
explains the unexpectedly large (� 8ÿ10%) contribution of
accreting stellar-mass black holes to the brightness of the
cosmic X-ray background.

The universal relation between the X-ray luminosity of a
galaxy and its rate of formation of massive stars allows
estimating the star formation rate in a galaxy from its X-ray
luminosity. The LXÿSFR relation has a relatively small
dispersion and was calibrated in a wide range of redshifts,
which provides a new tool for determining the star formation
rate based on X-ray luminosity of galaxies. This method is
independent of traditional star-formation diagnostics based
on infrared and ultraviolet observations. It can be used to
measure the star formation rate in distant galaxies at
z � 1ÿ3, which should be the dominant population of
X-ray sources in future next-generation sky surveys. It may
become an efficient tool for measuring the star formation
history in the Universe in a wide range of redshifts.
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Space-based spectroscopy of Mars:
new methods and new results

O I Korablev

1. Current Mars problems

After the breakthrough Viking Mars mission in 1972 and a
long interruption inMars studies caused, on the one hand, by
the negative result of experiments searching for evidence of
life and, on the other hand, by a number of failures of space
programs, spacecraft exploration of Mars is currently being
extensively and apparently thoroughly performed. Three
orbiters are currently operating in Mars orbit: Mars Odyssey
(entered Mars orbit in 2001) [1], Mars Express (arrived in
orbit in 2003), and Mars Reconnaissance Orbiter (MRO)
(entered orbit in 2005) [2]. On the surface of Mars, the
Opportunity Rover is still active [3] and the Curiosity Rover
recently began to operate [4].

Among the key results obtained after the Viking mission,
first of all using Mars Global Surveyor (MGS) (1998±2006),
Mars Odyssey, and Mars Express spacecraft, are the
discovery of the remanent magnetization of Mars's crust [5],
the global altimetry of Mars and the determination of its
figure [6], the global mapping of Mars and dating of its
geological units [7, 8], and the discovery and global mapping
of subsoil water [9, 10]. Nevertheless, a number of important
scientific problems concerning both fundamental questions
andMars exploration in the future remain to be solved or are
in the process of accumulation and refinement of knowledge.

Three main groups of scientific problems can be distin-
guished: (1) inner structure of the planet and its volcanism;
(2) climate evolution and the current climate of Mars; and
(3) the past and current habitability of Mars.

Modern models of Mars's interior cannot answer ques-
tions about the thickness and composition of its crust, the
composition of the mantle (the enrichment of the mantle of
Mars with iron compared to that of Earth) and its inhomo-
geneities, and the size and structure of Mars's core [11]. Mars
shows many signs of volcanic activity, in particular, Olympus
Mons, the tallest volcano in the Solar System, its summit
reaching 25 km and the diameter at the base of the volcano
amounting to 600 km. Also, fossil thermal-spring waters were
probably found [12]. However, according to the cratering
dating, the age of the most recent volcano calderas exceeds
100 million years [13], and a mapping thermal radiometer on
Mars Observer, specially intended for searching for `hot-
spots', has not detected them [14]. Are there signs of mantle
convection and volcanism?

The rarefied atmosphere of Mars does not reduce the
importance of climate as a key factor determining conditions
on its surface, which has largely formed the present-day relief
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of the Mars surface. The monitoring of climate parameters is
of fundamental importance and is necessary for the develop-
ment of the Mars exploration strategy. However, of the most
interest, related first and foremost to the hypotheses of early
warm Mars and the possibility of the appearance of a
biosphere in past epochs, is the problem of global climate
changes on the planet. Twomain groups of such changes have
been established that are related to different time scales.
Fossil valleys, river beds, and whole drain systems cover
spacious regions of the planet, indicating the existence of
abundant liquid water on the surface [15]. The age of such
relief forms is 3.5 billion years [7]. The shape of Mars is
globally asymmetric, and the entire northern hemisphere,
which is flat [16], was filled with ocean, according to one of the
hypotheses [17]. Liquid water on the surface also left traces in
minerals, which could be produced only in the presence of
water [18, 19]. On the other hand, many of the observed
valleys are most likely the result of the erosion activity of
glaciers rather than liquid water [20]. The age of these forms
of glacial erosion is considerably smaller, and remarkable
young formations exist [13].

Simulations of the celestial mechanics parameters of the
planet have shown that the axial tilt of Mars experiences
considerable cyclic variations (from 15 to 47 degrees) [21].
These cycles with a characteristic period of about 50,000 years
are similar to the Milankovitch cycles in Earth's movements,
but are manifested much more strongly, because the Moon
stabilizes the axial tilt of Earth, while Mars is more strongly
subjected to the influence of Jupiter. Cyclic variations in the
axial tilt are overlapped by slow variations in the orbital
eccentricity of Mars, which results in considerable changes in
the insolation [22] and possibly glaciation of a larger part of
Mars's surface [23]. Water reserves in the mantle are virtually
unlimited [24, 25], and water could be supplied to the surface
during enhanced volcanic activity. Thus, water and glaciers
are the most important factors determining the present-day
appearance of Mars's surface.

What are the processes determining the transfer of water
over the planet, where is water stored during interglacial
periods, such as for the present-day axial tilt of 23.5 degrees,
and what is the current rate of its dissipation?

The surface environment of Mars is extremely hostile to
life: extreme temperatures, UV radiation, and the presence of
active oxidants predetermine the practical sterility of the
planet. On the other hand, the period of early warm Mars,
which tentatively started after the end of the catastrophic
bombardment and terminated in another, unknown cata-
strophe initiating the weakening of themagnetic field, the loss
of the atmosphere, and cooling, could have lasted for 700±
800 million years. During this period, living organisms could
have appeared on or could have been delivered to the planet.
The search for fossil traces of life in Martian meteorites has
not given certain results so far. However, the ability of living
systems to adapt themselves to the most extreme conditions
on Earth suggests that they could have survived in protected
niches to the present day. The possible existence of such oases
within the scope of relative access is confirmed by numerous
observations of liquid water on the surface of Mars [26±28].
Conditions on the surface of Mars are close to those for the
triple point of water, and at the warm time of the day, short
springs with narrowing beds, as in arid regions on Earth,
appear due to the thawing of the uncovering frozen ground.
However, the most powerful impetus initiating the investiga-
tion of Martian exobiology was the discovery of methane in

the atmosphere of Mars. This question is considered in detail
in Section 6.

What were conditions on early Mars, was the greenhouse
effect strong enough to maintain the conditions of early
`warm and wet' Mars? How long did this period actually
continue and how destructive was the catastrophe resulting in
its end? Is the discovery of life or its traces on the surface of
Mars possible? How reliable are the measurements of
biogeneous gases and are they indicative of the current
biological activity?

2. Problems of optical spectroscopy
in the exploration of Mars

The methods of optical spectroscopy used for studying both
the atmosphere and surface of Mars are currently one of the
main, if not the primary, sources of information obtained in
remote measurements. Measurements are mostly performed
in the optical spectral range of electromagnetic radiation,
from the ultraviolet (UV) range 1000±2000 A

�
to the `thermal'

infrared (IR) range 25±50 mm. Investigations are performed
from ground-based observatories mainly in transparency
windows in the mid-IR range and also in the microwave
range, from space observatories in the UV range (Hubble
Space Telescope) and far IR submillimeter range (Herschel
Space Observatory), but mainly from spacecraft in orbits
around Mars.

The most informative spectral range of reflected solar
radiation for studying the surface of Mars is in the near and
mid-IR regions (1±5 mm). The range of reflected solar
radiation covers the absorption bands of common rock-
forming minerals and is optimal for searching for hydrated
minerals, clays, and sedimentary rocks. These spectral data
can be interpreted quite simply compared to thermal IR
spectra. As a spacecraft moves along the orbit, a surface
image is constructed, each point of the image corresponding
to a spectrum. Such studies are favored by the thin atmo-
sphere of Mars, allowing the measurements to be performed
virtually in the entire spectral range, except several regions
where the atmospheric absorption dominates. On the other
hand, the surface ofMars is covered almost everywhere with a
layer of fine-grained dust with homogeneous composition.
This somewhat impairs the diagnostic potential of miner-
alogical mapping. Infrared spectral mapping is used for
studying the global and local abundance of rock-forming
minerals, volcanic rocks, and erosion products and gives
answers to the key questions concerning the volcanism and
the history of the climate.

Atmospheric studies are performed in a broad spectral
range. The upper atmosphere, excited molecular states, and
distributions of some gases, for example, ozone, are studied in
the UV region. The near and mid-IR regions are convenient
for measuring water vapor and many small molecules, in
particular, methane. The CO2 atmosphere allows quite
accurate remote measurements of pressure. The thermal
state of the atmosphere can be monitored in the thermal
spectral region: the measurement of the 15 mm band of CO2

can be used for obtaining temperature profiles at altitudes
from 0 to 50±60 km. Minor atmospheric gases are detected at
a high spectral resolution. The study of atmospheric aerosols,
including dust and condensation components (H2O and
CO2), requires the use of a maximally broad spectral range.
Atmospheric observations are performed at the nadir (as
investigations of the surface), including the night side of the
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planet, as well at the limb and in the configuration of solar
eclipses, which allows observing large atmospheric masses.
Spectral studies of the atmosphere are themain source of data
for climatic monitoring and the explanation of chemical
processes in the atmosphere, and also provide the detection
of minor atmospheric components, notably, those with
possible volcanic or biological origin.

3. Spectral studies of Mars

Spectral measurements were started from the very beginning
of spacecraft investigations of Mars. UV and IR spectro-
meters were mounted on Mariner 6 and Mariner 7 spacecraft
[29, 30] and spectrophotometers and spectropolarimeters on
the Mars 2, Mars 3, and Mars 5 spacecraft [31±35]. During
these flyby and short orbital missions in 1971±1973, the first
data were obtained on the structure and composition of the
atmosphere and the surface temperature. The Mariner 9
space orbiter, which orbited Mars for 11 months in 1971±
1972, was used to study the seasonal cycle of ozone in the UV
region [36] and to perform a number of spectral measure-
ments in the IR region [37]. Spectral near-IR observations
performed during the Viking mission were used to study the
season cycle of water vapor [38], while radiometric measure-
ments in the thermal IR region were used for determining the
thermal structure of the atmosphere and monitoring the
surface temperature for two years [39, 40].

After a long interruption in the spacecraft exploration
of Mars, the short Phobos 2 orbital mission (1988±1989)
gave a number of pioneering results. Space experiments with a
thermal emission spectrometer (TES) mounted on the MGS
spacecraft produced relatively modest results on the planet
surface, but allowedmonitoring themain climatic parameters
(the temperature of the atmosphere and the content of
aerosols and water vapor) for three Martian years. The
THEMIS high-spatial-resolution radiometer (Thermal Emis-
sion Imaging System) used in the Mars Odyssey performed
the global mapping of the thermal inertia of the soil and
allowed making a number of important conclusions concern-
ing Mars's geology. As mentioned above, no traces of
geothermal or volcanic activity have been found.

The Mars Express spacecraft of the European Space
Agency (ESA) is the best equipped with spectral instru-
ments. This spacecraft was launched in 2003, its goals being
those that were already planned for the Russian Mars 96
project. All three spectral instruments of the mission were
constructed with a significant participation of Russian
scientists. The main results obtained using these instruments
are presented in Sections 4±7.

The Spirit and Opportunity rovers, landed on the surface
ofMars in 2003, carry thermal emission IRMini-TESFourier
spectrometers [41]. The optical entrance of each of the
spectrometers located on an antenna can be oriented in any
direction. The Mini-TES experiment primarily intended to
choose interesting samples and plan the motion of the Mars
rovers, has given a number of important independent results,
in particular, concerning the near-surface layer of the atmo-
sphere [42, 43].

The Mars Reconnaissance Orbiter (MRO) carries the
CRISM (Compact Reconnaissance Imaging Spectrometer
for Mars) high-spatial-resolution system. The operation
principle of this instrument is close to that of the OMEGA
instrument used in Mars Express, and we consider their
results together in Section 4. The MRO also contains the

MCS (Mars Climate Sounder) limb radiometer for the
observation of the vertical profiles of the atmosphere in the
spectral bands of CO2, H2O, and aerosol.

Themain results of spectral observations ofMars after the
Viking mission, with references to key studies, are listed in the
table.

4. Spectral orbital mapping
and the history of Mars's climate

The OMEGA experiment on board theMars Express Orbiter
is intended to map the composition of the surface of Mars
with a resolution of 0.3±5.0 km. A spectrometer records
reflected solar radiation in the visible and IR spectral
ranges. The field of view of the spectrometer per pixel is
1.2 mrad; scanning across the orbital velocity vector provides
mapping of a strip on the surface of the planet with a width
from 45 km (from the orbit pericenter) to 600 km. A spectrum
in the wavelength range 0.35 to 5.10 mm corresponds to each
point of an image obtained in this way (see the table). The
spectrometer was developed and built for theMars 96mission
in France under the supervision of J-P Bibring; the scanner
and entrance optics of the spectrometer weremanufactured at
the Space Research Institute, RAS. The name OMEGA
(abbreviation of French Observatoire pour la Min�eralogie,
l'Eau, les Glaces et l'Activit�e� assumes that the experiment is
intended to determine, apart from the surface composition
and mineralogy, the different states of water (ice, hydrated
minerals, carbonated ice) for studying atmosphere±surface
interaction (water and carbon dioxide cycles), the formation
and development of the planet crust, and the formation and
possibility of preserving habitable zones.

The first global mineralogical mapping of Mars with a
resolution of 3 km was performed in the thermal IR region in
the TES/MGS experiment [49]. The main components of the
surface were determined: basalts that are typical for southern
ancient highlands and andesites found in younger northern
flatlands. The `wet' past of the planet was confirmed by the
local detection of hematite, a mineral formed in the presence
of water under moderate climatic conditions or in geothermal
waters. No sedimentary rocks, carbonates, or the results of
chemical erosionÐclaysÐwere found, which suggests that a
dry cold climate dominated in the history of Mars. Also, no
traces of sulfates, which would indicate volcanic activity, were
found.

The more informative spectral range and spatial resolu-
tion an order of magnitude better in the OMEGA experiment
provided the mapping of a muchmore diverse composition of
the surface and allowed making key conclusions about the
history of Mars's climate. Iron-containing rock-forming
silicate minerals were found and mapped in both hemi-
spheres. Hydrated minerals, phyllosilicates, were identified
by the 1.9 mmband. These products of erosion in the presence
of water, a kind of clay, were found only in restricted regions
coinciding with outcropped ancient craters. At the same time,
they were not found in the vicinity of craters that tentatively
reveal the permafrost level, or in regions with traces of ancient
beds. Nor were phyllosilicates found in younger northern
volcanic flatlands. This confirms the conclusion that erosion
during this period in the history of the planet occurred in the
absence of water. Hydrated sulfates were found in many
places usually coinciding with bright sediments. Carbonates,
which adsorbed most of the atmospheric CO2 on Earth, were
not detected in experiments.

724 Conferences and symposia Physics ±Uspekhi 56 (7)



Table. Spectral orbital spacecraft studies of Mars after the Viking mission.

Mission Instrument Spectral
range, mm

Spectral
resolution

Spectral
resolution

Main results

Phobos-2,
1989

ISMëKRFM� 0.315 ë 0.600
0.8 ë 3.1

30 nm
50 nm

20� 30 km Mineralogical mapping of a limited region; rock-form-
ing minerals [44]

Termoskan 0.60 ë 0.95
8.5 ë 12.0

ì
ì

2 km First mapping of the thermal inertia of the surface [45]

Auguste 0.22 ë 0.43
0.76, 0.94
1.9, 3.7

10 ë 30 nm
ì

2ë 3 nm

ì Vertical proéles of an aerosol and water vapor [46ë48]

Mars Global
Surveyor,
1997 ë 2004

TES 5.8 ë 50.0 6, 12 cmÿ1 3 km Global mineralogical mapping; volcanic rocks, hema-
tite are locally found; no carbonates, clays, or sulfates
found [49].
Monitoring of Mars's climate [50]

Mars Odyssey,
from 2001

THEMIS 0.45 ë 0.85
6.5 ë 15.0

5 bands
9 bands

100 m Global mapping of the thermal inertia of the surface
[14]

Mars Express,
from 2003

OMEGA 0.35 ë 1.00
1.0 ë 2.5
2.5 ë 5.1

7 nm
14 nm
20 nm

0.3 ë 5.0 Global mineralogical mapping; hydrated minerals,
clays, and sulédes are locally found [51]

PFS 2 ë 40 2 cm^{-1} >9 km Discovery of methane in the atmosphere [52]

SPICAM 0.118 ë 0.320
0.9 ë 1.7

1 nm
3.5 cmÿ1

1� 50 km
4 km

Numerous atmospheric results (see text)

Mars
Reconnaissance

Orbiter,
from 2005

CRISM 0.362 ë 3.920 6.6 nm/pixel 18 m Conérmation of OMEGA results, carbonates and
serpentine are locally found [53, 54]

MCS 16.5 ë 42.1 9 bands 5 km, limb
1:0� 1:7 km

Vertical structure of the atmosphere and aerosols [55ë
57]

� Infrared spectrometer for Mars, combined radiometerëspectrophotometer.

Noachian Hesperian Amazonian
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Figure 1. (a) Classical chronology of Mars: the Noachian epoch characterized by high levels of meteorite bombardment, volcanic activity, and traces of

water activity on the surface; the Hesperian epoch during which the volcanic activity continued and catastrophic floods occurred; the Amazonian is the

current epoch. (b) Chronology based on the geochemistry of erosion products [51].
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Based on new data obtained in the OMEGA experiment
and new chronological estimates [7], important conclusions
have been made about the evolution of the climate of Mars
(Fig. 1). Two widespread groups of hydrated minerals,
phyllosilicates and sulfates, were formed during considerably
different periods: clays, which can be formed only in the
presence of abundant water, were formed at the early
Noachian period, whereas sulfates, which are formed in an
acidic and most likely dry medium, appeared later, about 4±
3.5 billion years ago [58]. Therefore, the `early warm' period
of Mars could have ended earlier than the classical chronol-
ogy assumes. Later, Mars remained dry and its surface
activity was strongly restricted, which allowed slow oxida-
tion and erosion processes to form the present-day appear-
ance of the planet [51].

The enigma of carbonates onMars was solved later. They
were reliably identified using the CRISM/MRO spectrometer
with better spatial and spectral resolutions [59]. Ancient
carbonates, in which the early atmosphere of Mars can
possibly be buried, are observed in restricted regions, on the
slopes of valleys and meteorite craters [53].

5. Atmosphere and climate of Mars determined
in the Mars Express mission

Two other spectrometers, SPICAM and PFS, on board the
Mars Express Orbiter were mainly used to investigate the
atmosphere and climate of the planet. Like OMEGA,
SPICAM and PFS were inherited from the Mars 96 space-
craft. The PFS/Mars Express spectrometer is in fact a copy of
its predecessor, while the weight of the new SPICAM had to
be reduced by almost an order of magnitude, which required
the use of absolutely new approaches in the construction of
this spectrometer.

The SPICAM spectrometer (SPectroscopy for the Inves-
tigation of the Characteristics of theAtmosphere ofMars) is a
combination of two spectrometers in the UV and IR ranges,
intended for probing the atmosphere of Mars by different
methods: the observation of reflected and scattered solar
radiation at the nadir and limb and studies of the vertical
structure and profiles of the atmospheric composition in the
regimes of star and solar eclipses. During an eclipse, radiation
from a star or the Sun is attenuated in the atmosphere, which
allows the direct measurement of atmospheric transmission at
the limb [60]. The UV spectrometer (118±320 nm) (see table)
built according to the classical scheme, has only two reflecting
surfaces: a collimator mirror and a diffraction grating. The
entrance slit of the spectrometer is located at the mirror focus
and is removed during the observation of stars. Spectra are
recorded with a diode array detector with an image intensi-
fier, the second coordinate of the detector being used for
rough mapping [61]. The IR spectrometer (1.0±1.7 mm) is
built according to the principle of an acousto-optic tunable
filter [62], whichwe used for the first time on an interplanetary
spacecraft. The spectrometer has the resolving power
l=Dl � 1800 and the weight less than 1 kg [63, 64]. The
SPICAM spectrometer was built in France with the participa-
tion of Belgium, and the IR spectrometer, which was
completely built in Russia, was supplied by the Space
Research Institute, RAS. The supervisor of the experiment
was J-L Bertaux.

The Planetary Fourier Spectrometer (PFS) has two
channels, both built according to the principle of a double
pendulum and having an aperture of 5 cm. The short-

wavelength (1.2±5.0 mm) and long-wavelength (5±45 mm)
channels differ in beamsplitters and detectors optimized for
the corresponding wavelengths [65]. In the short-wavelength
channel, solar radiation scattered and reflected by the planet
is detected, and in the long-wavelength channel, the intrinsic
radiation of the atmosphere and surface is detected in the
thermal spectral range. The spectral resolution of the spectro-
meter without apodization is 1.2 cmÿ1 and is reduced to 1.4±
2.0 cmÿ1 after apodization. The development of the PFS for
the Mars 96 mission was started in Russia under the
supervision of V I Moroz and was later continued in Italy
for the Mars Express mission under the supervision of
V Formisano.

One of the most interesting discoveries of the SPICAM
experiment was the observation of aurorae on Mars [66].
These emissions are produced by charged particles pre-
cipitating along planetary magnetic field lines in the
regions where the strongest remanent magnetic field of
Mars is localized [5]. Their nature is similar to that of
polar aurorae on Earth, but they are observed at moderate
latitudes. During the auroral phenomenon, the usual UV
spectrum of the night sky of Mars, in which the NO bands
dominate (also first discovered with SPICAM [67]),
changes and the excited CO bands appear in it. In these
experiments, another night emission of the Martian atmo-
sphere was also discovered: the emission of O2a

1Dg at
1.27 mm was detected with the OMEGA spectrometer [68]
and studied with the SPICAM spectrometer [69]. Night
emissions of NO and O2 are produced by excited molecules
carried from the day side. Their observations are impor-
tant for the study of the global circulation of the upper
atmospheric layers.

The diurnal glow of O2a
1Dg [70] was used to estimate the

content of ozone, the key indicator of the photochemistry of
Mars, which is also measured by SPICAM directly in the UV
region by the 250 nmHartley band, both at the nadir [71] and
in the eclipse regime [72]. These results suggest that hetero-
geneous reactions on the surface of condensed aerosol
particles make a contribution to the most important photo-
chemical cycles on Mars [73].

The main scientific problem of the IR channel of
SPICAM is the study of the atmospheric water cycle.
Indeed, of the main water reservoirs on the planet actively
involved in the hydrologic cycle (permafrost, regolith, polar
ice caps, atmosphere), only the volume of water contained in
polar caps was approximately estimated and the amount of
atmospheric water was much more accurately measured and
its transfer processes studied. Despite a small amount of
water vapor in the rarefied atmosphere (1±50 in precipitated
mm), the global transfer of water and the features of the polar
ice caps are determined by climatic processes, which are in
turn studied by monitoring the atmospheric water vapor. The
transfer processes depend on the axial tilt, an eccentricity of
Mars [22] determining glaciations, the formation of glaciers at
low latitudes [74, 75], etc. In 2004±2013, SPICAM continued
the monitoring of the atmospheric water vapor, which was
initiated in the Viking [38] and MGS [50] missions, and
investigated the vertical distribution of the atmospheric
water vapor in detail [76±80], for the first time after brief
Phobos 2 measurements [48]. At present, SPICAM is the only
instrument measuring the vertical distribution of the atmo-
spheric water vapor because the corresponding channel of the
MCS limb radiometer aboard the MRO spacecraft [55] is
inoperative.
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The atmospheric water vapor is measured on Mars
Express not only with SPICAM but also with OMEGA [81]
and PFS [82, 83] spectrometers using different spectral ranges
and different absorption bands. Moreover, the Mars Express
spectrometers operated a few months in 2004 simultaneously
with the TES/MGS spectrometer, whose data [50] were basic
for the climatology of Mars. We compared measurements
and methods [84, 85], which resulted in correcting the Viking
[86] and TES/MGS [87] data and allowed us tomatch the data
of the three experiments.

The main objective of atmospheric PFS measurements is
the thermal probing of the atmosphere in the 15 mm band of
CO2. By using the regions of the band where the optical
thickness of gas is different and radiation at the correspond-
ing wavelengths comes from different atmospheric layers,
we can solve the inverse problem of reconstructing the
vertical temperature profile of the atmosphere. This princi-
ple is also used in meteorological instruments in Earth orbit.
The thermal probing data form the basis for understanding
the present-day climate of the planet and are used for the
adjustment of models describing the general circulation of
the atmosphere. Such measurements were first performed
on the Mariner 9 spacecraft [37] and then by using
TES=MGS [50] and PFS [88, 89] spectrometers. Beginning
from 2005, thermal probing has also been performed with
the MCS/MRO limb radiometer [56]. Thus, the climate of
Mars is continuously monitored from 1998, covering a
period of more than seven Martian years. However, the
most spectacular PFS discovery is the detection of methane
in the Martian atmosphere.

6. Methane in the Martian atmosphere

Unlike water vapor, whose content in Earth's atmosphere
considerably decreases with height, facilitating IR observa-
tions from mountain observatories, methane is abundant in
Earth's atmosphere and is uniformly mixed. The observation
of methane is difficult because a high spectral resolution and
the maximum Doppler shift are required for detecting
Martian absorption lines. The first paper on the detection of
methane with a ground-based Fourier spectrometer with a
resolving power of approximately 180;000 was published in
2004 [90], but astronomical observations and their analysis
were, without a doubt, stimulated by the PFS measurements
in Mars orbit with the spectral resolution � 1:5 cmÿ1 in the
spectral range containing the fundamental 3.3 mm absorption
band of methane (see the table).

In 2004, three independent groups reported the detection
of methane [52, 90, 91]. The amount of methane in the
atmosphere was about 10 ppb (10ÿ8 volume parts). Methane
in Mars's atmosphere decomposes under the action of UV
radiation (mainly solar L-a radiation) and its photochemical
lifetime is about 300 years. Maintaining even such low
amounts of gas in the atmosphere requires a permanently
operating source. In [90], various possible sources of methane
replenishment are considered: volcanic, meteorite (or comet),
and biological, and the presence of rarefied colonies of
methanogenic microorganisms on the surface of Mars is
assumed the most probable hypothesis. In [52], neither the
biological hypothesis nor the volcanic hypothesis is ruled out,
nor is the possibility of the escape of fossil methane into the
atmosphere. This methane could have been produced in
magmatic processes, low-temperature synthesis (due to
serpentinization, which is confirmed by the recent finding of

a serpentine mineral on Mars [54]), or biological processes
earlier in Mars's history.

All the measurements of methane were performed at the
detection limit. For example, the PFS spectra in the vicinity of
the Q band of the fundamental band of methane demonstrate
many features not coinciding with the synthetic spectrum
(Fig. 2); the data of the Mumma group were reconsidered
several times, and their paper was finally published in 2009.
Another problem of these observations is the methane
variability: the amount of gas measured with the PFS
constantly changed [93, 94], while methane was detected by
astronomical methods only in 2003. For these reasons, the
authors of [97] cast some doubt on the detection of methane
itself. Indeed, the photochemical lifetime ofmethane, which is
very short on the geological time scale, is sufficient for its
complete mixing due to circulation in the atmosphere. As
shown in [98], the methane variability cannot be explained by
the known processes of atmospheric physics and chemistry.
So far, the Curiosity mission has failed to detect methane near
the surface of Mars [99]. The detection of methane initiated
numerous hypotheses about its origin, sources, and drains.
This discovery is so important that by 2010 it was proposed to
organize a special orbital mission for studying minor atmo-
spheric components [100].

7. Space high-resolution spectrometers
for planetary investigations

High-sensitive measurements of minor atmospheric gases in
the rarefied atmosphere of Mars require the construction of
high-resolution spectrometers operating in the optimal
spectral range (see Section 2). The classical solution for
space studies of the atmosphere is a Fourier spectrometer
with a large optical path difference [101±104]. The rather large
weight of such spectrometers, from 50 to 150 kg, excludes
their use in interplanetary missions, even in special `atmo-
spheric' missions. To solve the problem of the high spectral
resolution in a `small' format, we proposed using the
combination of an echelle spectrometer and an acousto-
optic filter [105, 106] (Fig. 3). A spectrometer based on this
principle for studying the atmosphere of Venus above the
clouds on the Venus Express mission was built in Belgium
[107] and then greenhouse gases in Earth's atmosphere were
investigated on the International Space Station [108]. The
resolving power of these spectrometers weighing 3±5 kg was
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Figure 2. (In color online) The middle spectrum is recorded with the PFS

(black line with error bars). The Q branch of the fundamental band of

methane is located at 3018 cmÿ1. Shown are two synthetic spectra for the

methane content of 50 ppb (red line) and 0 ppb (blue line) [93].
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20,000±25,000. A similar spectrometer for investigations of
theMartian atmosphere and the search for methane was built
for the Russian Phobos±Grunt mission [109]. Another
possible way is reducing the size of Fourier spectrometers
[110].

Based on these technological solutions, experiments are
planned on the Trace Gas Orbiter (TGO) during the space
ExoMars (Exobiology of Mars) mission [100] being con-
ducted in collaboration with Roscosmos and the European
Space Agency. The spaceborne complex NOMAD (Nadir
and Occultation forMArs Discovery) being developed by the
ESA consists of two SOIR (Solar Occultation InfraRed)
spectrometers and a miniature UV spectrometer [111], while
theRussianACS (Atmospheric Chemistry Suite) [112] facility
consists of a near-IR SOIR spectrometer, a mid-IR cross-
dispersed spectrometer, and a Fourier spectrometer. We plan
to obtain a resolving power of no less than 50,000 in the
spectral region corresponding to methane and expect that
such a combination of spectrometers not only will help to
resolve the methane enigma but also will be used to continue
the monitoring of the Martian climate.

8. Conclusions

It was assumed in our review [113] on a related topic that
Mars lost its atmosphere at the early stage of its evolution and
the greenhouse effect could operate only for a short time. The
latest data, confirming this conclusion as a whole, show that
the period when water was abundant on the surface of Mars
lasted, however, no less than 500±700 million years. During
this time, carbon dioxide in the atmosphere could have been
bound in carbonate sediments and the simplest life forms
could have been conceived or developed from transported
spores.

Has life been preserved up to now in rare oases? It will be
difficult to detect its traces; however, further studies of the
methane problem, the reliable detection of methane, the
development of hypotheses about its origin, and measure-
ments of the carbon isotopic ratio in methane can give key
answers. On the other hand, the well-preserved ancient crust
ofMars allows looking at epochs whose traces have long been
rubbed out on Earth. This problem, along with exobiology,
can become a general one for further, more detailed
investigations. The problem of bringing the Martian soil to
Earth for laboratory analyses becomes especially urgent. We
hope that the large-scale exploration of Mars recently started
by Roscosmos in collaboration with the European Space

Agency the framework of the ExoMars mission will be
continued in Russia.

Acknowledgments
The development of Russian instruments for the Mars
Express mission, experimental studies after the launch in
2003, and the Russian participation in the ExoMars mission
are supported by Roscosmos. This article was supported by
program No. 22 of the Presidium of the RAS.

References

1. Saunders R S et al. Space Sci. Rev. 110 1 (2004)

2. ZurekRW, Smrekar SE J. Geophys. Res. Planets 112E05S01 (2007)

3. Squyres S W et al. J. Geophys. Res. Planets 108 8062 (2003)

4. Grotzinger J P et al. Space Sci. Rev. 170 5 (2012)

5. Acu~na M H et al. Science 284 790 (1999)

6. Smith D E et al. J. Geophys. Res. Planets 106 23689 (2001)

7. Neukum G et al. Earth Planet. Sci. Lett. 294 204 (2010)

8. Neukum G et al. Earth Planet. Sci. Lett. 294 183 (2010)

9. Boynton W V et al. Science 297 81 (2002)

10. Mitrofanov I et al. Science 297 78 (2002)

11. Zharkov V N, Gudkova T V Solar System Res. 39 343 (2005)

[Astron. Vestn. 39 387 (2005)]

12. Rossi A P et al. J. Geophys. Res. Planets 113 E08016 (2008)

13. Neukum G et al. Nature 432 971 (2004)

14. Christensen P R et al. Science 300 2056 (2003)

15. Carr M H Nature 326 30 (1987)

16. Zuber M T et al. Geophys. Res. Lett. 25 4393 (1998)

17. Carr M H, Head J W J. Geophys. Res. Planets 108 5042 (2003)

18. Squyres S W et al. Science 306 1709 (2004)

19. Morris R V et al. Science 329 421 (2010)

20. Head J W et al. Space Sci. Rev. 96 263 (2001)

21. Laskar J, Robutel P Nature 361 608 (1993)

22. Laskar J et al. Icarus 170 343 (2004)

23. Fastook J L et al. Icarus 198 305 (2008)

24. Zharkov V N Solar Syst. Res. 30 456 (1996) [Astron. Vestn. 30 514

(1996)]

25. Babeyko A Y, Zharkov V N Phys. Earth Planet. Interiors 117 421

(2000)

26. Malin M C, Edgett K S Science 288 2330 (2000)

27. Greeley R et al. J. Geophys. Res. Planets 110 6002 (2005)

28. Basilevsky A T et al. Planet. Space Sci. 57 917 (2009)

29. Hord C W, Barth C A, Pearce J B Icarus 12 63 (1970)

30. Hanel R A et al. Icarus 12 48 (1970)

31. Moroz V I, Parfent'ev N A Cosmic Res. 13 68 (1975) [Kosm. Issled.

13 80 (1975)]

32. Moroz V I, Ksanfomaliti L V, Nadzhip A �E Sov. Phys. Usp. 16 741

(1974) [Usp. Fiz. Nauk 111 369 (1973)]

33. Ksanfomaliti L V, Moroz V I, Dollfus A Cosmic Res. 13 79 (1975)

[Kosm. Issled. 13 92 (1975)]

34. Moroz V I, Nadzhip AECosmic Res. 13 658 (1976) [Kosm. Issled. 13

738 (1976)]

35. Krasnopol'skii V A, Krys'ko AA, Rogachev VNCosmic Res. 13 31

(1975) [Kosm. Issled. 13 37 (1975)]

36. Barth C A et al. Science 179 795 (1973)

37. Conrath B et al. J. Geophys. Res. 78 4267 (1973)

38. Jakosky B M, Farmer C B J. Geophys. Res. 87 2999 (1982)

39. Kieffer H H et al. J. Geophys. Res. 82 4249 (1977)

40. Kieffer H H J. Geophys. Res. 84 2793 (1979)

41. Christensen P R et al. J. Geophys. Res. Planets 108 8064 (2003)

42. Ruff S W et al. J. Geophys. Res. Planets 111 E12S18 (2006)

43. Smith M D et al. J. Geophys. Res. Planets 111 E12S13 (2006)

44. Bibring J-P et al. Nature 341 591 (1989)

45. Moroz V I, Petrova EV,Ksanfomality LVPlanet. Space Sci. 41 569

(1993)

46. Blamont J E et al. Planet. Space Sci. 39 175 (1991)

47. Korablev O I et al. Icarus 102 76 (1993)

48. Rodin A V, Korablev O I, Moroz V I Icarus 125 212 (1997)

49. Christensen P R et al. J. Geophys. Res. Planets 106 23823 (2001)

50. Smith M D Icarus 167 148 (2004)

51. Bibring J-P et al. Science 312 400 (2006)

Telescope

Field aperture

Diffractiongrating

Detector
(vertical)Slit

AOTF

Collimator

100 mm

Figure 3.Optical schematics of the SOIR spectrometer (Solar Occultation

InfraRed) combining an echelle spectrometer in the Littrowmount and an

acousto-optic tunable filter (AOTF) for selecting diffraction orders.

728 Conferences and symposia Physics ±Uspekhi 56 (7)



52. Formisano V et al. Science 306 1758 (2004)

53. Ehlmann B L et al. Science 322 1828 (2008)

54. Ehlmann B L, Mustard J F, Murchie S L Geophys. Res. Lett. 37

L06201 (2010)

55. McCleese D J et al. J. Geophys. Res. Planets 112 E05S06 (2007)

56. McCleese D J et al. J. Geophys. Res. Planets 115 E12016 (2010)

57. Heavens N G et al. J. Geophys. Res. Planets 116 E04003 (2011)

58. Poulet F et al. Nature 438 623 (2005)

59. Murchie S et al. J. Geophys. Res. Planets 112 E05S03 (2007)

60. Korablev O I, Bertaux J-L Solar Syst. Res. 37 441 (2003) [Astron.

Vestn. 37 483 (2003)]

61. Bertaux J-L J. Geophys. Res. Planets 111 E09S01 (2006)

62. Chang I C Appl. Phys. Lett. 25 370 (1974)

63. Korablev O et al. Adv. Space Res. 29 143 (2002)

64. Korablev O et al. J. Geophys. Res. Planets 111 E09S03 (2006)

65. Formisano V et al. Planet. Space Sci. 53 963 (2005)

66. Bertaux J-L et al. Nature 435 790 (2005)

67. Bertaux J-L et al. Science 307 566 (2005)

68. Bertaux J L et al. J. Geophys. Res. Planets 117 E00J04 (2012)

69. Fedorova A A et al. Icarus 219 596 (2012)

70. Fedorova A et al. J. Geophys. Res. Planets 111 E09S07 (2006)

71. Perrier S et al. J. Geophys. Res. Planets 111 E09S06 (2006)

72. Lebonnois S et al. J. Geophys. Res. Planets 111 E09S05 (2006)

73. Lef�evre F et al. Nature 454 971 (2008)

74. Head J W et al. Nature 434 346 (2005)

75. Levrard B et al. Nature 431 1072 (2004)

76. Fedorova A et al. J. Geophys. Res. Planets 111 E09S08 (2006)

77. Trokhimovskiy A et al., in 39th COSPAR Scientific Assembly, 14 ±

22 July 2012, Mysore, India, Abstract D2.1-19-12, p. 2005

78. Fedorova A A et al. Icarus 200 96 (2009)

79. Maltagliati L et al. Science 333 1868 (2011)

80. Maltagliati L et al. Icarus 223 942 (2013)

81. Maltagliati L et al. Icarus 213 480 (2011)

82. Fouchet T et al. Icarus 190 32 (2007)

83. Tschimmel M et al. Icarus 195 557 (2008)

84. Korablev O et al., in Second Workshop on Mars Atmosphere

Modelling and Observations, February 27 ±March 3, 2006, Grana-

da, Spain (Eds F Forget et al.) (Paris, 2006) p. 244

85. Korablev O, in 37th COSPAR Scientific Assembly, 13 ± 20 July

2008, Montr�eal, Canada, p. 1580
86. Fedorova A A et al. Icarus 208 156 (2010)

87. Smith M D Annu. Rev. Earth Planet. Sci. 36 191 (2008)

88. Zasova L V et al. Cosmic Res. 44 305 (2006) [Kosm. Issled. 44 319

(2006)]

89. Wolkenberg P et al. Icarus 215 628 (2011)

90. Krasnopolsky V A, Maillard J P, Owen T C Icarus 172 537 (2004)

91. Mumma M J et al. Bull. Am. Astron. Soc. 36 1127 (2004)

92. Mumma M J et al. Science 323 1041 (2009)

93. Geminale A, Formisano V, Giuranna M Planet. Space Sci. 56 1194

(2008)

94. Geminale A, Formisano V, Sindoni G Planet. Space Sci. 59 137

(2011)

95. Krasnopolsky V A Icarus 217 144 (2012)

96. Villanueva G L et al. Icarus 223 11 (2013)

97. Zahnle K, Freedman R S, Catling D C Icarus 212 493 (2011)

98. Lef�evre F, Forget F Nature 460 720 (2009)

99. Webster C R et al. LPI Contrib. (1719) 1366 (2013)

100. Zurek R W et al. Planet. Space Sci. 59 284 (2011)

101. Abrams M C et al. Appl. Opt. 35 2774 (1996)

102. von Clarmann T et al. J. Geophys. Res. Atmos. 108 4736 (2003)

103. Bernath P F et al. Geophys. Res. Lett. 32 L15S01 (2005)

104. Kasuya M, Nakajima M, Hamazaki T Trans. Space Technol. Jpn. 7

(ists26) To_4_5 (2009)

105. Korablev O I, Bertaux J-L, Vinogradov I I Proc. SPIE 4818 272

(2002)

106. Korablev O I et al., in Proc. of the 5th Intern. Conf. on Space Optics,

ICSO 2004, 30March ± 2April 2004, Toulouse, France (ESA SP-554,

Ed. B Warmbein) (Noordwijk: ESA Publ. Division, 2004) p. 73

107. Nevejans D et al. Appl. Opt. 45 5191 (2006)

108. Korablev O I et al. J. Opt. Technol. 78 317 (2011) [Opt. Zh. 78 (5) 44

(2011)]

109. Korablev O et al. Appl. Opt. 52 1054 (2013)

110. Korablev O I et al. Solar Syst. Res. 46 31 (2012) [Astron. Vestn. 46 34

(2012)]

111. Drummond R et al. Planet. Space Sci. 59 292 (2011)

112. Korablev O et al., in 39th COSPAR Scientific Assembly, 14 ± 22 July

2012, Mysore, India, Abstract E2.6-22-12, p. 969

113. Korablev O I Phys. Usp. 48 626 (2005) [Usp. Fiz. Nauk 175 655

(2005)]

PACS numbers: 07.57. ± c, 84.40. ± x, 89.20. ± a
DOI: 10.3367/UFNe.0183.201307i.0769

A new-generation interferometer
for fundamental and applied research

A V Ipatov

1. Introduction

A design of a four-element very long baseline interferometer
(VLBI) has been developed at the Institute of Applied
Astronomy, Russian Academy of Sciences, for use in
fundamental and applied research. Observations with this
device are expected to provide millimeter-accurate data on
Earth orientation parameters (EOPs) and station locations,
as well as to determine the universal time used in the Global
Navigation Satellite System (GNSS).

The fundamental scientific tasks regarding radio inter-
ferometers are to provide positioning and timing support and
navigation services or, more specifically,

Ð to establish and maintain a celestial reference frame in
the form of the catalogued positions of extragalactic radio
sources;

Ð to establish and maintain a terrestrial reference frame
in the form of the catalogued positions and velocities of
reference stations;

Ð to determine orientation parameters between the
terrestrial and celestial reference frames (Earth rotation
parameters);

Ð to establish dynamic frames as ephemerides of Solar
System bodies;

Ð to refine the national coordinated timeUTC (SU) scale
and keep it within prescribed limits with respect to the
universal coordinated time (UTC) scale;

Ð to develop signal propagation models for the atmo-
sphere and ionosphere.

We note that the current precision and efficiency
requirements for the positioning and timing and navigation
support in applied problems are often comparable to those
for the fundamental positioning and timing support. For
example, the error in extracting navigation data from GNSS
signals should not exceed 30 cm (for the fundamental
segment, this value decreases to 3 cm!). This level of
accuracy implies that the ERP determination and predic-
tion system should provide an accuracy of 0.1 ms for the
pole coordinates and nutation and precession angles and an
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