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We have constrained the parameters of the
BC pair by modeling the short-period eclipses in
the Kepler band using the jktebop code (16, 17).
The ratio of the radii of the B and C components
is poorly constrained at present, partly because of
the low sampling rate of the Kepler LC data. The
A component contributes 99.29% of the system
light in the Kepler passband, and the BC pair
contribute 0.44% and 0.27%, respectively. Taking
the V-band absolute magnitude of HD 181068 A
to beMV(A) = −0.3 and assuming that our results
for the Kepler passband are representative of the
V band, we find MV(B) = 5.6 and MV(C) = 6.1.
Such absolute magnitudes indicate spectral types
of G8 Vand K1 V for stars B and C, respectively
(18). Because we do not have independent mea-
surements of Teff for the BC pair, we can only es-
timate their masses based on their spectral types.
This indicates that their masses are about 0.7 T
0.1M◉ each (6).

One puzzling feature of the system is the
short-period fluctuations that have the largest
amplitudes when the BC pair is behind star A,
while remaining apparent with a slowly changing
amplitude in all the other phases of the wide
orbit. We have investigated this variability of HD
181068 Awith a detailed frequency analysis and
a comparison to other red giant stars that have
similar properties (6). The frequency content of
the light curve suggests an intimate link to tidal
effects in the triple system, with the first four
dominant peaks in the power spectrum identifi-
able as simple linear combinations of the two
orbital frequencies. On the other hand, solarlike
oscillations (meaning those excited by near-
surface convection, as in the Sun but also ob-
served in red giants) that are expected to produce
an equidistant series of peaks in the power
spectrum are not visible, even though all stars
with similar parameters in the Kepler database do
show clear evidence of these oscillations. In other
words, the convectively driven solarlike oscil-
lations that we would expect to see in a giant of
this type seem to have been suppressed (6).

In a recent compilation of 724 triple stars
(19), there is only one system with an outer or-
bital period shorter than that of HD 181068 (l Tau,
for which Pout = 33.03 days). Carter et al. (20)
reported the discovery ofKOI-126with a similarly
short outer period (Pout = 33.92 days). Extremely
compact hierarchical triple systems form a very
small minority of hierarchical triplets, with only 7
of the catalogized 724 systems having outer pe-
riods shorter than 150 days. Furthermore, HD
181068 and KOI-126 have the highest outer
mass ratios [∼ 2.1 and 3, defined as mA/(mB +
mC)] among the known systems. In 97% of the
known hierarchical triplets before the Kepler era,
the mass of the close binary exceeded that of
the wider companion, and even the largest outer
mass ratio remained under 1.5. It is not yet clear
whether this rarity of such systems is caused by an
observational selection effect or has an underlying
stellar evolutionary or dynamical explanation.

Its propertiesmakeHD 181068 an ideal target
for dynamical evolutionary studies and for testing
tidal friction theories. Because of its compactness
and its massive primary, we can expect short-
term orbital element variations on two different
time scales of 46 days (i.e., with period of PA-BC)
and about 6 years (PA-BC

2/PBC), the time scale of
the classical apsidal motion and nodal regression
(21), which for the triply eclipsing nature could
be observed relatively easily.
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Surface-Plasmon Holography with
White-Light Illumination
Miyu Ozaki,1,2 Jun-ichi Kato,1 Satoshi Kawata1,3*

The recently emerging three-dimensional (3D) displays in the electronic shops imitate depth illusion by
overlapping two parallax 2D images through either polarized glasses that viewers are required to wear or
lenticular lenses fixed directly on the display. Holography, on the other hand, provides real 3D imaging,
although usually limiting colors to monochrome. The so-called rainbow holograms—mounted, for example,
on credit cards—are also produced from parallax images that change color with viewing angle. We report
on a holographic technique based on surface plasmons that can reconstruct true 3D color images, where
the colors are reconstructed by satisfying resonance conditions of surface plasmon polaritons for individual
wavelengths. Such real 3D color images can be viewed from any angle, just like the original object.

Noble metal films, such as silver and gold
foil, contain free electrons that collective-
ly oscillate and propagate as the surface

wave in optical frequency region. The quantum
of this surface wave is called surface plasmon
polariton (SPP) (1). The electromagnetic field gen-

erated by SPP can be enhanced and strongly con-
fined spatially in the near field (with the distance
less than the wavelength) from the metal surface
as a nonirradiative evanescent field (2, 3). The
ability to confine and enhance the optical field to
the vicinity of the metal surface or nanometal par-
ticle has been applied to immuno-sensor (4), fluo-
rescence sensor (5), solar cell (6), plasmonic laser
(7, 8), nanomicroscopy (9, 10), super-lens (11, 12)
and photodynamic cancer cell treatment (13).

We report an application of SPP to three-
dimensional (3D) color holography with white-

1RIKEN, Wako, Saitama 351-0198, Japan. 2Department of Ro-
botics and Mechatronics, Tokyo Denki University, Chiyoda-ku,
Tokyo 101-8457, Japan. 3Department of Applied Physics and
Photonics Advanced Research Center, Osaka University, Suita,
Osaka, 565-0871, Japan.
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light illumination. The first idea to use plasmons
for holography was published as a reflection type
by Cowan (14), and since then authors have re-
ported holographic reconstruction of transmission
type (15–17). In those configurations, plasmons
have been used for enhancing the diffraction ef-
ficiency. In this report, we use color selectivity of
SPPs for holographic color reconstruction with
white-light illumination.

We recorded the hologram on a photoresist as
an interference pattern between a light field com-
ing from the object as scattered light and the un-
scattered reference beam. Exposure was repeated
three times with rotation of the illumination angle
for a single color hologram recording. Instead
of rotation, one can also use three lasers simul-
taneously to obtain the hologram in a single ex-
posure. A thin metal film is then coated on the
photoresist hologram,which is precoated on a glass
plate. For image reconstruction, the SPP is ex-
cited by a color component of white light that is
incident on the metal film through a prism with
an angle satisfying the condition of total internal
reflection (Fig. 1A). The SPP associates with a
nonradiative evanescent light wave on metal film
and then is converted by the grating component
of hologram into a radiative light field, which
represents the reconstructed wavefront of light
that scattered at the object. The reconstruction
of the prerecorded object is seen with the eyes
through an SPP hologram in color. The reference
beam or the zeroth-order diffraction as back-
ground beam does not exist in reconstruction for
this configuration because the illumination of the
hologram is made by total internal reflection.

Figure 1B shows the dispersion curve of SPP
with wavelength l as a function of the incident
angle q of illumination (excitation). This relation-
ship is given as

q ¼ sin−1
1

nglass

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2mnðlÞ2

n2m þ nðlÞ2

s !
ð1Þ

where nglass, nm, and n(l) are the refractive index
of the glass substrate, effective index of the me-
dium on the metal surface, and the index of metal
(which is a function of l), respectively (2).

Individual colors are reconstructed by illumi-
nation at corresponding incident angles by sat-
isfying the above relationship for each color.
Figure 1C shows the optical setup for recon-
structing a three-color object in different azi-
muthal and incident angle sets [(ϕR, qR), (ϕG, qG),
and (ϕB, qB)] with white-light illumination.

Reconstruction of an object, an apple with a
leaf, is seen in 3D from the thin film plasmon
hologram (Fig. 2A) (18). A movie of the object
taken with a camera moving around the object is
provided (movie S1) in the supporting online
material. For plasmon color holography, the ad-
justment of the white color balance is important
for representing the natural color of an object or a
scene. We obtained the white color balance by
carefully controlling the power of the laser with

multiple exposures for red (R), green (G), and
blue (B). Figure 2B shows an image of a bar
taken by three-time exposure in R, G, and B; each
exposure was made by rotating the object (bar)
and by taking shots at every 120° of rotation. It
includes a white hexagon in the center where all
three colors overlap and yellow triangles where
red and green bars overlap. For reconstruction of
the object, a 100-W Halogen lamp is used.

Figure 3A shows the multilayer system of an
SPP hologram. The role of the top-layer dielectric
film is to enhance the spectral separation in re-
construction. If this film is absent, the angular
separation for the three colors R, G, and B in
reconstruction is not large enough (less than 3°
between red and blue; more precisely, the angles
for the three colors are at 42.8°, 43.7°, and 45.2°,
respectively) in a dispersion relationship (Fig.
3B) and makes it difficult to practically recon-
struct a color object. If the SiO2 film is coated,
the angular separation between red and blue be-

Fig. 1. Surface plasmon hologram and its color reconstruction with white-light
illumination. (A) The SPP hologram is illuminated by white light at a given angle q
in high-index medium. Surface plasmons of a selected color are excited and
diffracted by the SPP hologram to reconstruct the wavefront of the object. (B)
Dispersion curve of the SPPhologram in reconstruction as a function of the incident

angle of white light. The 3D images of red, green, and blue cranes made of paper
are obtained at different angles with white-light illumination. This curve was
obtained through calculations based on Fresnel’s equations. (C) Reconstruction of a
color object through SPP hologram. The hologram is illuminated simultaneously
with a white light in three directions at different angles q and f for each.

Fig. 2. Reconstruction of three-dimensional color objects through surface plasmon holograms. (A) Red
apple with green leaf in three dimensions (see movie S1). (B) Color bar recorded three times with red,
green, and blue by rotating the bar by 120° for each color. In the center, where the three colors overlap, a
hexagonal area is reconstructed as white, whereas yellow triangles are reconstructed where red and green
overlap.
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comes as large as 10° due to the higher index nm
of film; more precisely, the angles for the three
colors are at 45.6°, 48.6°, and 54.1°, respectively.
In Fig. 3B, theoretical curves are plotted from the
calculation of amultilayer systembasedonFresnel’s
equations for noncoated and coated SPP holo-
grams. A rose pendant in the figure is decomposed
into three colors in reconstruction by choosing the
angle for white-light illumination (Fig. 3B).

Our results show that plasmon color hologra-
phy provides a view of an object or a scene seen
naturally and vitally with white-light illumina-
tion. A typical amplitude modulation in plasmon
hologram is ~25 nm (fig. S2), which is much

thinner comparedwith Lippmann-Denisyuk’s color
hologram (19) based on Bragg diffraction in vol-
ume. The rainbow holograms mounted, for ex-
ample, on credit cards (20) also reconstruct with
white light, where color varies with viewing
angle but not with the color distribution in the
object. Plasmon holography is advantageous in
terms of background-beam–free reconstruction
because the illumination light is totally reflected
back at the hologram (21). Plasmon holography
does not suffer from the ghost produced by the
diffraction of ambient light or higher orders of
diffraction, because those components are not
coupled with SPPs.
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The Hot Summer of 2010:
Redrawing the Temperature Record
Map of Europe
David Barriopedro,1* ErichM. Fischer,2 Jürg Luterbacher,3 RicardoM. Trigo,1 Ricardo García-Herrera4

The summer of 2010 was exceptionally warm in eastern Europe and large parts of Russia.
We provide evidence that the anomalous 2010 warmth that caused adverse impacts exceeded
the amplitude and spatial extent of the previous hottest summer of 2003. “Mega-heatwaves”
such as the 2003 and 2010 events likely broke the 500-year-long seasonal temperature records
over approximately 50% of Europe. According to regional multi-model experiments, the
probability of a summer experiencing mega-heatwaves will increase by a factor of 5 to 10 within
the next 40 years. However, the magnitude of the 2010 event was so extreme that despite this
increase, the likelihood of an analog over the same region remains fairly low until the second half
of the 21st century.

Increasing greenhouse gas concentrations are
expected to amplify the variability of summer
temperatures in Europe (1–5). Along with

mean warming, enhanced variability results in
more frequent, persistent, and intense heatwaves

(6–10). Consistent with these expectations, Eu-
rope has experienced devastating heatwaves in
recent years. The exceptional summer of 2003
(1, 11–13) caused around 70,000 heat-related
deaths, mainly in western and central Europe

(14). In summer 2010, many cities in eastern Eu-
rope recorded extremely high values of daytime
(for example, Moscow reached 38.2°C), night-
time (Kiev reached 25°C), and daily mean (Hel-
sinki reached 26.1°C) temperatures (fig. S1).
Preliminary estimates for Russia referred a death
toll of 55,000, an annual crop failure of ~25%,
more than 1 million ha of burned areas, and
~US$15 billion (~1% gross domestic product) of
total economic loss (15). During the same period,
parts of eastern Asia also experienced extreme-
ly warm temperatures, and Pakistan was hit by
devastating monsoon floods.

In order to characterize the magnitude and
spatio-temporal evolution of the 2010 event in a
historical context, we used daily mean data sets

Fig. 3. Multilayer sys-
tem and the color disper-
sion of an SPP hologram.
(A) Hologram configura-
tion. From the top, di-
electric layer (25-nm-thick
SiO2), metal layer (55-
nm-thick silver), and di-
electric substrate with
25-nm depth modula-
tion (150-nm-thick pho-
toresist on the glass). (B)
The top SiO2 layer works
for expanding the color
dispersion to incident an-
gle. Without the SiO2
layer on the hologram,
the angular separation
for color reconstruction
is small. Rose pendants
of red, green, and blue
are separated in the re-
construction, as shown
in the insets.
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