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Clarifying the covariant formalism for the Sunyaev-Zel’dovich effect due
to relativistic nonthermal electrons
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We derive the covariant formalism associated with the relativistic Sunyaev-Zel’dovich effect due to a
nonthermal population of high energy electrons in clusters of galaxies. More precisely, we show that the
formalism proposed by Wright in 1979, based on an empirical approach to compute the inverse Compton
scattering of a population of relativistic electrons on CMB photons, can actually be reinterpreted as a
Boltzmann-like equation, in the single scattering approximation.
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L. INTRODUCTION

The purpose of this paper is (i) to revisit the formulation
of the relativistic Sunyaev-Zel’dovich (rSZ) distortion of
the cosmic microwave background (CMB) due to a popu-
lation of nonthermal high energy electrons in clusters of
galaxies, and (ii) to provide a unified and more compre-
hensive framework to compute the rSZ effect.

Inverse Compton scattering of nonrelativistic thermal
electrons on cosmic microwave background (CMB) pho-
tons has been widely investigated in the literature since the
1960-1970’s, notably with the seminal works by Sunyaev
and Zel’dovich on the effect afterwards renamed SZ [1,2],
and in early studies on relativistic electron cosmic rays in
high energy astrophysics (e.g. [3—5]). The SZ effect gen-
erated by a population of hot (still nonrelativistic) electrons
has also been addressed in detail since the 1980’s (see e.g.
[6-14]), while the SZ effect originating from relativistic
electron cosmic rays has been discussed in e.g. Refs. [15-
18]. So far, these works on hot thermal or relativistic non-
thermal electrons have used different approaches.

For example, in Refs. [10-14], the authors have com-
puted the relativistic corrections to the standard thermal SZ
predictions due to the hot trail of intracluster thermal
electrons (including the effect from multiple scattering).
They used a Fokker-Planck expansion of the collisional
Boltzmann equation in terms of the electron temperature-
to-mass ratio T'/m =< 0.1, in which the full squared matrix
amplitude of Compton scattering (that is given in any
textbook of quantum field theory, e.g. [19]) was imple-
mented for the relevant kinematics. Such an approach
therefore not only encompasses but also extends the usual
calculation of the standard thermal SZ effect, thus making
this formalism very attractive. Nonetheless, it has not been
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applied yet to the case where there are two populations of
electrons (one dominant semirelativistic population and a
subdominant relativistic population).

The authors of e.g. Refs. [6-8,15,17,18] have considered
the SZ contributions coming from a population of thermal
electrons plus an extra source of nonthermal electron cos-
mic rays, as we want to do. However, they used a more
empirical approach based on a classical radiative transfer
method proposed by Chandrasekhar [20]. Indeed, they
computed the spectral shift in the CMB photon intensity
due to Compton scattering processes with electrons, scat-
tering off some photon frequencies (from energy E to E')
and scattering in some others (from energy E' to E). The
squared matrix amplitude (that is the probability of fre-
quency change) was expressed in the electron rest frame,
leading to an expression close to its associated nonrelativ-
istic limit, such as the one originally used by
Chandrasekhar. Multiple scatterings were eventually im-
plemented by further using Chandrasekhar’s radiative
approach.

In Sec. II, we demonstrate that Chandrasekhar’s radia-
tive transfer method and the Boltzmann-like approach
mentioned above are in fact formally equivalent in the
single scattering approximation. They thus give the same
results, which we show by using the full relativistic
squared matrix amplitude instead of the photon frequency
redistribution probability function derived by Wright [6].
This therefore sketches a unified formalism for the com-
putation of both hot thermal and relativistic nonthermal SZ
effects, as subsequently found in [21]. For illustration, we
derive the relativistic photon energy redistribution function
in the CMB reference frame (therefore different from
Wright’s P(s, B) function) that can be used to compute
the relativistic SZ effect generated by an additional popu-
lation of high energy electron cosmic rays in a cluster. For
the sake of completeness, we revisit in Sec. III the full
relativistic phase space and squared amplitude of the in-
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verse Compton process in the relativistic limit. Our con-
clusions are drawn in Sec. I'V. Numerical applications of
this framework will be given in a companion paper [22].

II. EQUIVALENCE BETWEEN RADIATIVE
TRANSFER AND THE BOLTZMANN EQUATION

The purpose of this section is to demonstrate the equiva-
lence between the approach based on the Boltzmann equa-
tion and Chandrasekhar’s radiative transfer method to
compute the rSZ effect, in the single scattering
approximation.

A. Scattered intensities in the radiative transfer
approach

Chandrasekhar’s radiative transfer method has been
widely used in the literature, notably to compute the SZ
effect due to nonthermal electrons in clusters of galaxies
(for a review, see [16]). The principle of this approach is
recalled in the appendix (see Sec. Il A), as well as the
precise derivation of the CMB intensity deviation in the
relativistic regime and in the single scattering approxima-
tion (see Sec. II B). Here we summarize the main results
coming out of this approach.

The spectral shift in the CMB intensity due to scatterings
with relativistic electrons can be expressed as the differ-
ence between two contributions. The first one is associated
to the photons scattered out (f;'om(Ek)) from the CMB
spectrum, from energy E; to energy E) # E;, and the
second is associated with the photons scattered in
(fsy'i“(Ek)) from energy E) to energy E, (after averaging
over the direction of the incoming photons):

AL(Ey) = I5™(Ey) — I5°M(E)), (1)

The expressions of the in and out intensities can then be
calculated. They are given in Sec. IIB (see Egs. (B2) and
(B3)) as integrals over the line-of-sight d!:

s-out dQy t2|j\/l|2
I (E)_fdl[(z )3fe( p)_[3277 - 8w

X yéfk)
and
- dQy | M|?
ey = far [ [5515
13(7Ey)
(1 —Bu)

where I(; is the intensity associated with the photon black-
body spectrum (before interaction with the electrons) and
f. is the energy distribution function characterizing the
relativistic electrons (of energy E,). The term | M|? is the
squared matrix amplitude associated with the process (p,
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k — p', k') for the scattered-out part, and | M|? describes
the process (p, k' — p’, k) for the scattered-in part. The
terms ¢ and 7 feature the photon energy transfer for both
processes, respectively, and are defined in Egs. (25) and
(B3). u characterizes the angle between the incoming

electron of momentum p and the photon of momentum k
(see Eq. (27)).

As we will show in the next section, the photon fre-
quency redistribution probability function considered by
Wright in 1979 [6], which has been continuously used
afterwards for rSZ predictions [8,15,17,18], will differ
from our analysis in that it is derived in the electron rest
frame, but both are consistent [21]. Anyway, the equiva-
lence between the radiative transfer and covariant ap-
proaches—in the relativistic regime and single scattering
approximation—can be formally demonstrated without the
need for replacing the squared matrix amplitude by its
expression.

B. Boltzmann-like formalism
1. Covariant collisional boltzmann equation

The theoretical framework developed in [10,11,13,14] to
treat the semirelativistic corrections of the thermal SZ is
the covariant collisional Boltzmann equation (see e.g. [23—
26]), which expresses the momentum transfer between
different interacting species.

When focusing on photons scattered by a gas of elec-
trons in a covariant scheme, the spatial convective currents
are irrelevant, and the time evolution of the photon phase
space is given by the covariant collisional Boltzmann
equation as:

%mEk) — L (Ey). ®)

The collision integral is defined by:

coll(Ek) 2E f l_[/ . (277)32E &4 (p +k— Pl - k/)
X |~7Vl|2{fy(Ek)fe(E ) - fy(Ek/)fe(Ep/)}

B d% > |M|2
- LIPS 1 X AT B )

@m)
- fy(Ek/)fe(Ep’)}’ (3)

where f,, and f, are the photon and electron distributions,
respectively, and where we have neglected the Pauli block-
ing and stimulated emission factors (even if the latter were
included, they would automatically disappear as soon as
treating relativistic electrons, since in this case f,(E,) =
fe(E,), as we will show in the following). This equation
features the Lorentz invariant phase space dLIPS and the
squared matrix amplitude |/M|? associated with the pro-
cess (p, k < p', k'). These will be made explicit in Sec. III.
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Notice that this formalism rests on the microreversibility of
the process.

Let us now discuss the meaning of the electron distri-
bution written above. As we have already stressed, we are
considering two different populations of electrons, one
thermal and the other nonthermal. The former is assumed
dominant, but we are interested in the subdominant popu-
lation only. Formally, the above electron distribution f,
characterizes the sum of these two populations, thatis f, =
frth 4+ fh Hence, the question of whether we can sepa-
rate their respective contributions arises. When integrating
over the electron momenta, we see that at low energy, say
below 1 MeV typically, only the thermal part f will be
relevant in the calculation, while at higher energy, only the
nonthermal part will contribute. Since we restrict ourselves
to the single scattering limit, we can therefore safely
separate those two contributions since none of them will
affect the other one. Consequently, in the following, we
will only deal with the relativistic nonthermal part, and will
set f, = f7" for convenience. Note that in the multiple
scattering case, this would not hold anymore, since there
would be a mixing of the SZ effects coming from both
populations of electrons: for instance, a photon could first
be scattered by a thermal electron, and then by a non-
thermal one. On that account, we would have to treat
both populations in a self-consistent manner. Never-
theless, such a complex analysis is beyond the scope of
this paper, and probably too sophisticated regarding the
small contribution to the SZ effect that is expected from
relativistic electrons.

The collisional Boltzmann equation written above de-
scribes the time evolution of the photon phase space dis-
tribution due to elastic collisions with electrons. The
electron distribution has therefore to be known at any
time. In the following (Sec. II B 2), we will demonstrate
that if one assumes that the electron phase space density
does not change significantly over one (or even several)
characteristic travel time of a photon through a cluster, then
one can use this formalism to treat the SZ effect originating
from nonthermal electrons in the single scattering approxi-
mation. The above hypothesis is justified since, if we take a
typical scale of 10 Mpc for a cluster, then the mean time for
a photon to cross it is ~30 Myr while the typical timescale
for the relativistic electron energy loss by inverse Compton
scattering on CMB photons is ~300 Myr.

2. Covariant formalism applied to the rSZ effect

Let us consider a cluster containing a tiny population of
electrons, and track the photon distribution. The integra-
tion over the time, in Eq. (2), translates to an integration
over a geodesic (dl = cdt):

M2
——dLIPS M

[ Ay E) = = [ ) o Mg E,
X {fy(Ek)fe(Ep) - fy(Ek’)fe(Ep’)}' (4)

dp
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If we consider the electron density to be small enough, we
can assume that a CMB photon has a very small probability
to experience Compton scattering with electrons along its
path through a cluster. In this case, the single scattering
approximation is fully relevant and gives: [df, = fafier —
fhefore, where f5¢or® is the original blackbody spectrum
distribution before the CMB photons enter into the cluster,
namely f9, and £ is the photon distribution after trav-
elling through the cluster and experiencing one scattering.
An observer looking in the direction of the cluster will
therefore observe fer = f. # f9. Expressing now this
equation in terms of the photon intensity, that is 7, (E) =
E3f.,(E), we obtain:

&p | M|?
I1(E) =1%E, — | dl LIP
B0 = 13450 ~ [[ar [ S E-aures o

3
x {zy (B, D = L L(EfAE, )}
k/
(5)

where [ g is the intensity of the pure blackbody spectrum of
the CMB before entering in the cluster. The first term in the
sum under the integral characterizes the frequencies shifted
out from E; to Ey, while the second term characterizes the
frequencies shifted in from E} to E;, both due to Compton
scattering. Note that the electron distribution f, is not
ubiquitous anymore, and must now also carry information
of the spatial distribution, which will be relevant for the
line-of-sight integral along dI.

As we stated previously, if the number density of the
relativistic electron population is very small, then the
interactions between the CMB photons and this population
is well approximated by the single scattering approxima-
tion. This hypothesis further enables us to treat several
populations of electrons (e.g. a dominant, thermal and/or
semirelativistic, population and a subdominant relativistic
population) separately.

Let us now specifically focus on the relativistic popula-
tion. As we are considering electrons with typical energies
E, = 1MeV and CMB photons with energies E; =<
1073 eV, we can safely make use of the limit o =
E;/E, — 0 in the above equation, which is fully valid in
the whole range of the CMB photon energy distribution in
the single scattering approximation. Within this limit, due
to energy-momentum conservation in the Compton scat-
tering, we will show in Sec. III that E »— Ep, such that we
canreplace f,(E,/) by f,(E,) (see Egs. (33) and (35)). This
is the key point to understand why the Boltzmann frame-
work can be linked to the radiative transfer approach for
the SZ effect associated with nonthermal electrons. Most
importantly, in the single scattering approximation, the
photon intensity /,, under the integral of the right hand
side can be replaced by that corresponding to the pure
blackbody spectrum /9. Defining AZ, = I,, — I9, we ob-
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tain:

|M|?
X
f di [ Gy e Ep DALIPS X 22

k=p
IQ(Ek/)}
A

x{maeo - ©)
where t = Ey/E,, and where we have explicitly added a
factor of 2 to account for the sum over the two photon
polarizations (so that it should not appear in the definition
of I 3 in the right hand side). This expression fully charac-
terizes the intensity after removing the contribution of
photons scattered-out (from E; to Ey) and after adding
that of photons scattered-in (from Ey to E}), exactly like a
la Wright. The term proportional to /' 3(E +) is the scattered-
out contribution, and the term proportional to / 3 (Ey) is the
scattered-in contribution. Hence Chandrasekhar’s formal-
ism, when applied to the relativistic SZ effect, as recalled
in the previous section, is strictly equivalent to using the
Boltzmann equation (in the single scattering approxima-
tion)—detailed expressions related to Chandrasekhar’s for-
malism are derived in the appendix, see Sec. II B. We can
rewrite the above equation in terms of the differential
Compton cross section, after performing the integrals
over d*p’ and dEy:

f dl f P Je(E,, %) f dﬂklﬁrel

X {IQ(Ek) - M}

3 (7)

where B, is the relative velocity between the incoming
particles (see Eq. (51)), where d(); is the solid angle
associated with photons of energy E, # Ej, and where
the differential Compton cross section do is defined in
Eq. (52). We will sketch the full angular dependence in the
next subsection.

C. Equivalence between the radiative transfer and
covariant approaches

Equations (6) and (7) contain two contributions, which
can conveniently be expressed as:

AL(Ey) = INEy) — IS™(Ey), 3

where the upper script out characterizes the part of the
spectrum which is shifted out from energy E; to other
energies, while in stands for other frequencies which are
shifted in to energy E; because of scattering. According to
Eq. (7), the term I"(E}) is given by:

) =2 [a | (;p ;3 FoEy )

j dﬂk/ﬂrd CRE. O
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where we recall that the factor of 2 in front of the right hand
side accounts for the sum over the two photon polarizations
(see Eq. (6)). This can be rewritten as:

IWE) = 2719(Ey), (10)

where we define:

“J.fg;mawjmwm%;
- Jaf s [ 1554

We have used the definition of the differential cross section
from Eq. (53), and that of the relative velocity B, = (1 —
Bu). Now we need to average over the solid angle d{);, =
d¢dp associated with the incoming photons, so that the
actual measured shifted intensity will be:

an

5 dQ
I Ey) = 2719(Ey) 7= —477"7. (12)

If we perform the integral over dQ) = d¢'du’ appearing
in the definition of 7, we obtain the full relativistic (in-
verse) Compton cross section given in Eq. (54), which still
depends on w, Ey and E,. Then, we can perform the
average over the ingoing photon solid angle d(), =
27d . The result is found to depend on powers of ay? =
vE,/m. Though for CMB photons ay? is negligible up to
ultrarelativistic electron energies, that is as long as y <
108, we still give the result at next-to-leading order (see

Eq. (55)):

T_f‘”/(f;fe

where o1 is the Thomson scattering cross section. Note
that it is quite consistent to find a result in which the cross
section is close to the Thomson cross section for the
diffused out term, since we are in the limit yE;, < m.
Indeed, this corresponds exactly to seeing a low energy
photon in the electron energy rest frame: in this sense, as
very well known, we are in the Thomson regime, while not
dealing with a Thomson diffusion at all. If we had found
other dependences on angles under the integral, we could
not have integrated the cross section out, as it will be
shown to be the case for the scattered in a bit further.

We recall that the spatial dependence of the electron
population has to be included in the distribution f,. 7 can
be, as displayed above, interpreted as the optical depth
associated with the electron population. To provide an
expression closer to the standard lores, we can assume
that the energy and the spatial distributions of electrons
can be factorized, such that f,(E,, X) ne()_c’)fg(Ep),
where f, is the normalized momentum distribution
( fd313/(277)3fe(Ep) =1). This naturally  gives
[&p/Qm)f(E, X) = n,(%), to which one can stick in-

8 2a0
Hor(1 - cay? + =), (13
X)0'T< 3 3) (13)
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stead of the previous trick, depending on one’s conve-
nience. We can therefore rewrite the previous equation as:

S

A

‘]
=

(14)

where:

x = fétﬁe

(15)
mE/WWm®-

We thus recover the standard definition of the optical depth
7, for nonrelativistic thermal electrons when neglecting
the terms proportional to @ and ay?. The factor K = 1
has to be considered as a relativistic correction to apply to
T Finally, we remind that this optical depth will have to
be averaged over the spatial resolution of the telescope for
quantitative prediction purposes [see Eq. (23)].

The scattered in term of Eq. (8), I;“(Ek), is given, ac-
cording to Eq. (7), by:

In(E) =2 / dl f (dg P riE, )

d IO E
/d‘Qk’Brel 7 (tt'; k)
= 2/dzf(2 LA D
a0y IMP IOE)

16
647 E3(1— Bu) 1 (16)

We recall that t = E /E,, is the ratio of the diffused to
initial photon energies for the scattered-out process (and
conversely for the scattered-in process), and that the factor
of 2 in front of the right hand side accounts for the sum
over two photon polarizations (see Eq. (6)). In the second
equality, we have used the expression of the differential
cross section given in Eq. (53), where appears the squared
amplitude |2M|? of the inverse Compton process. We fur-
ther need to average to above expression, as previously
done for the out part, over the solid angle dQ) = d¢du,
and the final expression for the scattered-in term is thus:

aQ,

ii;l(Ek) = dor

——I(Ey). a7
As one can see, Egs. (10) and (16) are similar to Egs. (B2)
and (B3). While the scattered-out processes are strictly
equivalent, a slight difference appears in the scattered-in,
coming from the squared amplitude (|M|? versus | M|?)
and the energy transfer (¢ versus 7). Nevertheless, this
difference is completely removed in the relativistic limit,
since we have in this case | M|?> = | M|? and t = 7. Hence
the two methods are indeed equivalent.

PHYSICAL REVIEW D 79, 083505 (2009)
D. Redistribution function for the rSZ effect

In Sec. III D, we will derive the full expression of the
differential inverse Compton cross section for relativistic
electrons and soft photons, and also provide some results in
the corresponding limit a = E;/E, — 0 (see Eq. (53)).
Anticipating these results, and using Eqgs. (16) and (17),
this implies that the angular average of I2"(E;) can actually
be written at leading order in « as:

I'™(E) = 2fdlfdpfe(Ep, %)
< [aw [anF e wwiee),  as

where we define:

 Bm3er (- Bu [
+K{a—uuv+§u—u%a—u%ﬂ.

19)

K is defined in Eq. (49). The function F(8, u, u') is meant
to be related, while not strictly, to the product p(u)
q(m, u') (where g(u, ') is in fact the squared matrix
amplitude) which was displayed in Wright’s paper [6].
However, it is different from Wright’s expression, notably
because this latter is derived in the electron rest frame, but
they have been shown to be consistent [21]. Moreover, we
see that in Eq. (18), we cannot factorize out the optical
depth 7 as defined by Eq. (12): it is mixed with the
definition of ‘F, and it cannot be taken out of the integral
over the angles. So by reexpressing the photon zenith
angles u and w/ in the electron rest frame, it is possible
to derive a much more suitable expression for numerical
computations [21] consistent with the results obtained by
Wright.

The trick to recover a formulation of the in process
similar to the classical radiative transfer method used by
Wright is the same as employed for the out process.
Indeed, we can still describe the electron phase space
density as f,(E,, ¥) = n,(X) f.(E »), Where f, is normal-
ized to unity, and utilize the expression of the nonrelativ-
istic optical depth 7, given in Eq. (16). Armed with this,
we can express in contribution a la Wright as:

Py =27 [(ap [ dn [ aw F g, w w1308,
(20)
where we have defined:

.7:(,3##)

FB p p) = fo(E)). Q1)

These expressions are formally encoding the same physical
information as those derived by Wright. The function ‘F
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has to be interpreted as the photon frequency redistribution
function for a given normalized energy distribution of
relativistic electrons such that [ d°p/(27)f,(E ») =1

To summarize, the Boltzmann approach allows to derive
contributions for the scattered out and in processes which
are similar to the radiative transfer method when regarding
the relativistic SZ effect. These contributions are recalled
here:

i(;/ut(Ek) = ZKanlg(Ek)

Pp(E) = 2 [ dp [[due [ dp F B w)1GCE,
22)

We recall that the factors of two appearing above explicitly
account for the sum over the two polarization states of the
CMB photons, so that I 2 must be defined for 1° of freedom
only. Note that for numerical computations, the photon
frequency redistribution function F is more suitably ex-
pressed when photon zenith angles are reexpressed in the
electron rest frame, as shown by [21] to which we refer the
reader for computational purposes.

E. Experimental signature of the deviation

Finally, since an experiment has a finite angular resolu-
tion, the relevant quantity to use when doing predictions
for specific instruments is the average value of Al (Ey)
over the solid angle A}, carried by the experimental
resolution, that is:

1
AIng(Ek) = E fdﬂresAIy(Ek)’ (23)

where the dependence on (), of the intensity is hidden in
the spatial dependence of the electron population charac-
terized by f,(p, X). More precisely, if the electron density
is spherical in the cluster, then it only depends on the
distance r = |¥ — X..| to the cluster center. This radius r
can be related to the angle ¢, scanning the resolution
range through the relation:

=P+ d® — 2dlcos e,

where d is the distance from the observer to the cluster
center, and [/ is the distance as measured along the line-of-
sight.

III. AINVERSE) COMPTON SCATTERING

In this section, we rederive the famous results for the
squared matrix amplitude and the phase space factors
associated with the electron-photon elastic scattering pro-
cess in the special kinematics of inverse Compton scatter-
ing. The number of references associated with the
Compton scattering is obviously very large, but one can
find some more details in e.g. [19,27,28].

PHYSICAL REVIEW D 79, 083505 (2009)

A. Kinematics

The kinematics of the process we are interested in is the
scattering of an electron of four-momentum p off a photon
of four-momentum k, resulting in final states p’ and k' for
the electron and the photon, respectively. We deal with an
elastic collision, in which the conservation of four-
momentum holds, so that:

E,+E,=E,+Es, p+k=p+k (4

We can now derive almost everything we need from these
basic equations of classical collision theory and from the
very simple geometry of the problem [20]. Note that the
coming results will hold in any Lorentz frame, unless we
specify it.

1. The scattered photon energy

The first quantity that we can calculate is the energy Ej/
of the outgoing photon after the collision. Starting from

Eqg. (24), and substituting £, = Jm* + pZand p' = p +
k— 12’, we find:

EY = (E, + By — Epl* & m? + (b + k — k)’
= (E, + Ey — Ep)* © Ep = tE;,  with
(1—Bu)

t= , 25
(1= Bu) + a(l — A) (2>
where 8 = p/ E, is the electron velocity, where
E
a=-t (26)
E,

which will be a quantity very useful to study the different
astrophysical regimes; and where we have defined the
cosine of the angle 0 (6') between the incident electron
and the initial (outgoing) photon by u (u', respectively),
and that of the angle ® between the initial and final photon
directions by A:

bk b K
MEcost9=|f)| il M’Ecos&’=|f)| H
! P e
k-k
AECOS(@:_,—_,/.
|kl - %]

We can already have a look to the limit value of the
scattered energy when the incoming electron energy is
much larger than that of the incoming photon E, > E; <
a — 0, which is typically the case in any collision between
a CMB photon and an electron (indeed, E; << m):

_ Ekr oz:;() (1 - B/.L)
E,  (1—-pBu)
We see that, as 8 — 1, Ej is maximized for frontal colli-

sions scattering a photon of initial direction & = —1 to the
opposite direction u/ = 1. In this case, Ey — 4y?E,, ob-

(28)
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tained after a Taylor expansion of 8 =1 — 1/(2y?) up to
the second order in y — oo.

2. Geometry

It will be found convenient to express A as a function of
the other cosines u and wu'. Without loss of generality, we
can choose the incident electron direction along the z axis
of any frame Oxyz. Therefore, we can define the coordi-
nates of the quadri-momenta as follows:

p=E,1,0,0,B)
k = E,(1, sinf cos¢, sin¢ sind, cosh)
k' = E, (1, sinf’ cos¢’, sing’ siné’, cos’),

(29)

where we have used 8 = |p|/E,, and the fact that k| = E;
for photons. The coordinates of p’ are readily deduced
from the above expressions by invoking energy-
momentum conservation. With these coordinates, we re-
cover the previous definitions of u and ' (see Eq. (27)),
and we can now express A, the cosine of the angle between
the incoming and outgoing photons, as:

- - [ — 21— 42
A=cos® = puu' +41 — u*yf1 — u”cosV, (30)

where ¥ = ¢ — ¢'.

Armed with these definitions and quantities, we can now
survey the full relativistic phase space as well as the
squared amplitude of the process.

B. Phase space

The first relevant quantity when dealing with the proba-
bility of any quantum scattering process is the Lorentz
invariant phase space dLIPS, namely, the possible final
states to which the process can lead. With the same con-
ventions as previously, we can write:

ap' BK Qm)*e*(p +k—p — k)

dLIPS = 3D
Qm)? 2n)? 4E  Ep
By performing the integral over d°p’, we get:
&k S(E,+E, —E, — Ey
dLIPS = —— (E, * Ex D )
P 4(277) ErEk’

where, accounting for the momentum conservation
3 —
E,—%P~F)E,  we define:

E =m+(p+k— iy

= VE2 + E} + E} + 2E,B(Egp — Eyp!) — 2E,EpA
(33)

where the last line is obtained after having expressed u as a
function of 7. Therefore, we see that the argument in the &
Dirac function of Eq. (31) is a non trivial function of Ej,
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f(Ey) = E, + E; — E, — Ep. By means of the properties
of the Dirac functions, we can write:

o) = XU,

where E} are the zeros of f, and f” stands for the derivative

with respect to E;. There is only one zero, E = E‘,z =
tE;, given by Eq. (25), so that we find:

fE) =~ %(a(r —A) - Bu' + EY/E,) with

E9 = Er(Ek’ = E(lz)

= E1 +2aB(u — i) + a?(1 — 2A + )

=E |1 + a1l — 1)l (34)
Therefore, the Dirac function becomes:
E08(E0 - Ek/)
S(F(E.)) = #)
U = =g
where B = a(t — A) — Bu' + EV/E,
=(1-Bu)+ all —A). 35)

We can go ahead with the derivation of the phase space
factor, which can now be written as:

dQy k2dk' E9S(EY — Ey)

dLIPS = f

£ AQTR EE; ElB]
_dOy Bt dQy  af
427) E, |Bl - 4@m? (1 - Bu)’

(36)

The second line is obtained after integration over k> dk’ =
E}dEy.

As previously, it is interesting to consider the limit & —
0 (see Eq. (26)), which is valid in the case of CMB photons
scattered by hot or relativistic electrons (£, > Ej). In this
limit, t — (1 — Bu)/(1 — Bu') and we finally get:

a—0 ko/ a(l - B/-L)

dLIPSS
Eyp' 42m)* (1 - Bu')?

(37)

This result describes the whole phase space function for
electron interactions with CMB photons. It can be ex-
pressed in terms of dt or dfé (where & = 1/1), if we
make the change of variable 7 — u’ or equivalently ¢ «
. With the definition of ¢ given in Eq. (25), and in the limit
a — 0 we have:

(1—-pBu)

,_ (1= Bu)dt _
= 7,8 2 du 7,8 dt.

Thus, in terms of 7 or &, the phase space is merely:

dup (38)
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a—0 dd)/ o
dpdLIPS —» ——— —dudt,
[Ek/,ﬁ’ 4Q2m)* B

a—0 d¢/ at
S - Zdu/dr),
(5 4oy ) o
oo dd a  dE
dudLIPS —» — —— — —,
LP H aemrgte
(a:() d¢l gd /ﬁ)
aem gt E)

(39)

C. Squared matrix amplitude

Only two Feynman diagrams have to be considered for
the (inverse) Compton diffusion at leading order. The
amplitude of the process p + k — p’ + k' is to be found
in any textbook introducing quantum field theory (see e.g.
[19]), and can be written as:

M = —ietiy(p') Au(p), with
_ (40)
PRI EY LY WO 22 7Y

where i and f flag the initial and final states, p and k
(prime) are the four-momenta of the incoming (outgoing)
electron and photon, respectively, m is the electron mass
and u;/ is the electron four-spinor, while €,/ is the space-
like photon four-polarization. The Mandelstam variables
are:

s=(p+k?=m?+2pk=m>+2E,E(l - Bu)
u=(p—-KY?=m?>—-2pk =m?>— 2E,Ep(1 — Bu).

(4D
If we define D,=s—m>=2pk, D,=u—m>=
—2p.k', g, =p+k and g, = p — k/, then the squared
value of the amplitude in Eq. (40), once averaged over
the incoming electron spin, is given by:

1 1 e

spin,pol pol

with T’y = (' + m)é (. + mEE(p+m)g,(d, + m)é:
Ty = (F + VS, + m)g b+ mE(d, +m);

T = (F + )5+ mE B+ i + m)Es

+ (g, o e&&q,<q,). (42)

After some Dirac algebra calculation, and after averaging
over the photon polarization states, one can find the very

well known result for the squared Compton amplitude (see
e.g. [19]):
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-k <k 1 1

IM|? = 2e4{—p + 22y 2m2(— - —)
Pk pk pk p-k
1 1 \2
+m———] L 43
m<p'k p'k’>} )
Using the conventions displayed in Sec. III A 2, we have
the four-products:

pk=myE(l — Bp) (44)
and
p-k'=myEy(1 - Bu') (45)
so Eq. (43) finally reduces to:
(1-4) 2
MP? =241+ (1 —
9P =261+ (1 = g =)
N e2(1 — A)? }
Y1 = Bu(1 = Bu') + a(l — A)]
— 4 8(8 _ a’g?
= 2e {2 + 7 (?2 2) + Tr ag}’ (46)

where we define:

g=010-A)/(1—Bu) and ¥ =y*(1— Buw).

(47)

y = E,/m is the usual Lorentz factor for the incoming
electron, and ¢ = E/m = avy is the incoming photon
energy in units of the electron mass. The second equality
given in Eq. (46) is very convenient because the result of
the limit E, > E; < a — 0 appears explicitly. Within
this limit, the squared amplitude is merely:

|M|2ﬁ°2e4{2 + %(% - 2)} (48)

Should we implement the nonrelativistic limit 8 — 0, we
would immediately recover the well known angular depen-
dence of the Thomson scattering, that is [ M|> « 1 + A2,
Anyway, the above expression depends on the azimuthal
angle V¥ through A (see Eq. (30)), and it is interesting to
perform the azimuthal integral for deeper insights. It is
clear that only the even powers of cosW will contribute to
this integral. We find:

<|.7Vl|2>q,a:,0264{2 —2K(1 — ') + Kzl:[(l — ')
! /
+ E(1 — #2)(1 _ Mz)]]}

with K =[y(1 - Bu)]™". (49)

From this expression, it is easy to calculate the limit 8 —
0, that is the expression corresponding to the scattering of a
photon of energy E; << m off an electron at rest. Indeed,
within this limit, K — 1, and the squared amplitude be-
comes:
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<|3\4|2>qrﬁ:’02€4{1 + %(1 — A1 = u?) + ,uzﬂlz}.

(50)

This is the famous nonrelativistic limit derived by
Chandrasekhar in his textbook [20]. This expression can-
not be used in relativistic SZ calculations, but it turns out
that a form very similar can be derived when expressing the
photon zenith angles u and ' in the electron rest frame,
that is w = (B8 — po)/(1 = Bue) and u' = (B—
mh)/ (1 — Buy), as nicely detailed in [21]. This Lorentz
transformation of the angles is what Wright actually used
to derive his energy transfer function [6] .

D. Differential (inverse) Compton cross section

The (inverse) Compton differential cross section is de-
fined as usual for two body elastic scattering (p, k — p’,
k:

(277)4{
d*o = l_[
4p k2

X
(277)32EX

}54<p +k—p — K)MP,

D

where |/M|? already includes the sum and average over
polarizations, and where the 4-product p - k = E,E; B, in
terms of the energies of the incoming particles and their
associated relative velocity. After integration over p’ and
E,/, by virtue of the energy-momentum conservation, the
angular differential cross section reads:

do 1
dQp  AELE,Be
After substituting B,y = (1 — Bu) (see Eq. (44)):

do 1 £
a0y~ 64 E2(1 - Bu)
_ 30"1‘ tz |:]Vl|2
167 y*(1 — Bu)> 2e*

a—0 30'T {
— 2 —2K(1 — /
167y2(1 — Bu')? (1= pu)

K10 =y + 50 = w20 = w21}

(33)

] ALIPS| M.  (52)
DPLE,

| M|

where we have used the standard definition of the Thomson
cross section o = 87rj/3, with the classical electron
radius ry, = e*>/(4mm) = ay/m. The first two lines give
the exact and general expression of the (inverse) Compton
scattering differential cross section. The full relativistic
expressions of ¢ and |/M|? have been derived in Egs. (25)
and (46), respectively. The third line shows the relativistic
limit at leading order, when a = E;/E, — 0, including
the average over the photon azimuthal angle, according to
Eq. (49) where K is also defined. If we further integrate
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[29] the full differential cross section over d{);, we find
(see e.g. [27,28]):

3or [(X* —2x —2)

) 7 S, S oy FY G )

4 { 2x° n( X)

Lt 2x)* + (1 + x)*(1 +2y) — X3}
X1+ 2x)?

o(E, E) =

ay?*—0
— oy,

(54)

where y = ay*(1 — Bu). We have featured the limit
when ay? = yE;/m — 0. It makes sense to recover the
Thomson cross section, since if we transpose the process in
the electron rest frame, the photon would have an energy of
vE, still much lower than m as long as y < 10%, which
corresponds to the classical Thomson regime. While not
describing a Thomson scattering at all, the corresponding
integrated cross section is recovered as long as yE;, << m:
this is a mere consequence of special relativity, and very
well know for decades in astrophysics [3-5].

Another useful quantity to derive is the integral over the
incoming and outgoing photons angles of the Taylor ex-
pansion of B,gdo/dQ; in the limit @ — 0. Up to the
second order in «, we get:

do a—o 2cr
/ By 201 + 22 (1 — 492
[dﬂ«fd,u [dtﬁ Brel a0, UT{ 3 ( ¥?)
26
- - 2y4>}, (55)

where we have expressed the cosine A as a function of w,
u' and @’ according to Eq. (27) before performing the
integral.

IV. CONCLUSION

We have shown that the approach that Wright developed
in Ref. [6] was equivalent to using a Boltzmann-like
equation in the single scattering approximation, already
very well described in the literature (e.g. [10,11,13,14]).
The same result has been recovered in a recent subsequent
work by Nozawa and Kohyama [21]. Here, we have estab-
lished the relativistic expressions valid in the CMB frame
to employ within Wright’s formalism, summarized in
Eqgs. (22). They differ from Wright’s expressions which
are instead derived in the electron rest frame [21], and
which are probably more suited for numerical computa-
tions. Finally, we have recovered that the SZ shift at energy
E; due to a relativistic population of electrons is given by
an integral over a function which is still proportional to
I9(Ey) — I9(tE,)/ 7, where I9 is the intensity of the pure
blackbody CMB spectrum and ¢ = Ey//E, is the ratio of
scattered-to-focused frequencies.
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APPENDIX A: RECALL OF THE RADIATIVE
TRANSFER APPROACH

In this appendix, we would like to demonstrate that the
radiative transfer method used by Wright in [6] can be
deduced from the Boltzmann approach presented in this
paper, but by starting from the radiative approach instead.
This will provide more insights on the correct frequency
redistribution function to be used for the CMB photons.

We are looking for a redistribution function that ex-
presses the probability P(z) for a CMB photon to have its
energy E, shifted to Ey by a factor of t = E/E,—we
could equivalently deal with P(s) with s = In(f)—in order
to be able to write (see e.g. [16]) the modified intensity as:

1(E,) = [ diP(1) X I(E). (A1)
The integral is performed from the minimal value of the
scattered energy f,,, = 1/(4y2. — 1) up to its maximal
value t,,,, = (4y2.« — 1), as allowed by the kinematics.

According to the radiative transfer method, such a
probability depends on the electron optical depth 7 and
on the frequency redistribution function P,(z) for a single
scattering. In the limit of single scattering, it is merely
given by:

T

P(t) = e {8t — 1) + 7P, ()}'S'(1 = 1)8(r — 1)

+ 7P, (t) + O(7?), (A2)

where, in the second line, we have taken the limit of very
small optical depth, which is the case in the problem of
interest here, but also more generally for electrons in
clusters.

If we report the previous equation in Eq. (A1), we find:

AL(E) =7 f di(Py(1) — 8t — 1)) X L(E,).  (A3)

Two terms appear in the sum in the integral, which are
readily interpreted as the positive contribution of CMB
photons scattered in from energy E = tE; to energy E;
for the former, and as the negative contribution of photons
which have been shifted out from energy E; to other
energies. More explicitly, those contributions are given by:

IPYE) = 7 X I(Ey), (A4)
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and:

(E) =7 / diP, (1) X O(Ey). (AS)
If we scrutinize Egs. (9) and (20), we can find some
convincing similarities, while not straightforwardly. With
the definition of 7 given in Eq. (12), the former is perfectly
consistent with Eq. (A4). Nevertheless, it is a bit more
tricky for the latter. Indeed, given our definition, because 7
already includes the integral over ¢, it would have to be
considered as an operator acting on /,. We have actually
determined the full relativistic formula, summarized in
Egs. (22).

APPENDIX B: SCATTERED IN AND OUT
PHOTONS TREATED SEPARATELY

1. Definitions

Let us start with some basic definitions. The energy
density of the blackbody spectrum, of average temperature
Ty, before traveling through the cluster is given by:

oy = [@kESYED,
with &*k = E3dE;dQ; and

1
f())/(Ek) - eEk/TO — 1
From this equations, we deduce that the associated inten-
sity is:

E;

0 — 340 _
Iy(Ek) = Ekf'y(Ek) T BT _ (B1)

2. Intensity associated with the relativistic effect

When interacting with the relativistic electrons, some
CMB photons initially at energy E; can be scattered-out at
an energy E,. This effect generates a deficit in the number
of CMB photons that is expected at an energy E;. However,
other CMB photons with an energy Ep # E; will be
scattered-in the cluster to a final energy Ej. The photons
associated with the former process (responsible for the
deficit) will be referred to as ‘‘scattered-out” photons
(and will be denoted hereafter ““s-out’) while those asso-
ciated with the second process will be referred to as
““scattered-in photons” (and will be denoted “‘s-in’’). Let
us now examine these two processes separately.

A. Intensity associated with the photons scattered-out

After traveling through the cluster and interacting with
the population of relativistic electrons, a CMB photon
(with an initial energy E;) can be shifted to a new energy
E # E,, according to the reaction k + p — k' + p’. The
CMB energy spectrum is modified accordingly. For an
observer who aims at measuring the resulting intensity of
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the CMB spectrum, such interactions with a population of
relativistic electrons translates into a deficit in the number
of photons at an energy E; with respect to the blackbody
distribution.

If we disregard the thermal and kinetic SZ effect for a
moment, the number of photons which remain at this
energy E, after traveling through the cluster is the number
of photons which had this energy before entering the
cluster minus the number of photons n3 " which have
changed of energy after traveling through the cluster.

This number density n5°" of scattered photons is basi-
cally the convolution over the 3-momentum d3k between
the initial blackbody occupation number fg and the inter-
action rate with the electrons (thatis I'y, = n,0 B, if 0B
is independent of the ingoing electron energy E,). For
relativistic electrons, the dependence of the cross section
on the energy E, is not trivial and the interaction rate is
rather given by:

&p
Fy(Ek) = ’/.(Q’Tp)g,fe(Ep)[U-Brel]pk—vp'k’
where

[o ,Brel]pk—»p/k

dLIPS| M|?
4E JE, f Ml

with B, the relative velocity and where the Lorentz in-
variant phase space dLIPS = dLIPS, ;; is defined in
Eq. (31), and further developed in Eq. (36). |M|?> =
lelpk—*p
bution function of the photons which have been scattered
out from energy E to energy E;/, we have to multiply (or
weight) the blackbody distribution by the interaction rate
integrated over the time:

FEOUE) = fO(E,) [ diT",(Ey)

i 1s given in Eq. (46). To derive the full distri-

d3
=f())/(Ek)-/-dt'[(sz)\gfe(Ep)[U:Brel]kp—%’ '

which provides the full number density of photons
scattered-out from any energy E; to any Ej, that is the
number density of photons having interacted:

ns-out —

Y o (2 )3
Now, we are interested in the specific density removed
from a given energy E; and shifted to any energy E;/, so
we have to come back to the distribution function. Hence,
the intensity associated with the scattered-out photons
reads:

fs out(Ek)

IO(Ey) = BV (EY),

where f5°"(E;) represents the distribution function asso-
ciated with the photons which have experienced elastic

PHYSICAL REVIEW D 79, 083505 (2009)

scatterings with electrons in the cluster. Since an observer
will detect a modification of the photon distribution along
the line-of-sight, the deficit in the CMB intensity at an
energy E) that could be observed is merely obtained by
using the geodesic relation dt = dl/c¢ ( = dl in natural

units):
I@outE d3'>
o oG
[ ch11>st‘4|2 FUE
dS_) ko/ tl.’]vllz
- Jar [t [ i p
fO(Ek)
E2 ’

where the Lorentz invariant phase space has been made
explicit. We have finally:

. &p dQ, 2|\ M|?
s-out — k
m(ED fdl Qm )3f"’ )[3277'2 (1— Bu)
1O E
ézk) B2)

where we used the fact that I9(E;) = 2E; f9(E;), making
explicit the factor of 2 coming from the sum over the
photon polarization states, and where the squared ampli-
tude |M|* = |M|? S iepw- We exactly recover the

scattered-out term as derived in the Boltzmann-like for-
malism (see Egs. (10) and (12)). Of course, one will have to
average over the solid angle of the incoming photons

dQ, = dedu.

B. Intensity associated with the photons scattered-in

Let us now estimate the number of photons with an
arbitrary energy Ep which have actually been scattered
to an energy E; by a population of electrons of energy E,.
A first approach consists in doing as in the previous sub-
section, by defining the interaction rate of scattering shift-
ing photons of energy Ej to any energy E, # Ey;

d3 D
2 )3fe(E )[Uﬁrel]pk’—»p

The number density of scattered-in photons from any
energy Ey to any energy E; is therefore given, in terms
of the associated distribution function, by:

F'y(Ek’) =

s-in d3k S
n,y (2 )3fy(Ek) f (Ek’)
Nevertheless, this is the number density of photons scat-
tered to any energy E, # Eyp, that is the total number
density of photons having interacted, while we are only
interested in the scattered photons from any energy Ej to a

fg(Ek')fdny(Ekf)
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given energy E,. Therefore, we have to modify a bit the
above picture, and use differential quantities. The differ-
ential interaction rate of shifting photons from energy E;/
to energy E reads:

dl'(Ev,E) _ [ &P
T f( )3fe( )ﬁrel d3k

To derive the distribution function associated with all
photons scattered from energy Ej to energy E;, we need
to convolve the above differential rate with the initial
blackbody function and integrate over time and over all
energies Ej:

Br
Gy FYED) j dr

3
_[(dk IY(Ey)

k'—p'k
/(2 )3fe( )IBrel T kp .

| dT" (Eg, E
FrnE) = M

We have:
d3l-5/
@2m)}

do'pk/_,p/k _ (27T)4
£k AEE,

| M|?

AEE,

Brel S p+ Kk —p —k

where | M|? = Ij\/llpk,_,p, .- We see that the phase space is
more subtle than in the scattered-out term. We can actually
perform the integral over d3k” and d®p’, by means of the
conservation of energy-momentum. This will differ a bit
from the scattered-out case, but we will apply the same
treatment as in Sec. III B, to which we refer the reader for
more details. We define:

Qm* Bp PR

dLIPS =
4EE, (2m) (2m)?

S*p+ Kk —p —k).

This is not the common Lorentz invariant phase space for
the process pk’ — p’k, which should instead feature inte-
grals over p’ and k, but this is a useful quantity in the
present calculation. If we perform the integral over d*p/,
we get:

~ &K i
dLIPS = ﬁB(Ep + Ek/ - Er - Ek)
' 167 EkEr

with:

E, = E,,\/l + a? + a® +2B(a'u — ap) — 2aa’A,

where o = E/E,, o' = Ey/E,, and the other angular
variables are already defined in Eq. (27). We can further
transpose the Dirac § function according to:
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E0S(Ey — EY)

S , — F — = _ ,
(E, + Ey — E, — E}) £ 13|
with:
- - (1—-Bu)
0 — =
=t IR0+ aa - 1)
B=(1-Bu)+aA—1)

E)=E.(E) = E,I1 — a(l - .
Hence, performing the integral over d3/€', we can rewrite
the phase space as:
~. dQp &
f drps = =2k S
ﬁ/)Ek/ 1677- (1 - BM)

such that the scattered-in distribution function can be
written as:

dQy | M> PrYGE)
)3fe P)f642 E2 1_ﬁ:U’)

We can now derive the intensity of the scattered-in photons
at energy Ey:

f“ﬂ(E)—fdr

I5(Ey — Ey) = E3f5™(Ey).

If we transform the time integral into a line-of-sight inte-
gral, we finally get:

jeing dQy |M2
! f‘”f(z Pl ED) | o g
I)(TEy)
x D B3
{0 - B ©

where we have used 19(7E;) = 2(E;)* f9(7E;)—making
explicit the factor of 2 coming from the sum over the
photon polarization states—and where the squared ampli-
tude | M|? = Ij\/llpk, ;- Of course, we will further need

to perform the averagmg over the solid angle dQ; =
d¢dp associated with the detected photon. Nevertheless,
it is already interesting to note that we recover an expres-
sion which is similar to Eq. (16), which is the result for the
in process obtained in the Boltzmann-like formalism, but
with slight differences. Indeed, in the Boltzmann approach,
the squared amplitude is IMlpkﬁp, .- and the expression of

t = Ey/E, slightly differs from that of 7. As regards the
energy ratios, the difference comes from the denominators:
there is a factor of @(1 — A) in this of the former, and of
—a(1 — A) in that the latter. The physical interpretation of
this slight difference is rather simple. Indeed, o = E;/E,
in both cases, but though E; is the energy of the incoming
photon in the former case, it is that of the outgoing photon
in the latter case. Nevertheless, since « — 0 for CMB
photons as scattered by relativistic electrons, this has no
effect. Concerning the squared amplitudes, we can also
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verify that | M|? and | M|? are equivalent within this limit.
There is therefore no difference between the scattered-in
contribution as computed in the approach developed in this
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We temporarily slightly change our convention which
defines the cosine A with respect to u and u'—see
Eq. (27). We now set the main axis of the problem along
k' instead of p, so that it is now w which depends on A and
u' and so that we can perform the integral over du’
without accounting for A. Such a trick is aimed at com-
paring our results with the standard calculation of the
integrated Compton cross section.



