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3D Monte Carlo calculation of the inverse Compton emission from the Sun
and stars in the presence of magnetic and electric fields
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The solar steady emission in gamma rays is due to the interactions of Galactic cosmic rays with the solar
atmosphere and with the low-energy solar photon field via inverse Compton scattering. The emission
is sensitive to the magnetic field nearby the Sun and to the cosmic-ray transport in the magnetic field
in the inner Solar System. Modeling the inverse Compton emission in the presence of a magnetic
field is, therefore, crucial to better interpret the observations. In a previous work, we have presented a
comprehensive calculation of the secondary productions due to the collision of cosmic rays with the solar
atmosphere in the presence of magnetic fields. In this paper, we present a general approach to calculate the
(anisotropic) inverse Compton scattering in a 3D Monte Carlo simulation, also in the presence of magnetic
and electric fields. After a short review of the scattering process of photons with electrons, examples of
inverse Compton emission are presented, including the predictions for the Sun.
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I. INTRODUCTION

Inverse Compton (IC) scattering, i.e., the upscattering of
low-energy photons by high-energy electrons, is one of the
main mechanisms for the production of x-rays and gamma
rays in astrophysical environments and in particle beam
facilities. Cosmic-ray electrons and positrons (CREs) can
scatter with the interstellar radiation field (including star-
light and cosmic microwave background radiation), con-
tributing to the Galactic diffuse gamma-ray emission.

The steady emission of the solar disk in gamma rays is
due the collisions of Galactic cosmic-ray nuclei and elec-
trons with the solar atmosphere [1-3] via hadronic and
bremsstrahlung scattering effects; on the other hand, the
collisions of Galactic cosmic-ray electrons (and positrons)
with the solar optical photons via IC scattering produce a
diffuse component extending up to tens of degrees from
the Sun [1,4-7].

The solar IC emission is currently modeled by integrat-
ing along the line of sight from the observer to the Sun the
IC spectral intensity, which is evaluated by folding the CRE
intensity with the IC scattering cross section on the low-
energy photons originated from the blackbody radiation
produced by the Sun (or, more generally, by a star) [4-8].
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In our previous work [3], we have calculated the disk
emission by simulating the interactions of CRs with the
solar atmosphere using the FLUKA simulation package, and
we found that this emission depends on the magnetic field
nearby the Sun and on the cosmic-ray transport in the
magnetic field in the inner Solar System. However, the
predicted flux is lower than observations above tens of
GeV, even in the case of strong magnetic field configura-
tions nearby the Sun. In particular, the disk emission data
suggest a harder spectrum (~E} 22 than the cosmic-ray
spectrum (~E,>7). On the other hand, the IC gamma-ray

intensity is expected to follow a power law ~E,, (@172 With

a the spectral index of CRE intensity [9]. Since a ~ 3 for
the local CRE [10-14], the IC spectrum is expected to have
a spectrum ~E;2

The magnetic field is also expected to affect the IC
gamma-ray emission close to the Sun, since the electrons
should move along curved trajectories, whose lengths
determine the interaction probability with the intense
optical photon field. The IC emission is, therefore, expected
to be brighter toward the Sun direction and might be not
well separated from the disk emission. In this context, to get
a complete picture of the solar gamma-ray emission, the IC
scattering should also be calculated in the presence of a
strong and irregular magnetic field.

The IC emission spectrum formed through multiple
scattering by electrons has been calculated with
Monte Carlo simulations in several previous papers (see,
for example, [15-17]). In this paper, we present a general
approach to calculate the (anisotropic) IC scattering for a
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3D Monte Carlo problem, also in the presence of magnetic
and electric fields.

In Sec. II, we first describe the formalism for the
differential cross section, based mainly on standard text-
books (see, for instance, [18]). In Sec. III, we present a
Monte Carlo approach for head-on collision calculation
using a fixed electron beam energy with a given set of
photon energies. In Sec. IV, we apply the Monte Carlo
approach to the IC scattering with the isotropic blackbody
thermal photons produced by Galactic CREs. In Sec. V, we
describe our calculation of the effective IC cross section
due to the scattering of electrons near a star, and we show
the numerical results using the Sun as a test case. Then, in
Sec. VI, we evaluate the IC spectral emission still using the
Sun as a test case, either without or with magnetic and
electric fields. Finally, we conclude and discuss the outlook
of this work in Sec. VIIIL.

II. SCATTERING OF A PHOTON
BY AN ELECTRON

The law of four-momentum conservation in the scatter-
ing of a photon by a free electron (the Compton effect) is
given by

p+k=p +K, (1)

where p (p') and k (k) are the four-momenta of the electron
and of the photon before (after) the collision. The kinematic
invariants are

s=(p+k)?=(p +k)=m>+2pk=m>+2pk,
t=(p—p)=(K-k?=2(m>-pp')=-2kK,
u=(p—K)=(p'—k?=m=2pk' =m>-2p'k,

(2)

where m is the electron mass.
The unpolarized cross section is given by [18]

m?dt m? m?> \?
doc = 8nr?
oc ﬂre(s—m2)2{<s—m2+u—m2>

n m> n m> 1 s—m2_~_u—m2
s—m? u—m? A\u-—m? s—-m?/) |’

where r, is the classical radius of the electron.

Taking into account that s + u + ¢t = 2m?, from four-
momentum conservation ds = 0 and, therefore, dt = —du.
The allowed values of u are in the range m*/s <
u<2m?—s.

Expressing s and u in terms of the quantities

and taking into account that
dt = —du = m*dy, (5)
we obtain [18]

doc_Sm’g 1 12+ 11 +1 x+y
dy  x* |[\x y x y) 4\y «x

2
_ 8ar;

=2 flx y) (6)

with x/(1+x) <y <x. In the lab frame, x and y are
given by

_ 2E,e(1 —fcosh)

m2 ’

. 2E,E,(1 - fcosb;)

> ; (7)

m

X

respectively, where 6 is the angle between the electron with
initial energy E, and the incoming photon with energy e,
while 6, is the angle between the initial direction of the
electron and the scattered photon with energy E,;  and y
are given by

P

respectively, where p is the initial momentum of the
electron.

Introducing the energies of the photon in the electron rest
frame (ERS) before and after the scattering, w and o/,
respectively, defined as

E,e(1 — fBcosh)
D=
m

o — E,E,(1 —ﬁcos@l)’ (8)

m

bl

we obtain x = 2w/m and y = 20’ /m.

Since s+ u+t=2m?* and r = —2kk’ = =2¢E, (1 — cosn),
where 7 is the angle between the scattered photon and the
incoming photon, we get

m*(x+ 1) +m?(1=y)+t=2m> = t=m?*(y —x). (9)

Combining Egs. (7) and (9) for ¢, we get 2¢E, (1 — cosn) =
2E,e(1 = pcos@) —2E,E,(1 — fcosf;). The energy of
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the scattered photon E, is, therefore, given by

£ E.e(1 — fcos@)

= =®(E,, €004,
" E,(1-pcosO)+e(l—cosn) (Ee.e.6.61.1)

(10)

and is a function of the initial electron and photon energies
E, and ¢ and of the angles 6, 6,, and .

In a laboratory frame in which the incident electron is
moving along the z-axis direction, the incident photon is
propagated along the direction given by the polar angle 8
and the azimuthal angle ¢. After the collision, the photon is
scattered into the direction given by the polar angle 6, and
the azimuthal angle ¢;. Therefore, the angle between the
momentum of the incident photon and that of the scattered
photon 7 is given by

cosn = cos@cosO; + sin@sin @, cos(¢p — ;).  (11)

Replacing dy in Eq. (6), the angular differential cross
section is given by

ﬁ B 8r2E?

where we used [19]

EZ
dy = ' _dQ,. 13
y ﬂm2x2 1 ( )

In the ERS, the electron initial four-momentum is given
by p* = (m, 6) and the photon initial four-momentum is
given by k* = (o, /?*) with @* = k*. In this frame,
s—m? =2mw*, u—m*=-2me*, and = =2kk' =
—2w*w'* (1 — cosn), where @'* is the energy of the photon
after the collision. In this reference system, we also have
x =2w*/m and y = 2w’*/m. The energy of the scattered
photon is given by

mw*

/%

- m—+ *(1 —cosn)’

1 1 1
w’*_E:E(l_COSn)' (14)

The differential Compton scattering cross section in
which the electron is at rest (we are dropping the * in
the following equations), also known as the Klein-Nishina
cross section [20], is given by [df = —du = 2mdw’ =
2(w')?dcosn = (@')*dQ2/x, since dw'/(@')* = dcosn/m
from' Eq. (14)]

't = —2wa/(1 —cosn),  so
2ww'd cos .

dt = 2wdw'(1 — cosn) +

do, r2lo\?(ow o @ .
s (o) (G- 09

where dQ = 2z sinndny, with the relation between the
photon energy change and the scattering angle:

1 1 1

Since the angle # is unambiguously related to w, the

cross section can be expressed in terms of the energy of the
scattered photons @’ [18]:

do¢ , m w+w’+ m  m\?2 5 1 1
=art—=|=4+— ———) =2m|——-—
do' ‘ol o o o o

(17)

with @’ in the range w/(1 + 20/m) < @' < w.
The total cross section for a fixed value of x is given by

dO'C

oelx) = / L w=ar.

where o7 is the Thomson cross section o7 = 872 and f(x)
is given by

3 4 8 1 8 1

(19)

The leading term of Eq. (19) if x <« 1 (i.e., nonrelativistic
case) is f(x) ~ 1 —x, and the first term is the classical
Thomson cross section of 6¢-(x) = o7. In the ultrarelativ-
istic case (x > 1), the expansion of Eq. (19) gives f(x) =
2 (logx + 1) [18]. Figure 1 shows the function f(x).
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FIG. 1. f(x) as a function of x [see Eq. (19)].
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III. A MONTE CARLO APPROACH
IN HEAD-ON COLLISIONS

The scattering of electrons on low-energy photons (e.g.,
thermal photons) produces high-energy gamma rays. This
process can be simulated by means of a Monte Carlo
method.

The simulation starts from the initial value of the electron
and photon energy and momenta in the lab system; the
photon is then boosted in the ERS, where the collision is
simulated according to the equations in the previous section;
finally, the scattered photon is boosted back in the lab frame.

The Compton scattering simulation is performed in the
ERS assuming that the incoming photon direction is along
the z axis. The scattered photon energy is sampled using a
combined composition and rejection Monte Carlo method
(see, for instance, [21]), and then the Compton angle
(corresponding to the polar angle) is calculated. The
azimuth angle is generated with a uniform probability in
the range [0, 2z][. Finally, the scattered photon is boosted
back into the lab system.

Figure 2 shows the distribution of energies and angles of
the scattered photons in the lab frame in head-on collisions
(i.e., @ = &) between electrons of 7 GeV kinetic energy and
low-energy photons of 1.239 eV, 123.9 eV, and 12.39 keV,
respectively [22]. Our results agree with the ones reported
in Ref. [22].

IV. IC SCATTERING WITH ISOTROPIC
THERMAL PHOTONS

The intensity of the gamma rays, I(E, ), produced in the
interactions of CREs with a radiation field is [9]

I(E,) = / dE,Y(E, E)I,(E,). (20)

where 1,(E,) is the intensity of the CREs with energy E,
and Y(E,.E,) is the differential yield of the IC photons

with energy E, per electron given by

Y(E, E,) =L / deny(e)o(E,.e.E,),  (21)

where 7., (€) is the density of photons per unit of volume
and energy e, L is the total length along the line of sight,
and 6(E,, €, E, ) is the effective cross section for an electron
with energy E, to generate a photon with energy E, when
scattering with a thermal photon with energy e.

The effective cross section is given by

o(E, e.E,) = /(1 — pcosb)doc, (22)

where 6 is the angle between the electron and the thermal
photon and do is the cross section of the Compton scattering
(see above). The term (1 — fcos @) is the correction factor
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FIG. 2. Energy (top panel) and angular (bottom panel) dis-
tributions of the emitted photons for head-on collision with
7 GeV electrons. Red, incoming photon energy of 1.239 eV; blue,
incoming photon energy of 123.9 eV; dark green, incoming
photon energy of 12.39 keV (see Ref. [22]).

for a nonparallel photon target and electron source. Note that
the quantity [ deny, (¢)o(E,, €, E,) is the average number of
secondary photons (i.e., IC scattered photons) per unit length;
i.e., this is the IC emissivity per unit length.

For the blackbody radiation field, the density of photons
per unit volume and unit energy is given by

B 1 €2 23
nPh(e) - ﬂz(flc)3 etk _ 17 ( )
where  fAc~197.327 x 107! GeVem,  k~8.617 x

107'* GeV/K, and e in units of GeV. The average
photon energy € is about 2.7kT, while the total density
of photons for unit volume is T'(3){(3)(kT/hc)?/n* ~
2.4(kT/hc)?/n*, where T is the gamma function and ¢
is the Riemann zeta function.

The cross section in Eq. (22) is defined by the expression

o(E,.e.E,) = /(1 — Beosd) Z%Cla(Ey — ©)P(Q)dQdQ,.

(24)
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where @ is given by Eq. (10), %ﬁ' is given by Eq. (12), and
P(Q) = P(0, ¢) is the angular distribution of the incident
photons (we are assuming that the electrons are moving
along the z axis). For an isotropic photon distribu-
tion, P(Q) = 1/4x.

For a given electron energy E, and for given incoming
photon angle 6 with respect to the electron, the cross
section ¢(E,, z) (in units of cm™!) is obtained by integrat-
ing on the all the final states of the scattered photon and is
given by

o(E,.2) = / dengy(e)(1 - pJoc(x).  (25)

where z =cosf and x is given from Eq. (7). In the
Thomson limit and in the case of head-on collision,
Eq. (25) becomes o(E,,z = —1) = o7(1 + f8) [ deny(e).

The total cross section ¢(E,) (also in units of cm™!) is
given by

o(E,) = / " deo(E,.2)P(2). (26)

1

Thus, for a given electron energy E,, the total interaction
length for the IC scattering A(E,) in a low-energy photon
field is given by

ME) = —. 7)
For an isotropic photon distribution, P(z) =1 and

o(E,) = ;/_lﬂ dz/denph(e)(l —pBz)oc(x).  (28)

The differential yield of IC photons can be calculated
with a Monte Carlo method. For an electron with energy E,
at the initial position 7, the probability density function
(PDF) for the path length s from the current position to the
site of the next collision is P(s) = A~'e~*/*. Random
values of s = s, are generated by using the sampling
formula s, = —4log(1 — u), where u is a random number
distributed with a uniform PDF in [0, 1[. The following
interaction occurs at the position 7; | = 7; + sd;, where d;
is the direction unit vector [if the initial direction is along
the z axis, 210 = (0,0, 1)]. This procedure continues until
the total step length reaches its maximum value L (or the
electron leaves the spatial region to be simulated).

To increase the tracking resolution in the simulation, it is
necessary to limit the length s below a given maximum
value s, [23]. To accomplish this, we still sample the free
path length s, to the next interaction from the exponential
PDF, but when s, > s, we let the particle advance only
for a distance s,,,, along the direction of motion (i.e., the
particle keeps its energy and direction unchanged). On the

other hand, when s, < s,,«, a real interaction is simulated.
For each real interaction, we randomly extract the energy of
the thermal photon and its (isotropic) angle with respect to
the electron direction in the lab system. From the knowledge
of E,, €, and 8, we calculate the secondary IC photon energy
and its direction in the ERS system, and then we boost them
back in the lab system (see Sec. III). The simulation is
repeated multiple times for each electron energy.

The yield of secondary IC photons produced from
electrons, Y(E,|E,), is calculated by counting the secon-
dary IC photons produced with the above Monte Carlo
approach. The yield is defined as

N(E,|E.)

Y(Ey|Ee) = N(T)AEy

(29)

where N(E,) is the number of electron primaries with
kinetic energy E, and N(E,|E,) is the number of IC
secondary photons with energies between E, and E, + AE,.

Figure 3 shows the effective cross section (top left panel)
and the interaction length (top right panel) for IC scatter-
ings on an isotropic distribution of photons of 2.7 K.
Figure 3 also shows the yield of the scattered photons as a
function of the electron energy (bottom left panel) and the
photon spectrum folded with an electron intensity spectrum
following a power-law with spectral index —3 (bottom right
panel). These results have been obtained either neglecting
the energy losses of electrons (black solid line in the bottom
right plot—i.e., each electron can scatter only once) or
including the electron energy losses (dashed black line).
The blue line shows the gamma-ray spectrum evaluated by
using the IC yields calculated with the Jones formula [24].
The slight difference between the results from the
Monte Catrlo calculation and those from the Jones formula
could be ascribed to the finite width of the energy bins.> We
have simulated a photon field geometry consisting of an
infinite slab with a thickness L = 10 kpc along the z axis.
The maximum step s,,,« has been set to either 10% or 1% of
the free path length (which depends on the electron energy),
yielding the same result. At high energies, the energy loss
of electrons should be taken into account, since the
scattering becomes much harder with a significant fraction
of energy lost by electrons in individual interactions.

V.INVERSE COMPTON EMISSION FROM A STAR

In this case, the thermal photons are anisotropic, since
they are emitted from an extended source. The thermal
photon intensity depends on the distance with respect to the
star position.

It is worth pointing out that in the simulation we generated the
electron energy with a uniform PDF in each bin and the IC photon
yield has been calculated in finite photon energy bins, while the
Jones formula has been implemented considering the geometric
average energy in each bin.

123011-5



M.N. MAZZIOTTA

PHYS. REV. D 111, 123011 (2025)

10*
Electron Energy, E (GeV)

107 1 10 107 10°

10°
10°
107
10°
10°
10*

102
10

102
10°
10
10°
10°
107
10°°

Photon Energy, E.{ (GeV)

107

10 10° 10° 10* 10°

Electron Energy, E (GeV)

10" 1 10°

FIG. 3.

107 ¢

o(E, ) (cm™)

10° —~.

w
ui

Yield(

107
€
< 2
@ 102 -
=< r
ot v vl el vl v vl vl il
102 107 1 10 107 10° 10 10° 10° 107
Electron Energy, E (GeV)
102 E
— C
.
@ L
N"’ 10°
c =
© C
> L
[}
5] L
=
E:— 104 = This work, w/o energy loss
f—s -
o~ coee This work, w/ energy loss
w -
Jones' equation
105 Lvssad vl vl sl oviad vl ol v ol sl vl o ol
10° 107 10° 10° 10* 10° 102 10" 1 10 10 10° 10* 10° 10°

Photon Energy, EY (GeV)

Top left panel: effective cross section with isotropic photons at 2.7 K as a function of the electron energy and z = cos 6. Top

right panel: interaction length with isotropic photons at 2.7 K as a function of electron energy. Bottom left panel: inverse Compton
photon yield produced in the interactions with isotropic thermal photons at 2.7 K (without the electron energy loss in the scattering). The
red line shows the function E, = 4&(E,/ m,)?/3, where € ~ 2.7kT. Bottom right panel: inverse Compton photon intensity produced by a
source of electrons with a power-law energy spectrum /,(E) = 10?(E,/1 GeV)™3, scattered by isotropic thermal photons at 2.7 K.
Black line, this work, with a Monte Carlo calculation of the IC yield, without (solid line) and with (dashed line) the electron energy loss
in the scattering; blue line, IC yield calculated with the Jones formula [24]. The total electron path length in the isotropic photon field is

assumed to be 10 kpc.

Figure 4 shows the variables describing the geometry in
the lab reference system (master reference system) centered
with the star (e.g., Sun) position. The notation is the
following:

(i) O is the center of the star;

(i) @ and @ are the azimuthal and polar angles in the
star-centered reference system, respectively;

R is the star radius;

Q is an emission point on the star surface,
ie., FQ = (Rcosgsind, Rsingpsinf, R cos0);

dA is the area of the surface element of the star at Q
emitting photons, dA = R sin Od¢pd®,

P is the position of the electron in the star-centered
reference system;

r 1s the distance of the electron from the star center,
ie., r= |ﬁ :
0 is the aperture angle of the cone tangent to the star
with the vertex at P, i.e., cosf = R/r;

(iif)
(iv)

)
(vi)

(vii)

(viii)

(ix) p is the electron momentum, p = (Pxs Py P2) =
p(cxv Cy, Cz) =pp;

(x) € is the solar
(ky,ky k) = €€;

(xi) ¢ is the angle between the electron and incoming
photon, cos{ = £

photon momentum, € =

.

[pleP

(xii) d is the distance between the photon emission point
and the electron position, ie., d=|QP|=
VR? + 1> —2Rrcosf = r\/l +p? —2pcos@ with
p =R/r; and

(xiii)  is the angle of the emitted photons with respect to

the local zenith at the point Q, i.e., cosy =
—_— —

Q_P> . 0_Q> _ rcos0-R __ cos f—p .

|QP| ‘OQl d \/1+p2—2pC089

Following the above notations, the effective cross section
(in units of cm™!) for an electron with a given kinetic
energy E, and direction p traveling at the distance r from
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the center of the star is given by

o(E,.r.p) = / dn(1 - p)oc(x). (30)

where z = cos¢, x = 2E< (1 — §z), and dn = nyp(€)dedA

o = npy(e €)deR? sin 0d0dp <>>%. The cosy factor takes into

4And®

account the density radlatlon per unit of area of the emitting surface (Lambert’s cosine law). The effective cross section is

o(E,,r,

/dgo/ dg———— sm9czosy/ deny,(e)(1 = pz)oc(x)

r/,t—R
=—/[d d
477"/ (p[?/r # d3

/ deny,(e)(1 = pz)oc(x)

U—

p? !
=2 [dp | 4
4”/ (p/p H

: )3/z/d€”ph(€)(1 —p)oc(x). (31)

—2pp

spatial term

X Y

FIG. 4. Definition of variables describing the geometry of the
inverse Compton emission, in the lab reference system (master
reference system) centered with the star position. Top panel:
diagram for the IC scattering between a photon and an electron in
the master reference coordinate system. Bottom panel: the same
as the top panel, with the assumption that we can choose the
electron position on the Z axis. The plots have been made with the
GeoGebra tool [25].

emission-kinematic term

|
where y = cos 6. We note that in the previous equation the
spatial term is strictly dependent on the electron distance
from the center of the star. The emission-kinematic term is
the integral through the blackbody emission weighted by
the effective inverse Compton cross section, that also
depends on the distance of the star and on the angle ¢,
since z (and x) depends on r and ¢. In addition, we note that
for r = R, i.e., p = 1, the spatial term is null by deﬁnition,3
and for large distances from the star it reduces to the inverse
square law of r, as expected.

Assuming that the low-energy photons being emitted by
a star have a spherical symmetry, we can choose a reference
system such that the electron position is along the Z axis
(see the bottom panel in Fig. 4), i.e., P - P' = (0,0, r),
(P = R'P, where R’ is the appropriate rotation matrix). In
this system, the electron direction is defined by new polar
and azimuthal angles p’ = (¢,,8,), such that p’ = R'p.

In addition, again because of azimuthal symmetry, we
can also choose a reference system such that the electron
direction lies in the X-Z plane, i.e., p' = p* = (¢}, 0, ¢).
This transformation corresponds to a rotation of an angle
—¢/, around the Z' axis, i.e., to the rotation matrix
Ry (—¢,). In this way, p* = (sin@,,0,cos@,).

In this system, the photon direction is seen by an electron
in the position P'(= P*) with the three direction cosines
given by (we still use the notations ¢ and 6 for the
azimuthal and polar angles for Q)

. (_Rcosqosiné’ _Rsingsind r—Rcos@>’ (32)

d ' d ' d

The term (1 + p2 — 2pu) =3/ is always valid for any  in the
region of interest p < yu < 1, except that for u = 1 and p = 1, but,
since the integral is null by definition in this case, we will assume
that p < 1 and the effective cross section is null for p = 1.
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and the cosine of the angle between the electron and the
photon z, is

z=pr-é
_ Rcosgsing .

— T Y ing
4 sin@, +

:—pcosrpsinﬁsine’e—f—(l—p,u)cosH’e' (33)

V1 +p*=2pu

Therefore, the effective cross section can be calculated as
a function of the only parameter €, (polar angle) for the
electron direction, and the above effective cross section
becomes (to keep the notation light, we are again dropping
the prime for the electron polar angle)

2 1 —
p H=p
E,.r.0)=""1[adp | a
U( e I ) 47[/ (ﬂ/p ﬂ(1+p2_2p'u>3/2

x [ dem(e)(1 = pr)oc (). (34)

- R 0
(r=Rcos0) <o

For large values of r, i.e., ¥ > R, it reduces to

1 R?
o(E,,r,0,) NZ?/ dengy,(e)(1 = pz)oc(x), (35)
with z = cos 8,. This is expected, since at large distances
the star is seen as a half emitting surface with the intensity
that decreases as 1/r2.
In the case of the z = cos#,, the spatial term can be
separated by the emission-kinematic one and can be easily
calculated (see also [4]) as

2 1 -
P H=p
Z la d :—(1— 1- 2).
47f/ (p/p O P =207 2 g

(36)

In this case, the effective cross section is given by

o(E,,r,0,) z% (1 —4/1 —pz) /denph(e)(l — pz)oc(x).

(37)

In the Thomson limit and in the case of head-on
collision, Eq. (37) becomes

o(E,,r,0,=r) z%aT(l —4/1 —p2>(1 —l—ﬁ)/denph(e).
(38)

For an isotropic electron distribution, the total effective
cross section is given by4

“The occultation of the star on the electron trajectories should
be also taken into account.

I’=2R®

107

4
©

o
o

0.4

Electron direction, cos8,

107

10°

10 107
Electron Energy (GeV)

iy This work — E.= 1Gev
a —— Eq. (38) with Eq. (33) Ee. = 10 GeV
. 1004 =77 Eq. (38) with Eq. (34) E. = 100 GeV
------ Eq. (38) with Eq. (36) —— E.= 1TeV
1
s
o
< ==
X 107
g 3
& N
1.25 1
2 1.00 oz
& S
0.75 1 5
\
0501 ‘ ‘ ?
1073 10-2 1071 10°
Ie)
FIG. 5. Effective cross section calculated for the solar photo-

spheric temperature of 5770 K. Top panel: cross section as a
function of electron energies and directions at r = 2Rg
[Eq. (34)]. Bottom panel: total effective cross section multiplied
by the Sun radius value and divided by (1 —+/1 —p?) for an
isotropic electron distribution as a function of the inverse of the
heliospheric distances p = Ry /r (the Sun is a p = 1). Equa-
tion (34) has been used with the full calculation of Eq. (39) (solid
lines) and for the large distance approximation with Eq. (35)
(dashed lines). The result obtained with Eq. (37) is also shown
with dotted lines.

o(E,,r) = / o(E,,r,0,)sinb,do,. (39)

Figure 5 shows the effective cross section for an isotropic
electron distribution [Eq. (34)]5 calculated for the solar
photospheric temperature of 5770 K. The top panel shows
the cross section as a function of the electron energy
(horizontal axis) and direction (vertical axis) at the distance
of r = 2R. The cross section is higher for negative cos 8,,
since those directions correspond to head-on collisions. The
bottom panel shows the cross section as a function of the
inverse of the heliospheric distance p = R/r for different

The integral of Eq. (34) has been evaluated with the
Genz-Mallik adaptive quadrature integration in multidimensions
using rectangular regions [26] implemented in ROOT [27] version
6.24/06.
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FIG. 6. Z-axis component of the emission photon direction unit
vector ¢, as a function of the cosine of the polar angle for several
values of R/r (colored lines). The lower limit as a function of
cos 6 is shown with the black dashed line.

electron energies. The full calculation by using Eq. (34) is
shown with solid lines, and the large distance approxima-
tion in Eq. (35) is shown with dashed lines. The two
equations agree starting from a distance of about 10 Sun
radii, while for shorter distances Eq. (35) underesti-
mates the full prediction. The calculation performed by
using Eq. (37) is shown with dotted lines. The approxi-
mation of Eq. (37) agrees with the full calculation within
1% or better.

Finally, for a given electron energy FE,, the total inter-
action length for the IC scattering as a function of the
distance r and for a given electron direction ¢, A(E,, r,8,)
in a stellar blackbody photon field is given by

1

ﬂ(Ee”’,ee) :a(E—rQ)'

(40)

The component along the Z axis of the emitted photon
direction is €, = %’, and, for a given distance r, the
cosine of the photon polar angle is in the range (R/r, 1].
Figure 6 shows €, as a function of the cosine of the polar
angle for several values of R/r. The lower limit as a
function of cos @ is also shown with the black dashed line,

ie., (&) = /1 — R?/r?. For lower distances, the cosine
of the polar angle assumes values close to 1 (i.e., orthogo-
nal to the star in the direction of the electron position),
while for larger distances the cosine of the polar angles
spans between 0 and 1.

VI. MONTE CARLO CALCULATION OF THE
INVERSE COMPTON EMISSION FROM STARS

With the above calculation in hand, we can now proceed
to calculate the IC emission from stars with a Monte Carlo
approach.

\'
\ "'e,'(")

<
*
~ Ce

FIG. 7. Monte Carlo geometry used in the simulation to
generate and propagate electrons (black arrows) and to detect
IC photons (green arrows); @ is the angle between the photon and
the normal direction at the detection surface.

To evaluate the yields of photons produced by the IC
scattering of electrons in a low-energy photon field from a
star, we have simulated several samples of electrons with
different kinetic energies impinging a sphere of radius Ry,
surrounding the star (see Fig. 7), with an isotropic and
uniform distribution with a fluence given by 1/ ﬂRéen inside
the sphere. A secondary photon produced by IC scatte-
ring is detected on sphere of radius R, and it is seen with
an angle ® with respect to the normal direction on that
sphere.

For an electron with energy E, at the initial position 7

with direction cfo, the path length s from the current
position to the site of the next collision is calculated by
using the sampling formula s = min(s,, S, ), Where s, =
—ME,,r,c,)log(1 —u) with u a random number distrib-
uted with a uniform PDF in [0, 1[ and A(E,, r, c,) given by
Eq. (40). The electron direction cosine c, is calculated in
the reference system where the electron position is on the Z
axis and its direction lies in the X-Z plane. The following

interaction occurs at the position 7, | = 7; + sd ;» where c?,
is direction vector unit. When the sampled value of s, is less
than ..., a real interaction is simulated, producing a
secondary photon, as discussed in Sec. IV.

The energies of photons emitted from the star are
extracted from the blackbody radiation spectrum
[Eq. (23)], while their directions are extracted according
to Eq. (32) in the reference coordinate system with the
electron position on the Z axis and its direction in the X-Z
plane. The azimuthal and polar angles ¢ and @ are then
randomly extracted: ¢ is taken from a uniform distribution
from O to 2z, while cos@ is taken from a uniform
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distribution from p to 1. The scattered photon and the
scattered electron are then rotated back to the master
coordinate reference system. This procedure continues
until the electron leaves the detection sphere or hits the
star surface.

The yield of secondary photons produced from CREs,
Y(E,|E;,®), is calculated by counting the secondary
photons which escape from the detector surface (i.e., the
outgoing photons) as

V(E . 0) = NEIERO)
N, (Ey)AE,

where N,(E}) is the number of primary electrons genera-
ted with kinetic energy Ej and N(E,|E;, ©) is the number
of secondary photons escaping from the detection surface
with energies between E, and E, + AE, and with angles
between ® and O + AG.

The flux of secondary photons seen by an observer
on the detection sphere (in units of GeV~! cm™2s7!) in an
angular range [®, ® + A®] is given by

1
¢(E7’ 9) = 4—2/ Y(EJ/|EI<7®)(4”) (ﬂR%gen)Ie(Ek)dEk
ﬂRdet
Rzen
=z R% / Y(E7|Ekv ®)Ie(Ek)dEk, (42)
det

where (47)(7Rge, )1, (Ey) is the total number of electrons
entering in the simulated volume in units of GeV~! s~!. We
assumed that photons hitting the star surface are fully
absorbed and then they are not able to reach the detection
surface.

The differential intensity spectrum of secondary photons
with an angle ® from the star’s center (in units of
GeV~!em™2 sr™! s7!) emitted from IC scatterings is given by

$(E,. ©)

IE AQ©)

o) = (43)

V&l

where AQ(®) is the solid angle corresponding to a ® angle
in the range [©,© + AQ], i.e., AQ(O) = 27A cos O.

VII. SOLAR INVERSE COMPTON EMISSION

Here, we present the photon emissivity of the Sun by IC
scattering. We assume the temperature of the Sun surface of
5770 K, the solar radius of Ry = 6.9551 x 10'° cm, the
electron generation sphere with a radius of 1 A.U., and the
detection sphere again with a radius of 1 A.U., i.e., Rgep =
Ryi =1 AU. In this way, we assume that the CRE
intensity’ at the generation sphere is the same observed

®We use the total intensity of electrons and positrons, and we
refer to them as electrons.

at Earth by Fermi-LAT [10,13], AMS-02 [12], and DAMPE
[14]. We have extrapolated the data down to 0.1 GeV and
up to 10 TeV as we did in our previous work [3].

We have simulated the interactions of electrons imping-
ing on the generation sphere in a wide energy range from
0.1 GeV to 10 TeV, while the energy of secondary particles
has been simulated down to 10 eV. The primary kinetic
energy values are taken on a grid of 80 equally spaced
values in a logarithmic scale.

We have simulated the interactions without and with an
interplanetary magnetic field, with solar winds up to the
Sun surface; i.e., we are not considering the strong and
irregular inner magnetic field near the Sun [3].

In the case without a magnetic field, the electron
trajectories are straight lines, unless an IC scattering occurs,
where the scattered electron can change its direction.

In the magnetic field case, we are assuming that the inter-
planetary magnetic field (IMF) is described by the Parker
model [28] for r > Rg. The three components of the IMF

are given by [3]
R.\2
B, = +fB; <—E> ,
,

Bg — 0,
B, = —B,tan¢. (44)

The polar component By is assumed always null. The angle
£ is defined as

s(r—Rg)sin@

tan&(r,0) = 2 (45)

Usw

where @ is the polar angle, wg = 2.69 x 1076 rad/s is the
angular velocity of the Sun (corresponding to a period of
about 27 days), and vy is the velocity of the solar wind
(its typical value is 400 km/s). At the distance Ry, the
component B is also null; i.e., the B field is radial at the
Sun surface.

In the previous equations, the intensity of the field By, is
given by By = By/+/1 + tan® &(Ry, 7/2), where By, is the
intensity of the magnetic field at Earth (its typical value is
about 5 nT) and Ry = 1 A.U. is the Sun-Earth distance.
The constant f is given by

f=1-2H0-0), (46)

where H is the Heaviside function and the angle &' is the
polar position of the heliospheric current sheet (HCS)
defined as

—R
¢ =7 _ arctan [tan asin <¢ + M)] . (47)
2 Vsw

where ¢ is the azimuth angle and we have indicated with «
the tilt angle, i.e., the maximum latitude of the HCS; finally,
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the + sign in Eq. (44) depends on the polarity of the
magnetic field.

We assume a constant speed of the solar wind with a
radial direction, i.e., Ugy (7) = vgy?. The electric field can
be written as the gradient of a potential function:

-

E(x,y,z) = -VV(x,y,2). (48)

Assuming that the potential vanishes at the heliospheric
equator z = 0, the electric potential V is given by [29]

4
V(x,y,z) = :FfBowSR%z? (49)

where the = sign is valid above (below) the HCS.
The energy variation of a charged particle due to the
electric potential, AFE, is given by

AE = q[V(Fy) = V(7)] (50)

and is proportional to the difference between the electric
potential calculated at the initial and final points 7; and 7,
on the trajectory.

To keep the discussion as simple as possible, in this work
we assume a null tilt angle, a positive polarity, By = 5 nT,
and vgy = 400 km/s. The magnetic field and the solar
wind are considered to be stationary during the simulation.
In the case of the magnetic field, the tracking of one step is
performed combining the helix approximation and an
adaptive Runge-Kutta-Nystroem algorithm [30] due to the
magnetic field configuration. If the travel angle at the
beginning of a step is larger than /2, the helix approxima-
tion is used. Then, the energy variation due to the solar wind
of the charged particle is calculated with Eq. (50), where the
final position is the one calculated after a single step.

We have simulated 107 and 5 x 10° electrons for each
incoming energy, in the cases without and with a magnetic
field, respectively. The total statistics in the configuration
with a magnetic field is half of the statistics in the
configuration without a magnetic field, since the former
case requires a higher CPU consumption. However, since
the yield is highly enhanced near the Sun, the statistics on
the IC gamma rays is still quite high.

Figure 8 shows the IC gamma-ray energies as a function
of the incoming electron energies at the generation surface
in the configuration without a magnetic field. The plot is
obtained after integration on the angular separation of the
photons from the Sun. The photons with energy above
10 MeV are mainly produced by electrons above 1 GeV.

Figure 9 shows the calculated IC spectral intensity for
various angular distances from the Sun up to 30°, with a
step of 0.5°, again in the case without a magnetic field. We
show the spectral intensity (multiplied by Ef) as a function
of photon energy.
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FIG. 8. Distribution of the IC photon energies as a function of
the incoming electron energies (configuration without magnetic
and electric fields). The plot is obtained after integration on the
angular separation of the photons from the Sun.
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FIG. 9. Calculated IC spectral intensity for various angular
distances from the Sun up to 30° with step of 0.5°. We show the
spectral intensity multiplied for E% as a function of photon
energy. The darker blue line corresponds to the interval
[0.0°,0.5°], while the darker red line shows the intensity in the
interval [29.5°,30.0°. The error bars represent the statistic error
due to the number of simulated events.

Figure 10 shows the results of this simulation in the
configuration without (left column) and with a magnetic
field (right column). In the top row, we show the energy
integrated gamma-ray spatial map around the Sun produced
by IC interactions built with the HEALPix pixelization [31].
The emission is mainly located near the Sun and extends far
away from it for tens degrees. In the case of a magnetic
field, the emission is much narrow toward the Sun.

In the middle row in Fig. 10, we show the intensity
profiles integrated above 100 MeV (red lines and points)
and above 1 GeV (blue lines and points) as a function of the

THEALPix website—currently, http://healpix.sourceforge.net or
https://healpix.sourceforge.io.
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FIG. 10. Comparison without (left column) and with magnetic and electric field configurations (right column). Top row: energy
integrated IC photon spatial map around the Sun. The map is built with the HEALPix pixelization scheme with N4, = 512 (pixel area of
about 3.995 x 107° rad). Middle row: intensity profile integrated above 100 MeV (red points) and above 1 GeV (blue points) as a
function of the angular distance from the Sun. Solid lines (and filled points) represent the results of this work, while dashed lines (and
open points) represent the StellarICS [7] results calculated with same configuration. Bottom row: calculated IC spectral flux (multiplied
for Ef) without a magnetic field as a function of the photon energy, integrated for angular distances from the Sun center within (from
bottom to top) 1°, 5°, 10°, and 20°, respectively. Dashed lines represent the stellarics [7] results calculated with the same configuration.

Gray points show the Fermi-LAT measurements [1].

angular distance from the Sun. The results of this work are
compared with those obtained with the StellariCS code [7]
with the same configuration. The calculation of the IC
intensity with the StellarICS code is performed integrating the

IC emission along the line-of-sight direction in a plane with
respect to the observer at a given angular distance with
respect the center of the star (see also [8]). In the case
without a magnetic field, the predicted flux from our 3D
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Monte Carlo procedure is slightly lower than the predicted
flux from StellarICS in all angular windows. The shape is
very similar and in the integrated intensity decreases with
the angular distance and can be represented with a power
law 1(®) o ©~L. In the case of a magnetic field, our results
are above the StellalCS ones for ® <4 deg and the
integrated intensity is much steeper.

Finally, in the bottom row in Fig. 10, we show the
calculated IC spectral flux (multiplied for E%) as a function
of the photon energy, integrated for angular distances from
the Sun center within (from bottom to top) 1°, 5°, 10°, and
20°, respectively. Dashed lines represent the StellarICS [7]
results calculated with the same configuration. Gray points
show the Fermi-LAT measurements [1]. Our results agree
with the StellariCs predictions without a magnetic field,
while in the case of a magnetic field the flux is higher in the
region close to the Sun. We also see that the predicted flux
from our simulation is much higher at low gamma-ray
energies (<100 MeV).

VIII. CONCLUSIONS AND OUTLOOK

In this work, we have considered the IC scattering
between energetic electrons and low-energy photon fields,
and we have derived the differential cross section in a
contest of 3D Monte Carlo approach. This process is
frequently used in high-energy astrophysics for the evalu-
ation of IC photon emission, in particular, for diffuse solar
emission. Our study also represents a step forward in
understanding the solar gamma-ray emission.

In our formalism, we are not implemented any approxi-
mation, although sometimes we have also shown the results
in some limits as, for example, in the Thomson regime. The
approach shown in this work can be also used in the
presence of magnetic and electric fields.

We have calculated the solar IC emission due to galactic
CREs without and with an interplanetary electromagnetic
field. In the case without a magnetic field, we find that our
results agree with those from the StellarICS calculation [7].
However, we see some deviations at photon energies below
100 MeV, as already noted in Ref. [8], although at much
lower energy.

We have also implemented a configuration with an
interplanetary magnetic field described by the Parker model
to calculate the solar diffuse component. In this case,
although we consider a simple scenario, we see an increase
of the emission close to the Sun direction, probably due to
an increase of the time spent by electrons in the radiation
field in the presence of the magnetic field. If this effect will
be confirmed considering a more accurate solar magnetic
configuration that also includes the magnetic field near the
Sun, it will allow one to establish a better modeling of the
solar diffuse emission.

The Sun is moving in the Galactic reference
frame, spanning a latitude interval of about +60°. The

maximum (minimum) latitudes are reached during spring
(fall) and the corresponding longitudes are of about
+(60-70) degrees. On the other hand, during winter
(summer), the Sun reaches the minimum distance of a
few degrees from the Galactic Center (anticenter). The iso-
tropic diffuse gamma-ray background measured by Fermi-
LAT above 100 MeV is about 7.2 x 107 em™2 s~ sr™!
[32], that is less than the solar IC up to a few degrees
(see Fig. 10, middle panels). For the galactic inter-
stellar emission, the intensities above 100 MeV are of
about 4.8 x 107® cm™2s~!sr~! at high latitudes, 9.1 x
107* ecm™2s~!sr™! toward the Galactic Center, and
6.0 x 107 cm™2s !sr™! toward the Galactic anticenter,
respectively [33]. Consequently, the solar IC halo should be
easily resolved at high Galactic latitudes.

It is worth highlighting that high-energy gamma rays
produced in the IC scattering can be absorbed through
the scattering photon-photon to electron-positron interac-
tion, where the target is provided by the same solar
radiation field as discussed in the paper. By assuming
the average value of solar energy photons of about
€ = 1.2 eV, the IC gamma-ray energy threshold to produce
an e*e” pair is about 217 GeV (E,, ~ m2/¢). So, this
process affects the high-energy IC photons, since they
could be absorbed from the production point to the
observer. In fact, above threshold, the cross section
increases very rapidly, reaching a maximum of o6, &

0.260 at the value of x = ;—ffz (1 =cos6,,)~?2; then the

cross section decreases monotonically, and for large value
of x it takes the asymptotic behavior ~log(x)/x [34]. The
full calculation could just follows the same formalism
introduced in Sec. V [from Eq. (30)], where we should
put the gamma-gamma pair cross section instead of the
Compton one, i.e.,

o(E, r.k) = /dn(l —cos6,,)c,,(x). (51)

The attenuation of gamma ray can be calculated integrating
along the line of flight of the photons up to the observer,
and this could be done at posterior since we can assume
that the photons move along a straight line (see
also Ref. [34]).

The IC model discussed in this work is now implemented
in the latest version of the FLUKA simulation code [35-38]
and allows one to better calculate the gamma-ray emission
in complex geometries, even in the presence of magnetic
and electric fields, also including synchrotron radiation
emission along particle trajectories. The results achieved
with FLUKA will be published in a separate work.

Some of the results in this paper have been derived using
the HEALPix [31] package. In this work, we used custom
software based on Fortran, C++, Python [39,40], and ROOT
toolkit [27]. GeoGebra is also used for some images.
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