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Our Solar System was formed from a cloud of gas and dust.
Most of the dust mass is contained in amorphous silicates', yet
crystalline silicates are abundant throughout the Solar System,
reflecting the thermal and chemical alteration of solids during
planet formation. (Even primitive bodies such as comets contain
crystalline silicates®.) Little is known about the evolution of the
dust that forms Earth-like planets. Here we report spatially
resolved detections and compositional analyses of these building
blocks in the innermost two astronomical units of three proto-
planetary disks. We find the dust in these regions to be highly
crystallized, more so than any other dust observed in young stars
until now. In addition, the outer region of one star has equal
amounts of pyroxene and olivine, whereas the inner regions are
dominated by olivine. The spectral shape of the inner-disk
spectra shows surprising similarity with Solar System comets.
Radial-mixing models naturally explain this resemblance as well
as the gradient in chemical composition. Our observations imply
that silicates crystallize before any terrestrial planets are formed,
consistent with the composition of meteorites in the Solar
System.

Most young stars are surrounded by a disk of gas and dust which
is a remnant of the star-formation process. This disk is formed
owing to conservation of angular momentum in the collapsing
proto-stellar cloud, and channels material from the cloud to the
proto-star. When the material in the surrounding molecular cloud
is exhausted, the disk dissipates within approximately 107 years
(ref. 3). Planet formation is believed to result from the growth of
submicrometre-sized interstellar dust particles*. Therefore, changes
in size but also in the chemical nature of the dust grains in the
nebular disk environment trace the first steps in planet formation.
For instance, crystalline silicates are formed as a result of thermal
annealing of amorphous grains, or by vaporization and subsequent
gas-phase condensation in the innermost disk regions. These are
referred to as primary processes. After inclusion of dust in larger
parent bodies such as asteroids and planets, so-called secondary
processing occurs, which includes oxidation, aqueous alteration
and thermal metamorphism. Asteroids and comets contain pristine
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interstellar dust as well as dust which has seen substantial proces-
sing®. The reconstruction of the formation history of our Solar
System depends on a better understanding of the nature of primary
and secondary processes, and when and where they occurred in the
proto-solar nebula.

We observed three Herbig Ae stars with the Mid-Infrared Inter-
ferometric Instrument (MIDI)® installed at the Very Large Telescope
Interferometer (VLTI). The light from two 8.2-m Unit Telescopes
separated by 103m on the ground was combined, providing a
spatial resolution of about 20 milli-arcseconds. This corresponds to
~1-2 astronomical units (AU) at the distance of the observed
stars; an improvement of more than a factor of ten in spatial
resolution compared to the largest modern-day telescopes, in this
wavelength regime. The MIDI instrument measures spectrally
dispersed visibilities with A/AA = 30 in the 7.5-13.5-pm atmos-
pheric window. The intensity distribution of circumstellar disks is
strongly centrally peaked”, so the correlated spectra measured by
the interferometer are dominated by the inner 1-2 AU of the disks.
We refer to these as the inner-disk spectra. In addition, spectra were
obtained with a single 8.2-m telescope, in which the objects are
spatially unresolved®. We refer to these spectra as the total-disk
spectra. The difference between the total-and the inner-disk spectra
arises mainly from a region between approximately 2 and 20 Au. We
will refer to these spectra as the outer-disk spectra.
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Figure 1 The spectrum of the innermost disk regions of HD 142527 compared to spectra
of typical dust species. From top to bottom we plot the observed inner-disk spectrum of
HD 142527, the laboratory spectra of crystalline olivine and pyroxene®®, a laboratory
spectrum of an IDP consisting of hydrated silicates'’, and the interstellar medium silicate
spectrum’. The resolution of the laboratory data is reduced to that of the interferometric
spectrum. The main resonances of crystalline pyroxene at 9.2 wm and crystalline olivine
at 11.3 wm are clearly seen in the HD 142527 spectrum. We can exclude the possibility of
a significant contribution of hydrated silicates to the spectrum in the inner-disk regions of
HD 142527, which suggests that we see primary, rather than secondary dust.
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In Fig. 1 we show the inner-disk spectrum of HD 142527. The
spectrum 1is clearly dominated by crystalline olivine and pyroxene.
These minerals are also the most common in Solar System objects.
No contribution from amorphous silicates is evident. As shown
below, the spectrum is in fact consistent with 100 per cent crystalline
material, making it the most crystalline dust ever observed in young
stars’. Clearly, the mechanism responsible for crystallization must
be highly efficient. Figure 2 shows the inner-and outer-disk spectra
for all three stars. We have fitted the observations using laboratory
measurements of materials that are the dominant species found in
circumstellar disks'® and interplanetary dust particles’. The derived
mass fraction of crystalline silicates, the olivine over pyroxene ratio
in the inner- and outer-disk spectra, and the fraction of material
that resides in large grains, are listed in Table 1.

Both in the Solar System and in circumstellar disks crystalline
silicates are found at large distances from the star. The origin of
these silicates is a matter of debate. Although in the hot inner-disk
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Figure 2 Infrared spectra of the inner (1-2 Au) and outer (2—20 Au) disk regions of three
Herbig Ae stars. The outer-disk spectrum of each source has been constructed by
subtracting the correlated spectrum from the total-disk spectrum (see ref. 8). The regions
that dominate the inner- and outer-disk spectra are indicated in the schematic
representation of a proto-planetary disk at the top of the figure (not to scale). The flux
levels are scaled such that the sum of the inner- and outer-disk spectrum, that is, the
total-disk spectrum, is normalized to unity. This allows the relative contributions of the
inner and outer disk to the total spectrum to be estimated easily from this figure. The
uncertainties in the spectra are indicated by the error bars in the lower left corner of each
graph. The differences in shape between the inner- and outer-disk spectra are clearly
visible in all three sources, indicating a difference in dust mineralogy. The broadening of
the feature as seen in the inner-disk spectra indicates grain growth, whereas the
resonance at 11.3 wm indicates the presence of crystalline silicates (see also Fig. 1). Also
shown are the best-fit model spectra for the inner- and outer-disk regions (red lines, see
also Table 1). The model spectra reproduce the observed spectral shapes, although the
fits to the inner disk spectra are less good than the fits to the outer-disk spectra.
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regions crystalline silicates can be produced by means of gas-phase
condensation or thermal annealing, the typical grain temperatures
in the outer-disk (2-20 AU) regions are far below the glass tem-
perature of silicates of ~1,000 K. The crystals in these regions may
have been transported outward through the disk'' or in an outward-
flowing wind'?. An alternative source of crystalline silicates in the
outer disk regions is in sifu annealing, for example by shocks'" or
lightning'*". A third way to produce crystalline silicates is the
collisional destruction of large parent bodies in which secondary
processing has taken place. We can use the mineralogy of the dust
to derive information about the nature of the primary and/or
secondary processes the small-grain population has undergone.

Models of disks accounting for the chemical equilibrium of a
solid—gas mixture at high temperatures as well as the radial mixing
of material'' predict that the innermost disk region consists entirely
of forsterite (the Mg-rich end member of the olivine family). At
slightly lower temperatures, a reaction with gas-phase silicon
efficiently converts this to enstatite (the Mg-rich end member of
the pyroxene family). At a larger distance from the star, the
predicted crystalline olivine over pyroxene ratio reaches about
0.5. Our observations qualitatively confirm these predictions.
The inner-disk spectrum of HD 142527 imposes the strongest
constraints because it shows the most-processed dust in our data.
Assuming equal temperatures for all dust species, we find that the
ratio of olivine to pyroxene in the inner-disk spectrum is 2.1,
whereas it is 0.9 in the outer-disk spectrum. To our knowledge,
this is the first direct measurement of a gradient in the chemical
composition of the dust in proto-planetary disks. The measured
gradient is smaller than is predicted by radial-mixing models. This
could be due to non-equilibrium chemistry, or to the assumed
stoichiometry in the amorphous silicates prior to annealing.

For all three stars the inner-disk regions have a substantially
higher degree of crystallinity than the outer regions. However, these
outer regions show a crystalline silicate abundance that clearly
exceeds limits derived for the interstellar medium'. Therefore,
these crystalline silicates must have been produced in the disk. It
is not clear that the local processes that have been proposed to
produce these crystals can account for the observed degree
of crystallinity. Models for radial mixing of proto-planetary
disks'' can produce a crystalline fraction of several tens of per
cent at distances of 5-10 AU (which is the relevant scale for our

Table 1 Dust properties in the inner and outer disk

Crystalline olivine to
pyroxene ratio

Crystallinity Fraction of large grains
(%) (%)

Inner disk  Outer disk  Inner disk  Outer disk  Inner disk  Outer disk

HD 163296  407% 15419 9575, 652 2.3%31 -
HD 144432 55*% 1010 90+19 35123 20758 -
HD 142527 9575, 40722 657713 80719 247138 09792

The fractional abundances of large and crystalline grains as well as the ratio of crystalline olivine to
pyroxene in the inner (1-2 Au) and outer (2-20 Au) disk regions of three Herbig Ae stars. The dust
components used in the model spectra are amorphous and crystalline olivine (Mga.Fes-2,Si04),
amorphous and crystalline pyroxene (Mg,Fe;_,SiO3), and amorphous silica (SiO,). For the
crystalline components we used the magnesium-rich silicates (x = 1) and for the amorphous
components we used x = 0.5. The crystallinity is defined as the percentage of the total dust
mass contributing to the 10-pm feature, contained in crystalline olivine and pyroxene. Because
the signature of crystalline silicates in the outer disk spectra of HD 163296 and HD 144432 is not
very clear, the ratio of crystalline olivine over pyroxene in these spectra is not very well
determined. The abundance of crystalline pyroxene in these spectra is particularly poorly
constrained. All dust species are considered to have two different grain sizes, 0.1pum (small
grains) and 1.5 um (large grains). Because we are looking at a coagulating environment where
the various dust species are expected to be in thermal contact, we assume that all components
have the same temperature. The opacities of the dust species are calculated from refractive
indices obtained by laboratory measurements®27, using the method of ref. 28. The abundances
of the various dust species are determined using a linear least-squares fitting procedure
assuming the dust emission comes from an optically thin part of the disk. The errors on the fitting
parameters include both uncertainties in the data and in the modelling method, and are 10. As
most of the error budget is due to systematic uncertainties that are the same in the inner and
outer disk spectra, the relative difference between the two is much more significant than the error
bars suggest. For details on the fitting procedure and the error analysis see the Supplementary
Information.
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observations), provided that a reservoir of crystalline material is
present in the innermost disk regions. Our data prove that this
reservoir exists.

Secondary processing of dust in large parent bodies produces
hydrous silicates by means of aqueous alteration. Studies of meteor-
ites have shown that the fine-grained matrix material of chondrites
often consists of hydrous silicates'®. However, we can exclude the
possibility that the grains in our sources are predominantly hydro-
silicates, because these show a fairly sharp peak near 10 pm, as seen
in interplanetary dust particles (IDPs) rich in hydrosilicates'’. We
conclude that aqueous alteration, followed by parent-body destruc-
tion, has not yet resulted in the production of a large abundance of
small hydrosilicate grains in HD 142527. Therefore, parent-body
processing can be excluded as the main source of crystalline silicates.

Figure 3 shows a remarkable similarity between the inner-disk
spectra of our objects and those of Solar System comets, suggesting
that the composition of the dust is also comparable. Therefore, the
building blocks of comets in our Solar System have been processed
in a similar way and to the same degree as in the inner disks of our
programme stars. This is surprising, because comets formed in the
icy regions of the solar nebula, further than 5 AU from the Sun.
Cometary crystalline silicates are Mg-rich'®. Chemical-equilibrium
models indeed predict the formation of Mg-rich crystalline silicates
at very high temperatures''. Measurements of the composition of
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Figure 3 A comparison between the spectral shapes of various astronomical objects (left
column) with those of the inner- and outer-disk regions of our three Herbig Ae stars (right
column). In the first row, we compare the silicate feature of the interstellar medium (ISM")
with the outer-disk spectrum of HD 144432. The silicate grains in the ISM are small
(<0.1 wm) and amorphous. This results in a spectrum that has a typical triangular shape,
peaking at 9.7 pm. The outer-disk spectrum of HD 144432 is very similar, although a very
weak shoulder at 11.3 wm can be seen, indicating the presence of small amounts of
processed material. In the second to the last rows, we compare the inner-disk spectra of
our three Herbig stars with three Solar System comets?'®, The shapes of these spectra are
very different from that of the ISM, indicating a higher degree of crystallinity, and on
average larger dust grains. Grain growth makes the silicate emission band broader.
Crystalline silicates have several bands in the 8—13-p.m spectral region, the strongest of
which is at 11.3 wm. Modest crystallinity causes the silicate feature to have rather sharp
shoulders around 9.5 and 11.5 wm, whereas in highly crystalline sources the crystalline
silicates show prominent peaks (see Hale Bopp and HD 142527). The spectra are shown
here in order of increasing crystallinity from top to bottom.
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crystalline silicates that form in the outflows of red giants' support
such chemical models. In addition, crystalline silicates found in
fluffy, chondritic IDPs have a whisker or platelet morphology and
internal crystallographic defects, indicative of gas-phase conden-
sation’. This latter process is unlikely to occur in the outer regions of
proto-planetary disks, but is expected to be important in the
innermost regions. The most natural explanation for the presence
of these materials in comets therefore seems to be transport by radial
mixing from the rich reservoir of processed, Mg-rich crystalline
silicate grains in the inner disk. Furthermore, radial-mixing models
can account for the presence of cold crystalline silicates in the outer
(> 20 AU) regions of some proto-planetary disks'®*® as well as the
occurrence of large (10-20 pm) FeS crystals in IDPs of cometary
origin®.

It has been suggested that the degree of crystallinity of proto-
planetary disks slowly increases with time after the accretion of
matter on the star has stopped®'. This evidence is based on the lack
of crystalline silicates in infrared spectra of embedded young stars in
the active phase, which are still accreting gas and dust from an
interstellar cloud®. In contrast, passive proto-planetary disks
around optically visible stars that are no longer accreting matter
can show strong crystalline silicate emission®. The star with the
highest abundance of crystalline silicates in our sample, HD 142527,
is also the youngest one, with an age of approximately 1 million
years (R.v.B. et al., manuscript in preparation). Our observations
thus imply that crystallization of almost the entire inner disk and a
substantial part of the outer disk must have occurred very early in
the evolution of the disk. Because dust processing—both radial
mixing and shock processing—is more efficient during the active-
disk phase, our observations provide strong evidence that crystal-
lization occurred in the active-disk phase. The formation of the
planets and asteroids in the inner Solar System is believed to have
occurred on a much longer timescale®®, during the passive disk
phase. Therefore, our observations indicate that, as was the case in
the early Solar System'®, the silicate dust in the inner regions of
proto-planetary disks is highly crystalline before planet formation
occurs. d
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The information carrier of today’s communications, a weak pulse
of light, is an intrinsically quantum object. As a consequence,
complete information about the pulse cannot be perfectly
recorded in a classical memory, even in principle. In the field
of quantum information, this has led to the long-standing
challenge of how to achieve a high-fidelity transfer of an inde-
pendently prepared quantum state of light onto an atomic
quantum state'™. Here we propose and experimentally demon-
strate a protocol for such a quantum memory based on atomic
ensembles. Recording of an externally provided quantum state of
light onto the atomic quantum memory is achieved with 70 per
cent fidelity, significantly higher than the limit for classical
recording. Quantum storage of light is achieved in three steps:
first, interaction of the input pulse and an entangling field with
spin-polarized caesium atoms; second, subsequent measurement
of the transmitted light; and third, feedback onto the atoms using
a radio-frequency magnetic pulse conditioned on the measure-
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ment result. The density of recorded states is 33 per cent higher
than the best classical recording of light onto atoms, with a
quantum memory lifetime of up to 4 milliseconds.

Light is a natural carrier of information in both classical and
quantum communications. In classical communications, bits are
encoded in large average amplitudes of light pulses, which are
detected, converted into electric signals and subsequently stored
as charges or magnetization of memory cells. In quantum infor-
mation processing, information is encoded in quantum states that
cannot be accurately recorded by such classical means. Consider a
state of light defined by its amplitude and phase, or equivalently
by two quadrature phase, operators, X, and Py, with the canonical
commutation relation [X;,P;] = i. These variables play the same
role in quantum mechanics as the classical quadratures X, P do in
the decomposition of the electric field of light with the frequency w

as E oc X coswt + Psinwt. Other quantum properties of light, such
as the photon number 7= (X2 —I—P2 ), and so on, can be
expressed in terms of X; and P;.

The best classical approach to recording a state of light onto
atoms would involve homodyne measurements of both observables
X, and P by using, for example, a beam splitter. The non-
commutativity of X and Py leads to additional quantum noise
being added during this procedure. The target atomic state has its
intrinsic quantum noise (coming from the Heisenberg uncertainty
relations). All this extra noise leads to a limited fidelity for the
classical recording: for example, to a maximum fidelity of 50% for
coherent states””. Thus the challenge of implementing a quantum
memory can be formulated as a faithful storing of the simul-
taneously immeasurable values of X; and br.

A number of quantum information protocols, such as eaves-
dropping in quantum cryptography, quantum repeaters®, and linear
optics quantum computing’, would benefit from a memory meet-
ing the following criteria: (1) the light pulse to be stored is sent by a
third party in a state unknown to the memory party; (2) the state of
light is converted into a quantum state of the memory with a fidelity
higher than that of the classical recording. Several recent experi-
ments'*"? have demonstrated entanglement of light and atoms.
However, none of these experiments demonstrated memory obey-
ing the two above criteria. In ref. 14, where squeezed light was
mapped onto atoms, the atomic state existed only while the light
was on, so it was not a memory device. The electromagnetically
induced transparency (EIT) approach has led to the demonstration
of a classical memory for light'>'®. A theoretical proposal for EIT-
based quantum memory for light has been published in ref. 3. Other
proposals for quantum memory for light with better-than-classical
quality of recording have also been published recently'™

Quantum state transfer from one species to another is most
simply presented if both systems are described by canonical
quantum variables X,P. All canonical variables have the same
commutation relations and the same quantum noise for a given
state, thus providing a common frame for the analysis of the state
transfer.

In the present work, the state of light is stored in the super-
position of magnetic sublevels of the ground state of an atomic
ensemble. As in ref. 12, we introduce the operator J of the collective
magnetic moment (orientation) of a ground state F. All atomic
states utilized here are not too far in phase space from the coherent
spin state (CSS), for which only one projection has a non-zero mean

value, for example, { J.) = J., whereas the other two projections have
minimal quantum uncertainties, (6]2> =(8J2) =1Jx. For all such
states, the commutator U y,]z} z] . can be reduced to the canonical
commutator [Xx,Pr] =i with X, —]y/\/]—x,PA =J./\/lx. Hence
the y,z-components of the collective atomic angular momentum
play the role of canonical variables. Although the memory protocol,
in principle, can work with a single atomic ensemble, experimental
technical noise is substantially reduced if two oppositely polarized
ensembles placed in a bias magnetic field H are used (see Methods
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