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All bodies in the universe are constantly absorbing heat from surrounding thermal sources. This
heat will be reemitted after a time lag. The temperature at each point of the heated surface will
determine the frequency » of the photons sent out in such way that the total momentum associated
to this process of energy loss depends on how the temperature is distributed at the surface. If the
total momentum is not null, a thermal force will be produced whose intensity and direction will
depend, fundamentally, on the temperature distribution at the surface: points with high temperature
will re-emit photons with high frequencies and vice-versa. High frequency implies a great loss of
momentum in the emission direction, and consequently great re-emission force in the opposite
direction. But, not only the temperature can determine the frequency of the photons sent out but
also the state at rest or movement of the body. When it presents some kind of movement (rotation,
translation, etc.), the Doppler effect will change the frequencies of these photons and the frequency
v must be replaced by V. As a consequence, the resulting force will change too. In this work, we
model the temperature variation (frequency variation) due to the Doppler effect and apply the new
temperature distribution in the thermal re-emission model. The total force obtained by this
“relativistic” thermal re-emission model has two terms: 1) the standard thermal re-emission force
(without Doppler considerations) and 2) the relativistic correction of this force, similar to the
standard Poynting-Robertson force. The thermal re-emission model presented here indicates that,
in general, most of the several disturbing forces can be unified, providing a new and simple view for
the understanding of the entire physics involved in such phenomena.
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MODELO RELATIVISTICO DE RE-EMISSAO TERMICA - Todos os corpos no universo estio
constantemente absorvendo calor das fontes de energia térmica ao seu redor. Este calor, apos um
certo lapso de tempo, sera re-emitido. A temperatura de cada ponto na superficie aquecida ird
determinar a freqiiéncia n dos fotons re-emitidos, de tal forma que o momentum total relacionado
a este processo de perda de energia depende de como a temperatura estad distribuida na superficie.
Se 0 momentum resultante ndo ¢é nulo, surgira uma for¢a térmica cujas diregdo e intensidade irdo
depender, fundamentalmente, dessa distribui¢do de temperaturas na superficie: pontos com
temperatura alta irdo re-emitir fotons com altas freqiiéncias e vice-versa. Fregqiiéncia alta impli-
ca em uma grande perda de momentum na dire¢do de emissdo, e conseqiientemente, uma grande
forca de re-emissdo na dire¢do oposta. Ndao é apenas a temperatura que pode determinar a
freqiiéncia dos fotons emitidos mas, também, o estado de repouso ou movimento do corpo. Quando
este apresenta algum tipo de movimento (rotagdo, translagdo, etc.) o efeito Doppler ira alterar
as freqiiéncias destes fotons e a freqiiéncia v devera ser substituida por v'. Como consegiiéncia,
a forga resultante sera alterada, também. Neste trabalho, a varia¢do da temperatura (variagdo
de freqiiéncia) devida ao efeito Doppler é modelada e a nova distribui¢do de temperaturas é
aplicada ao modelo de re-emissdo térmica. A forga total obtida por este modelo “relativistico”
de re-emissdo térmica possui dois termos: 1) a for¢a de re-emissdo térmica padrdo (sem
consideragoes Doppler, e 2) a corregdo relativistica a esta forga que é semelhante a for¢a Poynting-
Robertson padrdo. O modelo de re-emissdo térmica, apresentado aqui demonstra que, de forma
geral, a maioria das forcas de perturbac¢do pode ser unificada, conduzindo a um ponto de vista
novo e simples, capaz de prover a compreensdo de toda a fisica envolvida em fenomenos deste
tipo.

Palavras-chave: Re-emissdo térmica; Poynting-Robertson; Doppler; Modelo unificado; Efeitos ndo-
gravitacionais.
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INTRODUCTION

To understand the relativistic thermal re-emission
model we must present some basic concepts of the
following effects: Thermal Re-emission, Doppler and
Poynting-Robertson. These effects are closely related
and one of the most important purposes of this work
is to show how this happens.

The thermal re-emission effect appears every time
when a particle, with anisotropy in its superficial
temperature distribution, re-emits thermal radiation.
The frequencies of the re-emitted photons depend
directly on the temperature, so the net loss of
momentum is not null and a thermal force appears.

The Doppler effect is the apparent change in
wavelength of sound or light caused by the motion of
the source, observer or both. Waves emitted by a
moving object as received by an observer will be
blueshifted (compressed) if approaching, redshifted
(elongated) if receding. It occurs both in sound and
light. How much the frequencies change depends on
how fast the object is moving toward or away from
the receiver.

The third effect is called Poynting-Robertson (PR)
and can be explained as follows: the Sun’s rays that
strike particles orbiting the Sun are partially reflected
and partially absorbed. In the first case (reflection),
the particles will tend to slow down (momentum
conservation law). This is how it works: rain falling on
a speeding car tends to strike the front of the car and
slow it down slightly. Similarly, the Sun’s rays that strike
particles orbiting the Sun tend to slow them down,
causing them to spiral into the Sun.

In the second case, the absorbed radiation will
be re-emitted after a time lag (so, equal rates of
absorption and re-emission, means mass
conservation), but if the particles present some kind
of movement in the Sun’s referential system (translation
and rotation) one must take into account that the
outgoing photons will emerge with different frequencies
due to the Doppler effect. Again, the net loss of
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momentum is not null and the particles will tend to
slow down.

In general, reflection and absorption occurs
simultaneously so the PR effect presents some level
of complexity that cannot be ignored. But in the work
presented here we will focus our attention only on the
effects due to the re-emission of the absorbed
radiation.

STANDARD THERMAL RE-EMISSION
MODEL

In order to obtain the temperature distribution of
the spherical surface, we solve the heat conduction
equation with the appropriate boundary conditions
(Afonso & Foryta, 1989; Rubincam, 1990, 1997,
Duha, 1996) according to the energy conservation
law: the net loss of heat for the surface element is given
by the difference between the thermal energy
absorbed (o) and the energy re-emitted (ecT?), in
the unit of area and time. Here ot and € are the energy
absorption and emission coefficients, respectively, at
the body*s surface and ¢ is the Stefan-Boltzmann
constant. Therefore the radiance I is related to the
heat source and represents the incident radiant energy
per unit of area and time. This radiance, I, is associated
with the body’s surface temperature T. The radiance
re-emitted by a spherical body surface is I, = ecT,
then the radiance estimate for a specific point at the
surface is only possible through the knowledge of the
temperature T at this point.

The surface temperature is T =T+ AT, where
T, is the mean temperature and AT is the temperature
variation which has a periodic behavior. All area
elements of the satellite surface re-emit radiation
according to different temperature values. The re-
emitted thermal radiation (photons) carry away energy
and momentum. This momentum loss can be computed
through the simple relation: momentum = energy/c,
where c is the speed of light, in such way that the total
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momentum loss along the normal direction at the
surfaceelement consideredis:

_ 280 _,

= —T D
and theforce connected with thisloss of momentum
for agiven point at thesurfaceis:

280 T
dF = - T dA | 2)
where, dA = dAn isthevector of the areaelement,
inspherica coordinates, for thereference system (xyz)
according to Figure (1). The resulting thermal re-
emission forceisobtained through theintegration of

thetotal forcedementsdF

®3)

where dA= R’sin@dé@dg IS the area element and
n=sindcos¢i+sindsing j+ cosd k , the unit vector
normal tothesurface.

FIGURE 1 - AREA ELEMENT IN SPHERICAL
COORDINATES
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Figure 1 — Spherical coordinates of the area element in the
coordinate system (xyz) fixed for the spherical body.

Figura 1 — Coordenadas esféricas do elemento de &rea no sistema
de coordenadas (xyz) fixo no corpo esférico.
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Rewriting T* as a binomia expansion and
assuming that AT <<T,, we obtain the following
approximated expression:

T* =Ty +4T24T . 4

Applying therelation aboveinthe Eg. (3) one
obtain:

2,

! (e +ariarjoan 5)

_ 207
= ?-([

that, after integration, becomes.

F = nf{Alsin(vzt —52)[cos(v1t —51)i + sin (vlt - 51)j]
+ A, cos (vzt - 52) k},

(6)

wherethetwo most important angular movementsfor
the satellite rotation and trandation (with angular

frequencies, ; and v, , respectively) aretakeninto
account, in such manner that g, isthethermal lag

angleduetorotation; &, isthetherma lagangledue
to trandation, and A, and A, are functions of the:
absorption (o) and emission (g) coefficients, radius
(R), meanradiance(l ), meantemperature (T,), and
angular frequenciesv, and v,

The symbol i is used to indicate when the
quantitiesarecomputed with v = v, (day-night effect)

and (summer-winter effect).

RELATIVISTIC THERMAL RE-EMISSION
MODEL

The spectral radiance of ablack body, I-(v), is
defined through theenergy emitted inthe unit of time
and areaby asurface with absolutetemperature T ,
comprisingradiationwithfrequenciesat theinterva v
tov + dv. Thereis, however, one specific frequency
associated to a maximum radiance. The Wien law
(Eisberg & Resnick, 1986) shows that there is a
wavelength, A __ (or frequency v__ ) connected with
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maximum radiance and it isgiven by thefollowing
reltion:

Ao T =Clar s (7)

where, C,, =2.898x10mK istheWien constant.
Notethat the Eq. (7) can berewritten as:

1
T:C'e”)l_' (8)

But, \y =¢, s0:

1%

1
i ©)

where we assume that v and A are associated with
maximum radiance, and so the Eq. (8) can be rewritten
as
T=Cy, (10
whereC,=C,_ /c isconstant.
A body heated up by athermal energy source
will re-emit photonswith frequency v. However if, a
somereference system, thisbody hasvelocity V #0,

thenthefreguency v mustbereplacedby v’ (Landau
& Lifchitz, 1966):
v=p— ¢
(1— VY s a] ' (11)
C

wherea istheanglebetweenthedirectionsof wave
emission and body (source) movement.

According to the Eq. (10) thefrequency v' is
associated to atemperature T, and we can write:

1—\/2 1—\/2
T'=Cy'=Cy ¢ |-t ¢’
1 1 (12)
1-—cos a l1-—cos a |’
c c
and
V2 4 [ VZ]Z
1=V v
() =1 | =7 <
4
1—!0050' (1_\/ ] '(13)
c
c
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But, according to our thermal model we have
assumedthat T =T/ + 41247 (EQ. (4)), then:

4]
(T = (rs +4T03AT)[1_V:SH]4 w

According to the binomial expansion, if
(Vcosa)/c<<1l, we can expand the term

inaseriesasfollows:

(p-peee] s famalaffamal
a-—cosa| =1+4 —cosa|+10 —cosa| +..
C Cc Cc
(15)
Using therelation abovewe canreplace Eq. (14)
by an approximated express on that takesinto account

only thetwofirst termsof theexpansion (15). So, the
Eqg. (14) can berewritten asfollows:

Py 2

(T) = (¢ +atiar (1—\2—2] (1+ 4%005 a'] .(16)

Substituting the EQ. (16) into Eq. (3) weobtain:

%0 ﬁ”( +ATEAT (1 - \2—22] x

17
><(1+4¥oosa]dAn , ( )
c

or either,

oo 2 s rarlonn )

(SR |

0

(18)

where
cosa=n k. (29)
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Theunit vector normal tothe surfaceelementis
n and the unit vector in the along-track directionis
s= (s,i+ s,3+ sk ). In this case, the components of

the unit vectors, s, S, and s, (Duha, 2000) are:

S, =cos ntcos at +sin ntsndsnat, (204a)
s, =—cos nt sinat +sin nt sindcos at, (20b)
s, =sin nt cos 9, (20 ¢)

where n is the mean body displacement, w isthe
angular rotation frequency and J isthe spin axis
inclination related to the orbital plane. Thesethree
quantitiesarethe samefor al pointsin the satellite
surface, or ether, they do not depend onthe colatitude
andlongitude, 8and @, respectively.

Notethat thefirst term ontheright hand side of
Eq. (18), (- 2e0/3c).integral[1] is the thermal re-
emissonforcewithout rdativitic effectsgiven by Eq.
(6).Thesecondterm, (- 2¢0/3c)(4v /c). integral[2],
representstheforcethat comesout asaconsequence
of the Doppler effect and that must be added to the
standard thermal re-emissionforce.

Theintegral[2] can bewrittenas:

4%{(T04)I1”(cos a)dA n + (4T03)I1'”AT (cos a)dA n}

(21)

or either,

4% Rz{(TO“E n(sx? +5,] +8,K )} +(a72)x 0} (22

Finaly, wecanwritethe Eq. (18) asfollow:
272
F= {1 - VTJ ng {Ajsin (vt — 5y coslv it — 501+
C

+ ain [Vl.ﬁ - El)j] +4, cos[vg.f - 53] }+

g% 3 4 o3
+ [1 - 'V_z] [(— J2eo Ty mk” J V(s i+s,j+ sxk)}.

2
C S

(23)

Now, usingthefollowing relations: eaT =1,
MR=A,ands=si+s | +s k (the unit vector
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pointing inthe along-track direction) we canrewrite
theequation aboveas:

ray’
F = (1— _QJ { 7 [ Agin (vt — 59
I

[cos (vt — 1) +sin (vt — 5,03 ]+

+4, cos Iivg.f - gg)k}+[— 393] fod

e? }(24)

This is the approximated relativistic total re-
emissonforceactingonaspherica body withaverage
surfacetemperature T . Thefirst termisthe standard
re-emission forcemultiplied by thefactor (1—\V?/c?)?
and the second term is similar to the standard
Poynting-Robertson force (Guess, 1962; Wyatt &
Whipple, 1950) but, multiplied by thefactor (1—V?/
c®)2. However, when we use the approximate
expressonfor thetemperaturewelosetheinformation
about the PR such asforceand itsrel ation with body
rotation and temperature variationsat the surface. But,
thisapproximated expressionisvery important to the
aim of this work, because it shows clearly the
connection of thisnew forcewith the PR effect that
can be obtained from thethermal re-emission model
presented here. Oneneedsonly to assumethat AT =
0, and V<< c. Infact, for the great majority of
cases (1 - V?c?)? = 1.

Itisinteresting to remark, aso, that the PR effect
reguires photon emission or re-emiSsiON Processes.
Whatever, the PR effect will dwaysdepend onheating
processes. Infact, the PR effect is part of the overall
thermal effectsand do not exist without them.

Another resultisthat therelativistic thermal re-
emisson effect (thermd effect plusPR) will disappear
whenV = c. Theclassical PR effect doesnot predict
thisresult andfailsat another points: if thetemperature
distribution at the surfaceisanisotropic and the body
rotatesthe PR effect could be bigger or smaller than
theclassicd predictions.

Poynting-Robertson like effects depend on the
rotation angular frequency. This dependence cannot
be seen here because we have used the approximated
expressongivenby Eq. (15) for our reativisicmoded,
but it should appear inacompleterelativistic therma
model (without approximations).
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CONCLUSION

The work presented here has shown the
development of a thermal model where the
temperature 7 of each surface point is corrected in
order to take into account the Doppler effect. The
direct relation between photon frequency and
temperature provides a new temperature distribution
for the body’s surface. This new temperature
distribution, when applied to the thermal model, leads
to the so called relativistic thermal re-emission force,
that is the sum of the standard thermal re-emission
force with a PR like force due to the relativistic
correction of the anisotropic temperature distribution
atthe surface of the emitter. Therefore, the relativistic
thermal re-emission force encompass the standard
thermal re-emission force (without Doppler
considerations) plus a new force that comes out due
to the introduction of the Doppler effect in the standard
thermal model. This new force is similar to the
Poynting-Robertson force, already known in the
literature, but it is a force that appears as a
consequence of the application of the Doppler effect
to an anisotropic temperature distribution, whereas
the standard PR force assumes that the temperature
distribution is isotropic. Finally, the main conclusion
of this work is that most of the several disturbing forces
can be unified, leading to a new and simple view, able
to make easier the understanding of the overall physics
involved and to provide more accurate and complete
equations for the non-gravitational disturbing forces
on orbits.
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MODELO RELATIVISTICO DE RE-EMISSAO TERMICA

Inicialmente, apresenta-se de forma resumida o modelo de re-emissao térmica unificado a partir do
qual se obtém a forca de re-emissdo térmica total: for¢a noite-dia (diurnal effect) mais for¢a inverno-verao
(seasonal effect). A forca de re-emissdo térmica resultante ¢ calculada, basicamente, a partir do conhecimento
da distribuicao de temperaturas 7" na superficie do corpo aquecido. A temperatura de cada ponto determina,
por sua vez, a energia dos fotons emitidos, ou seja, sua freqiiéncia. Quanto maior a freqiiéncia dos fotons
emitidos, maior a perda de momento linear associada a esse ponto. Para calcular a forca resultante sobre o
corpo, é necessario somar a contribui¢io de cada um dos pontos na superficie do corpo emissor. E essa
soma vetorial de momento linear que ira determinar o modulo, a diregdo e o sentido da forga de re-emissao
térmica. No entanto, a perda de momento associada a cada ponto esta diretamente ligada a freqiiéncia dos
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fotons emitidos cujo valor depende ndo apenas da temperatura do ponto emissor, mas também da
velocidade do mesmo em relag@o & um referencial inercial. Portanto, se o corpo que esta emitindo ou re-
emitindo energia se encontra em movimento (rotacao, translagao, etc.) havera um aumento na freqiiéncia
dos fotons emitidos na dire¢do do movimento e um decréscimo na diregdo contraria. Essa variacao de
freqiiéncias devida ao movimento do corpo ¢ conhecida como efeito Doppler e ela altera o modulo,
direcdo e sentido da forca de re-emissdo térmica. A forca de re-emissao térmica relativistica ¢ composta,
entdo, pela for¢a de re-emissdo térmica padrao (sem consideragdes Doppler) mais uma forca nova, que
surge devido a introdu¢@o do efeito Doppler no modelo. Esta for¢a nova é semelhante a forca Poynting-
Robertson (PR), ja conhecida na literatura, porém, ¢ uma for¢a que surge da aplicac¢ao do efeito Doppler
a uma distribuicao anisotropica de temperaturas na superficie do corpo, enquanto, que a for¢a PR
assume que o corpo aquecido possui a mesma temperatura em todos os pontos da superficie. Neste
trabalho ¢ desenvolvido um modelo no qual a temperatura 7' de cada ponto da superficie ¢ corrigida
devida ao efeito Doppler, ou seja, como a freqiiéncia dos fotons esta diretamente relacionada a
temperatura, ¢ possivel obter uma nova distribui¢do de temperaturas. Essa distribui¢do de temperaturas
corrigida quando aplicada ao modelo térmico conduz a assim chamada forca de re-emissdo térmica
relativistica, que nada mais ¢ sendo a soma da for¢a de re-emissdo padrdo com uma forga do tipo PR
devida a corregdo relativistica da distribui¢ao anisotropica de temperaturas na superficie do corpo
emissor
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