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as well (see Supplementary Table 2 and Supplementary Methods).
Tycho G has significant proper motion toward lower Galactic
latitude: mb ¼ 26.11 ^ 1.34 mas yr21 (the proper motion along
longitude is small, m l ¼ 22.6 ^ 1.34 mas yr21). The proper motion
in Galactic latitude implies that this star is an outlier in proper
motion as well, with a derived tangential velocity of 94 ^ 27 km s21

(a 24 km s21 systematic error was added, resulting from a
1.7 mas yr 1 uncertainty in the reference frame solution of the
images). The other stars do not show such coincidence in distance
and high tangential velocity. The modulus of the velocity vector has
a value of 136 km s21, which is a factor of over 3 larger than the
mean velocity value at 3 kpc.

If Tycho G is the companion star as suggested by its kinematics,
the explosion centre should have been 2.6 arcsec north of the
current location of this star on the basis of its velocity. The peculiar
velocity would correspond to the peculiar velocities expected from
the disruption of a white dwarf plus subgiant/main-sequence
system9,10 of roughly a solar mass. The system would have resembled
the recurrent nova U Scorpii (see Supplementary Note 2). The
excess velocity corresponds to a period of about 2–7 days, for a
system made of a white dwarf close to the Chandrasekhar mass plus
a companion of roughly a solar mass at the moment of the
explosion.

Several paths lead to this star as the likely donor star of SN 1572:
its high peculiar velocity (both radial and tangential velocities), the
distance in the range of SN 1572, and its type, which fits the post-
explosion profile of a type Ia supernova companion, as the position
of this star in the Hertzsprung–Russell diagram is also untypical for
a standard subgiant. The lower limit to the metallicity obtained
from the spectral fits is [M/H] . 20.5 (see Fig 3 and Supplemen-
tary Fig. 1), which excludes its belonging to the Galactic halo
population as an alternative explanation of its high velocity. Spectra
taken at five different epochs also exclude its being a single-lined
spectroscopic binary. If our candidate is the companion star, its
overall characteristics imply that the supernova explosion affected
the companion mainly through the kinematics. Our search for the
binary companion of Tycho’s supernova has excluded giant stars. It
has also shown the absence of blue or highly luminous objects as
post-explosion companion stars. A star very similar to the Sun but
of a slightly more evolved type is here suggested as the likely mass
donor that triggered the explosion of SN 1572. That would connect
the explosion to the family of cataclysmic variables. A
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Observations from the gamma-ray spectrometer instrument
suite on the Mars Odyssey spacecraft have been interpreted as
indicating the presence of vast reservoirs of near-surface ice in
high latitudes of both martian hemispheres1–5. Ice concentrations
are estimated to range from 70 per cent at 608 latitude to 100 per
cent near the poles, possibly overlain by a few centimetres of
ice-free material in most places4. This result is supported by
morphological evidence of metres-thick layered deposits that are
rich in water-ice6–9 and periglacial-like features10,11 found only at
high latitudes. Diffusive exchange of water between the pore
space of the regolith and the atmosphere has been proposed to
explain this distribution12, but such a degree of concentration is
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difficult to accommodate with such processes9,13,14. Alternatively,
there are suggestions that ice-rich deposits form by transport of
ice from polar reservoirs and direct redeposition in high latitudes
during periods of higher obliquity9,13, but these results have been
difficult to reproduce with other models. Here we propose
instead that, during periods of low obliquity (less than 258),
high-latitude ice deposits form in both hemispheres by direct
deposition of ice, as a result of sublimation from an equatorial ice
reservoir that formed earlier, during a prolonged high-obliquity
excursion. Using the ice accumulation rates estimated from
global climate model simulations we show that, over the past
ten million years, large variations of Mars’ obliquity have allowed
the formation of such metres-thick, sedimentary layered deposits
in high latitude and polar regions.

On Earth, quasi-periodic variations in orbital (eccentricity,
longitude of perihelion from the moving equinox Lp) and spin
axis parameters are implicated in significant climatic changes in the
past million years (Myr)15. Oscillations between glacial and inter-
glacial periods are characterized by a transfer of large amounts of
water between polar ice sheets and oceans. Similarly, astronomical
forcing and consequent changes in seasonal and global insolation
are presumed to cause large-scale redistribution and cycling of
volatiles at Mars’ surface over timescales of ,104–106 years. In
particular, previous simplified and full three-dimensional (3D)
climate models have predicted that at much higher obliquities
(.408), polar ice may sublime rapidly and be redeposited in the
tropics13,16–19.

The variations of obliquity and orbital parameters of Mars are
strongly chaotic20,21. Nevertheless, our knowledge of the present
rotational state of Mars is sufficient to give a reliable solution of
their evolution for the past 10 Myr (refs 22, 23). Over this interval,
Mars’ obliquity is characterized by a marked transition around
4 Myr ago between a high-mean-obliquity regime of,35 ^ 108 and
a more recent low-obliquity regime of ,25 ^ 108 (Fig. 1), while
its eccentricity has varied between 0 and ,0.12 with a dominant
,2.4-Myr modulating period. Here, we use the martian global
climate model (GCM)24,25 of the Laboratoire de Météorologie
Dynamique (LMD) to investigate the evolution of surface ice
deposits across the large obliquity changes of this transition. We
used a horizontal resolution of 7.58 in longitude and 5.6258 in
latitude and 25 vertical levels. The model includes a full description
of exchange between surface ice and atmospheric water, transport
and turbulent mixing of water in the atmosphere and cloud
formation25,26. The radiative effects of water vapour and clouds as
well as the exchanges of water vapour with the subsurface are not
included. The surface albedo is set to 0.4 when an ice layer thicker
than 5 mm is present, enabling an ice-albedo feedback process. The
surface thermal inertia is not modified, however. Control simu-
lations of seasonal water cycle for the present-day orbital parameters
provide latitudinal distributions of atmospheric vapour and clouds
in very good agreement with TES spectrometer observations26,27.

In a first set of simulations, we investigated the global stability of
the northern ice cap for obliquity values ranging from the present
value (25.198) to 458 in 58 steps. In each case, the model is spun up
from dry initial conditions with a northern residual ice cap as the
only initial water source and then run until the atmosphere comes
to an interannually repeatable state. The cap is ‘unstable’ (it under-
goes a net loss) when the water lost in summer is not transported
back during the rest of the year. To first order, we found that the net
amount of water sublimed from the cap (per unit surface area) and
transported to nonpolar regions depends mainly on the summer
polar insolation, which is a sensitive function of both obliquity and
orbital parameters.

For circular orbits, the cap is unstable for obliquities higher than
358 and the corresponding annual loss rates are 6.5, 27.8 and
65.0 mm per martian year for obliquities ranging from 35 to 458.
However, for an orbit with the current Mars eccentricity (0.0934),
and with a perihelion coincident with the northern summer solstice
(Lp ¼ 908), thus maximizing the summer polar insolation, the
northern cap already becomes unstable at 308 obliquity. Annual
water loss rates then reach 5.0, 26.5, 80.2 and 218 mm per martian
year for obliquities ranging from 30 to 458, respectively. Conversely,
when the northern summer solstice corresponds to the aphelion
(L p ¼ 2708), obliquities of 408 and higher are required to obtain an
unstable cap and the annual loss rates are 7.2 and 21.6 mm yr21 for
408 and 458 values, respectively. Thus, in our model, there is a
critical obliquity between 35 and 408, above which the stability of
the north polar cap is lost whatever the values of the orbital
parameters, in agreement with ref. 13.

In all these cases, the LMD model predicts substantial ice depo-
sition in the tropics, in agreement with previous GCM studies13,18.
However, unlike in ref. 13 no accumulation of stable ice was ever
found in the mid- and high latitudes for any obliquities when
assuming a polar source. The NASA Ames GCM also does not
reproduce this behaviour (R. M. Haberle, personal communication).

In our simulations, when the polar cap is unstable, ice accumu-
lation occurs in the high topography areas of Tharsis Montes and
Olympus Mons where the saturation state of the atmosphere
becomes the highest (Fig. 2). Ice precipitation is favoured by
adiabatic cooling and upwelling of atmospheric water on the
windward slopes. For a typical circular orbit, net ice accumulation
rates may reach ,15 mm per martian year at 358, 30 mm yr21 at 408

Figure 1 Evolution of the martian obliquity in the past 10 Myr. Characteristic periods are

indicated: high- and low-mean obliquity periods in pale grey, obliquity transition in dark

grey; after Laskar et al.23. The main obliquity periodicity is about 120,000 earth years.

Figure 2 Surface water ice budget (in millimetres per martian year) for a 408 obliquity

during simulation year 11, with superimposed MOLA topography. The eccentricity is set to

zero. Main accumulation regions are located on Tharsis Rise (around Arsia, Pavonis and

Ascraeus Montes) and Olympus Mons. Minor accumulation (,1 mm per martian year)

occurs near the equatorial Schiaparelli basin impact. For other obliquities and/or orbital

parameters leading to a vanishing northern water ice cap, the locations of stable surface

ice are similar and also concentrated on the Tharsis area and Olympus Mons, but with

local variations of ice accumulation rates. Climate simulations performed with higher

resolution (3.758 in longitude and 5.6258 in latitude) result in more localized ice sheets on

Tharsis Montes and Olympus Mons.
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and 60 mm yr21 at 458 on some of Tharsis Montes. We thus believe
that, during the mean high-obliquity regime (,5–10 Myr ago), and
unless a dust lag inhibited polar sublimation, a few obliquity cycles
may have been sufficient to empty the polar reservoirs and form
massive glaciers ,3 km thick or more on the Tharsis Montes and
Olympus Mons, depending on the amount of polar water available.
This could explain the presence of fan-shaped deposits interpreted
as remnant traces of ‘cold-based’ glaciers on their western flanks28,29.

When the obliquity dropped below the critical value, the equa-
torial ice reservoirs began to sublime and lose water, leading to the
redistribution of ice to other areas on the surface of Mars. To
investigate where the ice may have gone under these circumstances,
we performed climate simulations for obliquities 30, 25.19, 20 and
158, all starting with an equatorial ice reservoir as the only source of
water on the surface. We tested various sizes and locations of these
reservoirs and various initial atmospheric water contents. These
simulations yielded similar results. Below, we discuss results from
simulations performed assuming an initial dry atmosphere and an
ice reservoir on Tharsis Montes (Fig. 3), for a circular orbit.

The annual surface ice budgets obtained from these simulations
(Fig. 3) show that the ice returns to the high-latitude and polar areas
of both hemispheres, but that the extent of the ice distribution is
sensitive to obliquity. At 308 obliquity, the ice accumulates only in
the northern polar areas. Because the eccentricity here is set to zero,
we attributed this asymmetry to biasing of the general circulation by
the topography differences between the two hemispheres30. At the
current obliquity (,25.28), ice covers most areas north of 658 N and
begins to accumulate near the south pole. Finally, at 208 and 158
obliquities, large-scale ice accumulation is observed poleward of
,608 in both hemispheres with some excursions into the mid-
latitude regions (,30–608 S) of the Southern hemisphere. Despite

its zonal dependence, the boundaries of the global ice distribution
exhibit significant coincidence with the near-surface ice distribu-
tion inferred from GRS data1–5 and latitude-dependent ice-rich
deposits from MOLA and MOC data29, especially in the northern
hemisphere.

The fact that the surface ice becomes stable and accumulates at
subpolar latitudes for obliquity equal to or lower than today’s when
an equatorial source is present is an unavoidable consequence of the
high water-vapour content of the atmosphere under such con-
ditions. Currently on Mars at 25.198 obliquity, surface ice also
accumulates in autumn, winter and early spring at 60–758 latitude.
However, this layer of ice always remains thinner than 0.5 mm on
average (in our current Mars GCM simulation) and quickly sub-
limes after mid-spring. When an equatorial source is present, much
more water vapour is transported to the high latitudes and the
amount of ice that accumulates during autumn, winter and early
spring can reach several millimetres above 658 N. This is more than
the amount that can sublime in late spring (,1–2 mm). At obliquity
lower than today’s, the water content of the global atmosphere is
about the same as at the current obliquity, but the late spring
and summer ice sublimation is lower because of the reduced
insolation.

Ice deposition rates in high and polar latitudes appear to be
weakly sensitive to the obliquity value (Fig. 3). Above 658 N, these
rates remain close to ,2 mm per martian year between 25 to 158
obliquity, and are slightly lower in the southern hemisphere. With
such low rates, it is likely that a significant amount of dust was
incorporated in the icy deposits if the atmosphere was as dusty as
today’s. Nevertheless, assuming a steady accumulation of 2 mm per
martian year, we can estimate that much more than 10 m of ice-rich
material should have accumulated during each obliquity cycle when

Figure 3 Surface water ice budget in mm per martian year after ten years of simulation for

various obliquities, and with an example of equatorial ice reservoir situated around Arsia

and Pavonis Montes. a, 308; b, present obliquity 25.198; c, 208; d, 158. Its boundaries are

indicated by a thick solid line. We assume dry initial conditions and the equatorial reservoir

as the only water source. The eccentricity is set to zero. In that case, the critical obliquity

for the northern polar cap stability is between 30 and 358. At 25.198 and 308 obliquities,

local accumulation occurs in tropical zones around the equatorial source, which depends

on the extent and the location of the source. At high latitudes, ice accumulation is more

uniformly distributed in longitude and latitude in the northern than in the southern

hemisphere. Typical accumulation rates (,2 mm per martian year) are an order of

magnitude lower than the ice loss rates at high obliquity, suggesting that pure polar ice

deposits may not survive during the high mean obliquity regime (,5–10 Myr ago).
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the obliquity was below 258, because each of these episodes lasted
about 60,000 years. A significant part of this ice probably sublimed
during the other half of the obliquity cycle with obliquity above 308.
However, as suggested by refs 13 and 14, the upper part of the ice
layers sublimated, but probably left behind a dry slab layer that
protected deeper ice deposits from further sublimation. If this is
accurate, then each obliquity cycle created at least one distinct layer
which may still be present below the surface of Mars.

However, this process supposes that an equatorial ice reservoir
remained present during periods of low obliquity. To test this
hypothesis, we analysed the ice loss rates of individual equatorial
sources at low obliquity for initial ice distributions issued from
high-obliquity simulation distributions (Fig. 2). We found minimal
loss rates of,1.0, 10, 15 and 20 mm per martian year at 30, 25.19, 20
and 158 obliquity, respectively. Integrating a simple deposition/
sublimation history over the obliquity cycles of the obliquity
transition shows that a 3-km-thick equatorial ice source may have
survived throughout the whole transition until ,3 Myr ago.

Once the equatorial sources were exhausted, what finally hap-
pened to the high-latitude ice deposits? To address this issue, we
performed simulations starting with the initial ice inventory of the
previous simulations (as on Fig. 3) but without the equatorial
source. We found that the edges of the mid- and high-latitude
deposits become unstable and are redeposited poleward. Further
simulations indicate that the surface ice slowly retreats to the pole.
There again, it is likely that in reality only the upper ice sublimed
and that a significant part of the layer remained under a protecting
lag deposit, the one that we still see today at the surface of Mars.

Over longer timescales (,109 years), the ‘chaotic diffusion’ of
Mars’ obliquity shows that periods of high obliquity (.408) are
statistically the most probable situation23, suggesting that our
mechanism could have acted throughout martian geological his-
tory. In this context, it is possible that the near-surface ice detected
by Mars Odyssey is only the upper layer of a much deeper ice
reservoir. Future MARSIS and SHARAD sounding investigations
aboard Mars Express and the Mars Reconnaissance Orbiter may
provide important constraints on these reservoirs. A
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The controlled production of single photons is of fundamental
and practical interest; they represent the lowest excited quantum
states of the radiation field, and have applications in quantum
cryptography1 and quantum information processing2. Common
approaches use the fluorescence of single ions3, single mol-
ecules4,5, colour centres6,7 and semiconductor quantum dots8–12.
However, the lack of control over such irreversible emission
processes precludes the use of these sources in applications
(such as quantum networks13) that require coherent exchange
of quantum states between atoms and photons. The necessary
control may be achieved in principle in cavity quantum electro-
dynamics. Although this approach has been used for the pro-
duction of single photons from atoms14–16, such experiments are
compromised by limited trapping times, fluctuating atom–field
coupling and multi-atom effects. Here we demonstrate a single-
photon source based on a strongly localized single ion in an
optical cavity. The ion is optimally coupled to a well-defined field
mode, resulting in the generation of single-photon pulses with
precisely defined shape and timing. We have confirmed the
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