GHW, the first and second terms in the acceleration equation are the monopole self force usually
derived from the radiative self field, and the direct interactions with the external field. The final two terms in
are terms that are not usually derived in elementary treatments of electrodynamics.

The second order results can be decomposed into monopole, dipole, and quadrupole contributions:

FOH =2+ Tiinte + Lunirupote (772)
FO =F ;()?int + 7 é?ﬁae + 7 O(Lildrupole' (77b)
We have
o 75
R0 5

so there are no new point particle terms at second order. We note, however, that monopole terms at O(A?) would
be generated if one expands out the body parameters in a power series in A, as in Eq. above, and also would
be generated by the reduction of order procedure, c.f. Sec[VD] below. The explicit, new, dipole and quadrupole
contribution to the self force are
2
fi =P [ — 1ga,0"a, Q" + qa" D:a" P, Q" ux + LqDra"a, QM uy
— %qauDTa“Q”“uu + %qa“auDTQ”“uu —qa,a"D.Q""u,

- %quauD‘rQ#K - 2qaul)7'2Ql“C - qu‘r3leup:| ’ (793‘)

quadrupole —

f'(2)# _ Pon [éF(ext)KMV)\QuV)\ _ upDT (F(ext)uy;prpl/)\Q/\np) + %D‘r2 (F(ext)anupp)

_ 2UHF(QXt)“)\;VuVQ>\Kpap + 2F(€Xt)[HM;AQM|U])\(IV + %F(ext)mml’auQpr

_ %F(eXt)'WDT (auu,u,Q'upp> _ UMF(ext)uVDT (ch/\a)\) + anuuF(ext)uVDTvap

9a, F(ext)(u#Q;m)AaA] , (79h)
and the explicit, new, dipole and quadrupole contributions to the mass evolution are
‘Fd(izpzole = — $Gaua"uQrMay — 24Dra, PYAD; (1,Q") (80a)
f(gizidrupole = %uuF(eXt)#A;upQMp - %UMF(EXQH/\;W“VUUQAP/) - QUMF(EXt)H/\;vQMVau

ext ANy 1 ext)uv A 1 ext)v A
_“uF( )“V;Aa Qr, — §D7auF( Iz QM , — §CLUF( ) P, axQM ,

— LayFOONy 0, D.Q"P ) + a, F™Y D Q" + tu, FIVI D 2Q* . (80Db)
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C. Laws of motion - evolution of spin

Like the self force, the torque may also be written in terms of the renormalized dipole, quadrupole and spin
introduced in Sec[VEl The result is

DL SMPAEP,T —pr, 7, (2 Pl Quls] | o) plenls il
— gD a* QP + 2)\F(6Xt)[’\#Q””|p]al,> +0(\?). (81)

Because of the spin supplementary condition , this projected version of D,S*? is sufficient to determine the entire
time derivative. The first term in this torque expression reproduces the GHW result.

D. Laws of motion - reduced order point particle limit

In this section, we specialize to monopole bodies, i.e. those with vanishing spin S*, electromagnetic dipole Q¥
and electromagnetic quadrupole Q***. The equations of motion then reduce to

mat =\gF (R, 4 EN¢*PF,Dra” + O(NY), (82a)
D.m =0(\%). (82b)

We now apply a reduction of order to determine the acceleration through O(\?) in terms of the external field. The
resulting acceleration, given explicitly for the first time, is

3 4
F(ext)#uuu+ 2q D F(ext)uuuy+ 2q /\77“ F(EXt)nVF(eXt)DUUU
3m2 7 3m3 "~ "

]
m
+

5 6
;q . )\QDTZF(ext),uVuV + ;q " >\2rp,up (2D7F(9Xt)pVF(eXt)y)\U)\ + F(eXt)pVDTF(EXt)V)\U)\>
m m

4 7
GNP F 0P, DR, 7 10 (). (83)

VI. DETAILS OF DERIVATION
A. Preliminary definitions and constructions

The derivation is based on the axioms described in sec [[VA] which are expressed in some global Lorentz frame coor-
dinates (¢, z*). For the purposes of our derivation, we adopt a retarded body-following coordinate system, motivated

by the scaled coordinates (T, X*) considered in Sec. m
We choose a tetrad at a point on the worldline, z#(r, )\)EL

{eg" e = {ut, e}, (84)
which we constrain to be orthonormal:
o € = Nap: (85)

We extend this tetrad along the worldline using Fermi-Walker transport

s}

De“@
dr

=ef (v"a, — alu,), (86)

and extend it off the worldline by parallel transport along generators of future null cones that originate on the
worldline.

3 Note that our construction is based on the A-dependent worldline zH(7,A), and not on the fixed, A-independent worldline z*(r,0).
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Tetrad indices are raised and lowered using 7,;:

ut = ety =

0 —eHO e“j = 61“5;5. (87)

We next define the retarded Fermi coordinate system (7', yz) following Poisson [9]. For a given spacelike point zh,
we define 7(z#) such that z#(7) is the intersection of the past lightcone of z# with the worldline, so that

o(z#(r(z)),z") = 0. (88)
Surfaces of constant 7 are future light cones of points on the worldline. We define the spatial coordinates y* by
yi = —6%563“(7')0#(27,:6), (89)
evaluated at 7 = 7(z). In these coordinates the metric takes the form [9]
ds* = — (p* — r?a®)dr* + (635 — n;ni)dy%dyj
+2(ra; — @n;)dx%dﬂ (90)
where r? = 653y%y5, p=1+ y%a%7 nt = yl/r The orthonormal basis in these coordinates is given by
¢y =0r — Tazag, (91a)
g = (6;5 + rnzaj) 95 — 1;0;. (91b)

Next we re-express axiom [2] of Sec. [[VA]in terms of these coordinates and the orthonormal basis components of
the tensors. From Eq. (55), it takes the form

T\, 7)) =221 (A, 757 /A) (92a)
ATy =A% (AT /A) (92b)

where the right hand sides are smooth functions of their arguments [distinct from the functions in (48al) and ]
Finally, we can write the rescaled body parameters of Sec. in terms of the functions 7% and j:

P = / By (T@O - T“n) : (93a)
gab —9 / BY R (n[dTBIO - n[dTBﬁn;) : (93b)
and
i= [ @y (=), (94a)
g = [ #vit, (04b)
Qai; :/d3YR3dni’, (94c)
Qaéa :/d?’YRdendni’, (94d)

where Y? = y%/)\, R? = 5;5Y%Y3, and 7 = u + n2€%. Here the integrals are over surfaces of constant 7, i.e. the future
light cones.

B. Retarded and advanced self-field

In this subsection, we compute the near-zone expansion of the retarded field in terms of the scaled multipoles
and the retarded coordinates from Sec. [VTA] The computation is used in sections [VIDHVITE]
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Consider a field point z#. Recall that 7(x") denotes the proper time at which the past lightcone of z" intersects the
wordline z#(7). We denote by W_(z#) the intersection of the interior of the past lightcone of z* and the worldtube
W of the body. The retarded, Lorenz-gauge self-field of the body can be written as

Al () = [ d*a'/—g(a) G (. ') (')
:/ d4x’gﬂl,/(x,x')é(a(m,m’))j”/(x’), (95)

where G" ,(z,2') is the retarded propagator in Lorenz gauge. Here, g*,/ is the parallel propagator, and the 1-
dimensional delta function §(o(x,z')) constrains the integral to the three-surface formed by the past null cone of the
field point x.

To relate the right hand side of to the bare multipoles 7 we wish to write the integral as a series of
integrals over the future null cone of the intersection point of the center-of-mass worldline and the past null cone
of z#, which we will write as (7).

To this end, we write 2 = (7,5') and 2% = (7/,') in the retarded coordinates of Sec. above. We denote the
value of 7/ at which o vanishes as

=7+ Ar(r Y. (96)
The §-function d(o) can now be written as

5o x”;l)) B (7' —T— A1)
7 o+ (7, 4% 7 + AT,y

(97)

Inserting this into Eq. , using the fact that |det(gag)| = 1 in the retarded coordinates, and multiplying by a
parallel propagator factor gives

AP (7,y") g5 (1,0, 7, y')

/d3 "o (1, 0,7 + AT,y 57 (T+A7y)
|0 (T, 45 T+ AT,y

(98)

We now rewrite this expression in terms of the rescaled spatial coordinates Yi= y% /A, Y’ = y' i /A and in terms of the

tilded version of the charge current from Eq. 1) Noting that A7 (7, )\Yg, /\Y’%) vanishes as A — 0 at fixed Y%,Y’%,
we write this quantity as

AT, AYT YY) = AAT(r, Y YN, (99)
where A7 is finite as A\ — 0. The result is
AP (1Y) = /\/d3Y’ [gﬁﬁ, (1, \Y'%: 7+ AAT, YY)

35,(7 + )\ANT,Y’%)
|0 (7, AYT; 7 + AAT, AY")|

(100)

Finally, we expand the right hand side in powers of A\, and we also take the large R = |Y'| limit. Expressing the
result in terms of components on the orthonormal tetrad, the retarded field can naturally be expressed in terms of
the rescaled electromagnetic moments

. ja QaJ n; Qajn
A = N3 + 2 + Aa;n’

QbO _ ijnj ~ )\Q&jaj
R R
8-,— NdJﬁnﬁ ~a0 n
+ A QR J —A&g +(9(A), (101)

+ Aa%u; — u'ay)

where the omitted terms satisfy n +m > 3.
We use the result (101]) to evaluate certain boundary terms at infinity that arise in Sec. below.
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C. Moments of the field equations

We next express the fundamental equation (16al) and charge current conservation V,j* = 0 in terms of the

coordinates (7, Y;), using the tilded functions on the right hand sides of . We use tetrad component of the tensors
but write the derivatives in terms of the partial derivatives with respect to the coordinates; this unusual combination
is the most convenient for our derivation. The result is:

AF(EORTG,  AREORG TR - TR ) — Ay TR o 4+ APTO 4 Aa;TH — Aayn'TH

— AdPn; TP — Aa'RT™ ; + Aa'n;RTH (102a)
AR =710 AT00 (AT o + 200, T — Az T
~ Aa;i; T — A’ RT% ; + Aa'ii; RT? ;, (102b)
and
0= 061357+ Aj%0 — Anidssg? o+ Aazj' — AaziOn' — Aa'R&7,50 5 + Aalnd R 85845, (103)

where f means 0f /0t and 0; f means af/ay%.

We next multiply l) and l) by R™ndt .. .ndv for integers m and N and integrate with respect to Y. this
gives the hierarchy of moment equations

/ BYV,THR™ .. N

= / BY FEing pmpi | piy, (104a)
/ BYV, TR . N

= / BY FE0015 prpit | pin, (104b)
/ BYV PR N = 0. (104c)

In these equations the arguments of all of the functions are (A, 7, Y;), except for F (e"t)‘ii’, for which the arguments are
as on the right hand side of Eq. .

We now expand the A-dependence of Tab and §% at fixed (7, Y%) as

Tab = PO)ab | \Pab | 0(x2) (105a)

J =70+ A+ 0N, (105b)
with corresponding expansion of the rescaled moments
Pa = pOa L \pa L 0(\2), (106)

and similarly for each of the spin (93b)) and the electromagnetic moments .
The first moments of the spatial component (104a)) at leading order, after integrating the spatial partial derivative
0; by parts, and obtaining a boundary term, are

—/d3Y R TOk g, =0 (m=1,N =0), (107a)
—/d3Y TOk — (m=1,N=1), (107b)

< ~ 7 - &ooa ~ ~a ~ N2 aa
f/d“YRT(OW - /d“Y nln' RTOKs,. 1 (j<0>0) sk = (m=2,N =1), (107¢)

—/d?’YanT(O)’;% - /dSY niRTOk = q (m=2,N=2). (107d)



23

The boundary terms can be evaluated using Egs. ,,@, and and are nonzero only in (107d]).
The first moments of the time component (104b|) yield

—/d3Y n' 7%, =0 (m=1,N =0), (108a)
—/d3Y 70 — (m=1,N=1), (108b)
—/d3YRT<°>’5@ - /d3Y n*n’ RT3, = 0 (m=2,N=1), (108c)
—/d3Y nd RTOi0 _ /d3Y nRT®i0 = (m=2,N=2), (108d)
(108e)
It follows from (107a)), (108b)), and (93al) that
PH = mur + O(N). (109)
The first moments of (103)) yield

- /d3Yn%§'5§;3 =0 (m=1,N=0), (110a)
—/d3Yj<°>% =0 (m=1,N=1), (110b)
—/d3Yj(0)3n%R - /d?’Yj(OﬁnﬁR =0 (m=2,N=2), (110¢)
f/di‘Yj(O)’%R? - 2/d3Yj(0ﬁni“n3R25gj =0 (m=3N=1), (110d)
- /d3Yj<0>‘5n5n5R2 - /d?’Yj(O)i’nin’%R? - /d3Yj<°ﬁn5'n’5R2 =0 (m=3,N=3). (110e)

It follows from Eqs. (110a)),(110b), and (94al) that
T4 = qu® + O(\). (111)

This process may be continued to each higher order in A. At first order in A, from the (m = 0, N = 0) piece of

(104a) we obtain
OZF(ext)ko/dsyj(O)ﬁ+a(o)k/dsyf(o)06

_ plextij /dsyj(o)z% _ a(o)k/dsy Wi T30,

+ /d3Y TOR ;6. /d3Y niTOki (112)
where the external field is evaluated on the worldline. Combining with ,7,, and gives,
8, PO 4 p0)0,(0)i — p pO)i — _ pext)id 7(0)0 (113)
Similarly, the O(\) piece of the (m = 0, N = 0) piece of Eq. together with and gives
O-m = O(\). (114)
Combining this with gives
ma — _F(ext)gﬁj(o)f)’ (115)

the Lorentz force law.

This procedure may be extended to higher moments, and to higher orders in perturbation theory to yield the self
force expressions in Secs. giving the final results presented in Sec. [V B]

The computation of the set of equations was automated, using the Mathematica computer algebra software.
The notebook used to compute the self force can be found at [51I]. The equations we present take advantage of the
worldline-based tetrads in the retarded coordinates to re-assemble a covariant form for the laws of motion, so retarded
coordinates appear nowhere in our final results in section [V} The hierarchy of equations is similar to that used
by GHW, except that they use integrals over spacelike hypersurfaces
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D. First order laws of motion: Abraham-Lorentz-Dirac
1. Derivation of law of motion

To derive the first order laws of motion, we expand the scaled field equations and to second order in
A. We will need to use the spin supplementary condition for the first order laws of motion, so we’ll present first the
leading self-torque, and we will derive the required spin renormalization from the leading order self-torque.

We first compute the component of the bare momentum orthogonal to the worldline through O(\) by combining

the (m = 1, N = 0) piece of (104a) at O(\) with the (m = 1, N = 1) piece of (104D)), together with (93), (94). The

result is

PP = — A%(]Za“ + APH, D, S,
+ 2XPH, PO, QA+ O(X2). (116)

Here we have converted from equations involving tetrad components to covariant equations, by using the fact that
derivatives with respect to 7 of tetrad components evaluate on the worldline can be converted to covariant Fermi
derivatives Dg/d7 [8], defined for any vector v* by

D D
d—fv“ = Ev“ + (au” — a"ut)v,. (117)

We also note that Eq. could equivalently have been derived directly from instead of by taking moments of
the field equation.

We next compute the first covariant derivative of both the bare momentum and the bare spin through O(A?). The
covariant derivative of the bare momentum is obtained from the (m = 0, N = 0) moment of the equations
and the covariant derivative of the spin is obtained from the antisymmetrized moment (m=1,N=1).

DTP)\ :F(ext))\#jﬂ + )\F(ext))\H_VQ;LV
2
- Agleal,a”uA +0(\?), (118a)
Dq-gl“j :F(EXt)[HAQ)\V] + O(A) (118b)

We also expand the rest mass, which contains no new correction at this order, by combining (109)), , and (|116]).
The result is

i = —Plu, + O(\?). (119)

At this point, we have imposed no spin supplementary condition, so these equations are entirely generaﬂ but do
not describe the evolution of a worldline. To compute the center of mass acceleration, we use the spin supplementary
condition , which reduces at this order to, from Eq.

Sty = O(N). (120)
Combining Egs. (116])-(119)), we deduce the acceleration and evolution of the rest mass:
a’m :PUI»L |:F(ext);4uju + )\F(eXt)NA;VQ)\V + )\%QQDT(LH

+ D, (a,\g“’\ + uyF(e"t)["‘prM) ]

+O(\?), (121a)
D, =— uuF(eXt)”)‘j)\ + U”F(ext)uAmQM
— 2a, FEO, My, + O(N?). (121b)

4 To this order in perturbation theory, and provided the definitions given in section
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In addition, we find from the (m = 0, N = 0) component of the charge conservation equation (104d]) at O(A) that

consistent with the fact that charge is conserved to all orders. From the (m =1, N =0) and (m = 1, N = 1) pieces
together with Eq. 7 we find the expression for the charge moment to this order,

j,u, :(ju,u + )\UUDTQ#V - /\auuyuAQV)\
— AP, unD-QN + O(N?). (123)

We next rewrite our results (118al),(121a)), and (121b]) in terms of the projected, renormalized body parameters -

and eliminate J* using 1i This yields the results and the leading piece of given in the previous
section.

2. Consistency check using the Harte equation of motion

We now preform the consistency check described in Sec. [III Bl The radiative self field F5” in Eq. is given by
[32] and [9], for which the only non-vanishing component is

. 2
Fnapn)\ua _ F(ext)narpn)\uo + )\quTaﬁ’Pn)\ + O()\2) (124)

The self stress energy tensor can also be computed from Eq. (101)); see also Eq. (120) of GHW. Substituting into Eq.
(46) gives that,

2
D, Pl — D, Phs = \’D, (3(1%”) +O(N\?), (125)

and so the right hand side is indeed a total derivative, as required.

E. New result: second order laws of motion
1. Derivation of laws of motion

The derivation at second order parallels the derivation given above at first order. We follow the same steps as
before, to one higher order in A. First, we derive the bare momentum orthogonal to the worldline from moments

(m = 1,N = 0) of (104a) and (m = 1,N = 1) of (104b) through second order. After simplifying according to
equations obtained from the full set of moments from O(A*) equations, we obtain

. 2 _ . - .
PK/PK}L — )\PHK _ gqﬂan + DTS"“’ul, + 2F(ext)[fi)\QA|u}uV + 4)\Q)\V[KF(EXt)0])\;yUU + SAanDTQUH
- %)‘(jaVDTQm/ + )‘QQKV (%uuaaao - %Drau) + %)\QDTU/KQV)\UVUA + %)\CYGVGVQMU,\
+ %/\(jDEQV“uV + Aga”® (%DTQ’”‘ul,u,\ + %aVQA”uA + 3a,,Q”)‘uA> ] + O()\3). (126)

The higher-order moments fix also the first covariant derivatives of the bare moments. The first derivative of the
bare momentum arises from the (m = 0, N = 0) moment of the equations (104a}j104b|), and subsequent simplifications
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from O(A\?) moments, and takes the value
PUKDTPK =P, |:ijju + )\F(ext)n)\”j@/\u + %)\2F(ext)nw}\oéuka
+ )\ZQ’DT@KG’H’U’V (%Quu _ %QMU) + )\2qauDTa“Uu (%QUH + %)\2@/@1/)
+ Xga,a* (%DTQ””uu + 23D, Q" u, + %aﬁ?”“) + 2X%Ga, D2Q!!
+ )\QQGK (%auD'rQljuuu - %a’p.DTQMVuV + %a,uaucéy)\uuu)\ - %DTO’;LPMVQ/\VU)\> :|
+0(\?) (127a)
’U,MDTP“ :uVF(ext)uuju + %)\q&auau + )\UMF(eXt)“V;,\Qy)\ + %)\QUNF(eXt)“V;/\;UQW\J
— )\Zc]aua“ (%DTQV)\UV’LL)\ + %aVQ)‘VuA + %CLVQV)\U,\) — %)\Q(jaHDTa“QV)‘uVuA

— 4X%Ga, D2Q""u, — N?2Ga,Dra, Q" + O(\). (127b)

The torque is computed from the antisymmetric part (m = 1,N = 1) of (104a) and simplifications from O(\?)
equations,

D, SYAP, Pyt =2 el Grinl | g p(ext)lsl | GUAIE] 4 9)Galrph] | (% D.Q"u, + 2 DTQ)‘VUV)
+ 204D, al" QM u,, — 2XGD2Q M 4+ O(N?). (128)

The rest mass is derived by expanding using the bare momentum ([116f). This gives

~ 1 2 8 ~ 1 ~ o~
m+ Plu, = )\2% ( - §cj4aua“ + gdza“F(eXt)[“lyle/\]uA - iaﬂal,S”nS”“

R 1 s
— a, F&V NQuingy g, — 2F(6Xt),{[)\F(EXt)M[VQHU]Quln]UUU’qPV}\) + O(\3). (129)
Similarly, we derive the charge moment through second order using the (m = 1, N = 0) and (m = 1, N = 1) pieces

of Eq.(104d) at O(A?). The result is

TH =Gu" 4+ My, D QM — NaPu,upyQY> — AP* unD,QN
— %x\zDTa“Q’j)‘puVu,\up — %)\QDEQ‘“’AUVW\
— A2t (%a,,Q(”)‘p)u)\up + %DTQ’»‘pu,,uAup)
— \2pr, (3D7Q(”)‘p)a>\up + DgQ)‘”PuAup>
+0(\?). (130)

Finally, to evaluate the explicit equations of motion for the worldline and for the evolution of the rest mass, we use
the following rescaled versions of the general identities (39):

ma”® =a® (’ﬁ’t + ﬁ“u» + 'PK)\D.,-[:’)‘
- ,PHVDT (PV/\P)\> ) (1313)
D, =D, (m + P“uu) —u, D, P" — a,P", (131b)

One can think of the first and third terms in each of as representing the effect of hidden momentum, that is,
the component of momentum perpendicular to 4. By substituting the results - and into the general
identity (131)), making use of the spin supplementary condition (26]), and eliminating the body parameters in terms
of the renormalized projected body parameters —, we finally arrive at the second order equations of motion

™@-@9.
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2. Consistency check using the Harte equation of motion

We turn now to the consistency check described in Sec. [[ITB] We first compute the regular self field through second
order. The expansions we use to derive these expressions are expanded asymptotically at large R. However,
taking the difference between the retarded and advanced fields in the multipole expansion, re-expanded at small R
will yield the regular field. This procedure can be thought of as obtaining an asymptotic form for the fields, then
replacing the extended source with a pointlike source for the purposes of computing the regular field. Since the regular
field should depend only on the standard multipoles of the body, the regular field should be indistinguishable for the
extended and replaced pointlike body. This procedure and argument are analogous to that used by Pound [52] for
the gravitational case.

The result in terms of the tetrad components and retarded coordinates from [VIA]is
Frio =2AD;d'G6;; — 2N%a;a' ;R — 2N%a; Dralqnd RO;; + 2XD,2a' R4y,
— %)\Qa;DTajqnﬁR(S% + %)@agDTa%(jn}dej - %A2agD7a€Q635% - %)\2D72a26~2ﬁ6ﬁ5,~€3
+ %)\Qa%a%aﬁ-f)ﬁéki + %)\Qa;agaiéijém — %)\2DT2a%C~2ﬁ(5@.6m~ — %)\chga;%j@@m
— D0 ,10;;0, Q7 — N2Drat§,850- QU — N2a;6,50,2QY — N2a;0;;0,2Q7
+ 2X%6,:0,°Q% + O(NY), (132)
and

FRicj zg)\zakDTa%Q'Réﬁ — %)\Qa;a%aktjniRéﬁ + %)\Qa;a%akQOiéﬁ — %)\Q%DTGEQW(SM(%[
— %)\Za,;DTagéimcsﬁzsjm — %)\QajDTa%(jRém + %/\2D72a€§niR5ﬁ§,ﬁ — %)\2D72a%Q0i5ﬁ§fﬁ
+ %Aza;a%ajtjniRc;m — %)\za;a%ajémém + %)@a;DTa%Qmémém — %AzDTQa%(jniRdﬁém
+IA2D, 20 Q6,6 — 1N%a; D,dl QU6 61y + AN D-al QIG5 L 6
— I02a;D,a' Q™6 b4 + 2A205 D' QM 6367 + N 2a; Dyl Q0
- %A2G%D7azéim5§i6km + %/\zazDraiQm(Sﬁ%m - %AQDTGE(S;[(F,%;@TQOIA
+ 202D, a'0330,,0, Q% — N2aza;.65,0- Q7 + A2a;058,,0, Q" — N2a;a;.850, Q"
+ Na;036,,0,Q" — IN2a;a'56,,,0,Q" + IN2aza'6:18,. 0. Q™ + 1265,6,,0,°Q7

— IN265:00,0,°Q" + O(XN) (133)

Inserting covariant versions of these expressions into the first term on the RHS of Eq. gives

P, / PSamf g s Fy’js = P, {?,})\QQQDTa” + 2N Ga" D" Pur Q™ u, — 2X%Ga” Dra, QP u,,
+ %)\SQDTQa”QA’)u,\up + %quDTa”aqu“up + %)\3(}D7a”DT (Q’\pw\up)
+ 2N qa,a 03 Dr (wnP, @) = 2XGD-a,P7,Dx (P3P ,Q)
+2)3GD, (P”HDT (P“ADT (PAPUUQUP>)> } + OO, (134a)
uu/dSEﬁmﬂgyg\Féﬁj,; =— %)\3c]auD7a“Q”>‘uyuA + %/\BQDTZCLMP“VQ”)‘U,\ — %/\Sda,,DTaHQ”"
+4X3GD,a"P,, D, (P"Au,@@”) + OO (134b)

To evaluate the second term on the right hand side of , we note from Egs. (22al), ,, and (58a)) that it is
given by the right hand sides of Eq.(127)), multiplied by A, and with the external fields set to zero. Equation thus
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evaluates to
D,.Py — D, Py =\D, %AQQa“ — %)\2q~a“ (DTQMU,\u,7 + %a,,())"’w\ + a,,@”)‘uo — %AQQaVP“HDTQ[V“]
+ X%Ga, DO — %)\QUNG#GDQHV o qA2P/{u (%DEQ)‘“UA + %aUaVQAHuA + %ayaz/@m\m)
— 2N} (PR, + u“u#)DTa,,QW} + 0O\, (135)

The right hand side is a total derivative as required, so our results satisfy the consistency condition.

VII. CONCLUSIONS

In this paper, we have demonstrated the use of rigorous, limit based methods for deriving higher-order self forces.
Via an extension to the method first introduced by GHW, combined with reasoning motivated by the work of Harte
[32], we have derived the entire self force effect through second order without any ad hoc regularization. These
methods also yield the full multipole dependence of radiation-reaction effects. The dipole dependence of the first
order radiation-reaction force was derived by GHW, and we find the analogous second order dependence on dipole
and quadrupole contributions. Our results contain the first extended body dependence of any second order self force,
electromagnetic or otherwise, as well as the first explicit expression for the self torque, which first arises at second
order.
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Appendix A: Convergence of integrals for bare spin and momentum
In this appendix, we show that the integral
P = [ T (A1)
%,

is well defined in Minkowski spacetime when &% is one of the ten Killing vector fields, ¥, is a future null cone, and
TH7” is the stress-energy tensor that involves the retarded self-field. Different choices of Killing vector field £#
give rise to our definitions of linear momentum and spin.

We fix a point z, on the center of mass worldline and introduce coordinates (u,r,8,¢) = (u,r,0',0%) = (u,r,604)
such that the metric is

ds® = —2dudr — du® + r2dQ? (A2)
and that the null cone ¥, is the surface u = 7 = constant. We define n,, = —(du)q, the null normal to ¥,. The
integral (A1) can be written as
oo
P, (&) / drr? / d*QQ,.£", (A3)
0

where we have dropped the tildes for simplicity and
Qu =Tun". (A4)

A priori, we would not expect the integral (A3]) to converge, since the leading order components of T}, scale as
1/72. However, we shall see that cancellations occur because the surface X, is asymptotically a surface of constant
phase for the outgoing radiation. From Eq.(A3)), a sufficient condition for convergence is that

/ *QQ,." = 0(r ) (A5)
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as r — 00.
The general form of a Killing vector field in the coordinates (A2) as r — oo is [53]

€=la+iul +O0F ] d, + [YA+0r1)]da
~[Lrw +0(1)] 8, (A6)
where Y4(F) is a conformal Killing vector field on the 2-sphere that encodes rotation and boosts, ¥ = DY 4, and
D4 is the covariant derivative operator with respect to the 2-sphere metric hap defined by d2? = hapdf*dfdB. The

function a(P) is a linear combination of [ = 0 and [ = 1 spherical harmonics and encodes translations.
Now inserting into (A5]), we find the sufficient condition for convergence is

/dm{ [Fu¥ +a+ 0 1] Qu
+ Y4+ 00 Qa

+ [-3r¥ 4+ O(1)] QT} =0, (A7)
which will be satisfied if
Qu =00, (ASa)
Qa=00r""), (A8D)
Q, = 0(r™°). (A8c)

Consider first the scalar case. When the scalar charge density p is smooth, the method of Sec. 11.1 of [54] can be
used to show that the retarded scalar field @) has an expansion near future null infinity of the form

q)(sclf) _ f(uv GA) g(uv GA)

-3
= s o), (49)
for some smooth functions f and g. Inserting this expansion into Eqs.,,, and (A4)) yields
_f2
Qr = +0(r™?) (A10a)
Qu =ﬁ [/ +h*EDAfDpf] + O™ (A10b)
1
Qa=—3fDaf+ o) (Al0c)

It can be seen that these expressions do not satisfy the scalings . However, inserting the expressions into
(A7) and integrating by parts on the two-sphere, we find that the leading order terms cancel and so the condition
is satisfied.

Turn now to the electromagnetic case. We can use the method of Sec 11.1 of [54] to deduce the asymptotic scaling

of the component of the retarded field FL(LSEH) Defining p = r—!, the metric can be written as ds? = p~2d3? with
ds* = —p*du® — 2dudp + dQ>. (A11)

Since the field equations H are conformally invariant away from sources, Fl(tielf) is a solution of the equations in the
metric (A11)) and hence is a smooth function of (p,u,04) at p = 0, i.e. on future null infinity. It follows that for
general solutions with smooth sources

FEl) (2 (A12a)
FletD 0(1) (A12D)
FS —o(r2), (A12¢)
FEID —0o(1) (A12d)
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as r — oo. From Egs. @D,,, and (A4)) we find that

Qr=— T—leffflf)F%elf) hAB (Al3a)
Qa = FEmt — LRG0 R, (A13D)
Qu = — % Flsein2 _ # FelD pseln A

- %Fffgf)Fggf) WACRED. (A13c)

Inserting the scalings (A12) into the expressions (A13|) we find that the conditions for convergence (A8)) are satisfied.

Appendix B: Scalar laws of motion
1. Renormalized scalar moments

As for the electromagnetic case, we find it useful to introduce a renormalized set of moments to describe the scalar
charge distribution, modifying the rescaled moments ¢s,Q’, and Qs given in Eq. . Unlike the electromagnetic
case, the scalar charge is not conserved, and so may be renormalized |°| so possesses an ambiguity in the chargelike
degrees of freedom. The renormalized charge is

gs = ds + AD; Qs u, — \2D, (uués"”aV) o). (B1)
The renormalized projected dipole is
Qs" =P+, (QS" + )\DTQE/\U,\> +0(N\?), (B2)
which is explicitly orthogonal to the 4-velocity. We define the renormalized projected quadrupole as
Qs = PrAPY, (Qs)\l)’) + o), (B3)
which is explicitly orthogonal to u* in both of its indices, u, Q%" = 1, Q%" = 0.

In addition, as in the electromagnetic case, we find it useful to define a renormalized mass and a renormalized spin.
The definitions are

m+ u, P = — Au, @Y Qlwy, + AgD7G — N ur @I PrLQ P,
+ )\QuMCI)(eXt);“a,,ng‘u)\ + %)\ZQaua“quV + %)\Q(jal,DTQg
+ X2GD2Qku, — 2N, Q4D + XD (Qhuy) D+ O(NY) (Bda)

S =G 4 oAy, 1 22gal QY + 22l D, (qc}g]) +O0). (B4b)

2. Scalar self force in terms of renormalized moments

As in the electromagnetic presentation, we decompose the self force and rest mass evolution as

mat =f" + A NS+ OO (B52)
Drm =F§ + AFS) + N F + O() (BS5b)

5 That is, the definition of the charge depends on the choice of hypersurface, so it is natural to allow a redefinition of the charge in order
to simplify the equations of motion.
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Following similar steps to the electromagnetic derivation, we find the leading force and mass evolution

fé())# :CIS,PU;QCD(QXUN (BG&)
PO = 450, (B6b)

where @1t = vrp(ext) The GHW-order scalar self force and mass evolution,
fél)ﬂ —p7 . |:qS©(ext)n + (I)(ext)n;uQSu + %DTa"qu
+a"qsDrqs — 2D; (QS[K‘P(QX””]W)
+ D, (auS“”)} (B7a)
FO = _ q5<I>(eXt)”uu _ uyq)(ext)VWQSu
—2008y,6,Q% + qs D, 2qs (B7b)

These results are new except for the monopole terms, which can be found in [55]. The second-order results can be
expressed as a sum of as a sum of dipole and quadrupole contributions:

éz)ﬂ = ég)udipole + fé’Z)MquadrupOIe’
]:é?) :]::(32)dipole + féQ)quadrUPOIG’ (BSa)

As for the electromagnetic case, there are no explicit monopole terms at this order. The explicit, new, dipole and
quadrupole contributions to the self force are:

fé?)udipole = PUN - %QSGRDTQSVGV - %auau (CISDTQSK - D‘rqSQSﬁ) - %QSDTGHGMQS”

- 1Qs"D-*qs + 3¢sD-*Qs" — qsa”D-a,Qs" — D- (DTQSDTQS”)} ; (B9a)

é‘Q)Hquadrupole = PUH %v(ﬁ(EXt)H;uuQSWJ + %QsppDTz(ﬁ(EXt)ﬁ - D, (up(ﬁ(EXt)ungSKV)

+ (I)(ext)ﬁWQSul/aV - D, (@(ext)pu#QSﬁuau) + %(I)(ext)nmauQSpp

= D@, Q5™ a, + Dy (D-Qs” V")
. 2(I)(ext)ma#aUQS/JV + a”(b(e"t)“u#DTQspp} , (B9b)

and the explicit, new, dipole and quadrupole contributions to the mass evolution are

Fs\i) e =tasDra,P*,D;Qs” — a,D- (DrqsQs") — $D,qsDra,Qs", (B10a)
fsfl?l)adrupole == (I)(EXt)#u/La’Va/\QSV)\ - ZUA(I)(EX‘;)/\%NQS#VQV - %UM(I)(EXU#;VAQSV)\
= 30, @ QP + 0, Dy (IEQ, ). (B10b)

3. Scalar self torque
The self torque of a scalar charged body in terms of the renormalized moments is,
DTSR)\PHO"PA/J :'PUH'Pp)\ 2¢(ext)[f@Qs)\] + 2Aq)(ext)[f@mQS/\]u

+ 2XgsD-a" QN + 200V Q Ak, | + O(A?) (B11)
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4. Scalar point particle reduced order

We again specialize to a monopole body, for which S, = 0,Qs = 0, Q%" = 0, and present the reduced order
equation of motion.

Here we give the acceleration and rest mass evolution of the point-particle limit for a scalar charge, similar to the
expressions for an electromagnetic charge given in Sec. [V D] Note that the lack of a conserved total charge for the
scalar case makes this limit somewhat arbitrary - we take it to indicate the vanishing of all moments of the body
apart from the renormalized charge gg.

The acceleration, in terms of only the external field and the charge, is

4 2 1 3
a® :%Pnaé(exﬂo + g)\%DTqSPNUCD(ext)U + g)\%rpﬁouu@(ext)aw

20

2 qS3 2 pk (ext)o 2(]34 K 10 (ext)o I 4 2 (ext)o
+ A —3 (D»,-qs) P o—@ + A 73,P o 7D7'q5® il + 7D7— CIS‘P
m m 9 9

9
126155 K FHA v 42qg K (ext)o (ext)
S T L U T ey S A2 E L )7 4\ (XY
1 6
+ §)\2% (—’P"A(I)(e"t))‘;Mu“ugq)(e"t)" + ’P”/\tb(e"t)’\@(e"t);wu“u” + ’P”U(I)(eXt)‘T;H(I)(eXt)“) +0 ()\3) (Bl?)
The evolution of the renormalized mass, in terms of only the external field and the charge, is simply
D,m = qsé(eXt)’LuM + A\gsD,2qs + O(N\?) (B13)
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