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FOREWORD

This is the third volume of the series entittled “Lecture Notes and Essays in
Astrophysics”, a biannual publication started in 2004 and intending to offer to the
specialized community a leading collection of the Spanish Astrophysics research ad-
vances, on the basis of a selected sample of lectures presented during the Astrophysics
Simposia at the biannual meetings of the Royal Spanish Physical Society (RSEF). In
particular, this volume contains the invited reviews (lecture notes) and a selection of
the contributions (essays) to the III Astrophysics Simposium that took place at the
Science Faculty of the University of Granada during the XXXI Scientific meeting of
the RSEF, in September 2007.

The book highlights some important contributions of Spanish astrophysicists to
Planetology, Solar and Stellar Physics, Extragalactic Astronomy, Cosmology and as-
tronomical instrumentation. After decades without a dedicated mission, Venus is
again in fashion. On the one hand, Ricardo Hueso and collaborators, and on the
other Miguel Ángel López-Valverde, review ESA Venus Express contribution to the
understanding of the atmosphere of the neighbouring planet.

Carme Jordi describes in a comprehensive essay the main observational calibration
techniques and methods for the determination of mass, radius, temperature, chemical
composition and luminosity of a star. Dying stars are fundamental to understand the
nature of dark energy, probably the most fundamental problem in Physics today.
Type Ia supernovae have played a fundamental role showing the acceleration of the
expansion rate of the Universe a decade ago. Inma Domı́nguez and collaborators
go into detail on how the knowledge of the fundamental physics of thermonuclear
supernovae explotions condition their role as astrophysical candles.

The influence of galactic environments in galaxy activity and the properties of
magnetic fields in galaxies are reviewed, respectively, by Isabel Márquez and Eduardo
Battaner. First light of the Gran Telescopio Canarias (GTC) is the subject of the
review by Francisco Sánchez, encourager of such an endeavour which is today a reality.
Robotic astronomy is not the future but a fact materialised for several telescopes
worldwide, some of them in Spain. Alberto Castro-Tirado describes some of these
instruments and their role in the detection and following up of GRBs. And more.

On behalf of the Astrophysics Group of the RSEF, as in previous volumes, it is
the hope of the Editors that this book stimulate the interest for Astronomy, even
more being 2009 the International Year of Astronomy.

The Editors are indebted to the Spanish Ministry of Science and Innovation for
finantial support through grant AYA-2007-28639-E and FEDER funds. This book
has been edited under the auspices of the Spanish Royal Physical Society (RSEF).

Ana Ulla (President) and Minia Manteiga (Secretary)
Astrophysics Group, of the Royal Spanish Physical Society (RSEF)

LNEA III, 2008.
A. Ulla & M. Manteiga (editors).
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THE ATMOSPHERE OF VENUS: WINDS AND

CLOUDS OBSERVED BY VIRTIS/VENUS

EXPRESS

RICARDO HUESO, SANTIAGO PÉREZ-HOYOS, AGUSTÍN
SÁNCHEZ-LAVEGA, AND JAVIER PERALTA
Fı́sica Aplicada I, Escuela Superior de Ingenieŕıa, Universidad del Páıs Vasco,
Alda. Urquijo s/n, 48013, Bilbao, SPAIN

Abstract: After decades without a dedicated space mission, Venus, sometimes
referred as Earth’s twin planet, is again the subject of intense exploration. Venus
Express (VEX), a mission of the European Space Agency, was launched in November
2005 and arrived to the planet in April 2006 where it is now in orbit. Among its
scientific payload, the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS)
is an instrument well suited for the study of a plethora of atmospheric processes
through its visual and spectral modes. In this work we will review some of the
first results obtained with this instrument. The set of observations characterizes the
properties of the multiple cloud layers in Venus, the global atmospheric dynamics and
its variability as well as the structure of particular meteorological structures like the
polar vortex and the nearly ubiquitous systems of gravity waves.

Keywords: Venus – Atmosphere dynamics – Meteorology.

1 Introduction

Venus is the planet closest to Earth in distance to the Sun, mass, radius, density and
chemical composition. Yet, the similarities end here. Venus has a massive atmosphere
made up of carbon dioxide with surface pressures of 90 bar, clouds of sulphuric acid
and a hot, dry and young surface according to geological standards. Understanding
the similarities and differences between Earth and Venus motivated an intense explo-
ration of this planet paused on the last decades in part by the lure of the exploration
of Mars, more attractive to the search of life.

Venus Express is an orbiter based on the Mars Express spacecraft and is the first
mission dedicated to Venus atmospheric investigations since NASA’s Pioneer Venus
and the Soviet Vega and Venera programs, both more than a quarter of a century ago.
It was launched from Baikonur in Kazakhstan on November 9, 2005 and arrived to
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Ricardo Hueso et al. Venus Atmosphere: Clouds and Winds

Figure 1: VEX instruments (left) and orbit (right). The scientific payload is com-
posed of ASPERA-4 (Analyser of Space Plasmas and Energetic Atoms), MAG (Mag-
netometer), PFS (Planetary Fourier Spectrometer; this instrument did not deploy
and it is not operational), SPICAV (Spectroscopy for Investigation of Characteristics
of the Atmosphere of Venus), VeRa (Venus Radio Science), VIRTIS (Visible and In-
frared Thermal Imaging Spectrometer), and VMC (Venus Monitoring Camera). The
orbit characteristics allow to obtain nadir observations of Venus South Hemisphere
and high-resolution VMC images of Northern latitudes as well as limb-observations
including occultation experiments. Data is sent everyday to the Earth in the de-
scending branch of the orbit. The operational maneuvers and data acquisition are
complicated by the requirement of keeping the spacecraft and instruments cool under
the intense solar radiation while maximizing the data flow to Earth during different
observing seasons.

Venus on April 11, 2006. Since then it follows a highly elliptical polar orbit (apocenter
at 60,000 km over the South Pole and pericenter at 250 km over the North Pole) with
a 24 hr period. The highly elliptical polar orbit combines global nadir observations
of the southern hemisphere with close-up snapshots of the equatorial and northern
latitudes. The scientific payload consists of seven instruments detailed on Figure 1.
While the initial nominal mission was proposed to last for 486 days, roughly 2 Venus
days, it has been extended at least to September 2009. The mission description and
science operations plans are presented in [1,2].

2 Observations

The VIRTIS instrument is an imaging spectrometer inherited from the VIRTIS in-
strument onboard the Rosetta mission [3]. It is a dual instrument with separate
telescopes operating on two channels: (1) VIRTIS-M, a mapping spectrometer with

2 LNEA III, 2008.
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Ricardo Hueso et al. Venus Atmosphere: Clouds and Winds

two CCD detectors working in the visible (VIRTIS-M-vis from 0.3 to 1 µm) and in the
infrared (VIRTIS-M-IR from 1 to 5 µm) and (2) VIRTIS-H, a high-resolution spec-
trometer with a spectral range in the infrared 2 − 5 µm ([4,5]). VIRTIS-M obtains
image “qubes” using a mirror-scanning technique that simultaneously provides more
than 430 images of the same field in the wavelength range of each detector. VIRTIS-
M-vis obtains data of the day-side of the planet in reflected light while VIRTIS-M-IR
obtains most of its data from thermal radiation escaping from the planet and observed
during the night-side (see Figure 2).

Figure 2: Organization of a VIRTIS data qube. The three-dimensional data qubes
contain a full spectra for each x-y pixel and an image for each wavelength. The
high-resolution spectral mode allows to obtain 432 images on the spectral range of
the instrument (different for VIRTIS-M-vis and VIRTIS-M-IR). The detector is a
256x432 CCD where the spectra produced by a diffraction slit is captured. Each of
the 256 pixel lines register a single spectrum. A scanning mirror is used to change the
direction of the light obtaining a full data qube in minutes. This information can be
used to simultaneously study several vertical layers of the planet, from the surface to
the clouds, as well as basic chemical composition and thermal structure of the upper
troposphere. The right panel shows representative images of one VIRTIS data qube.

3 Venus vertical cloud structure

Venus is known to have a thick and highly reflective cloud cover which fully encircles
the planet [6]. This cloud deck is composed of sulphuric acid droplets in a concen-
tration of 75%. When observing Venus reflected spectrum in the vicinity of 1 µm
a few notable characteristics arise (see Figure 3). The spectrum is mostly flat from
around 500 nm. Below this wavelength an unknown absorber produces a sharp de-
crease of reflectivity [7]. At even shorter wavelengths (around 300nm) the gaseous

LNEA III, 2008.
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SO2 absorption (highly dependent on different temporal and spatial scales) is also
present. Other gaseous absorption is produced by CO2 above 1 µm in various bands
of increasing intensity. The H2SO4 forming cloud particulates also produce some
absorption features closer to 2 µm wavelengths. Focusing on the VIRTIS instrument
capabilities the information we can retrieve from the analysis of Venus reflected spec-
trum includes: (a) SO2 concentration and its variation over time and space; (b) the
nature and origin of the UV absorber, together with its temporal variability; (c) the
density and particle size of cloud decks; (d) the vertical extent of the cloud layers
and its variation with latitude and time. On the other hand, night-side observations
in the infrared allow to sound deeper clouds and even the surface through different
observation windows as also shown on Figure 3.

Figure 3: Venus reflected and emitted spectrum. The top panel shows the spectrum in
reflected light on the day-side in the vicinity of 1 µm with a mean reflective of ∼ 70%.
The bottom panel shows the infrared emission spectrum obtained by VIRTIS on the
night-side of the planet with particular observation windows detailed on the figure.

4 LNEA III, 2008.
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Ricardo Hueso et al. Venus Atmosphere: Clouds and Winds

Figure 4: Vertical distribution of particles in Venus atmosphere. Shaded areas mark
the extension of the three cloud decks and the haze above. Lines show the contribution
to the total optical thickness normalized to the value at 630 nm for an isotropic
scatterer. Modes represent different particle sizes. Adapted from [8].

Venus clouds have been analyzed by remote sounding and in situ investigations
which were able to characterize the vertical distribution of particles. As summarized
on Figure 4 the clouds are accepted to be highly stratified in several extended layers
with different types of particles. Most of the visible radiation is reflected from the
upper or middle part of the cloud, being the shortest wavelengths strongly affected
by the variable presence of the upper haze. Inside each cloud layer, different particle
size distributions (“modes”) coexist. Mode 1 corresponds to the smallest particles
with radii around 0.1 µm. These are dominant in the upper part of the atmosphere
and probably have their origin in the photochemical processes taking place in even
higher locations of the atmosphere [6]. At deeper atmospheric levels particles tend to
be somewhat larger and Modes 2 (radii ∼ 1.0µm) and 3 (radii around 3.0 − 5.0µm)

LNEA III, 2008.
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are found. The former is the strongest contributing particle size to the total optical
thickness of the cloud layers and being representative of the mean particle size. This
multilayered cloud structure implies a total optical depth at the surface of ∼ 30.

VIRTIS observations depend strongly on the wavelength and three cloud layers
are clearly observed with uncorrelated structures at 380 nm and 980 nm in reflected
light and at 1.74 µm in infrared transmitted light. In order to determine the altitude
location of these clouds we used the following approach. For 380 and 980 nm we
considered two vertical cloud structure models [7,8] including their expected spatial
and temporal variability. The total optical depth is calculated as a function of height
for the wavelengths of interest [9,10]. For each wavelength the altitude sounded is
assumed to be that in which the total optical depth is τ = 1 − 3. For observations
of transmitted radiation at 1.74 µm the expected sounding level is that at which the
maximum concentration of particles is located. With these approaches the sounding
levels retrieved are ∼ 65 km at 380 nm, ∼ 60 km at 980 nm and ∼ 50 km, in good
agreement with previous estimations [11,12].

4 Atmospheric dynamics at cloud levels

4.1 Global circulation

The global atmospheric circulation is characterized at cloud level by a zonal super ro-
tation which is one of the most intriguing aspects of the atmosphere [13-18]. Whereas
the planet turns around its axis in retrograde sense (from East to West) in 243 days,
its atmosphere at the upper cloud level and low latitudes takes only 4 days to encircle
the planet. Despite much modeling efforts and observations from different space-
crafts (orbiters, probes and balloons), the underlying mechanism is far from being
understood [16].

Venus Express observes the planet in a polar orbit that allows to perform a global
study of the South hemisphere of Venus. While the Venus Monitoring Camera (VMC)
has provided high-resolution observations of the upper clouds and mean wind pro-
files at their altitude (∼ 65 km) [19] VIRTIS has been able to study the different
cloud layers showing that two fundamentally different circulation regimes separated
at latitudes 55◦ simultaneously operate at the three cloud levels. At low latitudes,
zonal winds in the Southern hemisphere at altitudes ranging from 47 to 66 km are
nearly constant with latitude with westward velocities of 105 m/s at cloud-tops and
60-70 m/s at the cloud-base. At high latitudes, zonal wind speeds decrease linearly
with virtually no vertical wind shear, indicating a vertically coherent vortex struc-
ture. Meridional winds at the cloud-tops are poleward with peak speed of 10 m/s at
55◦S but are found to be light below the cloud tops [20]. The peak speed at 55◦S and
the rapid wind decrease toward the pole are most probably related to the structure
of the polar vortex.
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Figure 5: Comparison of zonal and meridional winds obtained by VIRTIS onboard
Venus Express in 2007 in the South hemisphere (continuous and dashed lines, [20])
and data from the Galileo spacecraft flyby of Venus in 1991 (dotted lines, [19]). Zonal
winds (left panel) are shown with different lines corresponding to winds measured in
clouds observed at different wavelengths representative of different vertical altitudes:
The left line with error bars represents the winds at 65 km altitude level (observations
at 380 nm in the day-side of the planet); the intermediate dashed line without error
bars represents the winds at 61 km (observations at 980 nm in the day-side) and the
right line with dotted error bars represents the winds at 50 km (observations of the
night-side at 1.74 microns). Meridional winds (right panel) indicate a global Hadley
cell that transports heat from the Equator to the Poles [20].

LNEA III, 2008.
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Ricardo Hueso et al. Venus Atmosphere: Clouds and Winds

Figure 6: Venus zonal wind speeds as a function of height as measured by Pioneer
Venus Probes (lines), Vega Balloons (rhombs) and VIRTIS measurements (triangles
with dashed bars). Adapted from [20].

Figure 6 compares our results with the vertical profiles of the zonal winds as
measured by Pioneer-Venus entry probes [13,16] in day time (for wavelength 380 nm)
and night time (for 1.74 µm), and with the Vega balloons in night and day time [14].
There is good agreement between the VIRTIS observations and modeling of the cloud
altitude and the in situ results obtained decades ago.

4.2 Winds variability

In spite of remarkable similarities in the wind regimes at low and high-latitudes
between different spacecrafts separated decades in time, the winds are known to be
variable at the levels of the upper cloud deck. The variability is due to the solar tide
and to a 5 days global oscillation not fully understood. Both types of variability had
been first discovered during the Galileo flyby of Venus in 1991 [21, 22] at equatorial
latitudes but VIRTIS data shows that both oscillations extend to subtropical latitudes
(50-70◦) where they are even larger in magnitude [20] with wind amplitude variations
of 10 m/s.

8 LNEA III, 2008.
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Figure 7: Wind variability in Venus. The left panel is a contour plot with velocities in
ms−1 indicating the dependence of the zonal wind on the local time at each latitude.
This effect is specially significant at high to subpolar latitudes. The right picture
shows a periodogram of wind values obtained on different days of observations at
sub-polar latitudes. The periodogram peaks at 5 days showing a cyclic variation of
winds with this period. The two curves correspond to latitude intervals of 50-60◦ and
60-70◦.

4.3 Vortices, waves and lightning

Among the first results from Venus Express lies the discovery of a double-eye vortex
on the South Pole of Venus [23]. The polar dipole is similar to the dipole discovered
years ago by different spacecrafts on the North Pole [24]. VIRTIS observations show
that the vortex may extend down to the lower cloud layers at 50 km and perhaps
deeper. The vortex is 10 K warmer than a surrounding cold collar and it might be an
extension of a global Hadley cell descending at polar latitudes. The upper clouds of
Venus are also prompt to the development of several wave systems. The most famous
is the Y global planetary wave [16] but there is also an intense activity of small-scale
wave observed by VEX on the upper and lower clouds [19, 25]. These waves are
gravity waves arising on the vertically stable cloud layers [16] and probably excited
by convection on the clouds. Their characteristic wavelength is ∼ 100 km and their
phase speed is ∼ 10 − 15 m/s. They are probably gravity waves ducted in the cloud
layers where the static stability is high. The waves observed in the upper and lower
clouds do not seem to correlate and might be disconnected by the region of low static
stability separating both clouds. The convection is assumed to be responsible of the
intense lightning activity detected by VEX [26]. The South polar dipole and gravity
waves in the upper and lower clouds are illustrated on Figure 8.

LNEA III, 2008.
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Figure 8: VIRTIS observations of the South polar dipole as seen at 3.8 µm in the
night-side (left, with the South pole location indicated by the S) and systems of
gravity waves observed in the visible (380 nm, right top) and the infrared (1.74 µm,
right bottom). The 380 nm image (right top) also shows one side of the dipole on the
upper cloud. Left and right figures not at scale

4.4 Mesospheric dynamics

Above the clouds the atmospheric dynamics can also be studied by Venus Express by
following the evolution of airglow emissions caused by a complex photochemistry at
low atmospheric densities [27]. Among them, the O2 nightglow emission at 1.27 µm
is the most intense [28,29]. VIRTIS observations spatially resolve the airglow activity
which is spectacularly variable not only in its morphology and intensity but also in
the apparent motions of the airglow structures [30,31]. Visual tracking of the bright
features allowed to obtain mean zonal and meridional motions related to a subsolar to
antisolar circulation expected at mesospheric levels at an altitude range of 95-107 km
[31]. Figure 9 shows a map of airglow activity as well as the inferred motions in the
oxygen airglow structures. The zonal velocity is dominated by an intense prograde
jet (contrary to the retrograde planetary and lower atmosphere rotation). Typical
zonal velocities range between +60 (prograde) to -50 (retrograde) m/s, whereas most
meridional velocities range from -20 (polewards) to +100 m/s (equatorwards) with
an average meridional circulation of +20 m/s towards low latitudes.

10 LNEA III, 2008.
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Figure 9: Airglow structures (bright patches) and average derived motions averaged
over several Venus Express orbits. The airglow intensity largely increases at equatorial
latitudes and specially at the antisolar point. Extracted from [27].

5 Conclusions

Venus Express is providing new insights of the atmosphere of this terrestrial planet.
As the mission proceeds, it will produce a detailed view of atmospheric processes and
dynamics over two full Venus years. Hopefully, the mission will be operative until
the arrival of the Japanese Venus Climate Orbiter (also known as Planet-C) in 2009
that will enter an equatorial orbit of the planet. Longer term plans to continue the
interrupted exploration of Venus are underway by ESA and NASA.

Acknowledgements: Venus Express is a mission of the European Space Agency.
This work has been funded by Spanish MEC AYA2006-07735 with FEDER support
and Grupos UPV 15946/2004 and Grupos GV IT464-07. RH acknowledges a “Ramón
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THE UPPER ATMOSPHERE OF VENUS
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Departamento Sistema Solar, Instituto de Astrof́ısica de Andalućıa–Consejo
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Abstract: The upper atmosphere of Venus is still nowadays a highly unknown
region in the scientific context of the terrestrial planetary atmospheres. The Earth’s
stratosphere and mesosphere continue being studied with increasingly sophisticated
sounders and in-situ instrumentation [1, 2]. Also on Mars, its intensive on-going
exploration is gathering a whole new set of data on its upper atmosphere [3, 4, 5]. On
Venus, however, the only recent progress came from theoretical model developments,
from ground observations and from revisits of past missions’ data, like Pioneer Venus.
More and new data are needed [6, 7, 8]. The arrival of the European Venus Express
(VEX) mission at Venus on April 2006 marked the start of an exciting period with new
data from a systematic sounding of the Venus atmosphere from orbit [9, 10]. A suite
of diverse instrumentation is obtaining new observations of the atmosphere of Venus.
After one and a half years in orbit, and although the data are still under validation
and extensive analysis, first results are starting to be published. In addition to those
global descriptions of VEX and its first achievements, we present here a review on
what VEX data are adding to the exploration of this upper region of the atmosphere of
Venus. We present measurements at those altitudes from one of the infrared sounders
aboard VEX, the instrument VIRTIS, as an example of unique insights on the upper
mesosphere and lower thermosphere of Venus, and discuss briefly the synergy with
other instruments on VEX. We will conclude with our opinion on the importance and
limitations of the Venus Express mission in order to broaden our global understanding
of the upper layers of the terrestrial atmospheres.

Keywords: Venus Express – Planetary atmospheres – Remote sounding – Atmo-
spheric dynamics – Airglow – Ionospheres – Non-LTE emissions
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1 Introduction

A new air full of new data is flowing over the research on the atmospheres of the
terrestrial planets, Mars and Venus. The second, in particular, has been severely
affected by the lack of detailed observations from space for more than two decades.
This is specially severe in the case of the upper atmosphere, the layers above the
tropopause or equivalent layer (see Figure 1). The recent Venus Express mission is
trying to change the trend, and its recent results promise to partially fill this gap.
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Figure 1: Left: Visible and radar views of Venus, from Mariner 10 and Magellan, mapping

the cloud layer and the surface. Center: artistic vision of Pioneer Venus in orbit; credit:

NASA. Right: Typical profiles of atmospheric temperature in Earth, Mars, Venus and Titan

About eight years ago, in a review on Comparative Aeronomy in the Solar System
[11], a number of developments in atmospheric modeling of the upper atmospheres
of the terrestrial planets were reported, but mostly based on the data from mission
to Mars and Venus in the 70s and 80s. As an example, in the case of these plan-
ets’ ionospheres, Nagy and Cravens mentioned in that review that the few we know
about them comes from the Venus case, and from one single mission, Pioneer Venus
(PVO, hereonafter), and much of what was found at that time was extrapolated to
Mars given the expected similarity [12]. Only a few years later, however, a peculiar
third ionospheric layer was found by the radio science experiment on Mars Express
([13]), and also that in contrast to Venus, a sudden ionopause seems to be absent, a
result recently confirmed by Venus Express [14]. Also Bougher and colleagues con-
cluded then [23] that in spite of the fruitful modeling of the basic parameters of the
upper atmospheres of the terrestrial planets, like the governing patterns of their gen-
eral circulation or their exospheric temperatures, the current models suffer from a
“geocentric perspective” which should be revised once global measurements of com-
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position, temperature and wind measurements are taken. These suffice to stress the
need of data, ideally on a systematic basis, as a basic requirement for a sounded
advance in our understanding of these layers.

However, sounding of the upper atmosphere is a difficult goal for several reasons.
In-situ measurements, either from balloons or during the periapsis of satellite orbits,
can normally study either the lower or the upper boundaries of the upper atmo-
sphere. Most part of what we call the upper atmosphere, requires remote sounding
techniques for its observation. Moreover the low densities at these altitudes demand a
limb sounding. The lack of orbiters with technological capabilities for limb sounding
has been for a long time a serious limitation. This technique was first applied to the
investigation of the Earth’s upper atmosphere in the late 70s with the NASA Nimbus
series of satellites. Instruments on Nimbus 7 scrutinized our stratosphere for temper-
ature and composition with a pointing and a precise inversion which were novelties
at that time. These first limb radiometers were followed by a subsequent series of im-
proved instrumentation on the Upper Atmosphere Research Satellite, in the 80s, with
technological improvements but still mostly radiometers [16]. Another step in limb
sounding of the Earth’s atmosphere was performed in the 80s, with the use of high
spectral resolution interferometers, like ATMOS, on the SpaceLab [17]. And in the
90s, with lighter versions which sounded even higher, like the MIPAS interferometer
on board the European ENVISAT satellite [1, 18]. The wealth of data acquired by
these missions include detailed photochemistry of the ozone hole [19], studies of the
global dynamics of the stratosphere and the polar vortex [20], the detection of the
atmospheric response to solar storms and energetic particles [21], the development of
local climatologies, or the tracking of trends and climatic changes affecting the higher
atmosphere [22, 18].

Also on Mars, the wave of missions to the red planet during the last decade has
improved the study of the upper atmosphere significantly. This started in 1997 with
the descent of Pathfinder through the Martian atmosphere, and continued with Mars
Global Surveyor and Mars Odyssey orbiters, with exciting results at high altitudes.
Details can be found in a companion paper in this issue [23]. There are also interesting
results about the upper atmosphere of Mars obtained by Mars Express [5], a mission
which will continue in operation until 2009, at least. This mission included some
of the observational improvements which were so successful on the Earth’s upper
atmosphere, like limb sounding and a relatively high spectral resolution. This is the
case of the Planetary Fourier Spectrometer, PFS [24], with limb capabilities in the
infrared at a resolution of 1.5 cm-1, or the case of SPICAM [25], an stellar occultation
experiment, which is sounding densities well above 140 km, or the case of the OMEGA
instrument [26], with a fantastic vertical resolution at the limb (about 400 m [27]).
The teams of these instruments are reporting the detection of auroral emissions on
Mars[28], high altitude CO2 ice clouds [29], or daytime fluorescence by CO2 and CO
[30]; the last ones occur at mesospheric and thermospheric layers and confirm at last
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old predictions by non-local thermodynamic equilibrium (non-LTE) models [31, 32].

Research on the Venus atmosphere was certainly behind the developments in their
neighbor planets. Demands of new data by the scientific community in the 90s [7,
33], together with interesting and new ground based observations [34, 36], and with
the availability of optimal instrumentation from other missions (Rosetta and Mars
Express), paved the way for ESA to take the initiative of promoting a mission to study
Venus in the 2001 [37]. VEX was finally launched in November 2005, and represents,
in the case of the study of the Venus atmosphere, the first mission designed for such
purpose in more than 25 years.

This paper focuses on a review of the VEX mission and its ability to study the
upper atmosphere of Venus. The term upper atmosphere is used freely by different
scientific communities. In our work, this region is defined as that fraction of the
Venus atmosphere laying above the cloud tops, above about 70 km. VEX is in normal
scientific operations around our neighbor planet since June 2006. First findings have
been recently published in a special issue in Nature [9]. This is an exciting time where
new results are starting to emerge and to be published. We aim here at describing
in a global sense how VEX instruments and observational strategy are prepared to
contribute to our understanding of this special region in Venus, its upper atmosphere,
adding to what is known so far about it. We start in section 2 with a small review
of the current description of the Venus atmosphere, with basic results from previous
observations and space missions. In section 3 we focus on its upper regions, scientific
interest and particular problems which remain open. Then we describe briefly the
VEX instrumentation, in section 4. We present results from one of these experiments,
VIRTIS, in section 5, and in Section 6 discuss the synergy with other instruments on
VEX. We will summarize our perspectives for the coming years of VEX in section 7.

2 Peculiarities of the atmosphere of Venus

The basic characteristics of the atmosphere of Venus can be reviewed from an histor-
ical perspective, following a selection of highlights of its observations.

Venus is sometimes considered as the twin planet of Earth, sharing similar size,
density, formation age and distance from the Sun [10, 8]. However, strong differences
exist between the two planets in atmospheric basic properties, these including very
high temperatures and pressures at the surface, about 730 K and 90 bar, an almost
pure CO2 composition, and a sky fully and continuously covered by thick clouds
with a complex layered structure containing sulfuric acid droplets. Also the planet’s
rotation is retrograde (177 degree inclination, hence no seasonal changes) and very
slow (243 Earth’s days), which nowadays is recognized as one key ingredient of the
very different and peculiar atmospheric dynamics on Venus [39, 40]. These harsh
conditions at the surface explain the fact that Venus research was neglected for a
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Figure 2: Launch of VEX from Baikonur, November 25, 2005 (left panel), composition of

pictures to depict its separation from the Fregat vehicle (central panel), and diagram of the

limb sounding of the atmosphere by stellar occultation (right panel).

long time, given the impossibility to harbor eventual human exploration [33].

2.1 Microwave observations

It the 50s, during the early days of radioastronomy, strong microwave emissions indi-
cated very high surface temperatures [38]. The rotation period was also detected by
radio observations from Earth in the early 60s. This gave Venus the honorable first
place in the objectives of space exploration of that time: the Mariner 2 mission was
sent to Venus in 1962 [41]. Still nowadays radio ground-based observations of Venus
are performed frequently, which are useful to sound the Venus mesosphere. These
observations are supplying winds and distribution of minor compounds like CO at
those altitudes [42]. During the Venus Express mission microwave observations are
particularly useful for their addition of complementary observations, and were part
of a recent VEX validation campaign by ground-based observations [45].

After the first microwave measurements confirmed the rotation of the solid body,
the superrotation of the Venus atmosphere was established. Still the origin and
mechanisms of this effect is an open issue, with debatable and alternatives theories.
The general view is that it is induced or related to the slow rotation of the planet,
combined with some effective transfer of momentum from the lower atmosphere to
the clouds’ altitude.

2.2 Spacecrafts and landers

More than 30 missions have made the trip to Venus [9], including the Mariner series
of fly-by from 1962 to 1975, the Venera series (descent probes with landers) from
1967 to 1985, the Pioneer Venus mission (one orbiter and four probes) from 1978 to
1982, the two Vega missions (including 2 balloon stations and 2 landers) on 1985, the
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American orbiter Magellan from 1990 to 1994, and the fly-by by Galileo and Cassini
in 1991 and 2001, respectively. Reviews of all of them can be found elsewhere [8].

The atmospheric composition, density and thermal structure are essential prop-
erties of an atmosphere, and were among the first objectives of the first missions.
The first probes plunged into the Venus atmosphere found almost identical thermal
profiles, with few horizontal variations [44]. This was not surprising, given the large
density of the atmosphere; the mass of the Venus atmosphere should store and dis-
tribute heat efficiently. In those early years of Venus exploration there were serious
problems to understand the greenhouse effect observed, the high temperatures at the
surface. After the first determinations of the precise composition of the atmosphere,
it was clear that such a CO2-dominated atmosphere should have numerous gaps in
the infrared where radiation could escape to space, and consequently, cool the atmo-
sphere. The small amounts of water vapor present below the clouds did not close
those infrared windows [7]. A quantitative understanding only started much later,
after the composition of the top clouds was determined by the series of probes (H2SO4

droplets are efficient absorbers in the near-IR and highly transparent in the visible),
after advances in spectroscopic high temperature databases, and after an improved
treatment of line shape effects into radiative transfer models [47].

A lot of what we know about the Venus atmosphere comes from the Pioneer Venus
mission, orbiter and probes, which reached Venus in 1978. One of the many innovative
investigations from the orbiter was to use cameras at different wavelengths for the
study of the clouds and the surface emissivity. These confirmed the superrotation
of the lower atmosphere and found that the maximum occurred at the altitude of
the clouds. Their measurement of radiative fluxes at the cloud deck demonstrated
that half the solar radiation absorbed in the Venus atmosphere is actually deposited
there, by some efficient and unknown absorber in the UV [7]. Many questions still
remain regarding the clouds, like their actual role in driving the circulation at those
altitudes. They may merely respond to microphysical processes and photochemical
reactions, which might be highly independent on the atmosphere’s movements.

A number of key measurements of the atmosphere of Venus above the clouds were
obtained by PVO, including the thermal structure, the dynamics of the mesosphere,
and the ionosphere. We discuss them in the next section.

3 The upper atmosphere of Venus.

The upper layers of an atmosphere are exciting from various viewpoints or disciplines
in planetary science. Diverse escape processes occur there and constitute one key
factor in the long term evolution of the atmosphere and of the planet. The interaction
with the solar wind is strongest at these altitudes; the solar radiation is filtered and
partially transmitted to lower regions, and therefore, the conditions below and at the
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planet’s surface depend on the densities and compositions higher up. In addition,
these peculiar conditions offer an excellent benchmark to study specific chemical and
physical processes which test our understanding in fields like spectroscopy, radiative
transfer, convection and hydrodynamics, to mention a few. These layers can supply
also useful information to infer geophysical properties of the planet, like its internal
structure, and to supply correct boundary conditions for the general dynamics and
chemistry of the whole atmosphere. An advantage of the outermost layers is their
accessibility, sometimes better than lower layers; they can be reached by low orbiting
satellites, and by the remote sounding of the different airglow emissions produced at
these altitudes. Describing in detail those emissions and using these layer’s densities
to modify the satellites orbits are also among the objectives of the research on the
upper atmosphere. All these conditions concur in the case of the Venus thermosphere,
and have been investigated with the data available so far. In this section we review
briefly a selection of the results and problems which require further measurements.

3.1 Thermal structure

The thermal structure obtained by radio occultation and by the PVO infrared ra-
diometer and probes, responded to convective and radiative processes up to about
90 km, as expected [44, 46, 47], but showed peculiar latitudinal variations, with a
positive gradient towards the poles at altitude between 70 and 90 km [48]. At high
latitudes the atmosphere at that layer is well stratified, with a colder region below,
termed the cold collar, and which seems to surround the pole [52]. It is not known if
this cold collar is frequent or not (Magellan radio occultation did not reveal it [60]).

A transition to the upper atmosphere, with an isothermal or inversion layer equiv-
alent to the Earth’s tropopause, above which the energy balance is controlled by
radiation, is not as well marked in Venus as it is on Earth. Normally the Venus
mesosphere is simply taken as that region from the cloud top, to the base of the
thermosphere, typically at 0.1 µb, around or above 120 km. One-dimensional global
models predicted a mesopeak, produced by solar absorption in CO2 near-IR bands
and located around 1 µb, or about 100 km altitude. This layer seems to be confirmed
by ground-based microwave observations, and has been used as a different definition
of the mesopause, [43], since large variability is observed above it. But it has not been
described in a systematic manner from instrumentation in orbit. An interesting result
reported at those altitudes from SPICAM on VEX, and not observed previously, is
a strong inversion layer reported there [51], which opens an additional debate about
its source and its relation with the mesopeak.

The cold collar mentioned above and tidal waves observed on Venus upper atmo-
sphere, are deviations from the radiative equilibrium situation [44], and which might
be partly related to the superrotation; they present challenges to future global mod-
elling of the Venus atmosphere. Also, it is not known why large latitudinal variations
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are present while the longitudinal changes, following similar solar illumination, are
very modest [53]. Among the opened questions, from the observational point of view,
are the confirmation of these structures, and the study of their repeatability and
variability in both hemispheres.

In the thermosphere, PVO observations show relatively mild dayside temper-
atures, and very cold nighttime temperatures, what is refereed to as the Venus
cryosphere. This was a puzzle for a long time, in view of the proximity to the Sun.
A solution, at least partial, was found in the early 90s. Reanalysis of non-LTE CO2

measurements in the Earths upper atmosphere [55, 56] revealed a much more power-
ful role of CO2 as a cooling agent of the atmosphere, due to a more efficient energy
transfer between CO2 and atomic oxygen than previously assumed. This explained
the strong buffering of solar variations by the Venus thermosphere, explaining the
low response to the solar cycle. Still there are uncertainties in this rate coefficient,
specially at low temperatures, where measurements in laboratory are difficult [58].

3.2 Dynamics, waves and large scale transport

Some reviews examined the fundamental problems in the atmospheric dynamics of
Venus below the clouds and in the lower mesosphere [39]. A companion paper in
this issue also tackles this topic [35]. A number of works summarize also our current
understanding of the dynamics of the upper atmosphere [58]. We present here our
own view of the most interesting problems at these altitudes.

Above the cloud top the circulation has been linked to the thermal structure
observed, using the assumption of cyclostrophic balance [54, 57]. Nevertheless, a
systematic sounding of temperatures would be needed to establish the extent of this
approximation. The situation was originally described by one Hadley cell type of cir-
culation, raising at mid latitudes and cooling the mesosphere, then moving towards
the poles in the upper mesosphere, and descending at the poles; the returning would
take place at altitudes below the clouds [52]. Actually, a revision with better radia-
tive equilibrium models one decade later revealed key details of the nature of this
mesospheric circulation [39, 46]. As this circulation would be against the radiative
balance, it must be thermodynamically induced in an indirect manner, perhaps from
an interaction of the tides with the mean flow of the zonal superrotation, this being
retarded by them [47]. Indeed, small longitudinal variations were detected by PVO
in the upper mesosphere, from 5 to 10 K, which indicate tidal propagation [39]. How
this is combined with the cyclostrophic balance, and how it merges with the ther-
mospheric circulation is not well known. The altitude decrease of the superrotation
might be simply due to the increasing solar warming at higher altitudes [10]. Few
data from microwave ground-based observations suggest that, at the 100 km level,
1-week long changes occur between both regimes [43]. In order to clarify this topic,
systematic sounding of temperatures and winds, in the mesosphere, together with
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precise radiative models, would be very beneficial.

At thermospheric altitudes, open questions also exist. The strong temperature
gradients between dayside and nightside seem to drive an interhemispheric large scale
circulation. The winds, however, seem to be lower than the expected 400 m/s value,
which indicates that some retarding mechanism must be operating [58]. It is expected
that the interhemispheric flow and the rising and downwelling branches of such cir-
culation will affect the transport of minor species and might produce some diabatic
heating. Such heating has very recently conjectured as responsible for inversion layers
in the nightside observed by SPICAM on VEX [51]. Evidences were also found in NO
airglow emissions, showing an increase in the nightside thermosphere, approximately
where the subsidence may occur [58]. It has also been suggested that this down-
welling may enrich the nighttime mesosphere in atomic oxygen, in order to explain
the strong emission by molecular oxygen observed by ground-based telescopes. These
observations, at 1.27 µm, showed large spatial and temporal variations, in addition
to very high levels of emission [34]. The usual explanation, under debate in its de-
tails, include downwelling of atomic oxygen followed by recombination. Convection,
or some transient dynamical phenomena, like wave breaking might play a role in its
variability [49]. New data from VEX is starting to clarify the situation [59].

The existence of wave activity at high altitudes of the Venus atmosphere has been
speculated for a long time, but not much observational evidence was available. One
set of data showing clear signs of gravity waves come from the few radio occultation
by Magellan [60]. Another evidence reported [61] is the perturbation in densities
of CO2, O and He detected by the neutral mass spectrometer on PVO, which show
larger amplitudes during nighttime than during daytime, and this is supported by a
model of gravity wave propagation [62]. Another interesting example comes also from
the Magellan mission, but from a very recent analysis of the radar tracking of the
orbit [63], showing for the first time a 9-day period oscillation in the thermosphere,
and which seems to be restricted between dusk and midnight. The lack of previous
detection suggests, in these authors’ opinion, either peculiar modes of propagation
and interaction with the mean flow, or perhaps the existence of excitation sources
above the cloud tops. The wavy nature of the upper atmosphere is a very open topic,
and is hoped that missions like Venus Express may shed some light on it [63].

Transport of minor gases is a useful mean to track the dynamics of the atmosphere.
In the lower atmosphere, latitudinal gradients of CO have been observed [64]. An
explanation makes use of the circulation in the lower atmosphere, but the strong
mixing expected there might preclude the gradient. The alternative is that descent
from the CO-richer upper atmosphere may occur in the polar regions, as it happens
on the Earth middle and upper atmosphere [65, 7]. Transport processes like these
are, however, speculative and remain to be confirmed by new measurements.
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3.3 Non-LTE emissions

Airglow and non-LTE emissions are among the characteristic features of the upper
atmosphere. They usually supply direct diagnostic tools of the peculiar chemistry and
physics at those altitudes, permit remote sounding of atmospheric temperatures and
abundances, and via numerical models, drive the investigation of the energy balance
of the atmosphere.

While a number of emissions are worth examining, we focus here on two spe-
cially interesting ones, for its potential for sounding the Venus upper atmosphere and
because new light will be shed upon them after VEX.

Full understanding of these emissions requires careful 1-D modelling, including
radiative transfer, microscopic physics, and spectroscopic databases. Sometimes, op-
tically thin conditions facilitate their analysis. This is not the case of the intense
non-LTE emissions by the major species of the Venus atmosphere, CO2, as first
pointed out by the pioneering radiative transfer modelling for Venus by Dickinson,
in 1972 [66]. He realized the important role played by minor bands of CO2 in the
radiative balance of the mesosphere, and was the base of later model developments
[67, 68, 69]. These came after the detection of strong infrared emissions from Venus
and Mars, in the CO2 laser bands at 10 µm [70, 71], and which were explained by
solar fluorescence of the fundamental band of CO2 at 4.3 µm, followed by radiative
relaxation at 10 µm. During the last decade, and motivated by the prospect of IR
sounding of the Martian atmosphere [72], more comprehensive non-LTE models were
developed, including a larger number of CO2 emissions covering from 1 to 20 µm
[31, 32], which were later extended to the Venus atmosphere [73]. These efforts sup-
ply tools to analyze remote measurements, and quantify the radiative balance of the
Venus atmosphere, dominated by the CO2 infrared emissions in the upper mesosphere
and lower thermosphere. However, few data so far were available for the validation of
these models. A few limb spectra at 4.3 µm were taken during the Galileo fly-by with
the NIMS instrument, and explained recently, in preparation for the VEX data anal-
ysis [74]. Fortunately, the instrument VIRTIS is detecting non-LTE CO2 radiances
systematically [59], which are helping to test the model and will hopeful be used to
study the upper atmosphere [75].

Another important emission is the molecular oxygen’s infrared system, at 1.27
µm, mentioned above. Its photochemistry is well known, but the above mentioned
measurements puzzled the theory for a long time, unable to explain the peak emission
and its strong variability. New data from the instrument VIRTIS/VEX have much
better spatial coverage than ground-based measurements, and they are starting to
clarify some of the issues, like the strong signal which seems to fit the theory [59].
The systematic sounding with VIRTIS is currently characterizing the morphology and
variability of the O2 emitting regions [76, 35].
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3.4 Ionospheric layers and atmospheric escape

The Venus atmosphere and surface are very dry and, assuming initial inventories sim-
ilar to present Earth, an important loss of water, in the form of hydrogen escape and
more important than on Earth, must have taken place on Venus during its evolution.
This is supported by the about 100 times higher D/H ratio measured in Venus [77],
showing a preferential loss of the heavier isotope via thermal escape. The loss rate
estimated for Venus suggests that an Earth ocean could have been lost in about 100
million years [79]. The current escape rate is thought to be much smaller in Venus
now, and must surely be by non-thermal mechanisms.

The Venus ionosphere was well described after radio occultation and in-situ data
by PVO, and its basic characteristics, like an ionopause between 300 and 400 km
varying with the solar activity, the nature of the primary ions (O2, O and CO2) and
the altitude (around 140 km) and density of the electron peak [50]. Most of these
results were well reproduced by models [50, 12] although many unknowns remained,
like the role played by the solar wind in accelerating ions which could contribute
to an important atmospheric escape. PVO measurements correspond to solar maxi-
mum conditions, and what the ionosphere looks like at solar minimum was unknown
until Venus Express. VEX’s magnetometer (MAG) is carrying out regular in-situ
measurements of the near-Venus plasma during the orbital periapsis (about 250-350
km). It also has much better plasma analyzers than PVO. The first results show
that the bow shock reflects a fully magnetized ionosphere, with no penetration of the
solar wind into the ionosphere [80]. This may mean that no strong solar wind inter-
action is present [10], although according to the magnetometer team, the magnetic
field observed might accelerate the ionospheric particles in the night tail, inducing
atmospheric losses there. They suggest to confirm this by measurements of plasma
velocities. Loss of ions has been observed by VEX by the plasma analyzer, at the
boundary of the induced magnetosphere. These include O+ and H+, primarily, and
their relative loss rates are close to the 2/1 value which would indicate water photol-
ysis as the main source. This seems to indicate that there is an escaping mechanism
operating at present in Venus, acting on the ions rather than on the neutrals [81].

4 The Venus Express mission.

In the previous section we have illustrated some key problems in our understanding of
the known properties observed in the Venus atmosphere. VEX is equipped by a series
of instruments with innovative characteristics which make them ideal for sounding the
upper atmosphere of Venus, and which offer excellent chances to study some of the
open problems listed above. Summaries of all the different instruments, goals and
characteristics are given in detail elsewhere [45].

Let us recall that the driving idea of the whole VEX mission, and its design and
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Figure 3: Diagrams showing the accommodation of the scientific payload of VEX on the

spacecraft, and the observational phases. Credit: ESA

implementation at ESA have been very special, with a time record between concept
(2001) and launch (2005). This was thanks to the use of a suite of instruments taken
from previous missions, MEX and Rosetta, quickly assembled into a Mars Express
platform, and launched with a Soyuz-Fregat to reach a very elliptical orbit on Venus,
similar to that of Mars Express around Mars. A realistic road map of observations,
with precise scheduling of the operational time for each instrument during the VEX
orbit, is available elsewhere [45].

Figure 4 lists the VEX instruments, with their modes of operation and main
scientific objectives. Figure 3 shows the accommodation of the instruments on the
spacecraft. Some words about the VEX orbit are necessary. Each orbit lasts 24 hours,
with about 10 hours devoted to data transmission to Earth. Some instruments are
specially appropriate to operate near periapsis and others can observe from farther
away. The actual Venus measurement period can be divided in two modes of observa-
tion, the imaging mode and the spectral mode, when the spacecraft is closer/farther
than 12000 km from the planet, respectively. This is a relevant division for those
instruments like VIRTIS, which can adapt their observation for example from nadir
global images at low spectral resolution to limb sounding with higher spectral reso-
lution.

VEX has a number of clear advantages to previous Venus missions. First of all,
one is the technological improvement in all the instruments, compared to similar ex-
periments about 20 years ago, including also the larger data transfer rates. Second,
the better spacecraft 3-axis stability, permitting precise pointing, essential for limb
sounding, and imaging spectroscopy; these were impossible with a spinning satellite
like PVO. Third, new techniques are applied for the first time in orbit around Venus,
like the “energetic neutral atom” imaging [37], or solar and stellar occultations. Four,
the near polar orbit permits sounding of regions hardly accessible by previous mis-
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sions, or from Earth observations. The large ellipticity of the orbit, which impose
stringent limitations for close mapping and limb sounding, is an advantage however
for a number of studies. These include image tracking and global viewing, which may
permit observations of planetary waves, polar vortex studies, and time evolution of
dynamical features, like winds and turbulence; as well as low periapsis passes, for
in-situ exploration of the upper thermosphere.

Figure 4: List of VEX instruments, description and objectives

5 Exploring the upper atmosphere with VIRTIS

Here we present new data on the upper atmosphere of Venus by the instrument VIR-
TIS. We focus on limb observations, which are specially adequate for such purpose,
and also on fluorescent emissions by CO2 at 4.3 µm, and their comparison with the-
oretical model predictions.

VIRTIS is operated to observe Venus in nadir/disc viewing when VEX is far from
Venus, but also in a limb sounding geometry during periapsis. Although the large
ellipticity of VEX takes VIRTIS as far as 60000 km away, the images from apoapsis can
still be used to observe the atmospheric limb of the planet. Figure 5 shows a portion
of the Venus disc, acquired during orbit #25, near the apoapsis of the VEX orbit. The
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Figure 5: Left panel: Map of CO2 radiances from VIRTIS-M, from Orbit#25, from apoap-

sis. Right panel: Zoom to detail the limb sounding capabilities. See text. Lower panel:

Radiance profile and model simulation

radiance map corresponds to 4.32 µm, and clearly shows a limb brightening, colored
here in red. A zoom of the frame illustrates more clearly the limb emission. The
pixel size is depicted by the oscillation in the two reference lines added, to mark the
surface and the 60 km tangent altitude. This shows a clear peak emission around 120
km, and at a relatively coarse vertical resolution, but still, similar to the only other
detection of this emission in Venus, from NIMS/Galileo. The horizontal resolution
is much better, and represents a unique view of this emission. The peak intensity
and altitude location, the vertical profile, and the solar illumination variations are a
number of features which pose challenges to theoretical simulations.

We built a vertical profile at the limb from this V-M image, at one particular
location and at one of the central wavelengths of the CO2 emission band, at 4.28
µm. It is shown in Figure 5. The model simulation, for a similar solar zenith angle
and for a typical atmospheric temperature/density profile, is also shown in the figure.
Any wavelength can be used, and [59] present a similar comparison at 4.33 µm. The
data seem to follow the model prediction, both the shape of the profile and the peak’s
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López-Valverde et al. Venus upper atmosphere observed by Venus Express

intensity and altitude. The responsible for this emission, the first excited state of CO2

in its asymmetric-stretching mode of vibration, CO2(001), reaches a very high solar
pumping above about 120 km, according to the model. Below that altitude, the solar
flux at 4.3 µm is severely absorbed, and the emission decreases when pointing at the
lower mesosphere, or below. At higher altitudes, the CO2(001) relative population is
about constant, but the total density decreases exponentially, and the CO2 emission
therefore decreases quickly as well. A quantitative fit, however, requires a quantitative
determination of the density structure of the Venus atmosphere, which is not known
at this point. Alternatively, once the non-LTE model is validated, it could be used
to retrieve the density, by fitting these emission profiles.

Figure 6: Left: Limb spectra from V-H at lower thermospheric altitudes. Right: Model

simulation for V-H (black) and V-M (red). See text.

Figure 5 is an example from one of the signals of VIRTIS, at a resolving power
R∼400, commonly used to produce global images or mosaics of Venus, and which is
termed V-M. The other signal, at a higher resolution (R∼1800) is termed V-H, and
Figure 6 shows one particular spectrum taken in this mode, acquired during periapsis
pointing at about 120 km. Several interesting features can be observed above the noise
level, which is much lower, at about 5000 µW m−2 sr−1 µm−1 confirming expectations
after ground calibration [37]. Non-LTE model simulations of VIRTIS spectra [74] are
also shown in the figure, and the agreement is good too. As studied by [74], a large
number of bands conform the limb emission, with weak and isotopic CO2 bands
giving significant contributions in the wings of this spectral region. There seems to
be, however, a portion of the spectrum which is not well represented by the model in
absolute terms. The spectrum in the longward wavelength wing of the strong central
emission, around 4.40 µm, seems to be smaller in the model. This problem seems to
be systematic, in all the V-H spectra studied so far. We attribute this to a number
of weak bands, surely hot and combinational transitions which are not included in
the non-LTE model. They may not be relevant to the energy budget of the upper
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atmosphere, but a good fit of the measurements require to revise the non-LTE model
by adding those minor transitions. Alternatively, some extra excitation source, still
unidentified, may be present. This work is in progress.

One of our aims is to perform a detailed analysis of the emission and their different
contributing bands. Such study may result in model improvements, like modifications
in the way the model describes how the solar energy is transfered between the different
CO2 vibrational states, which includes collisional processes not well determined yet.
There are hopes also that these high resolution data from VIRTIS may teach us about
some microscopic energy transfer mechanisms.

Other interesting limb atmospheric results from VIRTIS regard the nighttime
emissions of O2 at 1.27 µm, which indicate time and spatial variations at high reso-
lution for the first time. This is the topic of a companion work in this issue [35].

6 Synergy between Venus Express instruments

VIRTIS is not the only instrument on board VEX to study the upper atmosphere
(see Figure 4). Some of them will supply useful information for direct and indirect
correlation with VIRTIS data, and vice-versa.

A key progress by VEX is expected in the description of the global temperature
and density structure of the upper atmosphere, including tracking of minor neutral
species and ions. These will be tackled directly by SPICAV using stellar and solar
occultation, by VERA using radio occultation, by ASPERA with in-situ data, and
indirectly by VIRTIS, via the strong non-LTE emissions there; these are affected by
the actual density and the distribution of the emitting species.

The VERA team plans to assume cyclostrophic balance to use the meridional
distribution of atmospheric temperature to obtain the zonal wind distribution. The
first results from this instrument show neat temperature profiles, with very small
measurement noise, from below the cloud deck, around 45 km, up to about 90 km.

The upper boundary of VERA is about the lower range of temperature sounding
for SPICAV, this extending up to at least 140 km altitude, as reported recently [51].
Although the results seem to match, there is a intriguing result from SPICAV, a
systematic warm layer just above its boundary layer, around 100 km. Previous data
from PVO and microwave observations also have upper boundaries about 100 km,
with not good quality determinations. This altitude range is therefore subject to
specially difficult measurements. Those other previous determinations suggest some
small heating, but nothing like the more than 40 K obtained by SPICAV in some
profiles. If SPICAV data are confirmed, some strong heating mechanism may be
needed there. Since the data presented correspond to nightside, the SPICAV team
suggest the heating may be produced by adiabatic compression in the downwelling
branch of the global thermospheric circulation, something simulated previously by

28 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).
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models, but with not such intensity [23]. An argument in favor of this interpretation
is the increasing magnitude of the inversion as the solar zenithal angle (SZA) increases
(closer to the anti-solar point). They also extend their results to estimate a downward
velocity for the total atmosphere; their estimation does not include, however, non-LTE
effects and is therefore overestimated. However, the data contains the information
for a more detail calculation.

Regarding the correlation with VIRTIS, present validation activities and data
analysis are focused on the characterization of the emissions. The foreseeable deriva-
tion of densities from the CO2 non-LTE emissions will still take some time. Strong
emissions from VIRTIS are observed from the cloud tops upward, even up to above
160 km in some individual spectra. However, eventual retrievals will have to cope
with opacity properties and will surely be useful only around the peak emission and
upward. As the VERA and SPICAV densities are already available, we plan to use
these as input to our model simulations for VIRTIS, which is an indirect comparison
strategy between them.

Ideally, a direct correlation between all three instruments should be performed on
individual profiles. However, this is difficult given the different observational require-
ments by individual instruments. VIRTIS, for example, is detecting solar pumping
emissions, while most of SPICAV data correspond to nighttime stellar occultations.
SOIR data are more interesting, but also occur at high SZA, nominally at 90 degree,
where the CO2 excitation is low. Therefore, each instrument will build its own global
maps of densities, and these should be compared.

7 Summary and perspectives

A new mission to Venus, the European VEX, is at last in orbit around Venus, obtain-
ing exciting new data and results for about one year and half to date. First analysis of
the data are starting to be published, although the validation activity and systematic
analysis of the data is still on-going.

At this early stage, overviews like the one presented here, focused on the atmo-
spheric layers above the cloud tops, may (and hopefully, will) be obsolete soon, as new
results are emerging quickly. Regardless of whichever specific results are to be found
in the near future, we are listing and discussing briefly a number of scientific problems
of the upper atmosphere of Venus which require new data, and we are framing some
of our hopes on the new techniques and observational abilities of the VEX mission.

Regarding the upper atmosphere, three instruments, SPICAV, VERA, and VIR-
TIS are specially prone to correlative measurements of the density and temperature
structure of this region. The emissions of VIRTIS, under study, are giving for the first
time, a detailed picture with spatial and time variations, which confirm model predic-
tions and offer chances to learn about density variations, turbulence and transport,
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and even microscopic physics in the upper atmosphere. The density and temperature
profiles from SPICAV and VERA are supplying new results with unprecedented detail
of the vertical variation, the dynamics at global scale, and the extension of the cloud
deck and its impact on the thermal budget. No doubt these new data from VEX in
the mesosphere and thermosphere will trigger modeling efforts to understand them
in the near future. Some of these efforts are already on-going, with the development
of a number of global circulation models, and the offer to create a climate database
similar to the successful one we are building on Mars nowadays [78] .

Routine operations of VEX are granted by ESA until 2009. Extension of the VEX
lifetime beyond 2009 is highly desirable. Not only Venus is under a different segment
of the solar cycle, but a number of studies would be benefited from it. One is the
correlation between different instruments, as mentioned above. A second one is the
possibility to modify the VEX orbit, by using some fuel on board, which would supply
new geographical perspectives of Venus. Most important, the scientific value of the
new measurements merit such an extension. The present database promise already
to keep us actively analyzing the data and testing our modelling tools for a long time.
Also, the sister mission Mars Express is also operative on Mars at present, and with
similar instrumentation, and this multiplies the scientific benefit from each of these
missions. This is a unique opportunity for comparative planetology, and keeping both
running would be a high priority for ESA and the European scientific community.

Acknowledgments: This work has been carried out under project ESP2004-01556.
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[73] Roldan, C., López-Valverde, M.A., López-Puertas, M. et al. 2000, Icarus 147, 11
[74] Lopez-Valverde, M.A., Drossart, P., Carlson, R. et al. 2007, PSS 55, 1757
[75] Gilli, G., Lopez-Valverde, M.A., Drossart, P. et al. 2008, JGR Submitted
[76] Gerard, J., Saglam, A., Piccioni, G. et al. 2008, GRL in press
[77] Donahue, T.M., Hoffman, J.H., Hodges, R.R. et al. 1982, Science 216, 630
[78] Forget, F., Millour, E., Lebonnois, S. et al. 2006, 2nd workshop on Mars atmosphere

modelling and observations, held February 27 - March 3, 2006 Granada, Spain
[79] Kasting, J.F. and Pollack, J.B. 1981, Icarus 53, 479
[80] Zhang, T.L., Delva, M., Baumjohann, W. et al. 2007, Nature 450, 654
[81] Barabash, S., Fedorov, A., Sauvaud, J.J. et al. 2007, Nature 450, 650

32 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).



THE PHYSICAL CHARACTERIZATION OF

THE STARS

CARME JORDI , EDUARD MASANA
Departamento de Astronomı́a y Meteoroloǵıa, Universidad de Barcelona, Mart́ı i
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Abstract:
The determination of the stellar parameters is of crucial importance for many

fields of astrophysics, from the comprehension of the structure of the stars and their
evolution, up to the determination of distances and the cosmological scale. This
contribution reviews the main observational techniques and methods of calibration
for the determination of the mass, radius, temperature, chemical composition and
luminosity of stars.
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1 Introduction

The stars are the basic pieces of the universe and the understanding of their prop-
erties, structure, formation and evolution is one of the most important branches of
astrophysics. To characterize the stars allows to characterize the galaxies and from
them the universe as a whole. As it is well known, stars are formed in groups from the
gravitational collapse of giant and cold clouds of molecular gas, take long episodes of
production of energy through thermonuclear reactions in their interior with a length
that depends on the mass, and die as highly compact objects. The life of an isolated
star is mainly driven by their initial mass and chemical composition and along the
years, it changes its observational properties, like size, luminosity, temperature, grav-
ity and so on. Stars with the same initial properties have equivalent evolutions, and
at the same evolutionary stage they have equal intrinsic luminosities. They may be
seen with different apparent luminosities due to the attenuation by the distance and
the extinction. This way, the comparison of observed luminosities of different stars
(assumed to be instrinsically similar1) is a way to determine stellar distances, and
actually it is the basis of the cosmic distance scale.

1The similarity of stars is derived from comparison of their spectral types, photometric colour
indices, strenght of spectral lines, etc
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Therefore, it is extremely important to characterize physically all of the stars, or
in other words, it is important to determine the physical fundamental parameters
(mass, radius, temperature, luminosity, composition).

Unlike other experimental sciences, astronomy and astrophysics cannot perform
laboratory tests with stars. The astronomers must analyze the electromagnetic radi-
ation coming from the star to deduce all the physical information. The most frequent
observational methodologies, photometry and spectroscopy, allow to derive the flux
measured by the observer in different wavelength ranges. The detailed analysis of
this information allows to deduce the observable parameters of the stars: the temper-
ature, gravity, luminosity and composition. The variation with time of the measured
flux and of its wavelength distribution can be indicative of the presence of companion
stars. In some of these cases, it is possible to determine the masses and the radii of
the involved stars.

This contribution describes the principal methods that allow the determination
of the physical stellar parameters, the current state of the knowledge and the future
perspectives. We do not pretend to be complete, but to list the most used approaches.

2 Chemical composition

The chemical composition is measured from the intensities of the lines and bands of
absorption. Here the most precise approach is to use high resolution spectroscopy.
The fitting of synthetic spectral energy distributions (SED), computed with stellar
atmosphere models, to the observed spectra provide the chemical abundances. To
do that, effective temperatures, surface gravities and rotational velocities have to be
assumed.

Among the catalogues of spectroscopic abundances, we mention the compilation
by [9] that includes 5946 measurements of 3247 stars. A later edition by [10] contains
[Fe/H] for FGK stars derived from high resolution and high S/N spectra. The cata-
logue by [14] contains detailed abundances of elements, including the α-elements, for
189 nearby field F and G dwarfs. Standard deviations of measurements are usually
at the level 0.05–0.10 dex, and accuracies are at the level of 0.10–0.15 dex.

Spectroscopy needs long exposure times with large telescopes and in the case of
faint stars or for large surveys, this can turn out to be highly prohibitive. The pho-
tometric measurements with intermediate bands located at suitable spectral ranges
is an alternative and competitive approach, provided that the changes of the spectra
due to changes of chemical composition have been calibrated through spectroscopic
measurements ‘a priori’. Several photometric systems have been designed for such a
purpose, and among them we would like to mention the uvby Strömgren system [37],
the Vilnius system [36] and the Gaia system [18].

Figure 1, extracted from [21], shows the comparison of spectroscopic and photo-
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metric determinations of [Fe/H]. The photometric derivation uses the uvby system
and the calibration of [35]. In this case, the photometric calibration yields abundances
slightly higher than the spectroscopic ones. Once corrected, the precisions are of the
order of 0.15-0.20 dex.
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Figure 1: Comparison of the determination of chemical compositions from photometry
and spectroscopy (extracted from [21]). The photometric system is the uvby system
and the calibration is that of [35].

Guidelines for designing a photometric system sensitive to C,N,O and α-process
elements were provided by [38] and [39]. The CaII H and K lines and MgI b triplet
are the most sensitive direct indicators of [α/Fe] changes. Figure 2 (from [38]) shows
the variation of the spectra when the effective temperature or the surface gravity or
the chemical abundances change. The authors conclude that narrow bands placed on
the Ca II H and K lines and Mg Ib triplet would allow to disentangle the changes due
to variations of Fe- and α-elements. This idea was incorporated into the Gaia system
[18] design.

3 Radius

Two techniques of observations are used to measure stellar angular diameters: the
high angular resolution interferometry and the lunar occultations. While the first is
a direct measure of the diameter, the second is a measure of the time needed for the
star to be hidden rear the Moon, which is related with the angular diameter of the
star and the motion of the Moon and the observer. The CHARM2 catalogue ([32]) is
a compilation of direct measurements by high angular resolution methods, as well as
indirect estimates of stellar diameters. A total of 8231 entries for 3238 unique sources
are present.
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Figure 2: Relative variation of the flux energy with changes of effective temperature,
surface gravity or chemical abundances (extracted from [38])

Other methods to derive angular diameters are based on the comparison of ob-
served and theoretical spectral energy distribution. See [34] for a discussion, and
[22] for an example. Figure 3 shows a comparison of semi-diameters derived by [22]
with the above empirical determinations in the CHARM2 catalogue considering an
uniform disk. The agreement is excellent. A crude comparison of both uniform disk
and limb darkened values for about 1600 F, G and K stars indicates a ∼4% positive
correction for limb darkening, of the same order of the dispersion shown in Figure 3.

Double-lined eclipsing binaries ([27]) and planetary transits ([8]) yield absolute
stellar radii. Actually, radii relative to the semi-major axis of the orbit are derived
from the light curves, and the inclination and the radial velocity curves complete the
needed data to obtain the absolute radii. The light curves analysis takes into account
corrections by limb darkening. The double-lined eclipsing binaries provide the most
accurate determinations at present, which are ∼1–5%.

The Baade-Wesselink method applied to expanding or pulsating photospheres is

36 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).



C. Jordi, E. Masana The physical characterization of the stars

0.1 0.2 0.3 0.4 0.5
Semidiameter (SEDF) (mas)

0.1

0.2

0.3

0.4

0.5

Se
m

id
ia

m
et

er
 C

H
A

R
M

2 
(m

as
)

HD 209458

Figure 3: Comparison of angular semi-diameters computed from Spectral Energy
Distribution Fit (SEDF) method [22] and from CHARM2 catalogue [32]. In the case
of HD 209458, the comparison of the semi-diameter is between SEDF method an
empirical determination from a high-precision transit light curve [8]. (Extracted from
[22])

discussed by [34]. Under these special circumstances observed Doppler shifts of lines
originating in moving photospheres may be used to derive absolute stellar diameters.

We would like to remark that the combination of temperatures and absolute radii
allows to derive luminosities and, hence, direct distances with precisions almost equiv-
alent to trigonometric parallaxes. This method has already allowed a precise deter-
mination (2-5%) of the distance of individual stars in LMC ([16] among others) and
M31 [31]. The era of big telescopes will allow to extend substantially the sample and
to reduce the current uncertainty.

4 Mass

The mass of a star can only be directly known through the analysis of its gravitational
effect on the neighbouring objects, either stars or planets. In many cases, the multiple
system is not resolved and it is discovered by periodic Doppler shifts of the spectral
lines or periodic fluctuations of the apparent magnitude due to eclipses, because of
the revolving motion of the star around the center of mass of the system.

In the case of double-lined spectroscopic binaries, the two stars have similar lu-
minosity and the lines of both are distinguishable in the spectrum. This allows to
derive the ratio of masses as well as the semi-major axis of the orbit by the factor sini,
being i the inclination of the orbit with respect the line of sight. If eclipses occur,
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the analysis of the light curve yields the inclination (among other parameters), and
therefore the absolute individual masses can be derived.

The double-lined eclipsing binaries are extremely important, since they are the
only case providing simultaneous determinations of individual masses and radii (see
Sect. 3). The best reached precisions are of the order of 1-5% ([27], [4]). Such
precisions are really needed for detailed tests of stellar structure and evolution models.
Several tests have revealed discrepancies at both ends of the main sequence (high and
low mass, see for instance [29] and [23]).

The masses of single stars can be estimated through Mass–Luminosity relation-
ships based on binaries (see for instance [27, 4]), or through theoretical models. The-
oretical stellar evolutionary models yield the temperature and luminosity (or radius)
of a star of a given mass and chemical composition at a certain age. The location
of a star in the observational colour–magnitude diagram can be transformed into a
location in the theoretical luminosity–temperature diagram and from it estimate the
mass and the age using the evolutionary tracks. Theoretical and observable quantities
can be related with the use of appropriate calibrations and stellar atmosphere models.
To cite one example, Asiain et al [5] derived stellar masses and ages for main sequence
A-type stars with metallicity, effective temperature and surface gravity derived from
uvby − β photometry.

Microlensing phenomena can provide direct determinations of masses of single
stars. When a star is acting as a lens, it is a non-massive lens that yields two
unresolved images of the foreground object. The photocenter position of the composed
image and its brightness change with the alignment, and the duration of the transient
phenomena depends on the relative proper motions of the lens and the foreground
object. The astrometric analysis of the photocenter displacement yields a direct
measurement of the mass of the lens. The displacement is of a milli-arcsecond or
less and hence an astrometric precision as small as few tens of micro-arseconds is
needed. VERA (VLBI Exploration of Radio Astrometry) [17] and the next Gaia
ESA’s mission [25, 20, 26] are able to provide such precisions and so masses of single
field stars.

5 Effective temperature

There are several approaches in the literature to compute effective temperatures.
Except when applied to the Sun, very few of them are direct methods that permit
an empirical measurement. Usually, semi-empiric or indirect methods are based to a
certain extent on stellar atmosphere models. Among the direct approaches we find the
remarkable work by [12], which is based on interferometric measurements of stellar
angular semi-diameters θ and total fluxes Fbol at Earth (Fbol = θ2σT 4

eff). This work
contains data for 32 stars of O5-F8 spectral types. Although being the most direct
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method for temperature determination, it still needs to rely at some extent on stellar
atmosphere models to predict the energy in the wavelength range not covered by the
observations and to correct the semi-diameters measurements for limb darkening.

The indirect methods are mainly based on the use of photometry, spectroscopy,
or a combination of both. In photometry, the technique is to measure the radiation
in the pseudo-continuum of the spectra, providing color indices free from chemical
abundance signatures and so related with temperature (and interstellar absorption).
As often as possible it is necessary to look for reddening-free indicators, like the inten-
sity of certain spectral lines or bands (Hβ line, TiO molecular bands, for instance), IR
indices, etc. Or, either derive the interstellar absorption independently and correct
the pseudo-continuum color indices. The synthetic photometry of SED predicted by
atmosphere models, or the photometry of stars in [12] provide the necessary calibra-
tions to relate photometric indices with temperatures. A good review of the problems
involved in such temperature – color relations is provided by [6].

The use of IR photometry to determine effective temperatures was initially pro-
posed by [7]. Their so-called Infrared Flux Method (IRFM) uses the ratio between the
bolometric flux of the star and the monochromatic flux at a given infrared wavelength,
both measured at Earth, as the observable quantity. This ratio is then compared with
a theoretical estimate derived from stellar atmosphere models to carry out the deter-
mination of the effective temperature. The IRFM has been widely used by several
authors, being most noteworthy the work by [1, 2, 3].

Figure 4: Relative error in temperature due to an uncertainty of 0.5 dex in gravity,
derived using the Spectral Energy Distribution Fir method. Left: for solar metallicity.
Right: for gravity 4.5. (extracted from [21])
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The Spectral Energy Distribution Fit (SEDF) method proposed by [22] follows a
somewhat different approach, namely the fit of the stellar spectral energy distribution
from the optical (V ) to the IR (JHK) using synthetic photometry computed from
stellar atmosphere models. Unlike the implementation of the IRFM by [2], which
averages temperatures derived individually for each IR band, the SEDF method takes
into account the four bands simultaneously. In addition, and also unlike the IRFM,
the bolometric flux is not required a priori but results self-consistently with the
temperature determination. A fitting algorithm minimizes the difference between
observed and synthetic photometry by tuning the values of the effective temperature
and the angular semi-diameter. In addition, the BC can be obtained from these
two parameters, and then, when the distance to the star is known, the luminosity is
computed from the BC and the absolute magnitude in a given photometric band. The
uncertainties of the derived parameters (temperatures, angular semi-diameter and
BC) are estimated from the errors in the observed and synthetic photometry as well
as in the assumed [Fe/H], log g and AV . The relative error in temperature for several
uncertainties of [Fe/H], log g and AV are evaluated in [22]. As an example, Fig. 4
shows the relative error in temperature due to an uncertainty of 0.5 dex in gravity.
For a sample of about 11 000 Hipparcos stars, and using 2MASS photometry ([13]),
[22] derive temperatures with mean precisions of about 1%. Through an extensive
comparison with determinations by other authors, [22] conclude that the effective
temperature scale of FGK stars (4000–8000 K) is currently established with a net
accuracy better than 0.5–1.0%.

Figure 5 shows the calibration by [22] of effective temperature as a function of the
color index V − KS and the chemical composition.

In [28], direct temperatures for a sample of double-lined eclipsing binaries with
accurate radii (1-2%) and relative error in the Hipparcos parallax below 20% are
derived. The temperature is obtained from the Hipparcos parallax, the radius of the
star, the visual magnitude and the bolometric correction, and thus, it is a rather
direct method, since it only needs calibrations for the BC value. The comparison
with photometric determinations of temperatures shows a small trend leading to the
parallax based determination about 2-3% smaller than the photometric one. Due
to the completely independent nature of the two temperature determinations, the
authors conclude that a small systematic difference of about 0.012 dex is present in
the temperature range covered by their sample (from 5000 K to 25000 K). Moreover,
the two binary systems of the sample with the smallest relative errors in the Hipparcos
parallax, β Aur and V1143 Cyg, agree with the photometric data. Highly accurate
trigonometric parallaxes from the next Gaia ESA’s mission [25, 20] will yield very
accurate temperatures using this approach.
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Figure 5: Relation between effective temperature and the color index V − KS for
FGK dwarfs. The dependence with the chemical composition is shown as well. Figure
extracted from [22]

6 Luminosity and distance

The absolute magnitude (and/or the luminosity) is, probably, the stellar parameter
with the greatest cosmological transcendence. The direct measure of the intrinsic
luminosity of the star is not possible. Only it can be realized if the effect of the inter-
stellar absorption as well as the distance are known. The most precise measurement
of the total energy released by the star is the combination of ground- and space-based
observations with stellar atmosphere models to predict the energy in the wavelength
range not covered by the observations.

Many absolute magnitude calibrations as a function of broad- or medium-band
color indices or spectral types exists (see for instance [33]). All of them rely on primary
calibrators with well known stellar distances. The accuracies of those calibrations
range from 10 to 30% depending on the indicators used.

The large stellar distances make the measure of the trigonometric parallaxes only
possible for the most nearby stars. The most accurate parallaxes nowadays available
come from the Hipparcos mission [15]. Hipparcos constituted a great step forward
in the measure of parallaxes, yielding ∼21 000 stars with relative errors lower than
10% and ∼500̃00 stars with relative errors lower than 20%. A complete review of
the scientific exploitation of the Hipparcos data and specially the derivation of dis-
tances and luminosities can be found in [24]. The current knowledge of luminosities
of the many types of stars across the HR diagram is discussed. The extremely pre-
cise parallaxes force the use of statistical methods to account for the biases in the
observational samples. The next mission Gaia, to be launched at the end of 2011,
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will provide extremely precise parallaxes for some million stars including stars of all
types.

7 Summary

We have listed several observational techniques and calibration methods to derive the
fundamental properties of the stars. The most used are summarized as follows:

• High resolution spectroscopy yields the determination of chemical composition
and allows the calibration of photometric indices sensitive to changes of the
elements abundances

• High angular resolution interferometry and lunar occultations yield angular
semi-diameters

• Comparison of observed and theoretical spectral energy distributions yield tem-
peratures and semi-diameters. If distances are known, absolute radii can be
derived

• Unreddened or reddening free color indices provide temperatures through suit-
able calibrations

• Photometric and spectroscopic observations of double-lined eclipsing binaries
allow the simultaneous determination of individual masses and radii (at the
level of 1-5% accuracy). Moreover, if the distance is known, the temperature
can be derived. Instead, if the temperature is known, the distance can be
computed

• Masses of individual stars can be estimated with a Mass-Luminosity relation or
through stellar structure models

• Absolute magnitudes and luminosities can be determined ‘directly’ if parallaxes
are known, or ‘indirectly’ through calibrations primarily based on a set of closer-
by stars.
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Abstract:
Nowadays it is widely accepted that the current Universe is dominated by dark

energy and exotic matter, the so called Standard Model of Cosmoloy or ΛCDM model.
All the available data (Thermonuclear Supernovae, Cosmic Microwave Background,
Baryon Acoustic Oscillations, Large Scale Structure, etc.) are compatible with a flat
Universe made by ∼70% of dark energy. Up to now observations agree that dark
energy may be the vacuum energy (or cosmological constant) although improvements
are needed to constrain further its equation of state. In this context, the cosmic
destiny of the Universe is no longer linked to its geometry but to the nature of dark
energy; it may be flat and expand forever or collapse. To understand the nature
of dark energy is probably the most fundamental problem in physics today; it may
open new roads of knowledge and led to unify gravity with the other fundamental
interactions in nature. It is expected that astronomical data will continue to provide
directions to theorists and experimental physicists. Type Ia supernovae (SNe Ia)
have played a fundamental role, showing the acceleration of the expansion rate of the
Universe a decade ago, and up to now they are the only astronomical observations
that provide a direct evidence of the acceleration. However, in order to determine the
source of the dark energy term it is mandatory to improve the precision of supernovae
as distance indicators on cosmological scale.

Keywords: Stellar Evolution Models – White Dwarfs – Supernovae – Cosmology.
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1 Introduction

Two papers, published a decade ago, marked for the scientific comunity the beginning
of the accelerating Universe: Observational evidence from supernovae for an accelarat-
ing universe and cosmological constant (September, 1998 [1, 2]) by the High-z Team
and Measurements of Ω and Λ from 42 high-redshifts supernovae (June 1999 [3]) by
the Supernova Cosmology Project. The first one is based on the data of 10 SNe up
to z=0.62 and the second one on the data of 42 SNe up to z=0.83.

These two independent teams got the same result: acceleration of the expansion
and, consequently, a nonzero Λ . Note that they were trying to measure the opposite,
the deceleration of the expansion, and, moreover, this surprising result was based
on the fact that the objects were dimmer than expected; it was unlikely that for any
unknown reason less luminous objects were by chance observed instead of the brighter
ones.

This exotic component was the missing piece in the Universe component puzzle
and finally several long standing problems converged to a solution. The Cosmological
constant is back, was the title of a paper published by Kraus & Turner in 1995
[4], 3 years before the SNe Ia results came out. Since the beginning, the analysis
of Cosmic Microwave Background radiation [5, 6, 7] favoured a flat geometry and
other independent set of observations, like the large scale structure of the Universe,
favoured a low density-matter Universe, compatible with 30% matter [8]. All three
experiments are in perfect agreement and in order to have Ωλ=0, two of them would
have to contain severe systematic errors [9].

Additionally, as an accelerating Universe is older (∼ 14500 Ma assuming a Hubble
constant of 65 km/s/Mpc), the old problem with respect to the age of the oldest
globular clusters is nearly solved (in our opinion globular cluster would better fix in
a slightly older Universe).

Evidence for cosmic acceleration has gotten stronger in all these years and nowa-
days, all efforts focus on characterizing the dark energy equation of state (EOS).
The simplest equation relates pressure and density by a parameter, P = wρ; w may
be a constant (w=-1 for the Cosmological constant or vaccum energy) or vary with
redshift. Observations have not provided any evidence that dark energy is not the
energy related to the quantum vacuum (w=-1 and constant) although theory does
not explain it. Empty space is not really empty, particle-antiparticle pairs appear
and disappear existing for very brief time but current estimation of the correspond-
ing vacuum energy is 10120 times more than needed to explain the acceleration. It
is probably the biggest discrepancy between theory and observations in all physics.
Matter dilutes as the Universe expands while the vacuum energy remains constant;
hence, the matter term dominated in the past while vacuum energy will completely
dominate in the future. So, if vacuum energy is really the dark energy, why its density
is now so close to that of matter? It is important to understand better the energy of
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nothing.
A strong indication in favour of w = -1 has came from SNIa Hubble diagrams,

which currently includes 200 SNe up to z = 1.8; in fact, they show the expected
deceleration at z>0.5, and recent acceleration [10].

The future is promising: several experiments, aimed to elucidate the properties of
dark energy, are underway or planned from ground based telescopes, from the space,
accelerators, and underground laboratories.

Note that the only direct-direct evidence of the acceleration of the expansion rate
of the Universe is provided by SNIa Hubble diagrams. It is worth to extend the
observations to z > 1 where the early effects of deceleration may be detectable [10]
and to improve supernova distances and analyze their limits for precision measures
of dark energy.

2 Thermonuclear supernova Hubble diagrams: A

component with negative pressure is needed

SNIa Hubble diagrams have been used for cosmological applications since 1968 [11];
at that time the dispersion was 0.6 mag. Later on, core-collapse events were identified
(Ib) and Hubble diagrams, based only on Type Ia, improved. At the beginning, SNe
Ia were considered to be very similar, if not identical, each other, but it became
soon evident that this hypothesis was not correct. In 1991, the discovery of the
superluminous 1991T and the subluminous 1991bg pointed out that Type Ia were
not standard candles.

In 1993 Phillips [12] showed that for a number of near and well observed SNe
Ia, whose distance was a-priori determined by means of bona fide distance indicators,
there exists a linear correlation between maximum luminosity and decline rate of
luminosity after maximum: peak luminosity decreasing with an increasing decline
rate. Basing on this evidence, these Supernovae can be considered once again as an
homogeneous class and they can be used as calibrated candles using the maximum-
decline relation or equivalents [12, 13, 14, 15, 16]. These relations have been improved,
mainly by extinction corrections, up to a dispersion of σ ≤ 0.18 .

At the same time, the technics to discover high-z SNe developed [17] and big
CCDs were constructed, like the Big Throughput Camera by Tyson and Bernstein
that became available for the comunity at Cerro Tololo and was soon used by the two
teams, High-z Team and SN Cosmology Project. An amazing result came out and,
since then, our understanding of the Universe completely changed. The conclusion
was that SNe Ia located at 0.4 ≤z≤ 0.9 were about 0.2 magnitudes dimmer than
nearby SNe, meaning that they were located further than expected for a constant
expansion rate of the Universe (an empty Universe). A negative pressure was required
to balance the gravity effects and accelerate the expansion.
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Most important, the observations of Type Ia supernovae by themselves indicate
the existence of dark energy [18] and show deceleration at z ≥ 0.5, and acceleration at
lower z, ruling out pure acceleration and gray-dust absorption, all at 99% confidence
level . Note that these results are obtained with a dispersion in the calibration relation
of the order of σ ≤ 0.2 magnitudes.

2.1 EOS of dark energy: A precision better than 0.02 mag
is required

Present and future experiments focus on better characterizing the equation of state
(EOS) of dark energy. When SNe Ia are used to characterize w, two constraints
are usually assumed, a flat (Ωtot = 1) and low-matter density (Ωm = 0.3) Universe.
Notwithstanding these assumptions, it is necessary to have an accuracy of better than
0.02 magnitudes to discriminate between Universes with different w and it is clear
that systematic effects will limit our progress.

It is noteworthy that, without the a priori constraint of a flat Universe, the cos-
mological parameters that best fit Type Ia SNe measurements may be Ωλ=1.57 and
Ωm=0.79 [19].

Now it is mandatory to reduce the current scatter in the calibration relation
by a factor of 10, otherwise we may have already reached SNIa limits to measure
Cosmology.

3 Systematic effects

The reliability of the maximum-decline relation when it is applied outside the local
sample depends on the identification of systematic effects. The high redshift sample
could be contaminated with peculiar Ia and with core collapse Ib/c SNe. Some nearby
underluminous SNe, like 2002cx [20], 2005hk [21] and 2005bl [22] are well outside
the maximum-decline relation although in these cases spectra, taken at the epoch of
maximum light, easily reveal their different origin.

However, this approach does not always work; SN2003fg at z = 0.2 [23] appears
normal at all levels, except for the high luminosity, and it is well outside the maximum-
decline relation. In fact, a super-Chandrasehar white dwarf (WD) has been proposed
as its progenitor.

Other sources of uncertainty could be K-corrections, the correction that has to be
applied to account for the differences caused by the spectrum shifting; the light of
the SN is shifted to longer wavelengths while astronomical observations are made in
fixed band passes on Earth (e.g., R-band matched to B-band at z = 0.5). The error
due to uncertainties in this correction is estimated to be small, ∼ 0.01 mag [9].
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Uncertainties of major concern are those related with potential evolutionary ef-
fects: dependence of the SN properties on redshift, changes in the extinction law and,
if SN are sensitive to their progenitors, changes in the stellar populations from which
they originate.

In the local Universe we see SNe Ia in a variety of enviroments, some of them
with significant extinction and part of them with peculiar extinction laws [24]. The
properties of the intervening dust may be different going back in time; e.g., a smaller
contribution from low mass red giants due to their longer evolutionary times. As
the number of SNe Ia increases it is possible to construct Hubble diagrams with
subsamples; e.g., only SNe ocurring in passive galaxies, less affected by absorption.
Most interesting, it has been shown that SNe Ia are good standard candles in the IR;
at these wavelenghts the extinction is smaller and SNe Hubble diagrams in the IR
are promising [25].

4 Observed dependence of SNIa properties on their

host galaxies

Great efforts have been devoted in recent years to elucidate the observed dependence
of the SN properties on the populations from which they originate . The first studies
[26, 27, 14, 28, 29] revealed a dependence of SN properties on their host galaxies:
slower light curves (LCs) (brighter SNe) do not occur in ellipticals, while the number
of Type Ia SNe, per unit mass, is higher in late type galaxies than in ellipticals [30, 31]
and, in star forming galaxies, the SN rate is higher in disks than in bulges [32].

Recently, Mannucci et al. [33] reported that the SNIa rate in late type galaxies is
a factor ∼ 20 higher than in E/S0. Sullivan et al. [34] focused on the high-redshift
sample and qualitatively derived similar trends to those obtained previously for the
local Universe: (1) rates are higher (10 times) for strong star-forming galaxies than
for galaxies without star formation, (2) slow-decline (bright) SN are only hosted by
star-forming galaxies, while non-star-forming galaxies only host fast-decline (dim)
SNe and (3) none of the dimmer SNe are found at high-redshift. Except for the most
underluminous SNe, the distribution is identical for the high and the low-redshift
samples.

These results imply that SNe come from at least two different stellar progenitors,
old and young, that differ in 2-3 Gyr, and that their LCs properties are different,
depending on those progenitors . At this point, we should note that the empirical
calibration used in Cosmology is based on SNe coming from all types of galaxies and
thus, the differences due to stellar populations in the nearby Universe are already
within the brightness-decline relation. At the other hand, the relative contribution
of the two components is expected to evolve strongly with time [35, 34]. A good
understanding of the calibration relation in different environments will be essential
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to fully exploit SNe Ia in measurements of w.

5 Our understanding of thermonuclear SNe

5.1 What we understand

Type Ia SNe are considered to be the thermonuclear explosion of carbon-oxygen
(CO) WDs with a mass close to the Chandrasekhar mass [36]. Starting from such
a structure and with a proper explosion mechanism, most of the observed properties
are reproduced. The LC is powered by the radioactive energy coming from the decay
of 56Ni to 56Co and 56Co to 56Fe and the maximum luminosity depends mainly on the
56Ni mass.

In fact, we have learnt a lot from observations and from one dimensional (1D)
numerical simulations. Little carbon is observed in the spectra, indicating that nearly
all the WD is burnt, which implies that the explosion (nuclear) energy is similar
in all events and excludes a pure deflagration (subsonic burning front) that would
leave an observable amount of matter unburnt in the outer part (see [37, 38] and
references therein). Final kinetic energies are also similar, as the binding energy, which
depends on the total mass and central density of the WD, is not expected to be very
different. Intermediate mass elements (e.g. Si, Ca, Mg) are observed in the spectra
around maximum light, implying that the external layers have experienced incomplete
burning. This excludes a pure detonation (supersonic burning front) that would burn
all the WD to Ni and others Fe-peak elements. The delayed detonation models
[39, 40], in which the burning front is initially subsonic and at some point accelerates
to supersonic velocities, fulfil the observational constraints. In these models, the
inner part is completely burnt during the first deflagration phase while the external
layers expand, the density decreases, and the right nucleosynthesis, a combination of
complete and incomplete burning depending on density, is obtained. Moreover, if the
transition from a deflagration to a detonation is delayed (or anticipated), the amount
of 56Ni decreases (or increases) and the observed range of luminosities at maximum
is reproduced.

Many studies have shown that the delayed detonation explosion of a Chandrasekhar
mass (MCh) WD satisfactorily explains most of the observed properties: the evolution
of the LCs and spectra in the optical and in the IR, and also, the observed correlations,
including the crucial maximum decline relation [41, 42, 43, 44, 45, 46, 47, 38].

For the reasons above, we have adopted this explosion mechanism and we have
kept constant the nedeed parameters in the description of the deflagration velocity
and the critical transition density: the density at which the change from a deflagration
to a detonation takes place.
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5.2 What we do not understand

The basic ideas explaining SNe Ia as the thermonuclear explosion of a CO WD with
a mass close to MCh were established half a century ago but, in spite of all the
dedicated resources, two reasons still prevent our full understanding of these events:
(a) the nature and evolutionary history of the progenitor stellar system and (b) the
characteristics of the explosion.

Single stellar evolution provides CO WDs with a maximum mass of around 1.1
M⊙; when a CO core with a higher mass is formed, C is ignited [48]. Binary systems
give the possibility of accreting mass from the companion and also explain that this
explosions occur in passive galaxies where star formation ended several Gyrs ago.
However, how a typical WD of 0.6 to 1 M⊙ could reach the Chandrasekhar mass by
accretion is still a matter of hot debate. Accretion of H or He from a non-degenerate
companion is referred as the Single Degenerate (SD) scenario while accretion of C
and O, from a thick disk formed from the merging of two WDs, is referred as the
Double Degenerate (DD) scenario.

In the first case the donor is a normal star with an Hydrogen rich envelope [49].
These systems are well studied and they are associated with a variety of observational
events (symbiotic stars, classical novae, cataclysmic variables, dwarf novae, recurrent
novae and many others). However, in our opinion this scenario is not promising as
SNe Ia progenitor since during the accretion process some instabilities arise, thus
preventing the growth in mass of the CO core up to the Chandrasekhar limit [51].
For a different view see [50] and references therein.

The second scenario envisions a system composed by two tidally interacting WDs
with total mass of the order of or greater than the MCh. In this case the two stars,
due to gravitational wave radiation (GWR) emission, undergo a merging so that the
less massive component completely disrupts, thus forming an accretion disk around
the more massive one [53, 54]. In this case C-O rich matter is directly accreted.
One major concern afflicts the DD scenario: the accretion rate which results after the
merging would be so high that off-center carbon ignition occurs well before the WD
could attain the limiting mass, thus producing as final outcome not a SNe Ia event,
but an O-Ne white dwarf which eventually collapses into a neutron star [55, 56, 57].
The historical concern about the existence or not of observed counterparts of these
systems seems to have been solved in favor of their existence [58]. Later on, we will
show that, when the rotational effects are taken into account in modeling the binary
system, the evolution from the merging of the two CO WDs up to the final explosive
outcome is not only possible, but it results mandatory. Moreover, recent studies of
observational properties of known Type Ia supernova remnants in the Galaxy favour
the DD scenario [59].

Concerning the explosive phase, once C is ignited , the burning conditions are not
reached by the compression of subsequent shells by the pressure wave (detonation). If
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so, all the WD would be transformed to Fe-peak elements and no intermediate mass
elements would be produced. On the other hand, if subsequent zones are heated
only via thermal conduction, the velocity of the flame would be too low and the
pressure wave would expand the WD till low densities, quenching the flame. However,
turbulent mixing of the unburnt cold matter with the hot ashes is expected to occur
and instabilities, like the Rayleigh-Taylor instability, develop. In this case the velocity
of the burning front will be determined by the growth rate of these instabilities,
being still subsonic but reaching soon values higher than those corresponding to the
conductive velocity.

In 1D models, we rely on parametrization of this 3D turbulent mixing. The simple
way is to assume a flame velocity equal to a few percent of the sound velocity [60].
The flame travels outward through lower and lower densities and would quench before
reaching the surface. As quoted above, the observations require that all the WD is
burnt; therefore, at some point, the flame velocity has to be increased as it happens
in the delayed detonation models quoted before [39]. However, the physics of the
transition to a detonation in unconfined environments, like in current Type Ia SN
models, is not completely understood [61]. This transition is expected to depend on
the properties of the structure, like the chemical gradient of fuel (Zeldovich induction
mechanism) and, hence, on the progenitor.

Current 3D simulations are still far from a complete and sucessful explosion and
even farther from being able to follow simultaneously all the relevant scales [62, 63,
64, 65, 66, 67]. As a consequence, sucessful explosions are still 1D simulations, being
the assumed transition density (or the equivalent pre-expansion time) the main factor
determining the amount of 56Ni produced and therefore, the maximum luminosity and
LC shape.

5.3 Any observed hints from the companion?

A great observational effort is being done to identify the elusive companion of the
exploding WD. First detections have been reported, although a clear answer has not
yet been achieved. The spectra of 2002ic [68] show interaction with the circumstellar
medium, hydrogen is abundant and an AGB star was identified as the companion.
However both of the proposed scenarios (SD and DD) could explain this event [69]
and, recently, it has been proposed that it was a core-collapse SN instead of a SNIa
[70].

Interaction with the circumstellar medium is also detected in the case of 2006X
[71] and a red giant has been proposed as the companion, favouring the SD scenario.
However, note that H-lines are not seen in the spectra.

Another possibility is to look for the companion in nearby Type Ia SN-remnants,
this has been done for the Tycho’s supernova (SN 1572); Ruiz-Lapuente [72] claimed
the identification of the donor star, Ihara [73] argue that this is not a viable object.
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Finally, a very interesting case is the recurrent nova RS-Oph, for which the mass
of the accreting WD is estimated to be very close to MCh, ∼ 1.38 M⊙, and it is still
increasing [74, 75]. Note that in this case there is H present in the system and in
fact H is observed.

6 Influence of the progenitor of the exploding WD

on SNIa properties

Let us now address the question of the influence of the WD progenitor on the final
outcome. First, we will analyze the dependence of the final chemical composition of
the WD on the initial mass of its progenitor, and then we will study how the light
curves properties depend on this composition. Then, we will repeat the same analysis
but considering the dependence of the WD progenitor properties on the metallicity.
Note that given the standard model, a Chandrasekhar-mass CO WD, not much space
is left for variations. In this set of models, the differences among the WDs are due
to chemical composition differences: carbon and oxygen abundances and chemical
gradients. This translates into differences in the 56Ni mass synthesized during the
explosion and therefore, differences in the LCs.

We have considered the entire range of potential progenitors, with main sequence
masses from 1.5 to 7 M⊙ and metallicities between Z = 0 and 0.02. The pre-supernova
evolution, starting from the pre-main sequence phase, is simulated by means of a 1D
hydrostatic code, the FRANEC code [76, 77, 78, 79] . Starting from the computed
WD structures, we simulate the explosion, including detailed nucleosynthesis, and
obtain the LCs [43, 80]. The single degenerate scenario has been assumed; the WD
reaches the MCh by accretion of H from a non-degenerate companion.

6.1 Influence of the Initial Mass

We identify the initial mass of the progenitor (main sequence mass) of the exploding
WD as a key parameter in the evolution; it modifies the average C/O ratio in the
WD by up to 22% and thus, the kinetic energies and 56Ni masses [80].

We could distinguish two regions in the exploding structure: the inner one, the
original WD (with masses between 0.55 and 0.99 M⊙, corresponding to initial masses
between 1.5 and 7 M⊙) and the external one, formed by the accreted matter. The
C/O rate is determined by the previous He-burning phases. Initially carbon is pro-
duced via the 3α reactions and once sufficient 12C is synthesized, the 12C(α, γ)16O
reaction becomes competitive with the 3α, and carbon is partially burned into oxy-
gen. The amount of C/O is greater (∼1) in the accreted matter because in these
layers the 12C(α, γ)16O reaction does not have enough time to destroy 12C (unlike
the situation during central convective He-burning). This higher C/O rate in the
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previously accreted layers is critical for the final average C/O within the exploding
structure.

The results are summarized in Table 1, where we report from column 1 to 6: (1)
initial Z and Y, (2) initial (main sequence) mass, (3) mass of the CO core at the
beginning of the thermal pulse phase, (4) C abundance (mass fraction) at the center,
(5) averaged C/O rate within the final ∼1.37 M⊙ CO white dwarf after accretion,
and (6) 56Ni mass synthesized during the explosion.

More massive progenitors accrete less mass, as a consequence the final average
C/O is smaller, less 56Ni is synthesized, the SNIa is less luminous, the LC-decline is
faster and expansion velocities are smaller (up to 2000 km/s considering the whole
range). Notice that the correlation between LC shape and expansion velocity could
be used to further reduce the scatter in the calibration relation. The size of this effect
on the maximum magnitude, ∆Mmax ∼0.2 mag, is critical for the reconstruction of
the cosmological equation of state.

In Figure 1 the final C and O profiles (mass fraction) are shown for some selected
models with different initial (main sequence) mass and Z.

MMS(M⊙) MTP
CO(M⊙) Ccen C/OMch

56Ni (M⊙)
Z=0.02 1.5 0.55 0.21 0.75 0.589
Y=0.28 3.0 0.57 0.21 0.76 0.584

5.0 0.87 0.29 0.72 0.561
7.0 0.99 0.28 0.60 0.516

Z=10−3 1.5 0.59 0.24 0.76 0.587
Y=0.23 3.0 0.77 0.26 0.74 0.567
Y=0.23 5.0 0.90 0.29 0.66 0.541

6.0 0.98 0.29 0.60 0.522

Z=10−10 5.0 0.89 0.32 0.70 0.549
Y=0.23 7.0 0.99 0.31 0.62 0.525

Table 1: Properties of the models.

6.2 Influence of the initial metallicity

As it is shown in Table 1, the mass of the CO core does not depend markedly on
the initial metallicity of the progenitor; the only exception being the 3 M⊙ that at
Z=0.02 behaves as a low-mass star. As a consequence, the final chemical composition
of the exploding WD is not sensitive to the initial Z [80]. For this reason, the 56Ni
mass and the maximum luminosity depend mildly on the initial metallicity.
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Figure 1: Final chemical Carbon (solid) and Oxygen (dotted) profiles in the central
region of stars with initial (main sequence) masses between 1.5 and 7 M⊙ and for Z
= 0.02 (upper pannels) and Z=0.001 (lower pannels) (see Table 1).

However, the metallicity alters the isotopic composition of the outer layers of the
ejecta and few Fe-lines contribute to the opacity. This effect is important at short
wavelengths, changing the intrinsic colour index B-V by up to -0.06 mag; moreover,
it alters the fluxes in the U band and the UV [81]. The change in B-V is critical if
extinction corrections are applied; the metallicity effect can systematically alter the
estimates for the absolute brightness by up to 0.2 mag [80].

7 WD rotation and the properties at explosive C-

ignition

In this case, we have assumed that two WDs (DD scenario) rotate at the orbital
frequency due to the combined action of shear friction and tidal forces. Note that,
once synchronization is attained, it will be maintained up to the merging epoch. The
heating produced by the frictional stresses determines that two WDs heat up and
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become more luminous during the GWR-driven shrinking [83]. Then, the two WDs
merge so that the less massive component (the more expanded) completely disrupts,
forming a thick disk from which matter flows to the companion. The real initial value
of the accretion rate must be close to the Eddington limit. Fortunately, as we have
shown, the initial value of this accretion rate does not affect the further evolution at
all [82] .

On the accreting WD, thermal energy is stored in the external layers while angular
momentum is stored in the entire structure, which spins up. Due to the combined
effect of these two processes, the accreting structure rapidly expands and accretion
comes to a halt due to the onset of the Roche instability. Hence, the heat excess
localized into the external layers is removed via thermal diffusion toward the inner
zones. As a consequence the structure contracts and spins up. However, due to the
redistribution of angular momentum, the angular velocity increases more slowly than
the critical velocity and accretion is restored. It is as if there exists a gate which
can be closed or open, depending on the actual physical conditions of the accreting
WD. If such a process continued indefinitely, with no additional physics coming into
play, the mean accretion rate would decrease with time and the self-tuned accretion
mechanism would come to a definitive halt well before the Chandrasekhar mass is
attained. However angular momentum is expected to be lost by gravitational wave
radiation and the accretion process continues to occur in a self-regulated fashion until
the Chandrasekhar mass limit for non-rotating structures has been already achieved
or by-passed [82].

Mtot ρig ωrot Ubin Meje Ek
56Ni Mbol

(M⊙) (g/cm3) (rad/s) (foe) 1 (M⊙) (foe) 2 (M⊙)

STD
1.39 2.90 109 0.0 -0.52 1.39 1.09 0.772 -19.48

τbra=104 yr

1.39 2.17 109 1.07 -0.53 1.39 1.15 0.819 -19.58
1.42 2.08 109 1.80 -0.56 1.42 1.17 0.847 -19.61
1.45 2.09 109 2.27 -0.59 1.45 1.17 0.857 -19.61
1.48 3.34 109 3.08 -0.66 1.30 1.04 0.817 -19.52

τbra=105 yr
1.39 3.14 109 0.78 -0.53 1.36 1.08 0.774 -19.50
1.42 2.84 109 1.92 -0.57 1.42 1.11 0.813 -19.56
1.45 2.75 109 2.49 -0.61 1.44 1.12 0.837 -19.59
1.48 3.01 109 3.02 -0.66 1.37 1.07 0.835 -19.55

1 1 foe=1051 erg

Table 2: Properties of the rotating models.
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Models with WD masses ranging between 1.4 and 1.5 M⊙ have been analyzed.
Differentially rotating WDs may be stable up to several solar masses but here rigid
body rotation has been assumed so that the corresponding Chandrasekhar limit is
∼ 1.5 M⊙. As in the previous section, we assume the delayed detonation explosion
mechanism, keeping constant the transition density for all our experiments, and com-
pute the explosions and light curves [84, 85, 86]. This is the only reasonable choice to
disentangle the effects of rotation on the observational properties of explosive events.

To slow down the WD a braking efficiency is assumed, physically motivated by
the frictional viscosity due to the interaction of the WD with the accretion disk [82].

Our main results are summarized in Table 2: (1) total mass, (2) ignition density,
(3) angular velocity at ignition-time, (4) total binding energy, (5) ejected mass, (6)
kinetic energy (7) mass of 56Ni produced in the explosion and (8) bolometric magni-
tude at maximum time. Model STD is a reference model, withouth rotation, while
τbra refers to the adopted values for the time scale describing the braking efficiency.

At the time of explosive carbon ignition, the ignition density varies by 46%; the
higher values, ∼3 109 g/cm3, are reached in the more massive models. This trend is
also shown by the binding energies (with a variation of about 22%).

The amount of 56Ni produced depends on the binding energy and on the ignition
density, and the two factors act in opposite directions. More massive models have
greater binding energies and greater ignition densities; more energy has to be invested
to unbind the WD, implying less final kinetic energy and a larger completely incin-
erated zone. However, electron captures are also favoured in the inner high density
region, so that the production of 56Ni does not show a monotonic dependence with
the ignition density, binding energy or total mass. The spread in 56Ni mass (∼0.08
M⊙) translates into a difference at maximum of 0.11 mag (see Figure 2).

8 Summary and conclusions

SNIa Hubble diagrams show the existence of dark energy and how the expansion
rate of the Universe changes from deceleration to aceleration at z ∼ 0.5 [10]. SNIa
absolute maximum magnitudes are obtained through a calibration relation that links
them with the LC shape, the scatter in this relation is ≤0.2 mag.

• Observations have shown that the properties of the LCs and the rate of SNe
Ia are related with the properties of their host galaxies; most luminous SNe
only happen in galaxies with ongoing star formation, in which their rate is also
higher [35, 34]. This may indicate different stellar progenitors for Type Ia with
evolutionary times that differ by 2-3 Gyr.

• Our theoretical studies have focused on the dependence of the SNIa properties
on their progenitors. We have computed 1D numerical simulations, including
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Figure 2: Bolometric light curves for the two set of models showed in Table 2. The
spread in 56Ni mass translates into a difference at maximum of 0.11 mag.

stellar evolution, accretion onto the WD, explosions -assuming the delayed det-
onation mechanism-, detailed nucleosynthesis and light curves. We vary mass
and chemical composition of the progenitor of the WD and, in the framework
of the DD scenario, total mass of the system and rotational velocity . All these
numerical experiments, in which explosion parameters (the crucial transition
density) have been kept constant, led to variations at maximum ≤ 0.2 mag
[80, 87].

• To characterize the EOS of dark energy using SNe Ia Hubble diagrams, the
dispersion on the calibration relation should be reduced by a factor of 10. Oth-
erwise we may have reached the precision limit of SNIa as distance indicators.

SNe Ia are the only astronomical observations that provide a direct evidence of
the acceleration/deceleration of the Universe. It is worth to identify SNIa progenitors
and explosion mechanism, to improve supernova cosmic distances and to analyze their
reliability as precise probe of the dark energy nature.
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[65] Garćıa-Senz, D., Bravo, E. 2005, A&A 430, 585
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GALAXIES AND THEIR ENVIRONMENTS:

CONNECTIONS WITH NUCLEAR ACTIVITY

ISABEL MÁRQUEZ
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Cient́ıficas (CSIC), E-18008 Granada, SPAIN

Abstract: One of the main issues concerning Nuclear Activity in galaxies (AGNs)
is to understand the triggering mechanisms for the onset of non-thermal emission in
their nuclei. Both the origin of the gas accreted onto the black hole and the physical
mechanisms for the loose of angular momentum required for this funnelling to be
effective, have to be elucidated. In other words, the goal is to understand the needed
conditions to switch on the AGN activity. But still many aspects of the investigation
are a matter of debate. Among them, the rôle played by gravitational interactions
and the relevance of the host galaxy need to be clarified. In this review, the different
relationships between AGN activity, the morphological type of the host galaxy and
the environment are discussed, in order to understand whether the AGN activity is
more related to interacting effects or otherwise can be due to the secular evolution in
the hosting galaxies.

Keywords: Active Galaxies – Structure – Environment.

1 Introduction

Most galaxies in the nearby universe belong to one of the Hubble morphological
types, with two main groups of regular systems: elliptical galaxies, supported by the
velocity dispersion of their stellar components, and disk galaxies, characterized by a
bulge and a disk component (and very frequently also a bar ), supported by circular
rotation. There still exists a rather ill defined family: irregular dwarf galaxies. They
are generally smaller, with low velocity rotation if any, and undersolar metallicities.
Althought they are very numerous in the Universe, dwarfs are irrelevant for the AGN
nuclear activity population. AGNs are mostly related to the accreting processes
taking place in the close environments of the black holes in the center of some galaxies
[1], which is almost completely restricted to massive galaxies, i.e, to ellipticals and
spirals.

The phenomenon of nuclear activity in galaxies have received much attention since
its discovery, and already in the 80s the possible relationship of this kind of activity
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with the host galaxy has been raised [2]. The connection seems to be related with
the shape of the gravitational potential: earlier galaxies, with larger contributions
from elliptical-like components, host AGN activity more frequently than galaxies
with smaller such contributions (disk-like galaxies with small bulges). The properties
of galaxies have long been known to depend on the environment in which they are
located, with ellipticals mostly residing in rich clusters, and spirals mainly found
in their outskirts (i.e. [3, 4]). Therefore, special care is needed when trying to
disentangle internal from external drivers. The use of control samples matching both
in morphology and environmental status will be crucial at this respect.

Figure 1: This figure has been taken from Martin & Friedli (1999) [5]. It illustrates
how galaxies can change their morphological type by secular evolution, from later to
earlier types. The formation of a bar due to disk instabilities provides the path from
an Sc to an SBc. The rôle played by the bar in enlarging the bulge component and
producing central mass accumulation, that destroys the bar itself, is responsible for
the SBb to Sa transformation. The alternative path for transforming galaxies is given
by the merger of two spirals, which ends up in an elliptical galaxy.

Galaxies have been proven to be dynamically evolving entities, whose properties
can change with time both by secular processes and by the effects of interactions
with neighbours or with the surroundings. Secular evolution has been suggested as
a possible mechanism to make galaxies evolve from later to earlier types; this could
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be the case specially within the group of spiral galaxies. The response of the disk
to an initial, small external perturbation would produce gravitational instabilities
in the disk giving rise to the formation of a bar , whose evolution gives rise to the
transfer of material to the center; eventually, the bar itself will be destroyed due to the
huge accumulation of gas. This effect is nicely illustrated in the figure by Martin &
Friedli [5], reproduced here in Figure 1. Strong gravitational interaction can produce
similar effects, but at more violent levels and, depending on the relative masses of
the systems involved, giving rise to the formation of elliptical galaxies ([6, 7]).

AGN activity has to be sustained by some processes fuelling the nucleus and
producing the plethora of properties observed at all wavelengths. Angular momentum
loose have to operate in order to make the material to be funnelled to the center.
The large scale processes driving material to the central regions have been explored
as eventually related to those required much closer to the nuclear black hole. In this
review, we analyse how AGNs are related to nature, i.e, the properties of the galaxy
hosting an AGN, and how AGNs relate to nurture, i.e, with externally triggered
modifications. All in all, we will keep in mind that the power of the AGN is another
parameter to consider, as clearly illustrates the case of the strongest AGNs (quasars)
corresponding to the most massive galaxies or the strongest interactions.

2 The rôle of the local/large scale environment

Many studies have dealt with the environments of AGNs, from few kiloparsecs to
some hundred megaparsecs, with the aim of analysing whether these local or large
scale environments are similar to those of inactive (those without AGNs, hereinafter
non-active) galaxies. The analysis of the relation between AGN and environment
has pointed to differing results. [9, 10, 11], among others, have concluded that no
difference is found for the environment of active and non-active galaxies. Whereas
other investigations suggest that the number of companions is higher for Seyfert
galaxies than for non-Seyferts ([12, 13], with clear differences between Seyfert 1 and
Seyfert 2 ([14, 15, 16, 17, 18]) and even depending on the power of the AGN ([19, 20]).
The main limitations of these studies are related to the way the samples have been
selected, how complete they are, how the different host properties are represented and,
as it is also the case for other projects that need the definition of well defined control
samples, how well these control samples (of non-active galaxies in this case) match
with those of active galaxies. UV selected AGN samples could be biased against
Seyfert 2 galaxies, since the obscuration expected to be more important in these
objects would avoid or impede the detection of the nuclear source. This explanation
was offered by [10] to explain the results by [14, 15, 16, 17, 18], that would contradict
the predictions of the unified model (Antonucci 1993 [21]). They suggest that IR or
X-ray selected samples would appear as more appropriated. In fact, very recently [22]
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Figure 2: Fraction of the different galaxy classes (Star-Forming, Elusive, AGN and
Passive), as a function of density. An increase in the fraction of passive galaxies with
density is seen, together with a decrease in the fraction of star-forming galaxies with
density. The fraction of galaxies possessing an AGN is statistically consistent with a
constant over all local galaxy densities. Taken from Miller et al. (2003) [8].

have reported that the frequency of AGNs in X-ray selected clusters is much higher
that previously found, explaining the paucity of AGN at optical wavelengths as due
to obscuration.

The recent dramatic increase in the number of AGNs from several hundreds to
several thousands, mainly from the SLOAN Digital Sky Survey (SDSS) has resulted in
the possibility of approaching this study with statistical significance. The main result
from the pioneering works with the first data release by [8] is that the fraction of AGN
is found to be constant with projected galaxy density. In contrast, for higher densities
the fraction of passive galaxies is enhanced and that for star forming galaxies decreases
(Figure 2). This result is confirmed for different ranges in the relative velocity of the
companion galaxies and for different redshift bins in the redshift range sampled, from
z=0.078 to z=0.05.

Kauffman et al. (2003) [23] analyse the properties of the host galaxies of a sample
of 22.000 galaxies, through the stellar surface brightness (µ∗), the stellar mass (M∗),
the concentration index (C=R90/R50) and D4000 as a proxy for the age of the stellar
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population. They found that galaxies can be grouped into two families, corresponding
to early types (ellipicals, lenticulars and Sa) characterized by 3 × 108 M⊙ kpc−2 <
µ∗ < 3 × 109 M⊙ kpc−2, C > 2.6 and older stellar populations, and late types with
µ∗ < 3 × 108 M⊙ kpc−2, C < 2.6 and younger stellar populations. The galaxies
hosting an AGN, type 2 since broad line AGNs are not considered in this study, are
almost exclusively massive galaxies, with the AGN fraction strongly declining for M∗

< 1010 M⊙ . They have similar sizes and stellar masses than normal early-types but
show slightly different stellar ages than the parent general population. Depending
on the power of the AGN source measured by the luminosity of the [OIII] emission
line, L[OIII] , they found that high power AGNs (those with log(L[OIII]) > 7.0 ) show
somewhat younger stellar populations (see Figure 3).

Figure 3: Conditional density distributions showing trends in the surface mass density
µ∗ as a function of the stellar mass M∗ for all galaxies (top), for weak AGN with
log(L[OIII]) < 7.0 (middle) and for strong AGN with log(L[OIII]) > 7.0 (bottom).
Taken from Kauffman et al. (2003) [23], Figures 9 and 13.

With respect to the environment of AGNs, Kauffmann et al. (2004) [24] obtain a
larger fraction of high power AGN in lower density environments, whereas at a fixed
AGN power, the hosts are similar for any density (see Figure 4).

Sorrentino et al. (2006) [25] also consider the case of broad-line AGNs, analysing
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Figure 4: The distribution of all galaxies in a slice at z=0.05. Top right: galaxies
with 1010M⊙ < M∗ < 3 × 1010 M⊙ are colour-coded according to their measured
D4000 break strengths. Bottom: galaxies hosting AGNs are colour-coded according
to L[OIII]. Magenta is for log(L[OIII]) < 6.5, green is for 6.5 < log(L[OIII]) < 7, and
blue is for log(L[OIII]) > 7. Galaxies with no AGN are shown with small black dots.
Taken from Kauffmann et al. (2004) [24], Figure 13.

a sample of 90,886 galaxies with 0.05 < z < 0.095 and Mr < −20 from the SDSS,
from which 2% are AGNs, 7% star-forming galaxies and 18% are considered passive
galaxies. Based in the number density of neighbours in a volume with rmax < 100 kpc,
they conclude that Sy1 and Sy2 galaxies have similar large scale environments with a
higher percentage of Sy2 appearing in close pairs (see Figure 5). Therefore, some of
the conflicting previous results could be a consequence of not taking into account the
necessity to distinguish between close and large scale environments when studying
the eventual effects of the gravitational interactions as related to AGN activity.
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Figure 5: Mean surface density parameter for PGs (passive galaxies), SFGs (Star-
forming galaxies) and AGN. Top: All systems with rmax < 100 kpc. Bottom: Close
systems (rmax < 100 kpc). Taken from Sorrentino et al. (2006) [25], Figure 7.

3 AGNs and hosts

Previous to studies of huge samples in the last three years, the connection between the
presence of AGN activity and the morphology of the host galaxy had been stressed
from earlier studies ([2]). AGN hosts are more frequently found in early types, with
a peak of the morphology distribution in Sb spirals ([2, 26, 27, 28, 29, 30, 31, 24].
Already in these works the necessity of explaining the internal mechanisms to be
related to the onset of nuclear activity in galaxies was one of their first aims, and
the presence of an asymmetric component of the gravitational potential was invoked
as a main driver. Whereas in the case of interacting galaxies the departure from the
symmetry is immediately provided by the tidal forces, the case of isolated galaxies
deserved closer inspection, since the asymmetry should come from the host itself.
But, at least in spirals, the presence of such internal asymmetric component is very
frequent. Two thirds of spiral galaxies are barred ([32, 33, 34]) or even a higher
proportion (up to 95%, [35]).

The importance of the presence of a bar in a spiral galaxy has been established
already in the pioneering numerical simulations of barred galaxies, in which they un-
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avoidedly appeared to stabilize the disk ([36, 37]). A bar is described as a component
that ridigly rotates over a differentially rotating disk, what gives rise to different
resonances usually associated to ring features (see Figure 6).

Figure 6: Illustration of Lindblad resonances in a barred spiral galaxy and the net
flows they can produce: a) outflow between corotation (CR) and the Outer Lindblad
Resonance (OLR); b) inflow between the CR and the Inner Lindblad Resonance
(ILR). OLR and ILR are usually supposed to be traced by Outer and Inner rings,
respectively.

Bars are easily formed in minor mergers ([38, 7]), and among their effects on
the host galaxy, it is to note that they dynamically heat the disk, generate the de-
velopment of spiral structure and produce net inflows to the central regions. Such
inflows directly explain the observed flatness in metallicity gradient in barred galax-
ies, since the central, more metal rich, regions are contaminated by less metallic
material coming from the outer disk. The infalling processes also relate to the vari-
ous star forming features observed in barred galaxies, since they are expected to be
different for old/young and strong/faint bars. Some of the important effects of bar
secular evolution are discussed in [39], and summarised in Figure7. The final stages
of the infalling process, those of material accumulated unto the central region and
bar destruction, have been explored, by means of numerical simulations, to possibly
inducing the evolution in morphological types. Starting from a late type spiral that
respond to a small perturbation of the disk, a bar is generated, which provokes the
transport of some disk material to the center; this enhances the bulge component
and destroys the bar itself, so that the galaxy finally ends up as an earlier unbarred
galaxy (see Figure 1).
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Figure 7: Type I nonstarburst: where large fraction of the molecular gas is still
infalling toward the inner kpc, along the leading edges of the bar, exhibiting large
noncircular motions and not forming stars efficiently. Type II: where most of the
molecular gas has already settled into the inner kpc of the barred potential and no
longer shows extreme noncircular motions. This figure sketches possible scenarios
for bar-driven dynamical evolution and postulates potential evolutionary connections
between the barred starbursts and nonstarbursts. It suggests that a strongly barred
galaxy would show up as a type I nonstarburst in the early stages of bar-driven inflow.
In the later stages where most of the circumnuclear gas has piled up inside the OILR
of the bar, a type II nonstarburst or even a circumnuclear starburst is seen if most of
the gas exceeds a critical density. Taken from Jogee et al. (2005) [39]).
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Figure 8: Fraction of ringed galaxies as a function of activity class. Lower panel:
Inner rings. Middle panel: Outer rings. Upper panel: Galaxies with both inner and
outer rings. Taken from Hunt & Malkan (1999) [40], Figure 4.

But still the question was whether there was a clearcut relation between the pres-
ence of a bar and the AGN activity. Whereas a consensus has not been reached at
this respect (see [29, 41, 42, 43]), most works conclude that there is not an excess
of bars among Seyfert galaxies ([27, 32, 28, 33]). Since bars evolve with time, some
complications are expected in such a simple scenario, what could be related to the
result by Hunt & Malkan (1999) [40] of a higher percentage of outer rings in Seyfert 1
galaxies (see Figure 8). The main concerns of all these works are related to the sam-
ple numbers, the sample selection procedures, and the way the control samples are
defined. But in addition to all these eventual biases, the mechanism that is expected
to drive the feeding material to the nuclear source has to operate down to the scales
close enough to the nucleus, and large scale bars seem to be limited to produce such
transport only till the region of the innermost resonance, at scales of about 1 kpc,
where the material is trapped and no more inflow occurs. Several mechanisms have
been proposed that could help in getting rid of the angular momentum at this point
and drive the material closer to the center ([44, 45]). One of the first mechanism
proposed as the required second step was that of nuclear bars, nested with respect
to the large scale, primary bar ([46, 47, 48, 49, 50, 51]). Nevertheless, the results
provided by the observations agree that no more nuclear bars are found in Seyfert
galaxies ([52, 53, 54]) but on the contrary there seems to exist an excess of nuclear
spirals ([55, 56, 57]) or nuclear disks ([58]) that can be stellar and decoupled from the
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Figure 9: Fractions of nonaxisymmetric features as a function of activity types. A
clear peak is found for twists in Seyfert 2 galaxies. Taken from Hunt & Malkan
(2004) [60], Figure 8.

main galactic disk ([59]). Only when the presence of elongations is considered instead
of that o a well defined bar, a slight excess (at 2σ level) is found: central region
of galaxies hosting HII, Syfert 2, Seyfert 1 and LINER nuclei are progressively less
asymmetric ([60]) a result that is interpreted in terms of an evolutionary scenario. It
may be operating in such a way that these different types of nuclear activity would be
connected in a temporary sequence (see Figure 9). Such evolutionary scheme seems to
agree with that based on the results of the stellar population synthesis, which appear
to be older when going from HII to Seyfert 2 to LINERs ([61, 62, 63, 64]).

Coming back to the possibility that interactions can provide the required asym-
metry of the gravitational potential, and in an attempt to clarify the rôle played by
the internal structure of the host galaxies, we started a project devoted to the charac-
terization of ISOLATED Seyfert galaxies and its comparison with a matched control
sample of ISOLATED spirals. The project DEGAS (Dynamics and nuclear Engine of
Galaxies of Spiral type) was aimed at constructing a sample of nearby Seyfert galaxies
from the Véron-Cetty & Véron (1993) [65] catalogue, with intermediate inclinations,
with no reported belonging to any group or pair, with no companion at a projected
distance of 600 kpc and with redshift difference smaller than 500 km/s, and with no
projected companion in the DSS plates. The control sample was selected from the
RC3 catalogue, imposing the same conditions for the absence of companions, and
matching in redshift distribution, inclination and morphological type (including the
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percentage of barred galaxies). The final samples amounted to 18 and 15 Seyfert
and control galaxies, respectively. We analysed their NIR J and K images, better
suited than optical images for tracing the gravitational potential, less contaminated
by dust and with an expected smaller relative contribution of the AGN itself. The
main results were that Seyfert and non-Seyfert hosts share similar bulges and disk
properties (sizes, luminosities and surface brightnesses), but primary bars are also
equivalent in both samples; secondary bars are found both in Seyferts (9 out of 12)
and control (6 out of 10) galaxies. To characterize the gas kinematics, we obtained
long slit spectroscopy along several position angles mainly in the wavelength rage of
Hα (see Figures 10 and 11). The kinematical properties of Seyfert and control galax-
ies appeared to be indistinguishable from those of early spiral types: same rotation
curve shape, same position in the Tully-Fisher diagram, same disk metallicities, same
kind of kinematical peculiarities in the central regions (Márquez et al. 2002 [66],
2004 [67]).

Figure 10: NIR images of some of the sample galaxies in the DEGAS proyect with
the different observed position angles superimposed.
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Figure 11: Velocity distributions obtained for one of our sample galaxies (ESO139-
G12) along several position angles. A model for the disk rotation is plotted as the
red line.
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For deeper investigating how matter gets down into the nuclear region, a subsam-
ple was selected to study their morphological properties and the stellar and gaseous
kinematics. We characterize the main properties of the host by using optical and/or
NIR images from HST. The stellar kinematics was characterized with additional long
slit spectroscopy along several position angles in the region of CaT, for obtaining stel-
lar rotation curves and velocity dispersions and a stellar population tracer through
the equivalent with of the CaT absorption lines, EW(CaT). Such study allowed us
to detect the presence of a stellar velocity dispersion drop in the central 1-3 arc-
seconds in 5 galaxies, spatially coinciding with an increase in EW(CaT), that could
hint the presence of young stars (red supergiants). Nine other galaxies in our sample
had previously found to show such a drop. The analysis of the HST imaging of the
total 14 galaxies showed that most of them showed a nuclear disk-like structure, spa-
tially coinciding with the region where the velocity dispersion drop and the peak in
EW(CaT) occur (Márquez et al. 2003 [68], see an example in Figure 12). This result
was interpreted in terms of the models by Wozniak et al. (2003) [69], that predict the
formation of velocity dispersion drops once the gas coming from the outer, cooler disk,
is driven to the center by the large-scale bar effects, giving rise to a decoupled nuclear
disk . The gas velocity dispersion is hence smaller, so is that of the stars formed from
it. Wozniak & Champavert (2006) [70] have recently updated the results from this
modelling, and provided time scales for the whole process (less than 500 Myr for the
formation of the drop, and lifetime dependent on the availability of fuel).

4 A general picture for low-luminosity AGN hosts

A relatively recent consensus has been achieved on the presence of a black hole (BH)
in the center of any massive galaxy ([71, 72, 73]), irrespective of whether it hosts an
AGN or not. In addition, the properties of such BHs seem to be shared by both active
and non active galaxies. Both types show the same relationship between the mass of
the BH and the mass of the large scale spheroid hosting it ([74]). From the preceding
discussion the properties of the host galaxies seem to be equivalent, both morphology
and kinematics, at least the properties at scales of the order of the disk, bulge and/or
bar components. The differences, if any, are expected to occur at scales much closer
to the center, not still resolved by present day observations of the analysed samples. If
even at much smaller scales no differences are found, an alternative explanation would
be that the AGN activity can be switched on and off. This may be the case explored
by the numerical simulations by Bournaud & Combes (2002) [75], that reproduce the
evolution of galaxies, moving along and across the Hubble diagram, with any galaxy
being able to become barred, or active, or both, and spend some time as an early
type or late type. Nevertheless, a number of complications appear when trying to
analyse in depth the different mechanisms related to the fuelling of low-luminosity
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Figure 12: Top left: HST of IC184 in the F606W band with the two slits superim-
posed, the ellipses correspond (PA and ellipticities) to the two bars detected in the
NIR. Top right: Sharp divided image of the center. Middle: Velocity curve of the gas
(open, green circles) and stars (black circles) along PA=7 . Bottom: FWHM of the
stellar component along PA=7. Taken from Márquez et al. (2003) [68].
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AGNs. Martini (2004) [76] proposed four reasons to explain why surveys have been
unsuccessful up to now in resolving this question: (a) the current classifications for
fuelling mechanisms are too broad, and additional refining is required, in particular
for describing bars, since strong or faint bars are expected to produce different effects,
(b) there are correlations between the fuelling mechanism and the fuelling rate, that
are easier to identify for higher accretion rates (related to mergers), but deserves much
closer inspection of the central parsec region at the lowest accretion rates (where other
processes like dynamical friction on molecular clouds, stellar disruptions, many forms
of turbulence, mass loss, etc, have an increasing relative importance), (c) multiple
fuelling mechanisms may be operating, as it is the case for bars and interactions (but
even when only isolated galaxies are considered, as it was the case for the DEGAS
project, the results are not conclusive), (d) the two main time scales operating are
the AGN lifetime and the fuelling time, so the time dependence is important and
has to be taken into account before reaching any conclusions from the observations.
The analysis therefore requires a broader description of the physical situation of the
central regions, and the dynamical information is crucial at this respect.

The approach of the NUGA (Nuclei of Galaxies) consist on a very detailed analysis
of the dynamical properties of a sample of nearby active galaxies using, in addition to
the morphology, the 2D kinematics of the molecular gas with high spatial resolution.
See two of their sample galaxies in Figures 13 and 14.

Garćıa-Burillo et al. (2005) [77] present such analysis for a small sample of
galaxies, which allows them to derive an scenario for self-regulated activity in low-
luminosity AGNs: an initial asymmetry in the disk would produce the formation of
a bar, therefore a nuclear ring , where the infall of gas produced by the bar would
accumulate gas; when massive enough, this circumnuclear ring would produce auto-
destructive effects, weakening the bar, and allowing the viscosity in the ring to be
responsible for additional inflow, the process finally ending in an axisymmetric con-
figuration, again.

5 Future prospects

Both the detailed study of nearby galaxies and the statistical approach of massive
surveys will be complementary in the study of the relationship between the structure
of the galaxy, the environment and the power of the AGN it hosts. On one hand,
detailed, high resolution studies of individual galaxies, with the requirement of pro-
viding dynamical clues of the different phases are still needed. For nearby galaxies,
projects like NUGA are expected to produce fruitful results in the near future. High
resolution imaging of a large number of distant galaxies has recently started to al-
low the exploration of how frequent single or even double bars are at z=0.1 (see
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Figure 13: Left. 12CO(1-0) contours overplotted in the map of the effective angular
momentum variation in the nucleus of NGC 4321. The derived torques change sign as
expected from the action of the nuclear bar . Middle. The torque per unit mass aver-
aged over azimuth - t(r) (top) - and the fraction of the angular momentum transferred
from/to the gas in one rotation - dL/L (bottom)- are plotted. Torques are strong
and positive for the bulk of the molecular gas, including the vicinity of the AGN.
Torques are negative but comparatively weaker on intermediate scales ( r=250-550
pc) and in the outer disk r>900 pc. Top right. Radial variation of the mass inflow(-)
or outflow(+) rate of gas per unit radial length in the nucleus of NGC 4321 due to
the action of stellar gravitational torques. Units are yr−1 pc−1. Bottom right. Mass
inflow/outflow rate integrated inside a certain radius r in yr−1. The overall budget in
NGC 4321 is clearly positive at all radii. From Garćıa-Burillo et al. (2005) [77]

.

[78], within the GOODS survey), what opens the possibility of studying evolutionary
effects. On the other hand, a precious information remains to be extracted from ex-
isting massive surveys like SDSS, in terms of a much more detailed characterization of
the morphology, not only with respect to the determination of precise morphological
types instead of the rude parametrization by concentration indexes, but also on the
presence and strengths of bars (see [79, 80] and EFIGI project, [81]) and the charac-
terization of the interaction state for AGN hosts and for comparable samples. Finally,
focused numerical simulations with all the required ingredients, as those provided by
Wozniak et al. for reproducing velocity dispersion drops, both for small (host) to
large (environment) scales will help to understand the physical processes that give
rise to the presence and onset of AGN activity in galaxies.
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Figure 14: Same as Fig. 13 but for NGC 4579. The torques change sign as expected
if the butterfly diagram, defined by the orientation of quadrants I-to-IV, can be
attributed to the action of the large-scale bar. Torques are systematically strong
and negative for the bulk of the molecular gas from r=200 pc out to r=1200 pc. In
the vicinity of the AGN, however, torques become positive and AGN feeding is not
presently favored. The overall mass inflow budget is clearly negative down to r=300
pc due to the action of the large-scale bar. Inside this radius, stellar torques do not
favour AGN feeding in this LINER/Seyfert.

de Andalućıa is also acknowledged.
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Abstract: Magnetic fields not only provide a basic tool for observing galaxies
but constitute an important clue to interpret many dynamic processes taking place
in them, mainly in spiral and irregular galaxies. As in the Sun, magnetic fields become
important where gravity becomes lower, i.e. in the outermost regions. Any peripheric
feature should be explained taking into account magnetic fields, in particular warps,
truncations of stellar systems, lopsidedness and so on. Of special cosmological interest
is the role of magnetic fields in the rotation curve of spirals. All these questions are
still insufficiently explored and the study of magnetic fields in the whole universe open
wide areas of interpretation.

Keywords: Magnetic Fields – Galaxies

1 Introduction

The word magnetism has an Indo-European origin, coming from the root “magh”
equivalent to “have power”. From the same root are the words “magic” and the
spanish “desmayarse” (to faint). In non-scientific forums “magnetism” is still con-
nected to the meaning of “magic” and even with “hypnotic” power to “fascinate”.

When magnetic fields lost their “magic power” to become a physical quantity? As
we are aware the first scientific thought about magnetism being applied to a cosmic
question was written in the logbook of a well known sailor around 1500:

“Fallo que de Septentrión en Austro, pasando cien leguas de las dichas islas
[Azores], que luego en las agujas de marear, que fasta entonces noruesteaban, nordestean
una cuarta de viento todo entero... Me puse a tener esto del mundo y fallé que no era
redondo en la forma que escriben; salvo que es de la forma de una pera que sea toda
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muy redonda, salvo all donde tiene el pezón, que alĺı tiene más alto, o como quien
tiene una pelota muy redonda y en un lugar de ella fuese como una teta de mujer alĺı
puesta...”. This was written after the third journey to America by Columbus.

There is a recent excellent book in which an exhaustive review of most aspects
of galactic magnetism are deeply considered. This is the book “Cosmic Magnetic
Fields” edited by Wielebinski and Beck in 2005. This book provides a so extensive
and intensive up-to-date of galactic magnetism that it is not noteworthy to repeat
hear the most established facts of galactic magnetism. The reader is also addressed
to other interesting reviews [1, 2]. We will then concentrate in complementary topics
concerning magnetic effects.

In this review we will concentrate in those topics concerning a) large scale magnetic
phenomena and b) peripheric ones. This aim is equivalent to deal with controversial
and even speculative topics. We will consider also magnetic fields in the pregalactic
medium, as a possible clue to many features found today in z=0 galaxies.

For other problems of galactic magnetic fields the reader is addressed to the cited
book edited by Wielebinski and Beck. It is nevertheless interesting to briefly list some
important topics at lower scale which will be here not considered, in which magnetic
fields cannot be ignored or even are dominant, which are at present in phase of study,
debate or promising development.

We will not consider the problem of AGN, radio lobes and optical and radio jets
even if this is one of the chapters more insufficiently understood of galactic magnetism.
Here, fields are not only the clue for explaining the ejection itself and the reaccel-
eration of electrons but can provide an additional mechanism to feed the AGN [4].
The different dynamo mechanisms undoubtedly constitute one of the most important
chapters, to explain how a regular field can arise as a consequence of turbulent mo-
tions, being a case where we “see” how chaos may produce order. Other small scale
phenomena are as well important. Fields play a crutzial role in HI and molecular
clouds as well as in the HI diffuse medium, not only as a passive magnitude being
amplified, ordered and disordered by them, and not only as a dynamic force, but also
as a direct heat productor, via reconnection [5] of magnetic field lines. This could be
very important in other lower scale phenomena, such as in HII regions, bubbles and so
on, in which the role of reconnection has just begun to be realized. Other phenomena
as magnetic fields in bars and spiral arms, reversals and magnetic arms are not the
objective here. Magnetic helicity can play an important role in our galaxy as well as
in primordial magnetism. Finally, a considerable effort has been made in simulations
in magnetized cosmic systems that will be not reviewed here [6, 3]. We will not con-
sider the problem of the tools to observe and measure galactic fields. The synchrotron
radiation constitues the most important source of information about magnetic fields,
but observing this radiation in some galaxy simply tells us that magnetic fields are
there, but obtaining their strength and directions is a more difficult question. The
synchrotron brightness not only depends on the magnetic field but also on the number
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density and energy spectrum of the relativistic electrons. Therefore, some assump-
tions are needed, for example, equipartition of energies. The polarized synchrotron
continuum provides clear information about the direction of the field vector, but only
of its component perpendicular to the line-of sight. Faraday rotation also needs an
additional observing tool to know the number density of the thermal electrons and
we as well need a large number of extragalactic radio sources behind the observed
galaxies. In our own Galaxy the number of extragalactic sources and galactic pul-
sars is high but the existence of a random component of the magnetic fields renders
difficult the estimation of the large scale distribution of the regular component. (See
Section 6).

2 Why are magnetic fields non-ignorable in any

peripheric phenomenon.

The reason by which magnetic fields can be important in peripheric phenomena is
double: a) They decrease slowly for increasing radii and b) Order of magnitude
arguments show that they are not ignorable. The situation is therefore similar to
that in the Sun and magnetic stars. Magnetic fields could compite with gravitation
at large radii in normal spiral galaxies and at all radii in dwarf spiral galaxies.

There are evidences for large field strengths in galaxies, even at large radii:

• The field strength of a sample of 74 spiral galaxies is 9 µG [7, 8]. Some
galaxies, like M31, M83 and NGC6946 have a strength of the order of 15 µG
[8]. Starburst galaxies like M82 reach 50 µG [9]. These are total fields but only
the regular fields are able to produce magnetic forces at large-scale. Usually
regular and random fields have similar orders, but at large radii the higher
degree of polarization, and hence the field regularity, increases. At about 8 kpc
the total field of NGC6946 is about 10 µG [8] and the regular field must be
slightly lower.

• The magnetic energy density, B2/8π decreases very slowly with radius (Figure
1). For example, in NGC6946 (probably the best observed external galaxy [10])
the radial scale length of the magnetic energy density is very large, of the order
of 16 kpc, compared with a radial scale of the density of this galaxy of only 3
kpc. The radial scale length of the regular field is probably larger than 16 kpc,
as deduced from the higher degree of polarization at large radii.

• Faraday rotation of extragalactic sources behind M31 lead to magnetic strength
similar to those found at lower radii [11].

• In our Galaxy the total field is 6 µG at 10 kpc (about 10 µG in the inner galaxy)
[12, 13]. In Figure 2 we reproduce the radial profile [14] for our Galaxy. We
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Figure 1: Energy densities in NGC6946 from [14]. The dotted line corresponds to a
critical profile. The magnetic force is directed inwards. R is the galactocentric radius
along the symmetry plane of the galaxy.

see that at 17 kpc the field strength of the total field is 4 µG. Therefore, the
regular field should be only slightly lower.

• The order of magnitude of the strength outside galaxies, in the intra-cluster
medium, is similar. Faraday Rotation of sources placed behind the Coma cluster
were detected [15] and deduced to be 2 µG [16]; with much higher resolution it
was obtained 7-8 µG [17]. Statistically it was deduced a value of 2-12 µG in a
sample of 40 galaxies [18, 19, 20]. In addition, µG fields found everywhere, even
in extracluster regions near Coma could suggest an equipartition of magnetic
and CMB energy densities [21]. In this case, B2/8π = aT 4, being T the CMB
temperature and a is the radiation pressure constant; a = 4σ/c where σ is the
Stefan-Boltzmann constant. We should have for a widespread field, B ≈ 3µG.
That does nor mean that a cosmological aligned field exists, what would be
incompatible with the Cosmological Principle and in desagreement with the
absence of a correlation between Rotation Measure in quasars and preferred
directions of this relation. It has been estimated 10−11G as an upper limit for
such homogeneous aligned cosmological field. However regular fields of the order
of few microgauss are normal in clusters and may be present in large filaments
and walls of the large scale structure [16]. Then, if the galactic magnetic field
must connect with the intracluster field, and given the existence of an active
turbulent magnetic diffusion, the regular magnetic field at large radii must be
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as high as 1-5 µG in normal spiral galaxies .

Field strengths this magnitude cannot be ignored. Or, in other words, if gravita-
tional forces decrease as 1/R2 (at large radii, and only due to the visible matter) and
magnetic forces decrease much slower, the question is at what R the magnetic force
becomes a substantial fraction of the gravitational one. Usually, the criterion for not
neglecting a term is when it is at least one tenth of the dominant term. Hence

0.1
GM

R2
ρ ≈

1

8π

1

R2

d(R2B2
ϕ)

dR
(1)

where M is the visible matter of the galaxy (seen at large radii as producing
a central point potential), ρ is the density, Bϕ is the azimuthal component of the
magnetic field strength (the main component and the one that produces a radial force
competing with gravity). For an order of magnitude estimate, and taking into account
the above arguments, we assume Bϕ independent of R, and consider ρ = ρoe

−R/Ro,
then

ReR/Ro =
GMρo

B2
ϕ

≡ 4 × 104Mρo

B2
ϕ

(2)

In the last term of this equation M is measured in 1011M⊙, ρo in 10−23gcm−3, B
in µG and R in kpc. This transcendent equation would give us the radius at which
magnetic fields cannot be ignored when compared with the visible mass of the galaxy.

We now take temptative values, Bϕ ≈ 5, ρo ≈ 1, M ≈ 1, Ro ≈ 3 and obtain
R ≈ 14kpc. For some galaxies, the influence of magnetic fields can be very important,
especially for dwarf spirals, if we take M = 0.1, ρo = 0.1, Bϕ = 5 (as dwarf spirals
have even higher strengths [8, 22]) in which magnetic fields should be non-ignorable
at all radii.

3 Magnetic fields and rotation curve

The techniques and difficulties for obtaining rotation curves have been detaily re-
viewed [23]. The possible influence of magnetic fields in the large scale dynamics
of a spiral galaxy was early claimed [24, 25]. Later, a substantially different model
was presented [26, 27]. In this and a subsequent model it was argued that magnetic
fields alone, i.e. without the need of the hypothesis of galactic dark matter, were able
to be responsible of the paradoxical large and flat rotation curve of spiral galaxies at
the rim. Before reviewing the magnetic hypothesis of the rotation curve, it is salu-
tary to prevent the reader that assuming negligible the contribution of galactic dark
matter does not imply at all to assume negligible the amount of cosmological dark
matter. On the other hand we cannot disregard the existence of galactic dark matter,
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but the fact that existing models are able to explain this noticeable rotation curve,
must prevent us that trying to explain it, ignoring magnetic fields, can be completely
unrealistic. The magnetic hypothesis of the rotation curve is still controversial and a
clear example of how much the astronomical community is prone to reject alternative
scenarios, even when they are based on classical concepts.

A reconsideration of these magnetic models is now necessary as some of the prop-
erties of magnetic fields, such as strengths and radial gradients, which were assumed
in these early models, have been recently confirmed by observations.

In a first model [26], it was claimed that fields of the order of 6 µG in the outer
parts could provide a centripetal force which together with the gravitational force of
visible matter could balance the large centrifugal force. This “large” strength could
produce a flaring higher than observed [28]. This important objection prompted us
to develop a more detailed model [29]. In this two-dimension model that included
horizontal and vertical motions and escape, only fields of ∼ 1µG at large radii, or
slightly lower, were necessary. Today, with the development of measure techniques, it
is not necessary to explain why an excessive flaring is not to be expected with fields
of order 5 µG, just because this is actually the observed strength. If the hydrostatic
equation in the vertical direction leads to an excessive flaring, this just indicates that
this equation was not properly applied. It was shown [29] that vertical motions and
escape are basic ingredients in the vertical component of the motion equation.

The Virial theorem inform us about the net expansive effect of magnetic fields and
however they can produce a centripetal force. No objection can arise from this fact
as our model integrated the equation of motion while the Virial theorem is obtained
from this equation under some restrictive assumptions. It was shown [29] that this
potential incompatibility vanishes when the vertical direction is included. Magnetic
fields should have a net expansive effect but they could have a centripetal action in the
radial direction compensated with an escape in the vertical one. This second model
predicted a vertical escape flux of the order of 0.1 M⊙yr−1. Another recent work
[30] argued against the hypothesis of magnetically driven rotation also revisiting the
Virial theorem. Other arguments in favour or against have been discussed in [31] and
will not be repeated here. Rotation curves under the interpretation of dark matter,
MOND and magnetic field were analyzed and discussed [32]. These magnetically
driven models [26, 29] were presented more than ten years ago. At that time several
assumptions were made which have been clearly supported or confirmed by recent
observations [31].

Magnetic forces arise from two different effects: the force due to the magnetic
pressure gradients and the magnetic tension. The first one, ∇(B2/8π), is usually

centrifugal as B decreases for increasing R. The second one (1/4π) ~B · ∇ ~B is, in
real galaxies, centripetal. In a pure ionized gas ring, with an azimuthal field, it can
be easily demonstrated that this magnetic tension produces an inward force. Then,
the direction of the magnetic force arises from the competing action of gradients in
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the magnetic energy density and the magnetic tension. The most important radial
magnetic action, taking into account both effects can be written as a radial force

Fradial = −
1

8πρ

d(R2B2
ϕ)

dR
(3)

There are other forces but this represents the radial force produced by the az-
imuthal component of the field, which is the most important. We see that when
Bϕ ∝ 1/R, there is no magnetic force. It is then expected that the Bϕ-profile would
asymptotically converge to a Bϕ ∝ 1/R profile for very large R, as the force should
become vanishing when the density tends to zero. A profile of the type of Bϕ ∝ 1/R,
or:

−
1

Bϕ

dBϕ

dR
=

1

R
(4)

is called the critical profile. When Bϕ decreases slowly with R, slowly than the
critical profile, then d/dR(R2/B2

ϕ) becomes negative and the net force is centripetal.
Such a profile is called sub-critical. On the other hand if Bϕ decreases faster with R,
the net magnetic force is centrifugal and the profile is called super-critical.

In the outer part of real galaxies we could identify three regions: A) An internal
one where magnetic fields cannot compite with gravitation and therefore the shape
of the Bϕ-profile is unimportant, B) An intermediate zone where the Bϕ-profile is
subcritical and hence the net magnetic force is directed inwards, and C) An outermost
region in which the Bϕ-profile is critical, or better, asymptotically critical, in which
the net magnetic force is null, corresponding to a density tending to zero.

There are at present only two galaxies for which we have data precise enough for
this identification. These are NGC6946 and the Milky Way [14]. We reproduce the
observational Bϕ-profiles for both galaxies together with the critical slope (Figures
1 and 2 from [31]). In NGC6946 the profile is clearly subcritical for R ≥ 3kpc
indicating a net centripetal force. In the Milky Way we see that the slope is critical
for R ≥ 10kpc, and subcritical for 7 ≤ R ≤ 10kpc. For R < 7kpc, clearly, magnetic
forces should be negligible.

These two plots are in noticeable agreement with the theoretical expectations
from the magnetic model and encourage theoreticians and observers to appreciate
how magnetic fields should be included in the study of rotation curves, mainly when
we see that standard ΛCDM models do not satisfactorily explain them ( [33, 34, 35]).
Some elliptical galaxies permit the obtention of rotation curves too. As they are gas-
poor magnetic fields cannot be important. Rotation curves in these galaxies seem to
be keplerian [36, 37].

Other types of galaxies should be investigated for large magnetic dynamical effects:

• Some galaxies exhibit an outer ring (both ellipticals and spirals). An isolated
ring should be much more affected by magnetic fields as the force arising from
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Figure 2: Total magnetic field strength in the Milky Way. A critical profile (dotted
line) follows a region with magnetic force directed inwards. From [14] and [31].

the gradient of the magnetic energy density is absent. Therefore, the inwards
magnetic force due to the magnetic force should be higher and easier to be
identified. We include here polar ring galaxies, whatever was the origin of the
ring.

• Dwarf irregular galaxies can be considered extreme late-type spirals. As they
are small, according to the Tully-Fisher relation [38] the rotation velocity is
low. With a low rotation velocity, dynamo models predict low magnetic fields
strengths. However, observations show that these strengths are at least as high
as in normal spirals, as above mentioned. Not only the peripheric regions could
be influenced by magnetic fields, but the whole irregular galaxy. It should be
stressed that magnetic fields also induce large vertical motions and that these
galaxies exhibit especially vertical outflows as well as gas and field ejections. A
good example is the galaxy DDO 154 [39]. Slowly rotating galaxies of the Local
Group reveal strong total magnetic fields of more than 10 µG (in NGC4449 and
in IC10 ) [40].

Other works also present analyses favoring the existence of dynamically non-
negligible magnetic fields [36, 41]. For a more complete review the reader is addressed
to [32, 31] where arguments in favor and against are analyzed in more detail.

Another complementary problem is the identification of the mechanism producing
these fields. The first approach would be how to obtain critical profiles. The pos-
sibility of a turbulent magnetic diffusion of the z-component of the magnetic field,
amplified and converted into azimuthal field in the central disk by differential rota-
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tion to produce critical 1/R-profiles was considered [42, 32, 43, 44]. However the
azimuthal component should vanish at z=0 in the galactic plane contrary to the ob-
servations [44, 45]. See, however [11]. Other dynamo-like mechanisms are able to
produce critical profiles [32].

4 Truncations of stellar disks.

Truncations of stellar disks were discovered and studied by van der Kruit and Searle
[46, 47, 48, 49]. Other more recent observations have been reported in [50, 51] and
many others. We understand that “truncations” should be “complete”. With the
word “complete” we understand that beyond a certain radius, Rmax, the density of
the stellar system is null (within observational limits). This was the first description
proposed by van der Kruit and Searle and this interpretation was followed and adopted
by most astronomers [52, 53]. Clearly, truncations cannot be completely sharp, only
relatively sharp [54]. Therefore, we can speak of a truncation curve , T (R), defined
as the difference between the observed light profile and the extrapolated exponential
of the inner untruncated disk. Clearly, when we are observing edge-on galaxies what
we observe is the surface brightness but the deprojected surface brightness should be
proportional to the density of stars. We understand that truncations are peripheric,
complete and not completely sharp.

From the observational point of view, several recent papers [55, 56, 57, 58, 59],
have found that the “truncation” is not a good description of the phenomenon. They
find that the correct description is a double exponential profile with a break in be-
tween. Sometimes, the second exponential is steeper, sometimes it is shallower and
sometimes the profile is unbroken. This simple scheme proposed in [55] has been
enriched in more recent papers where the authors divide these three types into a se-
ries of subtypes, often introducing a third exponential which can be either shallower
or steeper than the second, rendering the initial classification more complex. When
the second exponential is shallower they also use the word “untitruncation”. Most of
their analysis is based in face-on spirals and in the optical, but edge-on galaxies also
in the optical have also been studied [59].

A description more in agreement with the early interpretation of van der Kruit
and Searle and Binney and Tremaine has been observed [60, 61, 62]. Following these
authors there is a real non-sharp complete truncation being the truncation curve given
by a fitting formula proportional to (Rmax − R)−α where α is close to unity. Figure
3 shows a typical truncation profile and in Figure 4 we plot the truncation curve. As
these authors work in the NIR and the formers in the optical, the first explanation
would be that both wavelengths, tracing different populations, are intrinsically dif-
ferent. However, the galaxy NGC6504 was observed in the optical and in the NIR
[63] with the best depth available and it was found that the optical profile is as well
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Figure 3: Truncation profile in the spiral galaxy NGC4013 and NGC4217 ([60]).

really truncated. They have reached 28.5 magnitudes per arcsec square with no trace
of stars beyond Rmax = 82 arcsec. Profiles in the optical and in the NIR have a slope
continuously steeping without evidence of a double exponential. (See Figure 5).

The NIR profiles also confirm the existence of antitruncations such as that of
NGC2654 [62] as shown in Figure 6.

We are here, however, more interested in the physical process responsible of trun-
cations. This section is included in this review because magnetism is one of the
proposed mechanisms [64]. The scenario is simple and connected with that of mag-
netically driven rotation (see last section). Suppose gas moving in circular orbits
with gravity plus magnetic fields in balance with the centrifugal force. Suddenly (in
a very short time compared with typical dynamic times) some stars are born from
this rotating gas. Magnetic fields can no longer act on the stars. Therefore new born
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Figure 4: Truncation curve in the spiral galaxy NGC4217 ([60]).

stars are formed out of equilibrium of forces. Then, some stars migrate to larger radii
orbits (producing antitruncations ) and others escape from the galaxy in the radial
direction (producing truncations).

This hypothesis has the “a priori” advantage that, qualitatively at least, is able to
explain both antitruncations and truncations. For the case of truncations, we deduced
[64] by means of our simpler model that

Rmax =
2GM

θ2
o

(5)

being M the visible mass of the galaxy and θo the asymptotic rotation velocity
(θo = θ (R → ∞)). Taking into account the Tully-Fisher relation L ∝ θx

o , where x
is typically 3.5, we obtain either Rmax ∝ θ1.5

o or Rmax ∝ L0.7. The relation between
Rmax and θ1.5

o is fully confirmed by observations. (See Figure 7 and [54] for edge-on
galaxies). We also see that truncations should be more difficult to be detected in
large galaxies, as Rmax is higher. This is also confirmed by the observations.

There are other non-magnetic models for the explanation of truncations. If we
assume that the initial gaseous disk was exponential without neither truncations nor
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Figure 5: Truncation curves in the spiral galaxy NGC6504 in the optical and NIR
([63]).

breaks, and if the density of stars drop beyond an Rmax, either, for some reason, the
gas beyond Rmax has no ability to form stars, or the stars once formed flow away.
Below a density threshold, stars could be no longer formed out of gas. The threshold
hypothesis [65, 66] is of the former type. The excess of angular momentum induced
by a large differential rotation beyond Rmax, could cause the inability to form stars
too [67] . This explanation would also be of the former type. Clearly, magnetically
driven truncations belong to the second type of explanations.

There is an interesting argument [68] against the scenarios inhibiting star forma-
tion. A sudden drop in the rotation curve takes place at Rmax. This drop was also
found in NGC5055 [69].

This drop indicates that there is a rather sharp decrease in the total mass (gas
plus stars) not only of stars. Another argument favoring models which do involve
large scale dynamics, is that the radial decrease of gas amount is due to a radial
decrease in the number of molecular clouds, but the density in these outer clouds is
not different when compared with the inner clouds.

Another interesting model, also involving large scale motions, has been proposed
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Figure 6: Antitruncation in the NIR (J band) in the galaxy NGC684.

Figure 7: Relation between the truncation radius and the asymptotic velocity.

[68, 54], in which the disk was formed in two steps. In the first step the inner disk
was formed with a size Rmax. This finite size Rmax was established by the maximum
specific angular momentum. The extragalactic gas falling later, in the second step,
produced the outer region.

With respect this model defended in [54] with the first settled truncated rigid
disc and a warped external disc in a more recent step, relating Rmax and the radius
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at which the warp begins, we should have two comments: First, optical warps exist
and even most galaxies have warped stellar systems [70, 71, 72]. Second, very early
z=1 galaxies show optical warps and much larger than the present one [98].

An important observational fact is that Rmax increases with the band wavelength
used (see for instance Figure 7). This is another reason to use NIR to detect trun-
cations. This is also a constraint that models must explain. It is interesting to note
that breaks are also observed in large-z galaxies [74, 58].

5 Warps.

It is well known that most spiral galaxies have a warped plane when observed at 21
cm ( [75, 76, 77] and others). The warps are also observed in the optical ( [70, 72, 60,
71, 79]). The frequency of warped disk in spiral galaxies is very large. In contrast, no
lenticular galaxy has been observed to be warped [72]. All the spiral galaxies with
very extended HI-disk are warped. These facts suggest that the mechanism producing
the bending acts directly on the gas and that the stellar warp is the consequence of
being stars born in a warped disk. Therefore, we have searched for a magnetic scenario
being in this case the extragalactic magnetic fields responsible of the warps.

There are other hypothesis (see [80, 81, 68], for instance). Tidal interaction [82]
may explain some warps but not their high frequency: Near all spiral galaxies are
warped. Sparke and Casertano [95] showed that some discrete modes can survive,
but they did not take into account the reaction of the halo, what would destroy the
warp in few orbit periods. Binney [80] considered the interesting possibility that the
permanent accretion of material into the DM halo would produce a continuous redis-
tribution of its angular momentum and the warps would be created by the reaction
of the disk to this redistribution.

It seems that warping could be a natural response of the outer disk to a series of
stimulations and that different mechanisms could be responsible in different galaxies.
However the observation of large edge-on spiral galaxies could contribute to determine
the dominant scenario. The intergalactic medium could play an important role [83]
by interaction with extragalactic clouds [84, 85], by the flowing of galaxies in an
intra-cluster medium [86] or by extragalactic magnetic fields [87].

The magnetic model of warps is an interesting possibility. It is known that a warp
will disappear in a time of about 2 Gyr [80], or even shorter in the magnetic case.
However, in the magnetic model of warps, the field configuration is not an initial
condition but extragalactic fields are acting permanently. Any cause of warps must
act permanently.

The intergalactic magnetic field must penetrate in the outer disk by some mech-
anism at work in the external region. Probably the intercharge of matter and fields
between disk and intracluster medium is very active as vertical out and inflows are
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very common, transporting these flows the frozen-in field lines. This intercharge can
be very active mainly in the outer disk where the low surface density produces low
gravitation enabling vertical motions. These flows could be considered as turbulent
(even if they are not properly turbulent) and the mechanism of field transport could
then be treated as a turbulent magnetic diffusion. The coefficient of turbulent mag-
netic diffusion, β = (B′/B)v′l, should not be constant but highly radial dependent.
B′ and B are the fluctuating and mean magnetic field strengths, v′ a characteristic
velocity of the fluctuations and l a typical eddy size (e.g. [88]). We take B′/B ∼ 1/3,
as the random component is slightly lower than the regular one [8] and l ≈ 1 kpc is
the size of the larger eddies, that can be identified with the thickness of the disk. It
is difficult to assess values for v′ but it must change very much with radius. Taking
v′ ∼ 1 km/s in the inner disk we obtain β (inner) = 1026 cm2s−1, which is even larger
than currently adopted values [89, 90, 91].

The turbulent process producing the turbulent diffusion of magnetic fields is usu-
ally assumed to consist in bubbles arising massive type II supernovae which reach
typical velocities of about 100 km/s and heigths around 1 kpc from the plane, usually
raining back [92]. Observation of bubbles, holes or chimneys are more frequent in
spiral arms, with a higher star formation rate. Their effects are more importat at
large galactocentric radii with a lower vertical component of gravity. With these high
values of v′ we would obtain β (outer) larger than = 1028 cm2s−1 [93] following recent
developments of the fountain model.

The diffusion time τ = l2/β becomes τ (inner) ≈ 3 × 109 years and τ (outer)
≈ 3× 107 years. The first one is larger than the rotation time, then the extragalactic
Br field could not effectively penetrate in the inner disk, but Br should have the same
extragalactic value in the warped region. Therefore, radial component of the vertical
field gradient should very effective in producing warps.

The magnetic model was designed to explain S-warps (m=1) which is the most
frequent type (68% in the large sample of 325 edge-on galaxies [79]). This model
barely explain m=0 warps (U-shaped profile); they should be interpreted as arising
from gradients in the extragalactic field, with characteristic length of the order of the
galaxy size. The generation of asymmetric warps by other mechanisms have been
considered [94, 84].

There seems to be a common orientation of warps in relative low-scale clusters.
For example it was noticed [96] that in the Local Group the warps of the Milky Way,
M31 and M33 show a very noticeable alignment. Also a common orientation of warps
in the neighborhood of the Milky Way was found [87, 97]. This fact suggests an
extragalactic origin.

It is interesting to notice too that warps are observed in high redshift galaxies
[98]. The warps are even larger in these first steps in galaxy evolution. If warps are
driven by extragalactic magnetic fields this fact would be interpreted as a result of
past higher magnetic strengths. It should be taken into account that due to expansion
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Ba2= constant, being a the cosmological scale factor, a−1 = z +1, therefore at z ∼ 1,
in the Hubble Deep Field, the magnetic strengths were 4 times higher than today.

Intergalactic magnetic fields may produce warps, being the angle of 45o between
the rotation axis and the direction of the field, the angle of higher efficiency for bend-
ing the disk. When both directions are closer, a larger flaring of the disc would be
expected. When the field direction lies close to the galactic plane it would produce
lopsidedness, i.e. elliptical shapes in the outer isophotes with radial increase of ec-
centricity [99]. This could provide a basis of interpretation of observed lopsidedness
( [100, 101, 102, 103]). In particular, it was found [101] found that about 50% of
spiral galaxies exhibit lopsidedness and that about 20% of the galaxies have a lop-
sidedness magnitude < A1/Ao >≥ 0.19 [102] . Also the lopsidedness of the young
stellar population is greater than the old one [104]. This indicates that the gas is the
first component suffering the distortion. An extragalactic magnetic field is therefore
a temptative explanation of lopsidedness that should be explored.

6 Galactic magnetic fields.

A very promising field is the interpretation of the CMB taking into account primordial
pre-recombination magnetic fields and even the possibility of finding observational
traces of their existence with the great sensitivity of the space mission Planck. There is
a wide Planck team interested on this topic [107]. A knowledge of primordial magnetic
fields provides an understanding of their influence in galaxy birth and evolution.

Observations of CMB can not only provide information about the magnetized pre-
galactic medium. They also constitute the most complete direct information of the
large scale magnetic field of the Milky Way and some other nearby galaxies. From
the all-sky maps obtained at different wavelengths we may obtain the maps of the
polarized synchrotron continuum emission and hence very important restrictions on
the 3D-distribution of the galactic field.

Preliminary calculations can be obtained using WMAP data. The procedure is as
follows: We can select different models proposed in the literature with different free
parameters. We them obtain for each model and for each set of parameters of each
model the best fit to the real data. We have considered five models and about 70000
sets of parameters per model. In Figure 8 we plot the polarization angle obtained at
22 GHz by WMAP and in Figure 9 the best fir model with the best set of parameters.
The model coincides with that proposed in [108] even if different parameters better
reproduce the observational map. Nevertheless, this type of approach does not permit
the firm withdrawal of other models and we will must wait for Planck, with its much
higher sensitivity for polarization to determine the 3D distribution of magnetic fields
in our galaxy.

Other techniques [109, 110] to determine the large scale configuration of the

98 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).



Eduardo Battaner et al. Magnetic fields in galaxies

Figure 8: All sky polarization angle from WMAP at 22 GHz.

galactic magnetic field are based on Faraday Rotation of pulsars and extragalactic
radio sources. Pulsars inform about the field near the plane and have the advantage
of a null intrinsic Faraday Rotation. These techniques do not provide a common
picture yet. Probably, the magnetic field of the Milky Way has an “axisymmetric
spiral” distribution, distorted by spiral arms and random fluctuations.

Figure 9: Best fit model of the all sky polarization angle.
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First of all I would like to thank the organisers of this Astrophysics Symposium
(Ana Ulla and Minia Manteiga) for inviting me to take part, and congratulate them
on a very successful event.

I would like to begin by stating the obvious: the history of Astronomy is the
history of astronomical observation. We should remember that the reasons for which
it has been practiced have changed throughout human evolution. In early times
it was used to predict the future (astrology) and for mythic and ritual purposes
(primitive religion). Practical applications, such as agriculture, navigation and new
technologies, have always been sought for it and in very recent times it has been used
in mathematics (celestial mechanics) and physics (Astrophysics). With these latest
steps, Astronomy has completed its evolution: Understanding the Universe (including
LIFE) both as a whole and in all its detail is now the sole aim of our research into
space.

Observation will continue to be the key to astronomical knowledge. All recent
studies into the future of Astronomy have confirmed this, and they have also pointed
to the need for giant telescopes to be installed at the world’s best sites. Spain is lucky
in this respect as the Canaries are one such location.

All of this is relevant to understanding why the Gran Telescopio CANARIAS
(GTC) was built and the impact it will have in the future. This is my subject today.

Three things inspired Spain to embark on this daring project to build what is the
largest and most advanced optical infrared telescope of its time: the flourishing As-
trophysics community in Spain; the level of technical ability achieved by the country’s
industry; and the excellent observatories in the Canaries.

Anyone involved in characterising observation sites around the world will know
that the astronomical quality of the observatories in the Canaries has been more
thoroughly researched than any other, and that the reams of data generated by that
research testify to the permanent nature of their extraordinary quality. In excess of
seventy institutions from nineteen different countries have installed instruments at
these observatories, which belong to the Instituto de Astrof́ısica de Canarias (IAC),
and together they make up the European Northern Observatory.
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From the beginning of the project, the Gran Telescopio CANARIAS has had the
following guiding aims:

1. To provide the Spanish Astronomy community with its own cutting-edge in-
strument:

• to involve the community from the start (feasibility study, design, con-
struction);

• focal instruments specifically designed to meet the needs of the Astro-
physics community;

• to prepare observation programmes very early (this is why the three inter-
national symposiums on Science with the GTC have been held);

• to encourage our research centres to participate in developing the instru-
ments.

2. To ensure that the observatories in the Canaries continue to be amongst the
world’s leading observatories:

• to lead (Spain) the design and construction of the GTC;

• to site the telescope at the Observatorio del Roque de los Muchachos;

• to continue ongoing characterisation of the skies over the Canaries;

• to strengthen enforcement of what is known as the “Law of the Sky”.

3. To stimulate the development of Spanish industry in the field of advanced tech-
nology:

• to build up the capacity of companies;

• research centres and industry should tender for work jointly;

• an open and interactive tender process;

• to provide information flexibly and on an ongoing basis from the “Project
Office”.

Two of these aims have already been met: the observatories in the Canaries are
front runners in the contest to host the super giant telescopes of the immediate future,
and Spanish companies involved in building the GTC have amassed the knowledge
and reputation they will need to secure the most rewarding international contracts.
The first objective will not truly be achieved, however, until results produced by our
Astrophysics community once the telescope has entered service have propelled some
of its members into leading positions in important fields of knowledge.
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1 Principal features of the GTC

• A large collecting surface: it will have a segmented primary mirror 11.4 meters
in diameter (equivalent to a monolithic mirror of 10.4 meters).

• Excellent image quality: the mirrors will be as highly polished and the adaptive
optics system will be as accurate as current technology allows.

• From its inception, the telescope has been designed to use adaptive optics.

• High levels of reliability: 2% reductions in time lost to maintenance and break-
downs.

• High levels of operating efficiency.

• Advanced control system.

• Only one secondary mirror (it can work in both the visable and infrared ranges).

• Collapsible tertiary mirror.

• Classical and queued observation.

2 “Day One” focal instruments

• OSIRIS (optical), for spectroscopy and imaging.

• CANARICAM (infrared), for spectroscopy and imaging.

• ELMER (optical), substitute instrument for OSIRIS.

3 Second generation focal instruments

• EMIR: near-infrared (0.9 to 5 microns) imager and spectrograph.

• FRIDA: spectroscopy and imaging with adaptive optics.

4 Third generation focal instruments

• SIDE: multiple spectrometer with variable resolution.

• Many other instruments yet to be developed.
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Obtaining this powerful tool for what is known as “big science” has been very
laborious. For an understanding of the work involved, the following chronology is
instructive. Even this, though, cannot truly portray the problems we had with the
most serious obstacle of all: the culture of mistrust and jealousy that had to be
overcome both in Spain and abroad.

1987. The William Herschel Telescope (4.2 m) enters service at the ORM:

• British (RGO) and Spanish (IAC) scientists start work to design an 8
meter class telescope.

1989. Preparations for an 8 metre monolithic telescope are completed:

• a presentation is made to the Governing Council of the IAC and the CCI
(International Scientific Committee) of the Canarian observatories, and is
received very positively

• formal negotiations begin between Spain and the UK to jointly build the
telescope.

1990. In Britain, the SERC decides to abandon the project, opting instead for the
American Gemini project:

• the IAC decides to continue with the project alone.

1993. Funds are secured from FEDER to undertake studies into the possibility of
building a large telescope in the Canaries:

• consultation with the Spanish astronomical community confirms that it is
in favour of the project.

1994. The Government of the Canaries (through the express wish of President M.
Hermoso) sets up GRANTECAN S.A. to build the GTC, a turning point in the
project:

• the feasibility study and pilot project for a monolithic 8 m telescope begins.

1995. Meeting of experts on large telescopes is held at the IAC to scrutinise the
proposal:

• at the last minute the experts are consulted on the potential for building
a segmented 10 metre class telescope. They are of the opinion that this is
the future

• the existing feasibility study is considered fit for the new concept.
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1996. The Governing Council of the IAC (under the Chairmanship of Minister J.
Saavedra) approves the viability study and gives the project the “green light”:

• the Spanish Government makes its involvement conditional on the nec-
essary funds being available in advance, on three other countries partic-
ipating, and on the project being overseen by a foreign expert in large
telescopes (following the recommendations of the Evaluation Committee
for Large Science Installations)

• the “demonstration contracts” designed to build capacity for the project
in Spanish Industry are in place (with funding from the national Ministry
of Industry and the Department of Industry of the Canarian Government)

• Spain’s membership of ESO ‘to extend into the Northern Hemisphere from
the Canaries,’ is about to be signed. The discussions break off as a result
of the change of Government in Spain, just as the possibility of installing
a 5th VLT at La Palma, and the participation of the ESO in building the
GTC as a means of payment for Spain’s membership of that organisation,
are being investigated.

1997. The conceptual design of the GTC is completed, and work is underway to
secure the funds needed to build it.

1998. The Office for Science and Technology (on the instruction of its Director F.
Aldana) succeeds in unblocking the project:

• the Spanish Government, from this time onwards, becomes a full partici-
pant in the project and leads the GRANTECAN S.A. public company.

1999. The GTC is mentioned explicitly in the State Budgets, and in the FEDER2000.

2000. His Royal Highness the Prince of Asturias lays the “foundation stone” at the
Observatorio del Roque de los Muchachos.

2001. Mexico (Universidad Nacional Autónoma de México, and the Instituto Na-
cional de Astrofósica Óptica y Electrónica) and the United States (University
of Florida) become partners.

2001. The “National Programme of Astronomy and Astrophysics” begins (as part of
the national Research and Development Plan), as a result of the GTC project.

2002. The “civil engineering works” are completed and the handover of the dome
takes place.

2003. Assembly of the telescope structure begins at the Observatory.
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2004. The first segments of the primary mirror are received.

2005. The framework for the telescope is completed and delivery is taken of the
tertiary mirror and Acquisition and Guidance camera.

2007. “First Light” at the GTC.

The GTC is currently on the way to being completed (its “First Light” on the
13th July 2007 was a notable success), although many details remain to be finalised
before it is fully operational. Within a year it will be open for use by the astronomical
community, with “day one” instruments (OSIRIS + CANARICAM), and substitute
instrument (ELMER). Observing time will be available in the “008 B” semester (Oc-
tober 2008 - March 2009). “ESO time” (time given over to the European Southern
Obeservatory as part payment for Spain’s membership of that organisation) will be
available from January 2009.

I will never tire of congratulating all of the people responsible for bringing the
project to fruition, headed by Pedro Álvarez (Project Director) and José Miguel
Rodŕıguez Espinosa (Scientific Manager). Over time their tremendous contribution
will come to be valued even more.

The time has come to begin producing front-line science with this great telescope.
With its large collecting surface (75 square metres) the GTC is well-suited to observ-
ing very weak objects, like the distant galaxies that show us the origins of the stars
which populate the Universe. It also brings advances for observing faint objects, and
for investigating the birth and death of stars, quasi-stellar objects and planets. The
large diameter of its primary mirror means that it will see fine detail, in near stars,
other galaxies, in the structures of protostellar clouds, star clusters and more. Its
capabilities in the infrared range will also allow it to penetrate dense clouds of gas
and dust.

We hope, too, that new and unexpected discoveries will be made before long.
Could they even be so significant that they will change our understanding of the
Universe?

In addition to all this, once the GTC is in operation it will be a great ambassador
for the development of technology and industry in Spain. In the future, it will help
us secure the siting of the“European ELT” and the EST (European large Solar Tele-
scope) in Spain, together with a role for our research centres and companies in their
construction.

We also aim to use the GTC to train researchers and technologists and to promote
science to the general public. The prospects could not be more exciting, especially
for the new generations of our astrophysicists.
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Figure 1: Exterior view of the Gran Telescopio CANARIAS (GTC), installed at the
IAC’s Observatorio del Roque de los Muchachos.
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Figure 2: View of the GTC from inside the dome.
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Figure 3: First light. Upper left panel: when the images of the star observed (one from
each of the primary mirror segments) were still separated. Upper right panel: The
images of the observed star arranged to form the letters GTC. This demonstrates
the mastery over mirror adjustment that already exists. Lower panel: The star
observed (the images from each primary segment are “stacked” here), showing the
extraordinary resolution achieved, without optical adjustment.
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Figure 4: First Light: The principal assistants drinking a Ltoast in the telescope
control room immediately after achieving a very successful “first light”. Happiness is
written on every face.
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HIGH-RESOLUTION GROUND-BASED

EUROPEAN SOLAR PHYSICS

MANUEL COLLADOS
Instituto de Astrof́ısica de Canarias, E-38205, La Laguna, SPAIN
and THE EST TEAM

Abstract: This communication reviews some of the most challenging topics in
high-resolution ground-based Solar Physics. The most powerful European facilities
are described, together with their capabilities and skills gained in Europe using them.
The reasons for a large-aperture solar telescope are outlined, based on present scien-
tific needs, which have led to the joint project EST (European Solar Telescope), in
which the most prestigious European Solar Physics research institutions participate.
Some technical challenges of a such a large telescope are mentioned.

Keywords: Sun – Solar Telescopes – Instrumentation – High Resolution – Mag-
netic Fields

1 Introduction: The Sun as a three-fold star

Understanding the processes that take place in our Sun is crucial for many reasons.
Firstly, there is a fundamental Solar-terrestrial connection. The Sun is of paramount
importance because it sustains life on Earth. Changes in its conditions may have
dramatic consequences for us. Large amounts of energy, derived from the magnetic
energy stored in the fields, are deposited into the plasma on very short timescales
of seconds to minutes. These flares can accelerate plasma to velocities up to a sig-
nificant fraction of the speed of light, and if the bulk of the accelerated plasma (in
the form of a coronal mass ejection) hits the magnetopause of the earth, it creates
fascinating events (Aurorae) and also potentially hazardous phenomena for our living
environment (damage to satellites, overload of power lines, increased radiation dose
for aircraft/ISS crew, etc.). It is thus fundamental to study these processes in order
to be able to predict them. The question of how both long and short-term changes
in the solar irradiance can affect the terrestrial climate system is also clearly one of
great importance for the accurate prediction of future trends in global warming. To
do this requires a much clearer understanding of how changes in the magnetic field
affect the solar irradiance than we currently have through the combined efforts of ob-
servation and modelling. However, the characteristic spatial and temporal scales of
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the physical processes in the solar atmosphere are often determined by the magnetic
field and are typically so small that their study is impossible due to lack of photons.
Large collecting areas are absolutely necessary for a final understanding of the physics
of magnetised solar plasma.

Secondly, there is the planetary and astrophysical connection. The Sun has a direct
influence on all the planets in the heliosphere and there are many parallels between
the processes that occur in the solar atmosphere and in planetary magnetospheres,
including our own. The Sun is a star and has been used many times to guide stellar
evolution models. Many stars are known to have magnetic cycles similar to that of
the Sun, and starspots are beginning to be detected thanks to special techniques like
Doppler imaging. The feedback between solar and stellar observations is crucial in
allowing us to determine how our Sun will evolve in the future. Magnetic fields are
also of critical importance in understanding most astrophysical systems, e.g. in the
formation of jets observed in many astrophysical objects. They may also play an
important role in galaxy evolution. These are only a few examples in which solar
studies can help in understanding our universe.

Finally, there is a question of basic science. The Sun is the only place where we
can study in detail the interaction of plasma and magnetic field, and, as such, it can
be considered as a fundamental physics laboratory. Because of its tremendous size,
magnetic diffusivity times are very large making it possible to follow the evolution of
this interaction in a way that is impossible to reproduce in a laboratory. Consequently,
the Sun is the only place where phenomena like conversion of mechanical energy into
magnetic energy, conversion of magnetic energy into thermal energy, or particle kinetic
energy can be studied by direct observation and in detail. Our Sun is unique in that
it is currently the only star with a surface that can be spatially resolved at a level
approaching that at which physical processes occur.

2 Present situation of ground-based high-resolution

European solar physics

During the last 20 years, a number of European countries have constructed pow-
erful ground-based telescopes that have increased our knowledge of the Sun. The
most advanced European facilities are presently located in the Canary Islands ob-
servatories. Table 1.1 lists the nowadays existing, or foreseen for a very near future,
European high-resolution solar telescopes, together with some of their most powerful
capabilities. They lie in the 0.5-1.5 metre range.

On the basis of their existing observing facilities, European solar astronomers
have gained leadership positions in several areas of instrumentation and data analysis.
These areas include high resolution bi-dimensional spectroscopy (Italy and Germany),
polarimetry at visible and infrared wavelengths (France, Spain, Italy, and Switzer-
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Facility Aperture Wavelength Capabilities
(Location) [m] range (µm)

Dutch Open Telescope 0.45 0.35 – 0.8 High resolution imaging
(La Palma, Spain)
Vacuum Tower Telescope 0.7 0.35 – 2.3 High resolution imaging
(Tenerife, Spain) Adaptive optics

Spectropolarimetry

THÉMIS 0.9 0.40 – 1.2 Spectropolarimetry
(Tenerife, Spain)
Swedish Solar Telescope 1.0 0.35 – 1.1 High resolution imaging
(La Palma, Spain) Adaptive optics

Spectropolarimetry
GREGOR 1.5 0.35 – 12 High resolution imaging
(Tenerife, Spain) Adaptive optics

Spectropolarimetry

Table 1: European high resolution research telescopes and their capabilities.

land), adaptive optics development (Sweden and Germany), and post-processing tech-
niques for diffraction-limited imaging (Sweden, Germany and The Netherlands).

High-precision visible and near-infrared spectropolarimetry is now routinely per-
formed at the German Vacuum Tower Telescope (VTT) and at the French-Italian
THÉMIS telescope. Accurate spectropolarimetry (10−3 sensitivity or better) is very
photon demanding and integration times of at least several seconds are required to
detect the necessary number of photons to reduce noise to acceptable levels. Only
very recently, with the development of powerful adaptive optics systems has it been
possible to increase the spatial resolution of spectropolarimetric data. But, even
today, observations with a spatial resolution better than 0.3-0.5 arcsec are scarce.
Improving this situation will only be possible if a strong effort is made to increase the
telescope aperture, thus making possible the detection of a larger number of photons
from smaller solar areas, complemented with a multi-adaptive conjugate adaptive
system to increase the size of the corrected field of view (see Fig. 1).

Near-infrared observations offer several advantages over standard visible tech-
niques. One of them is their larger magnetic sensitivity. Magnetic fields are better
detected and studied in this wavelength range. A second argument in favour of in-
frared observations is the reduced sensitivity to atmospheric disturbances. However,
due to the dependence of the diffraction limit on wavelength, a larger telescope is
required to observe the Sun in the near-infrared with a spatial resolution of, say, 0.1
arcsec.
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Figure 1: a) A frame taken from a 3-D simulation (20 km grid) of magneto-convection
near the solar surface (courtesy of E. Khomenko). Each box is 3000 km (4 arcsec)
wide and shows a snapshot of the intensity (top) and vertical magnetic field strength
(bottom) as it would appear looking down on the simulation. b) The same areas seen
through a diffraction-limited 4m telescope at a wavelength of 630 nm (a noise of 10−3

has been added to simulate an observation in a realistic way) and, c) Same images as
seen with a 0.75m telescope at the same wavelength (noise has been added as if the
images had been taken with the same integration time as in b). The model predicts
rapidly evolving, highly mixed, bipolar fields that are twisted by strong turbulent
downflows. A 4-meter class telescope is required to measure both the spatial and
temporal characteristic of the magnetic field associated with this small-scale dynamo
process which current telescopes cannot detect and resolve.

Numerical magnetohydrodynamical simulations presently achieve a degree of com-
plexity that allows direct comparison with observations. In fact, numerical spatial
resolutions, of the order of 10 km, are better than the observations and the simulations
need to be degraded for an adequate comparison. The interaction of convective flows
with magnetic fields has been reproduced, showing how plasma motions sweep the
magnetic field to converging flow regions (downflows) where the field is concentrated
and intensified. Small-scale magnetic field structures channel energy and seem to be
the fundamental key for understanding how the chromosphere and corona are heated.
Simulations, together with high-spatial resolution observations, will ultimately reveal
e.g. the origin of the energy deficit in the umbra of sunspots or the energy excess
in sunspot penumbrae. The spatial resolution of observational data is today signifi-
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Figure 2: Left: Loops observed in the solar corona by the satellite TRACE. Right:
Magnetic field configuration of an emerging region, showing similar loops as those
observed by TRACE. These results have been obtained using near-infrared spec-
tropolarimetric data taken at the German VTT.

cantly poorer than that possible with numerical simulations, preventing progress in
our understanding of, e.g., the internal structure of thin flux tubes or the propaga-
tion of different MHD waves in magnetic structures. Simulations will undoubtedly
continue to improve, thanks to increasingly powerful computers and better modelling
of radiative transfer. Better quality data than currently available is then essential
to observe the phenomena that are only accessible today via numerical calculations.
Unexpected findings, when increasing the spatial and temporal resolution of observa-
tional data, are to be expected, which will in turn also serve as input for improving
simulations. This has been the case, for instance, with the discovery of penumbral
dark cores, which were only discovered when observations with a spatial resolution of
0.1 arcsec were achieved. Their magnetic properties remain unknown, however, be-
cause of the inherent difficulty of reaching such a resolution with currently available
spectropolarimetric data. There will certainly be a mutual benefit between numerical
simulations and high quality observations obtained with a large aperture telescope.

The theory of radiative transfer in a magnetised medium was developed several
decades ago. The formation of spectral lines under LTE conditions giving rise to
polarised spectral lines via the Zeeman effect is very well understood. Inversion codes
exist that retrieve the solar atmospheric conditions under which the spectral lines
are formed. Temperature, velocity and magnetic field stratifications are routinely
calculated in the photosphere. However, only now are we starting to understand
and reproduce the formation of spectral lines in the chromosphere, where non-LTE
conditions prevail (see Fig. 2). The Hanle effect has also been demonstrated to leave
its imprint on spectral lines, and extremely weak magnetic fields can be detected
with it. The foundations are now in place for the development of the tools required
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Figure 3: Sunspot recorded by the SST in the blue and red wings of the magnetically
sensitive Fe I line at 630.2 nm on Sept 12, 2006. The left-hand image represents
the average intensity, the right-hand image the difference in circular polarization
(normalised to the intensity) of the two wings. The spatial resolution of these images,
consisting of over 500 individual exposures, is the result of adaptive optics and image
restoration techniques (developed by Löfdahl and van Noort) and is close to 0”.2.
Dark penumbra cores, discovered with the SST, are seen clearly in both intensity and
polarization signal (Michiel van Noort, Institute for Solar Physics)

to diagnose the magnetic field in the solar chromosphere. These will be a fundamental
key for the correct interpretation of observational data corresponding to this highly
dynamic layer.

The 1-metre Swedish Solar Telescope (SST) presently produces the sharpest im-
ages of the Sun ever obtained (see Figs. 3 and 4). Not even space missions, free
from atmospheric turbulence, can reach that degree of detail, because of the smaller
size of the telescopes that can be launched. Such diffraction-limited observations re-
quire excellent optics and effective adaptive optics working on an extended object to
counter the disturbances in the Earth’s atmosphere. Post-facto reconstructions also
help reach this high image quality. The 45-cm Dutch Open Telescope (DOT) has
proven that an open telescope is capable of obtaining excellent results. GREGOR,
with its 1.5 metre aperture and open structure, will represent an intermediate step
towards a larger telescope and will serve as a test bench for the development of new
generation high-order multi-conjugate adaptive optics.
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Figure 4: Hα line core image of an active region observed with the SST on 04-Oct-
2005. The FOV is 64x64 arcsec. The spatial resolution is close to the diffraction limit
of the telescope (∼ 120 km) which was achieved with the aid of adaptive optics and
post-processing techniques (Multi-object Multi-Frame Blind Deconvolution).

3 Future perspective

The aperture of a telescope is the essential characteristic in determining its resolving
power, but until recently ground-based solar telescopes have been more limited by the
effects of atmospheric distortion that disturb the incoming wavefront. New and more
powerful adaptive optics systems installed at some of the principal solar telescopes,
including the German Vacuum Tower Telescope and the Swedish Solar Telescope,
are now able to overcome a large fraction of the atmospheric distortion. This has
not only given us tantalizing glimpses into the very fine scale structures on the solar
surface, but has shown that these systems are now so mature that our ability to
resolve small detail is now limited by the size of the telescopes themselves, and not
by the atmospheric distortions.

Besides spatial resolution, the light collecting power of a large aperture is crucial
for solar research, quite contrary to the perception that sunlight is bright. Magnetic
fields are detected by measuring the polarisation of magnetically sensitive spectral
lines. The fraction of the light in a spectral line that is polarised is tiny (sometimes
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below 10−3). The precision of such measurements is thus fundamentally limited by
photon statistics. A larger aperture collects more photons from a given area on the
solar surface, permitting the required precision for polarimetric measurements of one
part in 104. The timescales with which solar features change are related to the speed
of sound in the solar atmosphere (about 7 km/s), so smaller features evolve faster
than larger ones. The required time resolution amounts to just a few seconds, making
a large aperture even more necessary.

In view of all these arguments, solar astronomers world-wide are unanimously
in agreement that a much larger step in observational capability is needed to fully
understand the fundamental processes of plasma physics that are at work in the outer
layers of our star, and, in particular, to begin an in depth study of the magnetic
coupling of the solar atmosphere by simultaneously observing the photosphere and
the chromosphere, with high spatial resolution (to see details smaller than 100 km),
high spectropolarimetric accuracy (for an accurate determination of magnetic fields
and velocities) and high temporal resolution (for evolutionary studies at time scales
of a few seconds). Numerical simulations and radiative transfer calculations, taking
into account the Zeeman and Hanle effects, will help interpret the observational data.
A large aperture telescope is thus required to meet these requirements.

Following this trend, many leading European solar astronomers decided to form
the consortium EAST (European Association for Solar Telescopes) to keep Europe
in the frontier of international solar physics. Among others, one of the aims of this
consortium is to develop, construct and operate a next generation large aperture tele-
scope (EST, European Solar Telescope) in the Canaries. This telescope should be
optimised for studies of magnetic coupling between the deep photosphere and upper
chromosphere. This will require diagnostics of the thermal, dynamic and magnetic
properties of the plasma over many scale heights, by using multiple wavelength imag-
ing, spectroscopy and spectropolarimetry. The EST design will therefore strongly
emphasise the use of a large number of instruments simultaneously, thereby improv-
ing photon efficiency and diagnostic capabilities relative to other existing or proposed
ground-based or space-borne solar telescopes. To implement the EST science goals,
also high spatial and temporal resolution will be needed.

4 Some science cases for EST

Some examples where a large aperture solar telescope is necessary to make significant
progress are the following:

• Magnetic flux removal from active regions

The magnetic field generated during one solar cycle must disappear from the
surface before the opposite-polarity field of the next cycle can appear, i.e., a
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removal of the photospheric field is required for the dynamo to operate. Active
regions and sunspots are observed to slowly decay with time: their size and
magnetic flux start to decrease as soon as they are fully formed. Part of the flux
lost by sunspots migrates to the poles through random walk diffusion, producing
the magnetic field reversal observed in the polar caps around the maximum of
sunspot activity. The fate of the remaining sunspot flux is unknown.

Magnetic flux can be eliminated from the photosphere by in-situ small-scale re-
connection processes or by the rise (submergence) of field lines to higher (deeper)
layers. The edge of the moat surrounding sunspots is known to be the site of
many flux cancellation events, i.e., the disappearance of flux concentrations of
opposite polarity as they come into close contact. Often, moving magnetic fea-
tures associated with the sunspot cancel when they hit existing plate elements of
opposite polarity at the boundary of the moat. It has been suggested that these
cancellations may explain the decay of sunspots and hence the removal from the
solar surface of a significant fraction of the magnetic flux in active regions. With
current or upcoming observations, however, it is difficult to determine whether
these small-scale cancellations are the result of magnetic reconnection, the rise
of U-loops, or the submergence of Ω-loops. All three processes may be a source
of chromospheric/coronal heating (due to the release of magnetic energy), and
of transient events in the upper atmosphere. To distinguish among the different
possibilities, simultaneous observations of the photosphere and chromosphere
need to be carried out at the highest angular resolution possible. By analyzing
the photospheric and chromospheric flow fields at the cancellation sites, and
the timing difference between the events occurring in the different layers, it
will be possible to draw definite conclusions about which mechanism is actually
responsible for the removal of magnetic flux.

• Flux emergence and cancellation in the quiet sun

The two sources of flux for the network are the dispersal of flux from active
regions and ephemeral regions. Ephemeral regions are bipolar magnetic con-
centrations with sizes typically less than 20000 km that appear over the entire
quiet Sun and, subject to granular motions, merge and cancel with other net-
work flux concentrations. They are short-lived, with an average lifetime of 4.4
hours. Through cancellation processes, ephemeral regions replace the total flux
of the quiet sun in 8-19 hours. We still do not know if ephemeral regions and in-
ternet work fields are produced by the global dynamo, a local dynamo, or both.
To answer this question, it is important to follow their temporal evolution dur-
ing emergence and to determine their magnetic field topology and connectivity
in the different layers of the atmosphere. It has been suggested that, in general,
all flux emergences above 1018 Maxwell are associated with coronal brighten-
ing in Fe XII (∼1.6 MK). Emerging loop structures first become visible in the
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corona when the separation of the two poles of the ephemeral region reach 4.5-
8.5 Mm, and then remain visible for 5-12 h. These results suggest that there
is magnetic field connectivity between the photosphere and corona at the lo-
cation of ephemeral regions, but no further studies have been carried out so
far, partly because of the lack of reliable magnetic field measurements in the
chromosphere (the interface layer between photosphere and corona). Whether
this connectivity is able to provide a heating mechanism to the corona remains
unclear.

Flux cancellations are very frequent in the quiet Sun. Many of these events in-
volve one of the poles of an ephemeral region and a network element of opposite
polarity. As a result of the cancellation, the network element disappears and is
effectively replaced by the other pole of the ephemeral region. The reconfigura-
tion of the photospheric field can result in localised heating in the chromosphere
and corona by field braiding. Brightenings in the chromosphere and corona are
indeed observed during quiet Sun cancellation events, but it is not clear whether
they are caused by field braiding, the retraction of Ω-loops, the emergence of
U-loops, or photospheric reconnection. EST will clarify this issue by making
it possible to investigate the time difference between events in the photosphere
and chromosphere, and by providing information about the connectivity of the
field in the photosphere and upper layers by direct measurements of the mag-
netic field. Once this fundamental problem is solved, it will be possible to assess
the potential of cancellation events as a source of atmospheric heating in the
quiet Sun.

• Wave propagation in different magnetic structures

Waves are one of the most promising candidates for upper atmospheric heating.
It has been suggested that acoustic waves are generated by the turbulent convec-
tion in the sub-photospheric layers. In a stratified solar atmosphere, an acoustic
cut-off frequency exists producing a reflection of the low-frequency waves back
to the lower atmosphere and convection zone. Only high-frequency waves above
the cut-off frequency can propagate outwards. These high-frequency waves can
propagate to the chromosphere, steepen into shocks and dissipate their energy
there. However, the acoustic energy flux of these waves has been found to be at
least ten times lower than required to balance the radiative losses in the solar
chromosphere.

Magnetic fields play an important role in modifying the properties of the acous-
tic oscillations. In the presence of a magnetic field, a new characteristic wave
propagation speed appears: the Alf̌’en speed. In those layers where both acous-
tic and Alfvén speeds are similar, the energy of acoustic waves can be effec-
tively transformed into the energy of magneto-acoustic waves. Magneto-acoustic
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waves can also be generated by the random motion of the photospheric foot-
points of the fields, which are stochastically shuffled around by the surrounding
convective flows. Since the fields connect photosphere and chromosphere, they
provide channels for energy transport to the upper layers.

However, the efficiency of mode conversion or the excitation of magnetoacoustic
waves depends on the size of the magnetic structures. For weak inter-network
fields and the magnetic network with field strength up to 1.5 kG, plasma motions
determine the field topology, whereas the strong fields of pores and sunspots
suppress the convection and direct the flows along their field lines. While the
number of sunspots changes with the solar cycle, the small-scale network flux
tubes and the internetwork flux are always present on the solar surface. To
address the role of magnetic fields in chromospheric heating, one thus has to
determine both the relative contribution of the different kind of magnetic struc-
tures to the heating, and the actual way of energy transport in each of them.
This leads to the following list of questions:

– What types of waves are transmitted by the different kind of the magnetic
structures of different sizes and magnetic field strength?

– At what height do waves develop shocks? How is the wave energy dissi-
pated into the medium?

– How do the frequency spectra change with height in the magnetic struc-
tures of different types? What are the mechanisms of these changes? Can
direct evidence for mode conversion be found?

– What is the contribution of different frequency ranges to the chromospheric
heating?

– Can the photospheric sources of the chromospheric oscillations be uniquely
identified? Can direct links between these two layers be found?

– What are the respective contributions of acoustic and magnetic heating?

In order to find the answers to these questions, it is of crucial importance to
observe simultaneously several photospheric and chromospheric spectral lines.
The topology, field strength, and magnetic flux of the magnetic fields have to
be known in the photosphere and in the chromosphere. The evolution of the
fields has to be followed closely, as well as that of the purely thermodynamic
quantities like temperature and flows. Regardless of the type of magnetic struc-
ture observed, high spatial and temporal resolution, large field of view, and high
spectropolarimetric precision are always required.

• How do active regions emerge from the convection zone?
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The origin of active regions is thought to be the emergence of toroidal flux
tubes initially stored at the bottom of the convection zone, the site of the
solar dynamo. After being amplified at the bottom of the convection zone,
the toroidal magnetic field becomes unstable and rises buoyantly to the solar
surface, where it emerges in the form of bipolar active regions. The growth of
active regions is rapid and complex, affecting the photosphere, the chromosphere
and the corona. At moderate spatial resolution, one observes the formation of
arch filament systems in the chromosphere, strong flows in the photosphere
and chromosphere (suggesting the occurrence of convective collapse), and flare
activity. So far, the interrelation of these events and the topology of the field
during the emergence of active regions have not been well characterised because
of three main reasons: (a) no ground-based telescope or spacecraft has the
capability to measure magnetic fields in the photosphere and chromosphere
simultaneously, with high temporal and angular resolution; (b) the evolution of
the region must be followed for at least the first 2-3 days; and (c) quite large
fields of view are required to cover the full active region.

Observations with EST can be used to understand the sequence of events dur-
ing the emergence of active regions at their intrinsic scales, to determine the
evolution of the photospheric magnetic field and flows, and to investigate the
interaction of the newly emerged flux with the pre-existing chromospheric mag-
netic field (a potential source of heating in the upper layers via magnetic re-
connection). The observations will make it possible to test the predictions of
3D MHD simulations of the eruption of flux tubes from below the photosphere
into the upper atmospheric layers.

Some important parameters related to the working of the solar dynamo that
should be investigated with EST include: (a) the amount of twist in the flux
tubes that rise buoyantly from the convection zone; (b) the onset of fragmen-
tation processes and the occurrence of convective collapse as flux tubes reach
the photosphere; (c) the changes in magnetic connectivity taking place in the
photosphere and chromosphere during the emergence; and (d) the rate of chro-
mospheric heating due to magnetic reconnection.

To achieve all these aims, and others, EST must combine the best of present
European facilities:

• Excellent narrow-band and polarimetric imaging capabilities, such as those of
the 1-m Swedish Solar Telescope (SST), by using simple optical design and
highly performing adaptive optics.

• Open design, as that of the Dutch Open Telescope (DOT), to exploit the
favourable winds at the Canary Islands.

124 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).



Manuel Collados High-resolution solar physics

• Robust and user-friendly adaptive optics systems, such as the one operating at
the German VTT .

• Multi-line spectroscopy, such as that operated by THÉMIS. .

• Visible and near-infrared simultaneous spectropolarimetry, such as the combi-
nation of Visible Polarimeters (VIP)-Tenerife Infrared Polarimeter (TIP) and
Polarimetric Littrow Spectrograph (POLIS)-TIP at the VTT.

• Efficient narrow-band tunable filters, such as the Interferometric BIdimensional
Spectrometer (IBIS) or the Triple Etalon SOlar Spectrometer (TESOS).

• Simultaneous control of polarimetric imaging and spectrograph instruments,
such as in the VTT.

• Post-processing techniques to compensate for residual seeing effects in multi-
wavelength polarimetric images, such as developed for the SST.

EST is expected to improve by a considerable factor the presently achieved spatial
resolution. The operation of several narrow-band tunable visible and near-infrared
imaging instruments together with grating spectrographs, all with polarimetric ca-
pabilities, will make EST a unique telescope for simultaneous observations of photo-
spheric and chromospheric layers and for studies of the time evolution of the three-
dimensional structure of solar magnetic fields. Its performance will only be compa-
rable to that of the American ATST. Solar studies will benefit tremendously from
having two telescopes with a similar power capable of giving an almost full temporal
coverage of solar phenomena. Unlike ATST, EST will not have special requirements
to observe the solar corona, making a simpler optomechanical design feasible, with
an on-axis structure and less stringent stray light constraints. With this solution,
the polarimetric calibration of the telescope, which is fundamental for an accurate
determination of the magnetic field vector, will be easier than for off-axis telescopes.
A single polarimetric unit may be located in the primary focus. This polarimetric
unit would be shared by all instruments (or those selected by the observer). Another
option is that each instrument may have its own polarimeter. In this case a unit for
polarimetric calibration may be placed in the primary focus. Again this is a flexible
setup and observers may decide the optimum configuration for their interests.

Flexible setups will allow the observer to use multiple configurations with minimal
optical changes. The observer may decide to use many instruments simultaneously,
with broad-band beam splitters for sharing light between the instruments, or, choose
to use dichroic beam splitters to distribute all light of a specific wavelength to a
specific instrument, thereby maximising the photon flux for each wavelength.

To maximise the efficiency, the optical design of the telescope must integrate in
a natural way all the active and adaptive optics, minimising the number of optical
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surfaces. This optimisation comes with two advantages. On the one hand, the to-
tal throughput of the system and photon transmission will be maximised. On the
other hand, wavefront distortions introduced by the optical surfaces will be kept to a
minimum. A superb image quality must be one of the major strengths of EST.

Future state-of-the-art ground-based telescopes that will be operating in the com-
ing decades (e.g. GREGOR or ATST) share some of the science goals of EST. EST
will have the capability to operate several of its focal-plane instruments simultane-
ously, and thus allow to study the magnetic connection of the solar magnetic field
throughout the solar atmosphere and the interaction of the magnetic field with the
moving plasma. This will ensure that these facilities are complementary, resulting in
greater scientific return.

Space missions are usually intended to observe wavelengths not accessible from
the ground (such as X-rays or the far ultraviolet). Our knowledge of the corona
has considerably increased as a result of these instruments. Nonetheless, even if
the magnetic connectivity between the different layers of the solar atmosphere is
the primary goal of most of them, the study of the deep atmosphere is generally
limited to photospheric longitudinal or vector magnetograms (difficult to calibrate
accurately in terms of magnetic field) with moderate spatial resolution. The recently
launched Hinode mission, with its 50-cm optical telescope, is equipped with a visible
spectropolarimeter with a spatial resolution of 0.3 arcsec, to study the photospheric
magnetism. The 1-metre balloon-borne solar telescope SUNRISE, will measure the
photospheric and the chromospheric magnetic field, but only during its 10 day mission
in 2009. There are no currently planned missions that will achieve the resolution of
EST in this area during the next decade. To achieve a complete understanding of solar
magnetism and its effects in the heliosphere it is necessary to make the connection
between all the layers of the atmosphere by combining ground-based and space-based
observations.

5 Technical challenges for EST

From a technical point of view, a 4-metre class solar telescope is a challenge. Despite
all the knowledge and expertise in building and operating solar telescopes that has
been acquired in Europe during the last decades, the construction of a large facility
is not without risks, and a substantial effort must be made to make it a reality.
Presently, there are no operational telescopes of this category in the world.

Thermal effects due to solar radiation are tremendous. To minimise the wavefront
distortion in the telescope itself and its surroundings, a careful thermal control of
the environment of the telescope is critical. Mirror seeing, turbulence induced by
the telescope structure and the floor on which it stands, and wind buffeting on the
mirrors and the structure (causing spatial and temporal vibrations) are, among other
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problems, to be studied together as a single system to get a coherent design. All these
issues are directly related to the existence or not of a dome protecting the telescope
during diurnal operation.

Analyses have demonstrated that mirror surfaces need to be cooled to a temper-
ature very close (∼ 0.3 degrees) to ambient air temperature for an efficient reduction
of turbulence close to them. This cooling may need to be combined with an addi-
tional, natural or forced, air flow to sweep any residual turbulent cells. An open
telescope can take advantage of natural winds better than a dome-based solution,
even if this has flaps with controlled openings. Since the ambient temperature varies
considerably along the day, the mirrors have to be constantly tuned to maintain the
required temperature difference. Also, there always exists a time lag between the
moment when the cooling system is set to a given temperature and the moment when
the mirrors reach it. The inertia of the mirrors to temperature changes has to be
taken into account, so that at every instant the temperature difference is always kept
within specifications. Mirror thicknesses and materials are thus closely tied-up to
their corresponding cooling mechanisms.

The heat load on the primary mirror, M1, is determined by the solar radiation
and can consequently by analysed independently of the rest of the system. This is
not the case for the rest of the optical surfaces. The amount of radiation they receive
depends directly on the field-of-view that is transmitted by the heat rejector. A trade-
off must be reached to have the largest possible field of view, without compromising
the scientific objectives and the technical solutions for an efficient cooling.

The deformation of the figure of the primary mirror is also a subject that requires
a close analysis. Since it is expected that it will be a light mirror, to reduce the overall
mass of the telescope and to reduce the heat capacity of the mirror, it will tend to
change its shape under conditions of varying gravity vector, as the telescope changes
elevation during a diurnal observation. This deformation can be measured and cor-
rected by means of a look-up table. More critically, its low weight and large surface
will make it very sensitive to deformations due to wind effects. The buffeting will
produce a vibrational spatio-temporal spectrum that will depend on the material and
thickness of the mirror. An active compensation of M1 will be required to maintain
its figure, using an accurate wavefront sensor. The optimum location of the actuators
and their specifications will be obtained after a careful finite-element analysis. To
avoid any mechanical or thermal incompatibility between the support of M1 and its
cooling mechanism, they will need to be designed together.

The deformation of other mirrors (especially that of the secondary, M2, or of the
tertiary, M3, which deviates the beam along the elevation axis) cannot be ignored,
but it is substantially less critical, since it depends on the mirror aspect ratio. How-
ever, thermal conduction is related to their absolute thickness. M2 and M3 can thus
be relatively thicker thereby reducing deformation while having tolerable thermal
properties.
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The telescope structure is also affected by thermal effects and wind buffeting. Di-
rect sunlight will make it suffer expansions and contractions throughout the day that
will modify the separation between the primary and secondary mirrors. Differential
heating, or slight inhomogeneities, of the structure will also produce changes in the
relative orientation between them. An active M2, built on a hexapod, is necessary to
keep fixed its distance and orientation with respect to M1.

Wind has two effects on the telescope structure. On the one hand, it will excite its
natural eigenfrequencies. The active supports of M1 and M2 will be in charge of the
compensation of these vibrations. A careful control of the spatio-temporal variations
will be required, to determine which actuators are to be applied. On the other hand, a
laminar flow crossing the telescope will be deformed by the presence of the bars of the
structure, giving rise to a turbulent flow. Temperature fluctuations associated with
this flow should be kept to a minimum, since they are the responsible for refractive
index and optical length variations, i.e., for the distortion of the wavefront.

The spider supporting M2 also needs special consideration. It needs to be stiff
enough to minimise its deformation but must have a small cross-section because its
shadow will be seen by the subaperture images generated with the adaptive optics
system. An alt-azimuthal structure is expected for EST, due to its large size and
weight, and will give rise to a rotation of the pupil in a fixed reference frame, such
as the location of the wavefront sensor. The spider projection on each subpupil of
the AO system should represent a small fraction of the subpupil area, so that they
are all useful at every instant. The cooling system of M2 will be guided through
the telescope structure and, in particular, through the spider. A large flux of the
cooling fluid implies a large section of the spider, with a negative impact on the AO
performance. Since the field of view determines how much energy needs to be removed
from M2 to keep it at the desired temperature, a close relation between the designs
of the heat rejector, the spider and AO system is mandatory.

Following all the above reasoning, telescope structure (including the spider for
M2), the active system of M1 and M2, the mirror cooling mechanisms, the heat
rejector and the AO system are part of the same system and must be designed very
tightly to match each other and minimise the impact of heat and wind loads.

There is another factor that critically affects the mentioned subsystems: the dome.
The DOT has demonstrated that an open telescope can operate very efficiently and,
with the help of natural wind, diffraction-limited images can be obtained. It is not
clear whether this experience can be extrapolated to a 4-metre class telescope and an
in-depth analysis needs to be performed. In an open telescope, the whole telescope
(structure and mirrors) is affected by wind. The image-quality performance of the
telescope must be guaranteed for all possible wind directions and telescope orienta-
tions. In addition, the whole floor where the telescope is located is heated by the
solar radiation and must be actively cooled to avoid locally generated seeing. If a
dome is installed to protect the telescope from wind, then the problem is transferred
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to the local seeing generated by the dome itself. A critical decision about the dome
must be made by the project, since directly affects the technical requirements of the
whole telescope and AO systems.

The pier and the building have to be designed in such a way that the vibrations
of the building or the pier induced by wind are small enough to be corrected by the
AO.

As mentioned above, the adaptive optics system is responsible for evaluating the
control signals of M1 and M2 and sending them to their actuators in case the mirrors
or the structure itself suffer from deformations. The AO must, in addition, evalu-
ate the wavefront distortions induced by the air along the optical path, inside the
telescope, in its surroundings and in the free atmosphere. Turbulence has typical
variation frequencies of a few hundred Hz, larger than those of mechanical vibrations
of solid structures. For this reason, a fast tip-tilt mirror and, at least, one deformable
mirror are required in the optical path to compensate for turbulence-induced wave-
front inclination and deformation. At visible wavelengths, the isoplanatic angle is
expected to be rather small for a 4-metre class telescope (a few arcsec). A Multi-
Conjugate AO (MCAO) system with, at least, a second deformable mirror, is required
to have a larger diffraction-limited field of view. In the near-infrared, this parameter
is expected to be considerable larger. The number of layers of the atmosphere that
need to be corrected is at present unknown.

Finally, instruments must be addressed as a whole. These include broad-band
imagers, with phase diversity and/or speckle imaging capabilities, in several wave-
lengths. Etalon-based tunable imagers, covering from short visible wavelengths to
the near-infrared, seem to be the most promising candidates for narrow band imag-
ing. Independently of whether a collimated or a telecentric solution is adopted, the
selected field of view will be critical. In addition, one or several long-slit or integral-
field spectrographs must also be included. Narrow-band imagers usually give much
better imaging quality than spectrographs, but these give more coherent spectral
information. For this reason, the combination of narrow band imaging filters and
spectrographs will be fundamental for many observing programs. The telescope op-
tical design must give the capability of using all these instruments simultaneously or
only a few of them, with an optimised light distribution.
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Abstract: An overview of Robotic Astronomical facilities (especially in Spain) is
presented. The study focuses on two aspects: the control software (one of such exam-
ple being the RTS2 system) and the network of BOOTES robotic telescopes, partly
devoted to the study of gamma-ray burst counterparts at optical and near-infrared
wavelengths. This potential application of small/medium size robotic telescopes will
shed light on the high redshift Universe and should be used for triggering larger size
instruments in order to perform more detailed studies of host galaxies and intervening
material on the line of sight.

Keywords: Robotic Astronomy – Control Software – Gamma-ray Bursts.

1 Introduction

Robotic astronomical observatories (RAOs hereafter) were first developed in the 1990s
by astronomers after electromechanical interfaces to computers became common at
observatories. Following [1], let us introduce some definitions first:

• Robot: A mechanical system which executes repetitive tasks with good accuracy
with human assistance. Example: Industrial robotic arm.

• Teleoperated Robot: A mechanical system which executes a given task with
good accuracy and that can be modified with human assistance. Example:
Submarine research robots.

• Intelligent Robot: A mechanical system which executes a task with good accu-
racy and is able to adapt itself to changes during the task execution without
any kind of human assistance. Example: Rovers devoted to planetary research.

131



Alberto J. Castro-Tirado Robotic Astronomy and GRB studies

2 Robotic Astronomical Observatories: a brief his-

tory

The 1985 book Microcomputer Control of Telescopes by R. M. Genet and M. Truebl
ood [2], was a landmark engineering study in the field. Since the comissioning of the
Bradford telescope (in 1993) [3] and the Iowa Telescope (in 1997) [4], many researches
and companies have put considerable effort in making robust systems.

The first robots were the telescopes with an absolute positioning control and guid-
ing systems, and the automatic weather stations, introduced in astronomical obser-
vatories.

The first robotic astronomical observatories were those ones which were able to
integrate and coordinate the different automatic subsystems at the observatory (tele-
scope, dome, weather stations). But they require human assistance (teleoperation)
for the taking of decissions regarding a given task and/or its supervision.

The intelligent robotic astronomical observatories are the following step, where
human assistance in the taking of decissions is replaced by an artificial intelligent
system. These are being developed nowadays.

Figure 1: The RAOs location in the world. Adapted from Hessman [6].
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3 RAOs worldwide

Based on the compilation collected by F. V. Hessman [6], there are about 100 RAOs
worldwide (see Fig. 1), with 35 of them being located in Europe. Some examples are:

• ROTSE (UM & LANL, USA): A network of four 0.45 cm diameter telescopes
around the world, devoted to the search for optical transients [7].

• RAPTOR (LANL, USA): An array of telescopes that continuously monitor
about 1500 square degrees of the sky for transients down to about 12th magni-
tude in 60 seconds and a central fovea telescope that can reach 16th magnitude
in 60 seconds. Search for optical transients (OTs). See Fig. 2 [8].

• REM (Italy): Is a rapid reaction near-infrared (nIR) robotic telescope [9] dedi-
cated to monitor the prompt afterglow of Gamma Ray Burst (GRBs) events [10].

• PAIRITEL (SAO, USA): It is a 1.3m telescope devoted to the study of nIR
transients [11] by means of simultaneous JHK imaging [12].

Figure 2: The RAPTOR wide-field telescopes system [6].

• ROBONET (participated by 10 UK Universities) is a network of three 2m class
robotic telescopes (see Fig. 3). The main aims are to detect cool extra-solar
planets by optimised robotic monitoring of Galactic microlens events. In partic-
ular, to explore the use of this technique to search for other Earth-like planets.
Another goal is to perform detailed studies of GRBs [13].
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Figure 3: The 2m RoboNet Network. Adapted from [13].

4 RAOs in Spain

Amongst the ∼35 RAOs existing in Europe (see Fig. 4), a dozen of them are located
in Spain, with some of them being automated systems and few others being robotic
ones.

The Spanish automated systems are the Carlsberg telescope (since 1983), the
IAA Tetrascope (4 x 0.35m) at OSN (2001-05) and La Sagra (since 2006), the 0.45m
Astrograph at La Sagra (since 2007) and the DIMMA (IAC), an automated seeing
monitor in operation since 2007.

The Spanish robotic systems are the 0.2m and 0.3m BOOTES-1 telescopes (since
1998), the 0.3m BOOTES-2 telescope (since 2001), the 0.6m BOOTES-IR telescope
(since 2004), the 0.6m TROBAR telescope (since 2004), the 0.8m MONTSEC tele-
scope (since 2005) and the 0.4m, 0.5m and 0.5m belonging to the CAB Robotic
Telescope Network (since 2004).

We provide additional details for some of them:

• The Circulo Meridiano Carlsberg was initiated by KUO, IoA and ROA, with
ROA being the only institution that run the instrument nowadays. It is an
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Figure 4: The RAOs location in Europe. Adapted from [6].

automated telescope placed at La Palma (Canary islands), which had first light
in 1983 (see Fig. 5). It allows to observe between 100,000 and 200,000 stars
a night, down to r’=17. This will give accurate positions of stars, allowing a
reliable link to be made between the bright stars measured by Hipparcos and
the fainter stars seen on photographic plates (as measured by the APM and
similar measuring machines). The current area of the survey is between -30 and
+50 degrees in declination and is completed [14].

• TROBAR (UV) is a 0.6m diameter robotic telescope located in Aras del Olmo
(Valencia), which had first light in 2004. It is devoted to astroseismology and
extrasolar planet research. NEOs and GRBs studies are also part of the scientific
programme [15].

• The largest diameter robotic telescope in continental Spain is the 0.8m diameter
telescope at Observatori Astronomic del Montsec (participated by UB, UPC,
CSIC, Consorci del Montsec and Fundació Joan Oró). It had first light in 2005
and makes use of the TALON control system [16].
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Figure 5: The Carlsberg meridian Circle, at La Palma, is operated by the Real
Observatorio de la Armada in San Fernando (Cádiz).

• The CAB/INTA/CSIC Robotic Telescope Network is formed by a 0.4m di-
ameter telescope in Torrejón de Ardoz (Madrid), a 0.5m diameter telescope
in Calatayud (Zaragoza) and a 0.5m diameter robotic telescope in Calar Alto
(Almeŕıa). [17].

• BOOTES-1 and BOOTES-2 (participated by INTA/CSIC/AUS/CVUT) started
with robotic 0.3m and 0.2m diameter telescopes and wide-field lens systems,
having first light in Huelva (1998) and Málaga (2001) respectively. The tele-
scopes will be upgraded to 0.6m telescopes in 2008-2009.

• BOOTES-IR/T60 (CSIC) is a robotic 0.6m diameter telescope at Observatorio
de Sierra Nevada (Granada), which had first optical light in 2004 and first near-
infrared (nIR) light in 2007. Simultaneous optical/nIR imaging is foreseen for
late 2008. Additional details for both BOOTES and BOOTES-IR are given
below.

4.1 BOOTES

BOOTES, the Burst Observer and Optical Transient Exploring System, is mostly a
Spanish–Czech international collaboration that works to fill in the space that actually
exists in rapid variability Astronomy. It is specially aimed towards the detection and
study of the optical transients that are generated in conjunction with the elusive
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Figure 6: The BOOTES-1 0.2m and 0.3m diameter telescopes at Instituto Nacional de
Técnica Aerospacial in Mazagón (Huelva). They will be replaced by a 0.6m telescope.

GRBs. It saw first light in 1998 [18] being one of the pioneering robotic observatories
for OT follow ups [19]. There are two 250 km distant BOOTES stations. Thus,using
parallax, it can discriminate against near Earth detected sources up to a distance of
106 km.

BOOTES-1 in Mazagón (Huelva) has two domes (1A and 1B), three Schmidt-
Cassegrain telescopes (Fig. 6) and several wide field cameras. Following comple-
menting schemes, all instruments carry out systematic explorations of the sky each
night.

BOOTES-2, located near Málaga is in operation since 2002. It has one 30cm
telescope with an attached wide-field camera. The station may observe in standalone
as well as in parallel stereoscopic modes together with BOOTES-1. An ultra-light
weight 0.6m telescope (TELMA) is replacing the existing one in Spring 2008 [20]. See
Fig. 7.

Both stations are operated under the RTS2/Linux control system (see section 6).

LNEA III, 2008.
A. Ulla & M. Manteiga (editors).

137



Alberto J. Castro-Tirado Robotic Astronomy and GRB studies

Figure 7: The TELMA ultra-light weight telescope concept for the BOOTES-2 station
in Málaga (Spain).

4.2 BOOTES-IR

BOOTES-IR, the Burst Observer and Optical Transient Exploring System in the
near-InfraRed, is the extension of the BOOTES project towards near-IR wavelengths
thanks to a nIR camera developed in the context of Spain’s Programa Nacional de
Astronomı́a y Astrof́ısica, placed in 2006 at the 60 cm telescope at the Observatorio de
Sierra Nevada, under a controlled dome, also developed in the context of the Project
(see Fig. 8).

BOOTES-IR was first proposed in 2001. The enclosure was built atop Sierra
Nevada in the Summer of 2003. The telescope was installed at the end of 2004 and
first (optical) light was obtained in 2005. Since then the telescope is in commissioning
phase and operating with an optical camera, and responding to some alerts within
20-30 s after occurrence. The nIR camera has had first light in 2007 [21].

Thus, BOOTES-IR will be the third astronomical nIR RAO of this kind [22],
following REM (opt/nIR) at ESO La Silla Observatory in Chile and PAIRITEL
(nIR), but extending its wavelength coverage in the blue optical range.
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Figure 8: The BOOTES-IR camera (BIRCAM) attached to the 0.6m robotic
BOOTES-IR telescope at the Observatorio de Sierra Nevada.

5 Technology with RAOs

5.1 Range of apertures

According to recent statistical studies [6] and once instruments planned by 2010 are
considered, nearly 50% of RAOs have diameter smaller then 0.25m, while 10% have
diameter larger than 1.25m.Nearly 95% are equipped with optical instrumentation,
with the remaining fraction being devoted to nIR studies.

5.2 Telescope Control Operating Systems and Observatory
Managers

Control Operating Systems can be divided into commercial or specific ones, which
can be open or closed source. For instance, a commercial automatization systems is
TCS, developed by Optical Mechanics (OMI), for operating telescopes with diameters
in the range 0.4 to 1.0 m [23]. A specific control system is the one built for 10 m
Spanish GTC telescope.

Amongst Observatory Managers some examples are:

• AUDELA: Developed by A. Klotz et al. (Toulouse), starting in 1995. Open
source code. Linux/Windows [24].
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• ASCOM: Dessigned in 1998, by B. Denny (USA), as an interface standard
for astronomical equipment, based on MS´s Component Object Model, which
he called the Astronomy Common Object Model. Mostly used by amateur
astronomers, has been also used by professionals, under the Windows operating
system. It is widely used in supernovae and minor planet searches [25].

• RTS2: The Robotic Telescope System version 2, is being developed by P.
Kubánek, (Ondrejov/Granada) starting in 2000. The source code is open. It
works under Linux/Windows (command line and graphical interface foreseen).
Widely used in GRB searches.

• INDI: The Instrument Neutral Distributed Interface (INDI) was started in 2003.
In comparison to the Microsoft Windows centric ASCOM standard, INDI is a
platform independent protocol developed by E. C. Downey (USA). The source
code is open too. Not so widely spread as the upper layer interface was not
done [26].

Observatory Managers can also work as open or close loop systems. In an open
loop system, a robotic telescope system points itself and collects its data without
inspecting the results of its operations to ensure it is operating properly. An open
loop telescope is sometimes said to be operating on faith, in that if something goes
wrong, there is no way for the control system to detect it and compensate. A closed
loop system has the capability to evaluate its operations through redundant inputs
to detect errors. A common such input would be position encoders on the telescope’s
axes of motion, or the capability of evaluating the system’s images to ensure it was
pointed at the correct field of view when they were exposed [27].

6 RTS2

RTS is a system for complete observatory control. It can be regarded as a turnkey sys-
tem. Once installed on any telescope, it should run and provide results. RTS consists
of three major layers – device, service and monitoring, with components communicat-
ing over TCP using a simple text protocol. Detailed design and development history
of RTS can be found in [28]. See Fig. 9.

6.1 Current RTS2 system operation

The current network of RTS controlled observatories operates as a set of separate
nodes. The nodes run every night, paying attention to local conditions via sensors
and controlling all aspects of the telescope operations.
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Figure 9: RTS2 class diagram (from software developer´s point of view).

All computers (with RTS software) are accessible via the Internet with Secure Shell
(SSH). This shell access is used to control observatory operations through command
line utilities for remote management of observation plan and observatory.

Telescopes using the RTS are observing every clear night. The instruments are
active participants of the GCN (The Gamma ray bursts Coordinate Network) [29].
Each node has a dedicated connection to the GCN system, through which it receives
real–time alerts containing GRB alert messages. In 2006, RTS2 observations were
responsible for 30 GCN circulars, roughly 2% of the year total. From 82 GRBs with
optical transient, 2 optical transients were discovered by RTS – GRB060117 [30] and
GRB060707 [31].

RTS supports two modes of observation planning: real–time merit function based
scheduling, and prepared plan observing. Although observation of a fixed-time event
can be ensured (in theory) by appropriate programming of a merit function scheduler,
in practice there are significant drawbacks, primarily that it is tricky to prepare a
merit function that will work as the observers want. For such cases, RTS provides
the prepared-plan observing option, where the observer writes a script that RTS then
executes as written (see Fig. 10). Any scheduled observation can be interrupted at
any point should a Target of Opportuniy Observation (TOO) be performed.
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Figure 10: RTS2 executor working procedure.

6.2 Additional RTS2 image processing software

These additional software packages are available and undergoing significant improve-
ment:

• 1. Astrometry pipeline (to check telescope pointing and improve the accuracy)

• 2. Pipeline for automatic data analysis: i) Astrometry and photometry; and ii)
Transient object detection, with JIBARO [32].

7 Science with RAOs

7.1 Scientific use

Different fields will have benefits from RAOs: GRB research, service observations,
photometric monitoring, education, all-sky surveys, exoplanet searches, SN search,
asteroids, spectroscopy, astrometry, AGN/QSO monitoring, (micro)lensing, etc.

A significant fraction of observing time at RAOs should be available for many
scientific projects of interest. Objects relatively bright and variable, like Solar Sys-
tem objects (see Fig. 11), brown dwarfs, variable stars, planetary nebulae, compact
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Figure 11: The evolution of comet 17P/Holmes following the October 2007 outburst,
imaged on a nightly basis with the 0.3m BOOTES-2 telescope in Spain. The despicted
field of view is the same (∼10′ ×10′) in all frames.

objects in binary systems and blazars should be easily observable. The possibility
of simultaneous optical/nIR monitoring will allow us to study in great detail the
underlying physical emission mechanisms.

Particularly, RAOs can be used to study comets and asteroids. In the wavelength
range of the detector is feasible to analyze the radiative properties of the dust in
cometary comae. Especially important can be the physical characterization of Near
Earth Objects (NEOs). On the other hand, optical-nIR observations can help to
determine the luminous efficiency of meteoritic impact flares on the Moon.

8 Study of GRBs

8.1 GRBs at the edge of the observable Universe

Cosmology is starting to constrain the nature of the earliest galaxies formed in the
Universe but direct observations of galaxies at z > 4 remains largely challenging due
to the observational constraints imposed for their large luminosity distances. Long-
duration Gamma-ray bursts (long-GRBs), those ones usually lasting more than 5s
and originated at cosmological distances, can be used as beacons to point to the
location of these high-z galaxies, thanks to their extreme luminosities (with energy
releases of 1051–1053 ergs).

As the central engines that power these extraordinary events are now considered to
be the collapse of massive stars ([35, 36]), they can be used as tracers of star formation.
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Figure 12: The GCN/Bacodine alert system assures rapid dissemination of GRB
alerts thru Internet, so RAOs can quickly respond to them [33].

Early observations of the afterglows (the multiwavelength emission that follows the
gamma-ray emission) allow to provide redshifts and additional spectral observation
which cannot be derived from the direct observations of the galaxies themselves. This
is most essential as some of these host galaxies (the ones a z > 6) are responsible of
a significant proportion of ionizing radiation during that reionization era.

INTEGRAL and Swift are providing around 100 detections/yr, whose alerts are
promptly distributed by the GCN/Bacodine Network (see Fig. 12). However, none
of these missions carry instrumentation devoted to the nIR, that could complete
the observations at longer wavelengths. Following the detection of a bright, prompt
optical flash for GRB 990123 with MV = −36 [37], such events were also expected to
occur at nIR wavelenghts, as was proven for GRB 041219 [38].

But since the first GRB with a fading X-ray afterglow without an optical coun-
terpart was detected by BeppoSAX in Jan 1997, the number of similar events has
increased significantly since the launch of Swift in Nov 2004. Nowadays, these dark
GRBs seem to constitute a significant fraction (∼ 50%) of the GRB population (e.g.
[39]).

This latter population of dark GRB should contribute significantly to the hidden
star formation rate in the Universe [40]. Important scientific goals for some RAOs
are the study of dark GRBs and the “hunt” for ultra-high z events.
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Figure 13: Optical afterglows lightcurves of some GRBs detected by BOOTES and
rapidly imaged (∼ 1 min) after the detection by scientific satellites.

8.2 Dark GRBs

About 50% of events are not detected in the optical in spite of deep observations being
performed minutes/hours after the event. This can be partly explained if the GRB
do occur in a high density region in the host galaxy which will extinct the optical
emission. Thus, even with no optical afterglow being observed, a bright nIR transient
might be recorded and, together with the derived upper limits in the optical, might
allow to determine the intrinsic extinction. In fact, it is expected that most of the
dust will be sublimated by the prompt UV/optical emission, i.e., it is foreseen that
the nIR flash should be observed prior to the optical one, allowing to determine an
upper limit to the amount of dust in the surroundings of the GRB progenitor.

8.3 Ultra-high z GRBs

There will be a small fraction of events not detected in the optical due to a ultra-high
redshift (with z > 6), i.e., with the Lyα break in the I band (0.9 µm) at that particular
redshift. As nIR RAOs will cover a redshift range 6 ≤ z ≤ 17 (see Fig. 14), part of
these ultra-high z population should be unveiled if prompt observations are conducted
soon after the events. As it has been already pointed out, GRB are a powerful tool
for the study of the high z Universe. The importance of prompt observations is based
on the fact that the photons arrival time should be divided by a (1+z) factor. That
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Figure 14: GRB 050904 holds the highest redshift recorded so far for a GRB (z = 6.3).
The Lyman-α break is quite noticeable in the broadband optical-nIR photometry [41].

is, that the elapsed time since the onset of the event has to be accounted for in the
framework of the source. Thus, a GRB at z = 4 being observed 10 min after the
event means that is being detected 10/(1+z) = 2 min after the explosion, when the
source is extremely bright. Thus, we can say that z might be an advantage, with a
favourable K correction [42].

For instance, a combination of the BOOTES (optical) and BOOTES-IR (nIR)
datasets will allow us to distinguish a high z event. The identification of candidates
in a color-color diagrame[43] will allow us to discern the most interesting candidates
allowing larger size instruments to point to the GRB afterglow while it is still bright
enough to ease spectroscopic observations. This will allow to study the distribution of
Lyα clouds in the intergalactic medium as function of z, the metallicity, the interstellar
medium in the host galaxy and the intergalactic medium reionization, expected in
the 6 ≤ z ≤ 17 range.

8.4 Coordinate observation of GRBs in different filters

Only a few GRBs have exceptionally bright optical counterparts. Observers are of
course interested in collecting as much data as possible, with the best possible reso-
lution.

One of the goals of the observers is to take spectra of the transient while it is bright
enough, so the transient redshift and other properties can be measured. Using data
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taken with different filters, one can construct a spectral energy distribution of the
event and estimate object redshift. The networked RTS telescopes (like BOOTES)
at favourable locations can simultaneously observe objects in different filters.

The idea is to enable those telescopes to communicate with each other and provide
simultaneous images in two or more filters. This system should balance the need to
take some data with possibility to take data in multiple filters. It can be achieved by
sending commands for taking images in different filters when the system knows that
it has at least some images of the event. This kind of decision is best done in a single
component – observation coordinator.

The coordinator will be connected to two or more telescope nodes. It will collect
information from GCN and from all connected nodes. A node will report to the
coordinator when it receives a GCN notice, when it starts its observation and as soon
as it gets image passed through astrometry and it contains whole error area of the
GRB. It will also report when the transient detection software identifies a possible
optical transient.

When the coordinator receives messages about correct observation by two tele-
scopes, it will decide which filter should be followed at which telescope, and send out
commands to carry out further observations. The coordinator will periodically revisit
its observing policy, and send out commands to change filter accordingly.

As the system is “running against the clock” for the first few minutes after the
GRB event, trying to capture the most interesting part of the transient light curve,
it cannot wait for the completion of the transient source analysis. In the case of two
telescopes, the coordinator will command different filters as soon as it knows that
both telescopes have acquired the relevant field. The current astrometry routines
take a few seconds to run, and it is expected that observations with different filters
can already have started within this time–frame.

9 Coordinated World-wide observation of Targets

One step further from the GRB observation is coordinated observation of targets –
e.g. observation of variable stars for more then 12 hours (i.e. taking advantage of
telescopes in different time zones). The observer should contact the coordinator, and
either add a new target, or select a predefined target which he/she wants to observe.
The coordinator should list to the observer telescopes which can observe target of
his/her choice, and propose filters and exposure times.

The observer could then decide which telescopes to be used, and the coordinator
would send observation requests to the nodes, and collects back information about
observation progress. Currently only observer–selected coordinated observations are
envisioned. Once that will work properly, observer can be replaced by a network
scheduling software.
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10 Conclusions

Robotic Telescopes are opening a new field in Astrophysics in terms of optimizing the
observing time, with some of them being able to provide pre-reduced data. The big
advantange is that they can be placed in remote locations where human life conditions
will be hostile (Antartica now, the Moon in the near future).

Technological development in differen fields is pretty much involved and some of
the robotic astronomical observatories are moving towards intelligent robotic astro-
nomical observatories.

One immediate application of small/medium size robotic telescopes is the study
of GRBs, which can be considered the most energetic phenomenon in the Universe.
In combination with space missions like Integral and Swift (nowadays), GLAST (to be
lunched in mid 2008) and EXIST (if approved) should be used for triggering larger size
instruments in order to perform more detailed studies of host galaxies and intervening
material on the line of sight. These RAOs will provide a unique opportunity to unveil
the high-z Universe in the years to come.
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Abstract:
The most relevant aspects of the Martian atmosphere are presented in this paper,

focusing on the almost unexplored upper atmosphere. We summarize the most recent
observations concerning this region, as well as the numerical models used to its study.

Special attention is devoted to the only ground-to-exosphere General Circulation
Model existing today for Mars, the LMD-MGCM. The model and its extension to
the thermosphere are described and the strategies used for its validation are shortly
discussed. Finally, we briefly present some comparisons between the results of the
model and the observations by different spacecrafts.

Keywords: Mars atmosphere – Thermosphere – General Circulation Models.

1 Introduction

1.1 Main features of the Martian atmosphere

Our knowledge of the Martian atmosphere has increased dramatically in the last 3-4
decades as a result of an international effort of exploration (more than 20 spacecrafts
have been launched to Mars since the first secret attempts by the Soviet Union in
1960, although only about half of them have been successful) and of the increasing
sophistication of the theoretical models devoted to its study. Nowadays we know that
the Martian atmosphere, mostly composed of CO2, is very thin (pressure surface of
about 6 mb) when compared to the Earth (1 bar) and Venus (95 bar) [1] and has a
surface temperature that oscillates between 140 and 300 K [2]. The inclination of its
axis of rotation (similar to the terrestrial) and the high eccentricity of the Martian
orbit induce a seasonal cycle more intense than the terrestrial one.

A typical thermal profile for the Martian atmosphere is shown in Figure 1. Due
to the small amount of water in the Martian atmosphere, the decrease of temper-
ature with altitude in the troposphere follows the dry adiabatic [3]. The Martian
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atmosphere does not have an stratosphere like the terrestrial one. The reason is that
the amount of ozone in the Martian atmosphere is too small to produce a noticeable
heating. However, when the dust load is high enough, the heating induced by the
dust can produce thermal inversions similar to a stratosphere. The lower thermo-
sphere is characterized by a strong increase of temperature with altitude, due to the
absorption of UV solar radiation, while in the upper thermosphere the temperature
tends to an asymptotic value due to the high efficiency of the thermal conduction,
that suppresses temperature gradients.

Figure 1: Typical temperature profile of the Martian atmosphere

There are two features of the Martian atmosphere that make it unique in the solar
system: the CO2 cycle and the dust storms.

The CO2 cycle consists in the interchange of this constituent between the atmo-
sphere and the polar reservoirs in response to the annual change in the insolation of
the surface [4]. In winter, the atmospheric temperatures in the polar regions are so
low that CO2 condenses and is deposited on the surface, subliming in spring with the
rising temperatures. This cycle affects an important fraction (about one third) of the
atmospheric CO2, producing remarkable seasonal variations in the surface pressure,
that were already detected by the Viking landers [5].

The importance of the presence of dust in the Martian atmosphere was first un-
veiled by the soviet Mars 2 and Mars 3 spacecrafts, lost due to a dust storm [6].
Today we know that the amount of dust suspended in the atmosphere is higher dur-
ing Southern hemisphere summer (corresponding to the perihelium of the Martian
orbit), with an annual cycle approximately repetitive. However, important interan-
nual variations can occur [7]. During perihelium local dust storms are formed, that
can eventually join and produce a global, planet-encircling dust storm. The mecha-
nisms to form these global storms are currently not well known. The dust absorbs
the infrared radiation and can affect the thermal structure of the atmosphere [3].
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1.2 The Martian upper atmosphere

On behalf of the intense international exploratory effort from the second half of the
20th century, it is only in the last years that the upper atmosphere has begun to
be explored. In this work, we will refer as “upper atmosphere” to the region with
altitudes between about 80 and 250 km, that is, referring to the Figure 1, the upper
mesosphere and the thermosphere.

During the last decade there has been a growing interest in this region. The rea-
sons are twofold. First, this region is the scenario of important physical, dynamical
and chemical processes, as the absorption of ultraviolet (UV) radiation coming from
the Sun, that is the primary heating source of the upper atmosphere [8], the pho-
tochemistry, that induces the photodissociation of molecules like CO2 and O2 into
simpler molecules and/or atoms, and the escape, that is essential to understand the
long-term evolution of the whole atmosphere. The region possesses a complex dy-
namics, with interactions between waves, both created in-situ and propagating from
below, and the mean flow [9]. Second, it is in this particular altitude range where
the spacecrafts perform their aerobraking maneuvers, using the friction with the at-
mosphere to decelerate the spacecraft up to the velocity appropriate for the insertion
in the required orbit. A detailed knowledge of the density structure is necessary to
minimize the risks of this maneuver. Given the scarcity of data, theoretical models,
like General Circulation Models (GCMs) are essential for this task.

The latest observations have shown a strong coupling between the lower and the
upper atmosphere [10]. During its aerobraking, MGS has observed a longitudinal vari-
ation of the density (at constant local time and altitude) mainly composed of wave
numbers 2 and 3 [11]. It has been shown [12, 13] that the origin of this structure is
the interaction of the solar illumination with the topography and the non-lineal in-
teractions between waves created in-situ and propagating from below. Mars Odyssey
has detected, during its aerobraking phase, an increase of temperature with latitude
when moving towards the winter pole [14]. The origin of this thermospheric polar
warming is a downwelling from the upper thermosphere due to an intense interhemi-
spheric transport, that produces an adiabatic warming [10]. The intensity of this
warming is modified by the dust amount in the lower atmosphere [15]. SPICAM on
board Mars Express has detected for the first time in Mars the UV emissions of the
NO molecule in the nightside [16]. The peak emission is located between 60 and 100
km, with no clear trend with the latitude, longitude, local time or solar activity. This
nightglow is produced by the recombination of N and O atoms, that are transported
to the nightside mesosphere from the dayside thermosphere, where they are produced
by photodissociation of N2, O2 and CO2.

All these processes show a strong coupling between different atmospheric layers
and between different process. As we will see, GCMs naturally include these coupling,
making them valuable tools to the study of the atmosphere as a global system.
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1.3 General Circulation Models for Mars

General circulation models have their origin in the models for meteorological pre-
diction. They simulate the atmosphere by a 3-D grid (longitude-latitude-altitude)
in which they solve by numerical methods the governing equations. They can be
schematically decomposed in a core that solves the equations of the dynamics and
a set of physical processes in form of approximations or parameterizations, to avoid
an excessive CPU time consumption. These models include in a natural way the
couplings between layers and between physical processes.

However, although these GCMs are very powerful tools, they suffer from a series
of limitations that need to be considered when analyzing their results. It is not the
lesser the natural unpredictability of the atmosphere, given its chaotic and almost
turbulent behavior due to the non-linear character of the equations of the atmospheric
physic [17], that originates a day-to-day variability difficult to predict. In many cases,
temporal averages are necessary to lessen this problem. Other problems that can be
mentioned are the limitations to consider processes with a scale lower than the grid
size, and the excessive CPU time consumption. And, in the particular case of the
Martian upper atmosphere, the lack of data to contrast the predictions of the models
imposes an additional difficulty.

Several GCMs for Mars have been developed since the pioneering work of Leovy
and Mintz [18]. Most of them are devoted to the study of the lower atmosphere. For
example, we can cite the NASA/AMES-MGCM, used to study the temperature pro-
files measured by MGS [19], the GFDL Mars-GCM, that has been employed to study
the thermal tides [20], or that developed by a French and British consortium, the
LMD/AOPP MGCM, used for example to study the polar warming in the lower at-
mosphere [21]. The only thermospheric GCM until recently, the Mars Thermospheric
GCM, developed at NCAR and maintained by the University of Michigan, has been
used in studies of comparative terrestrial planet thermospheres [22, 23]. This model
has been recently coupled to the NASA/AMES MGCM, with key fields being passed
upwards from the NASA/AMES MGCM to the MTGCM, but not the other way
around.

2 The LMD-Mars General Circulation Model

The LMD-MGCM has its origin in the model for the study of the terrestrial cli-
mate developed at the Laboratoire de Météorologie Dynamique (Paris University).
To adapt this model to Mars, a new radiative transfer code [24] and a CO2 conden-
sation/sublimation scheme [25] were developed. It includes the radiative effects of
CO2 and dust, a number of subgrid-scale processes, processes of interchange surface-
atmosphere and the seasonal cycle of CO2 and H2O [21]. Originally, it extended from
the surface up to about 80 km.
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In the frame of a joint project of the LMD, the University of Oxford and the
Instituto de Astrof́ısica de Andalućıa (IAA, CSIC, Spain) and sponsored by the ESA,
the vertical range of the model has been extended up to the upper thermosphere,
becoming in this way the first Martian GCM able to study in a self-consistent way
the whole atmospheric range from the surface up to the upper thermosphere. This
extension has been done in two steps. First, the model was extended up to about
120 km by including the Non-Local Thermodynamic Equilibrium (NLTE) correction
to the CO2 NIR solar heating rate and to the cooling due to 15µm emissions by
CO2 [12]. And in a second step, it was extended up to the thermosphere by adding
parameterizations for the physical processes important at these altitudes: Molecular
diffusion, thermal conduction [26], photochemistry of the C, H and O families and
UV heating [27]. For both extensions, a 1-D model developed at the IAA has been
used to implement detailed schemes and to develop and test parameterizations to be
included in the GCM.

2.1 The Mars Climate Database

One of the most important applications of this model is the creation of the Mars
Climate Database, a compilation of statistics of the results of the LMD-MGCM [28].
This database takes into account both the diurnal and the seasonal variations. Sev-
eral “scenarios” (combination of different options for the dust load and for the UV
solar activity) are included to bracket the very variable conditions of the Martian
atmosphere. Statistical tools to estimate the day-to-day variability are also included.

This database is currently being used by most of the active groups in the study of
the Martian atmosphere, both as a reference for scientific studies and as a tool in the
engineering planning of future missions. It is freely available for the community in
DVD format and a simplified version can be found on-line at www-mars.lmd.jussieu.fr

3 Results

3.1 Validation

After extending the LMD-MGCM up to the thermosphere, the first efforts were di-
rected towards validating the model. Different strategies have been used before di-
rectly comparing with some of the scarce observational data.

First, a series of sensitivity tests were performed to check if the model reacted
as physically expected to modifications in some input parameters or in the absence
of some physical processes. These tests allow also for a deeper understanding of the
atmosphere as an integrated system. For example, when not including the concentra-
tion changes produced by the photochemistry, an increase of temperature was found
in the upper atmosphere [27]. The reason is that one of the most important effects of
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the thermospheric photochemistry is the photodissociation of CO2 in CO and atomic
oxygen. So, when no photochemistry is included, there is more CO2 than in the
“nominal” simulation. Given that CO2 is more efficient than CO and O in absorbing
UV radiation and heating the atmosphere, more CO2 implies more heating and thus
a higher temperature. Another example of these tests can be found in [26], where
simulations with and without parameterized orographic gravity waves are presented,
concluding that these waves can serve as a coupling mechanism between the lower
and the upper atmosphere, modifying the zonal mean winds and interacting with the
tides.

And second, a detailed intercomparison campaign with the reference GCM of the
Martian thermosphere, the MTGCM, has been performed [29]. In this intercompar-
ison, both models were run using similar forcings and the same input conditions.
Three different “scenarios” or sets of input conditions were used, designed to study
the atmospheric variability with seasons and with different dust loads. A good over-
all agreement is found, although some local/regional differences have been identified,
expected when comparing models of such a complexity. The detailed results of this
intercomparison campaign will be published elsewhere.

3.2 Thermal and wind structure of the Martian upper atmo-
sphere

After these validation exercises, we have exercised the model to study the thermal
and wind structure of the Martian upper atmosphere. The longitudinal and latitu-
dinal variation of the temperatures and winds predicted by the model for perihelium
conditions (Southern summer) is shown in figure 2. We can clearly appreciate the
shape of the terminator (the day-night separation line) and how the summer polar
region is constantly illuminated. Maximum temperatures of about 400 K are found
in the Equator close to the evening terminator, while the minimum temperatures
(≈200 K) are found in the equatorial region close to midnight. The winds diverge
from the summer night hemisphere and converge in the Equator before midnight.
The energy transported by the winds modifies the distribution of temperatures that
would be expected by radiative equilibrium, as described by [23]. A thermospheric
polar warming is clearly visible during the night, as observed by Mars Odyssey [14].

The balance between the different heating/cooling terms predicted by the LMD-
MGCM can be found in figure 3. The UV heating is the main heating source of the
Martian upper atmosphere, and it is mainly compensated at the altitude of its peak
by thermal conduction, although there is an important contribution by 15 µm cooling
in lower layers, in good agreement with the predictions of the MTGCM [23].

156 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).
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Figure 2: Temperatures (color contours) and winds (arrows) in a constant pressure
layer in the upper thermosphere (P≈ 10−9 Pa) derived from the LMD-MGCM for
perihelium conditions.

Figure 3: Balance between different heating/cooling terms for perihelium conditions.

3.3 Comparisons with data

In figure 4, we compare the variation of the upper thermospheric temperatures with
seasons and with the solar cycle predicted by the LMD-MGCM (solid lines) with the
few existing data (symbols) and with the results from the MTGCM (dashed lines),
taken from [23]. Temperature is minimum for aphelium and maximum for the per-
ihelium season, as expected. The LMD-MGCM predicts a more intense seasonal
variability than the MTGCM, although it has to be taken into account that the re-
sults from the MTGCM are for a dust-free lower atmosphere. In spite of predicting
reasonably well the temperatures for solar minimum conditions, the LMD-MGCM
tends to overestimate the exospheric temperatures for solar medium and maximum
conditions. This indicates an overestimation of the UV heating, an underestimation
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of the 15 µm cooling or the thermal conduction, or the lack of some process. How-
ever, given the scarcity of results used for this comparison and their variability, this
result needs to be further confirmed, for example with comparisons with SPICAM
temperature profiles, as discussed below.

Figure 4: Variation of equatorial temperatures in the upper thermosphere at LT=15
given by the LMD-MGCM (solid lines) and by the MTGCM (dashed lines, taken
from [23]) for solar minimum (blue), average (green) and maximum (red) conditions.
The different symbols represent the observations: red squares for solar maximum
conditions (Mariner 6 and 7), green triangles for solar average conditions (Mariner 9
and phase 2 of aerobraking of MGS) and blue crosses for solar minimum conditions
(Viking Landers 1 and 2, Mariner 4 and phase 1 of aerobraking of MGS).

Maybe the most interesting application of these models is the comparison with
data, that is doubly useful as a validation exercise for the model, revealing its weak
points that need to be improved, and allowing a deeper understanding of the data.

A good example of this merging between data and models is the study with
the LMD-MGCM of the density measured by MGS during its aerobraking. A good
agreement between the data and the predictions from the model is found, although the
density is underestimated by the model in the polar regions [12]. The wave structure
obtained by MGS is nicely reproduced by the model, allowing to perform a Fourier
decomposition of the results and confirming the importance of the non-migrating tidal
components (that is, those components not directly excited by the Sun). The origin
of these components is the interaction of the solar illumination with the topography
and the wave-wave interactions, coupling the lower and the upper atmosphere [12].

We are currently using the model for the analysis of some other sets of data about
the Martian upper atmosphere, that we briefly mention below:

SPICAM on board Mars Express has performed the first remote sensing observa-
tions of the upper Martian atmosphere, using the technique of stellar occultation [30].

158 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).
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About 600 profiles have been obtained during more than one Martian year, with a
good latitudinal and longitudinal coverage. We are right now comparing the SPICAM
profiles with results from the MCD, which will tell us for the first time the accuracy
of the model at this altitude range, previously unexplored.

As mentioned above, SPICAM has also observed for the first time the NO night-
glow in Mars [16]. In order to study this phenomenon with the LMD-MGCM we are
currently working in the extension of the photochemical module to include the chem-
istry of the Nitrogen family. This will allow to simulate the production of N atoms in
the dayside thermosphere and its recombination with O in the nightside mesosphere.
By comparing this recombination rate with the one inferred from SPICAM NO night-
glow observations, we will hopefully be able to constrain the dynamics, in particular
the day-night transport.

In the future, we plan to use other recent observations to further validate our
model. In particular, the emissions by CO2 and O2 measured by OMEGA on board
Mars Express will be very valuable to constrain the concentrations predicted by the
LMD-MGCM.

4 Summary and conclusions

General Circulation Models are very valuable tools for the study of planetary atmo-
spheres. Given the strong coupling between the Martian lower and upper atmosphere,
it is very important to study this complex system with a ground-to-exosphere model,
able to study in a self-consistent way the coupling between atmospheric layers and
between physical processes. With this in mind, the GCM developed at the LMD has
been extended up to the thermosphere, in collaboration with the Instituto de As-
trof́ısica de Andalućıa, by adding the physical processes relevant for these altitudes.

This model has been (and is still being) carefully validated. First, a series of
sensitivity tests has been performed to assess the behavior of the model when some
input parameters are modified or in the absence of certain processes. Second, a
detailed intercomparison with the reference GCM of the Martian thermosphere, the
MTGCM, has shown a general agreement between the models. And third, we have
compared the results from the model with the most recent observations of the Martian
upper atmosphere.

The model reproduces the density measured during the aerobraking of MGS, al-
though an underestimation is obtained in the polar regions. This has allowed us to
confirm the importance of the non-migrating components to produce the observed
wave structure. Comparisons with the exospheric temperatures measured by differ-
ent spacecrafts and its variation with season and solar cycle shows that the model
overestimates the exospheric temperature, at least for solar average and maximum
conditions. This is a preliminary result that needs to be confirmed by comparing
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with the more complete data set of temperatures in the thermosphere, obtained by
SPICAM.
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WHY ARE INTENSE GEOMAGNETIC

STORMS SO IMPORTANT FOR HUMAN LIFE?
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Abstract: Increasing knowledge concerning the space environment surrounding
the earth has become one of the main focuses of research. This is mainly due to
the fact that the adverse conditions in near-earth space cause significant damage to
technological systems and, consequently, considerable economic losses. Many types
of space weather-related anomalies and failings have been identified in recent years,
thus converting adverse space weather into one of the threats facing modern human
technology. Therefore important efforts should be made to find technical and opera-
tional solutions to space weather problems. In this framework, the need to implement
reliable real-time warning tools is evident. Meanwhile, the fewer parameters involved
in making predictions, the more valuable the tools will be. The present work devel-
ops a warning procedure based on the use of the z component of the interplanetary
magnetic field only. The aim of this tool is to warn of the occurrence of intense ge-
omagnetic variations, as measured by the geomagnetic Dst index. A comparison of
our results with those criteria available in the relevant literature for the occurrence of
intense geomagnetic activity shows a significant improvement in alerting capability.

Keywords: Geomagnetic storms – Dst index – Space Weather –Hazards.

1 Introduction

The sun is the star which human life depends on. In quiet conditions solar wind
(plasma and magnetic fields travelling together) is constantly blowing off the sun.
Solar wind at the earth’s orbit has a mean density of about 4 cm−3, a mean velocity
of about 400 km/s and a mean interplanetary magnetic field (IMF) of about 5 nT.

However, the sun is an extremely active star and disturbs the earth in several
ways. Large solar flares, solar coronal mass ejections (CMEs), or high-velocity solar
wind streams occur in the sun from time to time. When this happens, a considerable
amount of radiation, highly energetic particle fluxes and magnetic flux is released into
the interplanetary medium. Figure 1 offers a schematic representation of the linked
sun-earth system.
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Figure 1: Picture taken from the NASA website showing the linked sun-earth system.

Interplanetary counterparts (ICMEs) of CMEs propagate outward from the sun,
often with velocities of up to about 1000 km/s. As they travel faster than normal
solar wind, they usually have a shock ahead, a sheath behind the shock with high
density and strong magnetic field, and the ICME proper to coherent magnetic field
structure.

High-velocity solar wind streams are originated in the solar coronal holes (CHs).
As these streams emanating from CHs run into a slower solar wind, co-rotating in-
teraction regions (CIRs) arise.

When these solar events, with different structures, impinge on the earth, major
disturbances are detected in the earth’s magnetosphere, upper atmosphere and even
on the terrestrial surface; in these cases, the solar events are called geoeffective. While
the shock, sheath and ICME in CME events are all effective drivers of geomagnetic
activity [1], CIR events are also effective drivers but only related to medium-level
activity [2].

Solar activity varies in line with the well-known 11-year cycle, a cycle which coin-
cides with magnetic records. ICMEs are more frequent during maximum solar phase
and the early part of declining phase of the cycle [3]. However, during the declining
phase, where the CHs extend to low latitudes, even reaching the solar equator, CIRs
are also significant sources of geomagnetic activity [4].

On the other hand, there are multiple spatial and temporal scales involved in space
environment changes. Spatial scales extend from interplanetary medium, outer and
inner magnetosphere, ionosphere at high and mid-latitudes up to the thermosphere.
Temporal scales go from 1 to 5 days for propagation of solar wind from the sun to
the earth, depending on the velocity of the interplanetary structure impinging on the
terrestrial magnetosphere; a few tens of minutes for solar energetic particles events; or
8 minutes for electromagnetic radiation. However that may be, the processes, changes,
and effects that take place during these important disturbances in the earth’s space
environment are called ’geomagnetic storms’. Nowadays, their study is of crucial
importance, not only because of the intrinsic scientific value they might have, but
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also more practically in so far as they lead to sequences of damage to humans in
space as well as to several types of technological systems. Satellites, space-based
equipment for positioning and navigation, military reconnaissance, communication
and ground-based systems such as electrical power supply networks are all examples
of sectors affected by disturbed conditions in space.

The term commonly used to describe the state of the space environment is ’space
weather’. COST 724 action, as a contribution to the space weather community, de-
fined that term as follows: “Space weather is the physical and phenomenological state
of natural space environments. The associated discipline aims, through observation,
monitoring, analysis and modelling, at understanding and predicting the state of
the sun, the interplanetary and planetary environments, and the solar and non-solar
driven perturbations that affect them; and also at forecasting and nowcasting the
possible impacts on biological and technological systems”.

Therefore, space weather involves a chain of events from eruptions on the sun,
through propagation of interplanetary disturbances and interaction with the earth’s
magnetosphere (and other planetary magnetospheres) to their impact on the earth’s
environment and society. Numerous effects related to space weather have been iden-
tified in recent years ( [5], [6], [7], [8]). Figure 2 shows the main systems affected
when space weather disturbances take place.

Figure 2: Main systems affected when space weather disturbances take place (taken
from the NASA website).

In what follows, a brief overview is offered of the basic properties of the structure
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and dynamics of the magnetosphere and of the relationships between the drivers and
their consequences for both the plasma environment and technological systems.

2 Signatures and effects of geomagnetic storms

The terrestrial magnetosphere is a highly dynamic system controlled by non-linear
interactions involving a continuous exchange of energy, mass and momentum between
solar wind and magnetosphere, thus driving geomagnetic activity. In ’quiet time’
conditions, the solar wind affects the magnetic structure created by the earth itself,
distorting the dipolar magnetic field lines. As a result, the magnetosphere is strongly
compressed on the dayside (facing the sun) and elongated or tail-like on the nightside.
Consequently, the size and shape of the magnetosphere as a whole is controlled by
solar wind dynamic pressure. This continuous solar wind-magnetosphere interaction
leads to a complicated system of plasma convection flows and currents systems in the
magnetosphere, which in turn give rise to its final topology (see Figure 3 for different
parts of the magnetosphere).

Figure 3: The different parts of the magnetosphere.

When the quiet IMF and solar wind plasma are disturbed by a solar event and
impinge on the earth, the bow-shock on the dayside comes closer to the earth as a
result of the dynamic pressure enhancement of the solar wind plasma (enhancement in
density and velocity). During intense geomagnetic storms, spacecraft in geostationary
orbits (6.6 RE) could be placed outside the magnetosphere in this period of time and
suffer serious damage as a result.

Geomagnetic activity is the result of energy entering the magnetosphere, mag-
netic reconnection being the most important mechanism involved [9]. This process
takes place when the IMF and terrestrial magnetic field run in opposite directions.
Major geomagnetic activity is recorded when magnetic reconnection takes place at
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the earth’s dayside magnetopause; that is to say, the process is primarily dependent
on the southward component of the IMF (Bz) [10]. This scenario may also be de-
scribed by the dawn-dusk component (Ey) of the interplanetary electric field (IEF)
by considering the solar wind as a plasma moving in a magnetic field, and therefore
with a motional electric field ( ~E = −~v × ~B).

As a result of reconnection at dayside magnetopause, amount of magnetic flux is
carried to the magnetotail where reconnection also takes place with tail-lobes mag-
netic field lines. As a consequence, the current sheet gets narrower, instability may
arise and plasma be released in an explosion and propagated away from the recon-
nection point.

The plasma heading towards the earth’s inner magnetosphere augments the pop-
ulation of the radiation belts and penetrates into high-latitude ionosphere along field-
aligned currents (FACs). Because of the gradient and curvature of the dipolar mag-
netic field, particles trapped in the radiation belts undergo a slow azimuthal drift,
constituting the ring current. The increase in the density of drifting particles (of both
interplanetary medium and ionospheric origin) during disturbed conditions produces
an increase in the ring current ( [11], [12]).

In the ionosphere, the present current systems undergo important changes. At
mid- and low-latitudes Sq and equatorial electrojet currents exist, mainly generated
by heating from solar radiation. At high-latitudes, auroral electrojets are fed by
FACs, which connect the high-latitudes ionosphere and the magnetosphere [13]. Dur-
ing geomagnetic storms electrojets are enhanced) by convection flows from the night-
side magnetosphere and energetic particles precipitating into the upper atmosphere
through the polar regions. As a consequence, there is a higher degree of ionization,
which gives rise to an increase in ionospheric currents and temperature, which in turn
causes radial outward expansion. The atmospheric drag experienced by Lower Earth
Orbiting (LEO) satellites increases, reducing their velocity and causing them to lose
altitude, modify their orbit and eventually enter the atmosphere prematurely.

Global positioning systems (GPS) (made up of a satellite fleet orbiting in different
planes that cross the outer radiation belt) and terrestrial radio navigation systems
may be seriously affected by unexpected changes in charged particle density in the
storm-time ionosphere. These changes modify the amplitude and phase of waves,
generating distortion and signal intensity fluctuations, as well as gradual power losses,
which can lead to loss of communication with the satellite during extreme events.

At high latitudes, solar wind particles can penetrate directly into the upper at-
mosphere through the polar cusps. Whether by inducing chemical reactions or direct
collisions with the atmospheric constituents, precipitating keV-electrons produce ex-
citation and subsequently radiate energy over a broad range of wavelengths (infrared,
visible, ultraviolet). This light, called “aurora”, can be seen at lower latitudes during
geomagnetic storms. Although a pleasing aspect of magnetic storms, these energetic
electrons which come into the atmosphere are harmful to spacecraft or aircraft in
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polar orbits.

Geomagnetically induced currents (GICs) arise on the terrestrial surface as a con-
sequence of magnetic field variations associated with magnetospheric and ionospheric
currents. GICs flow in any conducting structure such as electrical power supply net-
work transformers, gas and oil pipelines, undersea communications cables, telephone
networks or railways. Moreover, magnetic field variations on their own affect geo-
magnetic studies for geological surveying, directional drillings, etc.

Solar energetic particle (SEPs) events are a hazard for satellites and space-based
instrumentation [14]. If they become trapped in the inner magnetosphere’s dipolar
field, they populate the radiation belts and reside in the magnetosphere for extended
periods [15]. When solar protons with energies in the range of several MeV reach a
spacecraft, can penetrate the shielding and bury themselves within dielectric mate-
rials. When sufficient charge builds up there can be a powerful internal disruptive
discharge, which can affect memory devices and sensitive electronics, causing soft-
ware and tracking problems. Also, solar panel degradation and power loss may en-
sue. These solar protons also affect the chemistry of middle and upper atmospheres
while colliding with atmospheric constituents: the precipitation of particles lead to
an increase of NOx compounds in the mesosphere and thermosphere, which in turn
is a catalyst for ozone destruction. This way solar activity also affects the long-term
balance of atmospheric chemistry.

Space weather also has to do with issues of human health. While the terrestrial
magnetosphere and atmosphere afford adequate protection for humans living on the
surface of the planet, in outer space, astronauts are exposed to dangerous doses
of radiation. The penetration of high-energy particles in tissue cells causes genetic
mutations, associated with increased long-term risks of inheritable genetic effects and
cancer.

3 Monitoring the earth’s space environment

Extreme conditions in solar activity, solar wind and geomagnetic disturbances can
be observed by a large number of satellites and ground-based sensors. The aim
is to know, from all the information available over the longest possible interval of
time, what activity levels system operators may expect during geomagnetic storms
occurrence and how much warning they need to be given of specific events in order
to assess the impact on their systems. In a highly technology-dependent society solar
activity and its consequences turn out to play a crucial role.

Any understanding of the intricately interrelated sun-earth system requires mon-
itoring links in the different parts of the chain. In other words, there must be obser-
vation of the solar atmosphere, the interplanetary medium, the magnetosphere and
the earth’s surface if the task of forecasting space weather is to be accomplished.
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Solar activity has been routinely recorded by ESA’s SOHO mission since its launch
in 1995. CME occurrence and their outward direction from the sun is recorded by
solar coronagraphs such as LASCO, on board SOHO. Space weather warnings are
given for those events that propagate in a direction likely to reach earth.

NASA’s twin STEREO spacecraft were launched in October 2006. Their on-
board instruments (an extreme ultraviolet imager, two white-light coronagraphs and
a heliospheric imager) will provide data enabling analysis of the 3-D evolution of CME
from birth on the sun’s surface, as well as much improved geometry for ICME. That
will allow longer-term space weather predictions.

However, the space weather predictions based only on solar records are not enough
because the effects in the near-earth environment are strongly dependent on the
orientation of IMF and the velocity of solar wind plasma when encountering the earth.
From solar observations alone it is not possible deduce the polarity of magnetic field
structure and plasma velocity (unlike plasma velocity near the solar surface) when
nearing earth.

Details of storm intensity can be predicted when an interplanetary structure
(ICME, shock, CIR, etc.) arrives at the first Lagrangian point distance (L1). There,
satellites such as the ACE satellite monitor in situ the strength and polarity of the
interplanetary magnetic field as well as the density, velocity, and temperature of solar
wind plasma. The L1-earth distance makes the prediction from in situ data only
available about 1 hour in advance.

Another scientific mission whose objective is to monitor space weather from a
unique perspective is the Ulysses spacecraft. Its orbit is highly inclined to the ecliptic
plane, passing then over the sun’s poles. It provides measurements of IMF, plasma,
solar energy particles and cosmic rays. Together with the ACE, it enables the evolu-
tion of an interplanetary structure to be studied [16].

On the other hand, as solar energetic particle events in the sun impinge rapidly on
the earth, the detection of active events with solar X-ray monitors, which routinely
monitor the terrestrial environment, provide nowcasts for the space environment.

The terrestrial magnetosphere has been explored by numerous spacecraft orbiting
the earth, but direct measurements of the magnetospheric processes during space
weather disturbances are limited to a few points in space because the region to be
explored is so vast that more comprehensive coverage would require a much higher
number of satellites.

Spatial missions like Cluster, launched in 2000 by ESA, are continuously monitor-
ing different zones of the magnetosphere. Cluster is a constellation of four spacecraft
in tetrahedral formation with identical instruments on board. The distance separat-
ing spacecraft can be changed, so from four point measurements three dimensional
vector quantities are revealed (see, e.g., [17]).

From these observational data, precise measurements of the size and speed of the
bow-shock, 3D magnetic field topology at the magnetopause, typical spatial scales of

LNEA III, 2008.
A. Ulla & M. Manteiga (editors).

169



Elena Saiz et al. Geomagnetic storms and human life

high-speed plasma flows propagating from magnetotail to the inner magnetosphere,
and the thickness of plasma sheet (obtained using the curlometer technique) have all
been obtained for the first time.

Populations such as charged ring current particles and neutral atoms from the
plasmasphere are highly sensitive to processes occurring during space weather events
such as charge-exchange processes. NASA’s IMAGE mission, with its on-board high-
energy neutral atom (HENA) imager, monitors the plasmaspheric and ring current
dynamics in the inner magnetosphere. This is a clear demonstration that neutral
atom imaging is becoming a new tool to monitor the state of the inner regions of the
magnetosphere [18].

The geomagnetic activity on the earth’s surface is recorded at a variety of ground
magnetometer stations. Geomagnetic indices, based on these records, have been
drawn up to characterize the variability of the earth’s magnetic field, for all its com-
plexity, in a single number.

The AE index measures the horizontal component of the magnetic field at terres-
trial surface at auroral latitudes. The signature of geomagnetic activity in the auroral
zone, as measured by this index, is an increase of the horizontal component of the
magnetic field, reflecting the enhancement of the strength of the auroral electrojet.
On the other hand, the Dst index measures the horizontal component of the magnetic
field at terrestrial surface at low and middle latitudes. The signature of a geomagnetic
storm, as recorded by Dst index, is a large depression known as main phase, followed
by a recovery phase when the magnetosphere returns to its quiet state. The geomag-
netic storm intensity is classified as moderate, intense or super-intense according to
the minimum value of Dst reached during the storm [10]. While the main phase is
the consequence of the energy input from the solar wind to the magnetosphere, the
recovery phase is the result of the physical loss processes taking place in the ring
current associated with neutral particles ( [19], [20], [21]).

4 Current state of forecasting intense geomagnetic

activity

A useful tool which helps to understand the space weather processes and forecast
their potential effects is numerical simulation. From magnetohydrodynamic (MHD)
models (using single-fluid description to characterise solar wind-magnetosphere inter-
action and coupling to the ionosphere), large-scale global MHD simulations have been
developed ( [22], [23]) to describe magnetospheric evolution. These models provide a
large-scale framework for local observations and allow global quantities to be inferred
which cannot be obtained directly from observation. However, they are still far for
being an accurate forecasting tool.

The first empirical attempt at forecasting was that of Gonzalez and Tsurutani,
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which searched for the interplanetary cause of intense geomagnetic storms. They
found that Ey (calculated as V Bz) greater than 5 mV/m over periods exceeding
3 hours were related to intense storms. It should be noted that this forecasting
procedure involves Bz and solar wind velocity. As plasma instruments can be seriously
affected by enhanced solar X-ray and energetic particle fluxes, they fail more often
than magnetometers; moreover, sometimes the solar wind speed exceeds the upper
instrumental limits of plasma detectors. Yet during these events, there is an acute
need for a reliable Dst forecast since such disturbances may be accompanied by very
large geomagnetic storms. This scenario led Tsurutani and Gonzalez to look for
another procedure for forecasting which was not reliant on solar wind velocity. They
found that the equivalent magnetic field condition for intense geomagnetic storm was
Bz < −10 nT, lasting at least 3 hours.

In this section we turn to provide an overview of the ability to forecast intense
geomagnetic activity using the previous criteria, that is, to provide hazards of events
when the Dst index reaches a value lower than -100 nT, which corresponds to the
threshold value required for a storm event to be considered intense [10]. For that
purpose, Dst index data provided by the World Data Center for Geomagnetism at
Kyoto have been used, while historical IMF and solar wind velocity data from ACE
spacecraft have been handled as if they were real-time data. The period covered
extends from the spacecraft launch, at the end of 1997, to 2006.

In the first stage, Dst data were analyzed in order to look for those times when
the index fell below -100 nT. In an intense geomagnetic storm event, the Dst index
is used to show values lower than -100 nT for a few days. Thus, from a forecasting
point of view, all those times belong to the same event, of which warning should have
been given before Dst fell below the threshold for the first time. A collection of those
“first times” is the set of events that a warning procedure should forecast.

The results obtained after using the criterion of Gonzalez and Tsurutani [24] are
shown in Table 1, where not only the percentage of hits or misses out of the total
number of events are included, but also out of the total number of events for which
data was available. Although a data gap will provide a miss hazard, from the scientific
point of view only a statistical analysis of available data is acceptable.

% out of total data available % out of total data
Hits 49 45
Misses 51 48
False alarms 9 8

Table 1: Results of the statistical analysis of hazards of intense geomagnetic storm
events following the criteria proposed by Gonzalez and Tsurutani [24]: Ey > 5 mV/m
for ∆t ≥ 3 h
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Table 2 summarises the results obtained after using the criterion of Tsurutani and
Gonzalez [25]. In this case, there is no data gap, as this last criterion only involves the
z-component of IMF. In both tables, those events for which the forecasting criteria
were fulfilled but whose Dst index was over -100 nT are included under the term
“false alarm”. On the other hand, the term “miss” is used for those events whose
Dst index was below -100 nT but for which the forecasting criteria are not fulfilled.
Note that the results of both cases are below 50 % of hits, which indicates that a
forecasting tool based on the above procedures is not trustworthy for technological
purposes.

% out of total data
Hits 60
Misses 40
False alarms 18

Table 2: Results of the statistical analysis of hazards of intense geomagnetic storm
events following the criteria proposed by Tsurutani and Gonzalez [25]: Bz < −10 nT
for ∆t ≥ 3 h

5 Our proposal for warning

The foregoing results encouraged us to look for other features in solar wind that
might allow intense geomagnetic activity to be forecasted more reliably. In terms of
Faraday’s law, it is reasonable to think that fast Bz variations could be the signature
of a sudden energy release from solar wind to the ring current, and then of a sharp
decrease in Dst index. Figure 4 shows an example which supports this idea.

So, using the same database as in the previous section, we checked the warning
capability of Dst index variations below -50 nT in one hour; but this time we took
into account a new feature, namely, significant Bz variations over a certain time
interval. As this kind of storm, with its rapidly developing main phase, is the most
dangerous for technological systems, it is precisely the type of storm space weather
forecasting tools should be on the lookout for. Several time scales and thresholds for
Bz variations were considered with a view to optimising the warning tool, that is to
say, to providing as many hits as possible with the minimum number of false alerts.
Different resolution data were also been considered to the same end. The results as
a function of the geoeffectiveness of the event are shown in Figure 5.

From just a quick glance at Figure 5 we can deduce that this new Bz signature
is more successful than the criteria considered in the previous section, particularly
when five-minute resolution data are used. In this case all the geomagnetic storms
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Figure 4: (From top to bottom) Interplanetary magnetic field z- component, Dst
index, absolute value of Bz hourly variation and hourly Dst variation for the event
happened in November, 2004.

with Dst variations lower than -75 nT in one hour were warned of. Also noteworthy
is the reduction in the number of false alarms to only 4 events. As to the number of
gaps, it should be noted that the reduction is due to the fact that the warning tool
took no account of solar wind velocity data. Moreover, most “misses” showed fast Bz

variations between 30 and 40 nT and corresponded to events in which the Dst index
varied between -50 and -60 nT. Therefore, it is reasonable to suppose that these
misses could be included within the accuracy range of the warning tool. However
that might be, our proposal for warning yielded very good results, especially with
five-minute resolution data. For this data set, the proportion of “hits” is over 70 %,
which represents a major advance in space weather forecasting tools.
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Figure 5: Results of the warning tool as a function of hourly Dst variation using Bz

variations at a time interval of 3 hours as a tracer. Left panel corresponds to hourly
resolution data, with threshold for Bz variations at 30 nT; right panel corresponds to
five-minute resolution data with the threshold at 44 nT.
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LEONEL GUTIÉRREZ1,2, JOHN E. BECKMAN1,3

1 Instituto de Astrof́ısica de Canarias. C/Vı́a Láctea s/n, La Laguna, 38200,
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Abstract: A general overview of the physical properties of the HII regions is pre-
sented here, emphasizing the various general models made to explain their structure
and behaviour. The Lyman continuum effective extinction, representing a measure
of the extinguished or lost fraction of the ionizing flux, is explained briefly, and the
results of a study performed on this matter are presented. This study, based on
a sample of about 200 HII regions of the galaxy M51 using high resolution images
acquired with the HST, suggests a highly inhomogeneous structure.

Keywords: HII regions – Star formation rate – Extinction.

1 Introduction

A simple measure of the star formation rate (SFR) in a galaxy is the Hα luminosity
emitted by the ionizad gas in the galaxy. However, according to the evidence, the Hα
luminosity is not completely satisfactory as a star formation indicator. Several factors,
notably the extinction produced by the dust both of the Hα luminosity and of the
Lyman continuum before it can ionize the gas, do not permit an exact measurement
of the SFR using only the Hα luminosity. For highly obscured star-forming regions, a
better tracer of SFR could be the total infrared emission (IR) [1], mainly the mid-IR.
This has been confirmed by several studies carried out using data at 7 and 15 µm [2],
at 6.7, 12, and 15 µm [3] and 24 µm [4, 5, 6, 7]. The results of Relaño et al. [7] show
that the 24 µm luminosity can be used as a SFR tracer in individual HII regions, but
for the integrated emission from entire galaxies it is necessary to take into account
the metallicity of the galaxy. In addition, Calzetti et al. [8] found that the 8 µm
emission shows strong dependence on metallicity and on the size of the region being
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measured; also, they found that the 24 µm emission bears a nonlinear relation with
the Paα emission (another useful tracer of SFR, but ∼ 8 times weaker that Hα). On
the other hand, even assuming that an important fraction of the luminous energy
emitted by recently formed stars is reprocessed by dust in the infrared, there is a
possible problem: the evolved stellar population also heats the dust giving an over-
estimate of the SFR. So, the best SFR tracer may well be a combination of 24 µm
and Hα emission. However, in any case it is important to understand the efficiency of
the ionization process in HII regions and know the behaviour of the dust in a galaxy
in order to estimate its effects on the determination of the SFR.

M51 is a spiral galaxy (NGC 5194) interacting with its companion NGC 5195. Its
essentially face-on orientation (i ∼ 40 degrees) allows us to observe its structure with
excellent detail and with a minimum of obscuration by interstellar dust. This makes
it one of the best extragalactic systems for studying star formation.

The statistical properties as well as the physical properties of the HII regions
of M51 have been studied by various authors, from Carranza et al. [9], to Calzetti
et al. [5]. However, the aim of the present work is, using high resolution images,
to quantify the missing fraction of Lyman continuum photons that are extinguished
before ionizing the gas or simply escape from the region. These results can give us
evidence about whether the gas and dust distribution are homogeneous.

To do that, a set of HII regions (about 200), with distances from the galaxy
centre of between 5 and 11 kpc, has been analysed identifying by their colours the
star clusters which are responsible for the gas ionization there. The Lyman continuum
luminosity which should be produced by the clusters was calculated, as well as the
Hα luminosity which would be emitted if the gas were ionized in ideal conditions.
Comparing this luminosity with the measured value corrected for extinction, we found
values for the Lyman continuum effective extinction that reinforce the idea that the
gas and dust distribution are very inhomogeneous.

2 The HII regions and models of their structure

When big clouds of interstellar gas collapse, they give rise to the formation of stars
and star clusters. Once the stars are formed in the interior of a giant molecular cloud,
many of them, the younger and more massive stars (M∗ > 10 M⊙) with high surface
temperatures (3×104K<T<5×104K), are stars of spectral type O and B which are
generally grouped in “OB associations”. They are intense sources of UV radiation and
release significant fluxes of photons with energies greater than 13.6 eV (the ionization
potential of hydrogen) ionizing the surrounding hydrogen. This ionized gas becomes
an HII region, usually surrounded by the neutral hydrogen shielded from the UV
radiation. The higher the temperature and luminosity of the ionizing stars, the more
luminous is the UV radiation and the higher is the ionization degree of the region [10,
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11].
Hydrogen is the main constituent of the interstellar gas, hence it is the main

component of the HII regions. However, it is possible to find in these regions other
heavier elements in ionized states, mainly He, O, N, C and Ne simply or multiply
ionized.

The electrons (or, better, photoelectrons) released in the ionization process, with
local densities in the range 10 – 104 cm−3, have kinetic energies given by the difference
between the energy of the ionizing photon and the ionization potential of hydrogen.
These electrons collide with other electrons and ions distributing their kinetic energy
maintaining a maxwellian velocity distribution which defines the electron temperature
of the HII region. Typically, this temperature is of order 7000 – 13000 K.

The electron-ion collisions can excite atoms of other types in the region, which
emit in forbidden spectral lines. Among the more representative ions, excited in this
way, are O+, O++, N+, S+, S++, emitting in the lines [OII], [OIII], [NII], [SII] and
[SIII], respectively. Moreover, the recombination of these “thermalized” electrons
with the excited ions (generally H+ and He+), followed by downward transitions in
the energy level, give rise to the emission of “recombination lines” which, with the
forbidden lines, dominate the emission spectrum of an HII region.

Hydrogen is globally ionized in an HII region and accounts for more than 75% of
the mass of the region. So we can consider the ionization structure of the hydrogen as
a first approximation to the global structure of the region. Therefore, let us idealize
the region as a sphere with uniform density and volume 4

3
πR3

s, in which, in a unit
time, the number of ionizing photons (Qo) emitted by the stars lying inside is equal
to the number of electron-ion recombinations. The flux falls with the distance to
the ionizing stars due to geometric dilution and absorption along the path of the
photons, until it reaches a level where the ionization and recombination rates are in
equilibrium. This radius Rs corresponds to this “borderline” and it is named the
Strömgren Radius [10]. To compute this radius, we can assume that the region is
optically thick and that the “on-the-spot” assumption is valid [11], i.e. there exists a
high probability for the ionizing photons to be absorbed so that the recombinations to
the ground state release photons immediately absorbed by other atoms nearby, with
no net effects on the global ionization of the region (this is the so called “case B”).
So, if Np and Ne are the ion and electron densities, respectively, assumed constant
inside the region, the total number of recombinations to excited levels will be given
by 4

3
πR3

sNpNeαB , where αB is the recombination coefficient to all the excited levels
of the hydrogen.

Because we assume that the hydrogen is fully ionized, then Ne = Np ∼ NH and

Qo =
4

3
πR3

sN
2
HαB (1)
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Spectral type T(K)
log(Qo)

(photons/sec)
Rs (pc)

NH ∼ 1cm−3 NH ∼ 10cm−3

O5 40900 49.22 80 17
O6 38900 48.99 67 14
O7 36900 48.75 56 12
O8 34900 48.44 44 9
O9 32900 48.06 33 7
O9.5 31900 47.88 29 6

Table 1: Strömgren radius Rs as a function of the spectral type of the star and of the
density of the surrounding hydrogen.

where NH is the hydrogen density in atoms cm−3. Then, the Strömgren radius is
given by

Rs =

(

3Qo

4πN2
HαB

)
1

3

(2)

The radius Rs defines a geometrically well defined transition from a sphere of
fully ionized hydrogen to the neutral hydrogen surrounding it. Several values for
Rs are shown in Table 1 assuming that the ionizing source is an individual star and
considering the values for Qo given by Martins et al. [12]. The thickness of the
transition zone is approximately equal to one mean free path of an ionizing photon,
i.e. d ∼ 1

a(ν)NH
, where a(ν) is the ionization cross section for H by photons with energy

hν, which must be higher than the 13.6 eV threshold. Typically a(ν) ∼ 6 × 10−18

cm2. So, with NH ∼ 1 cm−3, the thickness is d ∼ 0.05 pc, and with NH ∼ 10 cm−3,
d ∼ 0.005 pc, small compared with the typical sizes of the HII regions (see Table 1).

The degree of ionization of the other chemical elements in the region depends on
the distance to the ionizing star and on the effective stellar temperature. The second
most abundant element after hydrogen is helium. In this case, the first ionization
potential is 24.6 eV and the second one is 54.4 eV, so that only a very small quantity
of doubly ionized He exists in HII regions because even the hottest O stars emit few
photons more energetic than 54.4 eV. Photons with energy in the range 13.6 – 24.6 eV
ionize the hydrogen and those with energy greater than 24.6 eV can ionize the helium
too. Depending on the ionizing star temperature, also ions of other less abundant
elements such as O++, N++ and Ne++ may be found.
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Figure 1: One of the HII regions of M51 showing its complex structure. This image
spans over 7.5′′× 7.5′′ (∼ 300pc× 300pc).

2.1 Ionization bounded and density bounded HII regions

The volume of the ionized gas surrounding a hot star, assumed spherical and uniform,
is determined by the radius Rs inside which the ionizing photons are absorbed, and
therefore is proportional to its ionizing luminosity and inversely proportional to the
gas density squared as we showed in the previous section (Eq. 2). The radius of these
regions is limited by the rate of ionizing photons (Qo) emitted by the stars and not by
the size of the HI cloud [10]. This cloud remains neutral outside the ionized region.
These regions are known as ionization bounded regions. However, observations have
shown that there exist some regions where there is not enough gas to absorb the
ionizing radiation released by the stars. These regions are known as density bounded
regions.

2.2 Filling factor

The idealization shown above works well as a practical guide to understand the phe-
nomenon in a global way. Nevertheless, the observations show that the structures are
more complex than that ideal sphere (see Figure 1). Almost all nebulae show some
structure: clumps, filaments, envelopes, density gradients, etc.

Seaton and Osterbrock [13] inferred the existence of strong density fluctuations
from the differences in the densities derived from ratios of forbidden lines and from
the surface brightnesses measured in Hβ.
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Osterbrock and Flather [14] studied in detail the density distribution in the
Orion Nebula and showed that the densities derived from fluxes at radio wave-
lengths were considerably less than those derived from the ratio of the forbidden
lines [OIII] λ3729/λ3726, suggesting that only a fraction of the nebula (ǫ ∼ 0.03) is
filled with high density fully ionized matter (clumps) and the rest is almost empty.
This introduced the “filling factor” concept, defined by

ǫ =
< Ne >2

rms

N2
e,fl

(3)

where Ne,fl is the electron density determined from the forbidden lines ratio and
< Ne >rms is the rms electron density determined from one Balmer line or from the
radio continuum flux.

2.3 Inhomogeneous models

Other models came later [15, 16, 17, 18], some of them really qualitative, but em-
phasizing the inhomogeneity of the gas and dust distribution in the nebulae. In a
semi-quantitative model, Giammanco et al. [17], suggested that the clumps of gas
may well be optically thick, so that only a fraction of the clump is ionized. The depth
of the ionized portion is then inversely proportional to the square of the distance
from the star, so that in all but the nearest clumps only a thin “skin” of any clump
is ionized (see Figure 2). A consequence of this model is that considerable neutral
gas may exist in an HII region. Another consequence is that the distinction between
ionization bounded regions and density bounded regions is blurred and, generally, a
fraction of the ionizing photons could escape, depending on the physical parameters
of the region. In this sense every HII region may be density bounded.

Based on this model and defining the Lyman continuum effective extinction as
ALy,eff = −2.5 log(Q(r)/Qo), where Q(r) is the Lyman continuum luminosity mea-
sured at a distance r from the ionizing star, it is possible to show that if the char-
acteristic filling factor of a region is constant, then the ratio ALy,eff/AV must be
proportional to 1/r. In the same way, if the filling factor varies, increasing toward

the centre as ǫ =
(

ǫoro

r

)

, for r much greater than a minimum radius ro,

ALy,eff

AV
∼

1

log
(

r
ro

) (4)

If the filling factor grows with the radius as ǫ = ǫo

(

1 − ro

r

)

, for large values of r,

ALy,eff

AV
∼

1
(

r
ro

)

− log
(

r
ro

) (5)
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Figure 2: Illustration of the model by Giammanco et al. [17]. The gas is distributed
in clumps where only a thin shell is ionized. The thickness of the shell is inversely
proportional to the square of the distance to the ionizing star.

3 The data used in this work

M51 (NGC 5194) and its companion NGC 5195 were observed in January 2005 in 4
filters (B, V, I and Hα) with the ACS (Advanced Camera for Surveys) on board the
HST (Hubble Space Telescope). The data were processed with the automatic ACS
pipeline [19] and corrected for bias, dark current and flat-field. The different defects
of the detector (bad columns, hot pixels, charge transfer efficiency defects, saturated
pixels, etc.) were corrected by the Multidrizzle software, a process that also corrects
the filter-specific geometric distortion on each image and removes cosmic rays and
other undesirable features [20].

From the images acquired with broadband filters we selected all of the sources
associated with an HII region. The photometric measurement was done using aperture
photometry in the three images B, V, I. With the measured values of luminosity, the
absolute magnitudes were then determined, assuming a distance modulus of 29.62 (8.4
Mpc; [21]). Then, colours B-V and V-I were calculated to construct colour-colour
diagrams and, from there, we could estimate the V -band extinction for each source.
We then assigned to the region the median of the individual V -band extinction,
corrected for Hα using the extinction curve of Cardelli et al. [22]

In the case of the Hα images, we subtracted the continuum emission using a linear
combination of the V and I images, properly scaled as described by Knapen et al. [23].
We measured the Hα luminosity in ergs s−1, using the conversion factor PHOTFLAM
= 1.99918 x 10−18 ergs s−1 cm−2 Å−1, the bandwidth of the filter-detector system
PHOTBW = 37.15 Å and the distance to M51 as 2.59 × 1025 cm.

LNEA III, 2008.
A. Ulla & M. Manteiga (editors).

183



L. Gutiérrez and J.E. Beckman Physics of the HII regions

4 Calculation of Lyman continuum and the pre-

dicted Hα luminosities

Assuming that the absolute magnitude of an O7V star is VO7V = -4.63 and that the
Lyman continuum luminosity emitted by an O7V star is QO7V = 5.62 × 1048 photons
s−1 [12], we computed the total equivalent number of O7V stars (NO7V ) in every
cluster [24] (i.e. the number of O7V stars that would produce the same luminosity,
assuming a Salpeter [25] initial mass function), as well as the Lyman continuum
luminosity produced by all of the clusters in a given HII region

Qo =
∑

i

N i
O7V × QO7V . (6)

On the other hand, assuming a dust free ideal region, optically thick to the Lyman
continuum radiation [11], the number of ionizing photons to be emitted per second
by a stellar population inside a region is given by

Q
′

o = 2.2
λHα

hc
L(Hα) (7)

where L(Hα) is the Hα luminosity in ergs s−1 and λHα is 6563Å. This is Q
′

o = 7.27
× 1011 L(Hα). So, we could compare the two estimated values, Qo and Q

′

o.

5 Results and conclusions

In this work, the analysis is limited to HII regions localized in or around one of the
arms of M51, and the minimum distance to the galactic centre is ∼ 5 kpc to avoid
problems due to overlapping. In general, we did not find any evident correlation
between the extinction calculated and the galactocentric distance in the analysed
radial interval (see Figure 3). The mean V extinction value of the analysed regions is
1.39 mag, with a minimum 0.4 mag and a maximum 3.6 mag. The Galactic extinction,
assumed as AV,G = 0.116 mag [26], has been subtracted off to give these values.

Based on the photometric data, we estimated the Lyman continuum emitted by
the ionizing sources, assuming an equivalent number of O7V stars and determining
the Hα luminosity that they should produce in ideal conditions. We compared these
values with the extinction corrected Hα luminosity measured from the image (see Sec-
tion 4). The ratio between the missing Hα luminosity and the predicted Hα luminosity
is on average 0.85.

However, the value of the Lyman continuum effective extinction, as defined above
ALy,eff = 2.5log(LHα,Ly/LHα) [27], where LHα,Ly is the Hα luminosity predicted
from the broadband clusters luminosity, and LHα extinction corrected measured
Hα luminosity, is in the range 0.0 – 4.3 mag (with a mean value 1.73 mag), assuming
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Figure 3: Mean V -band extinction in magnitudes as a function of the galactocentric
distance.

that all the missing flux is due to ALy,eff . The mean value of the normalized Lyman
continuum effective extinction, ALy,eff/E(B − V ), is 5.5, in the same range as the
values of Hill et al. [27]. Plotting this ratio as a function of the region size it is possible
to see that the values are limited by an upper envelope (see Figure 4), which shows
a slow decline with size.

Some authors have suggested that up 50 % of the Lyman continuum simply es-
capes [28, 29], and the lower envelope in the plot in Figure 4 suggests that there
may well be a Lyman continuum photon escape factor which increases with the HII
region size. Assuming an escape factor as a function increasing with the diameter,
with values ranging from 0 to 75%, we applied a correction to the data and derived
the plot shown in Figure 5.

This behaviour can be explained only in terms of a highly inhomogeneous gas and
dust distribution. Finally, note that the shape of the plot suggests the superposition
of a family of functions decreasing with increasing diameter. Could these functions
have the shape of the functions presented in section 2.3 for

ALy,eff

AV
? If so, these results

would strongly support the clumpy model from Giammanco et al. [17]
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DGAPA-UNAM, México, for support and the Instituto de Astrof́ısica de Canarias for
hospitality.

LNEA III, 2008.
A. Ulla & M. Manteiga (editors).

185



L. Gutiérrez and J.E. Beckman Physics of the HII regions

Figure 4: Normalized Lyman continuum effective extinction as a function of the
diameter of the region. An upper envelope decreasing with the size and a lower
envelope, slowly increasing can be observed.

Figure 5: Normalized Lyman continuum effective extinction as a function of the
diameter of the region, where the data has been corrected assuming an escape factor
increasing with size to a maximum of 75%.
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THE FUNDAMENTAL CYCLOTRON LINE IN

4U 1538−52

JOSÉ J. RODES–ROCA , JOSÉ M. TORREJÓN , J. GUILLERMO BERNABÉU
Departament de Fı́sica Enginyeria de Sistemes i Teoria del Senyal, Universitat
d’Alacant, E-03080 Alacant, SPAIN

Abstract: We present pulse phase averaged spectra of the high mass X-ray binary
pulsar 4U 1538−52/QV Nor. Observations of this persistent accreting pulsar were
made with the Rossi X-ray Timing Explorer (RXTE) .

We study the variability of cyclotron resonant scattering feature (CRSF or simply
cyclotron line) in the high energy spectra of this binary system . We show that the
parameters of the CRSF are correlated. The first one is, as suggested by theory,
between the width and the energy of the cyclotron line. The second one is between
the relative width (defined as σc/Ec) and the optical depth of the cyclotron line. We
discuss these results with studies of other X-ray pulsars and their implications on the
line variability.

Keywords: X-rays – Magnetic Fields – Accretion – Cyclotron Lines.

1 Introduction

X-ray binary systems are a perfect astrophysical laboratory to study the behaviour of
matter and its interaction in extreme conditions of temperature, density, gravity and
its magnetic fields. These physical properties are impossible to achieve in terrestrial
laboratories. X-ray binaries are made up of a ’normal’ (e. g. main sequence) com-
panion star and a compact object. The compact object can be either a neutron star
(NS) or a black hole (usually referred to as black hole candidate, BHC). Some of the
observational evidence indicate that X-ray emission is generated by the accretion of
material from the companion star onto the compact object. In these circumstances,
matter falling onto a compact star releases gravitational potential energy, heats the
matter and generates X-radiation.

In order to understand the emission properties of an accreting X-ray binary source,
we need to know:

• the nature of the compact object, NS or BHC;
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• the strength and geometry of the magnetic field, when the compact object is a
NS;

• the geometry of the accretion flow from the companion to the compact object;

• the mass accretion rate;

• the mass of the system.

Taking the mass of the companion star into account, X-ray binaries can be clas-
sified into two main categories: High Mass X-ray Binaries (HMXB) and Low Mass
X-ray Binaries (LMXB). These sources present a wide variety of phenomena, from
quasi-periodic oscillations (QPOs) to X-ray outbursts. However, when binary sys-
tems contain a white dwarf (WD) and a low mass companion star, they are not
called LMXB although X-ray emission is present. These sources are called Cata-
clysmic Variables (CVs) because they show very large variations in their brightness
and are also fairly faint in X-rays.

Although there are some intermediate mass X-rays binaries (IMXB) (e.g., XTE
J1819−254, GRO J1655−40, 4U 1543−475), in [1] they suggest that the majority of
the LMXB systems may have descended from IMXB systems. There are some general
books on X-ray binary systems as [2, 3, 4, 5] or reviews on this topic as [6, 7, 8] that
can be useful to learn about X-ray astronomy. In the rest of this section we only
consider HMXB systems.

In HMXB systems the companion is an O, B or Be type star with M ≥ 10 M⊙

and the X-ray emission is produced by capture of material from the stellar wind by
the compact object or through Roche-lobe overflow that can also be a supplement
to the mass transfer rate in HMXB systems [2] (in Figure 1 we can see an example
of both scenarios of mass transfer). Although the compact object in HMXBs may
be a black hole, as in the case of Cyg X-1 (the first X-ray source discovered in the
constellation Cygnus), they usually contain a NS .

Most HMXBs fall in one of the two main subgroups: those in which the primary
has evolved away from the main sequence and becomes a supergiant (SG/X-ray bi-
nary) and those in which the primary has not reached the supergiant phase and is
characterized by Balmer and HeI emission lines (Be/X-ray binary) .

In general, SG/X-ray binary systems are sources of persistent X-ray emission . At
some stage of the binary evolution, the supergiant star ejects much of its mass in the
form of a stellar wind; the NS can pick up some of these particles gravitationally and
becomes a weak X-ray source. But, in the course of star evolution, another possibility
may be an increase in radius of the companion star becoming a supergiant; then the
outer layers of its envelope escape from the Roche lobe of the supergiant star through
the internal Lagrangian point and becomes a bright X-ray source.

The most numerous class of HMXBs are Be/X-ray binaries, called also hard X-ray
transients (see the catalog of [10]). The companion star is an Oe or Be star, which
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Figure 1: Mass transfer in a binary system. Top: When a massive star evolves the
outer layers begin expanding and the star becomes a supergiant. If the star exceeds
its Roche lobe, the material outside the Roche lobe is no longer gravitationally bound
to the star. This material can now be captured by the compact object or expelled
into the interstellar medium. Bottom: When the optical companion is an O or B star,
the stellar wind can be very intense. Sometimes the compact object in a close orbit
accretes material from the dense stellar wind and causes the weak X-ray emission [9].

are O or B stars with bright optical emission lines originated by circumstellar disc. It
is believed that this envelope around the Be star is caused by its fast rotation. The
orbit of the NS around the Be star is usually eccentric, so when is far away from the
companion star cannot accrete material from this envelope. When the NS approaches
periastron, it will be able to accrete material and the observer sees an X-ray outburst.
Figure 2 shows a collapsed object in an eccentric orbit around a Be star (for a review
of Be/X-ray binaries, [11, 12]).

However, a new kind of HMXBs was discovered by INTErnational Gamma Ray
Astrophysical Laboratory (INTEGRAL) , called Supergiant Fast X-ray Transients
[13], which are characterized by the occurrence of very fast X-ray outbursts. In
[13] they have shown that at least a significant fraction of them are associated with
supergiant stars.

Accreting X-ray pulsars were discovered by Giacconi et al. in 1971 [14] when they
discovered the existence of periodic pulsations in the X-ray emission from Centaurus
X-3. X-ray pulsars are rotating, highly magnetized NS accreting material from a
companion binary star [15, 16, 17, 18]. Most known accreting X-ray pulsars belong
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Figure 2: The NS revolves around the Be star in an eccentric orbit. When the NS
comes inside the circumstellar disk of the Be star, accretion takes place and causes
an X-ray outburst. However, while the NS is far away from the Be star, it is in
quiescence and there is no X-ray emission.

to the HMXB class, such as 4U 1538−52/QV Nor. For accreting binary pulsars we
measure their magnetic fields through the presence of cyclotron resonance scattering
features (CRSFs) in their X-ray spectra because the cyclotron energy (Ecyc) and the
magnetic field strength (B) are related to each other as Ecyc = 11.6 B(1012 G) (1+z)−1

keV, where z is the gravitational redshift.

2 Observational data

RXTE observed 4U 1538−52 between 1996 November 24 and 1997 December 13. To
obtain the exact orbital phase we used the best fit orbital ephemeris from [19]. The
exact time and the orbital phase are listed in [20].

In our analysis we used data from both RXTE pointing instruments, the Pro-
portional Counter Array (PCA) and the High Energy X-ray Timing Experiment
(HEXTE). To extract the spectra, we used the standard RXTE analysis software
FTOOLS.

The PCA consists of five co-aligned Xenon proportional counter units with a total
effective area of ∼6000 cm2 and a nominal energy range from 2 keV to over 60 keV
([21]). However, due to response problems above ∼20 keV and the Xenon-K edge
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around 30 keV, we restricted the use of the PCA to the energy range from 3 keV to
20 keV (see also [22]).

The HEXTE consists of two clusters of four NaI(Tl)/CsI(Na) Phoswich scintilla-
tion detectors with a total net detector area of 1600 cm2. These detectors are sensitive
from 15 keV to 250 keV ([23]). However, response matrix, instrument background
and source count rate, limit the energy range from 17 to 100 keV. Background sub-
traction in HEXTE is done by source-background swapping of the two clusters every
32 s throughout the observation. In order to improve the statistical significance of
the data, we added the data of both HEXTE clusters and created an appropriate
response matrix by using a 1:0.75 weighting to account for the loss of a detector in
the second cluster. We also binned several channels together of the HEXTE data at
higher energies and chose the binning as a compromise between increased statistical
significance while retaining a reasonable energy resolution.

3 X-ray spectral analysis

The X-ray spectrum in accreting X-ray pulsars has been investigated during the last
two decades. Nevertheless, there still exists no convincing theoretical model for the
continuum of this kind of sources ([24], and references therein). Therefore, we have
to use empirical models of the continuum in the fitting process. In the RXTE energy
band these models take the general form of a power law times an exponential above
a characteristic cutoff energy.

3.1 Continuum model

We achieved a good description of the continuum X-ray spectra of this source using
the standard pulsar continuum shape and customize models from xspec [20]. All of
them are modified by a photoelectric absorption at low energies, a fluorescence iron
emission line at 6.4 keV and the fundamental CRSF at 20 keV discovered by Ginga.
The description of the continuum by physical models gave parameters that were not
acceptable. We also modeled the observational data with several other standard
pulsar continuum but they did not describe the spectra properly in the 7−16 keV
energy band [25]. Therefore, in this paper we described the continuum produced
in the accretion column of the NS by the Negative Positive power laws EXponential
(npex) component modified by previous features. It was introduced by [26] and given
by the formula:

NPEX(E) = A ·
(

E−Γ1 + B · E+Γ2

)

· e−E/Efold , (1)

where Γ1 and Γ2 are positive and Efold is the folding energy of the high energy expo-
nential cutoff. We used a Gaussian emission line at ∼6.4 keV due to the fluorescence
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iron line and a multiplicative factor to fit the cyclotron line of the form:

cyclabs(E) = exp







−τc ·
[

σc·E
Ec

]2

(E − Ec)2 + σ2
c





 , (2)

where τc, σc and Ec are the optical depth, the width and the energy of the CRSF,
respectively. We found that cyclabs model provides reasonable fits to the data. The
observed X-ray spectrum of 4U 1538−52 is modified by photoelectric absorption due
to the stellar wind of QV Nor.

3.2 CRSF variability

The main aim of this paper is to study the variation of the parameters of the cyclotron
absorption line and their relations. The CRSF centered at ∼20 keV varies by ∼15%
through the pulse [27]. In our pulse phase averaged spectra the parameter identified
with the magnetic field, Ec, does not depend significantly on the orbital phase as is
expected because it originates in the polar caps of the NS or the accretion column
where the X-rays and the pulse forms [20]. In fact, the energy of the CRSF only
varies by ∼4% (in some cases the same that the uncertainties of the parameter at
90% confidence level). Therefore, the stellar wind does not modify the accretion onto
the NS during an orbital period significantly. However, we found that the relative
width of the CRSF and its optical depth are correlated, as well as the CRSF energy
and its width .

Although pulse phase resolved spectroscopy allows us to study the variation of
the pulsar emission over the X-ray pulse, it seems that the correlations between the
parameters of the CRSF are indeed real in pulse phase averaged spectroscopy. Using
a consistent set of models [28] Coburn et al. parameterized a large sample of X-
ray pulsars observed with RXTE which exhibit cyclotron lines. They found a new
correlation between the relative width of the CRSF, σc/Ec, and its optical depth,
τc. Although they used pulse phase averaged spectra, another study of GX 301−2
[29] with pulse phase resolved spectra confirmed this correlation. They also reported
another correlation between the cyclotron line width and the energy of the cyclotron
line, both in pulse phase average and resolved spectra. Therefore we have plotted our
fitted results for the cyclotron line parameters to check these correlations.

In Figure 3 we show the first correlation between the CRSF parameters in the
σc −Ec plot. For a self-emitting atmosphere, the cyclotron line width and his energy
is given by [30]:

σc ≈ Ec

(

8 ln 2
k Te

me c2

) 1

2

|cos θ| , (3)

where k Te is the temperature of the electrons along the magnetic field lines, Ec the
cyclotron line energy, and θ the viewing angle with respect to the magnetic field.

194 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).
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Figure 3: CRSF width σc versus CRSF energy Ec in 4U 1538−52. Note the moderate
correlation between them. The bars indicate the uncertainties at 90% confidence
level.

Therefore a linear correlation is only possible if cos θ does not change significantly.
Our results imply an angle close to zero when k Te is 5.2 keV and can take a value of
18o if the energy of electrons is 5.8 keV.

The parameter Efold in the npex model is the typical temperature of the X-
ray emitting plasma in keV. Basic Comptonization theory suggests that k Te can
be estimated from the folding energy of the pulsar continuum. Furthermore, if we
assume that the seed photons for the Compton scattering in the accretion column are
created throughout the volume of the accretion column, then detailed Monte Carlo
simulations show that the optical depth of the CRSF is expected to be largest when
the line of sight is almost perpendicular to the direction of the magnetic field [31].
If the temperature in the accretion column is constant, these models predict an anti
correlation between the optical depth and the relative width of the CRSF. As we show
in Figure 4, our phase averaged spectra results for 4U 1538−52 indicate a moderate
correlation opposite to the models, and the conclusion is that the temperature in the
accretion column is not constant. This correlation indicates that as CRSF increase
in optical depth , the CRSF relative width increases as well.

In the above discussion, it has been assumed that the X-ray emission is produced
from one homogeneous emission region. However, this source has contributions from
both magnetic polar caps, which could influence the observed correlation. In fact, in
4U 1538−52 the two polar caps are observed and are unequal and non antipodal [32].
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Figure 4: Fractional CRSF width σc/Ec versus the optical depth of the CRSF for
several accreting pulsars from RXTE. Filled squares: values derived by [28] from
phase averaged spectra. Filled circles: values derived from phase averaged spectra for
4U 1538−52 (this work, the bars indicate the uncertainties at 90% confidence level).
All quantities refer to the pulse phase averaged values. Note the moderate correlation
between them.

Therefore we can expect the parameters of the X-ray continuum emitted by each
pole to be different, which can be reflected by changes in the observed continuum
parameters. The variation in the folding energy of this system could explain this
correlation caused by a mixture flux from the two polar caps. However, this reason
cannot be the only one because, for example, in GX 301−2 the folding energy does
not change significantly [29].

Assuming that equation 3 is correct and cos θ does not change appreciably, we
expect a relationship between the folding energy and the relative width of the CRSF.
As we can see in Figure 5, we found that the relationship was consistent with a
power law σc/Ec ∝ E0.5

fold, indicating little variation of the angle θ and according to
equation 3. However, the statistic of the data is such that, from Figure 5, we cannot
distinguish between the last relationship and a linear correlation σc/Ec ∝ Efold, at a
statistically significant level.
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Figure 5: Fractional CRSF width σc/Ec versus the folding energy. All quantities
refer to the pulse phase averaged values. The bars indicate the uncertainties at 90%
confidence level.

4 Summary and conclusions

We have studied the variability of the parameters of the fundamental cyclotron ab-
sorption line in the HMXB 4U 1538−52. In order to explain this variability, we
have also studied the relationship among the continuum (Efold) and cyclotron line
parameters.

As shown in Figure 4, our pulse phase averaged results for 4U 1538−52 are in
agreement with the correlation found by [28]. Also the pulse phase resolved results
for GX 301−2 [29] noticed the same correlation, so it suggests that it is not due to
effects of averaging. In terms of the relativistic cross sections, this result is in the
opposite sense.

Furthermore, the fundamental CRSF of this source has a width nearly propor-
tional to its energy. If we consider only a thermal broadening, then the variation of
the viewing angle is not significant.

Our third result is a relationship between the folding energy Efold = k Te and the
relative width of the cyclotron line. Figure 5 shows this correlation and it implies
viewing angle close to zero which is consistent with the previous correlation.

Our results for the spectral analysis of the RXTE data of 4U 1538-52 can be
summarized as follows:

• The absorbed npex continuum model provides a reasonable description of all
the spectra used in this research. It approximates a photon number spectrum
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for an unsaturated thermal Comptonization in a plasma of temperature Te.

• The correlation between the width of the fundamental CRSF and its energy
suggests little variations of the angle between the line of sight and the magnetic
field in the accretion column.

• The relationship between the folding energy and the relative width of the fun-
damental CRSF implies that cos θ is close to 1. As an example, cos 26o ∼ 0.9,
so a little variation of the viewing angle and its relationship is consistent.

• The correlation between the relative width of the cyclotron line and its optical
depth implies changes in the angle between the line of sight and the magnetic
field at the NS poles, but in the opposite sense to the numerical simulations for
the optical depth of the line.
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Abstract: Part of our knowledge about interstellar, planetary and cometary ices
derives from the identification of bands in astronomical spectra of distant objects,
rather than from direct measurement. Therefore, laboratory experiments on simple
ices and its mixtures carried out under physical conditions as close as possible to the
astrophysical environments are essential for the identification of ices present in space.

In this work, we first give the reader an introduction to the infrared properties of
the ices present in the Universe, defining the term ice and showing the importance of
infrared spectroscopy for the study of ices, the locations in space where ices are mainly
found along with the ices detected so far, and some of the experimental laboratories
around the world working on ice studies.

The second part of this work is focused on the Experimental Astrophysics Labo-
ratory we have set up in order to characterize in the mid and far infrared range (MIR
and FIR respectively), which covers the 2.5-1000 µm region, ices of astrophysical
interest. One of the key components of the laboratory is a Si composite bolometer
cooled by liquid He used to obtain spectra with a sensitivity much greater than that
obtained with a standard DTGS detector working at room temperature in the FIR
where bands of small intensity lie. The MIR and FIR spectra we shall obtain in the
future will serve to characterize in those spectral ranges some simple ices and their
mixtures and also to compare data mainly coming from the forthcoming Herschel
satellite with laboratory data. It is also planned to do a systematic laboratory study
of the effects that ultraviolet (UV) photolysis and temperature have on the ice band
profiles and on the ice structure.

Keywords: Ices – Infrared Spectroscopy – Laboratory Experiments – Insterstellar
Medium – Solar System.
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1 Introduction

Astronomy studies the properties of the radiation (light) reaching us from celestial
objects. Cool objects – up to temperatures of 3500 ◦C – radiate most of their en-
ergy at infrared (IR) wavelengths while hotter objects like the Sun radiate strongly at
shorter wavelengths. The cool Universe is therefore best studied in the IR region. The
Universe is full of cool objects, such as planets, dust and ageing stars, none of which
generally shine brightly in the optical part of the spectrum. In fact, observations of
these objects began with the arrival of sensitive IR detectors [1]. The first IR obser-
vations with a space-based telescope were carried out by the Infrared Astronomical
Satellite (IRAS) [2]. Twelve years later, the Infrared Space Observatory (ISO) was
launched [3]. Currently, the Spitzer Space Telescope [4] and the AKARI mission [5]
are making an all–sky survey obtaining spectra of much better sensitivity than the
previous ones. On the other hand, these missions are all limited to wavelengths below
200 µm. Nevertheless, the upcoming Herschel Space Observatory (HERSCHEL) [6]
will provide spectra of high spectral resolution from 55 to 672 µm covering the far
infrared and submillimetre spectral range.

Each substance produces a different spectrum which can therefore be used as an
identifier. IR spectra are one of the tools used to extract great amount of information
from objects in the Universe. Some bands (features) of these IR spectra are caused
by species in the form of ices.

A good understanding of the term “ice” is needed. The term ice typically refers
to a solid composed of molecules which form a gas or a liquid at 25 ◦C and 1 bar.
A distinction between a one–component and a multi–component solid is also needed.
With this purpose expressions such as “pure ice” and “mixed–molecular ice” can be
employed, respectively [7].

Ices absorb specific wavelengths of light at IR frequencies depending on their
molecular bonding and composition. The mid-infrared region (4000–400 cm−1 or
2.5–25 µm) contains the infrared active fundamental bands (intramolecular vibra-
tions) as well as some low order overtone and combination modes [8]. The broad
absorptions in the far infrared region (400–10 cm−1 or 25-1000 µm) are due to lattice
modes (intermolecular vibrations) [9]. Moreover, ice bands can be distinguished from
bands of gas phase molecules because ice bands lack the characteristic ro-vibrational
structure of gases and are shifted and broader.

One of the scenarios where ices are thought to be present is on the surface of dust
grains in the interstellar and circumstellar medium [10]. In fact, ices are generally
one of the major components of the cold clouds in the interstellar medium and show
large variations in abundances and profiles which means they can be used as powerful
diagnostics of changes in astrophysical environments. Some bodies in the Solar System
where ices have been reported are the surfaces of some planets and satellites, some
small bodies – comet nuclei, Trans-Neptunian Objects (TNOs), centaurs– and even
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some planetary rings [11] and some comet tails [12]. On the other hand, comets are
considered to be the most primitive objects in the Solar System. The composition and
structure of their nuclei contain a record of the primordial solar nebula at the time
of its formation. Cometary nuclei are made of refractory solids and frozen volatiles.
Moreover, the composition of volatiles is thought to be similar to that observed in
dense molecular clouds. It therefore seems that there is a close relationship between
cometary materials and interstellar icy grain mantles [7].

Dust grains are microscopic particles whose sizes are usually less than 1 microme-
tre. These grains are represented by a core of refractory materials (silicates, amor-
phous carbon, and organic residues) covered with an icy mantle largely dominated
by H2O ice but also with other major components as CO, CO2, NH3, CH3OH, and
H2CO ices. The visible light wavelength is of the same size of many dust particles,
consequently the visible light is scattered by the dust; however, longer wavelengths
such as IR radiation passes through. On the other hand, the dust itself is also a source
of IR radiation that can be picked up by detectors. For instance, stars, depending on
their temperature, emit in a particular range and it is possible to detect their absorb-
ing spectra. Besides, this starlight may be absorbed by the surrounding dust grains
which will be warmed up and start to radiate in the IR wavelength. This absorption
of energetic radiation and reemission at less energetic wavelengths is very efficient and
dust clouds emit the majority of their energy at IR wavelengths. A similar situation
occurs with dust grains of cometary tails when they are approaching the Sun.

In the website of the Cosmic Ice Laboratory at NASA’s Goddard Space Flight
Center [13] we can find listed the Solar System ices and also the detected molecules
in the interstellar medium and in comets. Some of the molecules of the interstellar
medium have been identified in their ice phase as well as their gas phase (e.g. H2O,
CO, CO2, OCS, NH3, CH4, CH3OH). On the other hand, the existence of a great
number of molecules in gas phase –some of them with a high number of atoms (e.g.
benzene)– is significant; in fact it indicates that a rich chemical activity is taking
place inside these environments. There is also in this website a database contain-
ing MIR and FIR reference ice spectra. Other research groups have also carried out
ice spectroscopy applied to different astrophysical environments, namely, the Leiden
Molecular Astrophysics group in Holland [14], the Experimental Astrophysics Lab-
oratory group at Catania in Italy [15], the NASA Ames Research Center group in
USA [16], the Laboratory Astrophysics Facility group at University College in Aus-
tralia [17], and the Laboratory for Atomic and Surface Physics at Virginia in USA
[18]. Among all these groups, the Cosmic Ice Laboratory at NASA’s Goddard Space
Flight Center, the Laboratory Astrophysics Facility at University College, and the
NASA Ames Research Center group have carried out ice spectroscopy in the FIR up
to 100, 110, and 200 µm, respectively.

The abundance of different ices depends on the astrophysical environment. H2O
ice is clearly dominant in almost all these environments. In the case of Solar System
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bodies where the ices are found mainly on the surfaces of the bodies, most of the
identified surface ices consist primarily of water. Some exceptions are the surfaces of
Triton and Pluto which are covered with carbon and nitrogen containing ices and the
surface of Io which is dominated by sulphur containing ices. In the case of interstellar
ices, in addition to the H2O ice, other major ice components are CO, NH3, CH3OH,
CO2 and H2CO. In the case of cometary nuclei the composition of the volatile ices
is largely dominated by H2O ice (about 70–90%) while other major ice components
are CO, CH3OH, CO2, and H2CO. The similarity between the volatile ices in comets
and interstellar ices tends to support a close relationship between cometary materials
and interstellar icy grain mantles. Thus, cometary ices constitute a link between
interstellar and Solar System materials [19, 20, 21].

As said previously, ices in the interstellar and circumstellar medium are detected
on silicatic and carbonaceous grain mantles. In the formation and evolution of those
ices a number of different processes play a role. In fact, the ices can be formed by
sublimation and recondensation after being synthesized on grain surfaces or directly
frozen from gas phase as in the case of CO. However, other more energetic ways of ice
synthesis are also possible such us UV photolysis, ion irradiation and thermal anneal-
ing. The Solar System and cometary ices are also subjected to radiation processing
coming from the magnetospheres, cosmic rays, solar wind and flares, and solar UV
field. The effect that energetic charged particle irradiation and UV photolysis have
on the ices is that when an energetic ion or UV photon collides with the ice, part
of the deposited energy destroys bonds in the target, forming radicals that can then
react to synthesize new molecules. In this way, new molecules are produced by irra-
diation being an example of this phenomenon the hydrogen peroxide molecule which
has been detected on the surface of the Galilean satellite Europa, whose surface is
being bombarded by ions coming from the intense Jupiter magnetosphere [22]. Tem-
perature variations in astrophysical scenarios may alter the ice phase producing a
phase change via amorphization or crystallization. To study the role played by each
of the latter processes in ice evolution, different groups are carrying out laboratory
experiments simulating the astrophysical scenario under study. In this way, exper-
iments such as UV photolysis [23, 24, 25, 26, 27], ion irradiation (radiolysis, e.g.,
[28, 29, 30, 31, 32, 33]) and surface chemistry [34, 35] provide us with information
about the basic processes of ice formation, adsorption, desorption, diffusion, and even
reaction pathways.

Lastly, laboratory experiments can shed some light on, for example, how the
intrinsic strength of each band depends on the chemical environment of the molecule,
or how the position of the stretching mode shifts by 20 cm−1 and its width broadens
by a factor of two when the CO2 is mixed with H2O ice rather than in its pure form, or
how the ice profile of crystalline material can be distinguished from their amorphous
counterparts by being sharper and red-shifted and, finally, how to analyze the band
profiles making studies with layered ices, in which some molecules (e.g., CO) are not
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mixed with H2O [36]. In other words, laboratory experiments on simple ices and their
mixtures carried out under physical conditions as close as possible to the astrophysical
environments are essential to provide the basic data to analyze quantitatively the ice
bands (e.g. [37, 38, 39, 40])

2 Description of the Experimental Astrophysics

Laboratory

2.1 Experimental equipment

Our astrophysics laboratory located at the Escuela Politécnica Superior de Alcoy (Va-
lencia, Spain) is composed of several basic parts. The main one is an experimental
chamber that is a high vacuum device where a pressure of 10−7 mbar is obtained
using a turbomolecular pump in a High Vacuum System backed by a root pump. A
compressor connected with a closed-cycle helium cryostat is used to cool the sample
down to 10 K. A resistor and a temperature controller permit varying the tempera-
ture up to 300 K. This temperature is measured with two silicon diodes at different
locations on the sample holder. The gas molecules or a mixture of them prepared in a
pre-chamber pass through a needle valve to the chamber when the proper conditions
are reached. The velocity of deposition is controlled and regulated by the aperture of
this valve and the pressure in the pre-chamber. The proportion among the gases is
controlled by their partial pressure measured with a ceramic sensor not influenced by
the gas type. The sample holder is a Q-sense Quartz Crystal Microbalance (QCMB)
whose frequency is measured precisely with a frequencymeter.

The second part is a mass spectrometer which is used to analyze the composition
of the gases. This spectrometer is connected at the bottom of the vacuum chamber
getting a full scan of all the species present in the chamber. The result is registered
as the percentage in volume of every gas present. The spectrometer also offers the
option of selecting specific species to be scanned being the measured and registered
magnitude the partial pressure. Because the spectrometer takes pressure values every
4 or 5 seconds, it is possible to study the temporal evolution of these pressures.

The third part is an ultraviolet Hydrogen lamp that provides ultraviolet (UV)
photons, which are used to irradiate the ice sample. The photon flux should be about
1015 photons cm−2 s−1 with energy Ephotons ≥ 6 eV and its spectrum is dominated by
five bands. We usually irradiate ice films with a thickness of 0.1–0.2 µm to be sure
that the sample is optically thin. This irradiation destroys and produces new species
which can be detected in different ways. However, they are very well observed with
IR spectroscopy.

The fourth part is the IR spectrometer, a Fast Fourier Bruker IFS 66v/S, which
integrates a Michelson interferometer obtaining spectra with a resolution better than
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0.25 cm−1. The spectrometer operates under vacuum conditions of 10−1 mbar in
the optics and the sample compartment. This environment makes it possible to
record spectra free from gas phase interference such as H2O or CO2 in the MIR
and especially for measurements in the FIR where water vapor contamination is very
pronounced. The basic components of a spectrometer are the source, the beamsplitter
and the detector. These components must be selected depending on the spectral
range under study; in our particular case the MIR and the FIR. We are equipped
with the Globar and the Hg-Arc sources, for the MIR and FIR, respectively and with
a KBr beamsplitter for the MIR and four Mylar beamsplitters (6, 25, 50 and 100 µm)
covering all the FIR range. Concerning the detectors we have two DTGS (deuterated
triglycine sulfate) for the MIR and the FIR, respectively, and a Si bolometer -a very
high sensitivity detector- covering the spectral range 670–10 cm−1 (15–1000 µm).
The two greatest disadvantages of the DTGS detectors are their low sensitivity and
their slowness. On the other hand, the Si bolometer allows measurements of high
sensitivity in much shorter time. Nevertheless, this detector must be cooled with
liquid helium and its dewar pre-cooled and refrigerated with liquid nitrogen being its
use quite complex. Moreover, liquid helium is very expensive and evaporates quickly
which implies that the experiments must be well planned.

Figure 1: The spectrometer, the 3D movable high vacuum chamber, the silicon
bolometer and the helium container

Figure 1 is showing the experimental configuration designed by us in order to
obtain IR spectra of simple ices and its mixtures in the MIR and FIR. This configu-
ration integrates the IR spectrometer, the high vacuum chamber and the Si bolometer
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Figure 2: Block diagram showing the IR spectrometer, the bolometer and the high
vacuum chamber

together. In order to offer the possibility of carrying out several experiments on the
same sample at the same time the high vacuum chamber is located outside the sample
compartment of the IR spectrometer making the four chamber’s windows available.
An essential part of this design is a mechanism that allows us to move the high vac-
uum chamber in the three spatial dimensions by using a micrometric adjustment,
which allows the right alignment of the IR beam when it travels from the IR source
to the detector.

Figure 2 shows a bottom view of our design, the IR spectrometer on the left and
the high vacuum chamber on the right. The technique we are using to obtain mea-
surements is the TRT (Transmission-Reflection-Transmission). The beam is directed
to the cold finger in the chamber by using the reflection module A515. There is a
vacuum of 10−1 and of 10−7 mbar inside the interferometer sample compartment and
the ice chamber, respectively. In order to solve the problem with the vacuum, when
the beam is traveling outside and between the interferometer and the ice chamber, we
use nitrogen gas. As the high vacuum chamber is located outside the interferometer
sample compartment forces it to work in TRT. However, this fact allows us to carry
out different experiments at the same time on the same ice sample. We are consider-
ing this possibility because it can give complementary information about the same ice
sample. A modification of the high vacuum chamber is being done; specifically two
quartz crystal microbalances covered by their respective plane optically thick gold
films have been placed on both sides of the cold finger in a way that simultaneous

LNEA III, 2008.
A. Ulla & M. Manteiga (editors).

207



Rosario Vilaplana et al. IR Properties of Astrophysical Ices in the Universe

gas depositions take place.

Finally, in our laboratory we also use a UV-Visible spectrometer EPP-C 2000
from Stellar.net.

2.2 Measurements carried out

Bellow, we describe the experiments we are carrying out at the present time. We have
measured the density and the index of refraction real part of simple ices (e.g. CH4,
N2 and CO2) and their mixtures at low pressure (P<10−7 mbar) and at temperatures
ranging from 10 K up to the sublimation temperature of the species or mixture under
study [41]. The technique used has been double laser interferometry. There is a lack of
density measurements for ices other than water at the low temperatures and pressures
found in space environments and cryogenic laboratory systems. Moreover, the density
is related with the porosity which is another useful parameter to characterize the ice
structure. By knowing how the ice density varies with temperature some clues can be
obtained about structural changes as a function of temperature. In order to obtain
the real part of the refractive index in the UV-Visible range (200–800 nm), we use a
UV-Visible lamp which is directed to the growing ice. The reflected beam is collected
by a UV-Visible spectrometer and we can draw an interference curve each 0.2 nm in
this range, that allows the calculation of the refractive index value [42].

We have also conducted some experiments on temperature desorption at a con-
stant warming up rate. In particular, the ability of CO2 ices to trap other gases
such as CH4 [43] has been studied. These kinds of studies are necessary to better
understand the processes that occur in the surfaces of some Solar System bodies as
in the case of Triton where ices of N2, CH4, CO, CO2, and H2O are present on its
surface. In particular, the process of ice trapping in some ice matrix explains the fact
that the trapped ice sublimes at higher temperature than usual.

Some experiments on UV irradiation of simple ices and its mixtures have also been
carried out [44]. We have verified that CO2 ice irradiation produces CO ice. As pre-
viously stated, UV irradiation produces new molecules originally not present in the
target. At this moment, these new molecules have been detected by mass spectrome-
try although we have planned in the near future to use the IR spectrophotometer to
characterize the new species by means of their IR absorption bands.

2.3 Measurements planned in the future

One of the aims of our laboratory in the forthcoming years will be to obtain high
sensitivity spectra of molecular ices and their mixtures in the MIR and the FIR up
to 670 µm [45]. We plan to obtain the ice band profiles, peak positions, and FWHM
as a function of temperature. By depositing the ices at different temperatures the

208 LNEA III, 2008.
A. Ulla & M. Manteiga (editors).



Rosario Vilaplana et al. IR Properties of Astrophysical Ices in the Universe

amorphous and crystalline phases of the ices will be obtained and characterized.
Phase change studies will be another type of experiments that are scheduled.

In addition, with the design presented above we will focus on carrying out several
experiments at the same time on the same sample by using techniques such as IR
spectroscopy, UV irradiation, temperature desorption, UV-Visible spectroscopy, etc.
[45].

3 Conclusions

In this work, we have presented an introduction to the infrared properties of ices in the
Universe. The places in the Universe where ices are mainly found have been described
both in the Solar System and in the interstellar medium. In addition, the astrophysical
processes which determine the evolution of the ices (temperature changes, ionizing
irradiation, adsorption and desorption processes, etc.) have been mentioned. At
the Department of Applied Physics of The University of Valencia at Alcoi (Spain),
we have set up an Experimental Astrophysics Laboratory to simulate the formation
and subsequent processing of ices in space. Our main goal is to characterize simple
ices and their mixtures. Currently, we are able to carry out experiments on UV
irradiation, temperature desorption, UV-Visible spectroscopy, density measurements,
and to obtain the index of refraction real part of ices and their mixtures. In the
future, we plan to obtain IR spectra in the 2.5-670 µm range of simple ices and their
mixtures of astrophysical interest in order to compare laboratory data with spatial
data coming from the forthcoming Herschel mission.

Acknowledgements: This work has been carried out under AYA2004-05382 project
from the Spanish Ministerio de Educación y Ciencia, being partially supported by
FEDER funds.
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Abstract: The Solar and Heliospheric Observatory SOHO was launched on 1995
December 2 and completed launch and early orbit activities (commissioning) in 1996
March, reaching its L1 halo orbit. The control of the spacecraft was lost in 1998
June, and only restored three months later through the heroic efforts of an ESA-
NASA-contractor-university team. All twelve scientific instruments were still usable,
most with no ill effects. Despite the immediate failure of two of the three onboard
gyroscopes and the later demise of the third (in 1998 December), by 1999 February,
new, gyroless, onboard control software not only allowed the spacecraft to return to
full scientific usefulness, but actually provided a greater margin of safety for spacecraft
operations. SOHOs current margins for thruster propellant and solar panel output
are considered by spacecraft engineers to be adequate to extend its operational live
longer than 2010. Some of the scientifics insights from SOHO and scientific topics for
future are reviewed in the following lines.

Keywords: Solar Energetic Particles – SOHO satellite – Solar Physics – Solar
Terrestrial Physics.

1 Introduction

The Solar and Heliospheric Observatory (SOHO) celebrates its 12th launch anniver-
sary on December 2. In late 1996, shortly after its launch, SOHO was able to observe
the last minimum of the roughly 11-year activity cycle of the Sun. The minimum was
followed by a rapid rise in solar activity, peaking 2001 and 2002. Activity levels have
slowly declined since then, but we haven’t reached solar minimum yet, despite passing
11.1 years since the last minimum (the average length of a solar cycle, Figure 1).

SOHO, the Solar and Heliospheric Observatory, is an international cooperative
project by ESA and NASA to study the Sun, from its deep core to the outer corona,
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and the solar wind. It carries a complement of twelve sophisticated instruments
developed and furnished by 39 institutes from fifteen countries (Belgium, Denmark,
Finland, France, Germany, Ireland, Italy, Japan, The Netherlands, Norway, Russia,
Spain, Switzerland, United Kingdom, and the United States).

Primary scientific objectives of SOHO satellite are:

• Understand the changing flow of energy and matter throughout the Sun, helio-
sphere, and planetary environments;

• explore the fundamental properties of plasma systems; and

• define the origins and impacts of variability in the Sun-Earth system.

SOHO science is rooted in all three of these objectives.
Solar Interior are sonded by SOHO with heliosysmology instrumentation:

• GOLF: Global Oscillations at Low Frequencies;

• VIRGO: Variability of Solar Irradiance and Gravity Oscillations; and

• MDI: Michelson Doppler Imager.

Figure 1: An EIT image from each year of nearly an entire solar cycle assembled by
Steele Hill (NASA GSFC).

Solar atmosphere (Photosphere, Cromosphere and Corona) are directely observed
in several region of the electromagnetic spectrum with:
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• SUMER: Solar Ultraviolet Measurements of Emitted Radiation;

• CDS: Coronal Diagnostic Spectrometer;

• EIT: Extreme-Ultraviolet Imaging Telescope;

• UVCS: Ultra-Violet Coronagraph Spectrometer; and

• LASCO: Large-Angle Spectroscopic Coronagraph.

Figure 2: Scientists have shown for the first time that solar flares produce seismic
waves in the Sun’s interior that closely resemble those created by earthquakes on
our planet. The researchers observed a flare-generated solar quake that contained
about 40,000 times the energy released in the great earthquake that devastated San
Francisco in 1906

Finally, solar wind and solar energetic particles are analysed with particle instrumen-
tation on board SOHO:

• CELIAS: Charge, Element and Isotope Analysis System;

• SWAN: Solar Wind Anisotropies;

• COSTEP: Comprehensive Supra-Thermal and Energetic-Particle Analyser, with
two instruments: LION (Low Energy Ion and Electron Instrument) and EPHIN
(Electron, Proton Helium Instrument); and
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• ERNE Energetic and Relativistic Nuclei and Electron Experiment also with two
instruments: LED (Low Energy Detector) and HED (High Energy Detector).

SOHO has improved our understanding of the Sun since its launch. It has provided
the first images of structures and flows below the surface of the Sun and of activity
on the far side. SOHO has revealed the Suns extremely dynamic atmosphere, pro-
vided evidence for the transfer of magnetic energy from the surface to the outer solar
atmosphere, the corona, through a magnetic carpet, and identified the source regions
of the fast solar wind. It has revolutionised our understanding of solar-terrestrial
relations and dramatically improved our space weather-forecasting by its continuous
stream of images covering the atmosphere, extended corona and far side.

SOHO findings are documented in 2500 papers since its launch, representing the
work of 2300 scientists, approximately. At the same time, SOHOs easily accessible,
spectacular data and fundamental scientific results have captured the imagination of
the space science community and the general public alike.

Figure 3: A coronal mass ejection on Feb. 27, 2000 taken by LASCO C2 and C3. A
CME blasts into space a billion tons of particles travelling millions of miles an hour.
This particular CME is “lightbulb- shaped”.

2 Scientific insights from SOHO

Among the scientific insights obtained from SOHO we can briefly enumerate a lot of
advances in the following topics:
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2.1 The Solar Interior and Total Irradiance

Total solar irradiance variations. VIRGO radiometers takes the dose of radia-
tion over 12 years including a complete solar cycle. The total solar irradiance (TSI)
obtained with the VIRGO experiment [1] makes possible the first independent and in-
ternally consistent determination of possible long-term changes, such as degradation.
Interpretation of the TSI record, whether as a steady cycle with no underlying secular
change or as showing an increasing trend, has broad social and political impacts as
governments make decisions on their responses (if any) to global warming.

Constraints on solar abundances. The recent neasurements on abundances
of heavy elements [2], [3] have led to significant changes in our understanding of the
internal structure and constitution of the Sun. Standard solar models calculated with
the new abundances are significantly different from the helioseismic results which were
in a good agreement with the previous solar models [2]. This discrepancy affects the
predicted neutrino fluxes [4], [5].

Rotation of the deep interior. Analyzing SOHO GOLF data in this way, [6]
obtain results that are consistent with a flat solid-body rotation rate of the inner
layers down to around 0.2 RSun. No g-modes have yet been positively identified,
although some candidates have been found in the GOLF observations.

Solar-cycle variations in the size of the Sun. The MDI data analysis made
that Dziembowski and Goode [7] concluded that the Sun becomes smaller and cooler
at solar maximum. By constrast, it shows an increasing total irradiance with increas-
ing solar activity from VIRGO data. MDI data have also revealed dramatic changes
with the solar cycle of the large-scale, subsurface dynamics of the Sun [8], [9], [10].

Sunquakes. Sunquakes can provide new information about energy release and
transport in solar flares. The first sunquake observed related to a flare in 1996 July
9. Circularly expanding waves on the solar surface were observed (Figure 2), the last
X-class flare of the previous solar activity cycle and the first flare observed by SOHO.
No sunquakes, however, were observed by SOHO until the X17 flare of 2003 October
28. This flare and two somewhat smaller flares, produce seismic waves observable
with MDI. These new observations from SOHO provide unique information about the
interaction of the high-energy particles associated with solar flares with the dynamics
of the solar atmosphere during and after the impulsive phase of the flares, providing
the new methods of helioseismologic analysis of flaring active regions, similar to that
used in earthquakes study.

2.2 The Solar Atmosphere

Nagata et al. [11] found that hot loops visible in soft X-rays were distinct from the
cooler loops visible in the EUV, and that, in general, the two types of loops alternated
spatially. Neither of them seams to be isothermal.
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Magnetic field as high as 1750 G at 6 Mm and 960 G at 12 Mm above a pair of
large sunspots have been observed with MDI, CDS and EIT [12]. This means the
first observation of plasma at temperatures as large as 106 K.

A database of over one hundred million EUV bright points has been assembled
[16] from the approximately 360,000 EIT full-disk images over the last 12 years.

Marsh et al. (2003) [13] detected conversion from slow magnetoacoustic waves to
kink waves, as a 5 minute oscillations were propagating from the chromosphere and
transition region into coronal loops, being quickly damped.

2.3 Coronal Mass Ejections

An automated method to CME identification able to capture more than 75% of CMEs
has been developed by Robbrecht and Berghmans [14].

SOHO UVCS, LASCO, and EIT have obtained a great amount of pictures and
movies from CMEs (Figure 3), velocities have been measured. Very usefull CME
catalogs have been provided to the scientific comunity, that permit an easier and
better analysis and understanding of solar wind and solar energetic particle events.
Studies about CME acceleration, coronal jets, current sheets, etc., have also been
performed.

2.4 Solar Wind

SUMER observations are described in [15]. They account for solar wind acceleration
in funnel-like flux tubes originated in coronal holes and establish the acceleration
region between 5 and 20 Mm above solar surface.

McIntosh and Leamon (2005) [16], found solar wind velocities and composition
from ACE in good agreement with the photospheric magnetic field measurements
from MDI.

Vasquez et al. (2003) [17] and Cranmer and Van Ballegooijen (2005) [18] have
studied the differences between fast and slow wind at solar minimum as an effect
of the different rates of superradial flux-tube expansion over the polar coronal holes
and at the edge of the streamer belt. A combination of the two effects is able to
produce the observed differences: a raising of the height of the Parker critical point
for flux tubes within about 20 degrees of the closed-field part of the streamer tends
to produce a slow wind solution; and the near-streamer flux tubes undergo a lower
rate of Alfvén wave dissipation at heights at and above the critical point, which leads
to a lower wind speed and higher mass loss rate.

Observationally, there is growing evidence that coronal holes and streamers share
at least some of the same microphysical processes.

UVCS observations have driven new interest in collisionless wave-particle reso-
nances, specifically the ion cyclotron resonance, as potentially important mechanisms
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for damping wave energy and preferentially energizing positive ions in the accelerat-
ing solar wind. But no observations are still made of ion cyclotron waves. There are
several theories about the aceleration of ions in coronal holes but the topic remains
without observational features that clearly determine which kind of instability may
be working in the solar wind acceleration in coronal holes.

Related to solar wind composition the CELIAS MTOF group (at the University of
Maryland) has recently identified a new type of event. In these Heavy Ion Depletion
Events (HIDEs), He and all the heavier ions are depressed relative to solar wind
protons by one to two orders of magnitude. Six of such events (with durations ranging
from 6 to 48 hours) have been identified. At least three of these HIDEs occur in the
declining phase of high speed streams.

2.5 Solar Energetic Particle

Energetic particles during quiet time periods detected by EPHIN have been analysed
in [20]. Del Peral et al. [21] analysed the electron spectrum in the energy range
150 keV to 10 MeV, measured by EPHIN sensor on board SOHO observatory during
1996 quiet time periods. The results show that the dominant electron population is
of jovian origin with spectral indexes in the range from 1.5 to 1.8. Estimation of
the emission intensity of electrons from the jovian magnetosphere is also obtained.
Unexpected recurrence of jovian electrons at the middle of 1996 during poor Earth-
Jupiter magnetic connection has been observed (Figure 5).

Temporal profiles of energetic ions and electrons observed at 1 AU during solar
energetic particle events are mainly determined by particle injection features, the
observer location relative to the source region at the Sun, and the interplanetary
space plasma and field conditions during particle transport. Gómez-Herrero et al.
[19] analysis of the temporal profiles of 18 solar energetic particle events detected
by EPHIN have been analyzed by fitting a pulse function to them in order to find
a set of parameters which can be used to characterize the events. Composition and
energy spectra of the different particle population are obtained for both impulsive
and gradual SEP events [22].

The ionic charge distributions of solar energetic particles (SEP) events are an im-
portant diagnostic of the plasma and acceleration mechanisms and conditions at the
source region in the solar corona. The large difference between gradual, Q(Fe)∼ 14,
and impulsive, Q(Fe) ∼ 20, SEP events has not yet been explained. New measure-
ments of ionic charge states with instruments of improved sensitivity over a wide
energy range on several spacecraft (SAMPEX, SOHO, ACE) have, however, shown
that this picture was oversimplified. In gradual IP-shock related events, the ionic
charge state of heavy ions was observed to generally increase with energy, with a
large event to event variability. For impulsive events, previous work indicated a sys-
tematic but modest increase of Q(Fe) with energy in the range 180-550 keV/nuc.
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Figure 4: Differential electron flux values plotted in comparison with propagation
model predictions (solid line). An unexpected jovian electron super-flux is observed
beyond DOY 200 of 1996 during bad magnetic connection between Jupiter and Earth.
Dotted lines correspond to SEP events.

However, measurements with SOHO CELIAS STOF now show that the ionic charge
of Fe at energies ¡ 100keV/nuc in these events is significantly smaller (∼ 12.5 ± 0.9).
The large increase of the mean ionic charge of iron in the energy range ∼ 10 − 550
keV/nuc as observed with SOHO and ACE can be explained by the stablishment of
charge interchange during acceleration, as it has been stated by the ESCAPE model
Rodŕıguez-Fŕıas et al. [23], [24], [25] in the dense plasma environment in the low
corona, as can be observed in Figure 6 for two impulsive solar events.

3 SOHO Scientific Objectives for 2010

The new ESA-NASA missions STEREO, Solar-B, Solar Dynamics Observatory (SDO),
Solar Orbiter, etc., give a large number of new and enhanced opportunities. We can
only enumerate briefly the future scientific objectives for SOHO in combination with
the newer observatories data:

• Subsurface solar weather.

• Quadrature observations.

• Acceleration of the solar wind.
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Figure 5: β−1 vs time for EPHIN PHA protons during a solar energetic particle event
onset.

• CMEs, current sheets, and shocks.

• Dependence of CME propagation on solar cycle phase.

• Reconstruction of CME morphology.

• Multipoint SEP sampling.

• Reconstruction of EUV loop morphology.

• Solar forcing of terrestrial climate.

• Operational information on CME speeds and directions.

• L1 solar wind monitoring under extreme conditions.

• Discovery science.

Acknowledgements: This work is supported by the Comunidad de Madrid and Uni-
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Figure 6: ESCAPE model prediction of the charge state dependence on the energy
for two impulsive SEP events.
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Abstract: The Gaia mission of the European Space Agency, foreseen to be op-
erative at the beginning of 2012, will extend the Hipparcos legacy by carrying out a
census of the Galaxy and providing accurate information about the composition and
motion of its main components. Data handling and analysis of information regard-
ing the complete sky down to magnitude 17-18 will be, with no doubt, a challenge
for both Astrophysics and Computational Sciences. We present here our preliminary
results on the on-going study about the automated derivation of stellar atmospheric
parameters in the spectral region of the Gaia RVS (Radial velocity spectrometer) in-
strument. The use of artificial neural networks (ANN) trained with synthetic model
spectra was the method selected for such automated derivation. Both direct stellar
fluxes and Fourier transform moduli of them have been considered as inputs to train
and test the ANN performance. It is shown that ANN represent a good approach to
analyze and parameterize such a large dataset as the one expected from Gaia. Pre-
liminary results achieved are comparable to those obtained by direct spectroscopic or
spectrophotometric analysis with synthetic model atmospheres, being their accuracy
highly dependent on the spectral signal to noise ratio.

Keywords: Stellar spectroscopy – Stellar parameterization – Gaia mission –
Artificial Neural Networks.
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1 Gaia RVS instrument

The Gaia satellite, which is foreseen to be launched near the end of 2011, is one of the
present key scientific missions of the European Space Agency (ESA). Gaia mission

Figure 1: Artist’s impression depicting the Gaia spacecraft against a background
suggestive of the Milky Way. Figure courtesy of ESA. Illustration by Medialab.

will carry out the most accurate study of the Galaxy components, by compiling exact
information on their nature and motion. In the course of its 5 operative years, it will
perform precise astrometry (up to 10 microarcsecs at V=15 mag.) and measure the
motions of all the sources in the sky plane. This will allow to calculate distances via
paralaxes with a precision of 1% for a total of 2.5 million stars down to 2.5 kpc. An
artistic view of Gaia spacecraft orbiting the Milky Way can be seen in Figure 1.

Gaia will be equipped with a wide-band spectrophotometer and a radial velocity
spectrograph, RVS, that will contribute to the study of the sources’ nature and will
allow to determine radial motions with precisions between 1-10 km/s for V=16-17
mag. [1]. The RVS domain is the Ca II infrared region, 847-874 nm, a region which
is rich in diagnostic lines for the determination of stellar atmospheric parameters,
in particular, effective temperatures, surface gravities, overall metallicities and non
canonical alpha-elements abundances. This wavelength range has been selected to
coincide with the energy-distribution peaks of G and K-type stars which are the most
abundant RVS targets. For these late type stars the wavelength interval displays three
strong ioniced Calcium lines and numerous weak lines, mainly due to Fe, Si and Mg.
In early type stars, RVS spectra will be dominated by Hydrogen Paschen lines and
may contain weak lines due to carriers as CaII, HeI, HeII and NI. The instrument
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operates in time-delayed integration mode, observing each source about 40 times
during the 5 years of the mission. Figure 2 shows Gaia RVS spectral domain for a
F type star and two values of the signal to noise ratio. Comprehensive information
about this project can be found in the Gaia web area at http://www.rssd.esa.int/gaia

Over the 5 years mission, RVS will observe around 5 billion transit spectra of
the brightest 100-150 million stars on the sky. The on-ground analysis of these spec-
troscopic data set will be a complex and challenging task, not only because of the
volume but because the interdependence of different instruments and modes of obser-
vation. As a consequence, data extraction and parameterization should be performed
completely in an automatic fashion. These are the reasons why the use of Artificial
Intelligence techniques and, in particular, artificial neural networks (ANN), is a good
approach to be tested for the case of Gaia-RVS dataset.

2 Spectralib: a library of synthetic spectra for

Gaia RVS.

Our initial approach consisted of performing simulations on stellar parameter extrac-
tion by means of synthetic spectra. For these first tests it was used the Gaia RVS
Spectralib, a library of 9285 stellar spectra compiled by A. Recio-Blanco and P. de
Laverny from Niza Observatory, and B. Plez from Montpellier University. The spec-
tra are based on the new generation of MARC models from The Uppsala Observatory
in the RVS region. A technical note describing the models used for the atmospheres
from which the synthetic spectra were calculated and what parameters were used is
available ([2]). This set of spectra will be named RVS1. More recently, tests were per-
formed with an updated new set of 7168 spectra based in the same library of MARC
models specifically computed for RVS Gaia simulations (from now on RVS2 set of
spectra). Both grids are essentially equivalent and consist on spectra corresponding
to effective temperatures between 4000 and 8000 K (step 250K), logg between -1.0 to
5.0 (step 0.5 dex, range -0.5 to 5.0 dex for RVS2), and overall metallicities between
-5.0 and 1.0 (with variable step from 1.0 to 0.25 dex). For each model atmosphere,
alpha-elements abundance variations of at least the following values: +0.4, +0.2,
+0.0, -0.2 dex, were considered with respect to the original abundances in the mod-
els. The grid closely covers HR diagram positions for A5, F, G and K stars. Access to
RVS-Spectralib is open via the ESA Gaia web pages (http://gaia.esa.int/spectralib/).

3 The use of ANN for spectral parameterization

Astrophysics is moving towards a more rational use of the costly observational ma-
terial by means of the intelligent exploitation of large terrestrial and spatial astro-
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Figure 2: RVS spectral region showing the principal features for a F3III star and two
SN levels.

nomical databases. Nowadays, every single project on astronomic instrumentation
includes the creation of data archives and their future exploitation, with automatic
or pseudo-automatic analysis tools. Several international projects are currently work-
ing on management systems for astronomical information by means of the common
exploitation of all the available spatial archives and astronomical databases (interna-
tional virtual observatories initiatives). Our research group is a member of the Span-
ish Virtual Observatory ([3]), which consists of various networked Spanish groups and
aims, among other things, at developing applications for the automatic analysis of
astronomical data. AI techniques are among the techniques that are being used for
those developments.

Among the different techniques of Artificial Intelligence, ANN have already proved
their success in classification problems: they are generally capable of learning the in-
trinsic relations that reside in the patterns with which they were trained. Some
well-known previous works have applied this technique to the problem of stellar spec-
tral parameterization, obtaining different grades of resolution in the extraction of
parameters Teff, logg, [Fe/H] and [α/Fe]. Most authors have used multilayer neural
networks (MLP) with supervised learning algorithms based on the backpropagation
of the training error. As examples we can mention the already classical works by [4],
[5], [6], and [7], as well as the more recent works by [8] and [9]. A summary of the
current status of automated stellar classification techniques and achievable accuracies
can be found in the reviews by [10] and [11]. The range of accuracies (1σ) obtained
in the derivation of the atmospheric parameters are of the order of 150-200 K, 0.3-0.4
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dex and 0.15-0.2 dex for Teff, log g and [Fe/H], respectively.
In order to probe the adequacy of RVS-spectral region for the derivation of stellar

atmospheric parameters, we choose to train ANN with the ad-hoc calculated synthetic
spectra already introduced in the previous section. Test with ANN were performed in
two stages. In an initial phase we wanted to study how signal to noise ratio influences
the ANN training phase and parameter determination errors for the case of Teff, logg
and [Fe/H] extraction. In this phase the RVS1 set of spectra was considered for the
tests. In the second stage, we were aimed to consider the performance of the ANN
when a different transformed domain for the input spectra is taken into account.
Instead of feeding the ANN with the continuum subtracted spectra, their Fourier
transformed absolute values (showing the energy distribution of frequencies among
the spectra) were considered as the input information to train the networks and
validate the parameters values. In this second phase the RVS2 set of spectra was
considered for the tests.

3.1 RVS spectral parameterization. Signal to noise depen-
dence.

A simple network architecture was chosen for the tests: a feedforward ANN with 1004
input nodes (the number of pixels in the spectra), 1 hidden layer with 150 nodes, and
4 output layers providing the atmospheric parameters, Teff, logg, [Fe/H] and [α/Fe].

A total of 1764 spectra well distributed in the space of parameters were considered
in the training set, while tests were performed on subsets of 465 spectra. Typically, a
good performance in the network convergence and low parameter errors were achieved
after about 10000 training cycles, which translates to about 24 hours of computational
time on an AMD 64 computer (AMDx64 Dual Core 3200GHz 2GB RAM).

Gaia-RVS spectra will be of very different quality depending mostly on the stellar
brightness. It has been proposed that the end-of-mission SN ratio for a typical star
in the Galaxy, a G5V with V=15.5 or a F2II with V=14.5 will be about 10. In order
to have into account the effect of the SN values in the ANN performance, we have
delivered tests taking into account six values of the SN ratio: 10, 25, 50, 75, 100 and
500. The model of noise considered was a simple gaussian white noise.

As expected, it was found that the mean errors in the extraction of the parameters
depend on the SN ratio. It was also found that better results were achieved when the
training set contains spectra with a similar distribution of noise as the validation set.
Validation on spectra displaying different SN provides different degrees of accuracy
for the atmospheric parameters. We chose to train the networks with a a training
set composed by spectra showing a distribution of SN ratios among 10 to infinite,
representative of the whole sample to be validated. Mean errors as low as 50.0 K,
0.10, 0.09 and 0.06 dex for effective temperatures, logg, metal abundance and [α/Fe],
respectively, were found for ANN tested on synthetic spectra with no noise added.
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Diego Ordóñez Blanco et al. Stellar spectra parameterization by neural networks

Figure 3: Results on the parameters extraction as a function of S/N, and for different
stellar populations as follows: squares (cool dwarfs, metal rich), circles (cool giants,
intermediate metallicity) and triangles (hot subgiants, very metal poor).

The errors grew to values of 74 K, 0.17 , 0.13 and 0.08 dex in the case of SN 100; 115
K, 0.24, 0.19 and 0.11 dex for SN 50; 191 K, 0.37, 0.30 and 0.16 dex for SN 25 and
finally to 391 K, 0.77, 0.55 and 0.25 dex for SN 10.

Figure 3 shows the performance of the ANN as a function of SN when considering
validation on 3 set of spectra representative as tracers of three galactic stellar popula-
tions: cool dwarfs, metal rich stars (Teff 5000-6000K, logg≥3.5 dex and [Fe/H]≥-0.5
dex); cool giants, intermediate metallicity (Teff≥5000 K, logg=1.0-3.5 dex, [Fe/H]≥-
1.0 dex); and hot subgiants, very metal poor stars (Teff≥6000K, logg=2.0-4.0 dex,
[Fe/H]=-1.0-2.5 dex). From the data in the figures, it is obvious that the SN heav-
enly influence the learning process. In our experience, essentially poor results are
encounter when training and testing spectral samples with different SN values.
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3.2 RVS spectral parameterization in the Fourier transformed
domain.

RVS2 set of spectra needed to be preprocessed before transformed to the Fourier
domain. The procedure consisted in the following steps: continuum fit by linear
regression and continuum subtraction, subtraction of the mean value and multipli-
cation by a hamming window. Then, calculation the Fast Fourier Transform (FFT)
algorithm was applied and the absolute values of the FFT determined. As in the
previous experiment, one network was trained for each parameter (Teff, logg, [Fe/H]
and [α/Fe]). Again, feed-forward ANN fully connected were considered and for the
training phase a standard on line backpropagation algorithm. The dimension of the
input layer was the same as the number of points in the processed spectra (400 points
after preprocessing and filtering), and the output layer had a unique process element
to obtain each of the parameters.

Figure 4: Astrophysical parameters recovering with ANN trained in the Fourier do-
main.

The method was found to be very robust. Astrophysical parameters can be de-
termined with the following mean errors : Teff 54 K, logg 0.08 dex, [Fe/H] 0.06 dex
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and [α/Fe] 0.03. Ruling out the 20% worse cases, errors in the following range were
found: Teff -35 to 62 K, logg -0.05 to 0.16 dex, [Fe/H] -0.01 to 0.12 dex, and [α/Fe]
-0.07 to 0.1 dex. When compared with the previous experiment (RVS1 set with no
noise added) it can be seen that an improvement in the parameterization of logg,
[Fe/H], and [α/Fe] has been achieved, while essentially the same errors are found in
the recovery of Teff.

The performance of the method is shown in Figure 4 where the error distribution
for the recovery of each four parameters is shown, while in Figure 5 it is shown a
gaussian fit for the central, best behaved population.

Figure 5: Distribution of errors for derivation of astrophysical parameters with ANN
trained in the Fourier domain.

4 Conclusions and future work

We presented our first results on the automatic derivation of stellar parameters in the
RVS spectral region, by the use of artificial neural networks trained with synthetic
model spectra. The results achieved are comparable to those obtained by the use of
spectrophotometry, being the accuracy highly dependent on the signal to noise ratio
of the spectra. The training of ANN in the FFT domain provides a novelty factor, and
the good results found in the performed experiment open a new way to be explored
in the future with noise-added spectra.
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Our results show that ANN can be a good approach to extract atmospheric pa-
rameters from Gaia-RVS spectra, providing that the SN ratio of the training and
testing spectral set be well characterized. Mean errors as low as 115 K, 0.24, 0.19 and
0.11 dex for effective temperatures, logg, metal abundance, and [α/Fe], respectively,
were reached for synthetic spectra with SN 50.
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