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> ture can direct human behavior. 
The elegant work of Galuske et al. 

demonstrates that the melding of neu- 
ropsychology, brain anatomy, and the cel- 
lular and molecular biology of neurons is 
under way. It is no longer a dream-the 
exciting reality is here. 
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Cable connections. An axial section through the human brain 
showing Brodmann's area 22 and the primary auditory cortex in 
both the left and right hemisphere. In area 22 of the left hemi- 
sphere (which is preferentially activated during language process- 
ing) clusters of neurons are spaced further apart and are cabled to- 
gether with longer axons than the neuronal clusters in area 22 of 
the right hemisphere.This asymmetry is not apparent in the prima- 
ry auditory cortex where the neuronal clusters in both hemispheres 
have the same spacing. (The neuronal clusters in area 22 and in the 
primary auditory cortex are the same size in both hemispheres.) 

cortical processing center 
that is shared by both 
hemispheres. Alternative- 
ly, the particular way the 
clusters are arranged and 
interconnected may Pro- 
vide a unique architecture 
that is capable of specifi- 
cally processing incom- 
ing language signals. 

Recently, it has been 
proposed that because 
the brain evolved from a 
very simple structure in- 

of the cortical areas proves irrefutably 
their specific functional differentiation- 
for it rests as we have seen on the division 
of labor-the large number of specially 
built structural regions points to a spatial 
separation of many functions and from the 
sharp delineation of some fields there fol- 
lows finally the sharply delimited localiza- 
tion of the physiological processes which 
correspond to it" (5). 

In studying the human brain, basic re- 
searchers have the advantage of calling 
upon a vast neuropsychological literature 
to help them interpret their results. For 
example, Galuske and co-workers specu- 
late that because the right brain hemi- 
sphere is capable of taking over crucial 
language and speech activities if the left 
hemisphere is injured (6),the differences 
in celiular architecture that they observed 
between the two hemispheres of their nor- 
mal adult brain samples may be the result 
of differential activation during develop- 
ment (7). They predict that the essential 
framework for a particular cortical zone 
to develop language and speech capabili- 
ties is laid down in both hemispheres, but 
it is only through use and practice that the 
structural arrangement of neurons be- 
comes different. It will be fascinating to 
see whether these asymmetries in cellular 
microstructure between the two hemi- 
spheres are absent in the brains of new- 
borns. One possible way such subtle mi- 
crostructural differences might be detect- 
ed is through analysis of gene expression 
in various cortical regions of both hemi- 
spheres with cDNA microchip arrays. 
Such work is now under way in mice (8). 

Despite the Galuske work, we remain ig- -
norant of what differ-
ences might exist in the cellular organiza- 
tion of the two hemispheres. As there seem 

to a very complex one, there cannot be a 
universal learning system, but rather, there 
are different areas of the brain that oversee 
the learning of separate activities (9). For 
example, the area of the human brain in- 
volved in learning to recognize faces is 
completely different from that involved in 
learning to navigate a tricky maze. These 
areas or signal processing centers probably 

TI  ,, : A ST 

Don't We Already Know 

Everything About Polaris? 
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R
ecent developments in ground-based 
and satellite instruments are provid- 
ing unprecedented levels of quantita- 

tive precision in stellar studies. Measure- 
ments of Cepheids, a group of variable 
stars used as an astronomical yardstick, il- 
lustrate this new precision with which stel- 

lar parameters can 
Enhanced online at now be measured 
www.sciencemag.org/cgi/ and show that even 
content/fulV289/5486/1888 groups of stars that 

we thought we un- 
derstood well are good for surprises. 

Classical Cepheids are stars that are sev- 
eral time as massive as the sun and have ex- 
hausted the hydrogen fuel in their cores. 
They generate their luminosity by a more 
complicated mix of nuclear burning and are 
therefore considered evolved stars. For cer- 
tain combinations of mass, luminosity, and 
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temperature, Cepheids pulsate (expand and 
contract) with a very regular period. During 
pulsation, basic properties such as mass and 
luminosity of the stars are unchanged; it is 
only the envelope of the star that pulsates. 
The period of pulsation is tightly correlated 
with their intrinsic luminosity. The resulting 
period-luminosity relation can be used to 
determine the intrinsic luminosity of the 
star. Comparison with the apparent bright- 
ness of the star then gives an accurate dis- 
tance from Earth. This is why Cepheids are 
important "primary extragalactic distance 
indicators" for galaxies that are relatively 
close but external to our own Milky Way. 

Polaris is a Cepheid with a very low am- 
plitude of pulsation. Recently, its diameter 
was measured (1, 2) with a new ground- 
based interferometer. The diameter con- 
firms a recent result (3) from the Hipparcos 
satellite (the first of several satellites that 
measure stellar distances with increasingly 
high precision) that Polaris is pulsating not 
in the fundamental mode, but in the first 
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overtone mode. (The overtone mode is like tral hydrogen burning ("main sequence") 
having two waves in an organ pipe instead phase. Pulsation calculations have been im- 
of one.) A few years ago, it was shown that proved recently with the addition of convec- 
Polaris not only pulsates with a very low tive energy transport (II), providing for the 
amplitude but that the amplitude is decreas- first time models of Cepheids that pulsate in 
ing. This is virtually unique among the very both fundamental and first overtone simul- 
regular Cepheid class and suggests that taneously (12). 
overtone pulsators are sensitive to envelope In addition to increased precision in 
characteristics in a different way than fun- galactic Cepheid measurements, stunning se- 
damental pulsators. This feature is also like- quences of Cepheids have been produced in 
ly to be responsible for the unusually large external galaxies using vast numbers of light 
variation in pulsation period (4). observations gathered largely as by-products 

High-precision velocities have recently of searches for microlensing events (13). An 
been used by Kamper (5) to derive an im- example of the period-luminosity relation 
proved orbit for Polaris, which is part of a (14) (see the figure) shows sequences of fun-
binary star system with a less massive com- damental and first overtone pulsators, whose 
panion. Clever use of Hipparcos measure- period is too short for the luminosity in the 
ments has also allowed 
the inclination of the or- I " ~ ' I " " I " "  .. 
bit to be determined (6). 
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Ometry and The period-luminosity relation. 4 is the measured brightness for 
ing and interferometry Cepheids at the same distance (in the Large Magellanic CLoud) on a 
promise to provide fur- logarithmic scale, adjusted slightly for the temperature of the stars 
ther mass information in and absorption by intervening material. Brightness increases from 
the near future (9). the bottom t o  the top of the figure. I t  is plotted as a function of the 

Theoretical modeling logarithm of the pulsation period. Lower sequence: fundamental 
of Cepheids has improved mode pulsators; upper sequence: first overtone pulsators. 
or been confirmed in sev-
eral ways in the last few years. Comparison fundamental sequence. The data show that 
of the new observations with pulsation theo- the pulsation mode must be identified accu- 
ry and stellar evolution theory provides a rately to infer the intrinsic luminosity and 
test of how quantitative our understanding hence an accurate distance. These sequences 
of Cepheids is. For example, a recent reeval- confirm that the commonly used mode clas- 
uation of the opacity of Cepheid envelopes sification based on Fourier analysis of the 
(10) resolved the three-decade-old "Cepheid light curves is accurate and that overtone 
mass problem," namely, that indirect mass pulsation is confined to short-period Cephe- 
estimates were not consistent within the the- ids. This has the fortunate consequence that 
ory. The new opacities produce pulsation the long-period stars commonly used to de- 
masses larger than the previous ones, and termine distances to external galaxies can be 
are in agreement with masses inferred from taken to be pulsating in the fundamental 
evolutionary calculations. Accurate Cepheid mode. The galaxies studied in these surveys 

E observations are particularly important for vary in their metal (heavy element) abun- 
$ testing the theoretical treatment of the dance and thus also provide a test of theoret- 

boundary between the convective core and ical predictions of intrinsic luminosity as a 
? the radiative envelope in the previous cen- function of "metallicity." 

The direct distance measurements by 
Hipparcos for Cepheids have drawn consid- 
erable attention (13). Polaris is the only 
Cepheid for which the distance has been 
determined accurately. Interpretation of the 
measurements of other Cepheids requires 
considerable statistical sophistication and is 
being vigorously debated. Using data such 
as the Hippacros data for Cepheids in our 
Galaxy (the Milky Way) is an important 
step in calibration of the period-luminosity 
relation for use in more distant galaxies. In 
this discussion, attention has been focused 
on the question, "How well do we know the 
distance to the nearest external galaxy, the 
Large Magellanic Cloud." A consistent cali- 
bration between Cepheids in the Milky Way 
and Large Magellanic Cloud is the first step 
to application to more distant galaxies (15). 

An illustration of the motivation for un- 
derstanding Cepheids as thoroughly and 
quantitatively as possible is provided by 
the Hubble Space Telescope key project, 
whose goal is to discover distant Cepheids, 
specifically in the Virgo cluster of galax- 
ies. These Cepheids can then be used to 
determine an accurate distance from us to 
the galaxies in the Virgo cluster. This pro- 
ject is now coming to conclusion (16). 

These recent advances in measuring 
Cepheids have been exciting because they 
allow us to make new observational tests 
of theory and in addition have presented 
new puzzles such as Polaris's decreasing 
amplitude and variable period. Improved 
understanding increases the precision with 
which we can use these standard candles at 
increasingly large distances. 

References and Notes 
1. T. Nordgren eta/., Astrophys. J. 118,3032 (1999). 
2. 	T. Nordgren, paper presented at the American Astro- 

nomical Society Meeting, Rochester, NY, June 2000 
(196, no. 46.06). 

3. 	M.W. Feast and R. M. Catchpole. Mon. Not. R. Astron. 
SOC.286, L1 (1997). 

4. 	 N. R. Evans. D. Sasselov, C.  I. Short, in Tenth Cambridge 
Workshop on Cool Stars, R. A. Donahue and 1. A. Book- 
binder, Eds., h t ron .  Soc. Pac. Conf Ser. 154,745 (1998). 

5. K.W. Kamper, J. R. Astron. Soc. Can. 90,140 (1996). 
6. 	R. Wielen. H. Jahreiss, C. Dettbarn, H .  Lenhardt, H.  

Schwan, Astron. Astrophys. 360,399 (2000). 
7. E. Bohm-Vitense et dl., Astrophys. J. 505,903 (1998). 
8. N. R. Evans et al., Astrophys. J. 494, 768 (1998). 
9. 	D. Massa, N. R. Evans, A. S. Endal, paper presented at 

the American Astronomical Society Meeting, Chica- 
EO, IL, Mavllune 1999 (194, no. 90.051. 

11. j. R. Buchler, in The lmpact o f  Large-Scale Surveys on 
Pulsating Star Research, L. Szabados and D. W .  Kurtz, 
Eds., Astron. Soc. Pac. Conf Ser. 203,343 (2000). 

12. Z. Kollath, J .  P. Beaulieu, j. R. Buchler, P.Yecko, Astro- 
phys. J. 502, L55 (1998). 

13. See the conference proceedings, The Impact o f  Large- 
Scale Surveys on Pulsating Star Research, L Szabados and 
D.W. Kurh, Eds., Astron. Soc Pac Conf Ser. 203 (2000). 

14. B. Paczynski, in The lmpact o f  Large-Scale Sun/eys on 
Pulsating Star Research, L. Szabados and D. W .  Kurtz, 
Eds., Astron. Soc. Pac. Conf. Ser. 203,9 (2000). 

15. A. A. Cole, Science 289, 1 149 (2000). 
16. J. Mould et al., Astrophys. J. 529, 786 (2000). 

www.sciencemag.org SCIENCE VOL 289 15 SEPTEMBER 2000 


