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Turbulence and Magnetic Fields
in the Large-Scale Structure

of the Universe

Dongsu Ryu,™* Hyesung Kang,z Jungyeon Cho,” Santabrata Das®

The nature and origin of turbulence and magnetic fields in the intergalactic space are important
problems that are yet to be understood. We propose a scenario in which turbulent-flow motions are
induced via the cascade of the vorticity generated at cosmological shocks during the formation of the
large-scale structure. The turbulence in turn amplifies weak seed magnetic fields of any origin.
Supercomputer simulations show that the turbulence is subsonic inside clusters and groups of galaxies,
whereas it is transonic or mildly supersonic in filaments. Based on a turbulence dynamo model, we then
estimated that the average magnetic field strength would be a few microgauss (uG) inside clusters
and groups, approximately 0.1 uG around clusters and groups, and approximately 10 nanogauss in
filaments. Our model presents a physical mechanism that transfers the gravitational energy to the
turbulence and magnetic field energies in the large-scale structure of the universe.

here is growing evidence that the inter-

I galactic medium (IGM) is permeated
with magnetic fields and is in a state of
turbulence, similar to the interstellar medium
within galaxies. Magnetic fields in the intra-
cluster medium (ICM) have been measured with
a variety of techniques, including observations
of diffuse synchrotron emission from radio halos,
inverse-Compton scattered cosmic background
radiation in extreme ultraviolet and hard x-ray
radiation, and Faraday rotation measure (RM).
The inferred strength of the magnetic field is
on the order of 1 uG (7-3). In the IGM outside
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of clusters, an upper limit of ~0.1 uG has been
placed on the magnetic field strength of fila-
ments, based on the observed limit of the RMs
of background quasars (4, 5).

So far, signatures of turbulence have been
observed only in the ICM. The analysis of the
gas pressure maps of the Coma cluster revealed
that pressure fluctuations are consistent with
Kolmogoroff turbulence, and turbulence is like-
ly to be subsonic with €y, = 0.1 &4, Where €
and gy, are the turbulence and thermal energy
densities, respectively (6). These results agree with
predictions of numerical simulations of large-
scale structure (LSS) formation (7, 8). Turbu-
lence in the ICM also has been studied in RM
maps of a few clusters (9, 10).

It has been suggested that cosmological shocks
with Mach numbers up to ~10* and speeds up to
a few thousand kilometers per second exist in
the IGM (/1-13). Such shocks result from the
supersonic flow motions that are induced by the

DOR

hierarchical formation of LSS in the universe.
They are collisionless shocks, which form in a
tenuous plasma via collective electromagnetic
interactions between particles and electromag-
netic fields (/4). The gravitational energy released
during the structure formation is transferred by
these shocks to the IGM plasma in several differ-
ent forms: in addition to the gas entropy, cosmic
rays are produced via diffusive shock accelera-
tion (15, 16), magnetic fields are generated via
the Biermann battery mechanism (7, /7) and
Weibel instability (18, 19), and vorticity is gen-
erated at curved shocks (20, 21).

In astrophysical plasmas in which charged
particles are coupled to magnetic fields, turbulent-
flow motions and magnetic fields are closely
related. We suggest that the turbulence in the
IGM is induced by the cascade of the vorticity
generated at cosmological shocks. The turbu-
lence then amplifies the intergalactic magnetic
fields (IGMFs) through the stretching of field
lines, a process known as the turbulence dynamo.
This scenario provides a theoretically moti-
vated model for the evolution of the IGMFs in
LSS, independent of the origin of seed fields.

There are other sources that can also provide
turbulence and magnetic fields to the IGM. For
instance, galactic winds can drag out the galactic
magnetic fields on the order of 1 uG strength
into the surrounding IGM (22). The magnetic
fields in the lobes of the jets from galactic black
holes can also contaminate the IGM (23). Mergers
of smaller objects are expected to produce
turbulent motions in the ICM, which in turn
amplify the existing magnetic fields (24). Those
processes, although possibly important, are not
topics of this study. .

We first calculated the vorticity @ = V x V'
(curl of flow velocity) in the IGM, from a nu-
merical simulation using particle-mesh/Eulerian
hydrodynamic code (25) for the formation of
LSS in a cold dark matter—dominated universe
with a cosmological constant [supporting online

16 MAY 2008

6T0Z ‘2T 1snBny uo /610’ Bewsdusios aouslds//:dny woly papeojumod

909


http://science.sciencemag.org/

I REPORTS

910

material (SOM) text S1]. As shown in Fig. 1, nu-
merous shocks exist in the LSS that are bounded
by accretion shocks (/7). The distribution of vor-
ticity closely matches that of shocks, suggesting
that a substantial portion of the vorticity, if not
all, must have been generated at the shocks.

There is a clear trend that the vorticity is
larger in hotter (Fig. 2) and denser (fig. S1) re-
gions. As shown in the top right panel of Fig. 2,
at the present epoch ®pmgfage ~ 10 10 30 (Oprms,
the root mean square of the velocity; ., the
present age of the universe) in clusters and
groups [temperature (7) > 107 K] and filaments
(10° < T< 107 K), whereas it is on the order of
unity in sheetlike structures (10* < 7'< 10° K)
and even smaller in voids (7'< 10* K) (see SOM
text S2 for the temperature phases of the IGM).
It increases a little with time and asymptotes
after red shift z < 1. Because the local eddy tum-
over time, Zeqqy, can be defined with the vorticity
as feqay = 1/, 04ec(2) represents the number of
eddy turnovers in the age of the universe at a
given z. Roughly, if o, is greater than a few,
we expect there has been enough time for the
vorticity to cascade down to smaller scales and
for turbulence to develop in the IGM. So it is
likely that turbulence is well developed in
clusters, groups, and filaments, but the flow is
mostly nonturbulent in sheets and voids.

In our simulation, the vorticity was generated
either directly at curved cosmological shocks
or by the baroclinity of flows. The baroclinity
resulted from the entropy variation induced at
shocks. Therefore, the baroclinic vorticity gen-
eration also can be attributed to the presence
of cosmological shocks. Our estimates of vor-
ticity generation by the two processes (SOM
text S3) are shown with open symbols in the
top right panel of Fig. 2. They agree reasonably
well with the vorticity present in the simulation,
although the estimates are intended to be rough.
The plot indicates that the contributions from the
two processes are comparable.

To estimate the energy associated with tur-
bulence, the curl component of flow motions Veurls
which satisfies the relation V x vy = V x v,

Fig. 1. Two-dimensional
images showing gas den-
sity p in a logarithmic
scale (left), locations of
shocks with color-coded
shock speed Vipoqe (mid-
dle), and magnitude of
vorticity, ot,ge (right),
around a cluster complex
of (25 h™*Mpc)? area at
present (z = 0). Here, h
is the Hubble constant
in units of 100 km s*
Mpc™™. The complex in-
cludes a cluster of x-ray
emission—weighted tem-

is extracted from the velocity field (SOM text
S4). As vorticity cascades to develop into tur-
bulence, the energy (1/2)pveut” (p, gas density) is
transferred to turbulent motions, so we regard it as
the turbulence energy, €. As shown in Fig. 3,
€ < €qy 1n clusters and groups. In particular, the
mass-averaged value is (€ /€ )mass = 0.1 10 0.3
for 7> 107 K, which is in good agreement with
the observationally inferred value in cluster

cores (6). The turbulence Mach number (M) =
Varn/Cs = V1.8(q / €)% where ¢ is the
sound speed. Therefore, overall turbulence is sub-
sonic in clusters and groups, whereas it is tran-
sonic or mildly supersonic in filaments.

The general consensus regarding the origin
of the IGMFs is that no mechanism can produce
strong coherent magnetic fields in the IGM
before the formation of LSS and galaxies (26).

age)

log(w x t

T > 10" K <B>massi 1
I T >10"K j 0 >
) 105 K < T < 107 K —4-12
2 ] o 3
— — >
Sy all A Q
a0 e , | 3 y,
S i
8 / +-42
k:—gz{é;é%‘;& 1 T < 10* K _ _5
B o—o 0 0 ¢ —e_, i
—10 o I S I IR A NN A i N AT | L | A -6
1 2 3 4 5 6 7 8 6 4 2 1
log T(K) 14z

Fig. 2. (Left) Volume fraction with given temperature and vorticity magnitude (top left) and temper-
ature and magnetic field strength (bottom left) at present. (Right) Time evolution of the root mean
square of the vorticity (top right) and volume-averaged magnetic field strength (bottom right) for four
temperature phases of the IGM and for all the gas as a function of red shift z. Magenta symbols in the
top right panel are our estimates of the vorticity generated directly at curved shocks (open circles) and
by the baroclinity of flows (open squares). Magenta open circles in the bottom right panel show the
mass-averaged magnetic field strength for T > 107 K.

perature T, = 3.3 keV. Color codes for each panel are (left) p/(p) from 107" (green) to 10* (red); (middle) vgoc from 15 (green) to 1800 km s~* (red); and

(right) ot,ge from 0.5 (green) to 100 (red).
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However, it is reasonable to assume that weak
seed fields were created in the early universe
(SOM text S5). The seed fields can be amplified
by the intergalactic turbulence discussed above.
In principle, if we were to perform magneto-
hydrodynamic (MHD) simulations of structure
formation, the amplification of the IGMFs could
be followed. In practice, however, the currently
available computational resources do not allow a
numerical resolution high enough to reproduce the
full development of MHD turbulence in LSS (7).

In order to follow the growth of the IGMFs
by the dynamo action of turbulence, we turned
to a separate simulation in a controlled box.
Starting with a very weak regular field, a three-
dimensional incompressible simulation of driven
MHD turbulence was performed (SOM text S6).
In the simulation, the evolution of magnetic fields
goes through three stages: (i) the initial expo-
nential growth stage, when the back-reaction of
magnetic fields is negligible; (ii) the linear growth
stage, when the back-reaction starts to operate;
and (iii) the final saturation stage (27). Adopting
the simulation result, we modeled the growth
and saturation of magnetic energy as

€p

t/teddy) =
0(t/teaay) .
0.04 x exp|(#/teasy — 4)/0.36]
for t/teddy <4
= $(0.36/41) X (t/teaay — 4) + 0.04
for 4 < t/teqay < 45

(1)

(fig. S2). Assuming that the fraction of turbulence
energy governed by Eq. 1, ¢, is converted into
the magnetic energy, we estimate the strength

2

o0 <€/ 1 val
S S <€lurb/glh>mass

1.5

<& turb/g th>
—

0.5

O\\\\‘\\\\‘\\\\‘\\\\‘
4 5 6 7 8

log T(K)

Fig. 3. Ratio of turbulence to thermal energies as
a function of temperature at present. The values
shown are volume-averaged and mass-averaged
over temperature bins.
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of the IGMFs as B = [8newm = O(0age)]"”.
Here, the values of w and €,4 are calculated
locally from the structure formation simulation.

The resulting IGMFs follow the cosmic web
of matter distribution as shown in Fig. 4 (and in
fig. S3). On average, the IGMFs are stronger in
hotter (Fig. 2) and denser (fig. S1) regions in our
model. The strength of the IGMFs is B 2 1 pG
inside clusters and groups (the mass-averaged
value for 7> 107 K), ~0.1 uG around clusters
and groups (the volume-averaged value for 7' >
107 K), and ~10 nG in filaments at present
(bottom right panel of Fig. 2) (see SOM text S7
for the numerical convergence of the estima-
tion). These values agree with the observed field
strengths discussed earlier. They also agree with
the previous study (7), in which the magnetic
field strength in clusters was estimated to be a
fewmicroGauss, based on a kinetic theory. The
IGMFs should be much weaker in sheetlike
structures and voids. But as noted above, tur-
bulence is not fully developed in such low-
density regions, so our model is not adequate to
predict the field strength there. For each temper-
ature phase, the IGMFs are stronger in the past,
because the gas density is higher. However, the
IGMFs averaged over the entire computational

REPORTS I

volume are weaker in the past because the frac-
tion of strong-field regions is smaller.

While being amplified, magnetic fields be-
come coherent through the inverse cascade (27).
The coherence scale of magnetic fields in fully
developed turbulence is expected to be several
times smaller than the driving scale; that is, the
scale of dominant eddies (SOM text S8). In the
IGM outside of clusters, the curvature radius
of typical cosmological shocks is approximate-
ly a couple of megaparsecs (/1) (fig. S4), which
should represent a characteristic scale of dom-
inant eddies. The coherence length of the IGMFs
there is then expected to be several hundred
kiloparsecs. On the other hand, the scale height
of the ICM is several 100 kpc. The coherence
length in the ICM is expected to be ~100 kpc
or so, if it corresponds to the scale of the dom-
inant eddies.

Our model can predict the RMs owing to the
IGMFs, which may be tested in future ob-
servations with Low Frequency Array and Square
Kilometer Array (28). Also, our model IGMFs
can be employed in the study of the propagation
of ultra—high-energy cosmic rays, which is cru-
cial to search for astrophysical accelerators of
such high-energy particles (29).

Fig. 4. Volume-rendering image showing the logarithmically scaled magnetic field strength at z =0 in
the whole computational box of (100 h™* Mpc)® volume. Color codes the magnetic field strength from
0.1 nG (yellow) to 10 uG (magenta). The colors were chosen so that clusters and groups show as
magenta and blue and filaments as green.
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Stress and Fold Localization in
Thin Elastic Membranes

Luka Pocivavsek,* Robert Dellsy,> Andrew Kern,* Sebastian Johnson,® Binhua Lin,?

Ka Yee C. Lee,* Enrique Cerda®*

Thin elastic membranes supported on a much softer elastic solid or a fluid deviate from their flat
geometries upon compression. We demonstrate that periodic wrinkling is only one possible
solution for such strained membranes. Folds, which involve highly localized curvature, appear
whenever the membrane is compressed beyond a third of its initial wrinkle wavelength. Eventually
the surface transforms into a symmetry-broken state with flat regions of membrane coexisting with
locally folded points, reminiscent of a crumpled, unsupported membrane. We provide general
scaling laws for the wrinkled and folded states and proved the transition with numerical and
experimental supported membranes. Our work provides insight into the interfacial stability of such
diverse systems as biological membranes such as lung surfactant and nanoparticle thin films.

rumple a piece of paper and a meshwork

of highly deformed ridges and perfectly

straight planes appear. This focusing be-
havior is universal for any strongly confined
membrane (1, 2). Compress a similar membrane
now resting on some substrate like water or a
gel, and it responds differently. Its initial re-
sponse is wrinkling, producing beautiful sinus-
oidal undulations across the entire surface (3—7).
Yet if the wrinkled surface is laterally compressed
even further, a different geometry emerges. The
wrinkles disappear everywhere except for a few
select locations on the surface that exhibit folds,
a geometry similar to the crumpled piece of

paper.
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A variety of real systems can be thought of as
elastic membranes resting on softer substrates.
Our lungs are lined by a thin membrane, com-
posed of lipids and proteins, that stabilizes them
and is often modeled as an elastic sheet on a fluid
subphase (8—10). The membrane's mechanical
response via reversible folding is believed to play
a key role in normal lung function (9). Likewise,
thin layers of nanoparticles—which show prom-
ise as unique electronic, optical, and magnetic
materials (//)—have recently been spread at air/
water interfaces as a method of controlling their
packing structure and to allow ease of deposition
onto solid substrates for potential technological
use (/2, 13). Wrinkling and folding of such layers
during deposition could be exploited to create
nanopatterned structures.

Several theoretical approaches have been
developed to treat particular cases of either
wrinkling (3, 6, 7, 14-16) or folding (8, 17, 18)
in given systems. However, the generality of these
instabilities has not been developed, and existing
theories treat one state or the other without con-
necting the two. Here, we explore the evolution

of a general elastic interface under lateral com-
pression. We show that wrinkles appear as a first-
order linear response of the membrane and can be
suppressed by nonlinear effects that give rise to
the fold at greater confinement.

A thin (10-um) sheet of polyester resting on
the surface of water is initially flat. Clamping one
set of free edges between two movable barriers
and compressing by some small amount A, the
sheet instantaneously forms wrinkles with a wave-
length A (a in Fig. 1A). If the sheet is continually
compressed, the wrinkle amplitude grows uni-
formly across the surface (79). Eventually one
wrinkle will grow in amplitude, whereas the others
decay as seen in b in Fig. 1A. Further confinement
leads to the eventual formation of a fold where all
of the distortion is focused within a narrow region
of the surface (c in Fig. 1A).

Although the wrinkle-to-fold transition in
Fig. 1A takes place when the polyester sheet is
lying on top of water, a fluid substrate is not
necessary for the transition. Figure 1B shows a
similar evolution of the surface with the polyester
adhered to a soft gel. Smooth wrinkling (a in Fig.
1B) becomes unstable (b in Fig. 1B) and even-
tually localizes into several folds relaxing the rest
of the surface (c in Fig. 1B).

A phenomenologically similar transition
can be observed in films three orders of mag-
nitude thinner. At an air/water interface, gold
nanoparticles 5 nm in diameter are compressed
to form a self-assembled trilayered film that is
15 nm thick. With the use of light microscopy,
one can observe the initial periodic wrinkles
with A ~ 10 um (a in Fig. 1C). If the compres-
sion is stopped, the surface remains wrinkled.
However, further confinement leads to the fo-
cusing behavior observed in the macroscopic
polyester film. Panel b in Fig. 1C shows the
beginning of fold formation: The brightness of
one wrinkle increases as its amplitude grows,
scattering more light. Eventually the two leaf-
lets of the sheet make self-contact, and the fold
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