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Minkowski Spacetime
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Departamento de Bica, Universidade Federal do Par 66075-110, Bém, PA, Brazil
(Received on 15 October, 2005)

We analyze the scalar radiation emitted by a source in uniform circular motion in Minkowski spacetime
interacting with a massive Klein-Gordon field. We assume the source rotating around a central object due to a
Newtonian force. By considering the canonical quantization of this field, we use perturbation theory to compute
the radiation emitted at the tree level. Regarding the initial state of the field as being the Minkowski vacuum, we
compute the emission amplitude for the rotating source, assuming it as being minimally coupled to the massive
Klein-Gordon field. We then compute the power emitted by the swirling source as a function of its angular
velocity, as measured by asymptotic static observers.

In a previous work one of the authors together with Higuchi 3.5
and Matsas have analyzed the radiation emitted by a source
rotating around a massive object and interacting with a mass-

less scalar field [1]. More recently this analysis has been ex- , ¢ /
tended to the electromagnetic case [2]. In the present work S
we investigate how the mass of the scalar field influences theg 2 N

emission rate and the power emitted by a swirling source ro- 2
tating around a massive object, due to a Newtonian gravita- w

tional force. We assume natural unds= G = 1 and metric 1 /
signature(+ — ——). T
We start by exhibiting the classical solutions to the mas-  °5 T
sive Klein-Gordon field equation in Minkowski spacetime, —
(OMOu+ mP)ugp = O, in spherical polar coordinates o0t 002003 004 005 0.0
. FIG. 1: The contribution to the emission r&&oming from particles
PZ_n? )2 with angular momentum up to= 3is plotted as a function of angular
ump(x“) = <> X velocity Q of the rotating source, as measured by asymptotic stat
n observers, for the cases with= 0 (continuous line)mM = 0.01

. . (dotted line) andnM = 0.02 (dashed line)MQ ranges fronD up to
I (r Vor - mz) Yip(6,0) exp(—ict) (w=>m), 0.068 (associated with the circular orbit Bt= 6M).

with positive frequencyw, and angular momentum gquantum
numbersl and p. Here ji(r) are spherical modified Bessel Rizyé(r —R)3(8 - 7)8(¢ — Qt), is regarded as minimally cou-

functions andYj,(6,4) are the scalar spherical harmonics. R_Ied to the fielda(x“), through the interaction actio§ =

These positive-frequency orthogonal modes have been no ~ . .
malized through Klein-Gordon inner product d*y/=gJo. Here_y: 1 4 (17.R292)' Keplerlar_l orbits
7 of the sogrge ata f|>;ef_l raflltl}; V\Sth angular velkc])cn)Ki as .
. (3) [t B . measured by asymptotic static observers, are characterize
Oke(@ W) =i 5@ Azl (Cu) = (@) 4, R= (M/QZ)1/3, whereM is the mass of the central object,
, which attracts the source through a Newtonian gravitation
such thatoke(Uup, Uy ) = 8y 8,y d(w—w). The quan-  force. The total emission rate of one quantum of the field int
tum scalar field is given by the usual Fourier expansion of thehe vacuum is given by
positive- and negative-frequency modes

2. R e 2 TSI
=3 3 ool (%) Butp + Uiy p () &1 ] “E m T
=op==1 M o | 2q2 p2927mZ
so that the non-vanishing commutation relations between the l; Zl %

creation and annihilation operators are L 2
M\ 3 > Tt 2

) . . R . .
The quantum field states are obtained by applying the crewhereT = 2md(0) = %, dt is the total time measured by the
ation operators to the Minkowski vacuuff), defined by asymptotic static observers. In Fig. 1 we plot the emissio
8up|0) = 0. Our rotating source, represented Bx") =  rate for two different values of the productM, as well as

A AT '
|:a<.o|paa-w/|rp/:| = 6”/ 6pp’ 6(00—00)
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FIG. 2: W, is plotted as a function d® for different choices of and

p, with mM = 0.02. The contribution froml = p = 1is given by the
continuous line, the one froin= p = 2 by the dotted line, whereas
the contributionl = p = 3 is given by the dashed line. The main
contribution to the emitted power comes from modes with angula
momentunl = p= 1. The largel is, the smaller is the contribution
to the total radiated power.

for m= 0. We see that for a fixed value 61, the emission
rate is smaller in the massive case than in the massless ca:
Moreover, the greater the valuero, the less is the emission
rate for a fixed angular velocity of the source.

The next step is to compute the power emit®doy the

swirling source. For a fixed value of the angular momentum

guantum numbersand p we have that

Z
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m
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In Fig. 2 we plotW, as a function of the angular velocity
of the source, for increasing valueslofWe see that the ma-
jor contribution is given by the mode with= p= 1. For a
fixed value ofl the dominant contribution comes from= p.
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Moreover, modes with odd valueslof p have vanishing con-
tributions to the emitted power. Modes with- p = 0 are not
emitted by the rotating source. The total emitted power is ol
tained by adding up all the contributions from all possible val
ues ofl andp, namelyw = zf‘;lz'pzlwp. In Fig. 3 we plot
the total power emitted by the rotating source fioe= 0 and
also for two non-vanishing values of the prodoa¥l. Analo-
gously to what happens for the emission rate, for a fixed valt
of Q, the emitted power is also smaller for larger values c
mM.

The case of a source, minimally coupled to massive scal
field, swirling around a Schwarzschild black hole is presentl
under investigation.
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FIG. 3: The total poweW emitted by the source rotating around the
massive object due to a Newtonian force is plotted as a function
the angular velocityQ. Thel summation in the definition iV is
performed up td = 3. One of the plots have been performed for
the massless scalar fielah& O, continuous line), while for the other
two we have chosemM = 0.01 (dotted line) andnM = 0.02 (dashed
line). AgainMQ ranges fron0 up t00.068
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