Brightness and color of rapidly moving objects: The visual appearance
of a large sphere revisited
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An object at relativistic speed is seen as both rotated and distorted when it is large or close by so
that it subtends a large solid angle. This is a consequence of the aberration effect and is obtained
by purely geometric considerations. In this paper it is pointed out and illustrated that a photorealistic
image of such an object would actually be dominated by the Doppler and searchlight effects, which
would be so prominent as to render the geometric apparent shape effectively invisikimo ©
American Association of Physics Teachers.

I. INTRODUCTION light ray that is emitted by this point and is received in the
] ) ) i . observer's eydFig. 1). The light ray makes some angte

Interest in the visual appearance of objects moving withyith the velocityv of the object.
velocities close to the speed of light was triggered by the The |ight ray can be completely specified in terms of the
question of the visibility of the Lorentz contraction. The first spacific intensity or surface brightness, i.e., the amount of
discussion, given by Lampa as early as 192@mained ragiant energy per time per wavelength interval per solid
largely unnoticed, but the question was rediscovered in 1959ngje and per area perpendicular to the direction of the ray,
It was subsequently shown that the apparent length of #(\"), in the rest frame of the object.
meter stick in a visual or photographic observation is not the | the ghserver's rest frame, the radiation is observed with
Lorentz-contracted length® and that quite generally, objects the Doppler-shifted wavelengfh
subtending a small solid angle appear rotated but otherwise
undistorted®® whereas objects subtending a large solid angle A= 7y(1—pcosf)\'=:\"/d 1)
are seen as both rotated and distorted. A particularly intriguryith the usual designationg=(1—82)~ Y2, g=vl/c, c the
ing result of these considerations is the fact that a sphergpeed of lighl, and with specific intensity
always presents a circular outline whatever its speed and its 5
angular size may b&®°All of these results are based onthe ~ 1(A)=d°I"(A"=\d). 2
aberration effect and are purely geometrical in nature. A derivation of Eq.(2) is given in the Appendix.

Brightness and color are likewise important aspects of the As an application, consider a view of the sun from a rela-
visual appearance of rapidly moving objects. They are detetiyistic spaceship. The emission in the rest frame of the sun
mined by the Doppler effect and the transformation of lightjs approximately a blackbody spectrum,
power (searchlight effegtand have been studied in connec- he? 1
tion with the appearance of the celestial sphere from a rela- I'(\)= 2hc
tivistic spaceshig® ! While objects subtending a small solid N'® (ghekeT'N _ 1)
angle appear uniformly brightdor dimme) when moving .
toward (or away from the observer, objects subtending a (Whereh is the Planck constant arig; the Boltzmann con-
large solid angle suffer nonuniform Doppler and searchlightan? with temperaturel’=5780K. Under the transforma-
effects. In this paper it is pointed out that in the case of largdion (2) this turns into an observed spectrum which is again a
objects, the Doppler and searchlight effects may dominat®lackbody spectrum but with temperatufe-T'd. Figure 2
the visual impression of the object and create an image thahows the rest frame spectrum and observed spectrd for
is quite different from what the purely geometrical computa-=0.8 andd=1.2.
tion may lead one to expect. The apparent brightness of the surface of the moving ob-

In particular, when visualization tools are used to obtainject is the result of the perception of the observed spectrum
images that give the impression of being virtually photoreal (\) by the human eye. The perceived brightness is therefore
istic images,~**it is indispensable to allow for Doppler ef- determined solely by the visible part of the spectrum
fect, searchlight effect, and also for the response of the hyt400 nm<\ <800 nm) and depends on the response of the
man eye in order to obtain images that are realistic in thyuman eye to light stimuli of different wavelengths.
sense of being physically correct. _ Human visual perception is quantified using colorimetry.

_ The computation of color and brightness of rapidly mov- colorimetric applications are based on the “1931 CIE Stan-
ing objects provides, on the one hand, an interesting angard Observer” defined by the “Commission Internationale
unusual application of colorimetry and, on the other hand, &je 'Eclairage” (or CIE) on the basis of experimental data.
practical illustration of the predictions of the special theorysjng the CIE-color-matching functiop(\) whose values

()

of relativity. are tabulated at 1-nanometer intervalsee also Fig. 2 the
perceived brightness associated with the observed spectrum
II. BRIGHTNESS PERCEIVED BY THE HUMAN () is
EYE
Yzf I(N)y(N)dA. (4)

In order to compute the brightness of a rapidly moving
object, consider a point on the surface of the object and @&pplied to the spectra in Fig. 2 one obtaingdd=0.8)
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Fig. 1. A light ray from the moving object to the observer. Fig. 3. Path of relativistic spaceship passing the sun at a distance of three
solar radii from its center.

=88, Y(d=1.0)=273 andY(d=1.2)=548 in arbitrary units

of brightness. Images of the sun as seen at different spaceship velocities
When a rapidly moving object is large or close by so thatat 6=7/2 are shown in Fig. 5. At low velocities the circular
it subtends a large solid angle, then different valued will ~ outline of the image is clearly visible. However, at high ve-

be computed for different points on the surface. This will, inlocities one side of the sun appears to be so bright that it
general, produce substantially different levels of apparen@utshines the rest of the spherical disk and the sun is actually
brightness. seen in the shape of a crescent.

As an example consider the view of the sun from a rela-
tivistic spaceship on the path indicated in Fig. 3. When thqII CONCLUDING REMARKS
spaceship approaches the sun, the Doppler fatisrlarge '
and therefore the perceived brightné‘s’s also Iarge. While The perceived color of a rapidly moving object can be
the spaceship passes the sun and finally leaves it behind, tie@mputed in much the same way as the brightness. With the
apparent brightness decreases continually until the sun ag|E-color-matching functionsk(\) and z(\) one findsX
pears much fainter than for an observer in the solar rest rj(\)x(x)dx andZ=f1(A)z(\)d\. These two quantities
frame. o have no simple intuitive physical meaning, but the triplet

While the spaceship is close by, the sun subtends a large v 7 is a unique description of the perceived color which
solid angle. Images of the sun as seen at different spaceship, e transformed into any other color representation, e.g.,
velocities have been computed with the procedure sketchegle RGB color space of a monitor.
in Fjg. 4: Each surface glement ofa fictitiogs image plane is When a moving object subtends a large solid angle, so that
assigned the surface brightness of the object surface that terent values ofl are computed for different points on the
seen through #> The sun being a sphere, its geometric aP-syrface, then in principle a unicolored object should appear
parent shape always has a circular outline. The size of thg, pe multicolored. However, different colors are associated
imagé is largest when the sun is seergatm/2, i.e., perpen- yin different levels of brightness and brightness changes
dicular to the direction of motion, and this largest image hasend to be much more drastic than color changes. In a color
the same size for every velocity. In fact, the maximum half-,orsion of Fig. 5, e.g., the upper five images of the sun ap-
angle amay is given by siny,,=R/D, whereR is the radius  pear white or nearly white, while the bright parts of the lower
of the sphere and the distance of closest approach to thetyo images appear ochre and red, respectively. In the sixth
center of the sphere. For a spaceship on the path shown jmage, the right-hand side of the disk should appear orange,
Fig. 3, @ma=19.5°. (To prevent distortion in wide angle put is so faint that the color is not visible and the visual
images like these the image should ideally fill the same fie|dmpre53ion is that of a unicolored ochre crescent.
of view when viewed as when creatgd. It is the visible part of the transformed spectriin) that
determines both the perceived brightness and color. This is
radiation that has been Doppler shifted into the visible range;
it may belong to the ultraviolet or infrared or even the radio
range of the rest frame spectrum. F8+0.9, for example,
the Doppler factod varies betweerd=0.23 for /=0 and
d=4.36 for 9=r. In order that the visible parts of the trans-
formed spectra for all possible valuesd€an be computed,
the rest frame spectrum must be specified between
N =90 nm (far ultravioley and\'=3500 nm(infrared.
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Fig. 2. Blackbody spectrum with temperatufe=5780 K in its rest frame plane space
(d=1) and observed spectra fdr=0.8 andd=1.2. The color-matching
functiony(\) (dash-dotted lingis the weighting function for the computa- Fig. 4. Image generation: Each surface element of a fictitious image plane is
tion of the perceived brightness. assigned the surface brightness of the object that is seen through it.
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Fig. 6. Beam of photons in directidg surface elemenk A, and its projec-
tion AA, .

It has been demonstrated how standard graphics tools can
be applied to scenes involving objects and light sources at
relativistic speed$?*3 This may well be the most promising
approach to the visualization of relativistic effects, especially
for realistic images of complex scenes. However, the images
obtained so far are not realistic in the sense of being physi-
cally correct: The transformation of the specific intensity has
either been neglected or has been applied incorrectly.
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APPENDIX: LORENTZ TRANSFORMATION OF
THE SPECIFIC INTENSITY

Transformations of light power from an unresolved source
have been given by McKinley and Doherty and
McKinley.'®1 Burke and Strod€ derive the transformation
of the intensity of a resolved object for the special case of
observation at right angles to the direction of motion; the
general case is treated by Peebleand by Greber and
Blatter?°

The following derivation of the Lorentz transformation of
the specific intensity gives the transformation law for spec-
trally resolved light power emitted by a resolved object. Like
most of the derivations mentioned above it is based on a
photon-counting argument.

The transformation is done between two standard frames
of referenceSand S’, S' moving with velocityv in the x
direction with respect t& The quantity to be transformed is
the specific intensity, i.e., the radiant energy per unit time per
unit solid angle per unit interval of photon energy and per
unit area perpendicular to the beam. This quantity is related
to photon numbers in the following way.

Consider a beam of photons with photon energy between
E and E+ AE, incident in the solid anglé\Q2 around the
directionk and choose a surfackA. Count the photons in
the beam that pass the surface during tixie From the
numberN of counted photons, compute the specific intensity
I (k,E) which is by definition given by

NE=IAEAQAA At, (5)
Fig. 5. The sun seen from a relativistic spaceship at relative velocities
vic=0, 0.1, 0.3, 0.5, 0.7, 0.9, and 0.9%p to bottom. The space- WhereAA, is the projection oAA onto a plane perpendicu-
ship follows the path shown in Fig. 3 and the sun is observed in the difar to k. In particular, if the normal ofAA points in thex
rection #==/2. Since the brightness levels differ substantially, the pixel direction. then
values in the different images are not to scale. The brightest pixel ’
corresponds toY=273, 310, 352, 323, 195, 18, and .60 °, re- AA, =AAcosé, (6)
spectively (top to bottom, in arbitrary units of brightness. Lines of con- . . .
stant @ are faintly visible because brightness is displayed in 256 discretéWith the angled between the photon beam directiknand

levels. the x axis (Fig. 6).

000
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c cosf At () AAi: AA;. (13
The specific intensity’ (k’,E’) is related toN; by
N.E'=1"AE'AQ'AA] cosd’At’. (14)
\gA X . s
K Dividing Eq. (9) by Eq. (14) it is found that
| E AE" AQ' AA] At' cosd’ 15
I” E' AE AQ AA; At cosé—pg° (19

Relation(11) betweend’ and 6 gives the transformation of
elements of solid angle:

dQ’ sing’ d¢’ dcosé’ 1

c cosé At (b)

2

4 dQ  sing dé dcosd yA1-Bcosh)?
(16)
AA;(t) . , ,
—Air Inserting Eqs(10)—(13) and (16) into (15) one obtains
Fig. 7. (a) Photons contained in the shaded volume at tigwill pass the I_ —d Edzl E 1 —g3
surfaceAA betweent, and t,+At. (b) Photons contained in the shaded |’ d vy (1-8 cosdb)
volume at timet, will pass the moving surfac&A; betweent, andt,
+At. or
| I’
BTE3 17
The velocity of the photons in the beam has xh&mpo- Often the specific intensity is expressed in terms of wave-

nentc cosé. The N photons that pasaAA betweenty and  |ength rather than photon energy. With=hc/E, photon
to+ At are therefore just those photons that are contained iBnergies in AE correspond to wavelengths M\

the shaded volume in Fig(d at timet,. This volume has =(hc/E?)AE. FromI(A\)A\=I(E)AE one finds

the size )
I(\)=1(E)(E?hc 18
AV=AAccosfAt. (7) q (M)=1(E) ) (18
an
As a preliminary to the Lorentz transformation of the inten- )
sity, repeat the counting experiment for a surfaok; with In) (B BT 19
the same size and orientation &8 and moving with veloc- I'(\") I'(E') E'? '
ity v in the x direction. ie., Eq.(2)

,A” photons that are contained in the shaded volume in The transformation law of the integrated intensity is easily
Fig. 7(b) at timet, will passAA; betweent, andty+ Atg. obtained from(17) or (19):

This volume has the size
AV;=AA;(ccosf—v)At (8) f I()\)d)\zd“f I"(N")d\'. (20

and is smaller tharAV by a factor (co®—pB)/cosé. The
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THE STIFLING GRIP OF RELIGION

| consider that the survival of religion and the antireductionism that it represents suryives
merely because it is so deeply ingrained in our cultural attitudes, and its survival is independent of
its intrinsic truth. The stifling grip of religion on Man’s mind stems partly from its early start,
when, as our ancestors dropped from the trees they first sought explanations and solace] it also
stems partly from religion’s contrdfor both benevolent and malevolent purpgsefsthe behav-
iour of individuals and societies, and it stems partly from its capture of the literature and the arts,
which has given it a powerful imagery. Someone with a fresh mind, one not conditioned by
upbringing and environment, would doubtless look at science and the powerful reductionisin that
it inspires as overwhelmingly the better mode of understanding the world, and would doubtless
scorn religion as sentimental wishful thinking. Would not that same uncluttered mind also see the
attempts to reconcile science and religion by disparaging the reduction of the complex to the
simple as attempts guided by muddle-headed sentiment and intellectually dishonest emotipn?

P. W. Atkins, “The Limitless Power of Science,” iNature’s Imagination—The Frontiers of Scientific Visiedited by
John Cornwell(Oxford University Press, New York, 1985
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