soon be sufficiently accurate to provide a sta-
tistically significant value of the fine-structure
constant (3), which would be the first time in
many decades that it could be based on actual
atomic fine structure.

Another remarkable attainment of pre-
cise atomic spectroscopy is the measure-
ment of nuclear properties by high-resolu-
tion measurements of electronic transitions.
The effects of finite nuclear size show up as
tiny perturbations in the energy levels, which
can be analyzed quantitatively if sufficiently
accurate atomic structure calculations can be
completed. Van Rooij et al. have compared
the 2 'S — 23S frequencies in *He and *He
to accurately determine a *He nuclear charge
radius of 1.961(4) fm. The result is more accu-
rate than direct measurements by scattering of
energetic electrons (4), although it disagrees
with a previous atomic physics determination.

Looking ahead, the authors have also set
the stage for a new generation of deep-ultra-
violet (UV) measurements that would probe
ultracold helium atoms in the ground 1 'S
state, which lies below the metastable states
by a remarkably large 20 electron volts (eV).
If newly developed UV frequency combs
can be used directly for such measurements,
improvements in accuracy by many orders
of magnitude would be possible (5, 6). The
first major step toward this goal is to pro-
duce an optically trapped sample of ultra-
cold atoms in the singlet metastable state.
This could be achieved by a variation of the
arrangement used by van Rooij ef al., which
already can transfer the entire trapped atom
sample to the 2 'S state. Unfortunately, their
present 1.55-um trap is repulsive for 2 'S
atoms, so a different trapping wavelength
would be necessary. It can be expected that
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cold singlet-state helium atoms will soon be
available for spectroscopy and cold colli-
sion experiments, and ultimately for the pro-
duction, trapping, and spectroscopy of the
ground state.
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A Critical Point for Turbulence

Bruno Eckhardt

hen a wind goes from a gentle
breeze to a gusty storm, it changes
from a state of smooth laminar

flow to one that is complex and turbulent.
One of the great triumphs of early 20th-cen-
tury science was determining the exact con-
ditions for the occurrence of the transition
between these dynamical states for many
types of flows (7). For most cases, a well-
defined critical flow speed could be deter-
mined where laminar flow becomes suscep-
tible to small perturbations and gives way to
turbulence. One of nature’s whims is that the
technologically important case of pressure-
driven flow through a cylindrical pipe does
not fit into this classification (2). On page 192
of'this issue, Avila ef al. (3) show how a criti-
cal point for turbulent pipe flow may finally
be identified.

Avila et al. studied the flow of water at
speeds of about 0.5 m/s in a pipe 4 mm in
diameter and 15 m in length. All of these
dimensional quantities can be combined into
a single relevant dimensionless parameter,
the Reynolds number Re = UD/v, formed by
the mean velocity U, the diameter D of the
pipe, and the kinematic viscosity v of the
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fluid. A transition from laminar to turbulent
flow is often observed near Re of about 2000,
but the quoted values vary considerably, not
only between publications or experimental
facilities but also between runs at the same
facility (2). So should this be construed as a
transition without a critical point?

Most of the progress made in characteriz-
ing transitions was achieved by studying the
response of the laminar flow state to small
perturbations, which are expected to decay
below the critical Reynolds numbers and to be
amplified above it. Fluid flows are described
by the Navier-Stokes equations, which are

The conditions that mark the transition
from laminar to turbulent flow in a pipe
have been determined by experiments and
numerical simulations.

nonlinear partial differential equations that
can be solved exactly for a limited set of con-
ditions only. For small perturbations in the
vicinity of the laminar flow, linearized flow
equations that are more readily solved provide
an approximate description (/). However, cal-
culations for pipe flow show that there is no
change in behavior and that no critical point
can be found this way. The sufficiently small
perturbations required for a linear analysis
will always decay at arbitrarily high Reynolds
numbers (see the figure, panel A) (4).
Turbulence can only arise through large
perturbations for which the full nonlinear
equations of motion have to be studied.
Direct numerical simulations of the
Navier-Stokes equations provided an

A Reynolds number
0 815 773 ~1600 2040
| | | | ||
[ [ | I [
Laminar Re, Reyes Rey, Re,

initial suggestion for a critical Reyn-

Turning on turbulence. (A) The different flow states in pipe flow can be distinguished by their Reynolds num-
bers (Re). Below Re; = 81.5, all perturbations decay monotonically in energy (E). Spatially extended coherent
states (ECS) appear above Re.; = 773. Experimentally, it is possible to induce transient localized turbulence
above Re,, =~ 1600. Avila et al. show that a spatially intermittent but temporally persistent turbulence (PT)
forms above Re,; = 2040. At some higher but as yet undetermined Reynolds number, one may expect the flow
to become spatially homogeneous. (B) Avila et al. could observe splitting of localized “puffs” of turbulence in
numerical simulations when flow was suddenly increased so that Re jumped from 2200 to 2300. Fluid flow is
from left to right. A puff stretches in the downstream direction (bottom frame), a new puff is created (middle
frame), and once the puffs are sufficiently separated, they can stretch (top frame) and eventually break up again.
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olds number with the discovery of fully three-
dimensional, spatially extended and persis-
tent flow structures (5, 6)—coherent struc-
tures—that were subsequently also identified
in experiments (7). These structures appear
at specific flow speeds that can be computed
numerically with high precision and can pro-
vide a critical Reynolds number. However,
we do not have any a priori information con-
cerning where these critical points are and
what the associated flows look like. At pres-
ent, the lowest Re where some structures have
been found is 773 (8).

The presence of many coherent structures
of different shapes suggested that they pro-
vide a scaffold that could support turbulent
dynamics by creating a multitude of connec-
tions between these states (2). For low Reyn-
olds numbers, it was accepted that the tangle
of connections was not woven with sufficient
tightness to capture the turbulent dynamics
forever. It was expected that at higher Reyn-
olds numbers exceeding a critical value, the
turbulence would become persistent (9), but
more extensive experimental and numerical
studies contradicted the initial agreement:
The lifetimes increased rapidly, but there was
no finite number at which they would diverge
(10). Accordingly, the critical Reynolds num-
ber would be infinity, and all turbulence
in pipe flow would be transient, albeit with
excessively long lifetimes.

Avila et al. resolved this puzzling behav-
ior and identified the missing feature that had
not received sufficient attention: Turbulence
in pipe flow has the unusual property that
for Reynolds numbers below about 2300, it
remains localized in short “puffs” that move
downstream without much change in form.
Because of their finite lifetime, the puffs
should disappear one by one, and only the
laminar profile would remain at long times.
However, Nishi et al. (11) showed that puffs
can split. In one process, fluctuations in the
middle of the puff may become strong enough
to introduce a laminar region that then pushes
the two elements apart (see the figure, panel
B, for an example from a numerical simula-
tion). In another case, patches of turbulence
swept downstream in the center of the fluid
may attach to the walls and start new turbu-
lent puffs. Such processes introduce connec-
tions between the puffs so that they can no
longer be considered in isolation. In particu-
lar, if a puff manages to split before it decays,
the sibling may carry on the turbulence, spa-
tial and temporal couplings become impor-
tant (/2), and there may always be some tur-
bulence somewhere along the pipe.

Avila et al. compared the lifetime of puffs
with the time it takes for them to split. They

8 JULY 2011

overcame the difficulty of inducing turbulence
at these low Reynolds numbers by creating a
stepwise perturbation—they injected a water
jet into the flow to create puffs of turbulence.
With increasing Reynolds number, the life-
times of puffs increased rapidly and the time
to split decreased. In the critical region where
these two times were similar, only one split-
ting or decay event occurred for every 10,000
injections of the jet. Such rare events are inac-
cessible in numerical simulations. Avila et al.
provide convincing evidence for a crossing of
the two curves at Re = 2040. On the basis of
previous studies (72, 13), a higher value might
be expected, but the difference presumably
comes from a poorer statistical method that
missed the important rare events.

The findings of Avila et al., and even more
so their method of analysis, bring into focus
the spatiotemporal aspects of the transition
problem (/4). They pave the way for a better
understanding of the transition in pipe flows
and related shear flows, such as plane Couette
flows and perhaps even boundary-layer flows,
and connect the transition to the spatial inter-
mittency and phase transitions in directed

percolation (75). They provide not only the
long-sought critical Reynolds number for
pipe flow, but also define a critical change in
our approach to studying turbulence transi-
tions in spatially extended systems.
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EVOLUTION

Sex, Death, and the Red Queen

Michael A. Brockhurst

Experiments involving host-parasite interactions demonstrate the evolutionary benefits of sexual

reproduction.

ex is hard to explain. Since males can’t

reproduce by themselves and often

contribute nothing except genes to off-
spring, a population of asexual females can
grow at double the rate of a population that
reproduces sexually (7). Why then, given this
“cost of males,” do most plants and animals
indulge in biparental sex? One possible solu-
tion is that sex accelerates adaptation; the Red
Queen hypothesis, for example, proposes that
sex gives plants and animals an edge in the
never-ending battle against their coevolv-
ing parasites (2—4). Although researchers
have collected empirical field data consis-
tent with the Red Queen hypothesis from a
range of natural host-parasite systems, direct
experimental evidence that coevolving para-
sites select for sex in their hosts has proven
elusive. On page 216 of this issue, Morran et
al. (5) pin down some of that direct evidence.
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In laboratory experiments, they grew several
populations of nematode worms, some with
and some without a bacterial parasite, to pro-
vide the most definitive support yet for the
Red Queen’s answer to why sex evolved.

As first conceived in 1973 by evolution-
ary biologist Leigh Van Valen, the Red Queen
hypothesis had little to do with sex. Van Valen
used the Red Queen’s race, from Lewis Car-
roll’s Through the Looking-Glass, as an anal-
ogy for nature (6). In Carroll’s story, Alice
and the Red Queen run as fast as they can but
never get anywhere (7). In Van Valen’s view
of nature, species continually evolve but their
fitness never increases because each adapta-
tion is countered by adaptations by their com-
petitors and enemies (6). He suggested that
this coevolutionary mechanism could explain
why rates of extinction within animal groups
remain near constant through geological
time. Biologists later co-opted the Red Queen
analogy into a new coevolutionary hypoth-
esis for the evolution of sex (4). Mathemati-
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