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power spectrum (the C,) should 
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graph. The bumps in the curves are 

0 200 400 600 800 looO due to physical processes that lead to 
Wavenumber e large-scale structures. If R is smaller 

Bumps in the background. Power spectrum of the cos- than unity, then the universe is 
mic microwave background as a function of angle 0 or 
wavenumber e .  Curves show spectral behavior expected Open and the structure in the cosmic 

for different mass densities. R. Future MAP data (simu- microwave background is shifted to 
lated, red) should permit better constraints on which'curve smaller angula4 scales, or equiva- 
accurately represents the cosmic microwave back- lently, larger e values. Therefore, 
ground. Even better constraints should be produced by the location of the peaks (prima- 
the future Planck Surveyor mission (simulated, black), rily the first peak) in the cosmic 

microwave background sDectrum - 
tion 0 on the sky over some approximately determines R and thus the geometry of the 
sauare region of the skv. We  mav then com- universe (4). - + '  
p;te the Fourier transform T(C ) of this tem- The  blue points in the graph are cur- 
Derature maD. The Dower sDectrum is then rent measurements from balloon-borne 
given_b_y th_e set of multipole moments C, = and ground-based experiments. Several 
d ( C  )T*(C )> where the angle brackets+de- groups ( 5 )  have recently found a value of R 
note an average over all wavevectors C of consistent with unity by fitting these data to 
magnitude I e I = C. Roughly speaking, each the theoretical curves. Although these results 
C, measures the mean-square temperature are intriguing and perhaps suggestive, even a 
difference between two points separated by cursory glance demonstrates that the current 

A Little Hot Dark Matter Matters 
Joel R. Primack 

O n e  of the fundamental issues facing cos- - 
mologists is: what is the matter? We know 
that observable matter onlv makes UD a frac- 
tion of what is needed to' have a iniverse 
with the properties observed. A large por- 
tion of the matter in the universe must 
therefore be unobserved or dark matter. But 
what is the nature of this unseen mass? 
Gawiser and Silk conclude in an article on 
page 1405 of this issue ( 1 )  that, of all the 
currently popular cosmological models, the 
only one whose predictions agree with the 
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data on the cosmic microwave background 
anisotropies and the large-scale distribution 
of galaxies is the cold + hot dark matter 
model. [See also the related Research Com- 
mentary by Kamionkowski on page 1397 (2)  
for a discussion of the how this relates to the 
geometry of the universe and efforts to un- 
derstand the microwave background.] 

Gawiser and Silk settle on a critical-den- 
sity (that is, R = 1) model in which most of 
the matter (70% of the total) is cold dark 
matter, 20% is hot dark matter, and 10% is 
ordinary baryonic matter. Hot dark matter is 
defined as particles that were still moving at 
nearly the speed of light at about a year after 
the big bang, when gravity first had time to 

data cannot robustly support a flat universe. 
However, a new generation of experi- 

ments will soon provide substantial ad- 
vances. As indicated bv the red ~ o i n t s  in the 
graph, the ~ i c r o w a v k  ~ n i s o i r o ~ y  Probe 
(MAP), a NASA satellite mission sched- 
uled for launch in the year 2000, should 
confirm the peak structure suggested by the 
gravitational-instability paradigm (if it is 
correct) and make a urecise determination 
of the geometry. The ~ l a n c k  Surveyor, a Eu- 
ropean Space Agency mission scheduled for 
launch in 2005, should improve on MAP'S 
precision and may also illuminate the na- 
ture of the missine mass. - 

If the peak structure of gravitational in- 
stabilitv is confirmed and the measurements 
are pre;isely consistent with the inflation- 
arv   re diction of a flat universe. then new , . 
avenues of inquiry will be opened to provide 
clues to the new particle physics responsible 
for inflation. As one example, the polariza- 
tion of the cosmic microwave background - 
may probe a stochastic background of gravi- 
tational waves predicted by inflation (6). 
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encompass the amount of matter in a galaxy 
like the Milkv Wav: cold dark matter is de- , , ,  
fined as particles that were moving slug- 
eishlv then. Neutrinos are the standard ex- - ,  
ample of hot dark matter, although other 
more exotic ~ossibilities such as "maiorons" 
have been discussed in the literature. Three 
species of neutrinos-v,, vP, and v,-are 
known to exist. The thermodynamics of the 
early universe implies that, just as there are 
today about 400 microwave background 
photons per cubic centimeter left over from 
the Big Bang, there are about 100 per cubic 
centimeter of each of the three species of 
light neutrinos (including the correspond- 
ing anti-neutrinos). There are thus about 4 
x lo8 times as manv of each s~ecies  of neu- 
trino as there are electrons or protons, and 
as a result a neutrino mass (in equivalent 
energy) of only 4.7 eV, a mere of the 
electron's mass, corresponds to 20% of criti- 
cal density in the cold + hot dark matter 
model. There is experimental evidence that 
at least some of the three neutrino species 
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. have mass, although the evidence h o t  yet 
completely convincing. Yet even a small 
neutrino mass can affect the distribution of 
galaxies in the univ-. 

The relationship between the total neu- 
trino mass m(v) and the fraction C& of criti- 
cal density that neutrinos contribute is Q, = 
m(v)/(94hZ eV), where h = 0.5 to 0.8 is the 
expansion rae of the universe (Hubble con- 
stant Ho) inunits of 100 kin r1 Mpe-'. Direct 
measurements of neutrino masses have given 
only upper litnit+ The upper limit on the 
electron neutrino mass is roughly 10 to 15 
eV; the Particle Data Group (3) notes that a 
more precise limit cannot be given because 

a unexplained effects have d t e d  in substan- 
tially negative measurements of m ( ~ , ) ~  in re- 
cent precise tritium beta decay experi- 
ments. There is an (90% confidence limit) 

dent detection of e+ and the 2.2 MeV neu- 
tmmapm gamma ray, suggests that Am& = 
I m(v IZ- rn(vJ2 I > 0 (7). The independent 
~b data (8) mgptbig that v, + ve oscil- 
lations am also ocamhg aze consistent with, 
but Bave less smistical weight than, the 
LSND signal for $ + Ve oscillations. Com- 
parisonofthe latterwithexclusimplotsfrom 
other experbents allm a range of 10 e V  
Am& 2 0.2 eV.  The lower Iimit in turn im- 
plies a lower limit m, 32 0.45 eV, or Q, k 
0,02(0.5/h)z. This implies that the ~ n t r i b u -  
tion of hot dark matter to the cosmological 
density is larger than that of all the visible 
stars 51, = 0.004 (9). Such an imporrant 
conclusion requires, independent confirma- 
tion. The K a r W  Rutherford Medium En- 
ergy Neutrino (KARMEN) experiment has 
added shielding to decrease its background so 

I 
to V, + V, oscillations with a \  
beam of V, from the Japanese KEK ac- - , . 
celerator directed at the Super-Kamiokande 
detector, with more powerful Fermilab- 
Sudan and possibly CERN-Gran Sass0 
long-baseline experiments later. However, 
the lower range of Am;, favored by the Su- 
per-Kamiokande data will make such experi- 
ments more difficult rhan initially hoped. 

The ohserved deficit of solar electron neu- 
trinos in three different types of experiments 
suggests that some of the ve undergo 
Mikheyev-Smirnov-Wolfenstein matter-en- 
h a n d  oscillations V, + vX to another spe- 
cies of neutrino v, with h:= 1F5  eVZ as 
they travel through the sun (1 4), although a 
recentiy proposed "astrophysicaln explana- 
tion (15) of the solar neutrino deficit has 
not been ruled_ out (1 6). But the LSND V, 

upper limit on an effective 
Majorana neutrino mass of 0.45 
eV from the Heidelberg-Moscow 
76Ge neutrinoless double beta de- 
cay experiment (4). The upper lim- 

- its from a c c e b  experhmts MI 
the masses of the other neumkm are 
m(v,) < 0.1 7 MeV (90% cod& 
limit) (3) and m(v,) < 24 MeV 
(95% confdenw (3, 5). Be- 
causestableneuakwwithsllchlarge 
maws would d y  "overclose the 
universen (that is, prevent it frqm at- 

XPERIMENTAL SOURCE NATURE OF DATA 

\ , + ve signal with a much larger 
%is inconsistent with x = p, and 

I' the Super-Kaniiokande atmo- 
1060V2 spheric neutrino oscillation data , 

are inconsistent with x = 2. Thus, a 
fouith neutrino species V, is re- 
quired if all these neutrino oscilla- 
tions are actually occurring. Be- 
cause the neutral weak boson Z0 
decays only to three species of neu- 
trinos, any additional neutrino 
species V, could not couple to the 
Z0 and is called W e . "  This is 

mining its present age), camoh. 
implies a much upper limit on Tab:  Data suggesting that neutrinos have mass 
these neutrino masses. There is a 
small window for an unstable V, with mass that it can probe a similar region of- and 
0.1 to 20 MeV, which could have manyYas- neutrino mixing angle, with sensitivity per- 
trophysical and cosmological consequences.. haps comparable to that of LSND by the end 
relaxing the big-bang n u c l ~ t k s b  b u d  of 1999 (1 0). The proposed Booster Neutrino 
on the baryon density and the number of Expertma (BOONE) at Fermilab could at- 
neutrino species, allowing nwleosynthesis to tain greater sensitivity. 
accommodate P wider ranee of mknordia1 Older Kamiohde data ( I  I ) show that, 
4He or deuterium abundance, &ving the 
agreement between the cold dark matter 
theory of structure formation and observa- 
tions, or helping to explain hod type I1 super- 
novas explode (6). 

But there are mounting astrophysical and 
laboratory data suggesting that n e o s  0s- 

cillate from one species to another, which 
can only happen if they have nonzero mass. 
The implications if all these experbmtal re- 
sults are taken at faGe value are summarized 
in the table. Of these experiments, the ones 
that are most relevant to neutrhm as hot 
dark matter are the Liquid kin- Neu- 
trino &tector (LSND) experiment at Los 
Alamos and the h&er energy kkmkkde 
and Super-Kamiokande atmospheric (cosmic 
ray) neutrino experiments. But the experi- 
mental results that are probably most secure 
are those concerning solar neutrinm. The 
observation by' LSND of events that appear 
to qresent V, + Ve oscillations followed by 
Ve + p + n  +e+ ,n  + p + D  +y, withcoinci- 

for events attributable to atmospheric mu- 
trinos with visible energy E > 1.3 GeV, the 
deficit of V, increases with zenith angle. The 
much larger Super-Kamiokande deteotor 
has confirmed the results of its.srnal1er pre- 
decessor (1 2). These data suggest that v,, + 
V, oscillations occur with an oscillation 
length comparable to the he&t of the at- 
mosphere, which implies that Amit * lC3 
to 1CZ eV.  % in turn implies that if ei- 
ther vp or v, have large enough mass (-1 
eV) to be a hot dark matter particle, then 
they muat be neatly equal in mass (that is, 
the hot dark mtte t  mas would be s h d  
between these two neu t rh  species). Bath 
the new S u p e r - W o M e  atmosphere V, 
data and the lack of a deficit of Ve in the 
CHOOZ reactor experiment (13) mqke it 
quite unIikely that the atmospheric neu- 
trino oscillation is V, 4 v,. It may be p- 
sible to verify that v,, + V, oscillations oc- 
eur h g h  a long-baseline neutrino oscil- 
lation experiment to look for missing v, due 

d perhaps distasteful, although many 
modem theories of particle physics . 
beyond the standard model in- 

clude the possibility of such sterile neutri- 
nos. The resulting pattern of neutrino 
masses would have V, and V, very light and 
m(v,) = m(<) = (A m$1/2, with the v, and 
v, playing the role of the hot dark matter 
particles if their masses are high enough (1 7, 
18). This neutrino spectrum could also ex- 
plain how heavy elements are synthesized in 
core-collapse supernov? explosions (1 9). 

Of course. if one or more of the indica- 
tions of neutkno oscillations in the table are 
wrong, then a sterile neutrino would not be 
needed and other patterns of neutrino 
masses are possible. But, in any case, the 
possibility remaim ofneutdim having large 
enough mass to be hot dark matter. How 
can a little hot dark matter have such a dra- 
matic effect on the predicted distribution of 
galaxies (20)? In the early universe, the free 
streaming of the fast-moving neutrinos 
washes out any inhomogeneities in their, 
spatial distribution on the scales that wilt, ' 
later become galaxies. If these neutrinos + 
are a substantial fraction of the total mass 
of the universe, then although the density 
inhomogeneities will be preserved in the 
cold dark matter, their growth rates will be 

. 

slowed. As a result, the amplitude of the gal- - . 
my-scale inhomogeneities today is less with 
a little hot dark matter than if the dark mat- 
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ter is only cold. Because the main problem 
with R = 1 cosmologies containing only 
cold dark matter is that the amplitude of the 
galaxy-scale inhomogeneities is too large 
compared with those on larger scales, the 
presence of a little hot dark matter could be 
just what is needed. 

If the new data (21) from high-redshift 
supernovas suggesting that R = 0.4 are con- 
firmed, then the amount of neutrino mass 
allowed is decreased, because there will be 
less cold dark matter (18). But the success 
( 1  ) of the cold + hot dark matter model in 
fitting the cosmic microwave background 
and galaxy distribution data certainly sug- 
gests that low-R cosmologies with mostly 
cold and a little hot dark matter should be 
investigated in more detail (22). 
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Cloning for Profit 
Gary B. Anderson and George E. Seidel 

T h e  genetic "parent" of Dolly-the cloned 
sheep that captured the imagination of the 
scientific community and the general public 
last year-was the nucleus from a single adult 
mammarv eland cell (1 ). This nucleus was , " . , 
substituted for the chromosomes normally 
provided by the sperm and egg at fertilization. 
The resulting embryo, transferred to the ovi- 
duct of a surrogate mother, grew to be Dolly. 
While the media concentrated on the poten- 
tial benefits and uitfalls of cloning in hu- - 
mans, after Dolly, embryologists have been 
using cloning procedures to efficiently gener- 
ate transgenic farm animals with defined- 
and commercially useful-genotypes (2). A 
report in last week's issue highlighted this 
progress in the biology of cloning. Cibelli 
et al. (3) reported the birth of normal, ge- 
netically identical calves whose genetic 
"~arents"  were a line of transeenic fibro- " 
blasts derived from a 55-day bovine fetus. 

To many people, cloning was invented 
with the birth of Dolly. In fact, cloning has 
been practiced for millennia in plants and for 
decades in mammals, and Dolly's birth fol- 
lowed an orderly progression of experiments 
that started with cloning mammalian em- 
bryos. Broadly defined, cloning is asexual re- 
production that results in a genetically identi- 
cal organism. For example, when a plant cut- 
tine is rooted. a new clone is ~roduced. com- " 
pletely identical to the parent. Cloning of 
mammalian embwos first became a useful 
laboratory techniq"e in the 1970s when pro- 
cedures were developed for the culture of indi- 
vidual blastomeres. This allowed commercial- 
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ization of procedures in cattle in which single 
embryos were split into several pieces (usually 
two), each giving rise to a complete embryo. 
Such efforts have produced many thousands of 
cloned calves that are routinely used for cattle 
breeding. Because such split embryos (as well 
as embryos in which the nucleus has been re- 
placed) can be cryopreserved, researchers with 
sufficient foresight could freeze some members 
of genetically identical sets. Thus, it already 
was possible, even before Dolly, to copy an 
adult from a cryopreserved, genetically identi- 
cal embryo (4). 

An enhanced version of this commen- 
tary with links to additional resources is 
available for Science Online subscribers 
at www.sciencernag.org 

The first successful mammalian cloning 
by nuclear transfer, in which cells from 
cleavage-stage sheep embryos were fused 
with unfertilized sheep eggs, was reported in 
1986 (5). The reconstituted embryo con- 
tained not only the nucleus of the donor 
(parent) cell, but its cytoplasm as well. This 
procedure, therefore, results in two sources 
of mitochondria, producing a mitochondria1 
mosaic if the donor and recipient cells are 
from different maternal lines. Subsequent 
experiments defined the conditions that 
were needed for survival and development 
of nuclear-transfer embryos, and also ex- 
tended nuclear donation to cells from older 
and older embryos (6). Successful cloning 
from older embryos (and ultimately from an  
adult cell, in the case of Dolly) challenged 
conclusions from work on amphibia and 
mammals that indicated that, as cells be- 
come more differentiated, they become un- 
able to support normal development. Re- 
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