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Eyesight and the solar Wien peak

James M. Overduin?
Astrophysics and Cosmology Group, Department of Physics, Waseda University, Okubo 3-4-1, Shinjuku-ku,
Tokyo 169-855, Japan

(Received 27 August 2002; accepted 23 October 2002

It is sometimes said that humans see best at yellow—green wavelengths because they have evolved
under a Sun whose blackbody spectrum has a Wien peak in the green part of the spectrum. However,
as a function of frequency, the solar blackbody spectrum peaks in the infrared. Why did human
vision not evolve toward a peak sensitivity in this range, if the eye is an efficient quantum detector
of photons? The puzzle is resolved if we assume that natural selection acted in such a way as to
maximize the amount of energy that can be detected by the retina across a range of wavelengths
(whose upper and lower limits are fixed by biological constrairitss then found that our eyes are
indeed perfectly adapted to life under a class G2 star. Extending this reasoning allows educated
guesses to be made about the kind of eyesight that might have evolved in extrasolar planetary
systems such as that of the red dwarf Gliese 87620G3 American Association of Physics Teachers.
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[. INTRODUCTION man eyesight evolving under the light of a G2 star such as

the Sun should have a peak sensitivity near
Astronomy textbooks teach us that human eyesight is most,~560 nm—exactly what is observed.

sensitive in the optical rang@eaking at 500-560 nyrbe-

cause it has evolved over time to take advantage of the Sunj THE SOLAR BLACKBODY FUNCTION

blackbody spectrum. When evaluated as a function of wave-

length, the latter has a Wien peak at 502 nm, so this argu- The Planck function describing the spectrum of radiation

ment appears logical at first sight. However, the real storyemitted by a blackbody at temperatufecan be written as a

must be more complicated than this, because the solar blackinction of either\ or »,2

body spectrum peaks at 3.840' Hz when evaluated as a TNEING

function of frequency. This frequency corresponds to a B,(T)= , (1a)
wavelength of 884 nm. If the eye is an efficient quantum expthc/kTh) —1

photon detector, should it not have evolved toward this latter 2hc213/c2

peak, where it will collect the greatest number of photons? B, (T)= (1b)

Why, then, do we not see in the infrared? exphv/kT)—1
This question has been raised by Brecheho draws the  These expressions have dimensions of interfibergy per
conclusion that other factofsuch as the availability of suit- unit time, per unit areaper unit wavelength in the first case
able pigmentsmust have played a more important role thanand per unit frequency in the second. The substitutiom of
the shape of the solar blackbody spectrum in determining the- ¢/)\ into B,(T) doesnot give B, (T). It is the integral of
peak sensitivity of the human eye. Although many compleXgither function(over\ or », as appropriafewhich must give
biochemical and other factors must certainly have been inge same intensity.
volved, | would like to int(_arpret these fa}cts ano;her_way. To plot the two functionsB, (T) and B (T) for sunlight,
Suppose that nature did once experiment with life-formsye need to estimate the latter's blackbody temperature. The
whose eyesight was fine-tuned for maximum sensitivity aig,, js ysually modelled as a blackbody with an effective
precisely the solar Wien peak. Such creatures would not havg nherature of 5800 K(This is actually the temperature of a
lasted long against competitors whose visual acuity was nqfjackhody whose total radiated power is the same as that of
so sharply peaked, but who were able to function over gne 5y However, the spectrum of sunlight that we receive
broader range of lighting conditions. In a complex andqp, the Earth's surface is modified by the Earth’s atmosphere.
changing environment, in other words, natural selectionrpe most important effects are Rayleigh scattering and con-
would have operated to bring about th.e_ pest possible balangg, ,um absorption by ozone, both of which shift the spec-
between the wavelength of peak sensitivity, andrange of  rym toward longer wavelengths. Absorption by molecular
yvavelength,sA)\, to which the retina is capable of respond- oxygen, water vapor, and other gases produces a host of
ing. In the case of the human eye this range extends roughlyarrow line features that further modify the shape of the
from 400 nm to 700 nm, so thatA~300 nm. spectrum, especially on the long-wavelength side of the solar
The best possible balance will be influenced by many fachlackbody peak. As measured in the direction of the Sun,
tors, but insofar as the Sun is concerned, we may presum@iese processes combine to reduce the effective solar black-
that the relevant quantity is thetal energyavailable to the  bhody temperature to about 5200 K under a variety of weather
eyes. This quantity is not proportional to the blackbody specconditions® Ambient daylight(that is, sunlight in other di-
trum (as a function of eithek or v), but to its integral over rectiong has a higher effective temperature, because Ray-
either quantity. If we assume a roughly symmetrical spectraleigh scattering preferentially scatters short-wavelength light.
sensitivity, the integral may be taken fromy—AN/2 to X,  (This is why the sky is blug¢.So the average spectrum of
+AN/2. Following this reasoning, we will find that that hu- light that we receive on Earth can be modeled in a very
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Fig. 1. The Planck blackbody spectrum, evaluated as a function of waveFig. 2. The intensity of solar radiation emitted between wavelengths
length (solid line) and as a function of frequenay wherex=c/v (dashed ~ —AN/2 and\,+AN/2, plotted as a function of,, for seven values oA\.
line). The spectral sensitivity of the human efgotted ling is shown for

comparison.

eexpim)=exp em). (3)

If we use the series approximation for e¥p(we obtain the
rough way as that of a blackbody with a temperature someguadratic equation
where between 5200 K and 5800 K. Let us write this as 5 m
T, =5500*300 K. The two function®, (To) andB,(To) m°e”/2—(e"-m)e+1=0. (4)
are plotted as functions of wavelength in Fig. 1. We solve Eq.(4) for € and find that the peak of the black-

The approximate spectral sensitivity of the human eye isody spectrum occurs at
also shown in Fig. 1 for comparisquotted ling. For pho- h
topic or light-adapted vision, this curve is roughly Gaussiany __he
in shape and is centered at 555 nm. | have takef2 as a & B m(1-ekT
standard deviation, so that~50 nm. This picture is of he
course simplified. The details are more complicated and far = _/ [V(e™m—1)°—2—(e™m—1)+ml]. (5
more interesting. Photopic vision in primates arises from kT
three different kinds of cone cells whose individual sensitivi-ror =5 Eq. (5) reduces to the familiar Wien formubeag
ties peak at about 430 nfwiolet—blue, 535 nm(green, and ] ) A
562 nm (yellow).* This particular configuration may have =2.90 mmK/T; for m=3 the peak is found afg,
evolved to aid in the detection of fruft®r young leaves  =5.10 mmK/T. For sunlight as received on the Earth’s sur-
against a predominantly green background. Red-sensitiviace (T,=5500+300 K) these expressions yield wave-
cells would in principle allow for better color discrimination, |engths 53@-30 nm and 936 30 nm, respectively, in agree-
but may not have arisen in practice because less energy ffent with the locations of the peaks in Fig. 1.
carried by photons at these wavelengthhis is a telling These values of the peaks are close enough to 555 nm to
point in the context of the present artigl&cotopic or dark-  give us some assurance that the shape of the solar blackbody
adapted vision relies on rod cells whose sensitivity peaksunction had something to do with the evolution of human
near 500 nm. These appear to have evolved after the CoRgsijon. But was it the dominant factor? And if so, then which
cells® Very few photons of wavelength shorter than 400 nm(if either) of the two blackbody peaks in Fig. 1 is the relevant
reach the retina. Those with 315 s <400 nm are ab- one?
sorbed by the leng§where they are one cause of catargcts
while those withx <315 nm do not get farther than the cor- |||. INTENSITY AND THE OPTIMAL EYE
nea. Similar constraints must be operative for any life-form, ) o ) )
providing the biological basis for the quantify. In fact, neither of the blackbody peaks in Fig. 1 is particu-
Let us now compare the wavelength of peak sensitivity inlarly relevant in itself. It_seems reasonal_ale_z to assume that the

the human eyéthat is, 555 nm for photopic visiowith the  €Y€ has evolved over time so as Fo avail |tself of the greatest
locations of the two blackbody peaks in Fig. 1. We can ob-ossibleenergyfrom the Sun, subject to the biological con-
tain analytical approximations to these peaks in the follow-Straint of a finite(and nonzerpwindow of wavelengthsA\
ing way. We differentiate either of the expressions in @g. ~ centered on\,. In terms ofB,(T) this assumption means
and set the result equal to zeffor a maximum atn=c/y ~ Maximizing the quantity:
=\pg) to obtain an equation of the following form:

1-hc/mkTag=exp(—hc/kTAg), 2

wherem=5 for B, (T) and 3 forB,(T). Both sides of Eq.
(2) are small. If we relabel the left-hand side g@shen the
right-hand side becomes gxpm(1—e¢)] and Eq.(2) can be
written as

)\p+A)\/2
|B(A>\,>\p)=f B, (T)dA. (6)
}\pfA)\IZ

The integral has dimensions of energy per unit time per unit
area, orintensity The results are plotted in Fig. 2 as a func-
tion of A, over the range 10 nm\,<2200 nm for seven
values ofA\. [The integration oB,(T) over the correspond-
James M. Overduin 217
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2500 F° 4= Human eye Iz max- The other contourdabeled lineg correspond to com-

Optirium binations of @\,\,) for which Ig is given by 0.98 .

0.8l max,» and 0.5g o« respectively. The heavy cross marks
the location in phase space of the human @0 nm, 555
nm), and we can see immediately that the latter is indeed
perfectly adapted to life around a G2 star.

Other factors, of course, must also play a role. The spec-
trum of sunlight as filtered through the Earth’s atmosphere is
not truly blackbody in shap&The absorption and scattering
characteristics of the atmosphere may have varied signifi-
cantly over the course of human evolution. Survival requires
visual acuity under moonlit, starlit, and artificially lit as well
as sunlit conditions. The reflectivities of individual surfaces
in our environment produce spectra quite different from that
of sunlight. And the sensitivity of the retina itself depends on
Fig. 3. Contours of equal solar intensity in the phase space defined by thwavelength In a nontrivial way. Considerations of this kind
parametersA\ and\,. We would expect the human eye to evolve to the Eould t_)e accommodated by m!JltIpIyIrEg()\) u.nder the. In-
solid line, where it is sensitive to the greatest amount of energy from theIegraI in Eq.(6) by other_ functions of\ to weight various
Sun. This does in fact seem to have occurfiedation of cross wavelengths as appropriate. However, there seems to be no

reason to think that such effects are more important than the

shape of the solar blackbody spectrum itself. Indeed, it is
. . remarkable that we can come so close to predicting the actual
ing frequency interval »=c/A\ would produce exactly the  characteristics of the eye without taking refinements such as
same figure. ) ) ~these into account.

Suppose that biology had dictated that the eye be sensitive

to a very slender range of wavelengtihsy =10 nm. Such a
situation would be represented in Fig. 2 by the lowest-'V: EYESIGHT AROUND OTHER STARS?
intensity  (double-dottedl line, ~which  peaks at  aAg an application of our reasoning, let us now ask how
Ap=530 nm—the solar Wien peak, as measured on Eartheyesight might have evolved under the light of a different
(In fact the Wien peak is just th&\—0 limit of the opti-  star. More than one hundred extrasolar planets have now
mum value ofA ;,, as we have defined the latter quantin  been discovered, orbiting around home stars with a wide
the other hand, had we been so fortunate as to possess retimasge of properties. One of the most interesting such systems
sensitive to a wavelength range as wideA@s=2000 nm, is Gliese 876, a class M4 red dwarf located about 15 light
Fig. 2 shows that natural selection would have encouraged wgars away in the constellation Aquarius. Like the Sun, this
to center this range deep in the infrared, negr1210 nm star lies on the main sequence, but it is much smaller, fainter,
(long-dashed ling and cooler than our home star. The mass, diameter, and lu-
As it happens, human spectral sensitivity is characterizeninosity of Gliese 876 are estimated at about 1/3, 1/5, and
by AN~300 nm. The corresponding curve in Fig.(slid 1/800 those of the Sun, respectively. Two teams indepen-
line) peaks at,~560 nm. Thus it is no surprise to find that dently discovered a planet orbiting this star in 198and a
human photopicor light-adapteivision is most sensitive at S€c0nd was detected three years Iet@oth of these planets

; [ ith masses about 1.9 and 0.6 times that of
wavelengths near 555 nm. The puzzle of which blackbody?'® 9as giants, with m b
peak to use is thus resolved: the appropriate solar referentijéjp'ter'_Tr:eyA?rr?'t thﬁllr_fhome stalz in just 61 I‘énd 3(?_kda|1ys,
not the blackbody function itself, but its integral. The latter is '€SPectively. Although lite as we know it would not likely

the same regardiess of whether we integBy{€T) over\ or have evolve_d on elther of these pla_nets, the right conditions
: could conceivably arise on a terrestrial-type planet very close

L ) . 2€0 Q4 the star, or perhaps on a moon of one of the gas giants.
many other situations in physics, where one has a distribugiy e 4 shows a view of the Gliese 876 system as it might
tion or density function that is essentially differential in na- appear from one of these moons

ture (for exgmple, the intensitg, per unit Wavellengt_h; other From the differences in it~ (optical, |-, and K-band
examples In astronomy are the mass per unit radlgl d'StanC(%frared colors, the effective surface temperature of Gliese
of a spherical shell inside a star and the absorption Cross376 is inferred to lie between 3100 K and 3250%if we
section per unit mass in the interstellar medjuftis a gen-  ;sqme for argument's sake that other life-bearing planets
eral rule that integrated densitiér example, the mass of |, e aimospheres similar to our own, then the effective
the star and the fractional absorption along the line of $ighty, o o104y temperature of starlight from Gliese 876 on the
arT physically more meaningful than the densities them-Surface of such a world would be roughlsgse=2900
selves.

The results we have obtained so far can be presented in %300 K. The peaks of the function®,(Tcgse and

way that is both more compact and more suggestive. Let uS(Tcse are given by Eq(5) asig =1000*+120 nm and
solve numerically for the maximum value bf(AN,\;) asa Mg =1760+200 nm. Replacing o by Tggre and repeating
function of AN and\,, and plot the results as contours in the the optimization procedure described in Sec. IlI, we arrive at
phase space defined by these two variables. This procedutiée diagram in Fig. 5. As before, this is a phase plot in the
leads(in the case of sunlight on Earth, wiifi, ~5500 K) to  space defined by the visual characteristios and Ap. The

the diagram shown in Fig. 3. The solid line corresponds tgosition of the human eye is again marked by a heavy cross.
values of A\,\p) for whichlg reaches its maximum value, It is clear from this diagram that humans would be very

2000 F

1500 |

Ap (nm)

1000 L

500 [
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those on Earth so that retinal sensitivity developed over ap-
proximately the same range of wavelengtis,~300 nm.

By tracing vertically up from the location of the heavy cross
in Fig. 5, we see that natural selection would have encour-
aged creatures of this kind to evolve to a peak sensitivity in
the neighborhood ok ,~1000 nm. Had we evolved around
Gliese 876, in other words, we would likely see in the infra-
red.

V. CONCLUSIONS

The human eye has evolved to take advantage of the shape
of the solar blackbody curve. However, it is not the curve
itself that mattergas either a function of wavelength or fre-
quency but its integral, which is proportional to the inten-
sity of light from the Sun. When we take this fact into ac-
Fig. 4. A view of Gliese 876 and its two gas-giant planets, as seen from &ount, together with the observation that human vision is
fof_kz’ moon. ’t:tigge © '-y”‘ftte Ct°°‘|<g repmd“"gd Eit/ Perﬂ?ishSiO”- f‘;_”taCt ”I“tharacterized by a finite range of wavelengthsas well as
artist al nette@spaceart.org to license and obtain nignh-resolution colo P . .
files depicyting this gnd other gxtrasolar systems. To seegmore of the artist peak Se!’lSItIVIty axp , then we can readlly explaln Why we
work, go to(http://extrasolar.spaceart.org see best in the yellow part of the spectrum. Around other
stars, the same line of reasoning leads to quite different con-
clusions, and we have shown as an example that life-forms in

poorly adapted to life around Gliese 876. Were we suddenlyhe extrasolar planetary system around Gliese 876 would
transported to this system, we would find that we were sentkely evolve toward a peak sensitivity in the infrared.
sitive to less than 50% of the stellar energy that was poten-
tially available. ACKNOWLEDGMENTS
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